EM 1110-1-1003
1 July 2003

US Army Corps
of Engineers

ENGINEERING AND DESIGN

NAVSTAR Global Positioning
System Surveying

ENGINEER MANUAL



DEPARTMENT OF THE ARMY EM 1110-1-1003
US Army Corps of Engineers
CECW-EE Washington, DC 20314-1000

Manual
No. 1110-1-1003 1 July 2003
Engineering and Design
NAVSTAR GLOBAL POSITIONING SYSTEM SURVEYING

1. Purpose. This manual provides technical specifications and procedural guidance for surveying and
mapping with the NAVSTAR Global Positioning System (GPS). It is intended for use by engineering,
planning, operations, real estate, and construction personnel performing georeferenced feature mapping or
accurate control surveys for civil works and military construction projects. Procedural and quality control
standards are defined to establish Corps-wide uniformity in the use of GPS by hired-labor personnel,
construction contractors, and Architect-Engineer (A-E) contractors.

2. Applicability. This manual applies to all USACE commands having responsibility for the planning,
engineering and design, operation, maintenance, construction, and related real estate and regulatory
functions of civil works, military construction, and environmental restoration projects. It applies to GPS
survey performance by both hired-labor forces and contracted survey forces. It is also applicable to
surveys performed or procured by local interest groups under various cooperative or cost-sharing
agreements.

3. Discussion. GPS surveying is a process by which highly accurate, three-dimensional point
positions are determined from signals received from satellites. GPS-derived positions may be used to
provide the primary reference control monument locations for engineering and construction projects, from
which detailed site plan topographic mapping, boundary demarcation, and construction alignment work
may be performed using conventional surveying instruments and procedures. GPS surveying also has
application in the precise positioning of marine floating plant and photogrammetric mapping aircraft, and
in monitoring structural deformations of locks and dams. GPS control surveying techniques are also used
for the rapid, real-time geospatial feature mapping of wetlands, facilities, utilities, and related
geographical information system (GIS) products. USACE commands first began using GPS in 1983,
primarily for establishing precise positions on fixed monuments to control navigation and military
construction projects. In the early 1990s, commands began using dynamic GPS for real-time control of
hydrographic survey vessels and dredges, and real-time topographic mapping. In the later 1990s, GPS
applications expanded to precise airborne positioning for photogrammetric mapping and Light Detection
and Ranging (LIDAR) terrain modeling applications. Simply operated hand-held GPS receivers using
wide-area augmentation networks will now provide accurate, real-time geospatial coordinate and feature
data for an expanding and unlimited number of USACE positioning and gavigation applications.
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Chapter 1
Introduction

1-1. Purpose

This manua provides technical specifications and procedural guidance for surveying and mapping with
the NAVSTAR Globa Positioning System (GPS). It isintended for use by engineering, planning,
operations, rea estate, and construction personnel performing georeferenced feature mapping or accurate
control surveys for civil works and military construction projects. Procedural and quality control
standards are defined to establish Corps-wide uniformity in the use of GPS by hired-labor personnel,
construction contractors, and Architect-Engineer (A-E) contractors.

1-2. Applicability

This manua applies to all USACE commands having responsibility for the planning, engineering and
design, operation, maintenance, construction, and related real estate and regulatory functions of civil
works, military construction, and environmental restoration projects. It applies to GPS survey
performance by both hired-labor forces and contracted survey forces. It isaso applicable to surveys
performed or procured by local interest groups under various cooperative or cost-sharing agreements.

1-3. Distribution

This publication is approved for public release; distribution is unlimited.

1-4. References

Referenced USACE publications and related bibliographic information are listed in Appendix A. Where
applicable, primary source material for individual chapters may aso be noted within that chapter. Up to

date information on GPS systems, processes, equipment, and vendors may be obtained through the US
Army Topographic Engineering Center's GPS web site: http://www.tec.army.mil/info_links.html.

1-5. Background

GPS surveying is a process by which highly accurate, three-dimensional point positions are determined
from signals received from satellites. GPS-derived positions may be used to provide the primary
reference control monument locations for engineering and construction projects, from which detailed site
plan topographic mapping, boundary demarcation, and construction alignment work may be performed
using conventional surveying instruments and procedures. GPS surveying also has application in the
precise positioning of marine floating plant and photogrammetric mapping aircraft, and in monitoring
structural deformations of locks and dams. GPS control surveying techniques are also used for the rapid,
real-time geospatia feature mapping of wetlands, facilities, utilities, and related geographical information
system (GIS) products. USACE commands first began using GPS in 1983, primarily for establishing
precise positions on fixed monuments to control navigation and military construction projects. In the
early 1990s, commands began using dynamic GPS for real-time control of hydrographic survey vessels
and dredges, and real-time topographic mapping. In the later 1990s, GPS applications expanded to
precise airborne positioning for photogrammetric mapping and Light Detection and Ranging (LIDAR)
terrain modeling applications. Simply operated hand-held GPS receivers using wide-area augmentation
networks will now provide accurate, real-time geospatial coordinate and feature data for an expanding
and unlimited number of USACE positioning and navigation applications.
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1-6. Use of Manual

This manud is intended to be a USACE reference guide for a variety of GPS applications, including:
precise control surveying, topographic site plan mapping, GIS feature mapping, positioning, and
navigation. These activities may be performed by hired-labor forces, contracted forces, or combinations
thereof. Itisalso used asthe primary reference manual for Proponent Sponsored Engineer Corps
Training (PROSPECT) courses on GPS surveying. Genera planning criteria, field and office execution
procedures, and required accuracy specifications for performing GPS surveys in support of USACE
engineering, construction, operations, planning, and real estate activities are provided. Accuracy
specifications, procedural criteria, and quality control requirements contained in this manual shall be
directly referenced in the scopes of work for Architect-Engineer (A-E) survey services or other third-party
survey services. Thisisintended to assure that uniform and standardized procedures are followed by both
hired-labor and contract service sources throughout USACE. Throughout the manual, recommended GPS
surveying and mapping criteria are normally summarized in tables. Technica or procedural guidanceis
in more general terms where methodologies are described in readily available references or in GPS
instrumentation and software operating manuals. Where procedural guidance is otherwise unavailable
from industry sources, it is provided herein.

1-7. Scope of Manual

The origind version of this manua was developed in the late 1980s and published on 14 June 1991 by the
USACE Engineer Topographic Laboratory at Fort Belvoir (now the Topographic Engineering Center
under the Engineer Research and Development Center--ERDC). The 1991 version was subsequently
revised on 31 December 1994 and 1 August 1996. These origina versions contained detailed GPS
theory, operational instructions, procedures, and egquipment procurement guidance, and were based on the
technology and observational methods that were still evolving during that period. Since GPS theory and
observational methods are now covered in various DoD technical documents, academic publications,
and/or GPS equipment manufacturer's manuals, the current update is more focused on specific USACE
project applications, accuracy standards, observation criteria, and adjustment analysis.

a. General coverage. This update to the manual primarily focuses on the use of static and
kinematic differentia carrier phase GPS survey techniques for establishing and/or extending project
horizontal and vertical construction control, boundary control, and topographic site plan mapping. Both
static and kinematic control survey methods are covered, along with related GPS data reduction, post-
processing, and adjustment methods. Absolute GPS point positioning methods (i.e. non-differential) and
code-phase differential navigation positioning from wide-area augmentation networks are covered to a
lesser extent since these techniques are not normally employed for establishing high-accuracy control
coordinates on project reference monuments. These techniques do, however, have an expanding
application on many USACE surveying and GIS feature mapping projects. Dynamic differential
code/carrier-phase GPS positioning methods supporting hydrographic surveying and dredge control are
also covered in EM 1110-2-1003 (Hydrographic Surveying). Airborne mapping and LIDAR applications
of GPS are covered more fully in EM 1110-1-1000 (Photogrammetric Mapping). High-precision uses of
GPS for monitoring structural deformations are more thoroughly described in EM 1110-2-1009
(Structural Deformation Surveying).

b. Manual coverage and appendices. Thefirst few chaptersin this manua are intended to
provide a genera overview of the theory and physical concepts of satellite GPS positioning, including
coordinate systems and reference datums. Subsequent chapters cover GPS survey planning, data
acquisition, data processing, and data adjustment and analysis. The final chapter on estimating costs for
GPS surveys isintended to assist those USACE commands that contract out these services. The
appendices to this manua contain detailed examples of GPS surveys covering a variety of Corps
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projects--both civil and military. Users should be aware that these sample applications are only
representative of current (2003) GPS applications and accuracies. For further information on GPS, and to
stay abreast of this continuoudly changing technology, users of this manual should periodically consult
the related publications, governmenta agencies, and the Internet web site listed in paragraph 1-4 above.

c. Evolving GPStechnology and procedures. Equipment operation, calibration, and procedural
methods for acquiring, logging, processing, and adjusting GPS survey data are usualy adequately detailed
in operation manuals provided by the various GPS equipment manufacturers and geodetic adjustment
software vendors. Since many of the receiver operation and data processing methods are unique to each
vendor, and are being constantly updated, this manual can only provide a genera overview of some of the
more common techniques used by the Corps or its contractors. References and recommendations in this
manual of any specific operational or adjustment methods must be carefully weighed against newly
evolving technology and the latest manufacturer's recommendations. Other Corps regulations may dictate
mandatory requirements for processing, displaying, transferring, and archiving GPS survey data--e.g.,
Metadata archiving. These mandatory regulations will be referenced where applicable. Asnew GPS
survey instruments, technology, and procedures are developed, Didtricts are strongly encouraged to use
those innovations and recommend modifications to any criteria or technical guidance contained in this
manual --see Proponency and Waivers section at the end of this chapter.

1-8. Life Cycle Project Management Applicability

Project control established by GPS survey methods may be used through the entire life cycle of a project,
spanning decades in many cases. During initial reconnaissance surveys of a project, control established
by GPS should be permanently monumented and situated in areas that are conducive to the performance
or densification of subsequent surveys for contract plans and specifications, construction, and
maintenance. During the early planning phases of a project, a comprehensive survey control plan should
be developed which considers survey requirements over a project's life cycle, with agoa of eliminating
duplicative or redundant surveys to the maximum extent possible.

1-9. Metrics and Accuracy Definitions

Metric units are used in this manua. Metric units are commonly used in geodetic surveying applications,
including the GPS survey work covered in this manual. GPS-derived geographical or metric Cartesian
coordinates are generally transformed to English units of measurements for use in local project reference
and design systems, such as State Plane Coordinate System (SPCS) grids. In all cases, the use of metric
units shall follow local engineering and construction practices. English/metric equivalencies are noted
where applicable, including the critical--and often statutory--distinction between the US Survey Foot
(1,200/3,937 meters (m) exactly) and Internationa Foot (30.48/100 m exactly) conversions. One-
dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-D) accuracy dtatistics, standards,
and tolerances specified in this manua are defined at the 95% RM S confidence level. Unless otherwise
stated, GPS "positional accuracies’ imply horizontal (2-D) RMS measures. The generic term "meter-
level GPS' generdly refersto 2-D accuracies ranging between 0.5 mand 5 m. Likewise, "centimeter-
level GPS' typicaly refersto 1-D, 2-D, or 3-D GPS accuracies ranging between 1 cm and 10 cm.

1-10. Trade Name Exclusions
The citation or illustration in this manual of trade names of commercialy available GPS products,

including other auxiliary surveying equipment, instrumentation, and adjustment software, does not
congtitute official endorsement or approval of the use of such products.
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1-11. Abbreviations and Terms

Abbreviations and acronyms are listed at Appendix B. GPS surveying terms used in this manual are
explained in the Glossary at the end of this manud.

1-12. Mandatory Requirements

ER 1110-2-1150 (Engineering and Design for Civil Works Projects) prescribes that mandatory requirements
be identified in engineer manuas. Mandatory accuracy standards, quality control, and quality assurance
criteriaare normally summarized in tables within each chapter, and these requirements are summarized at
the end of the chapter. If no mandatory requirements are listed, then the materia in aparticular chapter is
considered recommended guidance. The mandatory criteria contained in this manual are based on the
following considerations: (1) project safety assurance, (2) overdl project function, (3) previous Corps
experience and practice, (4) Corps-wide geospatial data standardization requirements, (5) adverse economic
impactsif criteriaare not followed, and (6) HQUSACE commitments to industry standards.

1-13. Governing Engineer Regulations and Related Standards

Spatia coordinates established using GPS techniques fal under the definition of geospatial data contained in
ER 1110-1-8156 (Policies, Guidance, and Requirements for Geospatial Data and Systems). Accordingly,
the guidance in ER 1110-1-8156, and its implementing manual EM 1110-1-2909 (Geospatid Data and
Systems), must be followed for disseminating and archiving GPS-derived data. This would include
preparing appropriate metadata files in accordance with the guidance in EM 1110-1-2909. Federd
standards for reporting survey accuracy, geodetic control survey standards, and topographic survey
standards are published by the Federa Geographic Data Committee (FGDC). These FGDC "Geospatial
Positioning Accuracy Standards” are listed in Appendix A. USACE commands shal comply with these
FGDC standards. This manua aso references a number of Corps technical manuals listed in Appendix A.
These referenced manual's contain guidance relating to performing GPS surveys for more specific
applications.

1-14. Proponency and Waivers

The HQUSACE proponent for this manual is the Engineering and Construction Division, Directorate of
Civil Works. Technical development and compilation of the manua was coordinated by the US Army
Topographic Engineering Center (CEERD-TR-A). Comments, recommended changes, or waivers to this
manual should be forwarded through MSC to HQUSACE (ATTN: CECW-EE).
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Chapter 2
Operational Theory of GPS

2-1. General

This chapter provides a general overview of the basic operating principles and theory of the NAVSTAR
GPS. Much of the materid is synopsized from the following references. NAVSTAR GPS User Equipment
Introduction (DoD 1996) and the Global Positioning System Standard Positioning Service Performance
Standard (DoD 2001). These two sources, along with other references listed in Appendix A, should be
consulted for more detailed coverage on all the topics covered in this chapter.

2-2. Global Positioning System (GPS) Overview

GPSisapassive, al-weather, 24-hour global navigation satellite system (GNSS) operated and maintained
by the Department of Defense (DoD). It consists of a nominal constellation of 24 satellitesin high-
dtitude orbits. Its primary mission isto provide passive, red-time, 3-D positioning, navigation and
velocity data for land, air, and sea-based strategic and tactical forces operating anywhere in the world. A
secondary--and most predominant--application is awide range of civil positioning and time transfer. A
ground-based static or roving GPS receiver is Ssmply arange measurement device: distances are measured
between the receiver antenna and four to ten satellites in view, and the position is determined from the
adjusted intersections of the range vectors--equivaent to a trilateration solution in terrestrial surveying.
These distances are determined in the GPS receiver by precisely measuring the time it takes a coded
signal to travel from the satellites to the receiver antenna. The critical components in the system are the
precisely synchronized atomic clocks in the satellites. In addition, many GPS receivers can also measure
the phase difference of the satellite signal’s 19 and 24 cm carrier waves, alowing for sub-centimeter
distance resolution of the range to the satellite. This phase resolution measurement process is similar to
that used in conventional electronic distance measurement (EDM) land surveying equipment.

2-3. NAVSTAR GPS Program Background

A direct product of the "space race” of the 1960's, the GPS is actually the result of the merging of two
independent programs that were begun in the early 1960's: the US Navy's TIMATION Program and the
US Aiir Force's 621B Project. Another system similar in basic concept to the current GPS was the US
Navy's TRANSIT program, which was also developed in the 1960's. Currently, the entire system is
maintained by the US Air Force NAVSTAR GPS Joint Program Office (JPO), a North Atlantic Treaty
Organization (NATO) multi-service type organization that was established in 1973. DoD initialy
designed the GPS for military use only, providing sea, air, and ground troops of the United States and
members of NATO with a unified, high-precision, al-weather, worldwide, real-time positioning system.
Thefirst US pronouncement regarding civil use of GPS came in 1983 following the downing of Korean
Airlines Flight 007 after it strayed over territory belonging to the Soviet Union. As aresult of this
incident, in 1984, President Reagan announced the Global Positioning System would be made available
for internationa civil use once the system became operationa. 1n 1987, DoD formally requested the
Department of Transportation (DoT) to establish and provide an office to respond to civil users needs
and to work closely with the DoD to ensure proper implementation of GPS for civil use. Two years later,
the US Coast Guard became the lead agency for this project. On December 8, 1993, the DoD and DoT
formally declared Initial Operationa Capability (I0C), meaning that the NAVSTAR GPS was capable of
sustaining the Standard Positioning Service (SPS). On April 27, 1995, the US Air Force Space Command
formally declared GPS met the requirements for Full Operational Capability (FOC), meaning that the
congtellation of 24 operationa satellites had successfully completed testing for military capability.
Mandated by Congress, GPS is freely used by both the military and civilian public for real-time absolute
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positioning of ships, aircraft, and land vehicles, as well as highly precise differential point positioning and
time transferring.

2-4. NAVSTAR System Configuration

The NAVSTAR GPS consists of three distinct segments: the space segment (satellites), the control
segment (ground tracking and monitoring stations), and the user segment (air, land, and sea-based
receivers). See Figure 2-1 for arepresentation of the basic GPS system segments.

Space Segment

Control Segment User Segment

Figure 2-1. NAVSTAR GPS System Segments

a. Jpace segment. The space segment consists of all GPS satellitesin orbit. The initial space
segment was designed with four satellites in each of six orbital planesinclined at 55 degrees to the
equator. The actual number of operationa satellites and their locations varies at any given time as
satellites are constantly being replaced, realigned, and upgraded--see Table 2-1. The average life of a
GPS satellite is approximately eight years. For example, Table 2-1 indicates 29 functioning satellites on
the date shown. The satellites are located at average atitudes of 20,200 km (10,900 nautical miles), and
have 11-hour 58-minute orbital periods. They are positioned in orbit such that at least four geometrically
suitable satellites will be available for navigation. The first generation of satellites launched between
1978 and 1985 were the Block | (research and development). None of these are still operational. The
second series of launches (the Block |1 or production satellites--Figure 2-2) was begun in 1989. The GPS
constellation was declared fully operational in 1995 (prior to this time, GPS positioning was intermittent
due to lack of full coverage). Launching of Block IIR (R is for replenishment) satellites began in 1997
and is still underway. Future launches of aBlock I1F (Follow-on) series, along with related GPS
modernization initiatives (i.e. GPS I11), will keep the system operational for at least the next two decades.
NAVSTAR GPS s not the only globa navigation satellite system (GNSS). Russia maintains a similar
global orbiting satellite navigation system (GLONASS) of nominally 24 satellites. Some high-end
receivers can acquire and process both the GPS and GLONASS satellites smultaneously. This capability
will be further expanded when the proposed European Union 30-satellite navigation system (GALILEO)
isimplemented in a decade or so. Japan and China are aso considering development of their own GNSS.
The ability to track more "satellites-in-view" from different GNSS enhances the accuracy and reliability
of the observations.
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Table 2-1. Satellite Constellation Status Report (5 May 2002)
Source: US Coast Guard Navigation Center (www.navcen.uscg.gov)
SVN PRN Block- Launch Slot Operational Months Years IRON
No No Mission No Date Date Operat'al  Operat'al No
1 4 I-1 22-Feb-78 *x 29-Mar-78 21.9 1.825000 5111
2 7 I-2 13-May-78 *x 14-Jul-78 25.5 2.125000 5112
3 6 I-3 06-Oct-78 *x 09-Nov-78 161.3 13.441667 5113
4 8 I-4 11-Dec-78 *x 08-Jan-79 93.6 7.800000 5114
5 5 I-5 09-Feb-80 *x 27-Feb-80 45 3.750000 5117
6 9 1-6 26-Apr-80 *x 16-May-80 126.8 10.566667 5118
7 i I-7 18-Dec-81 *x o 0 0.000000 5115
8 11 1-8 14-Jul-83 *x 10-Aug-83 116.8 9.733333 9794
9 13 1-9 13-Jun-84 *x 19-Jul-84 115.2 9.600000 9521
10 12 I-10 08-Sep-84 *x 03-Oct-84 133.5 11.125000 9783
11 3 1-11 09-Oct-85 *x 30-Oct-85 99.9 11.783333 6374
14 14 II-1 14-Feb-89 *x 14-Apr-89 141.4 11.783333 6142
13 2 -2 10-Jun-89 B3  12-Jul-89 138.6 11.550000 2567
16 16 11-3 17-Aug-89 *x 13-Sep-89 136.4 11.366667 6738
19 19 -4 21-Oct-89 A5 14-Nov-89 1345 11.208333 2272
17 17 1I-5 11-Dec-89 D3  11-Jan-90 132.6 11.050000 4373
18 18 11-6 24-Jan-90 *x 14-Feb-90 127.5 10.625000 3028
20 20 -7 25-Mar-90 *x 19-Apr-90 72.7 6.058333 3310
21 21 11-8 02-Aug-90 E2  31-Aug-90 125 10.416667 470
15 15 11-9 01-Oct-90 D5 20-Oct-90 123.3 10.275000 8639
23 23 11-10 26-Nov-90 E4  10-Dec-90 121.6 10.133333 8896
24 24 I1-11 03-Jul-91 D1  30-Aug-91 113 9.416667 5681
25 25 11-12 23-Feb-92 A2  24-Mar-92 106.2 8.850000 1920
28 28 11-13 09-Apr-92 *x 25-Apr-92 101.1 8.425000 2941
26 26 11-14 07-Jul-92 F2 23-Jul-92 102.2 8.516667 3055
27 27 11-15 09-Sep-92 A4 30-Sep-92 100 8.333333 2524
32 1 11-16 22-Nov-92 F4 11-Dec-92 97.6 8.133333 6809
29 29 11-17 18-Dec-92 F5  05-Jan-93 96.8 8.066667 3659
22 22 11-18 02-Feb-93 Bl  04-Apr-93 93.8 7.816667 8800
31 31 11-19 30-Mar-93 C3  13-Apr-93 93.5 7.791667 4780
37 7 11-20 13-May-93 C4  12-Jun-93 91.6 7.633333 5689
39 9 11-21 26-Jun-93 Al 21-Jul-93 90.3 7.525000 9631
35 5 11-22 30-Aug-93 B4  20-Sep-93 88.3 7.358333 7948
34 4 11-23 26-0Oct-93 D4  01-Dec-93 85.9 7.158333 9802
36 6 11-24 10-Mar-94 Cl  28-Mar-94 82 6.833333 4715
33 3 11-25 28-Mar-96 C2  09-Apr-96 57.7 4.808333 3365
40 10 11-26 16-Jul-96 E3  15-Aug-96 53.5 4.458333 8006
30 30 11-27 12-Sep-96 B2  01-Oct-96 51.9 4.325000 3320
38 8 11-28 06-Nov-97 A3 18-Dec-97 374 3.116667 3722
42 12 IIR-1 17-Jan-97 *x o 0 0.000000 o
43 13 IIR-2 22-Jul-97 F3 31-Jan-98 36 3.000000 8456
46 11 IIR-3 06-Oct-99 D2  03-Jan-00 12.9 1.075000 1597
51 20 IIR-4 10-May-00 E1  01-Jun-00 7.9 0.658333 1436
44 28 IIR-5 16-Jul-00 B5  17-Aug-00 5.40 0.450000 443
41 14 IIR-6 10-Nov-00 F1 10-Dec-00 1.60 0.133333 1423
54 18 IIR-7 30-Jan-01 E4  15-Feb-01 -

Note: Obtain current satellite constellation reports from the US Coast Guard Navigation Center web site
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Figure 2-2. NAVSTAR GPS Block IIA Satellite

b. Control segment. The GPS control segment consists of Master Control Stations and six
monitoring stations located throughout the world (Figure 2-3). The Master Control Station is located at
Schriever Air Force Base, Colorado with a backup station in Gaithersburg, Maryland. The information
obtained from the monitoring stations that track the satellites is used in controlling the satellites and
predicting their orbits. All data from the tracking stations are transmitted to the Master Control Station
whereit is processed and analyzed. Ephemerides, clock corrections, and other message data are then
transmitted back to the monitoring stations with ground antennas for subsequent transmittal back to the
satellites. The Master Control Station is also responsible for the daily management and control of the
GPS satellites and the overall control segment.
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Figure 2-3. GPS Control Station Network (1994)
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c. User segment. The user segment represents the ground-based GPS receiver units that process
the NAVSTAR satdlite signals and compute the position and/or velocity of the user. Most GPS receivers
perform these functions automatically, in rea-time, and often provide visual and/or verbal positional
guidance information. Users consist of both military and civil activities, for an amost unlimited number
of applications in avariety of air, sea, or land-based platforms. Geodetic surveying applications represent
asmall percentage of current and potential GPS users. Typica user receivers are shown in Figure 2-4.

Figure 2-4. Hand-held GPS receiver (PLGR) for general navigation and positioning (left)
and a geodetic quality GPS receiver for precise control surveying (right)

2-5. GPS Broadcast Frequencies and Codes

Each NAVSTAR satellite transmits ranging signals on two L-band frequencies, designated asL1 and L2.
The L1 carrier frequency is 1575.42 megahertz (MHz) and has a wavelength of approximately 19
centimeters (cm). The L2 carrier frequency is 1227.60 MHz and has a wavelength of approximately 24
cm. TheL1 signa is modulated with a 1.023 MHz Coarse/Acquisition Code (C/A-code) and a 10.23
MHz Precision Code (P-code). The L2 signa is modulated with only the 10.23 MHz P-code. Both codes
can be used to determine the range between the user and a satellite. The P-code is normally encrypted
and is available only to authorized users. When encrypted, it istermed the Y-code. Table 2-2 below
summarizes the carrier frequencies and codes on a Block | IR satellite. Each satellite carries precise
atomic clocks to generate the timing information needed for precise positioning. A 50 Hz navigation
message is aso transmitted on both the P(Y)-code and C/A-code. This message contains satellite clock
bias data, satellite ephemeris data, orbital information, ionospheric signal propagation correction data,
health and status of satellites, satellite amanac data for the entire constellation, and other general
information.
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Table 2-2. NAVSTAR GPS Signal Codes and Carrier Frequencies (Block IIR)

Codes
Civilian Military
Carrier (L-Band) C/A-Code P(Y)-Code Satellite Messages
L1
1575.42 MHz Present Present
19 cm wavelength 293 m wavelength 29.3 m wavelength user messages
satellite constants
satellite positions
L2
1227.60 MHz Not Present Present
24 cm wavelength 29.3 m wavelength

a. Pseudo-randomnoise. The modulated C/A-code is referred to as pseudo-random noise
(PRN). This pseudo-random noiseis actually a 1023 bit code with a clock rate of 1.023 MHz that repeats
every 1 millisecond. The 10.23 MHz P(Y)-code PRN has a coded sequence of 267 days. This sequence
of very precise time marks permits the ground receivers to compare and compute the time of transmission
between the satellite and ground station. From this transmission time, the range to the satellite can be
derived. Thisisthe basis behind GPS range measurements. Each satellite has a different PRN. The C/A-
code pulse intervals are approximately every 293 m in range and the more accurate P-code every 29 m--
see Table 2-2.

b. Pseudoranges. A pseudorange is the time delay between the satellite clock and the receiver
clock, as determined from C/A- or P-code pulses. This time difference equates to the range measurement
but is called a "pseudorange” since at the time of the measurement, the receiver clock is not synchronized
to the satellite clock. In most cases, an absolute 3-D real-time navigation position can be obtained by
observing at least four simultaneous pseudoranges. The Standard Positioning Service (SPS) uses the less
precise L1 C/A-code pseudoranges for rea-time GPS navigation. The L2 signd is not used in SPS
positioning. The Precise Positioning Service (PPS) is the fundamental military real-time navigation use
of GPS. Pseudoranges are obtained using the higher pulse rate (i.e. higher accuracy) P-code on both
frequencies (L1 and L2). P-codes are encrypted to prevent unauthorized civil or foreign use. This
encryption requires a special key.

c. Carrier phase measurements. Carrier frequency tracking measures the phase differences
between the Doppler shifted satellite and receiver frequencies. Phase measurements are resolved over the
relatively short L1 and L2 carrier wavelengths (19 cm and 24 cm respectively). This alows phase
resolution at the mm level. The phase differences are continuoudy changing due to the changing satellite
earth geometry. However, such effects are resolved in the receiver and subsequent data post-processing.
When carrier phase measurements are observed and compared between two stations (i.e. relative or
differential mode), baseline vector accuracy between the stations below the centimeter level is attainable
in three dimensions. Various receiver technologies and processing techniques alow carrier phase
measurements to be used in real-time centimeter positioning.

2-6. GPS Broadcast Messages and Ephemeris Data
Each NAVSTAR GPS satellite periodically broadcasts data concerning clock corrections, systerm/satellite

status, and most critically, its position or ephemerides data. There are two basic types of ephemeris data:
broadcast and precise.
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a. Broadcast ephemerides. The broadcast ephemerides are actually predicted satellite positions
within the navigation message that are transmitted from the satellites in real-time. The ephemerides can
be acquired in redl-time by areceiver capable of acquiring either the C/A or P-code. The broadcast
ephemerides are computed using past tracking data of the satellites. The satellites are tracked
continuoudly by the monitor stations to obtain more recent data to be used for the orbit predictions. This
datais analyzed by the Master Control Station and new parameters for the satellite orbits are transmitted
back to the satellites. This upload is performed daily with new predicted orbital elements transmitted
every hour by the Navigation Message. The broadcast navigation message consists of 25 frames of data,
each data frame consisting of 1,500 bits. Each frame is divided into 5 sub-frames. At the 50 Hz
transmission rate, it takes Six seconds to receive a sub-frame, or 12.5 minutes to receive al 25 frames of
data. The following information is broadcast from the satellite to the user's GPS receiver:

Satellite time-of-transmission
Satellite position

Satellite health

Satellite clock correction
Propagation delay effects
Time transfer to UTC (USNO)
Constellation status

b. Precise ephemerides. The precise ephemerides are based on actual orbital tracking datathat is
post-processed to obtain the more accurate satellite positions. These ephemerides are available at alater
date and are more accurate than the broadcast ephemerides because they are based on actua orbital
tracking data and not predicted data. The reference frame used is the International Earth Rotation Service
Terrestrial Reference Frame (ITRF). NASA's International GPS Service (IGS) is the agency that
coordinates the precise orbital tracking and disseminates this information to Globa Data Centers for
public use. In addition, an informational summary file is provided to document the computation and to
convey relevant information about the observed satellites, such as maneuvers or maintenance. NOAA's
National Geodetic Survey (NGS) has been designated as the Federal agency responsible for providing
precise orbital ephemerides to the general public. Since the precise orbits are a combination of several
orbit production centers around the globe, it does lag behind in its availability until al centers have
reported in. Also, it is not made available until afull GPS week has been completed--the NGS Precise
Orbits generally are available seven or eight days after the date of observation. The IGS also supplies a
predicted Ultra-Rapid Orbit, which is updated twice daily, and a Rapid Orbit which is updated daily--see
Table 2-3 for asummary of satellite orbital data availability. NGS provides satellite orbit positionsin
SP3 format every 15 minutes--in the current ITRFxx reference frame. For most USACE surveying,
mapping, and navigation applications, the broadcast ephemerides are adequate to obtain the needed
accuracies. For high-precision USACE control survey applications (especially vertical control
densification) the final precise ephemerides should be used. Most baseline reduction software provides
options for inputting precise orbital data--see Chapter 10. Details on orbital latencies, formats, and
downloading instructions can be obtained at the NGS web site listed in Table 2-3.
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Table 2-3. Summary of GPS Satellite Ephemerides Information (International GPS Service)

Ephemeris Orbital Latency Updates Sample
Accuracy (approx)

Broadcast 260 cm Real-time -- daily

Predicted (Ultra-Rapid 25cm Real-time twice daily 15 min/15 min

Rapid <5to10cm (14 to 17 hours) daily 15 min/5 min

Final <5cm (13 days) weekly 15 min/5 min

Sources: International GPS Service (2002) and National Geodetic Survey http://www.ngs.noaa.gov/GPS/GPS.html

2-7. GPS Status and Problem Reporting

The US Coast Guard Navigation Center (NAV CEN) provides notification of changes in constellation
operationa status that affect the service being provided to GPS users, or if the US Government anticipates
a problem in supporting performance standards established in the GPS Sandard Positioning Service
Performance Sandard (DoD 2001). Through operation of the Navigation Information Service (NIS),
NAV CEN provides the public with information on the GPS status. The current mechanism for
accomplishing this notification is through the Notice: Advisory to Navigation Users (NANU). NANUSs
are aprimary input in the generation of GPS-related Notice to Airmen (NOTAM) and US Coast Guard
Local Notice to Mariners (LNM). In the case of a scheduled event affecting service provided to GPS
users, the NIS will issue an appropriate NANU at least 48 hours prior to the event. In the case of an
unscheduled outage or problem, notification will be provided as soon as possible after the event. USACE
users performing high-order GPS control surveys or DGPS-controlled dredging measurement and
payment surveys should closely monitor NANUSs for potential problems. The NIS may be accessed
through any of the following media:

Internet: http://www.navcen.uscg.gov

E-Mail: nisws@navcen.uscg.mil

GPS Status Recording: Telephone (703) 313-5907

WWV/WWVH Radio Broadcast or Telephone (303) 499-711.
14-15 minutes past hour (WWV) and 43-44 minutes past hour (WWV H)
Frequencies. 2.5, 5, 10, 15, and 20 MHz

Write or Cal:  Commanding Officer (NIS)
US Coast Guard Navigation Center
7323 Telegraph Road
Alexandria, VA 22315-3998
Telephone: (703) 313-5900
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A typical GPS Status Report and a NANU disseminated by the NAVCEN is shown below. The NANU
provides notice that a particular satellite (SVN 17) is unusable. GPS users can subscribe to automated
receipt of these GPS Status Reports and NANUS.

UNCLASSI FI ED
GPS OPERATI ONAL ADVI SORY 281. QA1
SUBJ: GPS STATUS 08 OCT 2002
1. SATELLITES, PLANES, AND CLOCKS (CS=CESI UM RB=RUBI DI UM :
A BLOCK | : NONE
B. BLOCK Il: PRNS 1, 2, 3, 4, 5 6, 7, 8, 9, 10, 11, 13, 14, 15
PLANE . SLOT F4, B5, C2, D4, B4, Cl, ¢G4, A3, Al, E3, D2, F3, Fl1, D5
BLOCK I'l: PRNS 17, 18, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31
PLANE . SLOT D3, E4, E1, E2, Bl, E5, D1, A2, F2, A4, B3, F5, B2, C3
2. CURRENT ADVI SORI ES AND FORE! S .
A. FORECASTS: FOR SEVEN DAYS AFTER EVENT CONCLUDES.
NANU MSG DATE/ TI ME PRN TYPE SUMVARY (JDAY/ ZULU TI ME START - STOP)
2002121 111648Z SEP 2002 22 FCSTIMX 261/ 1100- 261/ 2300
2002122 181306Z SEP 2002 22 FCSTSUW 261/ 1123- 261/ 1300
B. ADVI SCRI ES:
NANU MSG DATE/ TI ME PRN TYPE SUWVARY (JDAY/ ZULU TI ME START - STOP)
2002123 2518182 SEP 2002 21 UNUSUFN 268/ 1830-/
2002124 070107z CCT 2002 17 UNUSUFN 280/ 0110-/
C. GENERAL:
NANU MSG DATE/ TI ME PRN TYPE SUMMARY (JDAY/ ZULU TI ME START - STOP)
3. RENARKS:

A THE PO NT OF CONTACT FOR GPS M LI TARY COPERATI ONAL SUPPORT |S THE GPS
SUPPORT CENTER AT (719)567-2541 OR DSN 560- 2541.

B. AVILIAN. FOR I NFORVATI ON, CONTACT US COAST GUARD NAVCEN AT

COWERCI AL (703) 313-5900 24 HOURS DAILY AND | NTERNET

HTTP: / / WAW NAVCEN. USCG. GOV

C. M LITARY SUPPCRT WEBPAGES CAN BE FOUND AT THE FOLLOW NG

WA SCHRI EVER AF. M L/ GPS CR WAV PETERSON. AF. M L/ USSPACE/ GPS_SUPPORT

NOTICE ADVISORY TO NAVSTAR USERS (NANU) 2002124 SUBJ: SVN17 (PRN17) UNUSABLE JDAY 280/0110 - UNTIL FURTHER
NOTICE

1. NANU NUMBER: 2002124

NANU DTG: 070107Z OCT 2002

NANU Type: UNUSUFN

REFERENCE NANU: N/A

REF NANU DTG: N/A

SVN: 17

PRN: 17

START JDAY: 280

START TIME ZULU: 0110

START CALENDER DATE:Monday, October 07, 2002

STOPJDAY: UFN

STOPTIME ZULU: N/A

STOP CALENDER DATE: N/A

2. CONDITION: GPS SATELLITE SYN17 (PRN17) WILL BE UNUSABLE ON JDAY 280 (07 OCT 2002) BEGINNING 0110 ZULU UNTIL
FURTHER NOTICE. 3. POC: CIVILIAN - NAVCEN AT (703)313-5900, HTTP.//WWW.NAVCEN.USCG.GOV MILITARY - GPS Support
Center, DSN 560-2541, COMM 719-567-6616, GPS@SCHRIEVER.AF.MIL, HTTP://WWW.SCHRIEVER.AF.MIL/GPS
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2-8. GPS User Operating and Tracking Modes

There are basically two general operating modes from which GPS-derived positions can be obtained: (1)
absolute positioning, and (2) differential (or relative) positioning. Within each of these two modes, range
measurements to the satellites can be performed by tracking either the phase of the satellite's carrier signa
or the pseudo-random noise (PRN) codes modulated on the carrier signal. In addition, GPS positioning
can be performed with the receiver operating in either a static or dynamic (kinematic) environment. This
variety of operational options results in a wide range of accuracy levels that may be obtained from the
NAVSTAR GPS. These options are discussed in detail in subsequent chapters of this manual. Positional
accuracies can range from 100 m down to the sub-centimeter level. Increased accuracies to the
centimeter level usually require additional observing time; however, many dynamic applications can now
provide this accuracy in real-time. Selection of a particular GPS operating and tracking mode (i.e.
absolute, differential, code, carrier, static, kinematic, real-time, post-processed, and/or combinations
thereof) depends on the user application, accuracy requirement, and resources. Most USACE project
control survey applications typically require differential positioning using carrier phase tracking. Dredge
control and hydrographic survey applications typically use meter-level accuracy differential code
measurements. GIS feature mapping applications may use either differential code or carrier
measurements, depending on the desired accuracy. Non-differential absolute positioning modes are
adequate for lesser accuracy requirements but are rarely used for geodetic surveying applications;
however, they may be used for some small-scale mapping projects. In generd, the cost of a particular
operating system and tracking mode will exponentially increase as a function of accuracy--e.g., a30 m
point accuracy can be obtained with a $100 GPS receiver, meter-level accuracy for $5,000 to $15,000,
and sub-centimeter accuracy requires differential GPS equipment (or systems) in the $15,000 to $50,000
range.

2-9. Absolute GPS Positioning Techniques

The most common GPS positioning technique is "absolute positioning." Most commercia hand-held
GPS receivers provide absolute (i.e. non-differential) positioning, with rea-time horizontal or vertical
accuraciesin the 10 m to 30 m range, depending on the receiver quality and numerous other factors--see
Global Positioning System Sandard Positioning Service Performance Standard (DoD 2001) for adetailed
analysis of GPS positiona accuracies. These receivers are typically used for rea-time vehicle or vessal
navigation. When operating in this passive, real-time navigation mode, ranges to GPS satellites are
observed by a single receiver positioned on a point for which a position isdesired. This receiver may be
positioned to be stationary over a point or in motion (i.e. kinematic positioning, such as on avehicle,
arcraft, missile, or backpack).

a. GPSabsolute positioning services. Two levels of absolute positioning accuracy are obtained
from the GPS. These are called the (1) Standard Positioning Service and (2) Precise Positioning Service.

(1) Standard Positioning Service (SPS). The SPS is the GPS positioning service that the DoD
authorizesto civil users. This service consists of the C/A-code and navigation message on the L1 signdl.
The L2 signd is not part of the SPS, nor isthe P(Y)-code on L1. The DoD may deliberately degrade the
GPS signal for national security reasons. When it is deliberately degraded, as it was prior to 2000,
horizontal accuracies were in the range of 75 to 100 m. Since May 2000, when this degradation was
suspended, horizontal accuracies down to the 10 to 30 m level may be achieved with a qudity single
frequency receiver. (DoD 2001 reports average globa SPS accuracies are £ 13 m horizontal and £ 22 m
vertical, with worst case accuracies £ 36 m horizontal and £ 77 m vertical). DoD degradation of the GPS
signd is referred to as " Selective Availability” or SA. DoD aso implements AntiSpoofing (A/S) which
will deny the SPS user the more accurate P-code. S/A and A/Swill be discussed further in Chapter 4.
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(2) Precise Positioning Service (PPS). Use of the PPS requires authorization by DoD to have a
decryption device capable of deciphering the encrypted GPS signals. USACE is an authorized user;
however, actual use of the equipment has security implications. Real-time 3-D absolute positiona
accuracies of better than 10 m are attainable through use of the PPS with dual-frequency receivers.

b. Applications Absolute point positioning is suitable for many USACE surveying applications
where 10 to 30 m accuracy levels are acceptable, e.g., rough reconnaissance work, general vessel
navigation, wetland delineation, small-scale mapping. They are also useful for some military topographic
surveying applications (e.g., artillery surveying). Typical USACE applications are summarized in
Chapter 6. With certain speciaized GPS receiving equipment, data processing refinements, and long-
term static observations, absolute positiona coordinates may be determined to accuracy levels less than a
meter. Future GPS modernizations and receiver enhancements are expected to improve positional
accuracies down to the 3-meter level, alevel that is now only achievable with differential observations
described below. Refer to Chapter 4 for more information on absolute GPS positioning techniques.

2-10. Differential or Relative GPS Positioning Techniques

Differentia GPS (DGPS) positioning is smply a process of determining the relative differencesin
coordinates between two receiver points, each of which is simultaneously observing/measuring satellite
code ranges and/or carrier phases from the NAVSTAR GPS satellite constellation. The process actually
involves the measurement of the difference in ranges between the satellites and two or more ground
observing points. Typicaly, one GPS receiver is located at a known "reference” station and the other
remote or "rover" receiver is positioned (or dynamically traverses) over an unknown point that requires
georeferencing. Both receivers simultaneously acquire GPS data for later computation (post-processing),
or, aternatively, the reference receiver transmits data to the rover receiver for "real-time" position
computation. The range measurement is performed by a phase difference comparison, using either the
carrier phase or code phase. The basic principle is that the absolute positioning errors at the two receiver
points will be approximately the same for a given instant in time. The resultant accuracy of these
coordinate differences is at the meter level for code phase observations and at the centimeter level for
carrier phase tracking. These relative coordinate differences are usually expressed as "3-D baseline
vectors," which are comparable to conventional survey azimuth/distance measurements. Differential GPS
positioning can be performed in elther a static or dynamic (kinematic mode). Most USACE precise
control surveys are performed in a static (post-processing) mode while dredge and survey boat positioning
is performed dynamically in real-time--see Chapter 6 for typica applications. Detailed information on
differential GPS survey techniques can be found in Chapter 5.

2-11. NAVSTAR GPS Modernization Initiatives (2003-2014)

GPS Modernization is a proposed multi-phase effort to be executed over the next 15+ years--refer to
Figure 2-5. Full implementation is contingent on funding availability through the program outyears. The
GPS Modernization effort focuses on improving position and timing accuracy, availability, integrity
monitoring support capability, and enhancement to the control system. Additional signals are planned to
enhance the ability of GPS to support civil users and provide a new military code. The first new signal
will be the C/A-code on the L2 frequency (1227.60 MHZz). This feature will enable dual channd civil
receivers to correct for ionospheric error. A third civil signal will be added on the L5 frequency
(1176.45 MHz) for use in safety-of-life applications. L5 can serve as aredundant signd to the GPS L1
frequency (1575.42 MHz) with a goal of assurance of continuity of service potentialy to provide
precision approach capability for aviation users. In addition, a secure and spectrally separated Military
Code (M-Code) will be broadcast on the L1 and L2 frequencies enabling the next generation of military
receivers to operate more fully in an eectronic jamming environment. At least one satellite is planned to
be operational on orbit with the new C/A on L2 and M-Code capability no later than 2003. Initid
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operating capability (10C) (18 satellites on orhit) is planned for 2008 and full operationa capability
(FOC) (24 satellites on orbit) is planned for 2010. At least one satellite is planned to be operationa on
orbit with the new L5 capability no later than 2005, with |OC planned for 2012 and FOC planned for
2014. Asthese system enhancements are introduced, users will be able to continue to use existing
compliant receivers, as signa backward compatibility is an absolute requirement for both the military and
civil user communities. Although current GPS users will be able to operate at the same, or better, levels
of performance than they enjoy today, users will need to modify existing user equipment or procure new
user equipment in order to take full advantage of any new signal structure enhancements. Reference also
the 2001 Federal Radio Navigation Plan (FRP 2001).

GPS Modernization
I I I I
e [ T T ] ‘
L5(0C) '
| | |
C/Aon L2 (FOC) | | '
C/Aon L2 (I0C) : : '
20I()2 2(IO4 20IOG 2(I()8 2(IlO 2612 2(Il4
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Figure 2-5. GPS Modernization Timelines
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Chapter 3
GPS Reference Systems

3-1. General

In order to understand GPS and its positional information, it isimportant to understand the reference
system on which it is based, and how that reference system relates to the user's local system. The GPS
satellites are referenced to the World Geodetic System of 1984 (WGS 84) ellipsoid. For surveying
purposes, this earth-centered WGS 84 coordinate system must be converted (i.e. transformed) to a user-
defined ellipsoid and datum, such as the North American Datum of 1983 (NAD 83), NAD 27, the North
American Vertical Datum of 1988 (NAVD 88), or the National Geodetic Vertica Datum of 1929
(NGVD 29). Differentia positioning partialy provides this transformation by locating one of the
receivers at a known point on the user's reference datum or frame. However, for more precise
applications, the reference datum cannot be considered as absolutely rigid in time. This chapter
summarizes reference systems and datums to which GPS coordinates can be transformed.

3-2. Geodetic Coordinate Systems

The absolute positions obtained directly from GPS pseudorange measurements are based on the 3-D,
earth-centered WGS 84 dlipsoid (Figure 3-1). Coordinate outputs are on a Cartesian system (X-Y-2)
relative to an Earth-Centered Earth-Fixed (ECEF) rectangular coordinate system having the same origin
asthe WGS 84 dlipsoid, i.e. geocentric. This geocentric X-Y-Z coordinate system should not be
confused with the X-Y plane coordinates established on local grids; local systems usually have entirely
different definitions, origins, and orientations which require certain transformations to be performed.
WGS 84 geacentric X-Y-Z Cartesian coordinates can easily be converted into WGS 84 €llipsoid
coordinates (i.e.f, |, and h--geodetic latitude, longitude, and ellipsoida height, respectively). GPS
baseline distances are computed on the geocentric coordinate system, not ellipsoidal coordinates. Itis
critical to note that the WGS 84 ellipsoidal height (h) is not the orthometric elevation used for civil works
projects. Performing these transformations (also known as "site calibrations") from WGS 84 to local
reference systems is a critical, and sometimes complicated, part of GPS surveying.

Z) P=X,Y,Z or
" Lat, Long, Ellip Ht
Greenwich Meridian,

WGS 84 Reference
Ellipsoid \

X Meridian at P

Figure 3-1. WGS 84 reference ellipsoid
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3-3. WGS 84 Reference Ellipsoid

a. Theorigin of the WGS 84 Cartesian system is the earth's center of mass. The Z-axisis
parallel to the direction of the Conventiona Terrestrial Pole (CTP) for polar motion, as defined by the
Bureau International Heure (BIH), and equd to the rotation axis of the WGS 84 dlipsoid. The X-axisis
the intersection of the WGS 84 reference meridian plane and the CTP's equator, the reference meridian
being parallel to the zero meridian defined by the BIH and equa to the X-axis of the WGS 84 dlipsoid.
The Y -axis completes a right-handed, earth-centered, earth-fixed orthogonal coordinate system, measured
in the plane of the CTP equator 90 degrees east of the X-axis and equa to the Y -axis of the WGS 84
elipsoid. Thissystemisillustrated in Figure 3-1 above. The DoD continuously monitors the origin,
scale, and orientation of the WGS 84 reference frame and references satellite orbit coordinates to this
frame. Updates are shown as WGS 84 (GXXX), where "XXX" refers to a GPS week number starting on
29 September 1996.

b. Prior to the development of WGS 84, there were severa reference ellipsoids and interrelated
coordinate systems (datums) that were used by the surveying and mapping community. Table 3-1 lists
just afew of these reference systems along with their mathematical defining parameters. Transformation
techniques are used to convert between different datums and coordinate systems. Most GPS software has
built in transformation agorithms for the more common datums.

Table 3-1. Reference Ellipsoids and Related Coordinate Systems

Reference Coordinate System Semimajor axis Shape

Ellipsoid (Datum/Frame) (meters) (1/flattening)
Clarke 1866 NAD 27 6378206.4 1/294.9786982
WGS 72 WGS 72 6378135 1/298.26

GRS 80 NAD 83 (XX) 6378137 1/298.257222101
WGS 84 WGS 84 (GXXX) 6378137 1/298.257223563
ITRS ITRF (XX) 6378136.49 1/298.25645

3-4. Horizontal Datums and Reference Frames

A mgjor USACE application of differential GPS surveying is densifying military construction and civil
works project control. This densification is usually done relative to an existing horizontal datum

(NAD 27, NAD 83, or locd). Even though GPS measurements are made relative to the WGS 84
ellipsoidal coordinate system, coordinate differences (i.e. basgline vectors) on this system can, for
practical engineering purposes, be used directly on any local user datum. Thus, a GPS-coordinated
WGS 84 baseline can be directly used on an NAD 27, NAD 83, or even aloca project datum. Minor
variations between these datums will be minimal when GPS data are adjusted to fit between local datum
stations. Such assumptions may not be valid when high-order National Geodetic Reference System
(NGRS) network densification work is being performed or where coordinates are developed relative to
distant reference stations. The following paragraphs describe some of the reference systems used by the
Corps for military construction and civil works projects. Much of it is extracted from Modern Terrestrial
Reference Systems, (Snay & Soler 1999). Far more detailed descriptions of these reference systems can
be found in the referenced publication (Professional Surveyor Magazine).

a. North American Datum of 1927 (NAD 27). NAD 27 is ahorizontal datum based on a
comprehensive adjustment of a national network of traverse and triangulation stations. NAD 27 is a best
fit for the continental United States. The fixed datum reference point is located at Meades Ranch, Kansas.
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The longitude origin of NAD 27 is the Greenwich Meridian with a south azimuth orientation. The
origina network adjustment used 25,000 stations. The relative precision between initial point monuments
of NAD 27 is by definition 1:100,000, but coordinates on any given monument in the network contain
errors of varying degrees. As aresult, relative accuracies between points on NAD 27 may be far less than
the nominal 1:100,000. The reference unitsfor NAD 27 are US Survey Feet. This datum is no longer
supported by NGS, and USACE commands are gradually transforming their project coordinates over to
the NAD 83 described below. Approximate conversions of points on NAD 27 to NAD 83 may be
performed using CORPSCON, a transformation program developed by ERDC/TEC--see

EM 1110-1-1004. Since NAD 27 contains errors approaching 10 m, transforming highly accurate GPS
observations to this antiquated reference system is not the best approach.

b. North American Datum of 1983 (NAD 83). The nationwide horizontal reference network was
redefined in 1983 and readjusted in 1986 by the National Geodetic Survey. It isknown as the North
American Datum of 1983, adjustment of 1986, and is referred to as NAD 83 (1986). NAD 83 used far
more stations (250,000) and observations than NAD 27, including a few satellite-derived coordinates, to
readjust the nationa network. The longitude origin of NAD 83 is the Greenwich Meridian with a north
azimuth orientation. The fixed adjustment of NAD 83 (1986) has an average precision of 1:300,000.

NAD 83 is based upon the Geodetic Reference System of 1980 (GRS 80), an earth-centered reference
ellipsoid which for most (but not all) practical purposesis equivalent to WGS84. With increasingly more
accurate uses of GPS, the errors and misalignmentsin NAD 83 (1986) became more obvious (they
approached 1 meter), and subsequent refinements outlined below have been made to correct these
inconsistencies.

c. High Accuracy Reference Networks (HARN). Within afew years after 1986, more refined
GPS measurements had allowed geodesists to locate the earth’s center of mass with a precision of afew
centimeters. In doing so, these technologies reveaed that the center of mass that was adopted for
NAD 83 (1986) is displaced by about 2 m from the true geocenter. Similarly, it was found that the
orientation of the NAD 83 (1986) Cartesian axes is misaigned by over 0.03 arc seconds relative to their
true orientation, and that the NAD 83 (1986) scde differs by about 0.0871 ppm from the true definition of
ameter. These discrepancies caused significant concern as the use of highly accurate GPS measurements
proliferated. Starting with Tennessee in 1989, each state--in collaboration with NGS and various other
institutions--used GPS technology to establish regiona reference frames that were to be consistent with
NAD 83. The corresponding networks of GPS control points were originally called High Precision
Geodetic Networks (HPGN). Currently, they are referred to as High Accuracy Reference Networks
(HARN). Thislatter name reflects the fact that relative accuracies among HARN control points are better
than 1 ppm, whereas relative accuracies among pre-existing control points were nominally only 10 ppm.
The NGS opted to introduce a new scale that would be consistent with the scale of the then current global
reference system known as the Internationa Terrestrial Reference Frame of 1989 (ITRF 89). The
ITRF 89 scale was based on a combination of GPS, Very Long Baseline Interferometry (VLBI), and
Lunar-Laser-Ranging (LLR) measurements. The resulting scale change, equal to -0.0871 ppm, atered
existing NAD 83 latitudes and longitudes insignificantly, but it systematically decreased al ellipsoida
heights by about 0.6 m. Nevertheless, this change to a more accurate scale facilitated the migration
toward using GPS technology for deriving accurate orthometric heights. Positional differences between
NAD 83 (1986) and NAD 83 (HARN) can approach 1 meter.

d. Continuously Operating Reference Sations (CORS). The regionad HARNSs were subsequently
further refined (or "realized") by NGS into a network of Continuously Operating Reference Stations, or
CORS. This CORS network was additionally incorporated with the International Terrestrial Reference
System (ITRS), i.e. the ITRF. CORS are located at fixed points throughout CONUS and at some
OCONUS points--see Figure 3-2. This network of high-accuracy points can provide GPS users with
centimeter level accuracy where adequate CORS coverage exists. Coordinates of CORS stations are
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designated by the year of the reference frame, e.g., NAD 83 (CORS 96). Positiona differences between
NAD 83 (HARN) and NAD 83 (CORS) are less than 10 cm. More importantly, relative positional
differences between two NAD 83 (CORSxx) pointsistypicaly lessthan 2 cm. Thus, GPS connections to
CORS stations will be of the highest order of accuracy. USACE commands can easily connect and adjust
GPS-observed points directly with CORS stations using a number of methods, including the NGS on-line
program OPUS (On-Line Positioning User Service), which is described more completely in Chapter 10.
OPUS provides centimeter-level adjustment connections with three nearby CORS stations, and outputs
adjusted coordinates in the latest epochs of NAD 83 and ITRF systems.

CORS Coverage - Jamuary 2002

HOS/NGS
STATE
OARFSL
NDGPS
UscaG
PANGA
USACE
1G5
COoOoP
OTHER

Symbol color denotes sampling rates: (1 second) (5 seconds) (15 seconds) (30 seconds)

Figure 3-2. Continuously Operating Reference Stations (NGS)

e. International Terrestrial Reference Frame (ITRF). The ITRF isa highly accurate geocentric
reference frame with an origin at the center of the earth's mass. The ITRF is continuously monitored and
updated by the International Earth Rotation Service (IERS) using very-long-baseline-interferometry
(VLBI) and other techniques. These observations alow for the determination of small movements of
fixed points on the earth's surface due to crustal motion, rotational variances, tectonic plate movement,
etc. These movements can average 10 to 20 mm/year in CONUS (see Figure 3-3 below), and may
become significant when geodetic control is established from remote reference stations. These
refinements can be used to more accurately determine GPS positions observed on the basic WGS 84
reference frame. NAD 83 coordinates are defined based on the ITRF year/epoch in which it is defined,
eg. ITRF 89, ITRF 96, ITRF 2000. For highly accurate positioning where plate velocities may be
significant, users should use the same coordinate reference frame and epoch for both the satellite orbits
and the terrestrial reference frame. USACE requirements for these precisions would be rare.
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Figure 3-3. ITRF horizontal velocities in mm/year (NGS)

3-5. Transforming between Horizontal Survey Datums

Differential GPS observations routinely provide horizontal baseline accuracies on the order of 1 ppm.
This far exceeds the stated 1:300,000 accuracy for NAD 83 and (approximately) 1:100,000 for NAD 27.
Distortions in NAD 27 can be asmuch as 10 m, upto 1 min NAD 83 (1986), and afew centimetersin
NAD 83 (HARN) points. Thus, approximate transformations (e.g., CORPSCON) will retain the original
distortions in the networks. Even though GPS has such a high degree of precision, it provides only
coordinate differences; therefore, ties to the nationa network to obtain coordinates of all GPS stations
must be done without distorting the established project control network (i.e. the GPS-derived vectors are
"degraded" during the adjustment to "fit" the local network). Generally, on mid-size survey projects,
three or more horizontal control stations from the national network can be used during the GPS
observation scheme. Direct connections to CORS stations can aso be made in order to update a project's
control scheme to the National network. These highly accurate CORS connections will often be more
accurate than the original project control scheme, and can be referenced to the latest NGS NAD/ITRF
time-dependent reference frame if needed. NGS has developed a software package that provides time-
related transformations between the varied NAD 83 and I TRF reference frames--"Horizontal Time-
Dependent Positioning" or HTDP. This software transforms positions and vel ocities between I TRF xx,
WGS 84 (Gxxx), and NAD 83. It updates and predicts displacements between dates (epochs) due to
crustal motion. In order to facilitate a tie between GPS and existing networks for horizontal control, are-
adjustment of the whole local project network scheme (al control and GPS-derived points) should be
performed. There are many commercial software packages that can be used to perform this adjustment.
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Once a network adjustment meets the accuracy requirement, those values should not be readjusted with
additional points or observations unless a complete readjustment is performed.

a. Transforming to local project datums. Corps construction and navigation projects are often
based on local project datums. Usually, but not aways, these local station-offset datums are referenced to
the NGRS. They may aso have SPCS coordinates of uncertain origin. These local datums might be
accurate within asmall area, but can become distorted over larger areas. When local project datums are
not connected to any regiona datum, GPS ties can be observed to outside control in order to transform the
local datum to an established reference datum. GPS receiver vendors usually provide software
transformation options for converting WGS 84 coordinates to local datums. For small survey areas, a
Three-Parameter Transformation is adequate. For larger areas, a Seven-Parameter Transformation should
be performed. In addition, local horizontal control coordinates must be "calibrated" to the WGS 84
scheme used by GPS. Thisistermed "site calibration™ in Trimble software. Although only two points are
required, at least three established control points should be occupied (and connecting baselines observed)
to perform a datum transformation. These observations provide horizonta trandation, rotation, and scale
parameters between the two grids. Thus, with these datum trandations and cdibrations, observed GPS
datais "best-fit" onto the local grid system. Many least squares adjustment packages also contain datum
transformation routines that can be used to convert local datums to regional networks.

b. Sate Plane Coordinate System (SPCS). The State Plane Coordinate System (SPCS) was
developed by the NGS to provide a planar representation of the earth's surface. Most USACE civil and
military projects require project coordinates in a SPCS format, or occasionaly in the military Universal
Transverse Mercator (UTM) plane coordinate system. To properly relate spherical coordinates (f,| ) toa
planar system (Northings and Eastings), a devel opable surface must be constructed. A developable
surface is defined as a surface the can be expanded without stretching or tearing. The two most common
developable surfaces or map projections used in surveying and mapping are the cone and cylinder. The
projection of choice is dependent on the north-south or east-west extent of the region. Areas with limited
east-west dimensions and elongated north-south extent utilize the cylindrical Transverse Mercator
projection. Areas with limited north-south dimensions and elongated east-west extent utilize the conical
Lambert projection. SPCS are different for the NAD 27 and NAD 83 reference systems. Figure 3-4
below shows the layout for the various SPCS (NAD 83) zones. For further information on the State Plane
Coordinate System see EM 1110-1-1004.
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Figure 3-4. State plane coordinate zones (NAD 83)

c. Practical considerationsin USACE. Few, if any, USACE civil works and military
construction projects require high-precision geodetic control referenced to the latest ITRF time epoch to
account for polar motion, tectonic plate movement, etc. These refinements require additional observation
and office adjustment and anaysis time, and can significantly increase project costs. Requirements for
high precision geodetic control are afunction of project function and size. For example, amajor
watershed with significant hydraulic complications may require high-accuracy CORS connections for
vertical control purposes. However, a small, shallow-draft navigation project that is dredged once every 3
years would not need these high-order framework references. In addition, repeated transforms and
readjustments of project control can result in mixed reference schemes, and can cause construction
claims. This may occur if subsequent users performing topographic or GIS mapping use superseded
coordinate systems. Thus, project managers and surveyors need to consider the project function and
future developments in determining the framework accuracy.

3-6. Orthometric Elevations
Orthometric elevations are those corresponding to the earth's irregular geoidal surface, asillustrated in

Figure 3-5 below. Measured differences in elevation from spirit leveling are generaly relative to the
local geoidal surface--a spirit level bubble (or pendulum) positions the instrument normal to the direction
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of gravity, and thus parallel with the local dope of the geoid. The orthometric height of a point is the
distance from the geoid (or arelated reference surface) to the point on the earth's surface, measured along
the line perpendicular to every equipotential surface in between. A series of equipotential surfaces can be
used to represent the gravity field. One of these surfaces, the geoid, is specified as the reference system
from which orthometric heights are measured. The geoid itsdlf is defined as an equipotential surface.
Natural variations in gravity induce a smooth, continuous, curvature to the plumb line, and therefore
physica equipotential surfaces which are normal to gravity do not remain geometrically parallel over a
given vertica distance (i.e. the plumb line is not quite paralel to the elipsoida normal). Elevation
differences between two points are orthometric differences, a distinction particularly important in
river/channel hydraulics. Orthometric heights for the continental United States (CONUS) are generally
referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29) or the updated North American
Vertical Datum of 1988 (NAVD 88); however, other vertical datums may be used in some projects (e.g.,
the International Great Lakes Datum of 1955 (IGLD 55) and the revised International Great Lakes Datum
of 1985 (IGLD 85). Hydraulic-based "dynamic" eevation datums, such as IGLD, differ from orthometric
elevationsin that elevation differences are based on hydraulic head (i.e. work) differences. The

NGVD 29 reference datum approximates mean sea level--the NAVD 88 does not. Tida reference datums
(e.g., MLLW) vary geographically over short distances and must be accurately related to NAVD 88
and/or NGVD 29 orthometric heights. River systems may have local flow/discharge referenced datums--
see EM 1110-2-1003. GPS derived dlipsoidal heights shown in Figure 3-5 below must be converted to
local orthometric elevations in order to have useful engineering and construction value. This
transformation is usually done by aform of "site calibration” using known orthometric elevations of fixed
benchmarks and/or geoid undulation models for the project area. These transforms are further explained
below.

| EARTH'S SUREACE | Orthometric Height “H"
distance between

ELLIPSOIDeg, WGS 84 | \ earth’s surface and

geoid

(normal to geoid)

Ellipsoidal Height “h"
height of earth’s
surface above or

\ below the ellipsoid

Geoid Undulation “N”

GEQID distance between
approximates ellipsoid and geoid
mean sea level

h=H+N

Figure 3-5. Ellipsoid, geoid, and earth's surface definitions and relationships
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3-7. WGS 84 Ellipsoidal Heights

In the US, final positions from DGPS are established with respect to NAD 83. Since NAD 83 is based on
the GRS 80 dlipsoid, ellipsoid heights obtained from GPS surveying using NAD 83 control are based on
the GRS 80 dlipsoid. These heights are referred to as NAD 83 GPS dlipsoida heights. Unlike the
WGS 84 ellipsoid, the GRS 80 dlipsoid is not exactly geocentric, which can create problems (i.e. large
errors) when converting NAD 83 GPS dlipsoid heights to orthometric heights using some geoid models.
GPS-determined heights (or height differences) are referenced to an idealized mathematical ellipsoid that
differs significantly from the geoid; thus, GPS heights are not the same as the orthometric heights needed
for standard USACE projects (i.e. local engineering, construction, and hydraulic measurement functions).
Accordingly, any WGS 84 referenced ellipsoidal height obtained using GPS must be transformed or
calibrated to the local orthometric vertical datum. This requires adjusting and interpolating GPS-derived
heights relative to fixed orthometric elevations. Over short distances--less than 1 km--elevation
differences determined by GPS can usually be assumed to be orthometric differences. These elevation
differences would then be of sufficient accuracy for topographic site plan mapping, such as those acquired
using RTK total station methods. However, when GPS is used to establish primary vertical control
benchmarks for a project, special procedures and cautions must be observed, e.g., measurements should
be made relative to higher-order NGRS benchmarks in order to develop the best model for a project.

Such a process may or may not be of suitable accuracy (i.e. reliability) for establishing primary control on
some engineering and construction work--see Chapter 8.

3-8. Orthometric Height and WGS 84 Ellipsoidal Elevation Relationship

Geoidal heights represent the geoid-ellipsoid separation distance measured along the ellipsoid normal and
are obtained by taking the difference between elipsoidal and orthometric height values. Knowledge of
the geoid height enables the evaluation of vertical positions in either the geodetic (ellipsoid based) or the
orthometric height system. The relationship between aWGS 84 dllipsoidal height and an orthometric
height relative to the geoid can be obtained from the following equation, as depicted graphically in Figure
3-5 above.

h=H+ N (Eq 3-1)
where

h = lipsoidal height (WGS 84)

H = elevation (orthometric--normal to geoid)

N = geoidal undulation above or below the WGS 84 dllipsoid

and by convention the geoid undulation "N" being a positive height when above the dllipsoid.
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Figure 3-6. Geoid undulation model of North America--depicts geoid undulation " N"
relative to the WGS 84 ellipsoid

3-9. Geoid Undulations and Geoid Models

Due to significant variations in the geoid, sometimes even over small distances, elevation differences
obtained by GPS cannot be directly equated to orthometric (or spirit level) differences. This geoid
variation is depicted as a surface model in Figure 3-6 above. Geoid modeling techniques are used to
obtain the parameter "N" in Equation 3-1, from which ellipsoidal heights can be converted to orthometric
elevations. These geoid models (e.g., Geoid 90, Geoid 93, Geoid 96, Geoid 99, etc.) are approximations
based on observations by the NGS. Each successive geoid modd is more accurate. In time, these models
may improve to centimeter-level accuracy. On some small project areas where the geoid stays fairly
constant, elevation differences obtained by GPS can be directly used without geoid correction. Geoid
models are not compatible with the superseded NGVD 29.

a. Geoid height values at stations where either only " h "or " H " is known can be obtained from
geoid models that are mathematical surfaces representing the shape of the earth's gravity field. The geoid
mode is constructed from a truncated functional series approximation using a spherical harmonics
expansion and an extensive set of globally available gravity data. The model is determined from the
unique coefficients of the finite series representing the geoid surface. Its accuracy depends on the
coverage and accuracy of the gravity measurements used as boundary conditions. Former geoid models
produced for general use limit absolute accuracies for geoid heights to no less than 1 meter. More recent
geoid models have shown a significant increase in geoid height absolute accuracy--down to the centimeter
level.

b. In practice, the shape of the geoid surface is estimated globally as a function of horizontal
coordinates referenced to a common geocentric position. Specific geoid height values are extracted from
the model surface at the node points of aregular grid (i.e. a 2-minute x 2-minute grid spacing).
Biquadratic interpolation procedures can be used within a grid cell boundary to approximate the geoid

3-10



EM 1110-1-1003
1 Jul 03

height at a given geodetic latitude and longitude. For example, the NGS GEOID 96 modd for the United
States indicates geoid heights (N) range from alow of (-) 51.6 metersin the Atlantic to a high of (-) 7.2
metersin the Rocky Mountains. For more information on geoid modeling, see the references listed in
Appendix A.

c. GPS surveys can be designed to provide elevations of points on any local vertical datum. This
requires connecting to a sufficient number of existing orthometric benchmarks from which the elevations
of unknown points can be "best-fit" or "site calibrated” by some adjustment method--usually aleast-
sguares minimization. Thisis essentidly an interpolation process and assumes linearity in the geoid dope
between two established benchmarks. If the geoid variation is not linear--as is typically the case--then the
adjusted (interpolated) elevation of an intermediate point will bein error. Depending on the station
spacing, location, local geoid undulations, and numerous other factors, the resultant interpol ated/adjusted
elevation accuracy is usually not suitable for construction surveying purposes; however, GPS-derived
elevations may be adequate for small-scale topographic mapping control.

3-10. North American Vertical Datum of 1988 (NAVD 88)

The NAVD 88 datum is the product of a vertica adjustment of leveled height difference measurements
made across North America. This reference system supersedes the NGVD 29 vertical reference
framework. NAVD 88 was constrained by holding fixed the orthometric height of a single primary tidal
benchmark at Father's Point / Rimouski, Quebec, Canada and performing a minimally constrained general
adjustment of US-Canadian-Mexican leveling observations. The vertical reference surface is therefore
defined by the surface on which the gravity values are equa to the control point value. NAVD 88
elevations are published orthometric heights that represent the geometric distance from the geoid to the
terrain measured aong the plumb line. Orthometric height corrections were used to enforce consistency
between geopotential based vertical coordinates and measured leveled differences. NAVD 88 is the most
compatible vertical reference frame available to relate GPS ellipsoidal heights to orthometric heights.
Note aso that NGVD 29 is no longer supported by NGS; thus, USACE commands should be
transitioning al older project vertical control to NAVD 88. The differences in orthometric elevations
between the superseded NGV D 29 and NAVD 88 references are significant--upwards of 1.5 metersin
places, as depicted in Figure 3-7 below. Therefore, it isimportant that these two reference systems not be
confused. Given the locd variations shown in Figure 3-7, there is no direct transformation between the
two systems, and a site calibration/transformation must be performed as explained in subsequent sections.
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Figure 3-7. NGVD 29-NAVD 88 elevation differences in mm

3-11. Using GPS to Densify Orthometric Elevations

DGPS observation sessions produce 3-D geodetic coordinate differences that establish the baseline
between two given stations. The expected accuracy of dlipsoida height difference measurementsis
based on several factors, such as GPS receiver manufacture type, observation session duration, and the
measured baseline distance, but it does not depend greatly on prior knowledge of the absolute vertical
position of either occupied station. Dual-frequency, carrier phase measurement based GPS surveys are
usualy able to produce 3-D relative positioning accuracies under 30 mm at the 95% confidence level over
baseline distances less than 20 km, depending on the type of GPS surveying method used. This situation
exists mainly because GPS range biases are physically well correlated over relatively short distances and
tend to cancel out as aresult of forming double differences for carrier phase data processing. In contrast,
GPS absolute code positioning accuracy will contain the full effects of any GPS range measurement
errors. Geoidal height differences describe the change in vertical position of the geoid with respect to the
ellipsoid between two stations. These relative geoidal heights can be more accurate than the modeled
absolute separation values within extended areas because the relative geoidal height accuracy is based on
the continuous surface characteristics of the geoid model, where only small deviations between closely
spaced points would be expected. The regional trend or dope of the geoid at a given point will not be
highly sensitive to local gravity anomalies especially in non-mountainous areas. Differential GPS can
fairly accurately measure dlipsoida height differences from GPS satellites. GPS surveys output vertical
positions in geodetic coordinates defined with respect to the WGS 84 reference ellipsoid. The ellipsoidal
height value at a given point is based on the distance measured aong the normal vector from the surface
of the reference ellipsoid to the point. The practical accuracy of WGS 84 as a vertical reference frame for
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collecting elevation data depends on the actual ellipsoidal height values assigned to benchmarks or other
physically defined control points.

3-12. GPS Vertical Site Calibration

A cdibration is needed in real-time surveying in order to relate GPS positions that are measured in terms
of WGS-84 to local grid coordinate projections, such as SPCS, UTM, or alocd station-offset-elevation
system. In addition, avertica calibration is needed to adjust the observed GPS ellipsoid elevationsto a
local vertical datum, and account for undulations in the local geoid over the project area. A calibration
should be used on a project whenever new points are to be established. A calibration is based on a set of
points that have 3-D coordinates in both WGS-84 and the local grid coordinate projection system. The
quality of the calibration will be affected by the accuracy and consistency of the GPS coordinates of the
points. Pointstied to the NGRS are recommended as the basis of a calibration. The number of points that
can be used in a calibration is manufacturer and software dependent. Smaller sized projects may be
calibrated with one 3-D point. However, for larger sized projects, three or four 3-D points are
recommended. Calibration points should be well distributed around the project exterior. Projects may be
calibrated by two methods: (1) in the field in the survey data collector or (2) in the network adjustment.
The latter procedure is recommended for large projects. The cdibration computation summary should be
examined for reasonable results in the horizontal scale, maximum vertical adjustment inclination, and the
maximum horizontal and vertical residuals.

a. Figure 3-8 below illustrates the varied requirements for vertical site calibrations. Thisfigure
depicts atypical contour plot of a geoid model--height differences between the geoid relative to the
WGS 84 ellipsoid. Inthelarge (8 km x 8 km) Area A, the geoid undulation varies from 0.80 to 1.27 m--
nearly a 50 cm variation. In order to determine accurate orthometric elevations from GPS dllipsoid
elevation observations, this variation in the geoid must be accurately accounted for. In addition, the
published orthometric elevations at each of the 7 established control benchmarks may not fit exactly with
the geoid model--the geoid model may have been approximated from other NGRS points. Therefore,
GPS observations over the 7 established control network points must be adjusted to further refine the
geoid model so that subsequent GPS observations to any point in the project area can be "bedt-fitted" to
the local vertical datum. Solely relying on a published geoid model is not recommended--connections
with existing control should always be observed to refine the model. GPS adjustment software must be
able to compensate for both the variations in the geoid model and variations in the established control
benchmarks. In order to accomplish this, GPS observations need to be connected between the fixed
control benchmarks, as shown in Area A.

b. Thesmal (1 km x 1 km) AreaB in Figure 3-8 is more typica of local RTK topographic
survey projects. The geoid model shows a minimal undulation over this area--from 0.72 m to 0.75 m.
This 3 cm variation may or may not be significant, depending on the required elevation accuracy of the
survey. If this 3 cm geoid variation is not considered significant, then the geoid undulation at the selected
reference station could be used over the entire area, and no geoid model correction used. Alternatively,
the 2 control benchmarks could be calibrated and the geoid model included in the adjustment. When 2
control benchmarks are available, as shown around Area B, then a GPS check between the benchmarksis
recommended. If the geoid model is not used, the geoid correction could be interpolated from the check
baseline observation results, holding the 2 control points fixed.
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Figure 3-8. Plot of geoid undulation contours over a local survey area (Leica)

c. Figure 3-9 below illustrates vertical calibrations over small loca survey areas, which is typical
of Corps topographic survey applications. This area contains two fixed benchmarks with local datum
elevations. A GPS reference receiver is set up over one benchmark and baseline hubs are staked out
relative to this point, using kinematic techniques. The second fixed benchmark is used as a check point.
A loca geoid model shows estimated geoid heights varying between -11.23 and -11.25 m. Orthometric
elevations on the individual baseline hubs are computed by correcting the observed ellipsoida eevation
differences with the local geoid undulation differences. Thislocal geoid elevation difference (- 2 cm)
could have been ignored if this error is acceptable to project accuracy requirements. Thiswould, in
effect, assume observed ellipsoidal elevation differences are equal to orthometric elevation differences
and no geoid model corrections are applied to the observations.

d. InFigure 3-9, a check point GPS elevation difference of +12.40 m is observed. The published
orthometric elevation difference between these pointsis +12.42 m. This confirms the geoid model is
accurate over this area since the computed geoid undulation difference (DN) is - 0.02 m (+12.40-12.42).
Had alarge misclosure existed at the check point, then either the published elevations are inaccurate or
the geoid model isinaccurate, or both. A GPS basdline check to athird benchmark would be required, or
conventiond levels could be run between the two fixed points to resolve the problem.
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Figure 3-9. Geoid elevation corrections for localized surveys

e. For further references on GPS site calibrations, refer to Trimble's Real-Time Surveying
Workbook (Trimble 2000b).

3-13. GPS Time References

Time used for most purposes is based on an astronomic (solar) time measure, or "universal time"--UT.
UT is based on the earth's rotation. Other time references include UT 0 (which is based on astronomical
observations), UT 1 (UT 0 corrected for polar motion and equals Greenwich Mean Time--GMT), and
Atomic Time (AT). GPS satellites have atomic clocks which output a time base that is not related to
astronomic time measures. However, these different time scales can be coordinated. GPStimeis
accurately maintained and monitored by the DoD. GPStime is usualy maintained within 30
nanoseconds of Universal Coordinated Time (US Naval Observatory), or UTC (USNO). GPStimeis
based on areference "GPS epoch” of 000 hours (UTC) 6 January 1980. From DoD (1996), the
relationship between GPStimeand UTC is.

GPS time = UTC + number of leap seconds + [GPS-to-UTC bias]
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GPS receivers obtain time corrections from the broadcast data messages and can thus output UTC
(USNO) time increments. UTC isthe time used for many USACE surveying applications wheretimeis
transferred from a GPS receiver in order to coordinate data streams from some peripheral sensing device--
e.g., inertial measurement units (IMU), cameras, acoustic depth recorders, etc. It isespecialy critical to
determine any latencies between the GPS satellite acquisition and the time tag of the subsequent position
computation, and to correlate this time tag latency with other peripheral sensors.
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Chapter 4
GPS Absolute Point Positioning Determination Concepts, Errors, and Accuracies

4-1. General

Asoutlined in Chapter 2, the NAVSTAR GPS was originally conceived and designed to provide point
positioning and velocity of auser with asingle, usually low-cost, hand-held GPS receiver. Thisistermed
"absolute” point positioning, as distinguished from "relative" positioning when a second receiver is
employed. GPS absolute positioning is the most widely used military and commercial GPS positioning
method for real-time navigation and location. It isusually not sufficiently accurate for precise surveying,
mapping, or hydrographic positioning uses--horizontal accuracies are typically only inthe 10 to 30 m
range. However, there are numerous other Corps applications where absolute point positioning is
sufficiently accurate: vessel/vehicle/personnel navigation, emergency operations, reconnaissance
mapping, dredge disposal monitoring, etc. This chapter discusses the general concepts of performing
absolute point positioning, and some of the basic errorsinherent in the process.

®JJJ%

Figure 4-1. Point positioning range measurements from a passive hand-held GPS receiver

4-2. Absolute Point Positioning

Absolute positioning involves the use of only asingle passive receiver at the user's location to collect data
from multiple satellites in order to determine the user's georeferenced position--see Figure 4-1. GPS
determination of a point position on the earth actually uses a technique common to terrestrial surveying
called trilateration--i.e. electronic distance measurement resection. The user's GPS receiver simply
measures the distance (i.e. ranges) between the earth and the NAVSTAR GPS satellites. The user's
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position is determined by the resected intersection of the observed ranges to the satellites. At least 3
satellite ranges are required to compute a 3-D position. In actual practice, at least 4 satellite observations
arerequired in order to resolve timing variations. Adding more satellite ranges will provide redundancy
(and more accuracy) in the position solution. The resultant 3-D coordinate value is relative to the
geocentric reference system. The GPS receiver may be operated in a static or dynamic mode. The
accuracies obtained by GPS absol ute positioning are dependent on the user's GPS receiver quality,
location, and length of observation time, DOP, and many other factors. Accuracies to less than a meter
can be obtained from static, long-term absolute GPS measurements when special equipment and post-
processing techniques are employed. Future GPS satellite modernization upgrades, enhanced code and
carrier processing technigques, and other refinements are expected to significantly improve the accuracy of
absolute positioning such that meter-level navigation accuracies may be availablein real-time.

4-3. GPS Absolute Position Solution Process--Pseudoranging

When a GPS user performs a navigation solution, only an approximate range, or "pseudorange,” to
selected satellites is measured. In order for the GPS user to determine his precise location, the known
range to the satellite and the position of those satellites must be known. By pseudoranging, the GPS user
measures an approximate distance between the GPS antenna and the satellite by correlation of a satellite-
transmitted code and a reference code created by the receiver. This measurement does not contain
corrections for synchronization errors between the clock of the satellite transmitter and that of the GPS
receiver. The distance the signal hastraveled is equal to the velocity of the transmission multiplied by the
elapsed time of transmission. The signal velocity is affected by tropospheric and ionospheric conditions
in the atmosphere. Figure 4-2 illustrates this pseudoranging concept.

Satellites (known X-Y-Z)

Pseudorange observation R:

R=Pt+c(dt)+d
Unknowns:
P t=true range
c = velocity of propagation
(speed of light)
dt = clock biases
d = propagation delays

Pseudorange
observations

With Four Observed Pseudoranges:
4 equations and 4 unknowns can
be solved to obtain adjusted

position

«— Adjusted

Range errors position

Figure 4-2. Pseudoranging technique
a. The accuracy of the positioned point is a function of the range measurement accuracy and the

geometry of the satellites, as reduced to spherical intersections with the earth's surface. A description of
the geometrical magnification of uncertainty in a GPS determined point position istermed "Dilution of
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Precision" (DOP), which isdiscussed in alater section. Repeated and redundant range observations will
generally improve range accuracy. However, the dilution of precision remains the same. In a static mode
(meaning the GPS receiver antenna stays stationary), range measurements to each satellite may be
continuously remeasured over varying orbital locations of the satellites. The varying satellite orbits cause
varying positional intersection geometry. In addition, simultaneous range observations to numerous
satellites can be adjusted using weighting techniques based on the elevation and pseudorange
measurement reliability.

b. Four pseudorange observations are needed to resolve a GPS 3-D position. (Only three
pseudorange observations are needed for a2-D location.) In practice there are often more than four
satellites within view. A minimum of four satellite ranges are needed to resolve the clock biases
contained in both the satellite and the ground-based receiver. Thus, in solving for the X-Y-Z coordinates
of a point, afourth unknown (i.e. clock bias--Dt) must also be included in the solution. The solution of
the 3-D position of a point is simply the solution of four pseudorange observation equations containing

four unknowns, i.e. X, Y, Z, and Dt.

c. A pseudorange observation is equal to the true range from the satellite to the user plus delays
due to satellite/receiver clock biases and other effects.

R=p'+c(Dt) +d (Eq 4-1)
where

R = observed pseudorange

p' = true range to satellite (unknown)

c = velocity of propagation

Dt = clock biases (receiver and satellite)

d = propagation delays due to atmospheric conditions
Propagation delays (d) are usually estimated from atmospheric models.
Thetruerange" p'" isequal to the 3-D coordinate difference between the satellite and user.

Pl = [(X°- X )2+ (Y- Y )24 (2024 )" (Eq4-2)
where

X 3, Y ®, Z ® = known satellite geocentric coordinates from ephemeris data

X %Y Y Z Y= unknown geocentric coordinates of the user which are to be determined.

When four pseudoranges are observed, four equations are formed from Equations 4-1 and 4-2.

(Ri-cDt-dg)? = (X -XY2+(Y-Y )2+ (Z°-2Y)2 (Eq4-3)
(Ro-cDt-d2)? = (X° - XN+ (Y S -Y")?+(Z2,°-2")? (Eq 4-4)
(R3-cDt-d3)? = (X3 -XN2+(YS-Y")?+(Z25°-2")? (Eq 4-5)
(Ra-cDt-dg)? = (X -XN2+(Y S -Y")2+(Z2,°-2Y)2 (Eq 4-6)

In these equations, the only unknownsare X “, Y “, Z “, and Dt. Solving these four equations for the four
unknowns at each GPS update yields the user's 3-D position coordinates-X “, Y “, Z “. These geocentric
coordinates can then be transformed to any user reference datum. Adding more pseudorange observations
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provides redundancy to the solution. For instance, if seven satellites are simultaneously observed, seven
equations are derived and still only four unknowns result.

d. Thissolution quality is highly dependent on the accuracy of the known coordinates of each
satellite (i.e. X °, Y ®, and Z ®), the accuracy with which the atmospheric delays” d " can be estimated
through modeling, and the accuracy of the resolution of the actual time measurement process performed
in a GPS receiver (clock synchronization, signal processing, signa noise, etc.). Aswith any measurement
process, repeated and long-term observations from a single point will enhance the overall positional
reliability.

4-4. GPS Point Positioning Accuracies

Determining the accuracy of a point position derived from GPS observations is a complex and highly
variable process. Any specified accuracy (or claimed accuracy) is subject to many qualifications and
interpretations--see Global Positioning System Sandard Positioning Service Performance Sandard

(DoD 2001). Thisis due to the numerous components that make up the "error budget" of a GPS
observation. Thus, resultant horizontal positional accuracies for absolute point positioning typically range
between 10 m and 30 m, and much larger for elevation measurements. Some of the more significant
components of the error budget include:

Receiver and antenna quality and type--signal processing characteristics
Receiver platform dynamics--static or dynamic

Reference frames--satellite and user

Geographic location of user--user latitude and longitude

Satellite configuration relative to user

Satellite characteristics-frequency stability and health

Satellite constellation and service availability

Satellite-User range determination accuracy

Atmospheric conditions--signal propagation delays in ionosphere and troposphere
Solar flux density--11-year solar cycle

Observation length

Multipath conditions at receiver

Receiver noise

Receiver mask angles

Position computation solution algorithms

In general, there are two main components that determine the accuracy of a GPS position solution:

Geometric Dilution of Precision (GDOP)
User Equivalent Range Error (UERE)

GDOP is the geometric effect of the spatial relationship of the satellites relative to the user. In surveying
terms, it isthe "strength of figure" of the trilateration position computation. GDOP varies rapidly with
time since the satellites are moving. UERE is the accuracy of the individual range measurement to each
satellite. UERE also varies between different satellites, atmospheric conditions, and receivers. The
absol ute range accuracies obtai nable from absolute GPS are largely dependent on which code (C/A or
P-Code) is used to determine positions. These range accuracies (UERE), when coupled with the
geometrical relationships of the satellites during the position determination (GDOP), result in a 3-D
confidence ellipsoid that depicts uncertaintiesin all three coordinates. Given the continuously changing
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satellite geometry, and other factors, GPS accuracy is time/location dependent. Error propagation
techniques are used to define nominal accuracy statistics for a GPS user.

4-5. Positional Accuracy Statistics--Root Mean Square

Two-dimensional (2-D) horizontal GPS positional accuracies are normally estimated and reported using a
root mean square (RMS) radia error statistic. RM S error measures are approximations to error ellipses
that are computed for measured points. This RMS error statistic isrelated to (and derives from) the
positional variance-covariance matrix, which is described more fully in Chapter 11. RMS statistics can
have varying confidence levels. A 1-s RMS error equates to the radius of acirclein which thereis a 63%
probability that the computed position iswithin thisarea. A circle of twicethisradius (i.e. 2-s RMSor
2DRMYS) represents (approximately) a 98 percent positional probability circle. This 97 percent
probability circle, or 2DRMS, is a common positional accuracy statistic used by GPS manufacturers. In
some instances, a3ADRMS, or 99+ percent probability is used. The Federal Geographic Data Committee
(FGDC) and the Corps of Engineersrequire horizontal and vertical geospatial accuraciesto be reported at
the 95% RMS confidence level. For all practical purposes, the 95% RM S and 2DRMSS statistics are
equivalent (Note also that aRMS error statistic represents the radius of a circle and therefore is not
preceded by a+ sign.)

a. Probable error measures. 3-D GPS accuracy measurements are sometimes expressed by
Spherical Error Probable, or SEP. This measure represents the radius of a sphere with a 50% confidence
or probability level. This spheroid radial measure only approximates the actual 3-D ellipsoid representing
the uncertainties in the geocentric coordinate system. In 2-D horizontal positioning, a Circular Error
Probable (CEP) statistic is commonly used, particular in military targeting. CEP represents the radius of
acircle containing a 50% probability of position confidence.

b. Accuracy comparisons. It isimportant that GPS accuracy measures clearly identify the
statistic from which they are derived. A "100-meter” or "3-meter” accuracy statistic is meaningless unless
itisidentified as being either 1-D, 2-D, or 3-D, along with the applicable probability or confidence level.
For example, if anominal SPS 2-D accuracy is specified as 7 meters CEP (i.e. 50%), then this equates to
15 meters at the 95% 2-D confidence level, and roughly 13.5 meters SEP (3-D 50%). See Table4-1for a
comparison of the most commonly used error statistics. In addition, absolute GPS point positioning
accuracies are defined relative to an earth-centered coordinate system/datum--WGS 84. This coordinate
system may differ significantly from the user'slocal project or construction datum. Thus, any position
derived from GPS observations is dependent on the accuracy of the reference datum/frame relative to
WGS 84. Nominal GPS accuracies may also be published as design or tolerance limits and accuracies
achieved can differ significantly from these values.
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Table 4-1. Representative Statistics used in Geospatial Positioning

Probability Relative Nominal SPS Point
Distance Positioning Accuracy

Error Measurement Statistic (%) (s) ) meters ?
LINEAR MEASURES SN OF SE Su
Probable Error 50 0.6745 s +4m +9m
Average Error 57.51 0.7979 s +5m +11m
One-Sigma Standard Error/Deviation 68.27 1.00s +6.3m +13.8m
90% Probability (Map Accuracy Standard) 90 1.645s +10m +23m
95% Probability/Confidence @) 95 1.96 s +12m  +£27m
2-Sigma Standard Error/Deviation 95.45 2.00s +126m +27.7m
99% Probability/Confidence 99 2.576s +16m +36m
3-Sigma Standard Error (Near Certainty) 99.73 3.00s +19m +42m
TWO-DIMENSIONAL MEASURES CIRCULAR RADIUS
1-Sigma Standard Error Circle ( s¢) @ 39 1.00 s 6m
Circular Error Probable (CEP) ®) 50 1.177 s¢ 7m
1 Deviation Root Mean Square (1DRMS) © 63 1414 s 9m
Circular Map Accuracy Standard 920 2.146 s 13 m
95% 2-D Positional Confidence Circle 95 2447 s¢ 15m
2-Dev. Root Mean Square Error (2DRMS) 7 98" 2.83s¢ 17.8m
99% 2-D Positional Confidence Circle 99 3.035 s¢ 19m
3.5 Sigma Circular Near-Certainty Error 99.78 3.5s¢ 22m
3 Dev. Root Mean Square Error (3DRMS) 99.9" 4.24 s 27 m
THREE-DIMENSIONAL MEASURES SPHERICAL RADIUS
1- s Spherical Standard Error ( ss) ® 19.9 1.00 ss 9m
Spherical Error Probable (SEP) ®) 50 1.54 s 13.5m
Mean Radial Spherical Error (MRSE) 10y 61 1.73 ss 16 m
90% Spherical Accuracy Standard 90 2.50 ss 22m
95% 3-D Confidence Spheroid 95 2.70 ss 24 m
99% 3-D Confidence Spheroid 99 3.37 ss 30m
Spherical Near-Certainty Error 99.89 4.00 ss 35m

NOTES:

MOST COMMONLY USED STATISTICS SHOWN IN BOLD
ESTIMATES NOT APPLICABLE TO DIFFERENTIAL GPS POSITIONING
CIRCULAR/SPHERICAL ERROR RADII DO NOT HAVE * SIGNS

Absolute positional accuracies are derived from GPS simulated user range errors/deviations and resultant geocentric
coordinate (X-Y-Z) solution covariance matrix, as transformed to a local datum (N-E-U or f -l -h). GPS accuracy will vary
with GDOP, UERE, and other numerous factors at time(s) of observation. The 3-D covariance matrix yields an error
ellipsoid. Transformed ellipsoidal dimensions given (i.e. Sn- Se- Su) are only average values observed under nominal
GDOP conditions. Circular (2-D) and spherical (3-D) radial measures are only approximations to this ellipsoid, as are
probability estimates.

(Table 4-1 continued on next page)
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Table 4-1. Representative Statistics used in Geospatial Positioning (continued)

(1) Valid for 2-D & 3-D only if SN = SE = Su. (Smin/Smax) generally must be 3 0.2. Relative distance used unless otherwise
indicated.

(2) Representative accuracy based on nominal (assumed) SPS 1-D accuracies shown in italics, and that sy » se. SPS
may have significant short-term variations from these nominal values. Intable, sy =se=6.3mand sy=13.8 m.

(3) FGDC reporting statistic for positions, elevations and depths, including USACE hydrographic survey position and
depth measurement accuracy criteria.

(4) s¢» 0.5 (sn + sk) -- approximates standard error ellipse
(5) CEP » 0.589 (sn + sg) » 1.18 s¢

(6) 1IDRMS » (sp? + sg?) 2

(7) 2DRMS » 2 (sp? + sg2) 2

(8) ss» 0.333 (SN + SE + SU)

(9) SEP » 0.513 (sn + SE + Su)

(10) MRSE » (sn® + sg2 + sy?) 2
Source: Topographic Engineering Center

4-6. GPS Range Error Budget

There are numerous sources of measurement error that influence GPS performance. The sum of all
systematic errors or biases contributing to the measurement error is referred to asrange bias. The
observed GPS range, without removal of biases, isreferred to as a biased range--i.e. the "pseudorange.”
Principal contributors to the final range error that also contribute to overall GPS error are ephemeris error,
satellite clock and electronics inaccuracies, tropospheric and ionospheric refraction, atmospheric
absorption, receiver noise, and multipath effects. Other errors may include those that were deliberately
induced by DoD before 2000--Sel ective Availability (S/A), and Anti-Spoofing (A/S). In addition to these
major errors, GPS also contains random observation errors, such as unexplainable and unpredictable time
variation. These errors are impossible to model and correct. The following paragraphs discuss errors
associated with absolute GPS positioning modes. Many of these errors are either eliminated or
significantly minimized when GPS is used in adifferential mode. Thisis due to the same errors being
common to both receivers during simultaneous observing sessions. For a more detailed analysis of these
errors, consult (DoD 2001) or one of the technical references listed in Appendix A.

a. Ephemeriserrorsand orbit perturbations. Satellite ephemeris errors are errorsin the
prediction of a satellite position which may then be transmitted to the user in the satellite data message.
Typically these errors are less than 8 m (95%). Ephemeris errors are satellite dependent and very difficult
to completely correct and compensate for because the many forces acting on the predicted orbit of a
satellite are difficult to measure directly. Because direct measurement of all forces acting on a satellite
orbit is difficult, it is nearly impossible to accurately account or compensate for those error sources when
modeling the orbit of a satellite. Ephemeris errors produce equal error shiftsin calculated absolute point
positions. More accurate satellite orbit data can be obtained at |ater periods for post-processing; however,
thisis not practical for real-time point positioning applications.
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b. Clock stability. GPSrelies very heavily on accurate time measurements. GPS satellites carry
rubidium and cesium time standards that are usually accurate to 1 part in 10 ** and 1 part in 10 %%,
respectively, while most receiver clocks are actuated by a quartz standard accurate to 1 part in 10 8. A
time offset is the difference between the time as recorded by the satellite clock and that recorded by the
receiver. Range error observed by the user as the result of time offsets between the satellite and receiver
clock isalinear relationship and can be approximated by the following formula:

Re=To ¢ (Eq4'7)
where

Re = range error due to clock instability

To = time offset

c = gpeed of light

(1) The following example shows the calculation of the user equivalent range error (UERE)

T o= 1 microsecond (rs) = 10 ® seconds (s)
c = 299,792,458 m/s

From Equation 4-7:
Re= (10 ®s) * 299,792,458 m/s =299.79m = 300 m

(2) In general, unpredictable transient situations that produce high-order departuresin clock time
can beignored over short periods of time. Even though this may be the case, predictable time drift of the
satellite clocksis closely monitored by the ground control stations. Through closely monitoring the time
drift, the ground control stations are able to determine second-order polynomials which accurately model
the time drift. The second-order polynomia determined by the ground control station to model the time
drift isincluded in the broadcast message in an effort to keep this drift to within 1 millisecond (ms). The
time synchronization between the GPS satellite clocks is kept to within 20 nanoseconds (ns) through the
broadcast clock corrections as determined by the ground control stations and the synchronization of GPS
standard time to the Universal Time Coordinated (UTC) to within 100 ns. Random time drifts are
unpredictable, thereby making them impossible to model.

(3) GPS receiver clock errors can be modeled in asimilar manner to GPS satellite clock errors.
In addition to modeling the satellite clock errors and in an effort to remove them, an additional satellite
should be observed during operation to simply solve for an extra clock offset parameter along with the
regquired coordinate parameters. This procedure is based on the assumption that the clock biasis
independent at each measurement epoch. Rigorous estimation of the clock termsis more important for
point positioning than for differential positioning. Many of the clock terms cancel when the position
equations are formed from the observations during a differential survey session.

c. lonospheric delays. GPS signals are electromagnetic signals and as such are nonlinearly
dispersed and refracted when transmitted through a highly charged environment like the ionosphere--
Figure 4-3. Dispersion and refraction of the GPS signal isreferred to as an ionospheric range effect
because dispersion and refraction of the signal resultsin an error in the GPS range value. lonospheric
range effects are frequency dependent.
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lonosphere
150 km

Troposphere
10 km

Figure 4-3. Atmospheric delays in received GPS signals

(2) The error effect of ionosphere refraction on the GPS range values is dependent on sunspot
activity, time of day, and satellite geometry. Ionospheric delay can vary from 40-60 m during the day and
6-12 m at night. GPS operations conducted during periods of high sunspot activity or with satellites near
the horizon produce range results with the most error. GPS operations conducted during periods of low
sunspot activity, during the night, or with a satellite near the zenith produce range results with the least
amount of ionospheric error.

(2) Resolution of ionospheric refraction can be accomplished by use of a dual-frequency receiver
(areceiver that can simultaneously record both L1 and L2 frequency measurements). During a period of
uninterrupted observation of the L1 and L2 signals, these signals can be continuously counted and
differenced, and the ionospheric delay uncertainty can be reduced to less than 5 m. The resultant
difference reflects the variable effects of the ionosphere delay on the GPS signal.  Single-frequency
receivers used in an absolute and differential positioning mode typically rely on ionospheric models that
model the effects of the ionosphere. Recent efforts have shown that significant ionospheric delay removal
can be achieved using dual-frequency receivers.

d. Tropospheric delays. GPS signalsin the L-band level are not dispersed by the troposphere,
but they are refracted due to moisture in the lower atmosphere. The tropospheric conditions causing
refraction of the GPS signal can be modeled by measuring the dry and wet components. The dry
component is best approximated by the following equation:

Dc=(227 0.001) Po (Eq 4-8)
where

D ¢ = dry term range contribution in zenith direction in meters

P o = surface pressure in millibar (mb)
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(1) The following example shows the calculation of average atmospheric pressure P o = 1013.243
mb:

From Equation 4-8:

Dc (2.27-0.001) - 1013.243 mb

2.3 m, the dry term range error contribution in the zenith direction

(2) The wet component is considerably more difficult to approximate because its approximation
is dependent not just on surface conditions, but also on the atmospheric conditions (water vapor content,
temperature, altitude, and angle of the signal path above the horizon) along the entire GPS signal path.
Asthisisthe case, there has not been awell-correlated model that approximates the wet component.

e. Multipath. Multipath describes an error affecting positioning that occurs when the signal
arrives at the receiver from more than one path--see Figure 4-4. Multipath normally occurs near large
reflective surfaces, such as ametal building or structure. GPS signals received as aresult of multipath
give inaccurate GPS positions when processed. With the newer receiver and antenna designs, and sound
prior mission planning to reduce the possible causes of multipath, the effects of multipath as an error
source can be minimized. Averaging of GPS signals over a period of time (i.e. different satellite
configurations) can also help to reduce the effects of multipath.

Direct
Signals

(<D

Multipath Reflections

Figure 4-4. Multipath signals impacting GPS observations
f. Receiver noise. Receiver noiseincludes avariety of errors associated with the ability of the

GPS receiver to measure afinite time difference. Theseinclude signal processing, clock/signal
synchronization and correlation methods, receiver resolution, signal noise, and others.
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g. Selective Availability (SA) and Anti-Spoofing (A/S). Before 2000, S/A was activated to
purposely degrade the satellite signal to create position errors. Thisis done by dithering the satellite clock
and offsetting the satellite orbits. Prior to 2000, the effects of /A were eliminated by using differential
techniques. DoD aways reserves the right to reimplement S/A should amajor military conflict require
this action for national security. However, it is the stated intent of the US Government not to implement
S/A globally but to develop regional GPS denial capabilities that will not impact GPS users globally. A/S
isimplemented by interchanging the P code with aclassified Y code. This denies users who do not
possess an authorized decryption device. Manufactures of civil GPS equipment have devel oped methods
such as squaring or cross correlation in order to make use of the P code when it is encrypted.

4-7. User Equivalent Range Error

The previous sources of errors or biases are principal contributorsto overall GPSrange error. There are
many othersin the total error budget model. Thistotal error budget is often summarized as the User
Equivalent Range Error (UERE), or as User Range Error (URE). To distinguish between the satellite-
dependent errors and that of the user's receiver, a Signal-in-Space (SIS) URE is defined by (DoD 2001).
This SIS URE does not include the receiver's noise and multipath effects. As mentioned previoudly,
many of these range errors can be removed or at |east effectively suppressed by developing model s of
their functional relationships in terms of various parameters that can be used as a corrective supplement
for the basic GPS information. Differential techniques also eliminate many of these errors. Table 4-2
lists the more significant error sources for a single-frequency receiver, as observed globally by DoD on
the given date. The resultant URE does not include multipath effects.

Table 4-2. Estimate of Standard Positioning System User Range Error
Single Frequency Receiver (8 June 2000)

Error Source User Range Error Contribution
(+ meters)
Navigation Message Curve Fit 0.20
Tropospheric Model 0.25
C/A Code Phase Bias 0.27
Orbit 0.57
Receiver Noise 0.80
Satellite Clock 1.43
lonospheric Model (global average) 7.00
URE (95%) +7.22m

! lonospheric model ranged from 1.30 m (best) to 7.00 m (worst)

Source: Figure A-5-12, (DoD 2001)

Globaly, the URE for asingle frequency ranged from 2.2 m to 14.6 m. A dual-frequency receiver had a
far more accurate URE: 1.4 mto 2.3 m, with aglobal average of 1.7 m. If receiver multipath and other
effects are added, say + 2 to 4 m, then the UERE for a single-frequency receiver would be in the 10-15m
range.
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4-8. Satellite Geometry Effects on Accuracy--Geometrical Dilution of Precision

The final positional accuracy of a point determined using absolute GPS survey techniquesis directly
related to the geometric strength of the configuration of satellites observed during the survey session.
GPS errors resulting from satellite configuration geometry can be expressed in terms of GDOP. In
mathematical terms, GDOP is a scalar, dimensionless quantity used in an expression of aratio of the
positioning accuracy. Itistheratio of the standard deviation of one coordinate to the measurement
accuracy. GDOP represents the geometrical contribution of a certain scalar factor to the uncertainty

(i.e. standard deviation) of a GPS measurement. GDOP values are afunction of the diagonal elements of
the covariance matrices of the adjusted parameters of the observed GPS signal and are used in the point
formulations and determinations.

a. Inamore practical sense, GDOP isascalar quantity of the contribution of the configuration of
satellite constellation geometry to the GPS accuracy, in other words, a measure of the "strength” of the
geometry of the satellite configuration. In general, the more satellites that can be observed and used in
the final solution, the better the solution. Since GDOP can be used as a measure of the geometrical
strength, it can aso be used to selectively choose four satellitesin a particular constellation that will
provide the best solution. Satellites spread around the horizon will provide the best horizontal position,
but the weakest vertical elevation. Conversealy, if all satellites are at high altitudes, then the precision of
the horizontal solution drops but the vertical improves. Thisisillustrated in Figure 4-5. The smaller the
GDOP, the more accurate the position.

SVs bunched together

SVs spread out through sky

Figure 4-5. Satellite geometry and GDOP--"Good" GDOP and "Poor" GDOP configurations

b. GDOP values used in absolute GPS positioning is ameasure of spatial accuracy of a 3-D
position and time. The GDOP is constantly changing as the relative orientation and visibility of the

4-12



EM 1110-1-1003
1Jul 03

satellites change. GDOP can be computed in the GPS receivers in real-time, and can be used as a quality
control indicator. GDOP is defined to be the square root of the sum of the variances of the position and
time error estimates.

GDOP = [se?, sy +su” +sr%+ (C d7)?]%°  [1/5g] (Eq4-9)
where

s g = standard deviation in east value, m

S y = Standard deviation in north value, m

s y = standard deviation in up direction, m

c = speed of light (299,338,582.7 m/s)

d+ = standard deviation in time, seconds

s r = overdl standard deviation in range in meters, i.e. the UERE at the one-sigma (68%) level

The GDOP valueis easily estimated by assuming the UEREs are all unity and then pulling the standard
deviations directly from the variance-covariance matrix of the position adjustment. Thus GDOP (and its
derivations) can be recomputed at each position update (e.g., every second). Large jumps (increases) in
GDORP values are poor performance indicators, and typically occur as satellites are moved in and out of
the solution.

c. Positional dilution of precision (PDOP). PDOP is ameasure of the accuracy in 3-D position,
mathematically defined as:

PDOP = [sg®:sn® +S0u?] % [1/sR] (Eq 4-10)

where al variables are equivalent to those used in Equation 4-9. PDOP issimply GDOP lessthetime
bias.

(1) PDOP values are generaly developed from satellite ephemerides prior to conducting a survey.
When developed prior to a survey, PDOP can be used to determine the adequacy of a particular survey
schedule.

(2) The key to understanding PDOP is to remember that it represents position recovery at an
instant in time and is not representative of awhole session of time. When using pseudorange techniques,
PDOP vauesin the range of 4-5 are considered very good, while PDOP values greater than 10 are
considered very poor. For static surveysit is generally desirable to obtain GPS observations during a
time of rapidly changing GDOP and/or PDOP.

(3) When the values of PDOP or GDOP are viewed over time, peak or high values (>10) can be
associated with satellitesin a constellation of poor geometry. The higher the PDOP or GDOP, the poorer
the solution for that instant in time. Thisis critical in determining the acceptability of rea-time
navigation and photogrammetric solutions. Poor geometry can be the result of satellites being in the same
plane, orbiting near each other, or at similar elevations.

d. Horizontal dilution of precision (HDOP). HDOP is a measurement of the accuracy in 2-D
horizontal position, mathematically defined as:

HDOP = [s g, s %] %° " [1/sR] (Eq 4-11)
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This HDOP statistic is most important in evaluating GPS surveys intended for densifying horizontal
control in aproject. The HDOP isbasically the RMS error determined from the final variance-covariance
matrix divided by the standard error of the range measurements. HDOP roughly indicates the effects of
satellite range geometry on a resultant position.

e. Vertical dilution of precision (VDOP). VDOP is ameasurement of the accuracy in standard
deviation in vertical height, mathematically defined as:

VDOP = [sy] " [1/sRr] (Eq 4-12)

f. Acceptable DOP values. In general, GDOP and PDOP values should be less than 6 for a
reliable solution. Optimally, they should be lessthan 5. GPS performance for HDOP is normally in the
2to 3range. VDOPIistypically around 3to 4. Increases above these levels may indicate less accurate
positioning. In most cases, VDOP values will closely resemble PDOP values. It isaso desirableto have
a GDOP/PDOP that changes during the time of GPS survey session. The lower the GDOP/PDOP, the
better the instantaneous point position solution is.

4-9. Resultant Positional Accuracy of Point Positioning

The relationship between positional solution, the range error, and DOP can be expressed as follows
(Leick, 1995):

Positional solution (s) = sg ~ DOP (Eq 4-13)
where

s = horizontal or vertical positional accuracy

s r = rangeerror (95% UERE)

For example, if the observed HDOP of a point position is displayed as 2.0 assuming unity a priori
deviations, and the estimated 95% UERE is 4 m, then the estimated horizontal positional accuracy would
be 8 m. Since the UERE and HDOP (PDOP/HDOP/VDOP) values are so variable over short periods of
time, there islittle practical usein estimating a positional accuracy in this manner. Positional accuracy is
best estimated by statistically comparing continuous observations at some known reference point,
typically over a 24-hour period, and computing the 95% deviations.

a. From actual DoD worldwide observations, the results of actual horizontal and vertica

positional accuracies of single- and dual-frequency GPS point positioning observed on two different dates
are summarized in Table 4-3 below.
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Table 4-3. GPS All-in-View Performance--95%

Single Frequency Dual Frequency
Horizontal Vertical Horizontal Vertical
m m m m
3 June 2000 *
Global average 8.3 16.8 3.1 5.6
Worst site 19.7 44.0 5.0 9.2
8 June 2000 "
Global average 7.8 16.2 2.6 4.3
Worst site 19.2 39.3 4.2 71
Predictable Accuracy 2 13 22 -- --
Worst case 36 77

Sources:
1 Tables A-5-1 through A-5-4 (DoD 2001)

2 2001 Federal Radionavigation Plan/Systems Predicted Accuracy (FRS Table 3-1--GPS System Characteristics)

b. Table 4-3 shows that single-frequency receivers are capable of achieving around 10 m (95%)
positional accuracy and that the vertical component is significantly poorer. The 2001 Federal
Radionavigation Plan/System (FRP 2001) advertises a predictable SPS accuracy of 13 m (horizontal) and
22 m (vertical), with aglobal service availability of 99%. This predictable accuracy estimate does not
include error contributions due to ionospheric contributions, tropospheric contributions, or receiver noise.
There would be few applications for using GPS point positioning methods for elevation determination
given the 20+ m error. Theresults aso clearly show the accuracy improvements when dual-frequency
receiversare used. There are many GIS database development applications where a horizontal accuracy
in the 10 to 30 m range is sufficiently accurate; thus point positioning with asingle- or dua-frequency
receiver isareliable, fast, and economical procedure for those applications. These point positioning
accuracy levels are obviously not suitable for USACE design and construction purposes; thus, relative or
differential positioning techniques are required.
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Chapter 5
Differential or Relative Positioning Determination Concepts

5-1. General

Absolute point positioning, as discussed earlier, will not provide the accuracies needed for most USACE
mapping and control projects due to existing and induced errors in the measurement process. In order to
minimize these errors and obtain higher accuracies, GPS can be used in arelative or differentia
positioning mode--i.e. Differential GPS. Throughout this manual, the terms "relative" and "differential”
positioning have similar meaning. This chapter covers the basic theory and concepts of differential GPS
positioning as it applies to engineering and construction surveys.

LY )
ay B8
%

m D'\ﬁerent_'\@\_‘ia_s_e_\m@, e
Pi— User (Remote) Receiver

at unknown location
Reference Station Receiver
located at known point on datum

Figure 5-1. Differential or Relative GPS positioning
5-2. Differential Positioning Concepts

As stated in Chapter 2, differential GPS positioning is ssimply a process of determining the relative
differences in coordinates between two receiver points, each of which is smultaneously
observing/measuring satellite code ranges and/or carrier phases from the NAVSTAR GPS satdllite
congstellation. These differential observations, in effect, derive a differential baseline vector between the
two points, asillustrated in Figure 5-1. This method will position two stations relative to each other--
hence the term "relative positioning”--and can provide the higher accuracies required for project control
surveys, topographic surveys, and hydrographic surveys. There are basically two general types of
differential positioning:

Code phase pseudorange tracking
Carrier phase tracking
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Both methods, either directly or indirectly, determine the distance, or range, between aNAVSTAR GPS
satellite and a ground-based receiver antenna. These measurements are made ssimultaneoudly at two
different receiver stations. Either the satellite's carrier frequency phase, or the phase of adigital code
modulated on the carrier phase, may be tracked--depending on the type of receiver. Through various
processing techniques explained below, the distances between the satellites and receivers can be resolved,
and the relative positions of the two receiver points are derived. From these relative observations, a
baseline vector between the pointsis generated. The resultant positional accuracy is dependent on the
tracking method used--carrier phase tracking being far more accurate than code phase tracking.

5-3. Differential Positioning (Code Pseudorange Tracking)

Code pseudorange tracking is the most widely used differential GPS positioning technique. It can deliver
"meter-level" positiona accuracies that typically range between 0.5 m to 5 m, depending on the code
DGPS reference network and user receiver type. It isthe technique used for maritime navigation,
including USACE hydrographic surveying and dredge location applications. It isaso used for air and
land navigation where meter-level accuracy isrequired. Differential positioning using code pseudoranges
is performed similarly to the Absolute Positioning techniques described in Chapter 4; however, some of
the major clock error and atmospheric uncertainties are effectively minimized when simultaneous
observations are made at two receiver stations. Errors in satellite range measurements are directly
reflected in resultant coordinate errors. Differential positioning is not so concerned with the absolute
position of the user but with the relative difference between two user positions who are smultaneously
observing the same satellites. Since errors in the satellite position (X®, Y*®, and Z°) and atmospheric delay
estimates (d ) are effectively the same (i.e. highly correlated) at both receiving stations, they cancel each
other to alarge extent. Equation 4-1, which represents a genera pseudorange observation, is repeated as
Equation 5-1 below.

=p'+ c(Dt) +d (Eq5-1)

R

R = observed pseudorange

p = true range to satellite (unknown)

C = velocity of propagation

Dt = clock biases (receiver and satellite)

d = propagation delays due to atmospheric conditions

The clock biases ( Dt ) and propagation delays ( d ) in the above equation are significantly minimized
when code phase observations are made with two receivers. This alows for arelatively accurate
pseudorange correction ( R- p') to be computed at the receiver station set over aknown point. Thisis
because the true range (p ') to the satellite can be determined from inversing between the ground station's
coordinates and the broadcast satellite coordinates. If the pseudorange correction (R-p ') is computed
for 4 or more satellites, these pseudorange corrections can be transmitted to any number of user receivers
to correct the raw pseudoranges originally observed. If 5 or more pseudorange corrections are observed,
then a more reliable and redundant position computation is obtained. 1f more than one "reference station”
is used to obtain pseudorange corrections, then the corrections may be further refined using the network
of reference stations. Networks of stations transmitting differential GPS code correctors are termed as
"augmented" GPS, or awide area augmented system. Pseudorange corrections are broadcast by standard
RF, satdllite link, cell phone, or other transmission media. Satellite communications links are typically
used for wide area augmentation networks. An alternate differential correction technique computes the
position coordinate differences at the reference station and broadcasts these coordinate differences as
correctors. Thismethod is not widely used.
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Reference or

Base Station Remote or
Receiver Rover Receiver
Sat #1 Sat #2 Sat #3 Sat #4 Sat #1 Sat#2 Sat #3 Sat #4

| Pseudorange |
I corrections transmitted I

>

O Known Range
Known X-Y-Z O Measured Range | Unknown coordinates
coordinates

O Pseudorange Correction

Figure 5-2. Determining pseudorange correction at a differential GPS reference station. Corrections are
computed for satellites in view and broadcast to remote receivers.

a. For asmplified example, if the true range from a "known" GPS reference control point to a
satellite is 20,000,000m and the observed or measured pseudorange distance was 19,999,992 m, then the
pseudorange error or correction is + 8 m (20,000,000-19,999,992) for that particular satellite. A similar
pseudorange correction (or PRC) can be generated for each satellite being observed from the known GPS
reference station, asillustrated in Figure 5-2. If a second "rover” receiver isobserving at least four of the
same satellites as the reference receiver, and is within a reasonable distance (say 300 kilometers) from the
reference receiver, it can use these same PRCs to correct the rover receiver's observed pseudoranges since
the range errors will be similar at both points. If the rover receiver islocated equidistant between two
reference stations (i.e. a wide area GPS network), and the second reference station observed a PRC of
+ 10 m on the same satellite, then an adjusted PRC of 9 m ((8+10)/2) could be used at the rover receiver.
Additional wide area reference stations provide better modeling of the PRCs at the rover receiver,
athough the density and distance from reference stationsis still critical for accuracy improvements.

b. Thisdifferential code pseudoranging process results in coordinates of the user on the earth's
surface that are relative to the datum of the reference station. For example, if the reference station is
computing PRCs using NAD 83 (1996) coordinates, then the resolved coordinates at the rover receiver
will bein this same system. These NAD 83 (1996) coordinates can be transformed to another datum and
coordinate system (e.g., NAD 27 SPCS) using known local transformation differences, such as those
obtained from CORPSCON. Thisis commonly done on Corps navigation projects that are still
referenced to NAD 27. Code phase positions relative to an NAD 83 (1996) network (e.g., the USCG
radiobeacon system) are converted back to NAD 27 for use in automated hydrographic survey data
acquisition software. Thisisdonein rea-time. Therefore, GPS coordinate differences can be applied to
any type of loca project reference datum (i.e. NAD 27, NAD 83, or any local project grid reference
system).
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c. Code pseudorange tracking has primary application to real-time navigation systems where
accuracies a the 0.5to 5 m level aretolerable. Given these tolerances, USACE engineering survey
applications for code pseudorange tracking GPS are hydrographic surveying, dredge positioning, and
some GIS feature mapping work. Newer hand-held receivers capable of acquiring government or
commercial wide area network PRCs will provide accuracies at the 5 to 10 m level, and can be used for
populating GIS databases. Descriptions of real-time code phase tracking systems used for hydrographic
surveying and dredge positioning are contained in EM 1110-2-1003.

5-4. Differential Positioning (Carrier Phase Tracking)

Differential positioning using carrier phase tracking uses a formulation of pseudoranges similar to that
done in code or absolute GPS positioning. However, the process becomes somewhat more complex when
the carrier signals are tracked such that range changes are measured by phase resolution. The modul ated
codes are removed from the carrier, and a phase tracking process is used to measure the differencesin
phase of the received satellite signals between the reference receiver and the user's receiver at an
unknown point. The transmitted satellite signal is shifted in frequency due to the Doppler effect. The
phase is not changed. GPS receivers measure what is termed the carrier phase "observable”--usually
symbolized by " f ". This observable represents the frequency difference between the satellite carrier and
that generated in the receiver, or a so-called "beat” phase difference. This phase measurement
observation can be shown in the following expression for the carrier phase observable (Kaplan 1996):

fF O =F"®-FP®)+N +Sc+ 1tp+ !t Diono + diopo (Eq 5-2)
where

f 7 (t) = length of propagation path between satellite "P" and receiver "k" ... in cycles

f . (t) = received phase of satellite "P" at receiver "k" at time "t"

f P () = transmitted phase of satellite "P"

N, = integer ambiguity

Sy = measurement noise (multipath, GPS receiver, €tc.)

| = carrier frequency (Hz)

tp = satellite clock bias

t« = recelver clock bias

b = ionospheric advance (cycles)

duopo = tropospheric delay (cycles)

For more details on these carrier phase observation models, see also Remondi (1985), Leick (1995), Van
Sickle (2001), and other texts listed at Appendix A.

a. Typically, two receivers will be involved in carrier phase observations, and 4 or more satellites
will be measured from both receivers. One of the receivers will be placed at a known reference point--the
"reference” receiver. The other receiver is usualy referred to as the "remote” or "rover" receiver--and is
located a point where a map feature or project control point coordinate is required. This "rover” receiver
may be stationary over the unknown point--i.e. "static”--or it may be roving from unknown point to
unknown point--i.e. "kinematic."

b. Interferomic "differencing” techniques are used to resolve carrier phase observations made at
two receivers. Differencing involves forming linear combinations between phase observations. To
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eliminate clock errorsin the satellite, a "single difference” between phase measurements of the reference
and remote receiversis performed. Single differencing between receivers eliminates the satellite clock
error. Thissingle differencing "between receivers' procedure is performed for al the mutually observed
satellites, and the resultant single differences are subsequently differenced "between satellites’

(i.e. "double differenced"), thus eliminating the receiver clock error. Double-differenced measurements
on three pairs of satellites will yield the difference between the reference and remote locations. "Triple
differencing” is the difference of two double differences performed over two different epochs. Triple
differencing "between epochs” is used to indirectly resolve the number of whole carrier cycles between
the satellite and receiver. There are anumber of methods used to determine the integer ambiguity (the
number of unknown integer cycles). These range from physical placement of the remote receiver a
known distance from the reference receiver to automated Kalman filtering and searching methods. These
differencing techniques are more fully described in Chapter 10.

5-5. Carrier Phase Survey Techniques

Carrier phase tracking provides an accurate satellite-receiver range resolution due to the short carrier
wavelengths (approximately 19 cm for L1 and 24 cm for L2) and the ability of areceiver to resolve the
carrier phase down to about 2 mm. This technique, therefore, has primary application to engineering,
construction, topographic, and geodetic surveying, and may be employed using either static or kinematic
methods. There are several techniques that use the carrier phase in order to determine the position of a
remote receiver. These generdly break down to static and kinematic methods, however, both methods
have similar observation and initialization requirements, and differ mainly in their initialization
procedures and whether the positional computations are performed in real-time or post-processed. In
practice, some "kinematic" methods actually observe baselinesin a"static' mode. Different receiver
manufacturers have varying terminologies and techniques for these methods. The basic concepts of some
of the most common survey techniques are explained below, and field procedures for some of these
methods can be found in Chapter 9. Table 5-1 summarizes these techniques, their associated accuracies,
applications, and required components.

Figure 5-3. (Left) GPS surveys at Corps Huntsville, AL Training Center--Survey IV PROSPECT Course (2002)
and (right) New Orleans District GPS control surveys along Mississippi River at District Office base
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a. Satic. Static surveying (Figure 5-3) is the most widely used differentia technique for precise
control and geodetic surveying. It involves long observation times (30 minutes to 6+ hours, depending on
the number of visible satellites, baseline length, accuracy, etc.) in order to resolve the integer ambiguities
between the satellite and the receiver. Accuracies in the sub-centimeter range can be obtained using the
static surveying methods. Either single-frequency or dual-frequency receivers may be used.

b. Rapid Satic. The concept of Rapid Static is similar to Pseudo Kinematic described below. It
is used to measure baselines and determine positions at the centimeter-level with short, static observation
times--e.g., 5-20 minutes. The observation time is dependent on the length of the baseline and number of
visible satellites. Loss of lock, when moving from one station to the next, can also occur since each
basdine is processed independent of each other. Unlike Pseudo Kinematic, stations are occupied only
once. Dual-frequency receivers are required.

c. Kinematic. Kinematic surveying is a GPS carrier phase surveying technique that alows the
user to rapidly and accurately measure baselines while moving from one point to the next, stopping only
briefly at the unknown points, or in dynamic motion such as a survey boat or aircraft. A reference
receiver is set up at a known station and a remote, or rover, receiver traverses between the unknown
points to be positioned. The datais collected and processed (either in real-time or post-time) to obtain
accurate positions to the centimeter level. Kinematic survey techniques require some form of
initialization to resolve the carrier phase ambiguities. This can be done by setting the remote receiver on
aknown baseline relative to the reference receiver, by performing an "antenna swap" procedure between
the two receivers, and other techniques such as "On-the-Fly" or OTF.

d. Sop & Go Kinematic. Stop and Go Kinematic involves collecting static data for severa
minutes (i.e. 10-30 minutes) at each station after a period of initidization to gain the integers. This
technique does not alow for loss of satellite lock during the survey. If loss of satellite lock does occur, a
new period of initialization must take place. This method can be performed with two fixed or known
stations in order to provide redundancy and improve accuracy.

e. Pseudo Kinematic. Thistechniqueis similar to Stop and Go Kinematic procedures. The main
difference is that there is no static initiaization. Unknown points must be double-occupied
(approximately 5-10 minutes), and each unknown point must be revisited after about an hour. Unlike
Stop and Go Kinematic, loss of satellite lock is acceptable.

f. Real-Time Kinematic (RTK). The RTK positioning methods will yield sub-decimeter
accuraciesin rea-time. This method has become widely used for accurate engineering and construction
surveys, including topographic site plan mapping, construction stake out, construction equipment
location, and hydrographic surveying. This GPS technique determines the integer number of carrier
wavelengths between the GPS antenna to the GPS satellite while the rover receiver isin motion and
without static initialization. RTK typically uses an "On-the-Fly" (OTF) integer initialization process
whereby initiaization can be performed while the roving receiver ismoving. Periodic loss of satdllite
lock can be tolerated and no static initiaization is required to regain the integers. This differs from other
GPS techniques that require static initialization while the user is stationary. A communication link
between the reference and rover receiversis required. A number of techniques have been developed to
increase RTK accuracies over locd areas, such as placing simulated GPS satellite receivers at fixed
ground locations (pseudolites). These have application in obscured areas (underground, tunnels, inside
buildings, etc.) or for accurate aircraft landing €l evation measurement.
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Table 5-1. Carrier Phase Tracking Techniques
Concept Minimum Requirements Applications Accuracy
Static L1 or L1/L2 GPS receiver Control surveys Sub-centimeter

(Post-processed)
Rapid Static

(Post-processed)

Stop-and-Go Kinematic
(Post-processed)

Pseudo Kinematic
(Post-processed)

Real-Time Kinematic
(Real-time)

30 min to 1 hour minimum
observation time

L1/L2 GPS receiver

5-20 min observation time

Single occupation only

No continuous satellite lock required

L1 GPS receiver

Initialization required

1-2 minute baseline occupation
Continuous satellite lock required

L1 GPS receiver

5-10 minutes static observations

Double occupations required
between 1 and 4 hours

No initialization required

Loss of satellite lock permitted

L1/L2 GPS Receiver
Data-Link required
Baselines should be < 10 km
OTF initialization or
conventional initialization
Maintain satellite lock

(high-accuracy)

Slow point positioning
Control surveys Sub-centimeter
(medium to high accuracy)

Control surveys Centimeter +
(Medium accuracy)

Fast point positioning

Control surveys Few centimeters

(Medium accuracy)

Real-time hydro tides Centimeter +
and heave corrections

Location surveys

Photo control (ABGPS)

Real-time topo

Construction stake out

(Medium to high accuracy)

5-6. Real-time Kinematic (RTK) GPS

The basic practical concept for real-time kinematic GPS surveying was developed in the early 1980's by Ben
Remondi of the National Geodetic Survey. 1n 1989, the Corps Topographic Engineering Center
(ERDCITEC) began development of algorithms to enable RTK observation of tides for hydrographic survey
and dredge elevation corrections in offshore environments. Today, nearly all GPS receiver manufacturers
provide RTK survey options for engineering, construction, and boundary surveying applications.

a. RTK equipment. A RTK carrier phase positioning system is very similar to code phase tracking
technology described earlier. Two GPS recaivers (reference and remote) are needed for RTK positioning.
These receivers must meet the requirements to process red-time carrier phase tracking information. The
user equipment on the ground, construction platform, survey vessel, or dredge typically consists of a
geodetic-quality, dua-frequency, full wavelength L1/L2 tracking GPS receiver. The GPS reference station
must be located over a known survey monument (a benchmark if precise elevation densification is being
performed). The reference receiver must be capable of collecting both pseudorange and carrier phase data
from the NAVSTAR satellites. A geodetic quaity GPS antenna is required to minimize multipath. The
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receivers should be capable of at least a 1-sec update rate. The processor used at the reference station will
compute the pseudorange and carrier phase corrections and format the data for the communications link.

The corrections will be formatted for transmission to the remote user; from which accurate, georeferenced
coordinates are determined in red-time. Asin code phase applications, the user datum must be correlated
with the reference station datum, including accounting for geoid undulations that may occur between the
stations. For hydrographic and dredging applications, the position output for the helmsman is code phase
tracking using pseudoranges (accurate a the meter level)--for vessal navigation in real-time. The decimeter-
leve carrier phase DGPS data will be used to compute the vessel position and/or antenna elevation. The
antenna elevation must be related to the water surface and vessel draft in order to reference GPS time-tagged
depth soundings. GPS elevation data must aso be transformed to the local reference datum--e.g., Mean
Lower Low Water, Low Water Reference Plane.

b. Communicationslink. The communications link for area-time carrier phase positioning system
differs from the code phase tracking DGPS system in the amount of data that has to be transmitted. The
carrier phase positioning system may require a minimum data rate of 4800 baud, as compared to a baud rate
of 300 for the code phase tracking DGPS system. This high data rate eliminates many of the low-frequency
broadcast systems and limits the coverage area for high-frequency broadcast systems. VHF and UHF
frequency communications systems are well suited for this datarate, as are satellite links. Frequency
approval may be necessary for communication link broadcasts using a power source in excess of 1 watt.
RTK israrely used for surveysin excess of 20 km from the reference station.

5-7. Differential GPS Error Sources

The error sources encountered in the position determination using differential GPS positioning techniques
are the same as those outlined for Absolute Positioning in Chapter 4. However, many of the errors
inherent in Absolute Positioning are effectively minimized when differentia code or carrier tracking
techniques are employed--especialy when short basdline distances are observed with high-quality dual-
frequency receivers. The errors that are minimized or eliminated include:

Selective Availability (S/A). When S/A was activated prior to 2000, differential positioning
techniques eliminated this intentionally induced error.

lonospheric and Tropospheric Delays. When the reference and remote stations are close together,
these atmospheric delays are effectively eliminated. However as distance between the differential
receivers increases, these delays can become significant. For example, USCG code tracking
radiobeacon systems are fairly accurate out to about 150 km. Beyond that distance, differing
amospheric conditions add to the range errors. 1n some cases, localized weather patterns at even
shorter distances can effect the code tracking measurements.

Ephemeris Error. Ephemeris errors are significantly reduced with differential techniques.
Processing baseline data with a precise ephemeris will further reduce this error.

Satellite Clock Error. Compensated as long as both the reference and remote differential
receivers use the same satellite clock correction data.

Table 5-2 below shows the nominal range error budget for a differential code phase tracking system
where the common error sources from the space and control segments have been eliminated.
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Table 5-2. Error Budget for Differential Positioning Systems (Code Phase)

Segment Source Error User Range Error Contributions
(* meters)
Near Far (>350 km)
Space Clock and NAV subsystem stability 0.0 0.0
Predictability of SV perturbations 0.0 0.0
Other 10 1.0
Control Ephemeris prediction model implementation 0.0 0.0
Other 18 18
User (P(Y)-Code lonospheric delay compensation 0.0 45
Tropospheric delay compensation 0.0 3.9
Receiver noise and resolution 41 41
Multipath 34 3.4
Other 1.0 1.0
UERE (95%) 5.8 8.3

Source: Table 10-1, (DoD 1996)

In addition to these error sources, the user must ensure that the receiver maintains lock on at least three
satellites for 2-D positioning, four satellites for 3-D positioning, and five or more satellites when RTK
methods are employed. In performing carrier phase GPS static surveys, if lock is not maintained,
positional results may be degraded, resulting in incorrect formulations. When loss of lock occurs, a cycle
dip (adiscontinuity of an integer number of cyclesin the measured carrier beat phase as recorded by the
receiver) may occur. Sometimes, in static GPS control surveying, if the observation period islong
enough, post-processing software may be able to average out loss of lock and cycle dips over the duration
of the observation period and formulate positiona results that are adequate. If thisis not the case,
reoccupation of the stations may be required. In al differentia surveying techniques, if loss of lock does
occur on some of the satellites, data processing can continue easily if a minimum of four satellites have
been tracked. Generdly, the more satellites tracked by the receiver, the more insensitive the receiver isto
loss of lock. In genera, cycle dips can be repaired.

5-8. Differential GPS Accuracies

There are two levels of accuracies abtainable from GPS using differential techniques. Thefirst level is
based on pseudorange code formulations, while the other is based on carrier phase formulations. Al
accuracy assessments are highly dependent on the type and quality of the GPS receivers used--see Global
Positioning System Sandard Positioning Service Performance Sandard (DoD 2001).

a. Pseudorange code accuracies. Pseudorange formulations can be developed from either the
C/A-code or the more precise P-code. Pseudorange accuracies are generally accepted to be 1 percent of
the period between successive code epochs. Use of the P-code where successive epochs are
0.1 microsecond apart produces results that are around 1 % of 0.1 microsecond, or 1 ns. Multiplying this
value by the speed of light gives a theoretical resultant range measurement of around 30 cm. If using
pseudorange formulations with the C/A-code, one can expect results ten times less precise or arange
measurement precision of around 2 to 3 m. (Note that the DoD only commits to providing
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a £ 6 m UERE; however, PPS Signal-in-Space UERES have been consistently less than 2 m--see Chapter
4 and DoD 2001). Point positioning accuracy for a differential pseudorange formulated solution is
generally found to be in the range of 0.5 mto 5 m at the 95% confidence level. Sub-meter accuracy is
easly achievable if code tracking receiver distances are short, e.g., less than 50 km, and PDOPis< 5. As
always, these accuracy estimates are largely dependent on the type of GPS receivers being used and the
distance from the reference station.

b. Carrier phase formulations. Carrier phase formulations can be based onthe L1, L2, or both
carrier signals. Accuracies achievable using carrier phase measurement are generally accepted to be 1 %
of the wavelength. Using the L1 frequency where the wavelength is around 19 cm, one can expect a
theoretical resultant range measurement that is 1 % of 19 cm, or about 2 mm. The L2 carrier can only be
used with receivers that employ cross-correlation, squaring, or some other technique to get around the
effects of A/S. Some of the factors that enter into the error budget of a differential carrier phase solution
are:

Distance between reference and remote station.

Receiver quality. Low-end, inexpensive hand-held or geodetic quality--usualy directly related to
receiver cost which can range from $100 to $20,000 or more.

Receiver signal processing methods.

Single or dua-frequency tracking. L1 C/A-code, L1 P-code, L2 P-code, and/or L2 Y -code.
Number of satellites receiver can track. Variesfrom 1 to "al-in-view." Less expensive, hand-
held receivers typically track only 8 satellites. Most high-end geodetic quality receivers can track
up to 12 or 24 satellites. Some receivers also track GLONASS satellites.

Satellite tracking channelsin receiver. Varies from 1 to 40--12 channels being typical.

Basdine reduction and analysis methods. Also relates to number of epochs observed or length of
observation--e.g., 1-hour or 6-hour static baseline observation.

Real-time kinematic or post-processing solution.

Integer ambiguity solution techniques.

Antenna design.

Redundant observations. Redundant baseline observations and connections from different
network points will improve the computed positional accuracy of a point when the observations
are processed through standard geodetic network adjustment routines.

The fina positional accuracy of apoint (or the derived baseline vector between two points) determined
using differentia carrier phase GPS survey techniques is directly related to the geometric strength of the
configuration of satellites observed during the survey session. GPS errors resulting from satellite
configuration geometry can be expressed in terms of DOP. Positional accuracy for a differential carrier
phase baseline solution is generally found to be in the range of 1-10 mm. On extremely short baselines
used for structural deformation monitoring surveys (i.e. less than 1,000 m) accuracies at the 1 mm level
aretypicaly observed. Elevation difference accuracies tend to be larger--around the 5 mm level over
short baselines. Red-time dynamic GPS measurements have even larger accuracy estimates due to
velocities of the moving platform.

c. Accuracy estimatesfor differential GPSsystems. The resultant accuracy of a differentia
carrier phase baseline solution is widely variable and depends on the factors listed in the above
paragraphs. In addition, accuracies are difficult to quantify, given the variety of GPS receivers. Many
organizations have performed independent testing of GPS receivers; however, these tests are often dated
and may not be representative of "real-world" observing conditions. Likewise, receiver manufacturer's
claimed accuracies are subject to unknown observing conditions and caveats--often similar grade
receivers have widely varying accuracy claims by different manufacturers. Typically, code tracking
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receivers report positional accuracies as 2-D horizontal RMS statistics. Carrier tracking accuracies are
usually reported as a function of the baseline distance, which includes both afixed quantity and a parts
per million (ppm) ratio of the baseline length. Accuracy estimates can aso be indirectly derived from the
results of network adjustments or comparisons with higher-accuracy baselines. The genera accuracy
values shown in Table 5-3 below are based on such comparisons and are believed to be representative of
the current technology. In some cases, resultant horizontal and vertical accuracies can only be estimated
because there is no independent method to accurately verify the data, e.g., offshore sealevel or tidal
elevation measurements using RTK techniques.

Table 5-3. Nominal Positional or Baseline Accuracies for Differential Positioning Systems
(Single baseline observation)

GPS Receiver or Tracking System Estimated Accuracy (95%)
Code Carrier

Low-cost resource grade receivers (L1 only)
Baselines < 100 km 3to5m n/a

Geodetic-quality 24 channel, L1-L2
(Static long-term baseline observations)

Short baseline length (< 1 km) 0.3tolm 2 mm=1ppm
Baseline length < 10 km 0.3tolm 5t0 10 mmz=1 ppm
Baseline length < 100 km Im n/a

Baseline length < 500 km >1m n/a

USCG radiobeacon receivers

Short baseline length (< 1 km) 0.3tolm n/a
Baseline length <10 km 0.3tolm n/a
Baseline length < 100 km 1to2m n/a
Baseline length < 500 km 3to10m n/a
World-wide wide-area networks with atmospheric modeling 0.5to2m n/a

Real-time Kinematic Observations with Geodetic-quality
receiver (baselines less than 10 km)
Horizontal position accuracy n/a 10 to 30mm
Vertical accuracy n/a 30t0 100 mm

Adjusted positional accuracy using multiple CORS stations

Horizontal n/a 10-20 mm
Vertical n/a 100 mm
Real-time Kinematic offshore tidal & heave modeling n/a 100 mm

5-9. Differential GPS Augmentation Systems

A number of differential GPS augmentation systems are available from both government and commercial
sources. Mogt real-time augmentation systems are code tracking. However, more emphasisis being
placed on developing accurate carrier tracking augmentation networks. The following material on
Federal augmentation systems is extracted from the 2001 Federal Radio Navigation Plan (FRP 2001).
Description of some commercial augmentation systems is covered in later chapters.
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a. Maritime Differential GPS(MDGPS). The USCG Maritime DGPS Service provides terrain-
penetrating medium-frequency signals, optimized for surface applications, for coastal coverage of the
continental US, the Great Lakes, Puerto Rico, portions of Alaska and Hawaii, and portions of the
Mississippi River Basin. Maritime DGPS uses fixed GPS reference stations that broadcast pseudorange
corrections and provide GPS integrity information using radionavigation beacons. The Maritime DGPS
Service provides radionavigation accuracy better than 10 meters (95% RMS) for US harbor entrance and
approach areas. The system is operated to International Telecommunications Union and Radio Technical
Commission for Maritime Services (RTCM) standards and has been implemented by more than 40 other
maritime nations. The USCG declared FOC of the Maritime DGPS Service on March 15, 1999. Steps
are being taken to include DGPS as a system that meets the carriage requirements of the Navigation
Safety Regulations (33 CFR 164), for vessels operating on the navigable waters of the US.

b. Nationwide Differential GPS(NDGPS). A Nationwide DGPS (NDGPS) Serviceis being
established under the authority of Section 346 of the Department of Transportation and Related Agencies
Appropriation Act, 1998 PL 105-66 U.S.C. 301. This service is an expansion of the MDGPS to cover
aress of the country where service from MDGPS is not available. When complete, this service will
provide uniform differential GPS coverage of the continental US and selected portions of Hawaii and
Alaska regardless of terrain, man made, and other surface obstructions. Thisis achieved by using a
terrain-penetrating medium-frequency signal optimized for surface application. This service, dong with
MDGPS, provides a highly reliable GPS integrity function to terrestrial and maritime users. NDGPS
accuracy is specified to be 10 meters or better. Typical system performance is better than 1 min the
vicinity of the broadcast site. Achievable accuracy degrades at an approximate rate of 1 m for each 150
km distance from the broadcast site. When each site is brought online, it meets al FOC requirements as
set forth by the USCG for their MDGPS service. Thisincludes integrity, availability, and accuracy. The
NDGPS Service will achieve FOC when it provides dua coverage of the continental US and selected
portions of Hawaii and Alaska with single coverage elsewhere. Given the current funding environment,
FOC is expected by the end of calendar year 2007. The service is operated to the RTCM SC-104
broadcast standard. This standard has also been adopted by the international community as ITU-R 823
and has been implemented in over 40 countries, maritime and non-maritime, worldwide.

c. FAA Wide Area Augmentation System (WAAS). The FAA is developing the WAAS to
augment GPS. WAAS isdesigned primarily for aviation users. The WAAS provides a signal-in-space to
enable WAAS users to navigate the en route through precision approach phases of flight. The signal-in-
space provides three services: (1) integrity data on GPS and Geostationary Earth Orbit (GEO) satellites,
(2) differentia corrections of GPS and GEO satellites to improve accuracy, and (3) aranging capability to
improve availability and continuity. The FAA announced in August 2000 that WAAS is continuoudy
broadcasting differential corrections and is available for non-safety applications. WAAS initia
operational capability for safety applications (as a supplemental means of navigation), expected in 2003,
will support en route through approach with vertical guidance operations. The long-term plans for
navigation architecture are based on aWAAS primary means of navigation determination in 2009. To
that end, as well as to improve performance, a key recommendation isto utilize the new GPS civil signal
a L5 (1176.45 MHz) when it is available to provide a more robust, interference resistant, and available
service to users equipped with L5 receivers. The result of these incremental improvements will enable
arcraft equipped with WAAS avionics to execute all phases of flight except Category 11 and 111 precision
approaches.

d. FAA Local Area Augmentation System (LAAS). LAAS augments GPS by providing
differentia corrections to users viaa VHF data broadcast. Suitably equipped aircraft will be able to
conduct precision approaches at airfields where LAAS Category | ground facilities are installed.
Category | LAAS s currently in development with installation of the first of 46 federal systems expected
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in 2003. Research and specification development are currently underway to support Category |1 and |11
LAAS. Thefirgt public use Category Il and 111 LAAS system is planned in 2006.

e. The National Continuously Operating Reference Sation (CORS) System. The National
Geodetic Survey is establishing a national CORS system to support non-navigation, post-processing
applications of GPS. The national CORS system provides code range and carrier phase data from a
nationwide network of GPS stations for access by the Internet. As of October 2001, data were being
provided from about 232 stations.

5-13



EM 1110-1-1003
1 Jul 03

Chapter 6
GPS Applications in USACE

6-1. General

This chapter outlines some of the varied uses of GPS by USACE surveyors and its contractors. GPS
applications apply to all the Corps civil works, military construction, and environmental missions. These
applications include real estate surveys, regulatory enforcement actions, horizontal and vertical control
densfication, structural deformation studies, airborne photogrammetry, dynamic positioning and
navigation for hydrographic survey vessels and dredges, hydraulic study/survey location, river/flood plain
cross-section location, core drilling location, environmental studies, emergency operations, levee
overbank surveys, and levee profiling. Construction uses of real-time GPS include levee grading and
revetment placement, disposal area construction, stakeout, etc. Additionally, GPS has application in
developing various levels of Geographic Information System (GIS) spatia data, such as site plan
topography, facilities, utilities, etc. In effect, GPS has application for any USACE project requiring
georeferenced spatial data. Given the variety of GPS accuracies and operating modes, a particular project
application may involve one or more types of equipment and data acquisition methods. Suggested GPS
techniques are shown in Table 6-1 for different types of Corps projects.

Table 6-1. Summary of Typical GPS Applications on USACE Civil and Military Construction Projects

USACE Project/Functional Absolute GPS  Code Differential GPS Carrier DGPS
Application 10to30m 0.5to3m 1to10cm

General Project Mapping Control (Military & Civil)
Reference benchmark elevations Static PP
Reference horizontal positions Static PP

Facility Mapping (Site Plans & GIS)

Building & structure location RTK or PPK
Utility location RTK or PPK
Roads, streets, airfields, etc. RTK or PPK
Grading & Excavation Plans RTK or PPK
Recreational Plans RTK or PPK
Training Range Plans RT

Airfield obstruction mapping RT

Training range mapping/location RT or RT

Utility Location & As-Builts RT or RTK
Environmental Mapping RT or RTK

Flood Control Projects

Floodplain Mapping RT or RT

Soil/Geology Classification Maps RT or RT

Cultural/Economic Classifications RT or RT

Land Utilization Mapping RT or RT

Wetland/Vegetation Delineation RT or RT

Levee Profiling RTK

6-1



EM 1110-1-1003

1 Jul 03

Table 6-1 (Contd). Summary of Typical GPS Applications on USACE Civil and Military Construction Projects

USACE Project/Functional

Absolute GPS Code Differential GPS

Carrier DGPS

Application 10to 30 m 0.5to3m 1to10cm
Navigation Projects
Primary Project Control Surveys Static PP
Dredge Control:
Horizontal position RT
Disposal area monitoring RT
Vertical reference RTK
Hydrographic Survey Control:
Project condition RT
Measurement & payment RT
Accurate tidal monitoring RTK
General Vessel Navigation RT
Shoreline Mapping RT or RTK
MHW line Delineation RTK
Hydraulic & Hydrology Studies
Horizontal reference RT or RT
Vertical reference RTK or Static PP
Geotechnical Investigations
Boring location (horizontal) RT or RT
Boring reference elevation RTK or Static PP
Structural Deformation Surveys
Network monitoring points Static PP
Periodic monitoring surveys Static PP
Continuous deformation monitoring RTK or PPK
Construction
Layout and alignment Static PP or RTK
Material placement (horizontal) RT or RTK
Placement & grading (vertical) RTK
Coastal Engineering
Prim ary Baseline Control Static PP or RTK
Dune/Beach Topo Sections RTK
Photogrammetric Mapping
Camera/LIDAR positioning (ABGPS) PPK
Ground control surveys Static PP
Emergency Operations
Personnel location RT
Facility location RT RT
Real Estate
Tract, Plat & Parcel Mapping RTK
Boundary Monuments Static PP or RTK
Condemnation Maps RTK
General Location Maps RT
HTRW Site Control & Mapping
Site Plan Control Static PP
Geotoxic Data Mapping/Modeling RT or RTK

RT: Real-time

RTK: Real-time Kinematic

PP: Post-processed

PPK: Post-Processed Kinematic
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6-2. Project Control Densification

Establishing or densifying primary project control is one of the major uses of GPS technology. GPSis
often more cost-effective, faster, accurate, and reliable than conventional (terrestrial) survey methods.
The quality control statistics and large number of redundant measurements in GPS networks help to
ensure reliable results. Primary horizontal and vertical control monuments are usually set using static
GPS survey methods, although some post-processed kinematic methods may aso be employed. These
primary monuments are typically connected to NGRS horizontal and vertical reference datums. From
these primary monuments, supplementa site plan mapping or vessel/aircraft positioning is performed
using RTK techniques. Field operations to perform a GPS static control survey are relatively efficient
and can generaly be performed by one person per receiver. GPSis particularly effective for establishing
primary control networks as compared with conventional surveys because intervisibility is not required
between adjacent stations. Figure 6-1 below shows a portion of a GPS project planning network for static
GPS control surveys along the Mississippi River in Memphis District. Other examples of typica USACE
project control surveys are found in the appendices to this manua. These include setting control for a
navigation project, aflood control project, and a dam deformation monitoring reference network.
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Figure 6-1. Control survey observing scheme on Mississippi River and control point baseline occupation at
Memphis District Ensley Boatyard (Memphis District and 3001, Inc.)
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6-3. Facility Site Plan Topographic Mapping and GIS Surveys

Readl-time and post-processed techniques can be used to perform topographic mapping surveys and GIS
base mapping. Depending on the accuracy, either code or carrier phase techniques may be employed--see
Table 6-1. In general, most topographic mapping is performed using rea-time kinematic methods using
carrier phase accuracy. Post-processed fast-static methods may be used to set temporary mapping control
or aeria mapping targets. Figure 6-2 below depicts equipment used on atypical fast-static survey at the
Corps Huntsville, AL training center. Real-time topographic or GIS feature datais usually collected
from portable range pole or backpack antenna mounts, as shown in Figure 6-3. Data are logged on
standard data collectors similar to those used for terrestria total stations. Data collector software is
designed to assign topographic and GIS mapping features and attributes, and to perform standard
construction stakeouts. Code differentia techniques may be used for GIS mapping features requiring
only meter-level accuracy. If only approximate mapping accuracy in needed, hand-held GPS receivers
with absolute (10-30 m) positioning may be used.

Figure 6-2. Fast-Static control survey of topographic reference monument at Huntsville Bevill Center

6-4



EM 1110-1-1003
1Jul 03

Figure 6-3. GPS real-time kinematic topographic surveys using backpack and range pole antenna mount

6-4. Shallow Wetland Mapping

Carrier and code differential GPS can be employed for surveys of shallow wetland areas. These GPS
techniques are significantly more effective and accurate than terrestrial methods in these inaccessible
areas. Red-time kinematic methods can provide decimeter-level (or better) elevation accuracies, which
are critical in flat, low-flow areas. GPS topographic shot points can be observed in clear areas to
minimize vegetation clearing in environmentally senditive areas. These data points can then be input into
aterrain model of the area. GPS equipment can be mounted on airboats, swamp tractors, or other
platforms, as shown in Figure 6-4 below. Higher antenna pole mounts may be needed to reach over taler
grass.

Figure 6-4. GPS RTK surveys from airboat operating in shallow wetland areas
(Jacksonville District)
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6-5. Flood Control Projects--Levee Assessments

Post-processed or real-time kinematic methods may be used to rapidly measure levee profile elevations,
using platforms such as those shown in Figure 6-5. Similar RTK methods may be used to run levee
cross-sections at selected intervals along the levee baseline--eliminating the need to stakeout individual
hubs on the baseline. These "overbank™ sections can also be extended into the water for hydrographic
depth measurement, with the RTK system providing the reference elevation.

Figure 6-5. New Orleans District levee profiling using real-time kinematic GPS methods
(New Orleans District and 3001, Inc.)

6-6. Navigation Project Survey Vessel and Dredge Control

Both code and carrier phase DGPS methods are used to control most in-house and contracted dredging
and surveying operations on Corps navigation projects. Code-phase differential GPS is typically used for
dynamic, meter-level accuracy positioning of survey boats and dredges. Centimeter-level accuracy
carrier phase differential GPS is used for real-time tidal or river stage modeling during hydrographic
surveys. The following figures (6-6 through 6-8) are representative of Corps platforms utilizing code and
carrier phase GPS navigation and positioning. For details on marine platform positioning, refer to

EM 1110-2-1003 (Hydrographic Surveying).
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Dredge® Wheeler”
New Orleans District

Figure 6-6. Typical USCG Maritime DGPS controlled Corps hopper dredge at Southwest Pass, LA
(New Orleans District)

New York District

Figure 6-7. Typical Corps hydrographic survey vessel equipped with carrier phase DGPS and IMU for
measuring vessel position, roll, pitch, and heave parameters during real-time surveys (New York District)
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SB Florida, Jacksonville District

Figure 6-8. Use of carrier phase DGPS for real-time modeling offshore tides at
Kings Bay FBM Entrance Channel
(Jacksonville District and ERDC Topographic Engineering Center)

6-7. Hydraulic and Hydrology Studies

River hydraulic measurements and studies can be positioned using meter-level code phase techniques.
RTK methods can be used if accurate cross-sections are required. Overbank and flood plain topography
can be obtained from a variety of terrestrial and airborne survey methods--all controlled using DGPS. A
typical Corps survey boat designed to obtain river hydraulic and hydrologic data is shown in Figure 6-9
below. Thisvessd is capable of obtaining acoustic topographic elevation models of the riverbed, Doppler
current data, and sub-bottom material classification. These datasets are georeferenced using either real-
time code or kinematic GPS observations aboard the boat.

SV Boyer - St Louis District

Figure 6-9. St. Louis District hydraulics and hydrology survey boat
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6-8. Structural Deformation Surveys

GPS survey techniques can be used to monitor the motion of points on a structure relative to stable
reference monuments. This can be done with an array of antennae positioned at selected points on the
structure and on the reference monuments. Baselines are formulated between the occupied points to
monitor differential movement. Given the typically short baselines (< 500 m), the relative precision of
the measurements is on the order of 2 to 5 mm. Measurements can be made on a continuous basis. A
GPS structural deformation system can operate unattended and is relatively easily installed and
maintained. Alternatively, periodic monitoring observations are taken using RTK or post-processed
kinematic techniques, asillustrated in Figure 6-10. Prior to performing structural monitoring surveys, the
stable reference network must be accurately positioned. Long-term static GPS observations are typically
used to perform thistask. Detailed procedures on these surveys are covered in EM 1110-2-1009
(Structural Deformation Surveying).

Figure 6-10. Real-time kinematic structural deformation surveys of locks and dams--St. Lucie Lock
(Jacksonville District and Arc Surveying & Mapping, Inc.)
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6-9. Construction Stakeout and Grading

Survey-grade GPS receivers are now designed to perform all traditional construction stakeouts--e.g., lots,
roads, curves, grades, etc. Typica Corps applications include staking out baselines for beach
renourishment projects, levee baselines, boring rig placement, and facility or utility construction
alignment. An example stakeout survey for a beach renourishment construction baseline is found in an
appendix to thismanual. GPS can aso be used to control and monitor earth-moving operations, such as
grading levees or beach construction--Figure 6-11. For further information on typica construction
stakeout and laser alignment techniques with GPS, see Trimble Survey Controller Reference Manual/Field
Guide (Trimble 20014).

GPS Surveys to Monitor
Sand Placement on Beach

T GPS control of
pazd offshore drill rig

GPS control of
pile driving placement

Figure 6-11. Construction grading and core drill location GPS applications
6-10. Coastal Engineering Surveys

Differential GPS positioning and elevation measurement techniques have amost replaced conventional
survey methods in performing beach surveys and studies. Depth measurement sensors (physical or
acoustical) are typically positioned with RTK methods. DGPS is used to control the "sounding rod"
attached to the "CRAB," "LARC," and ded platforms shown in Figure 6-12. Vessdls and other platforms
usualy merge RTK observations with inertial measurement units in order to reduce out surf heave. Land
sections of beach profile surveys are usualy controlled using RTK topographic methods, as shown in
Figure 6-12 where beach profiles are merged with offshore hydrographic profiles. See dso

EM 1110-2-1003 (Hydrographic Surveying) for more details on coastal engineering surveys.
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RTK Beach Profile Surveys--Jacksonville District

Figure 6-12. Differential GPS controlled beach survey platforms--for coastal engineering surveys
(ERDC/Coastal & Hydraulics Lab, Jacksonville District, Arc Surveying & Mapping, Inc.)

6-11. Photogrammetric Mapping Control

The use of an airborne GPS (ABGPS) receiver, combined with specialized inertial navigation, LIDAR,
and photogrammetric data processing procedures, can significantly reduce the amount of ground control
for typical photogrammetric projects. In effect, each cameraimage or LIDAR scan is accurately
positioned and oriented relative to a base reference station on the ground, as shown in Figure 6-13. In the
past, the position and orientation of the camera was back-computed from ground control imagery.
Traditionally, these mapping projects required a significant amount of manpower and monetary resources
for the establishment of the ground control points. Therefore, the use of ABGPS technology significantly
lessens the production costs associated with wide-area mapping projects. Tests have shown that ground
control coordinates can be developed from an airborne platform using adapted GPS kinematic techniques
to centimeter-level precision in all three axes if system related errors are minimized and care is taken in
conducting the ABGPS and photogrammetric portions of the procedures. ABGPS has been used
extensively in St. Louis and Jacksonville Districts for photo and LIDAR mapping projects. ABGPSis
also used to control the Mobile District's airborne LIDAR hydrographic survey system--Figure 6-14.
Detailed coverage of ABGPS is given in EM 1110-1-1000 (Photogrammetric Mapping).
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Figure 6-13. Airborne GPS control for photogrammetric mapping projects

Data Collection

Figure 6-14. USACE GPS-controlled SHOALS hydrographic surveying system (Mobile District)
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Chapter 7
GPS Receiver and Equipment Selection

7-1. General

Selection of the right GPS receiver for a particular project is critical to its success. Receiver selection
must be based on a sound anaysis of the following criteria: applications for which the receiver isto be
used (e.g., static or dynamic, code or carrier), accuracy requirements, power consumption requirements,
operational environment, signal processing requirements, and cost. GPS receivers range from high-end,
high-cost, high-accuracy "geodetic quality” to low-end, low-cost, low-accuracy "resource grade" or
"recreational” models. Moderate cost, meter-level accuracy "mapping grade” receivers are also available.
Dozens of vendors produce GPS receivers and there are hundreds of models and options available. This
chapter presents only a brief overview on GPS survey equipment and selection criteria. References to
specific brands, models, prices, and features in this chapter will be rapidly out of date. Current
comparative information on GPS receivers and options is readily available in various trade magazines,
such as GPSWorld, POB, and Professional Surveyor. Prior to initiating procurement, USACE
commands are aso advised to consult ERDC/TEC or other commands for technical guidance on GPS
instrumentation options.

7-2. Types of GPS Receivers

There are two generd types of GPS receivers. Code Phase and Carrier Phase. Geodetic quality receivers
process both code and carrier phases. Geodetic quality receivers (and auxiliary egquipment) can cost
between $10,000 and $25,000. Resource grade (recreational navigation) receivers typicaly process only
the L1 C/A-code and perform absolute positioning. These receivers cost between $100 and $1,000.
Some moderate cost ($1,000 to $5,000) hand-held mapping grade receivers can process either differential
code or carrier observations. Within these types there are C/A and P-code receivers, one- or two-channel
sequential receivers, multi-channel receivers, codeless receivers, single- and dual-frequency receivers,
al-in-view receivers, continuous tracking, code-correlation, cross-correlation, squaring, and a variety of
other signa processing techniques. Reference NAVSTAR GPS User Equipment Introduction (DoD 1996)
or (Kaplan 1996) for further details on receiver signa processing methods.

a. Code Phasereceivers. A codereceiver isaso caled a"code correlating” receiver because it
requires access to the satellite navigation message of the P- or C/A-code signal to function. This type of
receiver relies on the satellite navigation message to provide an almanac for operation and signal
processing. Because it uses the satellite navigation message, this type of receiver can produce rea-time
navigation data. Code receivers have "anywhere fix" capability and consequently, a quicker start-up time
at survey commencement. Once locked onto the GPS satellites, an anywhere-fix receiver has the unique
capability to begin calculations without being given an approximate location and time.

b. Carrier Phasereceivers. A carrier phase receiver utilizes the actual GPS signal itself to
caculate a position. There are two general types of carrier phase receivers. (1) single frequency and
(2) dud frequency.

(1) Single-Frequency receivers. A single-frequency receiver tracksthe L1 frequency signal. A

single-frequency receiver can be used effectively to develop relative positions that are accurate over
basalines of less than 20 km or where ionospheric effects can generally be ignored.
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(2) Dual-Frequency receivers. The dua-frequency receiver tracks both the L1 and L2 frequency
signal. A dual-frequency receiver will more effectively resolve baselines longer than 20 km where
ionospheric effects have a larger impact on calculations. Dual-frequency receivers eliminate amost all
ionospheric effects by combining L1 and L2 observations. All geodetic quality receivers are multi-
channel, in which a separate channd is tracking each satellite in view. Most manufacturers of dual-
frequency receivers utilize codel ess techniques, which allow the use of the L2 during anti-spoofing.

Other signal processing techniques include squaring, code-aided squaring, cross-correlation, and
z-tracking. Receiversthat utilize a squaring technique are only able to obtain 1/2 of the signa wavelength
on the L2 during anti-spoofing and have ahigh 30 dB loss. Receivers that use a cross-correlation
technique have a high 27 dB loss but are able to obtain the full wavelength on the L2 during A/S.

7-3. GPS Receiver Selection Considerations

There are numerous factors that need to be considered when purchasing a GPS receiver (or system) for
project control or mapping purposes. The following factors and features should be reviewed during the
selection process.

a. Project applications. Current USACE applications include land-based, water-based, and
airborne positioning, with awide range of accuracy requirements. Land applications include real-time
topographic surveying, geodetic control, resource mapping, navigation, survey control, boundary
determination, deformation monitoring, and transportation. Most of these applications require carrier
phase, geodetic-quality receivers. Water or marine applications include navigation and positioning of
hydrographic surveys, dredges, and drill rigs-typically using meter-level differential code phase
positioning techniques. GIS devel opment applications are commonly performed with low cost, resource-
grade, hand-held, GPS receivers--using either absolute positioning or code differential techniques.
Airborne applications include navigation and positioning of photogrammetric-based mapping and require
high-end geodetic GPS receivers aong with inertial measurement units (IMU). Some receivers can be
used for all types of applications and accuracies--e.g., a GPS recelver may contain capabilities for
performing code, carrier, RTK, GLONASS, FAA WAAS, or USCG positioning. Generaly, the more
applications areceiver must fulfill, the more it will cost. It isimportant for the receiver's potential project
applications be defined in order to select the proper receiver and the necessary options, and to avoid
purchase of a $50,000 GPS system when a $10,000 system would have sufficed.

b. Accuracy requirements. A firm definition of the point positioning accuracy requirementsis
essential when deciding on the type of GPS receiver that will be required. Receiver cost typically
increases as accuracy isincreased. For example, a "geodetic-quality” receiver is usualy specified for
high-quality Corps project control work, particularly when precise vertical control is being established.
Accuracy requirements will further define procedural requirements (static or kinematic), signal reception
requirements (whether use of either C/A- or L1/L2 P-codes is appropriate), and the type of measurement
required (pseudorange or carrier phase measurements). If only meter-level GIS feature mapping is
involved, inexpensive, single-frequency GPS receivers are adequate, if combined with differential
corrections.

c. Power requirements. The receiver power requirements are an important factor in the
determination of receiver type. Receivers currently run on avariety of internal and external power
sources from 110 VAC to 9to 36 VDC systems. Most systems operate on small rechargeable internal
batteries and draw some 1 to 5 watts. A high-end GPS receiver can operate only afew hours on its
internal batteries, whereas alow-end, resource grade receiver that draws less power may operate 1 to 2
dayson aset of flashlight (AA) batteries. Use of externa gel-cell batteries should be also considered as a
power source. If continuous structural monitoring or navigation is performed, then the receiver must have
an externa power option.
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d. Operational environment. The operational environment of the survey is aso an important
factor in the selection of antenna type, antenna and receiver mounting device, receiver dimension and
weight, and durability of design. For example, the harsher the environment (high temperature and
humidity variability, dirty or muddy work area, etc.), the sturdier the receiver and mount must be. Most
receivers are designed to operate over wide temperature ranges and in 100% humidity conditions. Many
Corps applications require receivers to be mounted in small workboats exposed to harsh sea conditions
and salt water spray. The operationa environment will aso affect the type of power source to be used.

e. Basdinelength. For static control surveys, the typical baseline lengths encountered will
determine the type of receiver that is required. Single-frequency receivers are usually adequate for
basdline lengths of less than 20 km. Beyond 20 km lengths, dual-frequency receivers are recommended.
Resdl-time kinematic operations require geodetic quality, dua-frequency receivers over al basdline
lengths. Precision vertical work may aso require dual-frequency receivers.

f. Datalogging. Most geodetic quality receivers log data to an externa logging device--e.g., a
Survey Controller or directly to alaptop computer. Some geodetic quality receivers can also log data
internally for later downloading through a communications port. Resource grade hand-held type receivers
can collect, process, and display datainternaly. The amount of storage required is a function of the
typica project, datalogging rate--1-sec, 5-sec, etc. Most high-end units use memory cards for additional
storage requirements. Quality receivers will have 2 to 4 RS-232 ports, with high data transfer rates
(e.g., 9,600 to 115,200 baud).

g. Operator display. Most modern receivers and data controllers contain simple icon-based
displays for selecting GPS survey modes and data logging options. Costs and options will vary with the
size of aLCD display on the receiver or controller. Quality receivers provide audible and visua warnings
when data quality is poor.

h. Satellites and channelstracked. Most quality receivers are designed to track 12 or more
channelsin parallel mode. Many receivers can track 12 or more satellites--some can track "al-in-view."

i. Timeto start and reacquire satellites. GPS receivers vary in the time required to cold start
(1 to 3 minutes) and warm start (< 1 minute). OTF initialization (and reinitialization) time is also varied.
These criteriamay be significant for some Corps topographic RTK surveying applications where loss of
lock is common due to structures or canopy cover.

j. Szeand weight. Size and weight are important if receivers are used for RTK topographic
surveys or mapping type work. Most geodetic quality and hand-held receivers weigh from 1 to 5 pounds.
RTK remote systems approach 10 pounds when al auxiliary equipment is included.

k. FAAWAAS USCG, and commercial provider DGPS capability. Receiverswith varied code
DGPS capabilities are needed in some remote or mountainous areas--especially when one of the DGPS
provider signalsis poor or unreceivable. Some receivers are designed to acquire commercia, FAA
WAAS, and USCG DGPS pseudorange corrections.

|. GLONASS capability. The ability to acquire and process Russian GLONASS satellites (and
other future GNSS systems) would be advantageous in mountainous or urban areas where NAVSTAR
GPS satellites are partialy blocked. The acquisition of additional satellites also provides higher
geometric accuracy.
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m. Antenna type A wide variety of antennas are available from GPS receiver manufacturers. In
addition, optional antenna types can be ordered with the same receiver. Some antennas are built into the
receiver and others are external. Multipath minimization will require more expensive antennas for static
control survey applications. These include antennas configured with ground planes and choke rings. For
high accuracy work, antenna reference points should be modeled, asillustrated in Figure 7-1.
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Figure 7-1. Typical antenna reference and offset diagram

n. Processing requirements. Operational procedures required before, during, and after an
observation session are manufacturer dependent and should be thoughtfully considered (and tested) before
purchase of areceiver. Often, areceiver may be easy to operate in the field, requiring very little user
interface, but a tremendous amount of time and effort may be required after the survey to download the
data from the receiver and processit (i.e. post-processing software may be complicated, crude, or
underdeveloped). Also, whether a post-processed or real-time solution is desired represents a variable
that is critical in determining the type of receiver to use.

0. Cost. Cost isamajor factor in determining the type of receiver the user can purchase.
Receiver hardware and software costs are a function of development costs, competition among
manufacturers, and product demand. Historicaly, costs for the acquisition of GPS equipment have
steadily fallen to the current range of prices seen today. Cost estimates must include full GPS systems
along with auxiliary equipment, software, training, etc. A sample schedule for many of these cost itemsis
shown at the end of this chapter.
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p. Data exchange formats. In order to transfer data, a common exchange format is required.
GPS vendors usually have their own proprietary dataformats. However, most GPS receiver data can be
put into a common text format, such as the Receiver Independent Exchange (RINEX) format, which is
used for post-processed data. RINEX is more fully described in alater section. Real-time data exchange,
such as that used on RTK surveys, is typically handled using the RTCM SC-104 format standard.
Vendors often allow for optional outputs, such as ASCII, DXF, Arcinfo, DGN, NMEA 0183, etc.

7-4. Military Grade GPS Receivers

Military Grade GPS receiver systems provide high accuracy positioning for real-time and post-processed
military survey applications. These applications include precise positioning and orientation of artillery,
ground-based surveys, and surface navigation. Military receivers use the Precise Positioning Service
(PPS) providing advanced P(Y) Code positioning technologies accurate to approximately 4 —16 meters
(SEP). Using the secure (Y -code) differential GPS (SDGPS) can increase the accuracies to the sub-meter
level. PPSreceiversrequire a crypto key to decode the encrypted P-Code and typically haveto be re-
keyed each year.

a. PLGR. The Precise Lightweight GPS Receiver (PLGR), manufactured by Rockwell Collins,
isahand-held receiver designed to operate as a stand-alone unit, providing position, navigation
information, velocity and time. Figure 7-2 depicts the PLGR+96 on the left and PLGR 1l on the right.

Figure 7-2. PLGR+96 (left) and PLGR Il (right)
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b. MSGR. Trimble Navigation offers the 4000 Military Survey GPS Receiver (MSGR) that isa
dual-frequency geodetic-quality PPS receiver, providing al the capabilities of high-quality C/A-Code
receivers, including the ability to perform RTK and differential (DGPS) surveys.

v F

Figure 7-3. Trimble Navigation 4000 MSGR

7-5. GPS Receiver Manufacturers

Up-to-date listings of manufacturers are contained in various surveying trade publications and are listed
on the ERDC/TEC web site. Contact should be made directly with representatives of each vendor to
obtain current specifications, price, availability, material, or other related data on their products. Prior to
purchase, it is recommended that receivers be tested to ensure they meet performance requirements and
will efficiently transfer positiona and feature data to post-processing devices and/or CADD/GIS
platforms. Most GPS equipment required for USACE applications is listed on the GSA Supply Schedule
and can be obtained directly off that schedule without competition--see FAR 8.4, Section 8.404.
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7-6. Other Auxiliary Equipment

A significant amount of auxiliary equipment may need to be acquired when making a GPS receiver
selection. Some of this equipment is discussed below.

Figure 7-4. Miscellaneous auxiliary equipment needed for a GPS survey

a. Data link equipment for real-time positioning. The type of datalink needed for red-time
positioning (i.e. code or carrier RTK) should be capable of transmitting digital data. The specific type of
data link will depend on the user's work area and environment. Most manufacturers of GPS equipment
can supply or suggest a data link that can be used for red-time positioning. Depending on the type and
wattage of the data link, a frequency authorization may be needed in order to transmit digital data over
radio frequencies (RF). Frequency authorization requires coordination with the frequency coordinator in
the Digtrict and HQUSACE, and is a difficult and involved process. Some radio and GPS manufacturers
produce low-wattage spread spectrum transmitters that do not require frequency authorization. These
low-wattage broadcasts are normally only useful for topographic RTK surveys not exceeding 1 km from
the reference station. The data link may be built into the receiver or in an externa unit. Some Corps
districts have obtained approval to broadcast RTK correctors on approved frequenciesin the VHF range--
162-174 MHz. Locd VHF broadcasts have been used to transmit RTK corrections out to 10-15 miles
offshore--for controlling hydrographic surveys on dredging projects. Use of wireless technology (e.g.,
local and satellite cell phones) may prove to be more effective and efficient data links than VHF links,
especidly if frequency authorizations cannot be obtained. Many commercia vendors are now using
wireless satellite links to transmit DGPS correctors to users.
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Figure 7-5. Common data links for code and RTK GPS receivers

b. USCG radiobeacon receivers. The USCG provides a rea-time pseudorange corrections
broadcast over medium frequency (270-320 kHz marine band) from a radiobeacon transmitter tower.
These towers exist in most coastd areas, the Mississippi River Basin, and the Great Lakes regions. The
range from each tower is approximately 120 to 300 km. These corrections can be received by using a
radiobeacon receiver and antenna tuned to the nearest tower site. USCG beacon receivers are usually
contained in one unit that contains the antennas and GPS processing/display features--see Figure 7-5.
Similar configurations are made for wide area, commercial-provider, differential GPS services.

c. Computer equipment. Most manufacturers of GPS receivers include computer specifications
needed to run their downloading and post-processing software. Most high-end desktop and
notebook/laptop computers are capable of processing GPS data. Portable laptop computers are essential
for performing near real-time data post-processing--especialy in remote locations. An internal CD-RW
drive is also recommended for archiving the large amounts of data that will be collected.

d. Antennatypes. There are three basic types of GPS antennas. These are (1) ground plane
antennas, (2) no ground plane, and (3) choke ring antennas. Both the ground plane and the choke rings
are designed to reduce the effect of multipath on the antenna.

e. Associated survey equipment. There are severa accessories needed to support the GPS
receiver and antenna. These include backpacks, tripods, tribrachs, and tribrach adapters, to name a few.
Calibrated fixed height (usually 2 meter) range poles can be used to eliminate the need to measure
antenna heights. Mogt of the other equipment needed is similar to what is used on a conventiona survey.
7-7. Resource Grade GIS Mapping Receivers

Dozens of hand-held resource grade GPS receivers are produced that can display and log geospatia
positional datain real-time. USACE applications for these inexpensive receivers are varied. They will
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provide sufficient accuracy for vessel, vehicle, and personal real-time navigation. They may aso be used
for building GIS databases where 10-30 meter horizontal accuracy is adequate for afeature, e.g., land use,
point features, flood inundation limits, emergency operations, dredge disposal monitoring, etc. The
following descriptions for some representative receivers were obtained from a 2000 US Forest Service
report entitled Performance Testing of the Garmin eTrex, Garmin GPS 11 Plus, Magellan GPS 2000XL,
and Magellan Blazer Recreation Type Global Positioning System Receivers, and from other smilar USFS
test reports. In these reports, testing indicated that al the receivers were capable of meeting USGS
guadrangle map accuracy standards (14.8 meters at 95%) in open areas. The following list is not
representative of al the resource grade receivers on the market, nor does it include other models by the
same vendor--those listed are only representative of the receivers tested by the USFS. For updated
information on testing of resource grade receivers, consult the USFS GPS web site by linking through the
ERDC/TEC web site.

Garmin eTrex: Thisisavery smal, lightweight, field-ruggedized with some armoring, and
waterproof unit that stores 500 waypoints. Battery life is about 22 hours for 2 AA batteries. This
receiver has PC communications with an optional data cable allowing uploading of waypoints.
Weight is 6 ounces. Display is 64 x 128 characters. The cost of this unit is approximately $120.

Garmin GPS111 Plus: Thisisasmal, lightweight, and waterproof unit that stores 500
waypoints. It has a4-color grayscale background map display and can store up to 1.44 mg of
Garmin format map data. No other map formats are supported. These maps are on an optiona
CD at 100,000 scale, the cost is an additional $120. A data upload cable is supplied for uploading
maps and waypoints. Display is 100 x 160 characters. Weight is9 ounces. The cost of this unit
is approximately $380.

Magellan GPS 2000XL : Thisis adightly larger unit which is waterproof, field ruggedized with
wraparound rubber armoring, and scratch-proof display. The GPS 2000 XL receiver stores 200
waypoints. This unit offers NMEA data output for PC communication. The battery life is about
24 hours for 4 AA batteries. Weight is 10 ounces. Cost is approximately $150.

Magellan Blazer 12: Thisisasmal, lightweight, and waterproof unit that stores 100 waypoints.
Battery life on this receiver is about 20 hours for 2 AA batteries. No NMEA data output. The
Blazer 12 shares the same receiver and quadrifilar antenna with the other Magellan 300 series
receivers, however the user interface menus, number of waypoints, the availability of NMEA
ports, and many other features, vary. The accuracy of other 300 series receivers should be similar
to the Blazer. Weight is 6.8 ounces. The cost of the Blazer12 is approximately $110.

Trimble GeoExplorer: Trimble Navigation GeoExplorer 3c is a 12-channd Globa Positioning
System (GPS) receiver. The manufacturer's list price for the GeoExplorer 3c (without map
background) is $3,780; the GSA priceis $3,495. The manufacturer'slist price for the
GeoExplorer 3 (with map background) is $4,495; the GSA price is $4,090. The external antenna
is an optiond item for the GeoExplorer 3c. The manufacturer's list price for the antennais an
additional $195 and the GSA priceis currently $177.

Trimble Pathfinder Pro XR. The Trimble Navigation Pathfinder Pro XR is a 12-channel

Global Positioning System (GPS) receiver. The Pathfinder Pro XR version 3.24 has an integrated
GPS and DGPS radio beacon antenna. The TSC1 data collector can be used with the Asset
Surveyor version 4.3 Software. The manufacturer'slist price is $10,995; the GSA price for the
Pathfinder Pro XR is $10,005.
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7-8. Common Data Exchange Formats

a. RINEX. The Receaiver INdependent EXchange (RINEX) format is an ASCII type format that
allows a user to combine data from different manufacturer's GPS receivers. Most GPS receiver
manufactures supply programs to convert raw GPS datainto a RINEX format. However, one must be
careful since there are different types of RINEX conversions. Currently, the NGS distributes software
that converts severd receiver's raw GPS datato RINEX. NGSwill distribute this software free of charge
to any government agency. Portions of typical RINEX data files are shown below. For each satellite
tracked, the code distance and L 1/L.2 phases and Doppler count values are listed.

SAMPLE RINEX DATA FILE (San Juan, PR Jacksonville District, Ashtech Z-12 Receiver)

21U OBSERVATI ON DATA G (GPS) R NEX VERSION / TYPE

ASHTORI' N 28 - JUN - 02 10: 04 PGM/ RUN BY / DATE
COMVENT

0003 MARKER NANVE

MARKER NUMBER
OBSERVER /  AGENCY

ASHTECH Z-XI'l P3 5J00 1CG63 REC # | TYPE / VERS
ANT # / TYPE
2453884. 6500 -5532961. 0300 2004535. 4500 APPROX PCSI TI ON XYZ
2.03800 0. 0000 0. 0000 ANTENNA: DELTA HE/ N
1 1 WAVELENGTH FACT L1/2
7 L1 L2 Cl P1 P2 D1 D2 # | TYPES OF OBSERV
15. 0000 | NTERVAL
LEAP SECONDS
2002 6 25 14 53  30. 000000 GPS TIME OF FIRST OBS
2002 6 25 16 24 30. 000000 GPS TIME CF LAST OGBS
END OF HEADER
02 6 25 14 53 30.0000000 0 9EORIXRE6A4AN5E4E3A7GLO 0. 000824454
-53922. 08817 -40565. 76855 24455490. 816 24455491. 4555  24455501. 0845 244.850  190. 792

-661208.301 9  -483872. 18747 22216675.275 22216675.4604  22216683. 1604 3159.150 2461.675

-820204. 442 9  -618074.31947 22985123.892 22985124.3594  22985133. 6494 3935.982 3066. 999
128043. 142 9 93257. 10846 23165282.101 23165282.0234  23165290. 6074 -623.838 -486.108
153403.432 9 116423. 82546 23937298. 328 23937298.3884  23937308.7384 -768.304 -598.678

-166500. 297 9  -125905. 16547 22117555. 722 22117555.8774  22117562.4454  793.354 618.198

-264887.037 9  -197951.30346 22994119.533 22994119.7104  22994129. 0024 1453.557 1132.642
631877.719 9 456127. 79446 23737042.567 23737042.5564  23737055. 5554 -3149. 638 -2454. 263

9

60447. 345 43299. 05948 21136470.357 21136469.9054  21136476.3494 -330.782 -257.752
02 6 25 16 24 15.0000000 0 B8®&X9IXR6E4XR4EXR3E8GLOA6 0. 000647879
-9746894. 726 9 -7563623. 36248 20487724.730 20487724.5844  20487730. 9614 53. 897 41.998
-15098913. 388 9 -11744332. 87548 20267971.265 20267971.3024  20267977.8754  975.770  760. 340
7481368. 270 9  5823092. 22845 24564595. 467 24564595.5644  24564609. 5154 -2091. 033 -1629. 376
-1518814.840 9 -1179665.38447 21860226.133 21860225.8804  21860234.9044 -476.719 -371.469
-2944679. 055 9 -2286098. 15047 22484172.149 22484171.6184  22484179.9644 -68.190 -53.135
-4418906. 717 7 -3437358. 05045 24462270.403 24462269.6634 24462286.6644 -294.665 -229.609
5736700.177 9  4466347.01547 22216631.531 22216630.7024  22216638. 0044 -1310.212 -1020. 944
-10589645. 118 9 -8230960. 83247 22710603.800 22710603.6414  22710611.8954 1959.993 1527.267
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SAMPLE RINEX DATA FILE (New Orleans District, Trimble 4000SSE receiver)

2. 10
CATZRINW 3.10 DO1
Huber
4938
oooooDan

CESERVATION DATH G (GES)

Huber 2EMARDZ  &:52:52
USACE
TEIMELE 40D0SSE Haw 7.29 Sig 3.07

TE GEOD L1/LZ GF

COffzet from EOTTOM OF BMNTEMNMA to PHASE CEMTER iz 6Z.5 mm

-13020.5085 -5531624.9704 3164468.2517

1.5468

¥*+ phowe antenna height iz from mark to BEOTTOM OF ANTENNA.

0.anao 0. 00a0

Note: The above off=zets are CORRECTED.

Raw Offmets: H= 1.a083 E= 0.0000 N= 0.0000
1 1 0
4 L1 1 LZ P
1. o0
2002 3 2 14 Pl 2. 0000004a
200z 3 g 14 31 49, 0000I00
0
4 457E 4RTe 4521 4521
T T48E 7483 7428 T43E
8 T43B T4B3 T428  T44E
11 7248 7243 7185 7145
27 5718 571% 571% L5710

02 221 14 27
-1151809., 39216
-24149,13717
338.50817
Seas0. 22817

n? = 27.74 27

2.00D00D00 O 4 7 8 11 27

RINEX WERSION S TYEE
PGM S EUM BY / DATE
CBSERVER f BGENCY
REC ¢ / TYPE / VER2
ANT & 7 TYPE

COMMENT

COMMENT

COMMENT

MAREER MAME

MAREEFR. MUMEBER

APPROK POSITION HYE
ANTENNA: DELTA H/ESN
COMMENT

COMMENT

COMMENT

COMMENT

COMMENT

WAVELENGTH FACT L1s32
¥ / TYFES OF OB3IERV
INTERVAL

TIME OF FIRST OB3
TIME ©F LAST OBZ
PCW CLOCE OFFZ RFFL
# OF SATELLITES

FREN / & OF OBE

PEH - # OF OBE

PEM / # OF OBS

PREN / & OF OBS

PRN [ # OF OBS

END OF HEALDER

22384960, 00806 -47EAT.ETRERE 2228490601746

20058524, 33607 -6825. 36657 20050952%.75047

21728548.97707 J0Z2.52087 Z172855d.5G647

20751241, 16407 T2TET 83557 20721:247.08247
F.onnooon o4 7T /8 7171 27
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b. Real-time data transmission formats. There are two common types of data formats used most
often during real-time surveying. They are (1) RTCM SC-104 and (2) NMEA.

(2) Transmission of data between GPS receivers. The Radio Technica Commission for Maritime
Services (RTCM) is the governing body for transmissions used for maritime services. The RTCM
Specid Committee 104 (SC-104) has defined the format for transmission of GPS corrections. The
RTCM SC-104 standard was specifically developed to address meter-level positioning requirements. The
current transmission standard for meter-level DGPS is the RTCM SC-104. This standard enables
communications between equipment from various manufacturers. 1t should be noted that not all
manufacturers fully support the RTCM SC-104 format and careful consideration should be made to
choose one that does. RTCM SC-104 can also be used as the transfer format for centimeter-level DGPS,
and will support transmission of raw carrier phase data, raw pseudorange data, and corrections for both.
Some GPS receiver manufacturers also have their own proprietary transfer formats--e.g., Trimble's
Compact Measurement Record (CMR).

(2) Transmission of data between a GPS receiver and adevice. The National Maritime
Electronics Association (NMEA) Sandard for Interfacing Marine Electronic Devices covers the format
for GPS output records. The standard for corrected GPS output records at the remote receiver is found
under NMEA 0183, Version 2.xx. NMEA 0183 output records can be used as input to whatever system
the GPS remote receiver isinterfaced. For example, GPS receivers with an NMEA 0183 output can be
used to provide the positional input for a hydrographic survey system or an Electronic Chart Display and
Information System (ECDIS). These are evolving standards and newer versions are being devel oped for
different data types. The NMEA 0183 Version 2.00 (1992) "GGA" standard for GPS "fix data" is
outlined below. This version has been subsequently updated--users need to ensure NEMA version
compatibility between devices. Other NEMA 0183 standards include: GST (Position error statistics),
GSV (Number of satellitesin view, PRN, etc.), PTNL (Local coordinate position output), and ZDA (UTC
day-month-year).

GGA--Global Positioning System Fix Data (Time, Position, and Fix Related Data for a GPS Receiver)
[Version 2.00]

Differential reference station ID (0000-1023)
Age of differential GPS data
Units of geoidal separation
Geoidal separation
Units of antenna altitude (m)
Antenna altitude
Horizontal dilution of precision

Y

$--GGA, hhmmss.ss, llILIl, a, YYYYVY.VVY. a, X, XX, X.X, X.X, M, X.x, M, X.X, XXxx*<CR.<LF>

<

Number of satellites in use (00-12)
GPS quality indicator (0, 1, 2)
Longitude (E/W)
Latitude (N/S)
UTC of position
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7-9. GPS Training and Operation Manuals

Training should be included in the purchase of any GPS receiver system, especidly if the equipment is
new to a Didtrict. In addition to receiver operation, training should include baseline reduction, and
network adjustment. The Corps PROSPECT program provides a one-week training course on code and
carrier GPS surveying. This course covers al chapters contained in this engineer manual. Maor GPS
vendors offer training in al facets of GPS surveying unique to their equipment or software. In addition,
continued technical support should be included to cover al software and firmware upgrades.

7-10. Guide Specifications for Procuring Geodetic Quality GPS Receivers

The following guide specification is intended for procuring geodetic-quality GPS receivers and auxiliary
equipment. These specifications would have application where "commercial-off-the-shelf" receivers
available on GSA Schedules would not meet a particular application, and detailed specifications are
needed. These specifications are intended to include GPS receivers, supplemental GPS equipment
(antennas, tripods, power, etc.), baseline reduction software, adjustment software, real-time data links,
and personnd training. These specifications may be modified for meter-level code phase receivers if
required; however, code only receivers rarely require such detailed specifications. These guide
specifications were originaly developed in the late 1980s. They were first published as a USACE Guide
Specification in 1991 and later incorporated into the 1996 edition of this manual. They have been
modified to reflect 2002 technology. Guidance comments are shown in blue text and outlined by
asterisks. Optiona and/or selectable specifications are noted by asterisks and brackets.

NOTE: The sample below represents atypical schedule for procurement of GPS instrumentation and related equipment.
This schedule must be tailored based on the specific technical requirements outlined in Section C of the contract.

Suppl i es/ Services and Prices

Item
No. Description Quantity UM uP Anmt
0001 Geodetic quality GPS survey receiver system T ] EA - -

rel ated equi pnent, software, data I|ink,
and ot her conponents, in accordance
with the technical specifications found
in Section C

0002 * [GPS baseline reduction software]

0003 * [ Network adjustment software]

0004 * [Data link for real-time applications]

0005 * [GPS receiver system data reduction,
processi ng and adj ustnent software

t rai ni ng]

0006 * [ other itens ]

NOTE: Add other items to the schedule as necessary. These may include tripods, range poles, tribrachs, spare batteries,
data storage devices, laptop computers, communication/modem devices, software/hardware for navigation (e.g., survey
vessel positioning and guidance control). Hardware/software interface requirements to existing survey systems (e.g.,
hydrographic systems) may also be separately scheduled.
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Section C
Description / Specifications

C.1. General DGPS Description.

The geodetic-quality differential Global Positioning System (DGPS) to be procured under this solicitation is intended
for use in *[static and/or kinematic] positioning applications using the GPS carrier phase as the principle observable.
The system will yield 3-dimensional vectors between a reference and "rover" station to an accuracy of *[10 mm + 2
ppm or better on baselines of 1 to 100 km when operating in a static mode] [and] *[3 cm or better on baselines up to
25 km when operating in a kinematic mode]. *[The system is intended to operate in real time with the incorporation of
a communications link, as specified further in Section C of this solicitation.] *[The system will have the capability to
resolve the initial integer cycle ambiguity in a robust manner, automatically, while the rover is constantly in motion,
known as on-the-fly (OTF), with no more than 60 sec of data, on baselines up to 25 km in length.] *[The OTF
ambiguity resolution software will operate in *[real time] *[and/or] *[post-processing applications].

C.2. Receiver Requirements.

Unless otherwise specified, the performance requirements given below shall be met by the GPS receivers in
conjunction with the antenna assembly and antenna cable.

C.2.1. GPS Signal Levels. GPS receivers delivered shall acquire and track GPS signals and otherwise perform as
specified herein.

C.2.2. Cryptographic Keys. *[Unless otherwise specified,] GPS receivers shall perform as specified herein without
requiring cryptographic keys, whether or not GPS selective availability (S/A) and/or anti-spoofing (A/S) are activated.

NOTE: Two versions of C.2.3. are given. L1 only receivers are adequate for static geodetic survey operations. Robust
kinematic operations and OTF ambiguity resolution requires more capable hardware observing the full wavelength L1 and
full wavelength L2 carrier phase. Choose one of the two clauses.

*[C.2.3. GPS Observables. The GPS receivers delivered shall provide, at a minimum, the following time-tagged
observables: full L1 C/A-code, L1 P-code, continuous full wavelength L1 carrier phase, L2 P-code, and continuous full
wavelength L2 carrier phase.]

*[C.2.3. GPS Observables. The GPS receivers delivered shall provide, at a minimum, the following time-tagged
observables: full L1 C/A-code and continuous full wavelength L1 carrier phase.]

(1) Measurement Time Tags. Signal measurements (observables) shall be time tagged with the time of
receipt of the signal referenced to the receiver clock. Time tags shall have a resolution of 1 microsec or
better. Time tags shall be within 1 microsec with respect to GPS time.

(2) Carrier Phase Accuracy. The receiver shall have L1 {the following is required for OTF operation}*[and L2
full wavelength] carrier-phase measurement accuracies of 0.75 cm (RMS) or better, exclusive of the receiver
clock offset.

NOTE: The following C.2.3. (3) is for RTK/OTF operation only.

*[(3) Code Accuracy. The receiver shall have an L1 C/A-code phase measurement accuracy of 30 cm
(RMS) or better, exclusive of receiver clock time and frequency offsets.]

C.2.4. Receiver Output. The GPS receiver shall be able to output the GPS observables as described in C.2.3. with a
latency of less than 1 sec *[and, simultaneously, a differential code position and the timing information stated in 2.6].
The GPS receiver shall be able to output the information from the full GPS navigation message. This shall include
ephemeris data, almanac data, ionospheric parameters, and coordinated universal time (UTC) parameters. The UTC
and ephemeris data shall be available by request or if a change has occurred in those parameters.

C.2.5. Receiver Data Rate. The GPS observable data described above shall be available at a minimum of a 1 Hz
rate.
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C.2.6. 1 Pulse Per Second (PPS) Output. GPS receivers delivered shall have a 1 PPS time strobe and its associated
time tag. The 1 PPS pulse and time tag shall be accessible through a port (or ports) on the GPS receiver so that
external system components can be time synchronized to UTC time.

C.2.7. Internal Receiver Testing. The receiver shall perform a self-test and checks to detect electronic malfunctions
and/or faulty data collection, including cycle slips. The receiver shall provide immediate *[audio]*[visual] notification
of failures. The receiver shall perform any needed calibrations automatically.

C.2.8. Reinitialization. The receiver shall be capable of reinitializing itself and resume normal operation after a power
interruption without operator assistance. The data collected by the GPS receiver shall not be lost due to power
interruption but stored in the receiver or other archiving media.

C.2.9. Multiple Satellite Tracking. The receiver must be capable of tracking and observing all signals previously
stated on a minimum of * [all satellites in view] satellites simultaneously, each on an independent channel.

C.2.10. Operating Conditions. The GPS receivers delivered shall meet the following criteria:

(1) Successfully acquire and track unobstructed GPS satellites, visible 5 deg and higher above the horizon,
in all weather conditions.

(2) Operate at humidity ranges of 0 to 100 percent.

(3) Operate within the temperature range of -20 o C to +50 o C.

*[(4) Be waterproof and able to operate in an ocean environment aboard open survey launches.]

*[(5) Operate in heavy rain, 50.8 mm/day (2 in./day).]

*[(6) Operate in fog.]

*[(7) Operate in and resist corrosion in salty air conditions.]

C.2.11. Receiver Power Requirements. The GPS receivers delivered shall meet the following criteria:

(1) Be self-protecting from power surges, spikes, and reverse polarity.
(2) Allow the operator to switch power sources (AC, DC, or battery) while maintaining receiver operation and
without loss of stored data.
(3) Provide a *[visual] *[audible] warning for low power.
(4) Be capable of operating using *[a battery pack] *[and] *[or] *[AC power] *[and] *[or] *[12-VDC] *[24-VDC]
*[external DC power].
*[(5) The battery pack shall meet the following criteria:]
*[(a) Contain rechargeable battery/batteries that can operate the receiver for at least *| hron a
single (re)charge.]
*[(b) Be *[either] *[internal] *[or] *[external] to the receiver.]
*[(c) Include all cables, hardware, etc. necessary to connect/install the battery pack. The batteries shall
be water and dust tight and be protected from damage and inadvertent shorting of the terminals.]
*[(6) For operation using *[AC] *[and] *[external DC] *[power.]
*[(a) When operating under *[AC] *[or] *[DC] power, the unit shall be capable of simultaneously charging
the battery pack. The battery pack shall power the receiver if the normal power supply is interrupted.]
*[(b) The AC power supply *[shall be internal] *[may be internal or external] to the receiver.]
*[(c) The power supply/battery charger shall provide all voltages necessary to operate the receiver and
(re)charge the battery pack.]
*[(d) The power supply/battery charger shall be designed to automatically protect the battery pack from
overcharging.]
*[(e) All cables and connectors needed to connect the power supply/battery charger to the power line
*[and receiver] shall be included.]
*[(f) The AC power supply/battery charger shall operate from *[115-V] *[and 230-V] AC ( 10 percent)
*[50/] 60 Hz, single phase power.]
*[(g) The unit shall operate from external *[12-VDC] *[24-VDC] *[9 to 32-VDC] power.]

NOTE: Not all manufacturers provide a battery that is internal to the receiver. Moving the battery pack external to the
receiver does not affect the functioning; it is a matter of design. For example, doing this could substantially decrease the
size of the unit. Different manufacturers have different setups for the batteries. The District is encouraged to know what
will work best for them based upon District requirements and determine the necessary battery life. Note also if redundant
battery packs should be procured.
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C.2.12. Manuals. At least *[one set] [two sets] of complete operation and maintenance manuals shall be included
with each receiver and shall cover all auxiliary components furnished with each receiver. *[Updates shall be
furnished as they become available.]

*[C.2.13. Field Planning. The receiver shall have internal software that, as a minimum, is capable of computing the
availability and positions of satellites for any given time and the current position of the GPS receiver *[and terrestrial
position] using data gathered by the GPS receiver.]

*[C.2.14. Dimensions. The dimensions of the receiver shall not exceed * length by *| width by *| ] height,
all such that one person can easily transport the unit.]

*[C.2.15. Weight. The receiver shall be transportable by one person. [One complete field station consisting
of receiver, battery pack, antenna, and antenna cable shall not exceed * kg*(__)Ibs.]

*[C.2.16. Data Collector. The *[receiver] [external survey data collector] shall be capable of recording and controlling
data on an *[internal]*[external] storage device. This device shall be capable of storing a minimum of * |
megabytes (mb) of data.]

*[C.2.17. Additional Options for Meter-level DGPS Operations.]

NOTE: The following section is optional. It is possible for "geodetic type" GPS receivers as described previously to
perform differential code (meter-level) positioning using standard broadcast messages from systems such as the US
Coast Guard radio beacon network, FAA WAAS networks, or commercial provider networks. If this type of positioning is
required, then the following options should be included in the solicitation.

*[(1) Format. The reference station receiver shall output DGPS pseudorange correction data in the RTCM
SC-104 format, Version x.x and US Coast Guard Broadcast Standard] *[FAA WAAS] [commercial provider
network].

*[(2) Format. The remote station receiver shall accept and apply correction data in RTCM SC-104

format, version 2.1.]

*[(3) Accuracy. Real time positioning accuracy relative to the reference station shall be *[2] [__] m 95%
within a range of at least 100 miles from the reference station.]

*[(4) Waypoints. The receivers shall have the ability to accept up to *[___ ] waypoints that can be selected
by the helmsman.]

*[(5) Position Rate. The receiver shall be capable of providing output position fixes at rates within the range
of[_JHzto[_]Hzl]

*[(6) Velocity. The receiver shall be capable of determining *[velocity and] position while moving at speeds
of upto [5.14] *[___] meters per sec (*[10] *[__] knots).]

*[C.2.18. Additional Options for Geodetic Grade Static Survey Operations.]

*[(1) Accuracy Specification. The GPS reference receiver shall be capable, when used in conjunction with a
remote GPS receiver, of 10 mm + 2 ppm accuracy or better on baselines of 1 to 100 km in length when used
in the static differential mode. The receivers shall have an accuracy of 5 mm or better on baselines less
than 1 km.]

C.2.19. GPS Antenna Assembly.

(1) Antenna Mount. The GPS antenna shall be capable of being mounted on a standard surveyor’s tripod
*[and or range pole] with a 5/8-in. by 11-in. threaded stud *[or to a standard wild type tribrach].

(2) Antenna Phase Center. The center instability of the 3-dimensional phase center of the GPS antenna
shall be no greater than 3 mm.

(3) Receiver/Antenna Separation. The system shall allow the antenna to be located at least *[30] *[___1m
from the receiver so that it can be operated remotely from the receiver with no system degradation.

(4) Antenna Cables. *[One] *[___] antenna cable(s) shall be furnished with each receiver. *[[One] *[each] of
these cables should be at least *[__] m,] * [and the other cable should be at least *[__] m.] All appropriate
connectors should already be attached to the cable ends. *[These cables shall be capable of being
cascaded for a total length of *[___] m of cable for setup flexibility.]

(5) GPS Survey Antenna. Survey antennas shall receive GPS signals at the L1 *[and L2] frequency
*[frequencies] and provide these signals to the GPS receiver. The antenna shall have an omnidirectional
horizontal pattern and shall incorporate *[choke ring] features that minimize multipath error.
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*[(6) Antenna Assembly. The antenna assembly shall include the following items:

*[(a) A method to minimize ice and snow buildup.]

*[(b) A method to reduce bird nesting capability.]

*[(c) The ability to withstand strong winds up to * [___] meters per sec (*[___] knots).]

*[(d) A method to orient (to north) after mounting.]

*[(e) A mechanical mark for height measurement with known offset from phase center.]

*[(f) Operation within the temperature range of -40 0 C to +65 0 C.]

*[(g) Dimensions. The dimensions of the antenna shall not exceed *[45 cm] in length by *[45 cm] in

width by *[15 cm] in height, all so that one person can easily transport the unit.]

*[(h) A method to reduce the effects of multipath.]

*[(i) A method to amplify the signal for cable lengths in excess of 15 m.]
*[(7) Each antenna shall be 100 percent sealed/watertight. *[One] *[___] GPS antenna shall be provided with
each GPS receiver unit.]
*[(8) Antenna Pole. An antenna pole shall be provided for use during survey operations. It shall be *[a fixed
height pole of 2 m] *[extendible from a length of 1 m (+/- 0.2 m) to 2 m (with a variance of 0.5 m)] and shall
allow rapid attachment and detachment of the GPS survey antenna. The pole shall include a built-in leveling
device and legs that are *[collapsible and attached] *[detachable].]
*[(9) Tribrach. A standard tribrach (with adapters) shall be provided with each antenna. The tribrach shall
allow the antenna to be mounted atop the tripod. The tribrach shall be able to be mounted on top of a
standard surveyor’s tripod with a 5/8-in. threaded stud and shall include adapters to allow mounting of
standard target sets.]
*[(10) Vehicular Antenna Mount. A survey antenna mount shall be provided that can easily be attached or
detached from the vehicle. This mount shall be designed so that it remains firmly in place at speeds of up to
88.5 km/h (55 mph) on a level roadway. The mount shall be designed so that its use does not require
vehicle modification.]

C.2.20. Input and Output (I/O) Ports.

(1) Standards. All I/O ports will be compatible with the RS-232 standard.

(2) 110 Ports. *[I/O ports shall be compatible with any processor, data terminal, or storage devices used in
the positioning system.] *[The vendor shall provide complete documentation of the 1/O ports including
connector, signal descriptors, connector pin outs, communications protocols, command and message
descriptions, need to set up the receiver and extract and decode the observed data.]

NOTE: The following options [C.2.20(3) and C.2.20(4)] are not required for the OTF system operation. They would be used
for differential code position interface to marine systems such as electronic charts or hydrographic survey systems.

*[(3) Real time positional data out of the remote receiver will adhere to the NMEA 0183 data sentences
format and will be output over an RS-232 compatible port.]

*[(4) The receiver shall have the capability to output the data, position fixes, and calibration data through
a RS-232 compatible serial port.]

[C.3. Not Used]
C.4. GPS Baseline Processing and Reduction Software.

C.4.1. General. The GPS baseline processing software must be fully compatible with the receivers listed in
Paragraph C.2.

NOTE: If the computer processing system is NOT included as part of this solicitation, then the type of processor must be
given to verify software compatibility.

C.4.2. Data Computations. The baseline reduction software shall compute, at a minimum, *[the carrier-phase integer
cycle ambiguity using static and kinematic techniques, including those commonly known as "known baseline," "rapid
static,” "antenna swap," "stop-and-go," and "OTF"] *[and subsequently] the 3-dimensional differential baseline
components between observation stations, within the accuracy specifications given in Paragraph C.1.

C.4.3. Ephemerides. The baseline computations must include options for using both the broadcast and precise
ephemerides.
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C.4.4. Output Data. The results of the baseline processing shall be in any user-selected form, such as *[geocentric
coordinates,] *[state plane coordinates based on the North American Datum of ,] *[state plane coordinates based
on the North American Datum of 1983,] *[and] *[or] *[Universal Transverse Mercator projection coordinates].

C.4.5. Batch Processing. The software shall have the capability to post-mission process data sets unattended in a
batch mode.

C.4.6. Multiple Copies. The Government shall be allowed to operate the software simultaneously on *|
computer platforms.

C.4.7. Absolute Point Positioning. The software shall be capable of processing pseudorange data to obtain single
point positions of a single receiver.

*[C.4.8. Real-Time Capability. The software shall be capable of resolving carrier cycle integer ambiguities in real
time when the observing stations are connected via a communications link *[as specified elsewhere in this
solicitation] using the computational procedure given in Paragraph C.4.2., and subsequently compute 3-dimensional
differential baseline components.]

*[C.4.9. Real-Time Output. The results of the real-time baseline processing shall be in any user-selected form, such
as geocentric coordinates, state plane coordinates based on the North American Datum of 19XX, or Universal
Transverse Mercator projection coordinates. The results will be time tagged with an accuracy of 50 msec, at the time
of signal reception at the antenna. The results will be written to a memory device *[both]*[internal and] external to the
device performing the computations and shall be sent to an external computer system, at the selection of the user.]

C.4.10. Updates. All baseline processing software updates shall be provided for a period of *[4] years from the date
of delivery.

C.5. Network Adjustment Software.

C.5.1. The network adjustment software shall allow for the direct input of data from the post-mission processing
software specified in Paragraph C.4. The adjustment software shall include routines to easily edit, correct,
manipulate, and output results. The software shall have the capability of simultaneously adjusting a minimum of
*[1,000] ] observations.

C.5.2. The network adjustment software shall be based on the theory of least-squares. It shall be capable of
performing both minimally and fully constrained adjustments. Output statistics shall include relative line (distance)
accuracies between all points in the network and point confidence limits for each point in the network. Normalized
residuals shall be displayed for all input vectors.

C.5.3. The network adjustment software shall transform geocentric coordinates and geographic coordinates to any
user defined projection, such as the North American Datum of 1983 and 1927 state plane coordinate system.

C.5.4. Multiple Copies. The Government shall be allowed to operate the software simultaneously on *|
systems.

C.5.5. Updates. All baseline processing software updates shall be provided for a period of *[4] years from the date of
delivery.

C.5.6. Geoid Modeling. The software shall include the *[Geoid xx] [most recent geoid] model available to the public
from the National Geodetic Survey.

*[C.5.7. The network adjustment software shall accept and incorporate data from conventional survey methods such
as angles, distance, and elevation differences.]

C.6. Data Link for Real-Time Applications.

C.6.1. The data link shall be completely functionally integrated with the receivers and processors procured under this
solicitation. This includes the incorporation of modems for the complete interface of radio to processor/receiver.

C.6.2. The data link shall provide data from the reference station to the "roving" station to allow the system to
compute positions of the roving station using a kinematic processing technique, as specified in Paragraph C.1. of this
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solicitation, at a rate of at least one position per second, with no more than one (1) percent loss of position data. The
data link equipment shall be identical at both stations to allow transmission from the "roving" station to the reference
station. The kinematic processing technique shall not be a function of the data link used. The data link shall transmit
all receiver raw observables, as specified in Paragraph C.2. of this solicitation, to the other receiver used in the
differential GPS system.

C.6.3. *[ The data link system shall operate at the *[frequency of *[frequenciesof _ 1]. *[The data
link shall operate at a frequency that does not require license for use.] *[The data link shall utilize a commercially
available carrier phase broadcast that follows the criteria found elsewhere in Section C of this specification. The
proposal will include a fee schedule for prescription and monthly service.]

NOTE: The frequency used for a VHF broadcast must be coordinated with the FOA frequency manager. Modulation rates
and/or channel bandwidth requirements also may have to be specified. The unlicensed frequency will also be low power,
hence, very short range. Optional cellular phone or geostationary satellite data links may also be specified.

*[C.6.4. The data link shall have an omnidirectional broadcast range of *[8]*[16]*[24]*[32]*[40] km
(*[5]*[10]*[15]*[20]*[25] miles) and maintain the positioning capability stated in Paragraph C.6.2.]

*[C.6.5. A mounting kit shall be included to mount the data link antenna to a mast or range pole.]

*[C.6.6. The data link antenna shall be *[suitable for installation on small hydrographic survey launches (less than 7
m)] *[and]*[have an antenna cable of at least * m]].

*[C.6.7. Power Supply. The data link (including modem) shall operate on the same power source as the GPS
receiver.]

C.7. Training.

C.7.1. Upon delivery, the vendor shall provide training of at least *[4] days at *[location] *[to *[4] persons] on the
operation of all software and hardware delivered as part of this contract.

*[C.7.2. At a future date, determined by the contracting officer based on coordination with the vendor, and not
exceeding 6 months after delivery, the vendor will give an additional *[2] days training at *[location].]

C.8. Miscellaneous Requirements.

C.8.1. All power cables, computer cables, and any other item not mentioned in these specifications needed to make
this equipment fully operable shall be furnished as part of this contract.

*[C.8.2. Ruggedized shipping containers shall be furnished for all hardware delivered under this solicitation.]

*[C.8.3. Survey Planning. Survey planning software shall be provided that, as a minimum, includes the following
items: tabular and graphic satellite rise/set times, elevations, and azimuths for user-specified geographic locations
and times; sky plots of SV positions with provisions for plotting satellite obstructions on the screen; listing of GDOP,
PDOP, HDOP, and VDOP; and the selection of specific SV constellations to support in-depth kinematic survey
planning.

*[C.8.4. All *[hardware]*[and]*[software] updates will be provided to the Government for a period of * | years from
the date of delivery, free of charge or delivery cost.]

*[C.8.5. The vendor shall provide repair and maintenance of all hardware delivered under this solicitation for a period
of *[___ (--)] years, free of charge.]

NOTE: At this point, other unique items may be added to the requirements if called for and/or requiring specification in
Section B. Any specific vessel installation requirements for receivers, data links or antenna should be added. As-built
vessel drawings or installation sketches should be attached to the contract. If DGPS is to be integrated with an existing
navigation and/or survey system, manuals, drawings, etc. associated with that system should be referenced and attached
at the appropriate contract section. Both hardware and software connections and modifications to the existing system
must be detailed if such effortis to be an item of work under this contract.
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Section D
Packaging and Marking

D.1. Preparation for Delivery. The system shall be packaged for shipment in accordance with the supplier’s standard
commercial practice.

D.2. Packaging and Marking. Packaging shall be accomplished so that the materials will be protected from handling
damage. Each package shall contain a properly numbered, dated, and signed transmittal letter or shipping form, in
duplicate, listing the materials being transmitted. Shipping labels shall be marked as follows:

US Army Engineer District,
ATTN: {include office symbol and name}
Contract No.

[Street/PO Box] {complete local mailing address}

Section E
Inspection and Acceptance

*E.1. Acceptance Test. All equipment and related components obtained under these specifications shall be fully
certified prior to contract award as meeting the performance and accuracy in Section C. *[Any test previously
performed for the Federal Geodetic Control Subcommittee (FGCS) will be acceptable for such certification by the
vendor; otherwise the vendor shall be required to demonstrate, at the vendor’s expense, the acceptability of the
system in the manner prescribed in Paragraph E.2. If the FGCS test is to be used in lieu of a demonstration
acceptance test, all results from the FGCS test shall be supplied to the contracting officer for evaluation by technical
personnel.]

*E.2. Final Acceptance Test. At the option of the Government, a final acceptance test will be performed to
demonstrate total system conformance with the technical specifications and requirements in Section C.

E.2.1. The acceptance test will be conducted with the system operating in the modes stated in Paragraph
C.1. of this solicitation.

E.2.2. The DGPS positional accuracy will be tested against the accuracy and ranges specified in Paragraph
C.1. of this solicitation. The resultant DGPS accuracy will be evaluated with the 95% error statistic.
Inaccuracies in the comparative testing network / system will be properly allowed for in assessing the test
results.

E.2.3. Final acceptance testing will be performed at *[the point of delivery indicated in Section D]

* ], and will be performed within * ] days after delivery. The supplier will be notified
of the results within * | days after delivery. If the equipment fails to meet the acceptance test(s), the
supplier will be given * days after notification thereof to make any modification(s) necessary to enable
retesting. The supplier will be notified of the place, date, and time of testing and, at his option, may send a
representative to attend such tests.

E.2.4. If after a second test, the system fails to perform in accordance with the technical specifications, the

Government will * ].

E.3. Warranty Provisions. For *[1] year after delivery by the vendor, all equipment failures, other than those due to
abuse, shall be corrected free of charge. Equipment shall be repaired within 5 working days of receipt at the repair
facility, or loaner equipment will be provided at no expense to the Government until repairs are completed and the
equipment has been returned to the district. The cost of shipping equipment to the vendor for repair shall be paid by
the Government while the vendor will pay for returning the equipment to the District.

Section F
Deliveries or Performance

F.1. Delivery and final acceptance of all equipment shall be made within * days after contract award. Delivery
shall be made at the USACE facilities at the address identified in Paragraph D.2. of this solicitation. Final acceptance
will depend upon all equipment meeting all requirements specified in this contract.

F.2. The contractor shall deliver all material and articles for shipment in a manner that will ensure arrival at the
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specified delivery point in satisfactory condition and that will be acceptable to carriers at the lowest rates. The
contractor shall be responsible for any and all damage until the equipment is delivered to the Government.

NOTE: The following is a list of hardware and software items/options that should be provided by bidders to determine their
capability of providing an adequate DGPS-based positioning system. These items should be tailored to specific system
requirements as developed in Section C of this solicitation, and would be used only when technical proposals are being

evaluated.

GPS Receivers.

Signal levels .

Operation without cryptographic keys.
Observables.

Measurement time tags.

Carrier phase signals and accuracy.
Code phase signals and accuracy.
Receiver output.

Receiver data rate.

PPS output.

Internal receiver testing.
Reinitialization.

Multiple satellite tracking.
Operating conditions.

5 deg SV acquisition.

Humidity range.

Temperature range.

Waterproof.

Corrosion resistance.

Power requirements.

Surge protection.

Power transfer from AC to DC and reverse.

Low power warning.
External power source.
Battery pack.
Charge/recharge capacity.
Battery connections/cables.
Manuals.

Field planning software.
Dimensions.

Weight.

Data logging device.

RTCM output.

RTCM input.

Waypoints.

Position update rate.
Velocity output.

Antenna.

5/8-in. by 11-in. mounting.
Phase center stability.
Cable length and quantity.
Frequency reception.
Environmental considerations.
Waterproof.

Antenna pole.

Tribrach.

Vehicle mount.
Input/Output ports.

RS-232 standard.
Compatibility with other components.
NMEA position string.
Serial port.

Computer Processing Systems.
Software/hardware compatibility.
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Operating system.

Processor chip.

Clock speed.

Hard drive capacity and access speed.

Random access memory.

CD-RW drive.

VGA graphics adapter.

Power source.

Four extra serial ports (in addition to a mouse port).

Baseline Processing Software.
Compatibility with receivers and computers.
Data computations.

Ephemerides.

Output data.

Batch processing.

Multiple copies.

Absolute point positioning.

Real-time output.

Updates.

Network Adjustment Software.
Compatibility with other software supplied.
100 station minimum.

Theory of Least-Squares.

Transformation capability.

Multiple copies.

Updates.

Conventional survey data input.

Data Link for Real-Time Application.
Compatibility with receivers and computers.
1-sec update rate.

Transmission of raw observables.
Frequency.

Broadcast range.

Data loss (less than 1 percent).

Mounting Kit.

Power supply.

Training and Technical Support.
At delivery.

At future date.

Software upgrades.

Miscellaneous Requirements.
Cables, etc.

Shipping containers.

Survey planning software.
Hardware and software updates.
Maintenance and repair.
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Chapter 8
Planning Data Collection with GPS

8-1. Scope

GPS surveying techniques are used to establish primary control and topographic feature mapping for
USACE civil and military projects. Operational and procedural specifications for performing GPS
surveys are afunction of the accuracy required for a specific project or map product. To accomplish
these surveys in the most efficient and cost-effective manner, and ensure that the required accuracy
criteria are obtained, a detailed survey planning phase is essential. This chapter primarily focuses on
survey design criteria (and related observing specifications) required to establish accurate horizontal and
vertical control for USACE miilitary construction and civil works projects. Planning considerations for
mapping grade surveys using resource grade receivers are aso covered; however, since these types of
surveys are usualy performed in near real-time or real-time, they require less mission planning.

8-2. General Planning Considerations for GPS Surveys

A number of factors need to be considered during the planning phase of a proposed GPS data collection
survey. Theseinclude:

Project Application--Purpose of Data Collection Survey
- establishing primary control for subsequent location, topographic,
hydrographic, or utility survey
- general dite plan, feature mapping, or GIS densification survey
- number of horizontal points or benchmarks required or to be occupied
- datum -- horizontal and vertical

Accuracy Requirements
- horizontal and vertical
- will GPS provide the necessary accuracy

Equipment Resources
- In-house or contract
- GPS receiver availability
- other auxiliary equipment availability

GPS Procedure
- high accuracy--use centimeter-level static or kinematic carrier phase
- medium accuracy--use meter-level code phase
- low Accuracy--use 10-30 meter-level absolute positioning
- RTK options for topographic mapping

Network Design and Connections
- static baseline connections to local project control
- connections to NGRS/CORS points
- code phase connections with wide-area commercia, USCG, or FAA WAAS
networks
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Data Collection and Adjustment Techniques
- feature, attribute, and format requirements
- data collection session time
- GPSinitialization and calibration requirements
- multiple/repest baseline requirements
- loop requirements
- other quality control requirements
- adjustment criteria and accuracy standards
- metadata requirements
- final survey report format

Site Access and Restrictions
- reconnaissance survey required
- potentia visibility restrictions or multipath problems

Funding Considerations (impacts many of the above factors)

The above list is not exhaustive--numerous other project-specific conditions need to be considered. The
following sections in this chapter attempt to address most of these planning considerations.

8-3. Project Control Function and Accuracy

The first step in planning GPS control surveysis to determine the ultimate accuracy requirements.
Survey accuracy requirements are a direct function of specific project functiona needs; that is, the basic
requirements needed to support planning, engineering design, maintenance, operations, construction, or
real estate. Thisistrue regardless of whether GPS or conventiona surveying methods are employed to
establish project control. Most USACE military and civil works engineering/construction activities
require relative accuracies (i.e. accuracies between adjacent control points) ranging from 1:1,000 to
1:50,000, depending on the nature and scope of the project. Few USACE projects demand relative
positional accuracies higher than the 1:50,000 level (Second-Order, Class1). Since the advent of GPS
survey technology, there has been a tendency to specify higher accuracies than necessary. Specifying
higher accuracy levels than those minimally required for the project can unnecessarily increase project
costs. Guidance on project accuracy requirements can be found in Table 8-1. Thistable provides
recommended accuracies for features on various types of military and civil works projects. Similar
guidanceis aso found in Part 4 of the FGDC Geospatial Positioning Accuracy Standards (FGDC 2002).
Feature tolerances are abbreviated as metric (Sl) or English inch-pound (IP) units.
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Table 8-1. Recommended Accuracies and Tolerances for Engineering, Construction,

and Facility Management

Project or Activity

Target
Map Scale
SIIP

Feature Position Tolerance Contour

Horizontal

SIP

Vertical

SI/IP

Interval
Sl/IP

DESIGN, CONSTRUCTION, OPERATION & MAINTENANCE OF MILITARY FACILITIES

Maintenance and Repair (M& R)/Renovation of Existing Installation Structures, Roadways, Utilities, Etc

General Construction Site Plans & Specs:
Feature & Topographic Detail Plans

1:500
40 ft/in

Surface/subsurface Utility Detail Design Plans 1:500

Elec, Mech, Sewer, Storm, etc
Field construction layout

Building or Structure Design Drawings
Field construction layout

Airfield Pavement Design Detail Drawings
Field construction layout

Grading and Excavation Plans
Roads, Drainage, Curb, Gultter etc.
Field construction layout

Recreational Site Plans
Golf courses, athletic fields, etc.

Training Sites, Ranges, and
Cantonment Area Plans

General Location Maps for Master Planning
AM/FM and GI S Features

Space M anagement Plans
Interior Design/Layout

As-Built Maps. Military Installation
Surface/Subsurface Utilities (Fuel, Gas,
Electricity, Communications, Cable,
Storm Water, Sanitary, Water Supply,
Treatment Facilities, Meters, etc.)

Housing Management GIS (Family Housing,
Schools, Boundaries, and Other Installation
Community Services)

Environmental M apping and Assessment
Drawings/Plans/GIS

40 ft/in

1:500
40 ft/in

1:500
40 ft/in

1:500
30-100 ft/in

1:1,000
100 ft/in

1:2,500
100-200 ft/in

1:5,000
100-400 ft/in

1:250
10-50 ft/in

1:1000 or 50-100 ft/in (Army)

100 mm
0.1-0.5 ft

100 mm
0.2-0.5 ft
0.1ft

25 mm
0.05-0.2 ft
0.01 ft

25 mm
0.05-0.1 ft
0.01ft

250 mm
0.5-2 ft
1ft

500 mm
1-2 ft

500 mm
1-5ft

1,000 mm
2-10ft

50 mm
0.05-1ft

100 mm
0.2-1ft

1:500 or 50 ft/in (USAF)

1:5,000
100-400 ft/in

1:5,000
200-400 ft/in

8-3

10,000 mm

10-15 ft

10,000 mm

10-50 ft

50 mm
0.1-0.3 ft

50 mm
0.1-0.2 ft
0.01-0.1 ft

50 mm
0.1-0.3 ft
0.01 ft

25 mm
0.05-0.1 ft
0.01ft
100 mm
0.2-1 ft
0.1ft

100 mm
0.2-2 ft

1,000 mm
1-5ft

1,000 mm
1-10ft
N/A

100 mm

0.2 ft

N/A

N/A

250 mm
1ft

N/A

250 mm
1ft

250 mm
0.5-1 ft

500 mm
1-2 ft

500 mm
2-5ft

500 mm
21t

1,000 mm
2-10ft
N/A

250 mm

1ft

N/A

N/A
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Table 8-1. Recommended Accuracies and Tolerances for Engineering, Construction,

and Facility Management (continued)

Target Feature Position Tolerance Contour
Map Scale  Horizontal Vertical Interval
Project or Activity SI/IP SI/IP SI/IP SI/IP
Emergency ServicesMapsGIS 1:10,000 25,000 mm N/A N/A
Military Police, Crime/Accident Locations,  400-2000 ft/in 50-100 ft
Post Security Zoning, etc.
Cultural, Social, Historical Plang/GIS 1:5000 10,000 mm N/A N/A
400 ft/in 20-100 ft
Runway Approach and Transition Zones: 1:2,500 2,500 mm 2,500 mm 1,000 mm
General Plang/Section 100-200 ft/in  5-10ft 251t 5ft
Approach maps 1:5,000 (H) 1:1,000 (V)
Approach detail 1:5,000 (H) 1:250 (V)

DESIGN, CONSTRUCTION, OPERATIONS AND MAINTENANCE OF CIVIL

TRANSPORTATION & WATER RESOURCE PROJECTS

Site Plans, Maps & Drawings for Design Studies, Reports, Memoranda, and Contract Plans and

Specifications, Construction plans & payment

General Planning and Feasibility Studies, 1:2,500 1,000 mm

Reconnaissance Reports 100-400 ft/in  2-10ft

Flood Control and Multipurpose

Project Planning, Floodplain Mapping, 1:5,000 10,000 mm

Water Quality Analysis, and Flood 400-1000 ft/in 20-100 ft

Control Studies

Soil and Geological Classification Maps 1:5,000 10,000 mm
400 ft/in 20-100 ft

Land Cover Classification Maps 1:5,000 10,000 mm

400-1,000 ft/in 50-200 ft

Archeological or Structure Site Plans & Details

(Including Non-topographic, Close Range, 1:10 5 mm
Photogrammetric Mapping) 0.5-10ft/in 0.01-0.5ft
Cultural and Economic Resource Mapping  1:10,000 10,000
Historic Preservation Projects 1000 ft/in 50-100 ft
Land Utilization GI S Classifications 1:5,000 10,000 mm
Regulatory Permit Locations 400-1000 ft/in 50-100 ft
Socio-Economic GI S Classifications 1:10,000 20,000 mm
1000 ft/in 100 ft
Grading & Excavation Plans 1:1,000 1,000 mm
100 ft/in 0.5-2 ft
Flood Control Structure Clearing & Grading 1:5,000 2,500 mm
Plans (e.g., revetments) 100-400ft/in  2-10ft

8-4

500 mm
0.5-2 ft

100 mm
0.2-2 ft

N/A

N/A

5mm
0.01-0.5ft

N/A

N/A

N/A

100 mm

0.2-1ft

250 mm
0.5ft

1,000 mm
2-10ft

1,000 mm
2-5ft

N/A

N/A

100 mm
0.1-1 ft

N/A

N/A

N/A

1,000 mm

151t

500 mm
1-2 ft
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Table 8-1. Recommended Accuracies and Tolerances for Engineering, Construction,
and Facility Management (continued)

Target Feature Position Tolerance Contour
Map Scale  Horizontal Vertical Interval
Project or Activity SI/IP Sl/IP SI/IP Sl/IP
Federal Emergency Management 1:5,000 1,000 mm 250 mm 1,000 mm
Agency Flood Insurance Studies 400 ft/in 201t 0.5ft 41t
Locks, Dams, & Control Structures 1:500 25 mm 10 mm 250 mm
Detail Design Drawings 20-50 ft/in 0.05-1ft 0.01-0.5ft 0.5-1 ft
Spillways & Concrete Channels 1:1,000 100 mm 100 mm 1,000 mm
Design Plans 50-100 ft/in  0.1-2 ft 0.2-2 ft 1-5 ft
Levees and Groins: New Construction or 1:1,000 500 mm 250 mm 500 mm
Maintenance Design Drawings 100 ft/in 1-2 ft 0511t 1-2 ft
Construction In-Place Volume Measurement 1:1,000 500 mm 250 mm N/A
Granular cut/fill, dredging, etc. 40-100 ft/in  0.5-2 ft 0.5-1ft
Beach Renourishment/Hurricane 1:1,000 1,000 mm 250 mm 250 mm
Protection Project Plans 100-200 ft/in  2ft 05ft 1ft
Project Condition Survey Reports
Base Mapping for Plotting Hydrographic 1:2,500 10,000 mm 250 mm 500 mm
Surveys: line maps or aerial plans 200-1,000 ft/in 5-50 ft 0511t 1-2 ft
Dredging & Marine Construction Surveys
New Construction Plans 1:1,000 2,000 mm 250 mm 250 mm
100 ft/in 6 ft 1t 1ft
Maintenance Dredging Drawings 1:2500 5,000 mm 500 mm 500 mm
200 ft/in 151t 21t 21t
Hydrographic Project Condition Surveys 1:2500 5,000 mm 500 mm 500 mm
200 ft/in 16ft 2ft 2ft
Hydrographic Reconnaissance Surveys - 5,000 mm 500 mm 250 mm
151t 2ft 2ft
Offshore Geotechnical Investigations - 5,000 mm 50 mm N/A
Core Borings /Probings/etc. 5-15ft 0.1-0.5ft
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Table 8-1. Recommended Accuracies and Tolerances for Engineering, Construction,

and Facility Management (continued)

Target Feature Position Tolerance Contour
Map Scale  Horizontal Vertical Interval
Project or Activity SI/IP Sl/IP SI/IP Sl/IP
Structural Deformation Monitoring
Studies/Surveys
Reinforced Concrete Structures: Large-scale 10 mm 2 mm N/A
Locks, Dams, Gates, Intake Structures, vector 0.03ft 0.01 ft
Tunnels, Penstocks, Spillways, Bridges movement (long term)
diagrams
or tabulations
Earth/Rock Fill Structures: Dams, N/A (sameas 30 mm 15 mm
Floodwalls above)
Levees, etc. -- slope/crest stability & 0.1ft 0.05ft
alignment (long term)
Crack/Joint & Deflection Measurements: tabulations 0.2 mm N/A N/A
piers/monoliths--precision micrometer 0.0linch

REAL ESTATE ACTIVITIES: ACQUISITION, DISPOSAL, MANAGEMENT, AUDIT

Maps, Plans, & Drawings Associated with Military and Civil Projects

Tract Maps, Individual, Detailing

Installation or Reservation Boundaries, 1:1,000 10 mm 100 mm 1,000 mm
Lots, Parcels, Adjoining Parcels, and 1:1,200 (Army)
Record Plats, Utilities, etc. 50-400 ft/in ~ 0.05-2 ft 0.1-2 ft 1-5ft
Condemnation Exhibit Maps 1:1,000 10 mm 100 mm 1,000 mm
50-400 ft/in ~ 0.05-2 ft 0.1-2 ft 1-5ft
Guide Taking Lines/Boundary Encroachment 1:500 50 mm 50 mm 250 mm
M aps: Fee and Easement Acquisition 20-100 ft/in  0.1-1ft 0.1-1 ft 1ft
General Location or Planning Maps 1:24,000 10,000 mm 5,000 mm 2,000 mm
2,000 ft/in 50-100 ft 5-10ft 5-10ft
GISor LIS Mapping, General
Land Utilization and Management, Forestry ~ 1:5,000 10,000 mm N/A N/A

Management, Mineral Acquisition

Easement Areas and Easement
Delineation Lines

200-1,000 ft/in 50-100 ft

1:1,000 50 mm 50 mm -
100 ft/in 0.1-0.5 ft 0.1-0.5 ft
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Table 8-1. Recommended Accuracies and Tolerances for Engineering, Construction,
and Facility Management (concluded)
Target Feature Position Tolerance Contour
Map Scale  Horizontal Vertical Interval
Project or Activity Sl/IP Sl/IP Sl/IP Sl/IP
HAZARDOUS, TOXIC, RADIOACTIVE WASTE (HTRW) SITE INVESTIGATION,
MODELING, AND CLEANUP
General Detailed Site Plans 1:500 100 mm 50 mm 100 mm
HTRW Sites, Asbestos, etc. 5-50ft/in 0.2-1 ft 0.1-0.5 ft 0.5-1 ft
Surface Geotoxic Data Mapping 1:500 100 mm 500 mm 500 mm
and Modedling 20-100 ft/in ~ 1-5ft 1-2 ft 1-2 ft
Contaminated Ground Water 1:500 1,000 mm 500 mm 500 mm
Plume Mapping/Modeling 20-100 ft/in  2-10ft 1-5ft 1-2 ft
General HTRW Site Plans & 1:2,500 5,000 mm 1,000 mm 1,000 mm
Reconnaissance M apping 50-400 ft/in ~ 2-20ft 2-20ft 2-5ft

a. Project functional requirements. Project functiona requirements must include planned and
future design, construction, and mapping activities. Specific control density and accuracy are designed
from these functional requirements.

(1) Density of control within a given project is determined from factors such as planned
construction, site plan mapping scales, master plan mapping scale, and dredging and hydrographic survey
positioning requirements.

(2) The relative accuracy for project control is also determined based on mapping scales,
design/construction needs, type of project, etc., using guidance in Table 8-1 above. Most site plan
mapping for design purposes is performed and evaluated relative to FGDC or American Society of
Photogrammetry and Remote Sensing (ASPRYS) standards--see references in Appendix A. These
standards apply to photogrammetric mapping, total station mapping, and site plan mapping performed
with GPS RTK techniques. Network control must be of sufficient relative accuracy to enable hired-labor
or contracted survey forces to reliably connect their supplemental mapping work.

b. Minimum accuracy requirements. Project control surveys shall be planned, designed, and
executed to achieve the minimum accuracy demanded by the project's functional requirements. In order
to utilize USACE resources most efficiently, control surveys shall not be designed or performed to
achieve accuracy levels that exceed the project requirements. For instance, if a Third-Order, Class |
accuracy standard (1:10,000) is required for dredge/survey control on a navigation project, field survey
criteria shall be designed to meet this minimum standard.

c. Achievable GPSaccuracy. As stated previously, GPS survey methods are capable of
providing significantly higher relative positional accuracies with only minimal field observations, as
compared with conventiona triangulation, trilateration, or EDM traverse. Although a GPS survey may be
designed and performed to support lower accuracy project control requirements, the actual results could
generaly be several magnitudes better than the requirement. Although higher accuracy levels are
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relatively easy to achieve with GPS, it is important to consider the ultimate use of the control on the
project in planning and designing GPS control networks. Thus, GPS survey adequacy evaluations should
be based on the project accuracy standards, not those theoretically obtainable with GPS.

(2) For instance, an adjustment of a pair of GPS-established points may indicate arelative
distance accuracy of 1:800,000 between them. These two points may be subsequently used to set a
dredging baseline using 1:2,500 construction survey methods; and from 100-ft-spaced stations on this
baseline, cross sections are projected using 1:500 to 1:1,000 relative accuracy methods (typical
hydrographic surveys). Had the GPS-observed baseline been accurate only to 1:20,000, such a closure
would still have easily met the project's functional requirements.

(2) Likewise, in topographic (site plan) mapping or photogrammetric mapping work, the
difference between 1:20,000 and 1:800,000 relative accuracies is not perceptible at typical USACE
mapping/construction scales (1:240 to 1:6,000), or ensuring supplemental compliance with ASPRS
Standards. In all cases of planimetric and topographic mapping work, the primary control network shall
be of sufficient accuracy such that ASPRS Standards can be met when site plan mapping data are derived
from such points. For most large-scale military and civil mapping work performed by USACE, Third-
Order relative accuracies are adequate to control planimetric and topographic features within the extent of
agiven sheet/map or construction site. On some projects covering large geographica aress (e.g.,
reservoirs, levee systems, installations), this Third-Order mapping control may need to be connected
to/with a higher-order NGRS network to minimize scale distortions over longer reaches of the project.

(3) In densifying control for GIS databases, the functional accuracy of the GIS database must be
kept in perspective with the survey control requirements. Performing 1:100,000 accuracy surveysfor a
GIS level containing 1-acre cell definitions would not be cost-effective; sufficient accuracy could be
obtained by scaling relative coordinates from a US Geological Survey (USGS) quadrangle map.

d. Vertical accuracy. Establishing primary (i.e. monumented) vertical control benchmarks using
carrier phase differential GPS methods requires considerable planning if traditional vertical accuracy
standards are to be met. Since most Corps projects involve hydraulic flow of water in rivers, streams,
pools, wetlands, etc., precise vertical control is essential within a project area; especidly if construction is
planned. Densification of vertical elevations with GPS requires sufficient control checks using
conventional differential leveling, along with accurate geoid modeling. Therefore, an early evaluation
needs to be made to determine if GPS-derived eevations will be of sufficient accuracy to meet project
needs. Usually, a combination of GPS and conventiona differential spirit leveling will be required. GPS
standards and specifications needed to establish and densify vertical control network points are discussed
in alater section of this chapter.

8-4. Selection of a GPS Survey Technique

Once a control project's accuracy requirement has been established, then the basic survey technique
needed to meet this accuracy can be specified. The technique may or may not include GPS methods, or
may require a combination of terrestrial (e.g., leveling and total station) methods and GPS. Depending on
the accuracy requirements, either carrier phase or code phase GPS techniques may be selected. In
general, monumented control points should betied in using carrier phase methods--typically using static
baseline connections to NGRS points. Some kinematic survey techniques (e.g., stop-and go, pseudo-
kinematic) may also be employed to establish primary control when centimeter-level accuracy is required.
Externa network connections and internal connections between monuments within the project area shall
be performed using the network design guidance contained in the following sections of this chapter.
Code phase techniques are more applicable to rea-time, lower-order accuracy (meter-level) mapping
projects, such as hydrographic surveying, GIS mapping, wetland delineation, shoreline delineation, etc.
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8-5. Planning Differential Code Phase GPS Surveys

Meter-level accuracy code phase observations may be suitable for lower accuracy surveys, such as
topographic feature mapping or real-time hydrographic surveys. Code phase observations should not be
used for placing control on project monuments, nor should it be used for elevation measurement. Wide
area differential code phase observations are easily achieved relative to NGRS stations that have
supplemental communications to broadcast pseudorange corrections. These include FAA WAAS, USCG,
and commercial systems. Since the distance from the broadcast points can significantly effect the
ultimate positional accuracy, one should consult maps or web sites from the code phase provider to
determine whether the distance is within acceptable limits (e.g., less than 150 miles for USCG sites and
greater for systems that model over multiple stations).

a. DGPSproviders. A red-time dynamic code-phase DGPS positioning system includes a
reference station (master), communications link, and user (remote) equipment. If results are not required
in real-time, the communications link could be eliminated and the positiona information post-processed;
however, such an operation is not practical for most construction support activities where immediate
results are necessary. Since there are severa DGPS services (USCG, FAA WAAS, and commercid
subscription services) that provide real-time pseudorange corrections, it is recommended that these
sarvices be used before installing or using aloca DGPS system. Only in circumstances where these
services do not provide coverage should alocal DGPS system be used.

b. Referencestation. The reference station measures timing and ranging information broadcast
by the satellites and computes and formats pseudorange corrections (PRC) for broadcast to the remote
equipment. The reference station system typically consists of a GPS receiver, antenna, and processor.
Using differential pseudoranging, the position of the user is found relative to the reference station. The
pseudoranges are collected by the GPS receiver and transferred to the processor where pseudorange
corrections are computed and formatted for data transmission. Many manufacturers have incorporated the
processor within the GPS receiver, eliminating the need for an external processing device. The reference
dtation processor computes the PRC and formats the corrections for the communications link to transmit
to the remote unit or a survey vessal. The data transmission format is typicaly the Radio Technical
Commission for Maritime Services Specia Committee 104 (RTCM SC-104). The reference station
processor may also be designed to perform quality assurance and integrity functions. Thisroutine is
required to determine the validity and quality of the computed PRCs. The reference station processor
should be capable of computing and formatting PRC every 1 to 3 sec.

c. Reference station placement The reference station is placed on a known survey monument in
an area having an unobstructed view of the sky for at least 10 deg above the horizon. The antenna should
not be located near objects that will cause multipath or interference. Areas with antennas, microwave
towers, power lines, and reflective surfaces should be avoided.

d. Communicationslink. The communications link is used as a transfer media for the differential
corrections. The main requirement of the communications link is that transmission be a a minimum rate
of 200 bits per second (bps). Higher rates are required for wide-area networks. The type of
communications system is dependent on the user's requirements.

e. Ultra high frequency (UHF) and very high frequency (VHF). Communications links operating
a UHF and VHF are viable systems for the broadcast of DGPS corrections. VHF and UHF can extend
out some 20 to 50 km, depending on local conditions. The disadvantages of UHF and VHF links are their
limited range to line of sight and the effects of signa shadowing (from islands, structures, and buildings),
multipath, and licensing issues.
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f. Frequency authorization. Most RF communications links necessitate a reserved frequency for
operation to avoid interference with other activitiesin the area. Transmitters with power outputs below
100 milliwatts (mW) do not require a frequency allocation and license for operation in the United States.
Frequency authorization for the USACE must be obtained through the National Telecommunications and
Information Administration (NTIA) of the US Department of Commerce for transmissions that exceed
100 mW. A district's frequency manager handles authorization and alocation of afrequency. No
transmission can occur over afrequency until the frequency has been officialy authorized for use. This
procedure applies to al government agencies.

g. Satellite communications. There are several companies that sell satellite communications
systems that can be used for the transmission of the PRCs. These systems are not as limited in range as a
UHF/VHF system can be, but are usually higher in price.

h. User equipment. The user equipment is the most flexible facet of real-time code phase
tracking DGPS. The remote receiver should be, at minimum, a multi-channel single-frequency (L1)
C/A-code GPS receiver. The receiver must be able to accept the differentia corrections from the
communications link in the RTCM SC-104 format (see Chapter 7), and then apply those corrections to the
measured pseudorange. The critical portion of the user equipment is the receiver update rate. Specific
requirements will vary with different manufacturers and with the distance from the reference station. The
output from the rover receiver should be in the NMEA 0183 format (see Chapter 7), because it is the most
widely used standard for input into externa devices, such as a hydrographic survey software package.

For hydrographic applications, the user equipment also must be capable of maintaining positional
tolerances for surveys at speeds of 7 to 10 knots. A DGPS receiver must not bias the position during
vessel turns due to excess filtering.

i. Separation distances. In order to maintain meter-level positional accuracy tolerances, the
maximum separation distance between a reference and remote station should generally not exceed 300
km, provided that differential tropospheric and ionospheric corrections are used. These corrections are
not always applied to interna solutions on GPS receivers. The unaccounted tropospheric and ionospheric
errors can contribute to horizontal position error on an average of 0.7 to 1.0 m per 100 km. A limiting
factor of the separation distance is the type of datalink used. If aDGPS is procured for hydrographic
surveying, the reference station should be capable of being moved from one point to another. This will
alow the user to move the reference station so that the minimum distance separation requirements are
maintained.

j. Satellite geometry. In code phase DGPS, the Horizonta Dilution of Position (HDOP) is the
critical geometrical component. The HDOP should be < 4 for most types of real-time meter-level
positioning applications. The GPS constellation will maintain a HDOP of approximately 2 to 3 most of
thetime. In addition, quality control procedures need to be developed to ensure that systematic biases are
not present in code phase positioning systems. These quality control procedures are spelled out in
EM 1110-2-1003 (Hydrographic Surveying).

8-6. Field Reconnaissance for GPS Surveys

A good advance reconnaissance of al marks and features within the project is crucia to the expedient and
successful completion of a GPS survey. The site reconnaissance should ideally be completed during the
planning stage. The surveyor should also prepare a site sketch and brief description on how to reach the
point since the individual performing the site reconnai ssance may not be the surveyor that returns to
occupy the known or unknown station.
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a. Project sketch. A project sketch should be developed before any site reconnaissanceis
performed. The sketch should be on a 7-1/2-minute USGS quadrangle map, or other suitable drawing.
Drawing the sketch on the map will assist the planner in determination of site selections and travel
distances between stations.

b. Sation descriptions and recovery notes. Station descriptions for all new monuments will be
developed as the monumentation is performed. The format of these descriptions will follow that stated in
EM 1110-1-1002 (Survey Markers and Monumentation). Station "Recovery Notes' should be written for
existing NGRS network stations and Corps project control points, as detailed in EM 1110-1-1002.
Estimated travel timesto al stations should be included in the description. Include road travel time,
walking time, and GPS receiver breakdown and setup time. These times can be estimated while
performing the initial reconnaissance. A site sketch shall also be made on the description/recovery form.
Examples of site reconnaissance reports are shown in Figures 8-1 and 8-2. A blank reconnaissance report
form isincluded as Worksheet 8-1 (Figure 8-3), which may be used in lieu of a standard field survey
book.

c. Waypoint reconnaissance navigation. Waypoint navigation is an option on most receivers,
allowing the user to enter a geodetic position (usualy latitude and longitude) of points or existing control
monuments the user may wish to locate. The GPS antennalreceiver, fastened to a vehicle, range pole, or
backpack, can then provide the user with real-time navigational information. The navigational
information may include the distance and bearing to the point of destination (stored in the receiver), the
estimated time to destination, and the speed and course of the user. The resultant message produced can
then be used to guide the user to the point of interest. Waypoint navigation is an option that, besides
providing navigation information, may be helpful in the recovery of control stations that do not have
descriptions. If the user has the capability of real-time code phase positioning, the way point navigational
accuracy can beintherangeof 0.5-5m.

d. Steobstruction/visibility sketches. The individual performing the site reconnaissance of a
potential GPS point to be occupied should record the azimuth and vertical angle of al obstructions. The
azimuths and vertical angles should be determined with a compass and inclinometer. Because
obstructions such as trees and buildings cause the GPS signal transmitted from the GPS satellite to be
blocked, the type of obstruction is aso an important item to be recorded. The type of obstruction is aso
important to determine if multipath may be a problem. Buildings with reflective surfaces, chain-link
fences, and antenna arrays are objects that may cause multipath. The site obstruction data are used to
determine if the survey siteis suitable for GPS observations. Obstruction data should be plotted on a
"Station Vigibility Diagram,” such as that shown in Figure 8-4. A blank copy of thisform is provided as
Worksheet 8-2 (Figure 8-5). Idedly al GPS stations should have an unobstructed view 15 degrees above
the horizon. Satellites below 10 degrees from the horizon should not be observed.

e. Suitability for kinematic observations. Clear, obstruction-free projects may be suitable for
kinematic GPS surveys, as opposed to less-productive static methods. The use of kinematic observations
will increase productivity by afactor of 5 to 10 over static methods, while still providing adequate
accuracy levels. On many projects, a mixture between both static and kinematic GPS observations may
prove to be most cost-effective.

f. Monumentation. All monumentation should follow the guidelines of EM 1110-1-1002 (Survey
Markers and Monumentation).

g. On-site physical restrictions. The degree of difficulty in occupying points due to such factors

astravel times, Site access, multipath effects, and satellite visibility should be anticipated. The need for
redundant observations, should reobservations be required, must aso be considered.
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h. Checksfor disturbed existing control. Additional GPS baselines may need to be observed
between existing NGRS or Corps project control points to verify their accuracy and/or stability.

i. Satellitevisibility limitations. For most of CONUS, there are at least 4-5 satellitesin view at
all times--usually more. However, some areas my have less during times of satellite maintenance,
unhealthy satellites, or DoD realignments for tactical purposes. Satellite visibility charts, availablein
most mission planning software, play a major part in optimizing network configurations and observation
schedules.

j. Sation intervisibility requirements Project specifications may dictate station intervisibility for
azimuth reference. This may constrain minimum station spacing.
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Figure 8-1. Field reconnaissance sketch in a standard field survey book format
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Figure 8-2. Reconnaissance survey sketch on notebook format
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Figure 8-3. Worksheet 8-1, Site Reconnaissance Report
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8-7. Technical Criteria for Carrier Phase GPS Horizontal Control Surveys

Once a determination is made that high accuracy points are to be established on monumented project
control, then, by default, carrier phase techniques are required. The National Geodetic Survey, in
conjunction with the FGDC, has devel oped standards and specifications for performing static carrier
phase DGPS surveys. One of these standards is universally recognized for performing DGPS surveys,
namely:

"Geometric Geodetic Accuracy Standards and Specifications for using GPS Relative
Positioning Techniques,” (Version 5.0 dated 11 May 1988, Corrected to 1 August 1989),
published by the Federal Geodetic Control Committee (FGCC), which now falls under
the Federal Geographic Data Committee (FGDC)

Although this standard was developed for static GPS methods in 1988 before afull GPS constellation was
available, many of the recommended techniques and criteria are till valid. Table 8-2 below contains
recommended USACE standards for precise horizontal GPS surveys. It appliesto both static and some
kinematic techniques. It is synopsized from the FGCC 1988 standard but addresses Corps-specific DGPS
techniques and criteria that are more relaxed and practical than the rigid FGCC 1988 standards. In
addition, many of the higher-order NGRS network densification criteriain FGCC 1988 are not applicable
to Corps military and civil works project control surveys. The following sections provide guidance for
some, but not all, of the factors to be considered in designing a GPS network and planning subsequent
observing procedures. The FGCC 1988 standard contains a more detailed discussion of many of these
network design factors--this standard should be thoroughly reviewed by those involved in such a process.
More detailed explanations of the FGCC 1988 criteria can aso be found in various GPS textbooks listed
in Appendix A--e.g., Van Sickle 2001.
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Table 8-2. Minimum Standards for Horizontal Control Survey Design, Geometry, Connection,
and Observing Criteria--Carrier Phase Differential GPS Surveys
Classification Order
Criterion 1st 2nd,l 2nd, !l 3rd,| 3rd, Il
Relative Accuracy ppm 10 20 50 100 200
1 partin 100k 50k 20k 10k 5k
General Criteria
Required connections to existing NGRS network Yes Yes WI/F/P  W/F/P  WIF/P
Baseline observation check required over existing control Yes Yes W/F/IP  WI/F/IP No
Number of connections with existing network (NGRS or Local)
Minimum 3 2 2 2 2
Optimum 3+ 3 3 3 3
Vertical [ see Table 8-4 ]
Max distance from network to nearest point in project (km) 50 50 50 50 50
Maximum distance to nearest CORS point [ no specified limit ]
Field Observing Criteria
Repeat baseline occupations--not less than 10% or atleast 2 2 2 2 2
Loop closure requirements:
Maximum number of baselines/loop 10 10 20 20 20
Maximum loop length, km, not to exceed 100 100 200 N/R N/R
Loop misclosure, ppm, not more than 10 20 50 100 200
Spur baseline observations:
Number of sessions/baseline 2 2 2 2 2
Required antenna height measurement per session 2 2 2 2 2
Dual-frequency L1/L2 observations required: < 20-km lines Yes No No No No
> 20-km lines Yes Yes Yes Yes Yes
Recommended elevation mask above horizon, degrees 15 15 15 15 15

Notes:
1. Abbreviations used in this table are explained as follows:

W/F/P--Where feasible and practical

N/R--No requirement for this specification--usually indicates variance with provisional FGCC GPS specifications
2. Classification orders refer to intended survey precision for USACE application, not necessarily FGDC standards
designed to support national network densification.

a. Project size. The extent of the project will affect the GPS survey network shape. Many civil
works navigation and flood control projects are relatively narrow in lateral extent but may extend for
many miles longitudinaly. Alternatively, military installations or reservoir/ recreation projects may
project equally in length and breadth. The optimum GPS survey design will vary considerably for these
different conditions. For higher-order surveys, Table 8-2 recommends that the project area shall be
surrounded by optimally 3 connections to NGRS control, or more if precise vertical densification is being
performed. For projects extending along linear waterway systems, far more NGRS connections will be
required. Given the high density of NGRS/ CORS stations in CONUS, this requirement is easily achieved
for most projects other than coastal navigation sites. See also FGCC 1988 for further discussion.

b. Required density of control. The spacing of new points on acivil or military installation
project needs to be assessed for each control survey, based on the supplemental purposes of the control
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points (photogrammetric mapping control, GIS mapping control, construction, etc.). The type of GPS
survey scheme used will depend on the number and spacing of points to be established, which againisa
project-specific requirement. Often, a combination of static GPS, RTK GPS, and conventional survey
densfication will prove to be the most cost-effective approach.

c. Absolute GPSreference datums. Coordinate data for GPS baseline observations are
referenced and reduced relative to WGS 84, an earth-centered (geocentric) coordinate system. As stated
in Chapter 3, this system is not directly referenced to, but is closaly related to (for al practical
engineering survey purposes) GRS 80, upon which NAD 83 isrelated. GPS data reduction and
adjustments are normally performed using the WGS 84 coordinate system (X-Y-Z), with baseline vector
components (DX ,DY ,DZ) measured relative to this coordinate system. Although baseline vectors are
measured relative to the WGS 84 system, for most USACE engineering and construction applications
these data may be used in adjustments on NAD 27 (Clarke 1866 spheroid).

(2) If the external network being connected (and adjusted to) is the published NAD 83, the GPS
basdline coordinates may be directly referenced on the GRS 80 elipsoid since they are nearly equa. All
supplemental control established is therefore referenced to the GRS 80/ NAD 83 coordinate system.

(2) If aGPS survey is connected to NAD 27 (State Plane Coordinate System of 1927, or SPCS
27) dtations that were not adjusted to the NAD 83 datum, then these fixed points may be transformed to
NAD 83 coordinates using high-level geodetic transformation routines, or approximately transformed
using USACE program CORPSCON (see EM 1110-1-1004), and the basdline reductions and adjustment
performed relative to the GRS 80 dllipsoid.

(3) Alternatively, GPS baseline connections to NAD 27 (SPCS 27) project control may be
reduced and adjusted directly on that datum with resultant coordinates on the NAD 27. Refer to
EM 1110-1-1004 regarding state plane coordinate transforms between SPCS 27 and SPCS 83 grids.
Conversions of fina adjusted points on the NAD 27 datum to NAD 83 may aso be performed using
CORPSCON. It isstrongly recommended that all existing NAD 27 control be transformed to NAD 83 by
direct baseline connection to NGRS points

(4) Ellipsoid heights" h " referenced to the GRS 80 élipsoid differ significantly from the
orthometric elevations” H " on NGVD 29, NAVD 88, or dynamic/hydraulic elevations on the IGLD 55
IGLD 85 systems. This difference (geoid separation, or " N ") can usualy (but not aways) be ignored for
horizontal control surveys. Thisimplies” N " isassumed to bezero and " h= H " where the elevation
may be measured, estimated, or scaled at the fixed point(s).

(5) Datum systems other than NAD 27/NAD 83 will be used in OCONUS locations. Selected
military operationa requirements in CONUS may also require non-NAD datum references. Itis
recommended that GPS basdlines be directly adjusted on the specific project datum. Most survey-grade
GPS receivers and adjustment software is capable of working in any worldwide elipsoid or datum.

d. Connectionsto existing control. A variety of methods are available for making accurate
connections and adjustments to the NGRS, such as OPUS, Auto-GIPSY, and SCOUT, which are
described in Chapter 10. For most static and kinematic GPS horizontal control work, at least two (and
preferably three) existing control points should be connected for referencing and adjusting a new GPS
survey (Table 8-2). For higher-order NGRS densification, Table 2 of FGCC 1988 contains additional
network connection criteria. Programs such as OPUS will adjust observations to three nearby
NGRSCORS dtations. Existing points may be part of the NGRS (e.g., CORS stations) or in-place project
control that has been adequately used for years. Additional points may be connected if practical. In some
instances, a single existing point may be used to generate spurred baseline vectors for supplemental
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construction control. For higher-order work, Table 8-2 recommends a baseline check connection between
existing control points. Thiswould not apply to NGRS CORS stations,

(2) Connections with local project control. The first choice for referencing new GPS surveysis
the existing project control. Thisistrue for most surveying, not just GPS, and has considerable lega
basis. Unless anewly authorized project is involved, long-established project control reference points
should be used, or a a minimum, connected with the overall scheme. If the project is currently on aloca
datum, then a supplemental tie to the NGRS should be considered as part of the project.

(2) Connections with NGRS. Connections with the NGRS are preferred where prudent and
practical. Aswith conventional USACE surveying, such connections to the NGRS are not mandatory. In
many instances, accurate connections with the NGRS CORS points may be easily (and economically)
performed using NGS OPUS software methods--see Chapter 10. When existing project control is known
to be of poor accuracy, then ties (and total readjustment) to the NGRS may be warranted. Sufficient
project funds should have been programmed to cover the additional costs of these connections, including
data submittal and review effortsif such work isintended to be included in the NGRS.

(3) Mixed NGRS and project control connections. On existing projects, NGRS-referenced points
should not be arbitrarily mixed with existing project control. Thisis especialy important if existing
project control was poorly connected with the older NAD 27 control, or if the method of this origina
connection is uncertain. Since NGRS control has been readjusted to NAD 83 (including subsequent high-
precison HARNS readjustments of NAD 83), and most USACE project control has not, problems may
result if these schemes are mixed indiscriminately. If adecision is made to establish and/or update
control on an existing project, and connections with the NGRS (NAD 83 (xxxx)) are required, then all
existing project control points must be resurveyed and readjusted. Mixing different reference systems can
result in different reference datums, with obvious adverse impacts on subsequent construction or
boundary reference. It isfar preferable to use "wesak" existing (long-established) project control (on
NAD 27 or whatever datum) for reference than to end up with a mixture of different systems or datums.
See EM 1110-1-1004 for further discussion.

(4) Accuracy of connected reference control. Ideally, connections should be made to control of a
higher order of accuracy than that intended for the project. In cases where NGRS/CORS control is
readily available, thisis usually the case. However, when only existing project control is available,
connection and adjustment will have to be performed using that reference system, regardless of its
accuracy. GPS baseline measurements should be performed over existing control to assess its accuracy
and adequacy for adjustment, or to configure partialy constrained adjustments.

(5) Connection congtraints. Although Table 8-2 requires only a minimum of two existing stations
to reliably connect GPS static and kinematic surveys, it may often be prudent to include additional NGRS
and/or project points, especidly if the existing network is of poor reliability. Adding more NGRS points
provides redundant checks on the surrounding network. This alows for the elimination of these points
should the final constrained adjustment indicate a problem with one or more of the fixed points. Use of
NGS OPUS adjustment techniques allows DGPS connection and adjustment with multiple high-accuracy
CORS dtations, with positional accuracies within the 2 cm level. Table 8-2 aso indicates the maximum
allowable distance GPS baselines should extend from the existing network. FGCC 1988 standards aso
require connections to be spread over different quadrants relative to the survey project. Thisis
recommended if possible; however, such requirements are usually unnecessary for most USACE work.

e. Multiple/Repeat/Independent basdaline connections. FGCC 1988 lists recommended criteria

for baseline connections between stations, repeat baseline observations, and multiple station occupations.
Many of these standards were developed by NGS for performing high-precision geodetic control surveys
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such that extensive redundancy will result from the collected data. Since the purpose of these geodetic
densification surveysis markedly different from USACE control densification, the need for such high
observational redundancy is also different. Therefore, Table 8-2 recommends not |ess than two repeat
baseline occupations in a project--or at least 10% of the baselines in a project be double observed--
whichever isless. Adding redundant baseline occupations may prove prudent on some remote projects
where accessibility is difficult. In addition, observing the same baselines at different times and satellite
configurations provides a good quality control check. When vertica control densification is performed,
then all baselines shall be observed at least twice.

f. Independent baselines. When 3 or more receivers simultaneously occupy stations on a
network, baselines can be formed from each pair of receivers. However, not all of these baselines are
independent or "nontriviad.” The "dependent” baselines are considered as "trivia" since they do not
provide a unique solution. For example, if 4 receivers are deployed, 6 basalines are formed by these
receivers. Only 3 of these lines are "independent”--the other 3 are "trivid" or dependent. The number of
total baselines and independent baselines can be computed from the following:

Number of Baselines per Session = N(N - 1)/2

Number of Independent Baselines per Session = N - 1

where N = number of receivers deployed on network. If only 2 receivers are used, then all the baselines
will be independent. If 4 receivers are used over 10 sessions, then 30 independent baseline sessions
would result. During the basdline processing and adjustment phase, the surveyor must identify the
independent baselines when trivial observations are present, and ensure the adjustment statistics do not
double count (or erroneously over weight) trivial baselines.

0. Loop requirements. Loops (i.e. traverses) made from GPS baseline observations provide the
mechanism for performing field data validation as well as afinal adjustment accuracy anaysis. Since
loops of GPS basdlines are comparable to terrestrial EDM traverse routes, misclosures and adjustments
can be handled similarly. Most GPS survey nets (static or kinematic) end up with one or more
interconnecting loops that are either internal from a single fixed point or external through two or more
fixed network points. Loops should be closed off within the maximum number of station intervals
indicated in Table 8-2. Loop closures should meet the criteria specified in Table 8-2, based on the total
loop length that should also be kept within the maximum lengths shown in Table 8-2. Loops must not
include trivia baselines.

(1) GPS control surveys should be conducted by forming loops between two or more existing
network control points, with adeguate cross-connections within the loops where feasible. Such aignment
procedures are usually most practical on civil works navigation projects, which typically require control
to be established along a linear path, e.g., river or cana embankments, levees, beach renourishment
projects, and jetties. Connections to existing control should be made as opportunities exist and/or as often
as practical.

(2) When establishing control over relatively large military installations, civil recreation projects,
flood control projects, and the like, a series of redundant baselines forming interconnecting loops is
usualy recommended. When densifying Second- and Third-Order control for site plan design and
construction, extensive cross-connecting loop and network configurations recommended by the
FGCC 1988 for geodetic surveying are not necessary.
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(3) On al projects, maximum use of combined static and kinematic GPS observations should be
considered, both of which may be configured to form pseudo-traverse loops for subsequent field data
validation and final adjustment.

8-8. Recommended Static Baseline Occupation Times for Horizontal Control Surveys

Station occupation time is dependent on basdline length, number of satellites observed, GDOP, and the
GPS equipment used. Occupation must be long enough to reliably fix the integer ambiguity in the
basaline solution; thus, the more satellites in view the more reliable and faster the integers can be fixed.
In generd, a 20-minute to 2-hour occupation is required for lines less than 50 km. A rough guideline for
estimating static baseline occupation time is shown in Table 8-3 below. From a Statistical perspective,
lengthier occupation times may not necessarily improve the accuracy once the integers have been reliably
fixed. Reobserving the baseline on a different day/time (i.e. over a different satellite configuration) will
provide better redundancy.

Table 8-3. Guidelines for Determining Static Baseline Occupation Time versus Satellite Visibility and
Baseline Length--Single- and Dual-Frequency Horizontal GPS Control Surveys

Recommended Minimum Observation Time (minutes)
Satellites in View/Single- or Dual-Frequency Receiver

4 5 6 or more satellites in view
Baseline Length
(km) Single Dual Single Dual Single Dual
1-10 km 60 min 20 min 36 min 12 min 24 min 8 min
10-20 km 75 min 25 min 45 min 15 min 30 min 10 min
20-50 km* 105 min 35 min 75 min 25 min 60 min 20 min
>50 ! 180 min 60 min 135 min 45 min 90 min 30 min

! Dual-frequency receivers are recommended for baselines greater than 20 km
Source: USACE GPS Field Review Group (September 2002)

Some software vendors recommend shorter observation times when conditions are idedl (i.e. clear,
unobstructed horizons, good quality measurements, dual-frequency geodetic quality receivers, and good
geometry). For example, Waypoint Consulting recommends the following "rule-of-thumb™ for
determining the observation time on a baseline:

Baseline Observation Time = 10 minutes + 1 minute/km (Single frequency)

Baseline Observation Time = 5 minutes + 0.5 minute/km (Dual frequency)

The above guideline presumes expected horizontal accuracies of 10 mm, clear visibility, and clean data.
Thus for a 40 km line, a dua-frequency minimum observation time would be 25 minutes. Alternatively,
when precise vertical control is being densified using GPS, then session lengths may need to be
increased--including observation of redundant baselines on different days.
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a. Caveats. Due to the multitude of variablesinherent in GPS surveying, there is no exact
formulafor determining the required baseline occupation time. The values shown in Table 8-3 are only
generd guiddines. The results from the baseline reduction (and subsequent adjustments) will govern the
adequacy of the observation irrespective of the actua observation time. The most prudent policy isto
exceed the minimum recommended times, especially for lines where reoccupation would be difficult or
field data assessment capabilities are limited. Local conditions, manufacturer recommendations, and
persona experience with specific receiver capabilities and baseline reduction results should also be
factored into baseline occupation time requirements.

b. Dual-frequency receivers. For basdines greater than 10 km in length, the ionosphere usually
has an adverse effect on the solution. Adverse ionosphere effects for basdlines of this length can be
reduced by using a dual-frequency GPS receiver, resulting in a more accurate ionospheric-free fixed
solution than the less accurate float solution that might result from a single-frequency receiver.
Accordingly, Table 8-3 recommends that dual-frequency receivers be used for baselines over 20 kmin
length. Thisis because fixed solution integers become more difficult to solve as the baselines lengthen.
The dual-frequency receiver also provides "wide laning,” which is a combination of the L1 and L2
frequencies. Wide laning is used to search and resolve the integer ambiguities.

8-9. Network Design and Layout for Carrier Phase GPS Horizontal Control Surveys

A wide variety of survey configuration methods may be used to densify project control using static and/or
kinematic GPS survey techniques. Unlike terrestria triangulation, trilateration, and EDM traverse
surveying, the shape, or geometry, of the GPS network design is usually not as significant. The following
guidelines for planning and designing proposed GPS surveys are intended to support lower order
(Second-Order, Class |, or 1:50,000 or less accuracy) control surveys applicable to USACE civil works
and military construction activities. An exception to this would be GPS surveys supporting structural
deformation monitoring projects where relative accuracies at the centimeter level or better are required
over asmall project area.

a. NGRSconnections. Newly established GPS control may or may not be incorporated into the
NGRS, depending on the adequacy of connection to the existing NGRS network, or whether it wastied
only internally to existing project control.

b. Project accuracy requirements. Of paramount importance in developing a network design is
to obtain the most economical coverage within the prescribed project accuracy requirements. The
optimum network design, therefore, provides a minimum amount of baseline/loop redundancy without an
unnecessary amount of "over-observation." Obtaining this optimum design (cost versus accuracy) is
difficult and constantly changing due to evolving GPS technology and satellite coverage.

c. GPSsurvey network schemes. Planning a GPS survey network scheme is similar to that for
conventiona triangulation or traversing. The type of survey design adopted is dependent on the GPS
technique employed and the requirements of the user. A GPS network is developed to extend project
control over an area. The network design establishes the stations to be occupied (new and existing) and
specific basdlines to be observed. The network design also includes the GPS observing sequence with a
given number of GPS receivers. In addition, the network design should be geometrically sound and meet
the criteriain Table 8-2. Triangles that are weak geometrically should be avoided, if possible. For lower-
order work, elaborate network design schemes are unnecessary and less work-intensive GPS survey
extension methods may be used. Care must be taken to avoid including trivial basdinesin the fina
network adjustment. For high-accuracy vertical densification projects, duplicate or redundant baseline
occupations may be required. The following figures depict examples of step-by-step methods to build a
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GPS survey network, with a given number of receivers. Other combinations of observing sessions could
be developed to accomplish the same results. The network consists of three fixed (known X-Y-Z) control
points shown by circled triangles. The three unknown points are shown by triangles. Solid connecting
lines are observed basdlines in a session. Basalines marked by "t" are trivia baselines that should be
excluded in any network adjustment.

SESSION 2 2 Receivers

SESSION 1

Each baseline is independent

No trivial lines

B

SESSION 3

SESSION 4

SESSION 5
A A

SESSION 6

SESSION 9

UL SESSIO

-,

Optional Sessions

SESSION 8 provides redundant checks
I on each new point

Figure 8-6. GPS observing sessions for 2 GPS receivers. If acheck on the spurred positions is required,
then sessions 6 through 9 could be optionally added.
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3 Receivers

@ 2 independent

baselines/session

@\ t @ 1 trivial line (t)/session

SESSION 1

: &

A SESSION 2

@

SESSION 3

A SESSION 4

Figure 8-7. GPS network and observing session design given 3 GPS receivers
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4 Receivers

6 independent baselines per
session

3 trivial lines (t) per session

SESSION 1

SESSION 2

SESSION 3

Figure 8-8. GPS network and observing session design given 4 GPS receivers
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d. GPSTraversing. Traversing isthe method of choice when the user has only two or three
receivers and required accuracies are 1:5,000-1:50,000. Traversing with GPS is done similar to
conventional methods. Open-end traverses are not recommended when 1:5,000 accuracies or greater are
required. A minimum of one fixed (or known) control point is required, athough two or more are
preferred for redundancy. These points may or may not be part of the NGRS, or they may be existing
Corps project control monuments. A closed loop traverse between two points is always preferred, as
shown in Figure 8-9. When performing a loop traverse to/from a single point (open traverse or loop
traverse), the surveyor should observe a check angle or check azimuth at the known point using
conventional survey techniques to determine if the station has been disturbed.

| OPEN GPS TRAVERSE | | SINGLE SPUR LINE (NOT RECOMMENDED) |

Fixed
control
point Unknown
points
[LooP GPsTRAVERSE | \ -

control B

Ei d })mts
ixe v
control -

point

[ pouBLE sPUR LINE (RECOMMENDED) |

[ cLOSED GPs TRAVERSE | P ——

Fixed

\ control Unknown
A—/’.\“ point points
Fixed L]

control
point

Figure 8-9. GPS traversing and spur line observation schemes

e. GPSspur shots. Spurs (or radia observations) are an acceptable method when the user has
only two receivers or only afew lower-order project control points are to be established. Spur basdlines
should be observed twice during two independent observing sessions. Once the first session is completed,
the receivers at each station must be turned off and the tripods moved and replumbed. Preferably, the
second session should be observed during a different phase of the satellite constellation. This procedure
issimilar to performing aforward and backward level line. If this step is not implemented, the two
baselines cannot be considered independent. Figure 8-9 above shows an example of a double observation
over aspur line. The single spur shots shown in Figure 8-9 are not recommended for primary control;
however, they are acceptable for standard site plan topographic and feature mapping typically performed
with total station or RTK GPS methods.
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8-10. Planning Vertical Control Surveys using Carrier Phase GPS

GPS can be used to extend and densify precise vertical control on USACE civil and military projects.
This GPS application requires far more exacting measurement procedures than that required for
horizontal control densification. Thisis dueto: (1) GPSisless accurate in the vertical axis, (2) loca
geoid undulations must be accounted for, (3) the variety of vertical datum definitions and local
readjustments, and (4) vertical orthometric datums can exhibit significant short-term local variations due
to settlement. Accordingly, planning considerations for vertical control surveys are more critical than
those required for horizontal surveys.

a. GPS positioning, whether operated in an absolute or differential positioning mode, can provide
heights (or height differences) of surveyed points. Asoutlined in Chapter 3, the height " h " or height
difference” Dh " obtained from GPSisin terms of height above or below the WGS 84 dllipsoid. These
ellipsoid heights are not the same as orthometric heights, or elevations, which would be obtained from
conventiona differential/spirit leveling. This distinction between ellipsoid heights and orthometric
elevationsis critical to USACE engineering and construction projects; thus, users of GPS must exercise
extreme care and caution in applying GPS height determinations to projects that are based on
conventional orthometric elevations.

b. GPS uses WGS 84 as the optimal mathematical model best describing the shape of the true
earth at sealevel based on an ellipsoid of revolution. The WGS 84 dllipsoid adheres very well to the
shape of the earth in terms of horizontal coordinates, but differs somewhat with the established
definition(s) of orthometric height. The difference between ellipsoidal height, as measured by GPS, and
conventional leveled (orthometric) heightsis required over an entire project area to adjust GPS heights to
orthometric elevations. In planning a vertical control project, appropriate geoid modeling software must
be used to convert elipsoidal heights to approximate orthometric elevations. These approximate geoid
model conversions have improved with each release by NGS but should also be used with care and
caution. In practice, conventiona spirit leveling is performed as a quality control process for these
geoidal adjustments.

c. Static or kinematic GPS survey techniques can be used effectively on aregional basisfor the
densification of lower accuracy vertical control for mapping purposes. Existing benchmark data
(orthometric heights) and corresponding GPS-derived dlipsoidal values for at least three stationsin a
small project area can be used in tandem in aminimally constrained adjustment program to reasonably
model the geoid in the local project area. More than three correlated stations are required for larger areas
to ensure proper modeling of the geoidal undulationsin the area. The model from the benchmark data
and corresponding GPS data can then be used to derive the unknown orthometric heights of the remaining
dtations occupied during the GPS observation period.

d. Step-by-step vertica control planning, observation, and adjustment procedures employed by
the NGS are described in the following sections and in some of the publications listed in Appendix A.
These procedures are recommended should a USACE field activity utilize GPS to densify vertical control
relative to an orthometric datum.

e. Thecriteriain the following sections do not apply to RTK topographic mapping surveys
performed over areatively small distance (say 500 to 1,000 m) from an existing benchmark. Over these
short distances, geoid undulations are usually insignificant and observed ellipsoidal elevation differences
can be assumed as orthometric. Thisis not the case when RTK surveys are extended beyond these
distances, such as those typically encountered in determining elevations of dredge dragarms, core drilling
rigs, or hydrographic survey platformsin distant, offshore navigation projects. For these applications,
geoid modeling must be determined and applied.
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8-11. Technical Criteria for GPS Vertical Densification

The following sections provide technical guidance for using differential carrier-phase GPS observations
to determine elevations of survey benchmarks for wide-area mapping and GIS database development
applications. Recommended procedural specifications for field DGPS observation sessions are included.
These guidelines and specifications are intended for densifying vertical control over large project areas,
such as an entire military installation or watershed basin mapping project. The DGPS methods outlined
in this section are generally not intended, nor would be cost-effective, for smal projects or any type of
construction lay out work where vertical grades or benchmarks require an accuracy better than 30
millimeters (mm). In such cases, conventional differential (spirit) leveling methods should be used.
Advances in geoid modeling have a so led to more accurate conversions between NAD 83 GPS dlipsoid
heights and NAVD 88 orthometric height systems. Accuracies of 30 mm or better have been obtained
when converting dlipsoid heights from GPS surveys, based on NAD 83 control, to NAVD 88 orthometric
heights using the latest geoid model. Theinitial GPS survey data must be valid for the elevation transfer
method to be effective.

8-12. Orthometric Elevation Guidelines

The following paragraphs present the basic criteria standards for using GPS to determine NAVD 88
elevations. These criteria are aso summarized in Table 8-4. These operational requirements are based on
field test results conducted by US Army Topographic Engineering Center (ERDC/TEC) and the National
Geodetic Survey (NGS) using several different GPS surveying methods and comparing these results to
conventional differential leveling networks. Additiona standards and specifications for performing
precise GPS vertical control surveys are contained in Guidelinesfor Establishing GPS-Derived Ellipsoid
Heights (Standards: 2 cmand 5 cm) (NOAA 1997). Much of the guidance contained in this section is
derived from the material in this reference. USACE commands performing vertical densification surveys
with GPS should be thoroughly familiar with the contents of the NOAA 1997 reference.
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Table 8-4. Guidelines for Establishing GPS-Derived + 30 mm Accuracy Orthometric Elevations

Occupation time for each baseline occupation (minimum):

Distance Time Update rate
<10 km 30 min 5 sec intervals
10-20 km 60 min 10 sec intervals
20-40 km 120 min 15 sec intervals
40-60 km 180 min 15 sec intervals
60-80 km 240 min 15 sec intervals
80-100 km 300 min 15 sec intervals
> 100 km > 5 hours 15 sec intervals
Dual-frequency receiver required: Yes
Geodetic quality antenna with
ground plane required: Yes
Minimum number of existing
benchmarks required: 3
Minimum number of observations
per baseline: 2
Fixed-height tripods/poles: Recommended
Measure antenna height: 2to 3times
Satellite altitude mask angle: 15 degrees
Maximum allowable VDOP: 5
Number of days station occupied: 2 days
Over 40 km baselines: 3 days

Nominal distance between project

and fixed, higher-order benchmarks:  within 20 km radius

Maximum distance between same

or higher-order benchmarks: 50 km

Collect meteorological data:

Precise ephemeris baseline
reduction required:

Recommended geoid model:

Fixed integers required
for all baselines:

Baseline resultant RMS less than:

Optional

Yes

Geoid 99 (or most recent)

Yes

25

Source: Table 1 of (NOAA 1997) with USACE revisions
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a. Baselines GPS basdlines are observed to determine ellipsoidal height differences across a
network of stations. A GPS precise ephemeris should be used in place of the broadcast ephemeris during
baseline data processing. Repeat basalines should be observed for all control surveys established with
DGPS. The average dlipsoid height from the repeat observations will be closer to the truth, with afew
exceptions, than the elipsoid height value from a single observation. Table 8-4 recommends a minimum
of two repest observations for each basdline. Baselines should be reobserved on different days with
significantly different satellite geometry. For topographic and location surveys (using kinematic
techniques), repeat occupations should be performed where feasible. 1t isimportant that the positions be
adjusted on NAD 83 since the most recent geoid models are a'so based on NAD 83.

b. NAVD 88 network connections At least three or more established NAVD 88 First-Order
benchmarks should be occupied to serve as the GPS reference stations where accurate vertical coordinates
will be fixed for the network adjustment. It is suggested that at least one (preferably 2 or more) of these
benchmarks are aso High Precision Geodetic Network (HPGN), High Accuracy Reference Network
(HARN), or CORS stations to ensure accurate geoid modeling. First-Order accuracy standards for
geodetic leveling ensure the relative vertical position of these reference monuments will agree.
Redundant vertica control within the project area will provide a check on the solution heights of the
unknown stations. The ideal condition would be to have al benchmarks with high-order vertical and
horizontal control surrounding and/or within the project area. Table 8-4 recommends the distance
between existing reference benchmarks should be kept within 50 km. I this value is exceeded, then
additiona network connections should be added.

c. Geoid models Geoid heights at the reference stations are determined from a published geoid
model, GEOID 96 or GEOID 99. The geoid height is added to the published orthometric height at the
GPS reference station to determine its elipsoid height to the accuracy level of the geoid model. Once the
reference stations' ellipsoidal, orthometric and geoidal heights have been fully determined, elevations are
transferred from the reference stations to the remaining points in the network according to the following
relations:

From Equation 3-1 back in Chapter 3,
H =h -N (wherei isthe station of unknown height)
Hiet = hier - Nig, (where ref isthe station of known heights)

with measured difference in dlipsoid height (Dh = h; - h,¢) from a DGPS survey, and computed
difference in geoid height (DN = N; - N.&) from a known geoid mode, then,

Hi=Her + (H - Hie)
Hi = Href + (hi - N) - (href - Nref)
Hi = Href + (hi - href) - (N - Nref)
Then,
Hi =H: + (Dn-DN) (Eq 8-1)

where in Equation 8-1 H; is the orthometric height of the i-th station, the quantity Dh is determined from
the measured GPS dllipsoidal height differences, and the quantity DN is the geoidal height difference
computed from the geoid model. Over very small distances (< 1,000 m), DN may be considered
negligible, and the ellipsoidal height difference Dh is added directly to the orthometric height of the
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reference station to obtain the orthometric height of the unknown point. This practice is commonly
employed for GPS RTK topographic site plan or construction surveys over small areas.

d. Elevation precision and accuracy. The expected precision of the orthometric height from
using GPS relative positioning, modeled geoid heights, and the above relation in Equation 8-1 can be
calculated by the summation of variance components corresponding to the accuracy of the published
orthometric height, the GPS relative height determination, and the computed geoid height differences.
Positional accuracy for orthometric heights on benchmarks must be obtained from published sources
based on the results of avertical network adjustment. Without this information it is presumed that a fixed
vertical control point contributes no additional error to the height of the unknown stations. The
uncertainties in GPS relative heights are estimated from the vertical component error estimate that is
produced from the GPS data processing and adjustment software. An error estimate of £10 mm s
commonly seen as the minimum baseline error produced from static type surveys. Relative geoida height
precision (s py) from geoid modeling can have an expected standard deviation of between +10 mm and
+20 mm.

e. Elevation confidence. The aforementioned error values lead to an expected uncertainty in fina
orthometric height at the unknown station of approximately 3 cm (at the 95% confidence level) relative to
the published eevation at the benchmark reference station. NOAA 1997 specifies procedures for two
potential levels of accuracy: +20 mm and £50 mm. NOAA procedures for "+2 cm (20 mm)"” elipsoid
elevation accuracy should be followed if approximately £30 mm accuracy reduced orthometric elevations
are desired. A repeatable accuracy of 30 mm meets or exceeds most feature elevation tolerances
specified for many USA CE surveying and mapping projects, excepting certain high precision surveys
such asfor low flow hydraulic studies, construction stake out, or structural deformation monitoring
networks. In areas with obstructions, dense vegetation, or high relief between monuments or projects site,
GPS may be the most cost effective approach and may exceed spirit leveling accuracy. In some cases,
GPS dlevation difference observations can be obtained more quickly than conventional differential
leveling observations.

f. Field testing results. Based on an evaluation of DGPS data and geoid modeling software
capabilities by ERDC/TEC, it was determined that higher accuracy elevations are obtained by the transfer
of elipsoidal height differences and relative geoidal heights from a station with a known NAVD 88
elevation, than is possible from the direct application of absolute geoid heights to GPS networks. This
analysis was based on various methods used for determining NAVD 88 elevations from GPS ellipsoidal
height data. These methods were tested on a network of points having known First-Order leveled
orthometric heights that were tied to First-Order vertical control. Results of the testing indicated that
GPS-based surveys could determine NAVD 88 eevations to an accuracy of +30 mm when relative
heights and differences in geoid heights are applied. It isimportant to note that the accuracy of NAVD 88
elevations determined from DGPS-derived heights and geoid modeling is dependent on the accuracy of
the GPS coordinate solution and the geoid model.

8-13. Additional Guidelines and Recommendations for Planning GPS Vertical
Densification

In addition to the guidelines presented in the above section, the following procedures and methods are
recommended and should be implemented when planning to use GPS for elevation determination.

a. Keep project areaswithin a 20-kilometer radius of control points. GPS relative positioning

accuracy depends in part on the length of the measured basdline. Positioning errors grow in direct
proportion to baseline length at a rate of approximately 1 part per million. For networks with an area less
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than 20 km, the distance dependent error in the GPS vertica component (relative ellipsoid height) will be
limited. Occupation times of less than 1 hour (see Table 8-4) should produce good results for these
shorter baselines. For project areas greater than 20 km, the occupation times should be increased to a
minimum of 2 hours. Fixed control points should be spaced throughout (surrounding and within) the
project area.

b. Observe when VDOP islessthan 5.0. Vertica Dilution of Precision (VDOP) is a measure of
vertical positioning accuracy (due mainly to satellite geometry) relative to the precision of the
measurements used to determine the position. Large VDOP values represent poor satellite geometry that
will generally produce weak positioning solutions.

¢. Usefixed-height tripods/poles. Fixed-height tripods and range poles provide a consistent
station occupation method that can reduce the likelihood of antenna height measurement blunders.

d. Usedual-frequency receivers. Dua-frequency receivers can correct GPS measurements for
ionospheric-based range errors. This will extend the feasible baseline length and resolve integer
ambiguities reliably within 20 km. Dual-frequency receivers should be used on al baselines longer than
20 km.

e. Useidentical geodetic quality antennas with ground plane. Different makes and moddls of
GPS antennas can have different phase centers. Mixing of different types of antennas can cause errorsin
the vertical component up to 100 mm. Only if the processing software can account for the phase center
difference in the GPS antennas should mixing of antenna types occur. The ground plane on the antenna
(or choke ring antenna design) will reduce the amount of ground reflecting multipath.

f. Occupy points a minimum of twice with different satellite constellations and on different days.
The purpose of this criteriaisto ensure different atmospheric conditions (different days) and significantly
different satellite geometry (different times) for the two occupations. For example, if the first day's
observation was made between 8:00 AM to 8:30 AM, the second 30-minute observation would be made
on the next day anytime between 11:30 AM and 5:30 PM. If the second observation is not made for a
couple of days or even aweek, be sure to compensate for the daily 4-minute accumulative change in the
GPS satellite constellation. 1t has been shown that the average ellipsoid height of repeat observationsis
closer to the truth, with afew exceptions, than the ellipsoid height of a single observation.

0. Processwith a minimum elevation mask of 15 degrees. A 15-degree e evation mask will
reduce noise embedded in low elevation satellite data and also minimize potential multipath effects from
nearby objects surrounding the antenna. For obstructions low on the horizon, a 20-degree elevation mask
may be used during basdline processing.

h. Process GPSdata with Precise Ephemeris. The broadcast ephemerisisthe prediction of
where the satellites will be, but the precise ephemerisis the actua true orbit of the satellites. Use of a
precise ephemeris will reduce the error between predicted and actual satellite orbit and increase the
accuracy of the survey. The precise ephemeris is available approximately seven days after a survey
through the National Geodetic Survey.

i. Useonly ionosphere free fixed baseline solutions for baselines greater than 10 k. lonosphere-
free solutions indicate the use of dual-frequency receivers and processing can model and eliminate errors
due to signal delay in the ionosphere. Fixed basdline solutions indicate a statistically accurate integer
ambiguity was established from the GPS data. A normal, (not ionosphere-free) fixed baseline is sufficient
for baselines less than 10 km.
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j. Userelative geoid height values. Application of the geoid model to both reference and remote
dations will produce two absolute geoid heights. The relative geoid height value is determined from the
difference between the absolute geoid model height values taken at both ends of a given basdline.
Relative geoid heights, when added to measured ellipsoidal height differences, produces the best vertical
accuracy based on the ground truth test results.

k. Adjustments. A minimally constrained |least-squares adjustment should be performed on the
vertical reference network to determine which of the "fixed" benchmarks are valid. Such afree
adjustment would hold one of the benchmarks fixed in X, Y, and Z in order to check the fit against the
other established benchmarks. Presuming no observational blunders, any benchmark with apparent
excessive movement would be discarded from the final (constrained) adjustment.

|. Geoid models. Different geoid models should not be mixed in the same project. Different
geoid models can vary by 5 cm or more. For example, if a project network was originally adjusted using
GEOID 93, do not mix in GEOID 96 or GEOID 99 with subsequent observations--unless the entire
project is readjusted using alater geoid model. GEOID 96 (or a more recent update) is recommended for
projects on NAVD 88 datum.

8-14. Cadastral Survey Standards and Guidelines using GPS

The Bureau of Land Management and the US Forest Service jointly developed GPS survey standards for
surveys of the public lands of the US-- Standards and Guidelinesfor Cadastral Surveys using Global
Positioning System Methods (USFS/BLM 2001). These standards and guidelines may prove useful when
Corps commands are required to connect military installation boundaries or reservoir boundaries with the
US Public Land Survey System (PLSS). Both static and kinematic survey techniques are covered in the
guiddines. They also cover field data acquisition methods, field survey operation and procedures, data
processing and analysis methodologies, and required documentation. Two types of GPS control surveys are
defined: (1) Cadastra Project Control, and (2) Cadastral Measurements.

a. Cadadtral Project Control includes monuments established by direct connection with the primary
NGRS (HARN/HPGN/CORS) network. These monuments serve asthe basisfor al subsequent
connections by GPS Cadastral Measurements made to PLSS monuments. Cadastral Project Control must be
connected with at least two NGRS points. The reference datum shall be the latest epoch of NAD 1983
(1986)--e.g., Wyoming NAD 1983 (1993). Only Static or Fast-Static survey methods are alowed for these
connections. Points must be established by two or more independent basdlines, loops must have a minimum
of three basdlines, basdline solutions must be fixed double difference, and al stations must have at least two
independent occupations. Single radia (spur) basglines are not allowed.

b. Cadastra Measurements are used to define the location of PLSS corners and boundaries.
Cadastra Measurements must be connected with at least two Cadastral Project Control monuments or
NGRS monuments. Guiddlines for these observations are similar to those required for Cadastral Project
Control, except all types of static and kinematic survey methods are acceptable, including rea-time
kinematic RTK) techniques. The USFS/BLM guidelines contain extensive procedural and calibration
requirementsfor RTK surveys.

c. Postiond accuracy standards for USFS/BLM cadastral surveys are defined relative to the 95%
confidence level, as outlined in Table 8-5 below.
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Table 8-5. USFS/BLM Cadastral Survey Standards for Positional Accuracy

95 % Confidence Level
Definition Cadastral Project Control Cadastral Measurements

Local Accuracy Average measure of the relative 0.050m 0.100m
accuracies of the coordinates for
a point with respect
to other adjacent points

Network Accuracy Relative to the NGRS network 0.100m 0.200m

The 95% positiona accuracy of established points is assessed from the output of the network adjustment,
as explained in Chapter 11.

8-15. Field Planning Considerations for GPS Surveys

After a GPS horizontal and/or vertical densification network has been designed, specified, and laid out,
the logistics of performing the GPS field survey needs to be considered. The most efficient survey
method should be chosen in order to minimize time and cost while meeting the accuracy requirements of
agiven survey project. Once a survey technique is developed, equipment requirements, personnel
assignments, observation schedules, and session designations can be identified.

a. General equipment requirements. The type of GPS instrumentation required for a survey
depends on the accuracy requirements of the project, GPS survey technique, project size, and economics.
Most USACE projects can be completed using a single-frequency receiver. Dua-frequency receivers are
recommended as baseline lengths approach or exceed 20 km. This length may aso vary depending on the
amount of solar activity during the observation period. Using a dual-frequency receiver permits the user
to solve for possible ionospheric and troposphere delays, which can occur asthe signa travels from the
satellite to the receiver antenna.

(1) Number of GPS receivers. The minimum number of receivers required to perform a
differential GPS survey istwo. The actual number used on a project will depend on the project size and
number of available instruments/operators. Using more than two receivers will often increase
productivity and alow for more efficient field observations. For some post-processed kinematic
applications, two reference receivers (set at known points) and at least one rover are recommended.

(2) Personnel. Personnel requirements are also project dependent. Most GPS equipment is
compact and lightweight and only requires one person per station set-up. However, in some cases where
adtation is not easily accessible or requires additiona power for a data link, two individuals may be
required.

(3) Transportation. One vehicle is normally required for each GPS receiver used on a project. |If
secure Sites are available, GPS receivers may be left unattended. The survey vehicle should be equipped
to handle the physical conditions that may be encountered while performing the field observations. In
most cases, a two-wheel-drive vehicle should be adequate for performing all field observations. If
adverse site conditions exist, a four-wheel-drive vehicle may be required. Adequate and reliable
transportation is important when the observation schedule requires moving from one station to another
between observation sessions.
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(4) Auxiliary equipment. Adequate power should be available for al equipment (receivers,
computers, lights, etc.) that will be used during the observations. Computers, software, and data
storage/archiving devices should be available for on-site field data reduction use. Other survey
equipment should include tripods, tribrachs, tribrach adapters, radios, cell phones, measuring tapes,
flagging, flashlights, tools, equipment cables, compass, psychrometer, inclinometer, etc. If rea-time
positioning is required, than a data link is also needed.

(5) Benchmarks. Specid equipment is required to set deep-driven permanent benchmarks, as
illustrated in Figure 8-10.

Figure 8-10. Setting deep-driven benchmarks (Memphis District & 3001, Inc.)

b. Observation schedules. Planning a GPS survey requires that the surveyor determine when
satellites will be visible for the given survey area; therefore, the first step in determining observation
schedulesisto plot a satellite visibility plot for days GPS observations are planned. If some sectors are
obstructed, at least 4 satellites may not be visible at all times. At least 5 satellites are required for RTK
OTF initiaization.

(2) Most GPS manufacturers have software packages that predict satellite rise and set times.
Satellite predictions are also available on various web sites. A satellite plot will have the following
essentia information: satellite azimuths, elevations, set and rise times, and PDOP for the desired survey
area. A typical vishility plot is shown at Figure 8-11. Satellite ephemeris data are generally required as
input for the prediction software.

(2) To obtain broadcast ephemeris information, a GPS receiver collects data during a satellite
window. The receiver antenna does not have to be located over a known point when collecting a
broadcast ephemeris. The datais then downloaded to a persona computer where it is used as input into
the software prediction program. Besides ephemeris data for the software, the user is generally required
to enter approximate latitude and longitude (usualy scaled from a topographic map) and time offset from
UTC for the survey area. A current ephemeris file can be downloaded using various manufacturer's
planning software.

(3) From the satellite plot, the user can determine the best time to perform a successful GPS
survey by taking advantage of the best combination of satellite azimuths, elevations, and PDOP as
determined by the satellite visibility plot for the desired survey area. The number of sessions and/or
stations per day depends on satellite visibility, travel times between stations, and the fina accuracy of the
survey. Often, areceiver is required to occupy a station for more than one session per day.
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(4) A satelite visibility plot and a PDOP versus time plot may be run prior to site reconnai ssance.
The output files created by the satellite prediction software are used in determining if asite is suitable for
GPS surveying.

(5) Determination of session times is based mainly on the satellite visibility plan with the
following factors taken into consideration: time required to permit safe travel between survey sites; time
to set up and take down the equipment before and after the survey; time of survey; and possible time loss
due to unforeseeable problems or complications. Station occupation during each session should be
designed to minimize travel time in order to maximize the overdl efficiency of the survey.

Point: Huntsville

Lat 34:39:0 M Lon Be:47:0 W

Date: Thursday, March 25, 1999

Threshold Elevation 15 (deg)

# 55 able to track: Mot Used

Almanac: CURBEMT.EPH 3125099

Time fone "Central 5td USA" SR:00

Sampling Rate: 10 Minutes

21 Satellites considered : 1234567891013 14151617 18 19
212223242526 272930 N

Figure 8-11. Visibility plot of satellites and PDOP versus Time

8-16. Mandatory Criteria

The guidelines in Table 8-2 and Table 8-4 shall be considered mandatory.
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Chapter 9
Conducting GPS Field Surveys

9-1. General

This chapter presents guidance to field personnel performing GPS surveys for typical USACE military
construction and civil works projects. The primary emphasis in this chapter is on performing static and
kinematic carrier phase differential GPS measurements. Absolute and differential code phase GPS
positioning and mapping techniques are also covered. Detailed field instructions for specific GPS
receivers are typically contained in the operating or reference manuals provided by the manufacturer.
Given the wide variety of GPS receivers, coupled with the different types of data collection, logging,
processing, and adjustment techniques that can be performed in the field, this chapter can only provide a
brief overview of some representative systems; and highlight observing criteria which is common to al
types of GPS equipment.

9-2. General GPS Field Survey Procedures

The following are some general GPS field survey procedures that should be performed at each occupied
point on a GPS survey. These genera procedures apply to either static or kinematic observation methods,
and to either real-time or post-processed data collection.

a. Receiver set up. GPS receivers shall be set up in accordance with manufacturer's
specifications prior to beginning any observations. Base station antennas are typically mounted on a
tripod and kinematic rover receivers and antenna are mounted on fixed-height range poles. If red-time
kinematic observations are being collected, then radio or satellite communication links will need to be set
up. Newer GPS systems contain a separate data controller to record, coordinate, and process al GPS data
collection. Figure 9-1 depicts atypical data collector.

Figure 9-1. Typical GPS data collector used for static and real-time kinematic surveys
(Trimble Survey Controller, Trimble Navigation LTD )

b. Antenna setup. All tribrachs used on a project should be cdibrated and adjusted prior to
beginning each project. Dual use of both optical plummets and standard plumb bobs is strongly
recommended since centering errors represent a major error source in al survey work, not just GPS
surveying. A reference line marked on the antenna should always be pointed or aligned in the same
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direction (e.g., north), using a magnetic compass. Tripods should be checked daily for tightness and
fixed-height tripods and range poles should be periodically calibrated.

c. Height of instrument measurements. Height of instrument (HI) refers to the correct
measurement of the distance of the GPS antenna above the reference monument over which it has been
placed. In actudity, the physical measurement is made to some fixed point on the antenna mounting
device from which the previoudly calibrated distance to the antenna phase center (APC) can be added.
Thisis shown for different types of fixed range pole mountsin Figure 9-2. HI measurements should be
made both before and after each observation session. The standard reference points for each antenna will
be established prior to the beginning of the observations so al observers will be measuring to the same
point. All HI measurements will be made in both meters and feet for redundancy and blunder detection.
HI measurements shall be determined to the nearest millimeter in metric units and to the nearest 0.01 ft
(or /16 in.). It should be noted whether the HI is vertical or diagonal. Each GPS receiver/antenna
manufacturer provides specific antenna height measuring guidance in their instrument operating manual.
Figure 9-2 depicts some of the measurement methods required for different types of Trimble antennas.
For some instruments (e.g., Trimble GPS Total Station 4800 and 4600L S Receiver) a special measuring
tape and instructions is provided by the manufacturer--see lower right example in Figure 9-2. When a
ground plane is used at a base receiver, direct distances are measured to different points on the antenna
and the average of these distances is entered into the controller as a sope distance for automatic
correction. The GPS survey controller will typically query input for the type of antenna and mount.

Ground Plane Antenna

GPS receiver mounted
on range pole

§ Moro-contared L1
" - . }
i T T 2 5 X B
] GPS Totel Siation Fiaad baight. . 47 S | ) i
e 0 e hers  —f—jy £y Vg
LI 4300 anienna ! T | 1 ==
= LI 1 ey
1 & T
i . A ¥
Comected helgnt = Y 1LY
Uncormached ‘j/ to antenna phase § - & n

canter |APC) o ?[. o f \ |_
. W

Feightt of 1,80 m 5‘“ 2
L
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A ¥\
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Figure 9-2. Antenna height measurements for various types of mounts
and antennatypes (Trimble Navigation LTD)
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d. Field GPSobservation recording procedures. Field recording books, log sheets, log forms, or
full-text input data collectors will be completed for each station and/or session. Any acceptable recording
media may be used. For archiving purposes, standard bound field survey books are preferred; however,
USACE commands may specify written or automated |ogging mediato be used in lieu of a survey book.
The amount of record keeping detail will be project dependent; low-order topographic mapping points
need not have as much descriptive information as would permanently marked primary control points. The
following typical data may be included on these field logging records:

(1) Project, construction contract, observer(s) name(s), and/or A-E or construction contractor firm
and contract/task order number

(2) Station designation

(3) Station file number

(4) Date, weather conditions, etc.

(5) Time start/stop session (local and UTC)

(6) Receiver, antenna, data recording unit, and tribrach make, model, and seria numbers

(7) Antenna height: vertical or diagonal measuresin inches (or feet) and meters (or centimeters)

(8) Space vehicle (SV) designations of satellites observed during sessions

(9) Sketch of station location

(10) Approximate geodetic location and elevation

(11) Problems encountered
USACE commands may require that additional data be recorded. These will be contained in individua
project instructions or contract task order scopes. Samples of typical GPS recording forms are shown
later in this section.

e. Field calibrations and initializations. When kinematic surveys are performed, it may be
necessary to cdibrate the base station to aknown local coordinate point and reference datum. An
initialization process may aso be required for some types of kinematic surveys. Check with
manufacturer's recommendations on specific techniques for cdibrating RTK surveysto alocal datum.
These calibrations should be clearly noted on log records for the survey.

f. Field processing and verification. It isstrongly recommended that GPS data processing and
verification be performed in the field where applicable. Thisisto identify any problems that can be
corrected before returning from the field. Survey processing and verification are covered in Chapters 10
and 11.

g. Sessiondesignations. A survey session in GPS terminology refersto asingle period of
observations. Sessions and station designations are usually denoted and input into the data collector using
aphanumeric characters, following format restrictions allowed by the receiver vendor. The station and

session designations should be clearly correlated with entries on the log forms so that there are no
questions during subsequent baseline processing. The date of each survey session should be recorded
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during the survey as calendar dates and Julian days and used in the station/session designation. Some
GPS software programs will require Julian dates for correct software operation. I1n addition to
determination of station/session designations before the survey begins, the crew chief may need to
consider or review some of the following factors:

Persons designated to occupy each station.

Satdllite visibility for each station.

Site reconnai ssance data for stations to be occupied. Remember the same person who performed

theinitial site reconnaissance may not be the individual performing the survey; therefore,

previous site reconnaissance data may require clarification before survey commencement.

Project sketch.

Explicit instructions on when each session is to begin and end, and follow-up sessions.

Providing observers with data logging sheets for each occupied station.

h. GPS Sation Log forms. The following figures contain samples of station logs used by various
USACE digtricts. Standard bound field survey books may be used in lieu of separate log/work sheets.
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U.S. ARMY CORPS OF ENGINEERS
GPE DATA LOGGING SHEET
tttlt::lgltttltﬂ!!tﬂtﬂlt EEEEEEEREEEEEEXERIAERZ AR ENEEE ISR RREER R R RS
PROJECT NAME _ CovYeTE . LOCALITY Lk
OBSERYER AGEHGTIFIM ok

RECEIVER TRurBeg Yoo SL._ S/N

ANTENNA S/N
DATA RECORDING UNIT ﬁzivgi
%

TRIBRACH i GO 22  B/N
EXEREEEEERE R AR RSN R RN E R EE NN E R EE X R AR N ER KR E LR tttttt“tlmnlh

SESSION 1 SESSION 2 SESSION 3
STATION NAME Per Z Per 2 PiER 2
STATION NUMBER Z002Z 2002 ZooZ
DAY OF YEAR 1S i /15
DATE MM DD YY o4 /25/89 04/ /25/89 ov/zs /89
UTC TIME OF START STOP START  §TOP START  sT0P

OBSERVATION 04:56 o555 el
EREREREEREEEXEENRERRENEEENEERREREEE R R RN RERRR SRR XA REX LA AR AR AR NEEERENERE

ANTENMA HEIGHT MEASUREMENTS

SESSION 1 SESSION 2 SESSION 3
SLOPE @ o120 0420 0.111 Al U Ol AZ3 o.(24 p 2
BEGINNING H'%% IN =021 M IN =0.11C M % _P:u_sﬁ_n
MN = _O-120 M MN = _O.lic M MN = 1z 7
SLOPE @ M 4% 4% 4% 4% 4 4% 4% :l_!_
END L.a20 M =4'Ye IN Q.G M= IN o123 M _*1_%.
MN = _C.120 M MN = _D.11 M MN =
Al
e 0.120 o. 16 M .-_-,.ntsq "

EREREERRREEERRERERRRERRRRRARERF SRR LR KA RSREEN RS RERERXREEAARAERAENERARERES
PROGRAMMED  FIELD PROGRAMMED FIELD PROGRAMMED  FIELD
REFPOS  POSITION REFPOS  POSITION REFPOS  POSITION

LAT 39-/230_39-12-22.¢4 39-12-30  39-12:22.48 39-/2-30 39-/2228)
LONG J23-70°30 [23-16-3341 123-jo-3o \W-i5-33.20 (2341030 z3-r0-8347
HT 2440 2104 2440 _194.8 Z44.0 _222.8
PDOP 3.6

svs To  _©Z,03,00,09, 0 09 /
TRACK fr, 12,03, 09 :ﬁﬁi wt

LOCAL  SCHEDULED ACTUAL SCHEDULED ACTUAL SCHEDULED ACTUAL
TIME:

START Z1:55 Z1:5¢ 23:38 23116 o1/ 20 0055
STOP 2Z55 2255 Q38 00:38 Gzizo 02:20

EXEEEEEREEEEEEARNREEAAREERERELEREXEREEREREERERRRERANANERNEESEER RN AR NN ENER

PAGE 1

Figure 9-3. Sample USACE GPS data logging sheet

9-5



EM 1110-1-1003
1Jul 03

U.S. ARMY CORPS OF ENGINEERS
GPS DATA LOGGING SHEET

it!*l#lllll*lt**tl!ll!‘ll*#-********I**#ttttﬂﬂtttlllllll!lll#lﬂt*’l"l***ﬁ

SESSION 1 SESSION 2 SESSION 3
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SAmE 4’
-—

.i
EEEEEEEEEREENNENAREEAAEEEEREEEEEREEERERRNEEEAEEERREEERERRERRRER XXX X ETEEEE

Describe any abnormalities and/or problems encountered during the survey,
include session number, time of occurance and duration.
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Figure 9-3. (Concluded)
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U.S5. ARMY CORPS OF ENGINEERS

GPS DATA LOGGING SHEET
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RECEIVER S/N
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Figure 9-4. Worksheet 9-1, USACE GPS Data Logging Sheet
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U.S. ARMY CORPS OF ENGINEERS

GPS DATA LOGGING SHEET
Bl ek ok ok ek ek kR ko kR kR R A AR AA AR AR AR AR

SESSION 1 SESSION 2 SESSION 3

ANT CABLE LENGTH

POWER SUFPFLY

WEATHER
CONDITIONS

MONUMENT TYPE

EXACT STAMPING

I
]|

AGENCY CAST
IN DISK
AR RFRARRRERRRA AR IR R AAARAR DR AR R Ak d Ak dhhh b hhhdkhdkdttddhd

SEETCH OF SITE
SESSION 1 SESSSION 2 SESSION 3

|
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Describe any abnormalities and/or problems encountered during
the survey, include session number, time of occurence and
duration.
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b. Back

Figure 9-4. (Concluded)
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GPS SESSION FORM CORPS OF ENGINEERS, JACKSONVILLE DISTRICT
Jax Survey No. Project Name Date
Agency/AE Project No. Agency/AE Firm Operator Name
Monument Name/Designation Exact Stamping (include photo in survey report )
Monument No./PID Agency Cast in Disk File Name (receiver generated )
Receiver Manufacturer Receiver Model Receiver Serial No.
Data Collector Manufacturer Data Collector Model Data Collector Serial No.
Antenna Part No. Antenna Model Antenna Serial No.
Starting Antenna Height in Feet Starting Antenna Height Meters Type of Measurement (circle one)
1 2 3 AVG 1 2 3 AVG
| | | | TRUE VERTICAL SLANT
Ending Antenna Height in Feet Ending Antenna Height in Meters Type of Measurement (circle one)
1 2 3 AVG 1 2 3 AVG
| | | | TRUE VERTICAL SLANT
Antenna Reference Point (nclude and reference a dimensioned diagram in Survey Report)
e.g., bottom edge of notch in ground plane, Page 5, Figure 2
Start Date (UTC) Start Time (UTC) Approx. Lat. (if available)
End Date (UTC) End Time (UTC) Approx. Lon. (if available)
Describe any abnormalities and/or problems Site Diagram
encountered during the session, include time of
occurrence and duration.
version 20020912 ALL FIELDS REQUIRED UNLESS OTHERWISE NOTED

SUBMIT DIGITAL COPY OF ORIGINAL AND TYPED VERSIONS

Figure 9-5. Jacksonville District GPS Session Recording Form
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Station Desgnaton |ehack applicablo: FEN /{@BN | PAC | SAC M) | Staton PID, if any: Dats (UTC):
SaTAY BALD 2 RESET QE2736 31-Dec-98
% Genarsl Location: Airport 10, # any: Station 4-Character 10 | Day of Year,
(01 -Nene-2000) Boiler Bay Wayside - BALD 365
Progest Nama: Number, Sration Seral 7 (SSN): | Session ID:(AB,C ec)
Sample GPS, 1998 GPS- 1234 A
NADEI Latitucea MADEI Longhude | NADB3 Elipsoidal Height Agancy Full Name;
a4 39 4917802 " |124 D3 56.23447 | \\vres oo™ | Opcator Pt e Gﬂ’eg“" il
Camsprvation ﬁm [ﬁ.' Epoch 17 .0) rmters : John urvayor
i S morva= 12 Soconch | eompos Geciaen | (301) 713-3194
Actusl Sist_11:55 swop_17:32 Mask = 10 Degrons -23.52 metors | e-mail address: jas@ordot.gov
GPS Receiver: GPS Antenna: rirsaanprid-stintouseoige e G
Marutaciures & Madel Manufacturer & Model ) A iy A
: Leica SR530 Trimble Choke Ring Wisaiher pbeerved ul ariencia beble (M) explain
i pin 667122 p/n 29659-00 Aniorna grouns lane used?  aY (N) :
SN Elln ﬂﬂ'ﬂﬂ354 SN s/n DEEGD'EBEQ‘ Bl DT usEET I'l'l‘Nb.# Fyes,
Firmwars Varsion. Version 3.0 Cabia Longth, matars: 30 meters Ecoanann oceipaton (>0.8 mmi? w:mﬂ e,
Wl Batlery, + IV DG, + 1V AC. + Othe Vuhsie I‘rm:‘gg s | jdrwchen) b antisonn mmmma:.hmamf “mm
Tripod or Ant. Mount: o | ** ANTENNA HEIGHT ** | BE0 i, | et b
WT -wm~mm {oet Bacw of foom fos mnsuremen (llnttotion) Matorm  AMD Fesl fdmimn . SN0 Fest
P: Enﬁrﬁo A= s gt b Tap of Trpod | (Trpad Haighty - | 2000 2.000
N g97-G
Last Calibeation date: 1098-11-01 B=Aananal chsst i ARE £ any Trmrecvspson - | <0.003 -0.003
Tribrach: Gheckone: H= Astnreu Haight = A+ B
whon. + Wit B0F 22 - Topoen. = Other (swmrbel = [l Poind k6 Arieriis esierance Pairl [ARF]
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Figure 9-6. NGS Station Observation Log (Page 1)
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Section |: Conducting Absolute GPS Positioning and Navigation Surveys

9-3. General

Absolute point positioning GPS receivers acquire and process satellite range data to provide 10-30 meter
horizontal accuracy positions. This real-time positional datais typically displayed on a hand-held
receiver screen, either in numeric or graphic (navigation) format, depending on the application.

Numerous hand-held receivers are available for real-time dynamic navigation uses. Although absolute
positional data are most often expressed in real time, some mapping-grade receivers can post-process data
if station occupation was static over a period of time--e.g., 6 to 24 hours. The post-processing produces a
best-fit point position and meter-level accuracy can be achieved--dual-frequency receivers using the
precise ephemeris can produce even better (sub-meter) absolute positional accuracies. Absolute positions
are based on the WGS 84 dllipsoid. Therefore, observed horizontal positions need to be transformed to a
local reference datum (e.g., NAD 83) and ellipsoid elevations need to be corrected for geoid undulation in
order to obtain approximate orthometric elevations on either NAVD 88 or NGVD 29.

9-4. Absolute Point Positioning Techniques

Absolute point positioning techniques are employed where differential techniques are impractical and a
new reference point is needed. This might occur in some OCONUS locations. Given the ready
availability of automated differentia techniquesin CONUS (e.g., FAA WAAS, USCG radiobeacon) there
is no longer any need to perform absolute point positioning. There are two techniques used for point
positioning in the absolute mode. They are long term averaging of positions and differencing between
signals.

a. Inlong-term averaging, areceiver is set up to store positions over afixed period of time. The
length of observation time varies based upon the accuracy required. The longer the period of data
collection, the better the average position will be. This observation time can range between 1 and 24
hours. This technique can aso be done in real-time (i.e. the recelver averages the positions as they are
caculated). For example, the military PLGR GPS receiver uses this technique in calculating a position at
apoint. Positions can be stored at either 15, 30, or 60 second intervals, depending on storage capacity
and length of observation. Typically, a 24-hour observation period is used to obtain an absolute point
position accurate to the meter-level.

b. The process of differencing between signals can only be performed in a post-processed mode.
NIMA (formerly Defense Mapping Agency) has produced software that can perform this operation.
There are few USACE requirements for this technique.

9-5. Absolute GPS Navigation Systems

Genera vehicle and vessel navigation systems typically use inexpensive single-frequency GPS receivers.
Various types of these receivers are sold at prices ranging from $100 to $1,000, depending largely on the
display and software options. Operation of these receiversis simple and briefly explained in operating
manual s provided with the device. Some receivers can log feature data for subsequent download to a
GIS. Other receivers can log code and carrier phase data for post-processing adjustment to a reference
station such as CORS. A typical receiver is shown in Figure 9-7. Thisreceiver weighs only 5.3 ounces
and has a high-contrast LCD display. It can save up to 500 waypoints and contains more than 100 map
datums.
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Figure 9-7. Garmin eTrex handheld differential-ready 12 parallel channel GPS receiver

9-6. Mapping Grade GPS Receivers

Figure 9-8. Real-time, meter-level accuracy, feature mapping-grade GPS backpack systems

A variety of mapping grade GPS receivers are available to collect and process real-time absolute and code
differential positional data, post-processed carrier differential positional data, and correlate these positions
with CADD/GIS map features. These georeferenced features can then be exported into a specific GIS
platform. These mapping grade receiver systems, including software, range in cost between $3,000 and
$10,000. Field operation of these receiversis fairly straightforward and is described in operating manuals
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referenced in the following sections. The following paragraphs briefly describe some of the operational
capabilities of two Trimble mapping grade receivers. the GeoExplorer 3 and the GPS Pathfinder.

a. Trimble GeoExplorer 3. The GeoExplorer 3 data collection system is an integrated GPS
receiver and data collector for mapping, relocating, and updating GIS and spatial data. The system is
used with the GPS Pathfinder Office software for mission planning, data transfer, data dictionary creation,
data import/ export, and post-processing. The GeoExplorer 3 data collection system can operate as a
rover receiver or as a base station--typically using meter-level accuracy code data acquired from USCG
radiobeacon stations or from commercia wide area providers. It can also collect high-precision data
using differential GPS carrier phase measurements. The data collector can navigate, collect data, view
system status and satellite availability, and control the GPS recelver. The GeoExplorer 3 datalogger is
designed for handheld use in the field. It has an internal antenna and power source, and a high-
performance 12-channel GPS receiver. Accessories, such as externa antennas or power kits, are
available. The primary functions of the GeoExplorer 3 data collection system are collecting geographic
data, using and updating existing GIS data, and navigating in the field. It can collect the feature attributes
and GPS position of geographic points, lines, and areas. This information is stored in one or more data
files that can later be transferred to Trimble's GPS Pathfinder Office software for postprocessing and
editing. Data can then be exported into a variety of CADD/GIS compatible formats. The GeoExplorer 3
can be configured to update data from an existing GIS or CADD database. It can also be used to navigate
to specific locations, using either absolute point positioning or real-time differential GPS, using the
optional Beacon-on-a-Belt (BoB) beacon receiver. Feature data dictionaries can be created or edited in
the office with the GPS Pathfinder Office software or in the GeoExplorer 3 data collection system.
Applications for the GeoExplorer 3 include utility mapping and locating, forestry mapping, environmental
and resource management, disaster assessment, and urban asset management. For further details on the
GeoExplorer 3 system refer to GeoExplorer 3 Operation Guide (Trimble 2001f).

b. Trimble Pathfinder Pro XR/XRS. The Pathfinder Pro XR/XRS 12-channel, dua-frequency
receivers are capable of processing absolute GPS positioning data, MSK radiobeacon DGPS code
corrections, and satellite differential corrections from commercial providers, such as Fugro OmniSTAR
and Thales LandSTAR. These systems can aso process code differential corrections from an external
fixed reference receiver--such that decimeter-level and centimeter-levels can be obtained. The GPS and
radiobeacon antennas are combined into asingle unit. Sub-meter positional accuracy is achieved if a
compatible Trimble reference station is used. More accurate differential carrier phase data can aso be
collected for post-processing. Carrier phase data and mapped feature data can be exported to a post-
processing program such as Pathfinder Office. The Pathfinder system istypically configured in a
backpack assembly that contains the receiver, battery pack, antenna pole, and GPS/M SK beacon antenna.
For further details on this system, see GPS Pathfinder Systems Receiver Manual (Trimble 2001e).

c. GPSPathfinder Office. GPS Pathfinder Officeistypica of software designed to manage and
process data collected by mapping grade GPS receivers. It is especialy designed to configure and export
feature datainto GIS or CADD databases. Other features include: design or construction of feature data
dictionaries, CADD/GI S database format conversions, file transferring from handheld data collectors, and
differentially processing GPS data between a reference base station and arover unit. This processing
software is described in GPS Pathfinder Office (Trimble 20024).
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Section II: Conducting Differential GPS Code Phase Positioning and Mapping Surveys

9-7. General

Differentia (or relative) GPS surveying is the determination of one location with respect to another
location. When using this technique with the C/A or P-code it is called differential code phase
positioning, as distinct from carrier phase positioning techniques covered in the next section. Differential
code phase positioning has limited application to detailed engineering control surveying and topographic
site plan mapping applications. However, it iswidely used for general reconnaissance surveys,
hydrographic survey positioning, offshore core drilling rig positioning, dredge positioning, and some
operational military survey support functions. Additional applications for relative code phase positioning
have been on the increase as positional accuracies have improved. Real-time, meter-level DGPS
correctors can be obtained from the USCG radiobeacon navigation service or from a variety of
commercial wide-area augmentation systems. This section primarily focuses on the USCG radiobeacon
system; however, anumber of commercial augmentation systems are also capable of providing
comparable (or better) survey positioning capability. Some of those commercial systems having USACE
application are described. Calibration guidance in this section is applicable to all these augmentation
systems.

9-8. USCG DGPS Radiobeacon Navigation Service

a. General. The USCG radiobeacon system is by far the most widely applied use of code phase
GPS in USACE--in fact, the Corps funds and operates some USCG radiobeacon stations at various points
along the Mississippi River and tributaries. This rea-time positioning system is used for nearly al dredge
positioning and hydrographic survey operationsin USACE. In the past, Loran-C and Omega systems
were used as the primary positioning tools for marine navigation. Today, the USCG is making use of the
full coverage from GPS for a more accurate positioning tool for marine navigation. Utilizing DGPS and
marine radiobeacon technology, the USCG has designed a real-time positioning system for the coasta
areas and Great Lakes regions of the US. The USCG has also partnered with USACE and other
government agencies to expand this coverage to inland waterways and eventualy over the entire nation.
The system consists of a series of GPS reference stations with known coordinate values based on the
North American Datum of 1983 (NAD 83) datum. GPS C/A-code pseudorange corrections are computed
based on these known coordinate values and transmitted via a marine radiobeacon. A user with a marine
radiobeacon receiver and a GPS receiver with the ability to accept and apply pseudorange corrections can
obtain arelative accuracy of 0.5-3 meters. This accuracy is dependent on many factors including the
design and quality of the user's GPS receiver, distance from the reference station, and the satellite
geometry. This service can be used for all USACE hydrographic surveys and dredge positioning
requiring an accuracy of 0.5to 3 meters.

b. Ste set-up and configuration. Each USCG radiobeacon site consists of two GPS L1/L.2
geodetic receivers (as reference station receivers) with independent geodetic antennas to provide
redundancy, and a marine radiobeacon transmitter with transmitting antenna. The site is also equipped
with two combined L1 GPS / Modulation Shift Key (MSK) receivers which are used as integrity
monitors. Each combined receiver utilizes an independent GPS antenna and a MSK near-field passive
loop antenna.

(1) Site Location. The location of the reference station GPS antennas are tied into the North
American Datum of 1983 (NAD 83) and the International Terrestrial Reference Frame (ITRF). The
geodetic coordinates for these positions were determined by NGS. DGPS pseudorange corrections are
based on measurements made by the reference receiver relative to the NAD 83 antenna coordinates.
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These pseudorange corrections are then transmitted via the marine radiobeacon to al users having the
necessary equipment.

(2) Data Transmission (data types). The corrections are transmitted using the Type 9-3 message
format designated by the Radio Technica Commission for Maritime Services Specia Committee 104
(RTCM SC-104). Other RTCM SC-104 message types transmitted to the user include Type 3 (contains
the NAD 83 coordinates for the broadcast site), Type 5 (provides information if a GPS satellite is deemed
unhealthy), Type 7 (information on adjacent radiobeacons), and Type 16 (aerts the user of any outages).
More detailed descriptions of these message types can be downloaded from the USCG Navigation Center
(NAVCEN) web site.

(a) Pseudorange corrections are generated for a maximum of nine satellites tracked by the
reference station GPS receiver at an elevation angle of 5 degrees or higher above the horizon. Satellites
below a 5-degree elevation mask are highly susceptible to multipath and spatial decorrelation. |If there are
more than nine satellites observed at the reference station above 5 degrees, then the corrections broadcast
are based on the nine satellites with the highest elevation angle.

(b) The sites transmit these corrections at a 100 or 200 baud rate. Since a Type 9-3 message is
210 hits (includes header information and corrections for three satellites), the latency of the datais 2.1
seconds for a site transmitting at 100 baud. For stations transmitting at 200 baud, the latency would be
haf, or 1.05 seconds. The user can expect alatency of 2 to 5 seconds for all of the corrections for a group
of satellites observed at the reference station to reach them. A correction can be considered valid for a
period of 10 to 15 seconds from generation (the USCG limit is 30 seconds). Using corrections beyond
this period of time, especially for positioning of a moving platform, may cause spikes in the positional
results.

c. Availability and reliability of the system. The system was designed for and operated to
maintain a broadcast availability (i.e. transmitting healthy pseudorange corrections) that exceeds 99.7%
(in designed coverage areas) assuming a healthy and complete GPS constellation. The signa availability,
in most areas, will be higher due to the overlap of broadcast stations. The USCG monitors each site
within the entire system for problems or errors, and immediately alerts users of any problems. Each site
is equipped with two integrity monitors (i.e. a GPS recelver with aMSK radiobeacon) whose antennas are
mounted over known positions. The integrity monitors receive the pseudorange corrections from that site
and compute a check position. The computed or corrected position is compared to the known location to
determine if the corrections are within the expected tolerance. The corrected positions calculated by the
integrity monitors are sent via phone lines to the control monitoring stations. For the stations east of the
Mississippi River, thisinformation is sent to USCG's NAVCEN in Alexandria, Virginia. Sites west of the
Mississippi River send their corrected positions to the NAVCEN Detachment in Petaluma, California.
Users are notified via the type 16 message of any problems with a radiobeacon site within 10 seconds of
an out-of-tolerance condition.

d. Coverage. The system was designed to cover all harbors and harbor approach areas and other
critical waterways for which USCG provides aids to navigation. Each site has a coverage area between
150 to 300 miles, depending on the transmitter power, terrain, and signal interference. Since the sites
utilize an omnidirectiona transmitting antenna, some areas have overlapping coverage. Currently the
system covers dl US coasta harbor areas, the Mississippi and part of the Missouri and Ohio Rivers, and
the Great Lakes Region. Additiona areas within the Midwest and other non-coastal areas are being
added to provide nationwide coverage, under the Nationwide DGPS program (NDGPS). Figure 99
depicts existing and planned radiobeacon coverage as of 2002. An updated map of the coverage area can
be found at the NAV CEN web site under the DGPS section.
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e. User requirements and equipment. To receive and apply the pseudorange corrections
generated by the reference station, the user needs to have a M SK radiobeacon receiver with antenna and,
at aminimum, aL1 C/A-code GPS receiver with antenna. The MSK receiver demodulates the signal
from the reference station. Most MSK receivers will automatically select the reference station with the
strongest signal strength to observe from or alow the user to select a specific reference station. A MSK
receiver can be connected to most GPS receivers. The costs of radiobeacon receivers range from $500 to
$2000. The GPS receiver must be capable of accepting RTCM Type 9 messages and applying these
corrections to compute a "meter-level" position. Since the reference station generates corrections only for
satellites above a 7.5-degree el evation, satellites observed by the user's GPS receiver below a 7.5-degree
elevation will not be corrected. Some receiver manufacturers have developed a combined MSK
radiobeacon and GPS receiver with a combined MSK and GPS antenna. For a combined
radiobeacon/GPS receiver, prices range from $2,000 to $5,000.
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Figure 9-9. USCG Radiobeacon MDGPS and NDGPS coverage--current (2002) and planned stations
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f. Position QC tolerance checks. Most precise DGPS augmentation systems are capable of
providing sub-meter accuracies at reasonable distances from the nearest reference station. However, at
increasing distances, spatial decorrelation errors (due to differing ionospheric/tropospheric conditions)
can induce systematic positional biases. In general, under nomina atmospheric conditions, a 2-meter
RMS (95%) positiona accuracy may be achieved at distances upwards of 150 miles. To confirm a
positional accuracy is within this 2-meter tolerance, it is strongly recommended that a static check
position be obtained at some known survey point near the project. When operating with the USCG
radiobeacon system, static positions should be observed from different radiobeacon reference stations to
ascertain if positional systematic biases are present--and select the beacon with minimal biases. In
practice, this would normally be the closest beacon. If no fixed survey point is available, then a static
comparison of different beacon positions should be observed; however, any large biases between beacon
positions may be ambiguous. When large or ambiguous positional biases occur in a project area, it may
be necessary to establish aloca DGPS network (code or RTK carrier) if high positiona accuracy is
critical to the project. Commercia wide area DGPS systems should be checked in a similar manner.

9-9. FAA Wide Area Augmentation System (WAAS)

The FAA's WAAS is a GPS-based navigation and landing system that will provide precision guidance to
arcraft at thousands of airports and airstrips where there is currently no precision landing capability.
Although still under development, this system will have potential USACE positioning, mapping, and
navigation applications; either as a primary or supplemental positioning system. Many GPS receivers
have been developed to acquire and process FAA WAAS signals—-e.g., Garmin, Magellan, Trimble
ProXR/XRS. Aswith most augmentation systems, WAAS is designed to improve the accuracy and
ensure the integrity of information coming from GPS satellites.

Figure 9-10. Proposed FAA WAAS coverage in CONUS
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a. FAA WAAS s based on a network of ground reference stations that cover avery large service
area-see Figure 9-10. Signals from GPS satellites are received by wide area ground reference stations
(WRSs). Each of these precisely surveyed reference stations receives GPS signals and determines if any
errorsexist. These WRSs are linked to form the US WAAS network. Each WRS in the network relays
the data to the wide area master station (WMS) where correction information is computed. The WMS
calculates correction agorithms and assesses the integrity of the system. A correction message is
prepared and uplinked to a geosynchronous satellite via a ground uplink system. The message is then
broadcast from the satellite on the same frequency as GPS (L 1--1575.42 MHZz) to receivers on board
aircraft (or ground-based hand-held receivers) that are within the broadcast coverage area and are capable
of receiving FAA WAAS corrections. These communications satellites also act as additional navigation
satellites for the aircraft, thus providing additional navigation signals for position determination. The
FAA WAAS will improve basic GPS accuracy to approximately 7 meters vertically and horizontaly,
improve system availability through the use of geostationary communication satellites (GEOs) carrying
navigation payloads, and provide important integrity information about the entire GPS constellation.

b. At present there are two geostationary satellites serving the WAAS area (Inmarsat 111s. POR
(Pacific Ocean Region) and AOR-W (Atlantic Ocean Region-West)--see Figure 9-11. The European area
will eventually be served by two Inmarsats, AOR-E (Atlantic Ocean Region-East) and IOR (Indian Ocean
Region) and the European Space Agency satdllite, ARTEMIS. Europe's Geostationary Navigation
Overlay Service (EGNOS) is Europe's first venture into satellite navigation and is Europe's first stage of
the Global Navigation Satellite System (GNSS). EGNOS is a precursor to GALILEO, the full global
satellite navigation system under development in Europe. On the future ARTEMI S satellite, the
GPS/GLONASS augmentation is made directly from aircraft based equipment. In Asia, Japan is
developing the Multi-functional Satellite Augmentation System (MSAYS).

c. EGNOS & WAAS do not currently share amanac information, and EGNOS is broadcasting a
"do not use" indication. So it isunlikely that users in Europe will see any response from EGNOS until
their systems share more information and allow use of the corrections.

d. Garmin WAASreceiver operation. Garmin istypica of receivers that have been configured to
receive FAA WAAS corrections. Garmin units can access 19 WAASEGNOS/MSAS unique GEO
satellites. They are depicted on the GPS as Satellite |Ds 33-51, which is actually a NMEA convention.
Each WAAS/EEGNOSM SAS satellite will have its own unique PRN code assigned from the list of 19.
These satellites do not move on the screen as do the other GPS low-earth-orbit satellites. Garmin
receivers use one or two channelsto track WAAS satellites and they will use the WAAS satellite in the
position solution, if the WAAS system indicatesit is OK to use for navigation. Sometimes the WAAS
satellite is flagged as "do not use for navigation™ but the corrections are till useful.
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Figure 9-11. Inmarsat global coverage

9-10. FAA Local Area Augmentation System (LAAS)

The FAA isaso developing aLoca Area Augmentation System (LAAYS) for high accuracy aircraft
landing. ThisLAAS will include a ground facility that has four Reference Receivers (RR), RR antenna
pairs, redundant VVery High Frequency Data Broadcast (VDB) equipment feeding asingle VDB antenna,
and equipment racks. These sets of equipment are installed on the airport property where LAAS is
intended to provide service. The ground facility receives, decodes, and monitors GPS satellite
information and produces correction messages. To compute corrections, the ground facility calculates
position based on GPS, and then compares this position to their known location. Once the corrections are
computed, a check is performed on the generated correction messages to help ensure that the messages
will not produce midleading information for the users. This correction message, along with suitable
integrity parameters and approach path information, is then sent to the airborne LAAS user(s) using the
VDB from the ground-based transmitter. Airborne LAAS users receive this data broadcast from the
ground facility and use the information to assess the accuracy and integrity of the messages, and then
compute accurate Position, Ve ocity, and Time (PVT) information using the same data. ThisPVT is
utilized for the area navigation guidance and for generating Instrument Landing System (ILS)-look-alike
guidance to aid the aircraft on an approach. Although these FAA LAAS systemswill not have any direct
USACE application, the technology developed by the FAA may have use on unique Corps projects where
high-accuracy real-time positioning is required, such as in obstructed aregs.
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9-11. OmniSTAR Wide-Area Differential Positioning Service

OmniSTAR istypical of acommercia "fee-for-service" wide-area differentia GPS system, using satellite
broadcast techniques to deliver accurate GPS correctors. Data from many widely spaced reference
stations is used in a proprietary multi-site solution to achieve sub-meter positioning over most land areas
worldwide. OmniSTAR is proprietary system operated by the Fugro group. Corps applications include
al mapping and navigation solutions where the USCG or FAA WAAS systems are not available or are
blocked.

a. OmniSTAR provides worldwide DGPS coverage with 70 reference stations around the globe
and 3 network control centers. The OmniSTAR service was devel oped to satisfy the need for an accurate
positioning system for new applications on land. The OmniSTAR service offers real-time, DGPS
positioning. The system is characterized by portable receiving equipment, suitable for vehicle mounting
or "back-pack” use. OmniSTAR supports applications across a wide range of industries including
agriculture (precision farming), mining, and land survey. Aeria applications include crop dusting and
geophysical surveys.

5,
) o

Figure 9-12. OmniSTAR concept. 1. GPS satellites. 2. Multiple OmniSTAR GPS monitor sites. 3. Send GPS
corrections via lease line to 4. Houston Network Control Center where data corrections are checked and
repackaged for uplink to 5. L-Band Geostationary Satellite. 6. GE Spacenet 3 broadcast footprint OmniSTAR
user area. 7. Correction data are received and applied real-time.
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OmniSTAR's "Virtua Base Station™" technology generates corrections optimized for the user's location.
OmniSTAR receivers output both high quality RTCM SC-104 Version 2 corrections and differentially
corrected Lat/Long in NMEA format.

b. Technical description. The OmniSTAR system generates pseudorange corrections for
differential users. Thisis accomplished by the use of one or more "Base Stations' that measure the errors
in the GPS pseudoranges and generates corrections. The method of generating correctionsis similar to
other DGPS service systems. The OmniSTAR DGPS System was designed with the following
objectives: (1) continental coverage; (2) sub-meter accuracy over the entire coverage area; and (3) a
portable system. The first objective dictated that transmission of the corrections had to be from a
geostationary satellite. The AMSC Satellite, located at 101 degrees West Longitude, has three individua
beams that together cover all of North Americafrom 60 degrees North Latitude to the Southern border of
Mexico. It has sufficient power within that footprint that a small omnidirectiona antenna may be used for
receiving. The frequency of the OmniSTAR Geostationary Satellite is sufficiently close to that of GPS
that in most instances, a common, single antenna, may be used. The methodology developed by
OmniSTAR consists of using multiple GPS base stations in a user's solution and reducing errors due to
the GPS signd traveling through the atmosphere. OmniSTAR was the first widespread use of a"Wide
Area DGPS Solution.” The OmniSTAR solution uses data from arelatively small number of base
stations to provide consistent accuracy over large areas. A method of solving for atmospheric delays and
weighting of distant base stations achieves sub-meter capability over the entire coverage area--regardless
of the user's location relative to any base station. This achieves a wide-area system with consistent
characteristics. A user can take his equipment anywhere within the coverage area and get consistent
accuracy results, without any intervention or intimate knowledge of GPS or DGPS.

c. Network operation. The OmniSTAR network consists of ten permanent base stationsin the
CONUS plus onein Mexico. These eleven stations track all GPS satellites above 5 degrees elevation and
compute corrections every 600 milliseconds. The corrections arein RTCM SC-104, Version 2 message
format. The corrections are then sent to the OmniSTAR Network Control Center (NCC) in Houston via
wire networks. At the NCC these messages are checked, compressed, and formed into packets for
transmission up to the OmniSTAR satellite trangponder. This occurs approximately every few seconds.
A packet will contain the latest corrections from each of the North American base stations. All
OmniSTAR user sets receive these packets of data from the satellite transponder. The messages are first
decoded and uncompressed. At that point, the message is an exact duplicate of the data as it was
generated at each base station. Next, the atmospheric errors must be corrected as described below.

(1) Every base station automatically corrects for atmospheric errors at its location, because it isa
part of the overall range error; but the user is likely not at any of those locations, so the corrections are not
optimized for the user. Also, the OmniSTAR system has no information as to each individual's location.
If these corrections are to be automatically optimized for each user's location, then it must be done in each
user's OmniSTAR. For this reason, each OmniSTAR user set must be given an approximation of its
location. The approximation only needs to be within several miles of its true position. Given that
information, the OmniSTAR user set can use amodel to compute and remove most of the atmospheric
correction contained in satellite range corrections from each Base Station message, and substitute a
correction for its own location. In spite of the loose approximation of the user's location, this information
iscrucia to the OmniSTAR process. It makes the operation totally automatic and it is necessary for sub-
meter positioning. If it istotaly ignored, errors of severa meters can resuilt.

(2) Fortunately, this requirement of giving the user's OmniSTAR an approximate location is
easily solved. OmniSTAR is normally purchased as an integrated GPS/DGPS System, and the problem is
taken care of automatically by using the position out of the GPS receiver as the approximation. It iswired
internaly to do exactly that.
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(3) After the OmniSTAR processor has taken care of the atmospheric corrections, it then usesiits
location in an inverse distance-weighted least-squares solution. The output of that |east-squares
caculation is asynthesized RTCM SC-104 correction message that is optimized for the user's location. It
is aways optimized for the user's location that is input from the user's GPS receiver. This technique of
optimizing the corrections for each user's location is called the "Virtual Base Station Solution.” It isthis
technique that enables the OmniSTAR user to operate independently and consistently over the entire
coverage area without regard to where heisin relation to the base stations.

(4) In most world areas, a single satdllite is used by OmniSTAR to provide coverage over an
entire continent--or at least very large geographic areas. In North America, asingle satdllite is used, but it
needs three separate beams to cover the continent. The three beams are arranged to cover the East,
Centra, and Western portions of North America. The same data is broadcast over al three beams, but the
user system must select the proper beam frequency. The beams have overlaps of severa hundred miles,
so the point where the frequency must be changed is not critical. Most recent models will search and
select the strongest beam automatically, but older receivers must be manually set to the proper frequency.
An approximation for the changeover from Eastern to the Central beam would be at a line from Detroit to
New Orleans. The Centra and Western Beams are divided at aline from Denver to El Paso. Again,
these are approximations. All of the eastern Canadian Provinces, the Caribbean I1dands, Central America
(south of Mexico), and South Americais covered by asingle Satellite (AM-Sat). A single subscription
serviceis available for al the areas covered by this satellite.

(5) OMniSTAR currently has severa high-powered satellites in use around the world. They
provide coverage for most of the world's land areas. Subscriptions are sold by geographic area. Any
regiona OMniSTAR Service Center can sell and activate subscriptions for any area. They may be
arranged prior to traveling to anew area, or after arrival.

d. Equipment requirements. Several GPS manufacturers currently build models that combine
OmniSTAR and GPS in one unit, using a common antenna. These are geodetic quality GPS recelvers
that have sub-meter capabilities. All are physically small and can be battery operated. They may be used
in backpack applications or mounted in vehicles or aircraft. OmniSTAR typically provides the user with
the GPS receiver equipment and subscription service for an annual lease fee.

e. STARFIX-Plusaugmentation service. Fugro's STARFIX-Plus differential GPS augmentation
system utilizes dua-frequency receivers at reference stations to more accurately model ionospheric
activity within asurvey region. It has application in distant offshore arees.

f. OmniSTAR URL contact. For additional details on the OmniSTAR system, contact
WWW.omnistar.com

9-12. LandStar Differential GPS Service (Thales)

LandStar-DGPS operates smilarly to OmniSTAR described above. It likewise is a satellite delivered,
"fee-for-service" commercia DGPS correction service providing 24-hour real-time precise positioning in
over 40 countries. LandStar operates a series of reference stations throughout the world that support the
company's 24 hour manned control centers. LandStar-DGPS broadcasts correction data to users viathe
L-Band satdllites. The system operates on a common global standard alowing LandStar receivers (and
those that are compatible) to operate on any of the LandStar networks worldwide. Corrections are
derived from awide-area network solution similar to that described for OmniSTAR. This allows redl-
time positioning accuracies of one meter or less to be achieved throughout the LandStar coverage aress.
A broad range of data receivers may be leased from Thales or from third-party vendors. LandStar-DGPS
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applications include survey and mapping, agriculture, natural resources, land management, utilities,
pipeline transmission, engineering, land and air navigation and positioning. For additional information
contact Thales LandStar at www.racal-landstar.com.

9-13. Code and Carrier Phase Wide Area Augmentation Services

A number of commercia subscription augmentation systems are now available that are designed to
achieve sub-meter (and approaching decimeter) accuracy over wide areas by processing carrier phase
observables. These systems have application in Corps navigation projects where real-time, decimeter-
level vertical accuracy is required--e.g., water surface elevation measurement. These systems operate like
the wide-area code systems described above, but are functionally smilar to RTK systems. They involve
multiple reference stations surrounding a project area, and adjust correctors at a central server to best
model the remote receiver's location. The main difference is that more accurate phase measurements are
observed a the reference stations and remote receiver, resulting in a more accurate real-time position.
Fugro's STARFIX-HP (High Performance) service claims a short real-time initialization period and 10 to
20 centimeter accuracy afew hundred km from the reference station network. It is designed for a variety
of offshore survey and geophysical applications, including dredging control. The Trimble Virtua
Reference Station (VRS) operates similarly to the Fugro STARFIX-HP. [t uses a cellular phone network
to communicate between reference receivers and roving receivers. Code and carrier phase data from a
network of fixed reference stations are processed in a central server where quality checks are performed,
cycle dips are detected, and double difference solutions are computed. The central server communicates
with the remote user in order to model the location of the rover. Fina corrector data are then transmitted
by cellular modem to the rover. Claimed accuracies for the VRS are at the centimeter-level for local
topographic applications. A primary advantage of all these systems is redundancy achieved from using
multiple reference stations to model the user's position, as opposed to having only a single reference
station. Another advantage is the clear satellite or cellular communication link, as opposed to less reliable
RF methods.
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Section lll: Conducting Differential GPS Carrier Phase Surveys

9-14. General

Differential (or relative) GPS carrier phase surveying is used to obtain the highest precision from GPS
and has direct application to most USACE miilitary construction and civil works engineering, topographic,
photogrammetric, and construction surveying support functions.

a. Differential survey techniques. There are avariety of differentiad GPS surveying techniques
used in the past or today. Some of the more common methods include:

Satic

Kinematic

Post-Processed Kinematic
Pseudo-Kinematic

Pseudo-Static

Intermittent Static

Stop and Go Kinematic

Rapid Static Kinematic

Fast Static Kinematic
Continuous kinematic

Real-Time Kinematic (RTK)
Kinematic Ambiguity Resolution
"On-the-Fly" Initialized Real-Time Kinematic

Some of the above methods are identical or performed similarly, with minor differences depending on the
GPS receiver manufacturer. Procedurally, al these methods are similar in that each measures a 3-D
baseline vector between areceiver at one point (usually of known local project coordinates) and a second
receiver at another point, resulting in a vector difference between the two points occupied. The major
distinction between static and kinematic baseline measurements involves the method by which the carrier
wave integer cycle ambiguities are resolved; otherwise they are functionaly the same process. Genera
procedures for performing some of these methods are described in this section. However, manufacturer's
recommended survey methods should be followed for conducting any GPS field survey.

b. Carrier phase data reduction. Most carrier phase surveying techniques, except OTF real-time
kinematic (RTK) techniques, require post-processing of the observed data to determine the relative
baseline vector differences. Post-processing of observed satellite data involves the differencing of signal
phase measurements recorded by the receiver. The differencing process reduces biases in the receiver and
satellite oscillators. It isaso strongly recommended that all baseline reductions be performed in the field,
if possible, in order to alow an on-site assessment of the survey adequacy.

9-15. Ambiguity Resolution

Cycle ambiguity is the unknown number of whole carrier wavelengths between the satellite and receiver,
as was described in Chapter 5. Successful ambiguity resolution is required for baseline formulations.
Generdly, in static surveying, ambiguity resolution can be achieved through long-term averaging and
smple geometrical calibration principles, resulting in solutions to a linear equation that produces a
resultant position. Thus, 30 minutes or more of observations may be required to resolve the ambiguities
in static surveys. A variety of physical and mathematical techniques have been developed to rapidly
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resolve the carrier phase ambiguities. The physical methods involve observations over known length
basdlines or equivalent known points. The most reliable method is to set the base and remote receivers up
over known WGS 84 points, and collect data for at least 30 seconds. Initidization can aso be
accomplished over extremely short baselines, such as those shown in Figure 9-13. Another method that
was more commonly used in the past was a reference-rover antenna swapping process. Most GPS
systems today can automatically resolve ambiguities mathematically "on-the-fly" (OTF)--the technique
used for many real-time kinematic (RTK) applications.

|
sl | Initializer Bar (Notch Method)
o 0.35 m offset

4600L5

nitializar bar
Radio
amlenng

AB00LS Range poks

Initializer Bar (Notch Method 4 ,W
0.25 m offset f , ‘1

Figure 9-13. Ambiguity resolution of a Trimble 4600LS receiver using an Initializer Bar
(Trimble Navigation, LTD)

9-16. Static Carrier Phase Field Survey Techniques

Static GPS surveying is perhaps the most common method of densifying project network control. Two
GPS receivers are used to measure a GPS basdine distance. The line between a pair of GPS recelvers
from which simultaneous GPS data have been collected and processed is a vector referred to as a baseline.
The station coordinate differences are calculated in terms of a 3-D, earth-centered coordinate system that
utilizes X-, Y-, and Z-values based on the WGS 84 geocentric elipsoid model. These coordinate
differences are then subsequently shifted to fit the local project coordinate system.

a. General. GPSreceiver pairs are set up over stations of either known or unknown location.
Typicaly, one of the receiversis positioned over a point whose coordinates are known (or have been
carried forward as on atraverse), and the second is positioned over another point whose coordinates are
unknown, but are desired. Both GPS receivers must receive signals from the same four (or more)
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satellites for a period of time that can range from a few minutes to several hours, depending on the
conditions of observation and precision required. Guidance for planning static occupation times for
horizontal and vertical control surveysis covered in Chapter 8.

b. Satellite visibility requirements. The stations that are selected for GPS survey observations
should have an unobstructed view of the sky of at least 15 degrees or greater above the horizon during the
"observation window.” An observation window is the period of time when observable satellites are in the
sky and the survey can be successfully conducted.

c. Common satellite observations. It iscritical for a static survey baseline reduction/solution that
the receivers smultaneoudy observe the same satellites during the same time interval. For instance, if
receiver No. 1 observes a satdllite set during the time interval 1000 to 1200 and another receiver, receiver
No. 2, observes that same satellite set during the time interval 1100 to 1300, only the period of common
observation, 1100 to 1200, can be processed to formulate a correct vector difference between these
receivers.

d. Data post-processing. After the observation session has been completed, the received GPS
signals from both receivers are then processed (i.e. "post-processed") in a computer to calculate the 3-D
basdline vector components between the two observed points. From these vector distances, local or
geodetic coordinates may be computed and/or adjusted. This basdline reduction processis explained in
Chapter 10.

e. Survey configuration. Static baselines may be extended from existing control using any of the
control densification methods described in Chapter 8. These include networking, traverse, spur
techniques, or combinations thereof. Specific requirements are normally contained in project instructions
(or scopes of work) provided by the Didtrict office.

f. Receiver operation and data reduction. Specific receiver operation and baseline data post-
processing requirements are very manufacturer dependent. The user is strongly advised to consult and
study manufacturer's operations manual's thoroughly along with the baseline data reduction examples
shown in this manual.

9-17. Rapid/Fast Static Field Surveying Procedures

Rapid or Fast Static surveying is aform of static surveying techniques. The rover or remote receiver
spends only a short time on each unknown point, loss of lock is alowed while the rover traverses between
points, and accuracies are similar to those of static survey methods. Observed rapid static data are post-
processed. Rapid static surveys are normally performed over small project areas. The rapid static
technique does require the use of dual-frequency (L1/L2) GPS receivers with either cross correlation or
squaring (or other techniques) to compensate for A/S.

a. Survey procedure. Rapid static surveying requires that one receiver be placed over a known
control point. A rover or remote receiver occupies each unknown station for 5-30 minutes, depending on
the number of satellites and their geometry. Because most receiver operations are manufacturer specific,
following the manufacturer's guidelines and procedures for this type of survey isimportant.

b. Rapid static data processing. Data collected in the rapid static mode should be post-processed
in accordance with the manufacturer's specifications and software procedures.
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c. Accuracy of rapid static surveys. Accuracies of rapid static surveys are similar to static
surveys of a centimeter or less. This method can be used for medium to high accuracy surveys up to
1/200,000.

d. Typical field observation instructions. The following instructions for Trimble 4000 series
receivers are representative of rapid (fast) static field survey observations. These procedures are used at
the Corps PROSPECT training course in Huntsville, AL.

Field Instructions on "FAST STATIC" GPS Data Collection
Survey IV PROSPECT Course

1 —Turn receiver on.
2 — After receiver boots-up, select MORE option using side keys (above POWER key)
3 — Select SETUP SURVEY CONTROLS
3a —select MODIFY FAST STATIC CONTROLS
3b — set elevation mask to 15 degrees
3c — set minimum meas times to 5 min for each
3d — set meas sync time to 10 sec
3e — select accept using side keys
4 — Press STATUS key to check # of satellites
5 — Press LOG DATA key
6 — Select START FAST STATIC OR KINEMATIC SURVEY using side keys
7 — Select START FAST STATIC SURVEY using side keys
8 — Once antenna is set-up and plumbed over point, select START using side keys
9 — Enter mark id using key pad and side keys (usually first four letters of the station name) and press
ENTER key
10 — Select INPUT/CHNGS from side keys
10a — select CHANGES using side keys
10b — select ANTENNA HEIGHT using side keys
10c — enter antenna height (if fixed height pole is being
used at the reference and remote, enter 2.069 meters
and select MEAS TYPE astrue vertical) and press
ACCEPT using side keys
10d — select FILE NAME using side keys
10e — enter file name (i.e. ROV1 or COEL1...) and make sure
session # is correct, (last # in file name) and
select ACCEPT. (This is only done once during a
survey at both the reference and remote stations)
10f — press CLEAR or LOG DATA key to get back to fast static menu
11 —If at reference station, nothing needs to be done, read a good book until rover unit returns. You
might however, press the STATUS key and then press MORE twice (using the side keys) to make sure data
is being logged. Pressing the LOG DATA button will return you to the fast static menu.
12 —If at rover station, fill out field form, wait until the screen time is 0 and says press MOVE before
moving. (do not disconnect power or turn receiver off when moving)
12a — press MOVE using the side keys
12b — now move to next mark, satellite lock does not have to be maintained in-between stations
12c — once plumb at next mark, press START
12d — enter new mark id (just change 1% 4 characters) and press ENTER key.
Repeat step 12 until finished with survey.
13 — Pressing the STATUS key will give you UTC time. Then, pressing MORE twice (using the side keys)
will show if data is being logged on each satellite. Pressing the LOG DATA button will return you to the fast
static menu.
14 — Once finished with survey, select END SURVEY using side keys, select YES and check antenna height
and accept if correct.
15 — To turn off, hold POWER key in until screen goes out.
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9-18. Kinematic GPS Field Survey Techniques

Kinematic surveying using differential carrier phase tracking is similar to static carrier phase methods
because it aso requires two receivers recording observations smultaneoudly. The reference receiver
remains fixed on a known control point while the roving receiver collects data on a constantly moving
platform (vehicle, vessdl, aircraft, manpack, etc.), asillustrated in Figure 9-14. The observation datais
later post-processed to calculate rel ative vector/coordinate differences to the roving receiver. A kinematic
survey requires, at minimum, two GPS receivers. One receiver is set over a known point (reference
station) and the other is used as arover (i.e. moved from point to point or along a path). Before the rover
receiver can collect positional data at an unknown point, a period of static initialization may be required.
(Alternatively, an OTF initialization technique may be used, as described below). This period of
initialization is dependent on the number of visible satellites. Once initidization is completed, the rover
receiver can move from point to point as long as satellite lock is maintained. If loss of satellite lock
occurs, anew period of static initialization may be required. Some of the field techniques for the more
common types of kinematic GPS surveying are described below. More detailed field procedures are
found in operator's manuals provided by the GPS receiver manufacturer.

CARRIER-PHASE KINEMATIC POSITIONING
* Based on Carrier Phase Observations
e Positions Determined With Respect to the Fixed (Known) Station
» Traditional methods requires static initialization, OTF RTK does not
* No Intermediate Stops Required for Moving Receiver
e Either Real-Time or Post-mission Processing Possible

Base Station Receiver {5‘
o) - .- Lgoe | |
@L, 0(, Roving Receiver
S R——

Known Station
Roving Receiver

Figure 9-14. Kinematic survey techniques

9-19. Stop-and-Go Kinematic Field Survey Techniques

Differential GPS surveying known as "stop-and-go"” is typicaly used for setting accurate topographic
mapping or construction control points. It issimilar to static surveying methods in that each method
requires at least two receivers smultaneously recording observations. Unlike static methods, an initial
calibration process s required prior to conducting the survey. A major difference between static and
stop-and-go surveying is the amount of time required for aroving receiver to stay fixed over a point of
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unknown position. In stop-and-go surveying, the first receiver--the base station or reference receiver--
remains fixed on a known control point. The second receiver--the "rover” receiver--collects observations
statically on a point of unknown position for a period of time (usually afew minutes), and then movesto
subsequent unknown points to collect data for a short period of time. During the survey, at least four
common satellites (preferably five) need to be continuoudly tracked by both receivers. Once the rover
receiver has occupied all required points, the observations are then post-processed to calculate baseline
vector/coordinate differences between the known control point and points occupied by the rover receiver
during the survey session. The main advantage of this form of GPS surveying over static surveying is the
reduced occupation time required over the unknown points. Stop-and-go kinematic surveying requires
less occupation time over unknown points than static methods. Therefore, time and cost for the conduct
of asurvey are significantly reduced. Achievable accuracies typically equal or exceed 10 mm.

a. Survey procedure. Stop-and-go surveying is performed similarly to a conventional electronic
total station radia survey. The systemiisinitially calibrated by performing either an antenna swap with
one known point and one unknown point, by performing a static measurement over a known baseline, or
by observing static data at another known point on the network. This calibration process is performed to
resolve carrier phase cycle ambiguities. A known baseline may be part of the existing network or can be
established using static GPS survey procedures described above. The roving receiver then traverses
between unknown points as if performing aradia topographic survey. Typicaly, the points are double-
connected, or double-run, asin aleve line. Optionaly, two fixed receivers may be used to provide
redundancy on the remote points. With only a few minutes of data collection at a point, topographic
X-Y-Z coordinate production is high.

b. Satellitelock. During a stop-and-go survey, the rover receiver must maintain lock on at least 4
satellites during the period of survey. The reference station must also be observing at least the same 4
satellites. Loss of lock occurs when the receiver is unable to continuously record satellite signals or the
transmitted satellite signal is disrupted and the receiver is not able to record it. If satellite lock islogt, the
roving receiver must reobserve the last fixed point surveyed before loss of lock. The operator must
closely monitor the GPS receiver when performing the stop-and-go survey to ensure loss of lock does not
occur. Some manufacturers have now incorporated an alarm into their receiver that warns the user when
loss of lock occurs, thus making the operator's job of monitoring the receiver easier.

c. Steconstraints. Survey sSite selection and the route between points to be surveyed are critical.
All observing points must have a clear view of satellites having a vertical angle of 15 degrees or gregter.
The routes between rover occupation points must be clear of obstructions so that the satellite signa is not
interrupted. Each unknown station to be occupied should be observed for a minimum of at least 90
seconds. Remote points should be occupied two or three times to provide redundancy between
observations.

d. Antenna swap calibration procedure. The antenna swap initialization procedure requires that
two nearby points be occupied and that both points maintain an unobstructed view of the horizon. A
minimum of four satellites and constant lock are required; however, more than four satellites are
preferred. To perform an antenna swap, one receiver/antennais placed over a point of known control and
the second, a distance of 10 to 100 m away from the other receiver. The receivers at each station collect
data for approximately 2 to 4 minutes. The receivers/antennae sets then swap locations. the
receiver/antenna a the known station is moved to the unknown site while the other receiver/antenna at the
unknown site is moved to the known site. Satellite data are again collected for 2 to 4 minutes. The
receivers are then swapped back to their original locations. This completes one antenna swap calibration.
If satellite lock islost during the process, the calibration procedure must be repeated. The basdline data
are processed to determine and eiminate the carrier integer ambiguity. Although an antenna swap
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procedure is used to initiaize a stop-and-go survey, the same technique can aso be used to determine a
precise baseline and azimuth between two points.

e. Accuracy of stop-and-go surveys. Accuracy of stop-and-go baseline measurements will well
exceed 1 part in 5,000; thus, supplemental project/mapping horizontal control can be established using
this technique. For many USACE projects, this order of horizontal accuracy will be more than adequate;
however, field procedures should be designed to provide adequate redundancy for what are basicaly
"open-ended” or "spur” points. Good satellite geometry and minimum multipath are also essential in
performing acceptable stop-and-go surveys.

9-20. Pseudo-Kinematic Field Survey Techniques

Pseudo-kinematic GPS surveying is similar to stop-and-go kinematic techniques except that |oss of
satellite lock is tolerated when the receiver is transported between occupation sites (in fact, the roving
receiver can be turned off during movement between occupation sites, although this is not recommended).
This feature provides the surveyor with a more favorable positioning technique since obstructions such as
bridge overpasses, tall buildings, and overhanging vegetation are common. Loss of lock that may result
due to these obstructions is more tolerable when pseudo-kinematic techniques are employed.

a. General. The pseudo-kinematic technique requires that one receiver be placed over a known
control station. A rover receiver occupies each unknown point or monument for 5-10 minutes.
Approximately 1 hour (but not longer than 4 hours) after the initial occupation, the same rover receiver
must reoccupy each unknown point.

b. Common satellite requirements. The pseudo-kinematic technique requires that at least four of
the same satellites be observed between initial unknown point occupations and the requisite
reoccupations. For example, the rover receiver occupies Station A for the first 5 minutes and tracks
satdllites 6, 9, 11, 12, 13; then 1 hour later, during the second occupation of Station A, the rover receiver
tracks satellites 2, 6, 8, 9, 19. In this example, only satellites 6 and 9 are common to the two sets, so the
data cannot be processed because four common satellites were not tracked for the initial station
occupation and the requisite reoccupation.

c¢. Planning. Prior mission planning is essential in conducting a successful pseudo-kinematic
survey. Especidly critical is the determination of whether or not common satellite coverage will be
present for the desired period of the survey. Also, during the period of observation, one receiver, the base
receiver, must continuously occupy a known control station.

d. Pseudo-kinematic data processing. Pseudo-kinematic survey satellite data records and
resultant baseline processing methods are similar to those performed for static GPS surveys. Since the
pseudo-kinematic technique requires each station to be occupied for 5 minutes and then reoccupied for 5
minutes approximately an hour later, this technique is not suitable when control stations are widely
spaced and transportation between stations within the allotted time is impractical.

e. Accuracy of pseudo-kinematic surveys. Pseudo-kinematic survey accuracies are at the
centimeter level.
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9-21. Real-Time Kinematic (RTK) Field Surveying Techniques

Unlike the static and kinematic methods previoudly covered, RTK methods provide real -time positioning
results. Real-time surveys are most useful for construction stakeout, setting project control, and
topographic mapping. To obtain real-time coordinates, a communication link (radio or satellite) is
required between the reference base station and the roving receiver. RTK surveying is smilar to other
kinematic GPS survey methods in that it requires two receivers simultaneously recording observations.
Unlike other GPS methods, the rover receiver can be continuously moving. RTK surveys require dua-
frequency (L1/L2) GPS observations. Periodic losses of satellite lock can aso betolerated. Since RTK
uses the L2 frequency, the GPS recelver must be capable of tracking the L2 frequency during A/S. There
are several techniques used to obtain L2 during A/S. These include squaring and cross correlation
methods.

Figure 9-15. Real-Time kinematic survey reference and remote stations

a. Ambiguity resolution. As previoudly explained, carrier phase integer ambiguity resolution is
required for successful baseline formulations. RTK surveys can be initiaized using the methods
previoudy described--e.g., at a known point. However, if the receiver is equipped with "on-the-fly"
(OTF) initidization technology, then the remote can initialize and resolve integers without a period of
satic initidization. With OTF capability, if loss of satellite lock occurs, initiaization can occur while in
motion. OTF integers can usualy be resolved at the rover within 10-30 seconds, depending on the
distance from the reference station. This initiaization is automatically performed by the survey controller
device. OTF makes use of the L2 frequency in resolving the integer ambiguity. At least 5 satellites are
required for OTF initialization, and after initiaization, at least 4 satellites must be tracked. After the
integers are resolved, only the L1 C/A is used compute the positions. |If no OTF capability is available,
then initiaization should be made at a known point and 4 satellites must be kept in view at al times--loss
of lock requires reinitiaization.
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b. Survey procedure. RTK/OTF surveying requires dua-frequency L1/L2 GPS receivers. One
of the GPS receiversis set over a known point and the other is placed on amoving or roving platform.
The survey controller will determine the amount of time required to lock in over each remote point. If the
survey is performed in real-time, adata link and a processor (externd or internal) are needed. The data
link is used to transfer the raw data from the reference station to the remote. If the radio link is lost, then
post-processing techniques are available to compute the survey--e.g., Trimble's " Infill" option.

c. Accuracy of RTK surveys. RTK surveys are accurate to within 3-10 cm (in 3-D) when the
distance from the reference to the rover does not exceed 10 k.
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Figure 9-16. Rover GPS receiver setup for RTK surveys--Trimble GPS Total Station 4700
and Trimble GPS Total Station 4800. (Trimble Navigation LTD)
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9-22. RTK Survey Field Procedures and Calibrations

The USFS and BLM Sandards and Guidelines for Cadastral Surveys (USFS/BLM 2001) contains
guidance for performing RTK surveys that is directly applicable to USACE RTK topographic mapping
and construction control surveys. Some of the more significant field procedures recommended by the
USFS/BLM are outlined below. These generally reduce down to (1) system checks, (2) measurement
procedures, (3) and calibrations.

a. RTK systemcheck. A RTK system check shall be made prior to any measurements. RTK
system checks may also be made at any time during the course of each RTK survey session or at any time
the base receiver(s) and rover receiver(s) are set up and initialized per the manufacturer’ s recommended
procedures. This check is ameasurement from the RTK base setup to another known project control
monument. The resulting observed position is then compared by inverse to the previoudy observed
position for the known point. This inverse should be within the manufacturer’ s recommended values for
duplicate point tolerance measurements--typically within + 2.5 cmin position and within £ 5cmin
elevation. This RTK system check is designed to check the following system parameters:

The correct reference base station is occupied.

The GPS antenna height is correctly measured and entered at the base and rover.
The receiver antennas are plumb over station at base and rover.

The base coordinates are in the correct datum and plane projections are correct.
The reference base stations or the remote stations have not been disturbed.

The radio-communication link is working.

The RTK system isinitialized correctly.

RMS values are within manufacturer’ s limits.

b. RTK measurements. RTK topographic observations are usually made using one or more base
stations and one or more rover receivers. RTK measurements shall be made after the system setup check
procedures have been completed. Use manufacturer’s recommended observation times for the highest
level of accuracy when setting mapping or construction control points, for example, 180 seconds of time
or when the horizontal (e.g., 2 cm) and vertical (e.g., 5 cm) precision has been met for a kinematic control
point. Under optimal conditions a deviation from the manufacturer's suggested time is appropriate; for
example, a point may be observed using 30 seconds of time and 20 epochs of measurement data.
However, observation times should be set to account for field conditions, measurement methods
(i.e. Trimble “topo point” or “kinematic control point”) and the type of measurement checks being
performed.

¢. Recommended methods for setting control points using RTK. One method is to observe the
unknown point two or more times with the same point name (e.g., 100700) and use a duplicate point
tolerance measurement criteria of 2.5 cm. When observing these measurements, the antenna shall be
inverted and the receiver reinitialized between observations. Another method is to observe two separate
basalines (M1 and M2) to the unknown point. The baseline data are stored to the data collector or
receiver for a specified number of seconds or epochs to meet a specified level of precision recommended
by the manufacturer for a kinematic control point. Observation time may be increased due to the
constraints of on-the-fly (OTF) post-processing kinematic (i.e. 200+ sec) if the field data is post-
processed as a check. Between the M1 and M2 baseline measurements the antenna should be inverted to
force aloss of satellite lock, which forces the system to reinitialize. The point vaues resulting from the
first baseline measurement are stored and labeled (e.g., 100700M1), and the point values resulting from
the second baseline measurement are stored and labeled (e.g., 100700M2). A field check of the level of
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accuracy between the measurements may be done by an inverse between M1 and M2. The resulting
inverse distances should agree within 2.5 cm.

d. Typical field observation instructions. The following instructions for Trimble 4000 series
receivers are representative of RTK/OTF static field survey observations. These procedures are used at
the Corps PROSPECT training course in Huntsville, AL (see also Figure 9-17).

Instructions on "Real-Time Kinematic" GPS Data Collection

1 — Turn receiver on
2 —While receiver boots-up, you may need to select CLEAR key
3 — Press CONTROL key
3a — select Rover Control
Enable L1/L2 and press ENTER
3b — select Power Control
select Power output ENABLED and press ENTER
4 — Press STATUS key to check # of satellites
4a — select POSITION to check for (RTK-moving/Fix/L1)

Move to first occupation station

5 — Press LOG DATA key
6 — Select START FAST STATIC OR KINEMATIC SURVEY using side keys
7 — Select START KINEMATIC SURVEY using side keys
8 — Once antenna is set-up and plumbed over point
8a — enter POINT ID using keypad and side keys

MH for Manhole

LP for Lightpole

DG for Drainage Grate

SE for Spot elevation

TC for Top of Curb

BEVX for BEV check point (X=1-6)
COEX for COE check point (X=1-3)

8b —to set or change HI or FILENAME, Select INPUT/CHNGS from side keys
8b1 — select CHANGES using side keys
for antenna height, select ANTENNA HEIGHT using side keys
check/enter antenna height and MEAS TYPE and then press
ACCEPT and then CLEAR

For filename, select FILENAME using side keys
Enter filename (ONLY need to change this ONCE for entire
session) and then press ACCEPT and then CLEAR

8c — select STATIC using side keys
8d — observe STATIC WAIT until ROVE appears in upper right
8e — wait until EPOCHS reaches 10 and then press ROVE
8f — move to next occupation station
9 — Repeat step 8 until done collecting occupations
10 — When completed, press LOG DATA
10a —select END SURVEY using side keys, select YES and check antenna height
and press ACCEPT

11 — To turn off, hold POWER key in until screen goes out.
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Figure 9-17. RTK positioning of drainage basin at Huntsville, AL Tom Bevill Center
(PROSPECT GPS Training Course--2002)
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Chapter 10
Post-Processing Differential GPS Observational Data

10-1. General

GPS baseline solutions are usually generated through an iterative process. From approximate values of
the positions occupied and observation data, theoretical values for the observation period are devel oped.
Observed values are compared to computed values, and an improved set of positions occupied is obtained
using | east-squares minimization procedures and equations modeling potential error sources. Observed
baseline data are also evaluated over aloop or network of baselines to ascertain the reliability of the
individual baselines. A generalized flow of the processes used in reducing GPS baselines is outlined
below. This chapter will cover the steps outlined in this process.

Create New Project File Area

Download/Import Baseline Data from Receivers or Survey Data Collectors
Download Precise Ephemeris Data if Required

Make Changes and Editsto Raw Baseline Data

Process all Baselines

Review, Inspect, and Evaluate Adequacy of Baseline Reduction Results
Make Changes and Rejects

Reprocess Baselines and Reeval uate Results

Note/Designate Independent and Trivial Baselines

[Review Loop Closures and Adjust Baseline Network--Chapter 11]

a. The ability to determine positions using GPS is dependent on the effectiveness of the user to
determine the range or distance of the satellite from the receiver located on the earth. There are two
general techniques currently operational to determine thisrange: differential code pseudoranging and
differential carrier phase measurement. This chapter will discuss general post-processing issues for
differential carrier phase reductions that provide centimeter-level accuracy suitable for controlling project
monuments. Post-processed differential code phase reductions, with accuracies ranging from 0.2 to 5
meters, are only briefly covered since these techniques are not intended for precise control surveys.

b. Baseline processing time is dependent on the required accuracy, processing software,
computer hardware speeds, data quality, and amount of data collected. The user must take special care
when processing baselines with observations from different GPS receiver manufacturers. It isimportant
to ensure that observables being used for the formulation of the baseline are of a common format (i.e.
RINEX).

10-2. General Differential Reduction Techniques

Differential reduction techniques basically involve the analysis of the Doppler frequency shifts that occur
between the moving satellites and ground-based receivers, one of which may bein motion (e.g., RTK
rover). Integration of the Doppler frequency offsets, along with interferometric processing and
differencing techniques, provides for aresultant baseline vector between the two ground-based points, or
velocity measurements on amoving receiver. Differencing and interferometric analysis techniques may
be performed on both carrier frequencies (L1 & L2), the frequency difference (wide-laning), and on the
code-phase observations. "Floating" and "Fixed" baseline solutions are computed from these
interferometric differencing techniques. A variety of algorithms and methods are used to perform the
reductions. Although these processes are relatively simple for static GPS observations, they become
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complicated when real-time (on-the-fly) integer ambiguity resolution isrequired. A variety of GPS data
reduction software can be obtained from government agencies or commercial vendors. The detailed
theory and derivations of these reductions are beyond the scope of thismanual. The materia presented in
the following sections should be considered as only an overview. Examples of baseline reduction
software will be limited to those software packages commonly used by Corps commands. Full
discussions on carrier phase reductions can be found in the references listed in Appendix A. Kaplan 1996
(Chapter 8--Differential GPS) is recommended along with Leick 1995, and Remondi 1985.

10-3. Carrier Phase Observables

The carrier "beat" phase observable is the phase of the signal remaining after the internal oscillated
frequency generated in the receiver is differenced from the incoming carrier signal of the satellite. The
carrier phase observable can be calculated from the incoming signal or from observations recorded during
aGPS survey. By differencing the signal over a period or epoch of time, one can count the number of
wavelengths that cycle through the receiver during any given specific duration of time. The unknown
number of cycles between the satellite and receiver antennais known as the "integer cycle ambiguity."
Thereis one integer ambiguity value per each satellite/receiver pair aslong as the receiver maintains
continuous phase lock during the observation period. The value found by measuring the number of cycles
going through areceiver during a specific time, when given the definition of the transmitted signal in
terms of cycles per second, can be used to devel op atime measurement for transmission of the signal.
Once again, the time of transmission of the signal can be multiplied by the speed of light to yield an
approximation of the range between the satellite and receiver. The biasesfor carrier phase measurement
are the same as for pseudoranges, athough a higher accuracy can be obtained using the carrier phase. A
more exact range between the satellite and receiver can be formulated when the biases are taken into
account during derivation of the approximate range between the satellite and receiver.

10-4. Baseline Solution by Linear Combination

The accuracy achievable by pseudoranging and carrier phase measurement in both absolute and relative
positioning surveys can be improved through processing that incorporates differencing of the
mathematical models of the observables. Processing by differencing takes advantage of correlation of
error (e.g., GPS signal, satellite ephemeris, receiver clock, and atmospheric propagation errors) between
receivers, satellites, and epochs, or combinations thereof, in order to improve GPS processing. Through
differencing, the effects of the errors that are common to the observations being processed are eliminated
or at least greatly reduced. Basically, there are three broad processing techniques that incorporate
differencing: single differencing, double differencing, and triple differencing. Differenced solutions
generally proceed in the following order: differencing between receivers takes place first, between
satellites second, and between epochs third (Figure 10-1).
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Ix xLm

T k m Double Difference Between
Satellites and Receivers

Single Difference Between Receivers  *  Eliminates Receiver Clock Bias

- Eliminates Satellite Clock Bias * Reduces Tropo & lono Delay Errors

Triple Difference Between Satellites, Receivers and Epochs
+ Two Double Differences Over Time
* Eliminates Phase Ambiguity

Figure 10-1. Carrier phase differencing techniques

a. Sngledifferencing. There are three general single differencing processing techniques:
between receivers, between satellites, and between epochs.

(1) Between receivers. Single differencing the mathematical models for a pseudorange (P- or
C/A-code) or carrier phase observable measurements between receivers will eliminate or greatly reduce
satellite clock errors and alarge amount of satellite orbit and atmospheric delays. Thisisillustrated in
upper left portion of Figure 10-1 where single differences are computed between the two receivers (k and
m) and the satellite"P."

(2) Between satellites. Single differencing the mathematical models for pseudorange code or
carrier phase observable measurements between satellites eliminates receiver clock errors. Single
differencing between satellites can be done at each individual receiver during observations as a precursor
to double differencing and in order to eliminate receiver clock errors.

(3) Between epochs. Single differencing the mathematical model s between epochs takes
advantage of the Doppler shift or apparent change in the frequency of the satellite signal by the relative
motion of the transmitter and receiver. Single differencing between epochsis generally donein an effort
to eliminate cycle ambiguities. There are three forms of single differencing techniques between epochs:
Intermittently Integrated Doppler (11D), Consecutive Doppler Counts (CDC), and Continuously
Integrated Doppler (CID). 11D uses atechnique whereby Doppler count is recorded for a small portion of
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the observation period, the Doppler count is reset to zero, and then at alater time the Doppler count is
restarted during the observation period. CDC uses a technique whereby Doppler count is recorded for a
small portion of the observation period, reset to zero, and then restarted immediately and continued
throughout the observation period.

b. Double differencing. Double differencing is actualy a differencing of two single differences
(as detailed above). There are two general double differencing processing techniques: receiver-time and
receiver-satellite. Double difference processing techniques eliminate clock errors.

(1) Receiver-time double differencing. This technique uses a change from one epoch to the next,
in the between-receiver single differences for the same satellite. Using this technique eliminates satellite-
dependent integer cycle ambiguities and ssimplifies editing of cycle dlips.

(2) Receiver-satellite double differencing. There are two different techniques that can be used to
compute a receiver-satellite double difference. One technique involves using two between-receiver single
differences, as shown in the upper right of Figure 10-1. Thistechnique also uses a pair of receivers,
recording different satellite observations during a survey session and then differencing the observations
between two satellites. The second technique involves using two between-satellite single differences.
This technique also uses a pair of satellites, but different receivers, and then differences the satellite
observations between the two receivers.

c. Tripledifferencing. Thereisonly one triple differencing processing technique: receiver-
satellite-time (epoch). All errors eliminated during single- and double-differencing processing are also
eliminated during triple differencing. When used in conjunction with carrier beat phase measurements,
triple differencing eliminates initial cycle ambiguity. During triple differencing, the dataisaso
automatically edited by the software to delete any data that cannot be solved, so that the unresolved data
are ignored during the triple difference solution. Thisfeature is advantageous to the user because of the
reduction in the editing of data required; however, degradation of the solution may occur if too much of
the datais eliminated during triple differencing.

d. Differencing equations. The expressions for single differences between receivers and
satellites can be formed from the general carrier phase observable given back in Chapter 5 as Equation
5-2 (Kaplan 1996), which is repeated below. Refer also to Figure 10-1.

Fl@=F"@)-FPO+FN+Sc+ [tp+ 1 ti- Dioo + diopo (Eq 10-1)
where

f 7 (t) = length of propagation path between satellite"P" and receiver "k" ... in cycles

f ~(t) = received phase of satellite"P" at receiver "k" at time "t"

fP(t) = transmitted phase of satellite"P"

NS = integer ambiguity

Sk = measurement noise (multipath, GPS receiver, etc.)

: = carrier frequency (Hz)

tp = satellite clock bias

t = receiver clock bias

bioo = ionospheric advance (cycles)

duopo = tropospheric delay (cycles)
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For a second receiver "m" another equation can be written for the propagation path between satellite "P"
and the second receiver "m":

f mp(t) = fmp(t) - f P(t)+ NmP + Sm + : tp+ : tm- biono + dtropo (quO-Z)

Differencing the propagation path lengths between the two receivers "k" and "m" to the satellite "P"
(Equations 10-1 and 10-2) resultsin a"single difference between receivers.”

SD ka= f ka + Nka + SPkm + : t km (Eq 10'3)

When a second satellite "Q" is added, a"single difference between receivers' can be formed for the
second satellite "Q":

SkaQ= fka + Nka + Ska + : tkm (Eq 10'4)

The"single difference” equations 10-3 and 10-4 can be differenced between themselves, thus creating a
"double difference" involving two separate receivers (k and m) and two separate satellites (P and Q).

DD kaQ: f kaQ + NkaQ + SDQ km (Eq 10'5)

It is seen in the above "double difference” equation that most of the original unknown terms have been
eliminated by these differencing techniques, with only the integer ambiguity (N) and noise (S) remaining
to be determined. Additional "double difference" equations can be written for the two receivers between
other combinations of epochs of satellitesin view, and these multiple double difference equations can be
again differenced (i.e. Triple Differenced) to remove the integer ambiguity term Ny, <.

TD (n 2=DD (2 (t+ 1) -DD (2 (t) (Eq 10-6)
where tandt + 1 are successive epochs.

The results of the Triple Difference baseline solution can then be input back into the Double Difference
equations in order to resolve, or "fix," the integers in the Double Difference solution. Fixing the integers
in a Double Difference solution constrains the integer ambiguity N to a whole number of cycles, and is
the preferred baseline solution--see Leick 1995.

10-5. Baseline Solution by Cycle Ambiguity Recovery

The resultant solution (baseline vector) produced when differenced carrier phase observations resolve the
cycle ambiguity iscaled a"fixed" solution. The exact cycle ambiguity does not need to be known to
produce a solution; if arange of cycle ambiguitiesis known, then a"float" solution can be formulated
from the range of cycle ambiguities. A floating baseline solution is a least-squares fit that may be
accurate to only afew integer wavelengths. It isalways desirable to formulate a fixed solution.

However, when the cycle ambiguities cannot be resolved, which sometimes occurs when a baseline
distance is greater than 75 km in length, afloat solution may actually be the best solution. Differences
between floating and fixed solutions can be calculated over all the epochs observed. The fixed solution
may be unable to determine the correct set of integers (i.e. "fix theintegers") required for a solution.

10-5



EM 1110-1-1003
1Jul 03

10-6. Field/Office Baseline Processing

It is strongly recommended that baselines should be processed daily in thefield. This allows the user to
identify any problems that may exist. Once baselines are processed, the field surveyor should review
each baseline output file. Certain computational items within the baseline output are common among
software vendors, and may be used to evaluate the adequacy of the baseline observationsin the field.
Baseline outputs may include triple difference, float double difference, and fixed double difference
distance vectors, variance and covariance statistics, and RM S accuracy estimates. The procedures used in
baseline processing are software dependent; however, the output statistics and analysis of reliability are
somewhat similar among different vendors. Discussion and examples in the following sections are
largely taken from Trimble Geomatics Office software user guide manuals that are referenced in
Appendix A.

I
1

Figure 10-2. Baseline processing (Huntsville, AL PROSPECT GPS Course--2002)

a. Baseline processing. Baseline processing software is now fairly automatic and user-friendly.
Most software automatically performs al the interferometric differencing operations needed to solve for
integer ambiguities, and displays the resultant baseline vectors along with adjustment and accuracy
statistics that can be used to evaluate the results. The following procedures are taken from Trimble
Navigation's "Weighted Ambiguity Vector Estimator” (WAVE) software (Trimble 2001d) and are
believed to be representative of most packages. Trimble's WAV E baseline processor involves performing
the following steps, in order:
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Load raw GPS observation DAT files

Select the display options

Set the processing style & baseline flow sequence

Edit occupations (station names, antenna heights, etc.)

Import a coordinate seed (approximate point positions)

Choose baselines for processing (identify independent baselines)
Process the baselines

Review the results

ONOORAWNE

Where multiple baselines are observed in a network, the software will process the baselines sequentially.
Independent baselines should be identified during this phase. If a precise ephemerisis available, then it
should be downloaded and input into the baseline reduction program. Complete details on performing
each of these baseline processing stepsis found in the Trimble Geomatics Office--WAVE Baseline
Processing Software User Guide (Trimble 2001d).

b. Downloading GPSdata. Thefirst step in baseline processing is transferring the observation
data from the GPS data collector device to a personal computer for processing and archiving. Various
types of file formats may be involved, depending on the GPS receiver--e.g., Trimble Receiver *.DAT
files, Trimble Survey Controller *.DC files, or RINEX ASCII files. Data adjustment software packages
have standard downloading options for transferring GPS data files, or routines to convert proprietary GPS
filesto RINEX format. Trimble*.DAT files contain information on receiver type, antenna measurement
method, antennatype, raw carrier phase observations, antenna height, satellite ephemeris, and station
designation/name. RINEX files are also obtained for remote | GS tracking network stations or CORS base
stations.

c. Preprocessing. Once observation data have been downloaded, preprocessing of data can be
completed. Preprocessing procedures depend on the type of GPS data collected, e.g., static, RTK, Fast
static, etc., and the type of initialization performed (static, known point, OTF, etc.). Preprocessing
consists of smoothing/editing the data and ephemeris determination. Smoothing and editing are done to
ensure data quantity and quality. Activities done during smoothing and editing include determination and
elimination of cycle dips, editing gapsin information, and checking station names and antenna heights.
In addition, elevation mask angles should be set during this phase along with options to select
tropospheric and ionospheric models.

d. Ephemerisdata. Retrieval of post-processed ephemerides may be required depending on the
solution and type of survey being conducted. Code receivers do not require post-processed ephemerides
since they automatically record the broadcast ephemerides during the survey. Most baseline reduction
software provides an option to select either abroadcast or precise ephemeris.

e. Basdine solutions. Carrier phase baseline processing isfairly automatic on commercial
software packages. Groups of baselines are processed in adefined or selected order. After an initial code
solution is performed, atriple difference, then double-difference, solution is performed. If the integer
ambiguities are successfully resolved, then afixed solution can result. Solution types may include L1
Fixed, lonospheric-Free Fixed, and Float. If all observed baselines are processed, any dependent
baselines should be removed so they will not be used in subsequent network adjustments. Commercial
baseline reduction software may have a variety of optionsthat are automatically (or manually) set to
determine the most "optimum™ solution. Most software packages attempt to perform the most accurate
fixed solution for short lines (e.g., lessthan 15 km for single-frequency and less than 30 km for dual-
frequency receivers). The ability to derive an accurate fixed solution (i.e. 5 to 10 mm) will also depend
on the length of time of noise-free data, good DOP, multipath, etc. For baselines longer than 30 to 50 km,
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if the fixed solution is not deemed to be reliable (based on various quality indicators discussed below),
then the default float solution may be used. Although not as accurate as the fixed solution, if the session
timeislong enough (e.g., 1 to 2 hours) the float solution will be fairly accurate--e.g., 20 to 50 mm for
lineslessthan 75 km. Most processing software provides numerous statistical and graphical displays of
baseline solution results, allowing users to assess the reliability of aparticular solution, and force an
alternate solution if necessary--see Figure 10-3 for atypical example.

10-7. Resultant Baseline Output and Quality Criteria

Baseline post-processing software outputs vary with the software package. Baseline output data are used
to evaluate the quality of the solution, and may be input into subsequent network adjustment criteria.
Typically, the following types of information may be selected for text output or graphical screen display:

number of processed baselines (in network)

number of accepted and rejected baselines

session time (date, time)

datalogging time (start, stop)

station information: location (latitude, longitude, height), receiver serial number used, antenna
serial number used, ID numbers, antenna height

epoch intervals

number of epochs

meteorological data (pressure, temperature, humidity)

ephemerisfile used for the solution formulation

listing of the filenames

elevation mask

minimum number of satellites used

type of satellite selection (manual or automatic)

triple difference solution

double difference fixed solution

double difference float solution

L1 only solution

lonospheric-free solution (L1 & L2)

baseline vector length in meters

RMS of solution

Post-fit RMS by satellite vs. baseline

RMS--L1 phase

RMS-L1 Doppler

RMS--P-code

Cycledips

reference variance

ratio of solution variances of integer ambiguity

phase ambiguities & drifts

phase residual plots-L1 & C/A

satellite availability and tracks during the survey for each station occupied

DOP, PDOP, VDOP, HDOP

solution files: Dx-Dy-Dz between stations, slope distance between stations, Diatitude and
Dlongitude between stations, horizontal distance between stations, and Dheight

covariance matrix
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For most Corps applications, only afew of the above parameters need be output in order to assess the
results and quality of abaseline solution. These parameters can best be assessed from graphical summary
plots, as shown in Figure 10-3 below. Some more sophisticated reduction software, such as Waypoint
Consulting's "GrafNav" and the NGS's "PAGES," provide considerably more statistical information than
most other baseline processing packages, however, thislevel of GPS accuracy assessment is usually not
applicable to most Corps engineering and construction control survey work. These detailed statistics may
have application in assessing the quality of airborne GPS (ABGPS) applications. For more information
on these high-level baseline reduction methods, see NGS 2000 (PAGE-NT User's Manual) and Waypoint
2001 (GrafNav/GrafNet, GrafNav Lite, GrafMov Operating Manual).
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Figure 10-3. GrafNet baseline reduction output plots--some of the 28 selectable assessment options
that may be plotted (Waypoint Consulting, Inc.)

a. Variance Ratio--floating and fixed solutions. A fixed solution indicates that the integer
ambiguities have been successfully resolved. A floating solution may not have accurately resolved the
integers; however, this may still be the best solution for that particular baseline observation. Trimble's
WAVE solution computes the variances of each integer ambiguity solution and compares the solution
with the lowest variance with the next higher variance solutions. This comparison "ratio" of the solutions
should exceed 1.5 in order to accept the lowest variance as the fixed solution. If avarianceratioisless
than 1.5 the processor defaults to the floating solution since there is no statistical basis for assuming a
fixed solution has merit.
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b. Referencevariance. The reference variance indicates how well the computed errorsin the
solution compare with the estimated (a priori) errorsfor atypical baseline. A value of 1.0 indicates a
good solution. Variances over 1.0 indicate the observed data were worse than the norm. Baselines with
high reference variances and low variance ratios need to be checked for problems.

c. RMS TheRMSisaquality factor that helps the user determine which vector solution (triple,
float, or fixed) to usein an adjustment. The RM S is dependent on the baseline length and the length of
time the baseline was observed. RMS is ameasurement (in units of cycles or meters) of the quality of the
observation data collected during apoint in time. RMS s dependent on line length, observation strength,
ionosphere, troposphere, and multipath. In general, the longer the line and the more signal interference by
other electronic gear, ionosphere, troposphere, and multipath, the higher the RMS will be. A good RMS
factor (one that islow, e.g., between 0.01 and 0.2 cycles or less than 15 mm) may not always indicate
good results, but is one indication to be taken into account. RMS can generally be used to judge the
quality of the data used in the post-processing and the quality of the post-processed baseline vector.

d. Repeatability. Redundant lines should agree to the level of accuracy that GPS is capable of
measuring to. For example, if GPS can measure a 10 km baselineto 1 cm + 1 ppm, the expected ratio of
misclosure would be

(0.01m+0.01m)/10,000 = 1:500,000 (1 part in 500,000)

Repeated baselines should be near the corresponding ratio: (1 cm+ 1 ppm) / baseline. Table 10-1
shows an example computation of the agreement between two redundant GPS baselines.

Table 10-1. Sample Computation of GPS Baseline Repeatability

Baseline Observation X Y Z Distance
Date
Day 203 5000.214 4000.000 7680.500 9999.611
Day 205 5000.215 4000.005 7680.491 9999.607
Difference 0.001 0.005 0.009

Ratio = (0.001 2 + 0.005 2 + 0.009 ) */ 9999.6 = 0.010 / 9999.6 = 1:967,000 [acceptable]

Table 10-2 below provides additional guidelines for determining the baseline quality if the fixed versus
float solution is not readily assessed or available in the baseline processing software (i.e. Trimble variance
ratio technique). If the fixed solution meets the criteriain this table, the fixed vector should be used in the
adjustment. In some cases the vector passes the RM S test but after adjustment the vector does not fit into
the network. If this occurs, the surveyor should try using the float vector in the adjustments or check to
make sure stations were occupied correctly.
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Table 10-2. Fixed Solution Acceptance Criteria

RMS Criteria Formulation

d = distance between Formulated RMS

Distance Between

Formulated RMS

Receivers (km) receivers Range (cycles) Range (meters)
0-10 £ (0.02+(0.004*d)) 0.02 - 0.06 0.004 -0.012
10-20 £ (0.03+(0.003*d)) 0.06 - 0.09 0.012-0.018
20-30 £ (0.04+(0.0025*d)) 0.09-0.115 0.018 - 0.023
30-40 £ (0.04+(0.0025%d)) 0.115-0.14 0.023 - 0.027
40 -60 £ (0.08+(0.0015*d)) 0.14-0.17 0.027 - 0.032
60 - 100 £0.17 0.17 0.032
> 100 £0.20 0.20 0.04

Note:

1. These are only general post-processing criteria that may be superseded by GPS receiver/software manufacturer

guidelines; consult those guidelines when appropriate.

2. For lines longer than 20 km, dual-frequency GPS receivers are recommended to meet these criteria.

e. Residual plots. Residual plots depict the data quality of the individual satellite signals.
Typically the L1 phase residual error is plotted for all the satellites in view, or for as many that will fit on
acomputer screen. The plot is developed relative to the satellite chosen for double differencing.
Variations about the x-axis are an indicator of noise for a particular satellite. If the satellite is used for
double differencing, then no residual error will be shown for that period. Residual plotstypically vary
around £ 5 mm from the mean. Residual deviations exceeding + 15 mm are suspect--see Table 10-3. A

sample residual plot from abaseline solution is shown in Figure 10-4.

Mean = 0.002m Std. Dew, = 0.002m Min. = 0.002m Max. = 0.008m
_|.
w
% ﬂ.u[ﬁ "':F'"""“"""'""""“""':F'_T_"_.:""“"'_r"""' sty -=k- ettt ot R
1 4+ +
= ; dat kg g o
o 0.000 + 4 + |
i
= + +
: +
B US| oo
-
06:11:00 [324660) 1 min. ! div.
SV 2

Figure 10-4. Sample residual plot (Trimble Navigation LTD WAVE baseline processing software)

f. Resolving poor baseline data. When baseline statistical data (e.g., reference variance and
ratios, RMS, residua plots, etc.) does not meet the various quality checks outlined above, then a number

10-11



EM 1110-1-1003
1Jul 03

of options are available. These include removing some or al baselinesin asession (if possible), changing
the elevation mask, removing one or more satellites from the solution, or, if necessary, reobserving the
baseline. Eliminating multipath problemsis not as easy. 1t may show up on theresidual plot asa
sinusoidal wave over time. Multipath is best minimized by good site selection, choke ring antennas, and
long session times.

g. Basdline acceptance criteria (Trimble). Trimble Geomatics Office software has three levels of
acceptance to assist in evaluating the quality of a processed baseline. These acceptance levels are "Pass'
(passes dl criteria), "Flag" (one or more quality indicators are marginal but within acceptable tolerances),
and "Fail" (one or more quality indicators do not meet acceptable criteria). The "quality indicators' used
are. RMS, Reference Variance, and Variance Ratio. The quality indicator Pass/Flag/Fail levels may be
modified from the default level s recommended by Trimble.

h. Table 10-3 below summarizes the quality control criteria discussed above that should be used
in assessing the adequacy of a baseline reduction.

Table 10-3. Summary of Baseline Processing Quality Control Criteria

Parameter Allowable Limit

Solution:
L1 Fixed preferred for baselines < 10 km
lono-free fixed baselines 10 km to 75 km
lono-free float acceptable for baselines > 75 km

Reference Variance:

Nominal value 1.0t0 10.0
Maximum NTE (L1 only) 10.0 (reject if > 20.0)
Maximum NTE (L1 & L2 iono free) 5.0 (reject if > 10.0)
RMS:
< 5 km baseline 10 mm
< 20 km baseline 15 mm
20-50 km baseline 30 mm
NTE (with precise ephemeris) 50 mm
Variance Ratio for Integer solution > 1.5 (fixed solution)
< 1.5 (float solution)
> 1.5 but < 3.0 (flag warning/suspect)
Satellite Residual Plot Deviation NTE +15 mm
Repeat baseline agreement per FGCS standards

10-8. Examples of Baseline Reduction Software Output

The following pages contain example outputs from two processed baselines--one being a medium-length
(26 km) ionospheric-free fixed solution and the second being along (107 km) float solution. These
baselines were observed using Ashtech receivers and were processed using Trimble WAVE Version 2.35
software. Explanatory annotations have been added to the first solution, and are similar on the 107 km
solution.
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IONOSPHERIC FREE FIXED DOUBLE DIFFERENCE BASELINE SOLUTION
MEDIUM LENGTH 26 KM BASELINE LENGTH (San Juan, PR--Puerto Nuevo Flood Control Project--
Jacksonville District)
(Trimble Navigation LTD--WAVE 2.35)
Proj ect Nane: [ PUERTO NUEVO FLOOD CONTROL] 02097base
Processed: Thursday, July 11, 2002 12:59
WAVE 2. 35
Sol ution Qutput File (SSF): 00038752. SSF
From Stati on: COVERI O FROM Station
Data file: _1732. R\X RINEX file
Ant enna Hei ght (neters): 2.122 True Vertical | Antenna hgtto
Position Quality: Poi nt Posi ti oni ng L1 phase ctr
WGS 84 Position: 18° 14' 08.746057" N X 2444052. 950 Lat
66° 12' 52.306905" W Y -5545217. 951 Lon
150. 797 z 1983232. 476 ellip hgt
To Station: DRYDOCK
Data file: DRYD1732. RNX TO Station
Ant enna Hei ght (meters): 1.683 True Vertical | RINEX file
Antenna hgt to
WGS 84 Position: 18° 26' 47.880251" N X 2452927. 215 L1 phase ctr
66° 05' 28.532019" W Y - 5533065. 770
-41.244 z 2005326. 605 Lat
Lon
Observed 5 hr 45 min @ 15-sec intervals ellip hgt
Start Tine: 6/22/02 12:05:30.00 GPS (1171 561930. 00)
Stop Ti nme: 6/22/02 17:51:15.00 GPS (1171 582675. 00)
Cccupation Tine Meas. Interval (seconds): 05: 45: 45. 00 15. 00
Sol ut? on Type: S lono free _fi xed doubl e difference Solution Type
Sol ution Acceptability: Passed ratio test Passed Variance Ratio Test
Ephereri s: Broadcast | Broadcast ephemeris used
Met Dat a: St andard

Slope distance and standard error

Basel i ne Sl ope Di stance Std. Dev. (meters): 26731. 603 +0. 000921

For war d Backwar d Forward & back
Nor mal Section Azinuth: 29° 09" 11.458111" 209° 11' 31.087237" azimuths & vertical
Vertical Angle: -0° 31' 55.911654" 0° 17' 27.744089" angles
Basel i ne Conponents (neters): dx 8874.265 dy  12152.181 dz 22094.129| Geocentric
St andard Devi ations (neters): +0. 003151 +0. 006977 +0. 002847 (x-y-z)

dn 23344, 248 de 130217638 du -248. 296 and N-E-Up

Covariance Matrix +0. 000927 +0. 000838 +0. 008072 | coordinates
S X S xv Sxz - - - and standard
S S dh -192. 041 +0. 008073 o

S zx S zv 322

Aposteriori Covariance Matri x:
9. 931756E- 006

Covariance Matrix: variances & correlations in x-y-z coords

-2.104302E- 005 4. 868030E- 005

8. 247290E- 006 -1. 865503E- 005 8. 107185E- 006

Variance Ratio / Cutoff: 17.2 1.5 Variance Ratio >>> than 3.0 ... good
Ref erence Variance: 4.845 Reference Variance <5.0 ... OK
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IONOSPHERIC FREE FIXED DOUBLE DIFFERENCE BASELINE SOLUTION
MEDIUM LENGTH 26 KM BASELINE LENGTH (Continued)

observabl e Count / Rej ect ed

6904/ 10
Processor Controls:

[ General]

Process start tine:

Process stop tinme:

El evati on nmask:

Maxi mum i terations:

Maxi mum fi xabl e cycle slip:
Epheneri s:

Resi dual s:

Ant enna phase correction:

[ Qoservabl es]

L1 phase

L2 phase

Squared L2 phase
L2 P code

L1 T A code

L2 code (encrypted)

[Static Network]
Basel i ne generation:
M n basel i ne observation tine

[Quality]

Oohservation editing:
Rati o test:

Ref erence vari ance test:

[ Tropo Correction]

Model :

Estimated zenith del ay interval
Use observed nets:

[lono Correction]
Correction:

Applied to:
Application threshol d:

[ Fi nal
Fi nal

Sol uti on]
sol ution type

[Satellites]
Di sabl ed:

RVE:
0. 024

6/ 22/ 02 00: 02: 00 GPS
6/23/02 00: 01:30 GPS

Edit rmultiplier
Cut of f
Di sabl ed

Anbi guity Pass
lono free

Static, Kinematic
10 kil oneters

L1 Fi xed

lono free phase

RMS =24 mm ... < 30 mm ...OK

(1171 518520)

(1172 90)
15 degrees
10
600 seconds
Br oadcast
Di sabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed
Al l baselines
120 seconds

3.5
1.5
Hopfield
2 hours
Enabl ed
Fi nal Pass
lono free
Static, Kinematic

5 kil oneters
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IONO FREE FLOAT DOUBLE DIFFERENCE BASELINE SOLUTION
LONG 107 KM BASELINE LENGTH (San Juan, PR--Puerto Nuevo Flood Control Project-Jacksonville District)
(Trimble Navigation LTD--WAVE 2.35)

Proj ect Nane: 02097base
Pr ocessed: Thursday, July 11, 2002 12:20
WAVE 2. 35
Solution Qutput File (SSF): 00038632. SSF
From Stati on: PUR 3
Data file: PUR3177L. RNX
Ant enna Hei ght (neters): 0.000 True Vertical
Position Quality: Poi nt Posi ti oni ng
WGS 84 Position: 18° 27' 46.670415" N X 2358177. 597
67° 04' 01.076161" W Y -5573621. 134
90. 397 z 2007082. 890
To Station: PN 007
Data file: 00071771. RNX
Ant enna Hei ght (neters): 2.143 True Vertical
WGS 84 Position: 18° 24' 00.838038" N X 2456974. 099
66° 03" 22.369643" W Y - 5533057. 526
- 30. 064 z 2000457. 530
Start Tine: 6/ 26/ 02 15: 06: 40. 00 GPS (1172 313600. 00)
Stop Ti ne: 6/ 26/ 02 19: 01: 30. 00 GPS (1172 327690. 00)
Cccupation Tine Meas. Interval (seconds): 03: 54: 50. 00 30. 00
Sol ution Type: lono free float double difference
Sol ution Acceptability: Accept abl e
Epheneri s: Br oadcast
Met Dat a: St andard
Basel i ne Sl ope Di stance Std. Dev. (meters): 107004. 909 0. 005491
For war d Backwar d
Nor mal Section Azi nut h: 93° 33" 38.001101" 273° 52' 48.487830"
Vertical Angle: -0° 32' 41.904306" -0° 24' 57.517184"
Basel i ne Conponents (neters): dx 98796. 502 dy 40563. 608 dz -6625. 360
St andard Devi ations (neters): 0. 008147 0.011887 0. 005161
dn -6645. 072 de 106793.528 du -1017. 770
0. 001934 0. 005522 0. 014145
dh -120. 461 0. 014166
Aposteriori Covariance Matri x: 6. 636701E- 005
- 6. 583171E- 005 1.413108E- 004
2.961492E- 005 -5. 613399E- 005 2. 663405E- 005
Ref er ence Vari ance: 5. 359
oservabl e Count / Rej ect ed RVS: lono free phase 2391/0 0. 026
Anmbi guity Summary (cycles): YY) Anbi guity Error
lono free 04 - 39932607. 484 + 0.251
04 -41411233. 741 + 0.284
05 -19296720. 802 + 0.357
06 -31002785. 279 + 0.187
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IONO FREE FLOAT DOUBLE DIFFERENCE BASELINE SOLUTION

LONG 107 KM BASELINE LENGTH (Continued)

Processor Control s:

[ General ]

Process start tine:
Process stop tine:

El evati on mask:

Maxi mum i terations:

Maxi mum fi xabl e cycle slip:
Epheneri s:

Resi dual s:

Ant enna phase correction:
[ Qoservabl es]

L1 phase

L2 phase

Squared L2 phase

L2 P code

L1 C/ A code

L2 code (encrypted)
[Static Network]

Basel i ne generation:

M n basel i ne observation tine
[Quality]

ohservation editing:
Ratio test:

Ref erence vari ance test:
[ Tropo Correction]

Model :

Esti mated zenith delay interval
Use observed nets:

[lono Correction]
Correction:

Applied to:

Ki nemati c

Application threshol d:

[ Final Sol ution]

Fi nal solution type
[Satellites]

Di sabl ed:

09 - 34051430.
10 25.
10 -31703542.
15 -20292127.
17 -28200241.
18 -27143528.
23 - 25788558
24 -9579372.
26 -297437.

580
791
767
579
402
717
784
631
123

6/26/02 11:02: 00 GPS
6/ 26/ 02 20:59:10 GPS

15 degrees
10

600 seconds
Br oadcast

Di sabl ed
Enabl ed

Enabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed
Enabl ed

Al'l baselines
120 seconds

Edit multiplier
Cut of f
Di sabl ed

Hopfiel d

2 hours

Enabl ed

Anmbi guity Pass
lono free

Static, Kinematic

10 kil onmeters

L1 Fi xed

109
105
157
224
178
333
112
139
069

HH O+ H
COOOO0O0000o

(1172 298920)
(1172 334750)

=W
oo

Fi nal Pass
lono free
Static,

5 kil oneters
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10-9. Baseline Reduction Summaries

Thefollowing list isatypical report of baseline reductions performed over a network. For each baseline,
the report lists the solution type, slope distance, reference variance, and ratio (for fixed solutions). Such a
report is of value in assessing the overall quality of baselinesin a network prior to performing rigorous
adjustments. Most of the baselines less than 5 km have fixed solutions. lono free fixed solutions were
obtained in baselines up to and exceeding 100 km, most likely because observation times typically
exceeded 6 hours over these lines and the integers were reliably fixed, albeit with smaller ratios. Lines
not fixed had float solutions.

Sample Baseline Reduction Project Summary Report (Trimble Navigation LTD)
Puerto Nuevo, San Juan Puerto Rico--July 2002 (RLDA Inc.--Jacksonville District)

Station Sol ution Sl ope Rati o Reference Entered Ant Hgt
(From (To) Type Dist (m Variance (From (To)
A 1001 MESAS lono free fixed 20841.965 6.6 3.814 1.674 1. 559
A 1001 SJH 44 L1 fixed 4426. 843 13.3 11.994 2.125 1.714
COMVERI O A 1001 lono free float 28604.039 3. 059 2.122 2.125
COMERI O DRYDOCK lono free fixed 26731.603 17.2 4,845 2.122 1.683
COMERI O MESAS lono free fixed 17436.970 20. 4 3.522 2.122 1.504
COMERI O WP 1 lono free fixed 26466.871 15.9 3.535 2.122 1.651
COMERI O SJH 44 lono free fixed 26791.206 8.0 3.748 2.122 1.714
DRYDOCK A 1001 L1 fixed 2099. 928 3.5 23.933 1.683 2.125
DRYDOCK SJH 44 L1 fixed 2986. 722 4.1 19.858 1.683 1.714
MESAS A 1001 lono free fixed 20841.967 1.5 3.761 1.504 2.125
VESAS DRYDOCK lono free fixed 19984.666 16.6 5. 558 1.504 1.683
MESAS SJH 44 lono free fixed 21973.981 9.3 2.783 1.504 1.714
MP 1 A 1001 L1 fixed 2160. 311 4.0 21.693 1. 651 2.125
MP 1 PN 007 lono free fixed 5114. 381 19.0 4.801 1.775 2.143
MP 1 PN 030 L1 fixed 4609. 931 8.5 27.470 1.775 1. 656
MP 1 PUR 3 lono free fixed 104015. 014 2.3 9.541 2.125 0. 000
MP 1 RRS 1 L1 fixed 3154. 302 50.0 23. 107 1.775 0. 000
MP 3 TATI L1 fixed 2605. 904 15.4 37.889 1.717 0. 000
PN 007 A 1001 lono free fixed 6568. 337 4,3 3.786 2.143 1.674
PN 030 MESAS lono free fixed 14465.715 11.5 5.609 1.715 1. 559
PN 030 MP 3 L1 fixed 4721. 907 30.6 44.769 1. 656 1.717
PN 030 PN 007 L1 fixed 2845. 129 21.9 34.393 1. 656 2.143
PN 030 RRS 1 lono free fixed 6624. 379 14.0 3.073 1. 656 0. 000
PUR 3 A 1001 lono free float 104825. 284 2.262 0. 000 1.674
PUR 3 A 1001 lono free float 104825.202 2.859 0. 000 2.125
PUR 3 COMERI O lono free fixed 93542.150 4.3 13. 202 0. 000 2.122
PUR 3 DRYDOCK lono free fixed 103078. 898 2.4 19. 846 0. 000 1.683
PUR 3 MESAS lono free fixed 109219. 386 3.3 15.726 0. 000 1.504
PUR 3 WP 1 lono free fixed 104015. 205 5.4 22.988 0. 000 1.651
PUR 3 MP 3 lono free fixed 105251. 631 4.0 10. 456 0. 000 1.717
PUR 3 PN 007 lono free float 107004. 909 5. 359 0. 000 2.143
PUR 3 PN 030 lono free fixed 104207. 465 22.5 6.769 0. 000 1.715
PUR 3 RRS 1 lono free fixed 106835. 866 7.8 5.010 0. 000 0. 000
PUR 3 SJH 44 lono free fixed 100402. 386 3.8 10. 331 0. 000 1.621
PUR 3 SJH 44 lono free float 100402. 461 2.740 0. 000 1.714
PUR 3 SJH 44 lono free fixed 100402. 341 3.7 8.679 0. 000 1. 666
PUR 3 SJHL11RM lono free float 101479. 646 3. 355 0. 000 2.125
PUR 3 TATI lono free fixed 104537. 036 3.8 8.956 0. 000 0. 000
RRS 1 PN 007 lono free fixed 5639. 477 9.6 4.974 0. 000 2.143
SJH 44 A 1001 L1 fixed 4426. 901 4.8 12.273 1.621 1.674
SJH 44 MESAS lono free fixed 21973.970 8.4 b5.657 1.621 1. 559
SJH 44 MP 1 L1 fixed 4201. 519 2.9 21.210 1.611 2.125
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Sample Baseline Reduction Project Summary Report (Trimble Navigation LTD)--Continued
Puerto Nuevo, San Juan Puerto Rico--July 2002 (RLDA Inc.--Jacksonville District)

Station Sol ution Sl ope Rati o Reference Entered Ant Hgt
(From (To) Type Dist (m Variance (From (To)
SJH 44 WP 1 L1 fixed 4201. 586 38.9 25.690 1. 666 1.775
SJH 44 MP 3 lono free fixed 5319. 058 27.9 5.499 1. 666 1.717
SJH 44 PN 007 lono free fixed 9092. 812 1.7 5.592 1.621 2.143
SJH 44 PN 030 lono free fixed 7680. 376 20.4 6.122 1. 666 1. 656
SJH 44 PUR 3 lono free fixed 100402. 358 8.0 6.727 1.611 0. 000
SJH 44 RRS 1 lono free fixed 6481. 387 61.2 4.617 1. 666 0. 000
SJH 44 SJHL11RM L1 fixed 3556. 239 2.1 11.339 1.621 2.125
SJH 44 TATI lono free fixed 6204. 031 8.0 5.361 1. 666 0. 000
SJHL11RM A 1001 L1 fixed 4682. 576 10.0 7.149 2.125 1.674
SIHL11RM  MESAS lono free float 18419.372 5.138 2.125 1.559
SJHL11RM PN 007 lono free fixed 6188. 465 1.8 4.479 2.125 2.143
SJHL11RM PN 030 L1 fixed 4247.108 1.6 31.691 2.125 1.715
TATI PN 007 L1 fixed 2943. 738 15.0 29.619 0. 000 2.143
TATI RRS 1 L1 fixed 4586. 193 17.5 36.664 0. 000 0. 000

**** End of Report *****

Other useful baseline reduction summaries include satellite tracking summaries depicting signal losses,
cycledlips, or residua plotsfor each satellite observed. These plots may be used to decide whether poor
satellites should be removed from the reduction. In addition, graphical summary plots are much easier to
review than pages of statistical text. A unigue type of graphical baseline quality plot is shown in the
following figure from Waypoint Consulting, Inc. Inthisplot, aquality number (from oneto six) is
computed using seven different baseline reduction statistics. A "good" quality value of "1" would
represent a fixed integer solution, while values of 5-6 indicate worse DGPS accuracies. Each epochis
plotted with a certain color depending on its quality number, which allows for a quick visual inspection.
Waypoint GrafNAV baseline reduction software contains options for 26 different types of graphical plots
for use in assessing baseline quality. Theseinclude plots such as DOPs, L1 phase RMS, C/A-code RMS,
forward/reverse separation, quality number, standard deviation, L1 Doppler RM S, ambiguity drift

(i.e. solution stability), forward/reverse weighting, and satellite elevation and loss of lock plots for each
satellite being tracked. Other commercial baseline reduction software provides options for similar
graphical assessment features.

i# aug5 [Forward] - Ouality Factor Plot |- (O] %] l

Quanty Factor

586000 585000 600000 BO2000 604000 1200 3200 5200

GPS Time foc)
crarel
X 59835 V6228 | FivedInteger |- Stakle flost |~ Converging float -~ DGPS or wearse | Single Point F

Figure 10-5. Typical quality factor plot for a baseline (Waypoint Consulting, Inc. GrafNAV)
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10-10. Baseline Reduction in Mapping Grade GPS Receivers

Small hand-held, mapping grade GPS receivers are easy and efficient to operate, with minimal training.
They are capable of achieving decimeter-level accuracy when paired and post-processed with a nearby
CORS base station receiver. The software for performing the baseline reduction and position
computation is fairly ssmple to operate. The following listing is an example of GPS positions logged by a
hand-held Trimble GeoExplorer on points that potentially impact maintenance dredging limits. The
resultant accuracy of the pointsis about 2 feet (95% RMS), which is more than adequate for defining
dredging limits. The baseline reduction was performed using a nearby CORS reference station in

Miami, FL.

LOCATIONS OF DOCKS AND BULKHEADS ALONG THE MIAMI RIVER
Sample results from post-processed differential carrier observations using nearest CORS station in Miami, FL.
GeoExplorer carrier phase differential data--5-sec update rate. All Float solutions

Point Ref Point Description FL SP Coordinate Obs 95% Precision *
No. X Y Y X X-Y Z

38-1 38 Concrete Bulkhead, in line with 920,742.89 522,331.98 720 0.6ft 0.6f 0.8f 09ft
East edge of Building

38-2 38 Concrete Bulkhead, in line with 920,696.28 522,324.20 120 1.0ft 1.0ft 1.3ft 1.6ft
West edge of Building

94-3 94 Northeast corner of concrete 918,350.11 525,035.11 723 05ft 0.5ft 0.7ft 0.8ft
pier @ La Coloma Marina

94-4 94 Northwest corner of concrete 918,343.00 525,039.66 101 1.2ft 1.2ft 1.6ft 2.7ft

pier @ La Coloma Marina
110-5 110 Point on corrugated steel bulkhead 917,156.88 525,821.07 676 0.9ft 09ft 1.1ft 1.6ft

116-6 116  Northeast corner of wooden pier 916,946.64 525,963.01 724 O0.5ft 0.5ft 06f 0.7ft
@ Langer-Krell Marine Electronics
46-7 46 Northeast corner of wooden pier 919,868.69 522,728.61 794 05ft 0.5ft 0.7ft 1.4ft

46-8 46 Point on concrete bulkhead 919,736.36 522,881.29 200 1.8ft 1.8ft 2.3ft 6.8ft*

177-9 177  Southwest corner of finger pier 910,470.96 528,929.65 724 0.6ft 0.6ft 0.8ft 0.8ft
@ Hurricane Cove Marina

177-10 177 Southwest corner of finger pier 910,574.96 528,899.27 181 0.9ft 09ft 1.2ft 2.7ft
@ Hurricane Cove Marina

177-11 177 Southwest corner of finger pier 910,692.35 528,851.62 168 1.2ft 1.2ft 1.5ft 3.8ft

@ Hurricane Cove Marina

*

computed by Trimble Pathfinder Office software
** apparent multipath problem at this point
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10-11. Field/Office Loop Closure Checks

Post-processing criteria are aimed at an evaluation of asingle baseline. In order to verify the adequacy of
agroup of connected baselines, one must perform aloop closure computation on the formulated
baselines. When GPS baseline traverses or loops are formed, their linear (interna) closure should be
determined in thefield. If job requirements are less than Third-Order (1:10,000 or 1:5,000), and the
internal loop/traverse closures are very small, aformal (external) adjustment may not be warranted.

a. Loop closure software packages. Theinternal closure determines the consistency of the GPS
measurements. Internal closures are applicable for loop traverses and GPS networks. It isrequired that
one baseline in the loop be independent. An independent baseline is observed during a different session
or different day. Today, most post-processing software packages come with aloop closure program, such
asthe examplein Figure 10-6. These loop closure routines allow for a graphical selection of baselinesin
anetwork from which aloop closure is automatically computed in real-time. Refer to the individual
manufacturer post-processing user manuals for a discussion on the particulars of the loop closure program
included with the user hardware.
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Fie FProcess Opbors Dwout Tools “window  Help
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ool Bl s 2 a e W|E]
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DATE(m/dfy): 8&FZ17B88 TIME: 14:58:38
DRATUM: WHSHY
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Figure 10-6. Loop closure diagram (Waypoint GrafNet)

b. General loop closure procedure. If the user post-processing software package does not
contain aloop closure program, the user can perform aloop closure as shown below.
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(2) List the Dx-Dy-Dz differences and length of the baseline being used in atable of the form
shown in Table 10-4.

Table 10-4. Loop Closure Procedure

Julian
Baseline Day Session Dx Dy Dz DDistance
Baseline #1 Day # Dx #1 Dy #1 Dz #1 Distance #1
Baseline #2 Day # Dx #2 Dy #2 Dz #2 Distance #2
Baseline #3 Day # Dx #3 Dy #3 Dz #3 Distance #3

(2) Sum up the Dx -Dy- Dz differences and distance components for all baselines used in the loop
closure. For instance, for the baselines in Table 10-4, the summation would be SDx, SDy, SDz, and
SDistances or (Dx#1 + Dx#2 + Dx#3), (Dy#1 + Dy#2 + Dy#3), (Dz#1 + Dz#2 + Dz#3), and (DDistance#1 +
DDistance##2 + DDistance#3), respectively.

(3) Once summation of the Dx, Dy, Dz, and DDistance components has been completed, the
square of each of the summations should be added together and the square root of this sum then taken.
This resultant value is the misclosure vector for the loop. This relationship can be expressed in the
following manner:

m = [(SDx®) + (SDy?) + (SDz®) ] ** (Eq 10-7)

where

m = misclosure for the loop

SDx = sum of all Dx vectors for baselines used
SDy = sum of all Dy vectors for baselines used
SDz = sum of all Dz vectors for baselines used

(4) The loop misclosure ratio may be calculated as follows:
Loop misclosureratio = m/L (Eq 10-8)

where
L = total loop distance (perimeter distance)

(5) The resultant value can be expressed in the following form:
1: Loop Misclosure Ratio

with all units for the expressions being in terms of the units used in the baseline formulations (e.g., m, ft,
mm, etc.).
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Figure 10-7. Internal loop closure scheme

c. Sampleloop closure computation. Figure 10-7 shows two loops that consist of four stations.
Stations 01 and 04 were known control stations. During Session A on day 065, three GPS receivers
observed the baselines between Stations 01, 02, and 03 for approximately 1 hour. The receivers were
then turned off and the receiver at Station 01 was moved to Station 04. Thetripod heights at Stations 02
and 03 were adjusted. The baselines between Stations 02, 03, and 04 were then observed during Session
B, day 065. This provided an independent baseline for both loops.

(1) The closure for loop 01-02-03 is computed with the vectors 01-02 and 01-03, day 065, session
A, and the vector 02-03, day 065, session B. The vector 02-03 from session B provides an independent
baseline. Theloop closureis determined by arbitrarily assigning coordinate values of zero to station 01
(X=0, Y=0, Z=0). The vector from 01-02 is added to the coordinates of Station 01. The vector from
02-03, session B, is added to the derived coordinates of Station 02. The vector from 03-01 is then added
to the station coordinates of 02. Since the starting coordinates of Station 01 were arbitrarily chosen as
zero, the misclosure is then the computed coordinates of Station 01 (dx, dy, dz). The vector data are
listed in Table 10-5.

Table 10-5. Vector Data for Stations 01, 02, and 03

Julian
Baseline Day Session Dx Dy Dz DDistance
01-02 065 A -4077.865 -2877.121 -6919.829 8531.759
02-03 065 B 7855.762 -3129.673 688.280 8484.196
03-01 065 A -3777.910 6006.820 6231.547 9443.869
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(2) To determine the relative loop closure, the square root of the sum of the squares of the loop
misclosures (mx, my, mz) is divided into the perimeter length of the loop:

Loop misclosureratio = [1/L] [(Dx?) + (Dy?) + (Dz?%) ] * (Eq 10-9)
Where the perimeter distance (L) = Distance 01-02 + Distance 02-03 + Distance 03-01, or:
L =8531.759 + 8484.196 + 9443.869 = 26,459.82
And where distance 03-01 was computed from:
(-3777.912 2 + 6006.8202 2 + 6231.5472 2 ) Y2 = 9443.869
(Other distances are similarly computed)
Summing the misclosures in each coordinate:

Dx = -4077.865 + 7855.762 - 3777.910 = - 0.0135
Dy =-2877.121 - 3129.673 + 6006.820 = + 0.0264
Dz = -6919.829 + 688.280 + 6231.547 = - 0.0021

then the loop misclosureis
(Dx2+Dy 2+ Dz?)¥?=0.029
Loop Misclosure Ratio = 0.029/26,459.82 or (approximately) 1 part in 912,000 (1:912,000)

(3) Thisexample is quite simplified; however, it illustrates the necessary mechanicsin
determining internal loop closures. Thevalues Dx , Dy, and Dz are present in the baseline output files.
The perimeter distance is computed by adding the distances between each point in the loop.

d. External closures. External closures are computed in asimilar manner to internal loops.
External closures provide information on how well the GPS measurements conform to the local
coordinate system. Before the closure of each traverse is computed, the latitude, longitude, and ellipsoid
height must be converted to geocentric coordinates (X,Y,Z). If the éllipsoid height is not known, geoid
modeling software can be used with the orthometric height to get an approximate ellipsoid height. The
external closure will aid the surveyor in determining the quality of the known control and how well the
GPS measurements conform to the local network. If the control stations are not of equal precision, the
external closures will usually reflect the lower-order station. If the internal closure meetsthe
reguirements of the job, but the external closure is poor, the surveyor should suspect that the known
control is deficient and an additional known control point should be tied into the system.

10-12. On-Line Positioning User Service (OPUS)

OPUS is afree on-line baseline reduction and position adjustment service provided by the National
Geodetic Survey. OPUS provides an X-Y -Z baseline reduction and position adjustment relative to three
nearby national CORS reference stations. OPUS isideal for establishing accurate horizontal control
relative to the NGRS. It can also be used as a quality control check on previously established control
points. OPUS input is performed "on-line" by entering at least two hours of static, dual-frequency GPS
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RINEX data--see Figure 10-8. The resultant adjustment is returned in minutes viae-mail. Either the
ultra-rapid or precise ephemerisis used for the solution.

oPus
1|
Enter vour email address
2.| Browse... |
Enter vour RINEZ file
3.|HOHE HONE =
Felect the antenna type
4, lD_D eters 5. ! 0 none vi 6. Llpload File |
Enter the antenna height Cafional: State Plane Coordinates
Reminders: email correct? cotrect tinex name?
no kinematic data mitritman of 2 hours of data
dual frequency data data rates of 1, 2, 3. 5, 6, 10, 15 or 30 seconds

Figure 10-8. On-Line Positioning User Service (OPUS) Web input screen

a. On-linedatainput. OPUS is accessed at the following web page address:
www.ngs.noaa.gov/OPUS. The various data on the screen in Figure 10-8 are entered, e.g., e-mail
address, RINEX file path, antenna height, and local SPCS code. The antenna height in metersisthe
vertical (not slope) distance measured between the monument/benchmark and the antenna reference point
(ARP). The ARP isamost aways the center of the bottom-most, permanently attached, surface of the
antenna. If 0.0000 metersis entered for the height, OPUS will return the position of the ARP. Thetype
of antennais selected from the drop down menu.

b. Solution. OPUS computes an average solution from the three baselines. NGS baseline
reduction software is used for the solutions. Output positions are provided in both ITRF and NAD 83.
An overal RMS (95%) confidence for the solution is provided, along with maximum coordinate spreads
between the three CORS stations for both the ITRF and NAD 83 positions. An orthometric elevation on
NAVD 88 is provided using the Geoid 99 model. The orthometric accuracy shown is afunction of the
spread between the three redundant baseline solutions.

c. Sample adjustment. The following example was performed to locate a permanently mounted
GPS antenna that is used for real-time kinematic hydrographic surveys and dredging on the St. Marys
River offshore entrance channel |eading to the Kings Bay FBM Submarine Base. This antenna point was
originally positioned in 1997 relative to local NGRS/HARN control. The NAVD 88 elevation was
established in 1997 using conventional differential levels. Five hours of dual-frequency datawere
recorded in May 2002 and processed in OPUS against three distant CORS points in Charleston, SC, Cape
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Canaveral, FL, and Savannah, GA. The solution was performed using both the Rapid Ephemeris and
Precise Ephemeris.

OPUS Solution: Kings Bay FBM Submarine Base Entrance Channel
Fernandina Pier Bath House RTK GPS Antenna

FILE
2004
2004
2004
1008
1008
1008
1008
1008

: 58421440.020
WARNING! The IGS precise orbit was not available at processing [Rapid orbit will be used]
time. The IGS rapid orbit was/will be used to process the data.

WARNING! Antenna offsets supplied by the user in the RINEX [permanent RTK antenna mounted on
header or via the web were zero. Coordinates returned will mast above Bath House]

be for the antenna reference point (ARP). Please refer to

the following web address for an example.

http://www.ngs.noaa.gov/CORS/OPUS/Preprinfile.html

NGS OPUS SOLUTION REPORT (RAPID EPHEMERIS)

USER: francis.m.woodward\@saj02.usace.a DATE: May 28, 2002

RINEX FILE: 58421440.020
SOFTWARE: page5 0203.19

TIME: 18:10:55 UTC
START: 2002/05/24 13:05:00

EPHEMERIS: igr11675.eph [rapid]

STOP: 2002/05/24 18:05:00 [5 hours of observation]

NAV FILE: brdc1440.02n OBS USED: 8259/ 9034 : 91%
ANT NAME: TRM22020.00+GP #FIXED AMB: 63/ 71 : 89%
ARP HEIGHT: 0.0 OVERALL RMS: 0.021(m) [overall solution RMS 95%]

[Adjusted positions ... note that accuracy estimates are based on maximum spread between 3 solutions]

REF FRAME: NAD83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2002.3936)
[spread] [spread]

X: 818024.398(m) 0.014(m) 818023.781(m) 0.014(m)

Y: -5427733.157(m) 0.055(m) -5427731.620(m) 0.057(m)

Z: 3237328.073(m) 0.033(m) 3237327.879(m) 0.034(m)

LAT: 30 41 59.95964 0.003(m) 30 41 59.98095 0.003(m)

E LON: 278 34 14.36555 0.011(m) 278 34 14.35123 0.012(m)

W LON: 81 25 45.63445 0.011(m) 81 25 45.64877 0.012(m)

EL HGT: -20.012(m) 0.065(m) -21.497(m) 0.067(m)

ORTHO HGT 8.591(m) 0.069(m) [Geoid99 NAVD88]

UTM: Zone 17

NORTHING: 3396432.577(m)

EASTING: 458884.381(m)

SPC: Zone 1001(GA)

NORTHING: 77823.887(m)

EASTING: 270630.929(m)

BASE STATIONS USED

PID DESIGNATION LATITUDE LONGITUDE DISTANCE(m)

AH6078 savli SAVANNAH 1 CORS ARP N320818 W0814146 161511

AH2496 ccv3 CAPE CANAVERAL 3 CORS ARP N282736 W0803242 262608

AF9630 cha2 CHARLESTON 2 CORS ARP N324526 W0795035 273177
NEAREST NGS PUBLISHED CONTROL POINT

BC1755 FERNA RESET N304207 W0812602 487

This position was computed without any knowledge by the National Geodetic

Survey regarding the equipment or field operating procedures used.
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OPUS Solution: Kings Bay FBM Submarine Base Entrance Channel (Continued)

RECOMPUTING WITH PRECISE EPHEMERIS:

SOFTWARE: page5 0203.19

EPHEMERIS: igs

11675.eph [precise]

START: 2002/05/24 13:05:00
STOP: 2002/05/24 18:05:00

NAV FILE: brdc1440.02n OBS USED: 8259/ 9034 : 91%

ANT NAME: TRM22020.00+GP

ARP HEIGHT: 0.0

#FIXED AMB: 63/ 71 : 89%

OVERALL RMS: 0.021(m)

REF FRAME: NAD83(CORS96)(EPOCH:2002.0000) ITRF00 (EPOCH:2002.3936)

X: 818024.399(m) 0.013(m) 818023.781(m) 0.013(m)

Y: -5427733.166(m) 0.060(m) -5427731.630(m) 0.062(m)

Z: 3237328.081(m) 0.039(m) 3237327.888(m) 0.041(m)

LAT: 30 41 59.95972 0.004(m) 3041 59.98104 0.005(m)

E LON: 278 34 14.36552 0.014(m) 278 34 14.35117 0.016(m)

W LON: 81 25 45.63448 0.014(m) 81 25 45.64883 0.016(m)

EL HGT: -20.000(m) 0.070(m) -21.484(m) 0.073(m)

ORTHO HGT:  8.603(m) 0.075(m) [Geoid99 NAVD88]

SUMMARY OF SOLUTION RESULTS

1997 POSITION OPUS Diff OPUS Diff

(RAPID) (PRECISE)

Lat: 30-41-59.9588 30-41-59.95964 2 cm 30-41-59.95972 3 cm

Lon: 81-25-45.6344 81-25-45.63445 0cm 81-25-45.63448 0cm

Ellip Hgt: -20.015m -20.012 m 3 mm -20.000 m 15 mm

The above exampleillustrates the reliability of an OPUS solution in the horizontal plane. The position
difference between the old 1997 position and the 2002 OPUS/CORS solution is at the few centimeter-
level and istherefore insignificant for the purposes of the project control function. Although the ellipsoid
elevation agreed to within afew millimeters, this OPUS solution should not be relied on given the large
estimated variances between the baselines. Thislarge variance illustrates that vertical control cannot be
reliably extended over baselines of thislength. It isalso apparent in this example that the differences
between the rapid ephemeris and precise ephemeris were not significant for this observation series. The
following OPUS solution illustrates a case where two nearby CORS stations were used in the solution.
Horizontal accuracies using the ultra-rapid orbit were at the centimeter level.

10-26



EM 1110-1-1003
1 Jul 03

OPUS Solution using two nearby CORS stations--New Orleans District

Huber, Mark W MVN

From: opus@ngs.noaa.gov

Sent: Thursday, March 28, 2002 2:17 PM
To: Huber, Mark W

Subject: OPUS solution : Ims60871.020

FILE: 1mse0871.020

Z005 WARNIMNG! The IGS precise and IGS rapid orbits were not available
2005 at processing time. The IGS ultra-rapid orkit was/will be used to
2005 process the data.

2005
NGS OPUS SOLUTICN REPORT
USER: mark.w.huber\@mvnOZ.usace, army.mi DATE: March 28, 2002
RINEX FILE: lmsa0O2871.0Zo PTIME: Z@glera]l WG
SOFTWARE: page5 0102.26 START: 2002/03/28 15:10:00
EPHEMERIS: iqull594.eph [ultra-rapid] STOP: 2002/03/28 18:33:00
NAV FILE: brdc0870.02n 0BS USED: 3904 / 3988 o 98%
ANT NAME: TRMZ22020.00+GP # FIXED AME: 31 /7 34 : 91%
ARP HEIGHT: 1.5855 OVERALL RMS: 0.018 (m)
REF FRAME: NADS3 (CORS96) ITRFOO (EPOCH:2002.2375)
e -13017.957 (m) 0.006 (m) -13018.572(m) 0.002 (m)
Y -5531626.227 (m) 0.015 {m) -5531624.732 (m) 0.007 {m)
77 3164465.455 (m) 0.011 {m) 3164465.266(m) 0.007 {m)
LAT: 29 56 18.86623 0.003 (m) 29 56 18.8851z2 0.008 (m)
E LON: 269 51 54,58370 0.006 (m) 269 51 54,56066 0.002 im)
W LON: 90 8 5.41630 0.006 (m) 90 8 5.43934 0.002 (m)
EL HGT: -19.076(m) 0.018 (m) -20.464 (m) 0.008 (m)
ORTHO HGT: 7.041 (m) 0.031(m) [Geold®9 NAVDSS]
UTM: Zone 15
NORTHING: 3315431.810 (m)
EASTING: 776566.549 (m)
SPE: Zone 1702 (LA)
NORTHING: 160062.781 (m)
EASTING: 1115698.887 (m)
BASE STATIONS USED
BAD DESIGNATION LATITUDE LONGITUDE DISTANCE {m)
AF9544 engl ENGLISH TURM 1 CORS ARP N295244 W0895630 19786
AF9574 ndbc STENNIS CORS ARP N302122 W0893636 68543
AF9559 mobl MOBILE POINT 1 CORS ARP N30133% W0880126 205980
NWEAREST WGS PUELISHED CONTROL POINT
AU0E58 50438.40 USE N295618 W0900805 29

This position was computed without any knowledge by the National Geodetic
Survey regarding the equipment or field operating procedures used.
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10-13. Scripps Coordinate Update Tool (SCOUT)

SCOUT is another free differential GPS baseline processing service that operates similarly to OPUS. The
major difference isthat SCOUT uses nearby International GPS Service (IGS) stations, which are more
densely spaced than CORS. A RINEX fileis uploaded for adjustment using an ftp access point--see the
SCOUT input box in Figure 10-9. A minimum observation time of one hour is recommended. SCOUT is
operated by the Scripps Orbit and Permanent Array Center (SOPAC) at the Scripps Institution of
Oceanography, University of California, San Diego, in La Jolla, California. SOPAC's primary scientific
roleisto support high precision geodetic and geophysical measurements using GPS satellites, particularly
for the study of earthquake hazards, tectonic plate motion, plate boundary deformation, and
meteorological processes. SOPAC investigators also conduct research on the implementation, operation
and scientific applications of continuously monitoring GPS arrays and Synthetic Aperture Radar (SAR)
interferometry. SOPAC isamajor participant in projects for the International GPS Service for
Geodynamics (IGS), the Southern California Integrated GPS Network (SCIGN), the University
NAVSTAR Consortium (UNAVCO), NOAA's Forecast Systems Laboratory (FSL), and the Caifornia
Spatial Reference Center (CSRC).

Scripps Coordinate Update Tool (SC0UT)

Pocumentation

Motice: SCOUT supports these GRS modelz only. Do not use RINEX files from other madels weith durmimey
equipment selected.

Your e-mail address:
fe. g jdoe(@hosiname.com)

Helect one of the following two methods to provide your input EINE file:

®  Files may be in obs (o) or hatanaka (d) format, and may be compressed (.2, .9z, bz, bz2)

m PMote: binimum recommendad file time span: 1 hour

1Y URL of anonymous fip RINEX file:
fe. g, fipdimachinename com/pubirinex/sife 7650 380 1)

2) Select a RINEX file from SOPAC's upload divectory:

Uplaad files to: fip:figeopub ucsd edu/publscont
usernarme: scout  password: coordgen

Mone j

Mote: Recenthy-uploaded files may not appear in this pulldown.
Hold down the Shift key and press Reload (or Refresh) on your browser to update the list.

Optional: Provide up to four reference
site codes [four characters each, zaparated by spaces | --7

Clearl kit |

IDefauIt (hearest 3)

Figure 10-9. Scripps Coordinate Update Tool (SCOUT) Web input screen
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10-14. Automated GIPSY Analyses (Jet Propulsion Laboratory)

GIPSY isafree point processing service which performs asingle point solution. Its e-mail/ftsinterfaceis
known as auto-GIPSY or "ag." It does abasic analysis of GPS datain aRINEX file. All the processing
occurs on acomputer at JPL using final orbital data. E-mail is used to inform "ag" about the location of
user data. E-mail isthen sent from "ag" to inform the user about the location of the results. Anonymous
ftp isused by "ag" to retrieve the results. Users need to place their RINEX observation file--preferably
compressed--in an areathat is accessible by anonymous ftp. 1ts name should conform to the RINEX
standard. Point solutions should be returned in afew minutes. JPL claims accuracies of afew mmin
horizontal components and about acm in the vertical for data from a stationary site with a geodetic-
quality receiver. GIPSY does not make corrections for antenna heights.

10-15. Baseline Data Management and Archival
The raw data are defined as data recorded during the observation period. Raw data shall be stored on an
appropriate medium (CD-ROM, portable hard drive, magnetic tape, etc.). The raw data and the hard copy

of the baseline reduction (resultant baseline formulations) shall be stored at the discretion of each USACE
Command. See also data archiving requirements covered in Chapter 11.
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Chapter 11
Adjustment of GPS Surveys

11-1. General

Differential carrier phase GPS survey observations are adjusted no differently than conventional,
terrestrial EDM surveys. Each three-dimensional GPS basdline vector is treated as a separate distance
observation and adjusted as part of atrilateration network. A variety of techniques may be used to adjust
the observed GPS baselines to fit existing control. Since GPS survey networks often contain redundant
observations, they are usualy adjusted by some type of rigorous least-sguares minimization technique.
This chapter describes some of the methods used to perform GPS survey adjustments and provides
guidance in eva uating the adequacy and accuracy of the adjustment resullts.

11-2. Adjustment Considerations

a. Thischapter primarily deals with the adjustment of horizontal control established using GPS
observations. Although vertical elevations are necessarily carried through the baseline reduction and
adjustment process, the relative accuracy of these GPS-derived elevations is normally inadequate for
many engineering and construction purposes. Specia techniques and constraints are necessary to
determine approximate orthometric elevations from relative GPS observations, as were described in
Chapter 8.

b. The basdine reduction process (described in Chapter 10) directly provides the raw baseline
distances and relative position coordinates that are used in a 3-D GPS network adjustment. In addition,
and depending on the vendor's software, each reduced basdline will contain various orientation
parameters, covariance matrices, and cofactor and/or correlation statistics that may be used in weighting
the final network adjustment. Most least-squares adjustments use the accuracy or correlation statistics
from the basdline reductions; however, other weighting methods may be used in aleast-squares or
approximate adjustment.

c. The adjustment technique employed (and time devoted to it) must be commensurate with the
intended accuracy of the survey, as defined by the project's engineering and construction requirements.
Care must be taken to prevent the adjustment process from becoming a project in itself.

d. Thereisno specific requirement that a rigorous least-squares type of adjustment be performed
on USACE surveys, whether conventional, GPS, or mixed observations. Traditional approximate
adjustment methods may be used in lieu of least-squares, and will provide comparable practical accuracy
results.

e. Commercid software packages designed for higher-order geodetic densification surveys often
contain a degree of Statistical sophistication that is unnecessary for engineering survey control
densfication. For example, performing repeated Chi-square statistical testing on observed data intended
for 1:20,000 base mapping photogrammetric control may be academically precise but, from a practical
engineering standpoint, is inappropriate. The distinction between geodetic surveying and engineering
surveying must be fully considered when performing GPS survey adjustments and analyzing the results
thereof.

f. The advent of GPS surveying technology has provided a cost-effective means of tying

previoudy poorly connected USACE projects to the NGRS, and simultaneoudly transforming the project
to the newly defined NAD 83. In performing (adjusting) these connections, care must be taken not to

11-1



EM 1110-1-1003
1 Jul 03

distort or warp long-established project construction/boundary reference points. Connections and
adjustments to existing control networks, such as the NGRS, must not become independent projects. Itis
far more important to establish dense and accurate local project control than to consume resources tying
into high-order NGRS points miles from the project. Engineering, construction, and property/boundary
referencing requires consistent local control with high relative accuracies; accurate connections/references
to distant geodetic datums are of secondary importance. (Exceptions might involve projects in support of
military operations.)

11-3. GPS Error Measurement Statistics

In order to understand the adjustment results of a GPS survey network (or any network containing GPS,
angle, distance, and/or eevation observations), some simple statistical terms should be fully understood.
Many of these terms have varying names in different commercial software adjustment packages, as
indicated below.

Accuracy. Accurecy isthe how well a measurement or agroup of measurements are in
relation to a"true” or "known" value.

Precision. Precision is how close a group or sample of measurements are to each other or
their mean. For example, alow standard deviation indicates high precision. It isimportant to
understand that a survey or group of measurements can have a high precision, but have alow
accuracy (i.e. measurements are close together but not close to the known or true value).

Sandard deviation. Also termed "standard error.” The standard deviation is a range of how
close the measured values are from the arithmetic average. A low standard deviation
indicates that the observations or measurements are close together. Standard deviation is
computed by taking the square root of the variance. A priori observation weights are
inversely proportional to the estimated variance. A large weight implies a small variance or
standard deviation. Deviations can be reported at different confidence levels--e.g., 67%,
95%.

Apriori weighting. Theinitial weighting assigned to an observation. The apriori weight is
based on past experience of resultant accuracies in network adjustments, or from
manufacturer's estimates. For example, past adjustment results from a certain total station
indicate it can measure angles to an accuracy of = 7 arc-seconds (1-s). Theapriori
weighting used in subsequent adjustments would be 1/(7 ), or 0.02. (Weights are inversely
proportional to the variance). Weights from independent observations are usually
uncorrelated. However, they may be correlated, asis the case with GPS baseline vector
components.

Least-sguares adjustment. One of the most widely used methods for adjusting geodetic and
photogrammetric surveys. Least-squares adjustments provide a structured approach as
opposed to approximate adjustment techniques. The principle of least-squaresis smply:

a&[V'PV] ® minimum

where V is the matrix of the residuas (V " is the transpose of V)
P isthe "weight" matrix of the observations
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If there are "n" observations, then there will be "n" residuas (v) and the weight matrix will be
"n x n" sguare, containing variations within, and correlations between, the individual
observations.

Residual. Difference between a computed (i.e. adjusted) and observed quantity ... often
designated as "(c-0)" for "computed minus observed”. The residual for a single observation
is symbolized as"v" or, for agroup of "n" observations, "V" isa [n x 1] column matrix. The
computed value typically is output from a least-squares adjustment. From this adjusted value
the origina observation is subtracted to obtain the residual.

Sandardized or Normalized residual. Allows for a consistent evaluation of different types of
observations (GPS 3-D baseline vectors, angles, EDM distances, elevation differences, etc.)
in order to flag potential outlier observations. For each observation, most commercial
adjustment software lists the resultant residuals in their origina units (meters, degrees, etc.)
and then "normalizes’ these residuals by multiplying the residua 'v" by the square root of the
input weight of the observation (or by the adjusted standard error of the observation).

Normalized or standardized residud = v/s = v - Q(w)
where the "weight” w = 1/(s ?)

Normalized residuals are unitless. Some software (e.g., Trimble Geomatics Office) use
normalized residuals to plot histograms that depict the relative magnitude of the distribution
of the residuals, from which outlier tests (i.e. Student "t" or "Tau") can be performed.

Covariance matrix. Also termed the "variance-covariance matrix." Usually designated by
theterm™ S". The covariance matrix contains variance elements for a three-dimensional
vector or observation, such as a GPS baseline. A GPS baseline covariance matrix contains
the variances and correlations in al three dimensions. It istypically output from the baseline
reduction software and input into a least-squares network adjustment for use in forming a
priori weight factors. Covariance matrices are also generated for al points and linesin afree
or constrained network adjustment. Covariance matrices contain the parameters needed to
portray 1-D estimated errors, 2-D error elipses, or 3-D error dlipsoids, and include the
parameters needed to compute related RM S and confidence level Statistics.

Degrees of Freedom. Typically designated by the symbol "r." Simply, the number of
redundant observations in an adjustment, which, in turn, is a function of the number of
conditions and unknowns in the network.

Variance of Unit Weight. Also termed "reference variance” or "variance factor." Usualy
designated by the symbol " s,* " and is computed from:

s¢ =V'PV/r

wherer = the degrees of freedom
This statistic is important in evaluating the results of an adjustment. It represents the overal
ratio of variance of al the residuas in a network adjustment relative to the a priori variance

estimate. It isused for testing apriori weighting estimates of the observations relative to the
actua variations resulting in the least-squares adjustment. Reference variances around 1.0
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indicate the observations conformed to the nominal estimated accuracy. Large reference
variances typically indicate one or more poor observations in the adjustment.

Sandard error of unit weight. The square root of the "Variance of Unit Weight" is termed
the "reference standard deviation,” "reference factor,” or "standard error of unit weight.”

Chi-sguare test. Statistical hypothesis test on the computed reference variance in a network
of observations relative to the apriori estimate; for a given level of significance (e.g., 95%)
and degrees of freedom. Chi-square is computed directly from the residuas and weightsin
the least-squares adjustment and an assumed a priori reference variance. Many commercial
software packages use the Tau criterion test, which is derived from a standard Student t-
distribution, and is used to test the statistical significance of outliersin the residuals.

Error elipse. Graphica depiction of a point's geometric accuracy and alignment. Relative
accuracy elipses may aso be shown for GPS baseline distances. Error dlipses are normally
plotted at the 95% confidence level, meaning a 95% probability exists that the resultant
adjusted point falls within the dimensions of the elipse. Two and three-dimensional
ellipsoids of constant probability may be output in an adjustment.

Root mean square (RMS). Also termed "mean square error.” In onedimension (eg., X, Y, or
Z) RMS s equivaent to standard deviation. In two dimensions, RMSis aradia measure
approximating the probability of an error elipse. RMSisusudly stated at the 95%
probability level. RMS may include both random and systematic errors.

Free or Minimally Constrained network adjustment. Also termed "internal adjustment.” A

free network adjustment normally holds only one point fixed, which alows assessment of all
the observations. Distinctions between "free" and "minimally constrained” adjustments are

made by some software vendors.

Constrained Adjustment. Also termed "external adjustments." A constrained adjustment
holds two or more points, azimuths, scales, etc. fixed and constrains al the observations to
these fixed values. Constrained points may be held rigid or may be weighted.

For further information on the principles and theory of |east-squares adjustments, and the statistics
resulting from these adjustments, consult Leick 1995 or Mikhail 1976. For more practical discussions on
these statistical concepts, see Trimble 2001c (Trimble Geomatics Office--Network Adjustment Software
User Guide).

11-4. Survey Adjustments and Accuracy

GPS-performed surveys are usualy adjusted and analyzed relative to their interna consistency and
externd fit with existing control. The internal consistency adjustment (i.e. free or minimally constrained
adjustment) is important from a contract compliance standpoint. A contractor's performance should be
evaluated relative to this adjustment. The final, or constrained, adjustment fits the GPS survey to the
existing network. Thisis not always easily accomplished since existing networks often have lower
relative accuracies than the GPS observations being fit. Evaluation of a survey's adequacy should not be
based solely on the results of a constrained adjustment.

a. General. Theaccuracy of asurvey (whether performed using conventional or GPS methods)
is ameasure of the difference between observed values and the true values (coordinates, distances, angles,
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etc.). Sincethe true values are rarely known, only estimates of survey accuracy can be made. These
estimates may be based on the internal observation closures, such as on aloop traverse, or connections
with previously surveyed points assumed to have some degree of reliability. The latter caseistypically a
traverse (GPS or conventional) between two previously established points, either existing USACE project
control or the published NGRS network.

(1) GPS interna accuracies are typicaly far superior to most previously established control
networks. Therefore, determining the accuracy of a GPS survey based on misclosures with external
points is not aways valid unless statistical accuracy estimates (i.e. station variance-covariance matrices,
distance/azimuth relative accuracy estimates, etc.) from the external network's original adjustment are
incorporated into the closure analysis for the new GPS work. Such geodetic refinements are usually
unwarranted for most USACE work.

(2) Most survey specifications and standards (including USACE) classify accuracy as afunction
of the resultant relative accuracy between two adjacent points in a network. This resultant accuracy is
estimated from the statistics in an adjustment, and is defined by the size of a2-D or 3-D relative error
ellipse formed between the two points. Relative distance, azimuth, or elevation accuracy specifications
and classifications are derived from this model, and are expressed either in absolute values (e.g., £ 1.2
cm) or asratios of the propagated standard errors to the overall length (e.g., 1:20,000).

b. Internal accuracy. A loop traverse originating and ending from a single point will have a
misclosure when observations (i.e. EDM traverse angles/distances or GPS baseline vectors) are computed
forward around the loop back to the starting point. The forward-computed misclosure provides an
estimate of the relative or internal accuracy of the observationsin the traverse loop, or more correctly, the
internal precision of the survey. Thisis perhaps the simplest method of evaluating the adequacy of a
survey, and most commercia GPS adjustment software contains loop closure checks. These loop point
misclosures, either expressed as distances or ratios, are not the same as relative distance accuracy
measures.

(2) Internal accuracy estimates made relative to a single fixed point are obtained when so-called
free, unconstrained, or minimally constrained adjustments are performed. In the case of asingle loop, no
redundant observations (or aternate loops) back to the fixed point are available. When a series of GPS
baseline loops (or network) are observed, then the various paths back to the single fixed point provide
multiple position computations, allowing for a statistical analysis of the internal accuracy of not only the
position closure but also the relative accuracies of the individual points in the network (including relative
distance and azimuth accuracy estimates between these points). The magnitude of these internal relative
accuracy estimates (on a free adjustment) determines the adequacy of the control for subsequent design,
construction, and mapping work.

(2) Loop traverses are discouraged for most conventional surveys due to potential systematic
distance (scale) or orientation errors that can be carried through the network undetected. FGDC
classification standards for geodetic surveys do not allow traverses to start and terminate at a single point.
Such procedures are unacceptable for incorporation into the NGRS network; however, due to many
factors (primarily economic), loop traverses or open-ended spur lines are commonly employed in
densifying project control for engineering and construction projects. Since such control is not intended
for inclusion in the NGRS and usually covers limited project ranges, such practices have been acceptable.
Loop traverses will also be acceptable for GPS surveys performed in support of similar engineering and
construction activities.

c. External accuracy. The coordinates (and reference orientation) of the single fixed starting
point will also have some degree of accuracy relative to the network in which it is located, such as the
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NGRS, if it was established relative to that system/datum. This "external” accuracy (or inaccuracy) is
carried forward in the traverse loop or network; however, any such externa variance (if smal) is
generdly not critical to engineering and construction. When a survey is conducted relative to two or
more points on an existing reference network, such as USACE project control or the NGRS, misclosures
with these fixed control points provide an estimate of the "absolute” accuracy of the survey. Thisanalysis
is usualy obtained from afina adjustment, such as afully constrained least-squares minimization
technique or by other recognized traverse adjustment methods (Transit, Compass, Crandall, etc.).

d. NGRSversuslocal project control. Classical geodetic surveying is largely concerned with
absolute accuracy, or the best-fitting of intermediate surveys between points on a national network, such
asthe NGRS. Alternatively, in engineering and construction surveying, and to a mgjor extent in
boundary surveying, relative, or local, accuracies are more critical to the project at hand. Aswas outlined
in Chapter 8, the absolute NAD 27 or NAD 83 coordinates (in latitude and longitude) relative to the
NGRS datum reference are of less importance; however, accurate relative coordinates over a given
project reach (channel, construction site, levee section, etc.) are critical to design and construction. This
absolute accuracy estimate assumes that the fixed (existing) control is superior to the survey being
performed, and that any position misclosures at connecting points are due to internal observationa errors
and not the existing control. This has aways been a long-established and practical assumption, and has
considerable legal basis in property/boundary surveying. New work isrigidly adjusted to existing control
regardiess of known or unknown deficiencies in the fixed network.

(1) For example, in establishing basic mapping and construction layout control for a military
installation, developing a dense and accurate interna (or relative) control network is far more important
than the values of these coordinates relative to the NGRS,

(2) On flood control and river and harbor navigation projects, defining channel points must be
accurately referenced to nearby shore-based control points. These points, in turn, directly reference
boundary/right-of-way points and are also used for dredge/construction control. Absolute coordinates
(NGRS/NAD 83) of these construction and/or boundary reference points are of 1ess importance.

(3) Although reference connections with the NGRS are desirable and recommended, and should
be performed where feasible and practicable, it is critical that such connections (and subsequent
adjustments thereto) do not distort the internal (relative) accuracy of intermediate points from which
design, construction, and/or project boundaries are referenced.

(4) Connections and adjustments to distant networks (i.e. NGRS) can result in mixed datums
within a project area, especially if not al existing project control has been tied in. Thisin turn can lead to
errors and contract disputes during both design and construction. On existing projects with long-
established reference control, connections and adjustments to outside reference datums/networks should
be performed with caution. The impacts on legal property and project alignment definitions must also be
considered prior to such connections.

(5) On newly authorized projects, or on projects where existing project control has been largely
destroyed, reconnection with the NGRS is highly recommended. This will ensure future work will be
supported by areliable and consistent basic network, while minimizing errors associated with mixed
datums.

(6) Since the relative positional accuracies of points on the NGRS are known from the NAD 83

readjustment, and GPS baseline vector accuracy estimates are obtained from the individual reductions,
variations in misclosures in GPS surveys are not always due totally to errorsin the GPS work. Forcing a
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GPS traverse/network to rigidly fit the existing (fixed) network usually results in a degradation of the
internal accuracy of the GPS survey, as compared with a free (unconstrained) adjustment.

11-5. Free or Minimally Constrained Adjustments

This adjustment is made to determine how well the baseline observations fit or internally close within
themselves. This adjustment provides a measure of the internal precision of the survey. If anetwork of
GPS and terrestrial observations is minimally constrained, internal observation errors can be assessed
independent of external control points. The minimally constrained adjustment is performed to find and
remove poor quality observations (outliers). It also may be used to readjust the a priori weights for each
observation (or types of observations) should the adjustment results indicate that the estimated weights
were inaccurate. The flexibility to perform these adjustments depends on the software used. Other
terrestrial EDM distances or angles may also be included in the adjustment.

a. Inasmplified example, a conventional EDM traverse that is |ooped back to the starting point
will misclose in both azimuth and position, as shown in Figure 11-1. Classica "approximate” adjustment
techniques (e.g., Transit, Compass, Bowditch, Crandall, etc.) will typically assess the azimuth
misclosure, proportionately adjust the azimuth misclosure (usualy evenly per station), recompute the
traverse with the adjusted azimuths, and obtain a position misclosure. This position misclosure (in X and
Y) is then distributed among al the points on the traverse using various weighting methods (distance,
latitudes, departures, etc.). Fina adjusted azimuths and distances are then computed from grid inverses
between the adjusted points. The adequacy/accuracy of such atraverse is evaluated based on the azimuth
misclosure and position misclosure after azimuth adjustment (usually expressed as aratio to the overal
length of the traverse).

Azimuth reference

Conventional EDM Loop
Traverse

T

Position misclosurein dXand dY
after azimuth adjustment

GPS Loop Traverse
/ :

3DGPS position misclosure -- dX-dY-dZ

angle and EDM distance

GPS baseline vector

/

Figure 11-1. Conventional EDM and GPS traverse loops
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b. A least-sguares adjustment of the same conventiona loop traverse will end up adjusting the
points similarly to the approximate methods traditionally employed. The only difference isthat aleast-
squares adjustment simultaneously adjusts both observed angles (or directions) and distance
measurements. A least-squares adjustment also allows variable weighting to be set for individual
angle/distance observations, which is a somewhat more complex process when approximate adjustments
are performed. In addition, a least-squares adjustment will yield more definitive statistical results of the
internal accuracies of each observation and/or point, rather than just the fina closure. Thisincludes
estimates of the accuracies of individual station X-Y coordinates, relative azimuth accuracies, and relative
distance accuracies.

c. A series of GPS basdlines forming aloop off a single point can be adjusted and assessed
similarly to a conventional EDM traverse loop described above (Figure 11-1). The basdline vector
components may be computed (accumulated) around the loop with a resultant three-dimensional
misclosure back at the starting point. These misclosures (in X, Y, and Z) may be adjusted using either
approximate or |least-squares methods. The method by which the misclosure is distributed among the
intermediate points in the traverse is a function of the adjustment weighting technique.

(2) In the case of asimple EDM traverse adjustment, the observed distances (or position
corrections) are weighted as a function of the segment length and the overal traverse length (Compass
Rule), or to the overal sum of the latitudes/departures (Transit Rule). Two-dimensional EDM distance
observations are not dependent on their direction; that is, adistance's X- and Y -components are
uncorrelated.

(2) GPS baseline vector components (in X, Y, and Z) are correlated due to the geometry of the
satellite solution; that is, the direction of the baseline vector is significant. Since the satellite geometry is
continuoudly changing, remeasured baselines will have different correlations between the vector
components. Such data are passed down from the baseline reduction software for use in the adjustment.

d. The magnitude of the misclosure (i.e. loop closure) of the GPS basdline vectors at the initia
point provides an estimate of the internal precision or geometric consistency of the loop (survey). When
this misclosure is divided by the overall length of the basdlines, an internal relative accuracy estimate
results. For example, if the position misclosure of a GPS loop is 0.08 m and the length of the loop is
8,000 m, then the loop closure is 0.08/8,000 or 1 part in 100,000 (1:100,000). This misclosure ratio
should not be less than the relative distance accuracy classification intended for the survey.

e. When an adjustment is performed, the individua corrections/adjustments made to each
baseline--the residual errors--provide an accuracy assessment for each baseline segment. A least-squares
adjustment can additionally provide relative distance accuracy estimates for each line, based on standard
error propagations between adjusted points. This relative distance accuracy estimate is most critical to
USACE engineering and construction work, and represents the primary basis for assessing the
acceptability of asurvey.

11-6. Fully Constrained Adjustments

Theinternal "free" geometric adjustment provides adjusted positions relative to a single, often arbitrary,
fixed point. Most surveys (conventional or GPS) are connected between existing stations on some
predefined reference network or datum. These fixed stations may be existing project control points (on
NAD 27--SPCS 27) or stations on the NGRS (NAD 83). In OCONUS locales, other loca or regiona
reference systems may be used. A constrained adjustment is the process used to best fit the survey
observations to the established reference system.
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a. A smple conventional EDM traverse (Figure 11-2) between two fixed stations best illustrates
the process by which comparable GPS baseline vectors are adjusted. The misclosure in azimuth and
position between the two fixed end points may be adjusted by any type of approximate or |least-squares
adjustment method. Unlike aloop traverse, however, the azimuth and position misclosures are not
wholly dependent on the internal errors in the traverse--the fixed points and their azimuth references are
not absolute, but contain relative inaccuracies with respect to one another.

b. A GPS survey between the same two fixed points aso contains a 3-D position misclosure.
Due to positional uncertainties in the two fixed network points, this misclosure may (and usually does) far
exceed the internal accuracy of the raw GPS observations. Aswith a conventiona EDM traverse, the 3-D
misclosures may be approximately adjusted by proportionately distributing them over the intermediate
points. A least-squares adjustment will aso accomplish the same thing.

c. If the GPS survey islooped back to the initia point, the free adjustment misclosure at the
initial point may be compared with the apparent position misclosure with the other fixed point. In Figure
11-2, the free adjustment loop misclosure is 0.2 ft or 1:100,000, whereas the 2-ft misclosure relative to the
two network control pointsis only 1:5,000. Thus, the internal relative accuracy of the GPS survey ison
the order of 1 part in 100,000 (based on the misclosure); if the GPS basdline observations are constrained
to fit the existing control, the 2-ft external misclosure must be distributed amongst the individual
baselines to force a fit between the two end points.

Initial Position misclosure before azimuth adjustment

azimuth
reference l

“~
azimuth
/ Conventional EDM Traverse misclosure
between two fixed points Position misclosureafter

azimuth adjustment

I GPS Baselines Between Two Fixed Points I
3D position misclosure--2 ft

T

I GPS Baseline Looped Back to Fixed Point I 3D position misclosure--2 ft

in 10,000 ...

a or 1: 1,5000 (external)
— A
|

3D Internal loop closure -- 0.2 ft in 20,000 ft or 1: 100,000 (Internal)

Figure 11-2. Constrained adjustments between two fixed points

(1) After a constrained adjustment, the absolute position misclosure of 2 ft causes the relative
distance accuracies between individual points to degrade. They will be somewhat better than 1:5,000 but
far less than 1:100,000. The statistical results from a constrained |east-squares adjustment will provide
estimates of the relative accuracies between individua points on the traverse.
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(2) This example also illustrates the advantages of measuring the baseline between fixed network
points when performing GPS surveys, especially when weak control is suspected (as in this example).

(3) Alsoillustrated is the need for making additiond ties to the existing network. In this example,
one of the two fixed network points may have been poorly controlled when it was originally established,
or the two points may have been established from independent networks (i.e. were never connected). A
third or even fourth fixed point would be beneficia in resolving such a case.

d. If theintent of the survey shown in Figure 11-2 was to establish 1:20,000 relative accuracy
control, connecting between these two points obviously will not provide that accuracy given the amount
of adjustment that must be applied to force afit. For example, if one of the individua basdine vectors
was measured at 600 m and the constrained adjustment applied a 0.09 m correction in this sector, the
relative accuracy of this segment would be roughly 1:6,666. This distortion would not be acceptable for
subsequent design/construction work performed in this area.

e. Most GPS survey networks are more complex than the simple traverse example in Figure 11-2.
They may consist of multiple loops and may connect with any number of control points on the existing
network. In addition, conventional EDM, angles, and differential leveling measurements may be included
with the GPS baselines, resulting in a complex network with many adjustment conditions.

11-7. Partially Constrained Adjustments

In the previous example of the smple GPS traverse, holding the two network points rigidly fixed caused
an adverse degradation in the GPS survey, based on the differences between the free (loop) adjustment
and the fully constrained adjustment. An alternative is to perform a semi-constrained (or partially
constrained) adjustment of the net. In apartially constrained adjustment, the two network points are not
rigidly fixed but only partialy fixed in position. The degree to which the existing network points are
constrained may be based on their estimated relative accuracies or, if available, their original adjustment
positional accuracies (covariance matrices). Partialy constrained adjustments are not practicable using
approximate adjustment techniques; only least-squares will suffice.

a. For example, if the relative distance accuracy between the two fixed network pointsin Figure
11-2 is approximately 1:10,000, this can be equated to a positional uncertainty between them. Depending
on the type and capabilities of the least-squares adjustment software, the higher accuracy GPS basdline
observations can be "best fit" between the two end points such that the end points of the GPS network are
not rigidly constrained to the two original control points but will end up faling near them.

b. Some (but not all) commercia adjustment software will alow relative weighting of the fixed
points to provide a partialy constrained adjustment. Any number of fixed points can be connected to, and
these points may be given partial constraints in the adjustment. Fixed control points are partialy
constrained by setting the standard error to varying amounts. A large standard error (i.e. low relative
weight) would be set for uncertain accuracy points. A small standard error would be set for high accuracy
points, such as a published NGRS point or First-Order level line benchmark. To effectively fix arigid
point in a network, its standard error can be set extremely low--e.g., £ 0.01 mm.

c. Performing partially constrained adjustments (as opposed to a fully constrained adjustment)
takes advantage of the inherent higher accuracy GPS data relative to the existing network control, which
is traditionally weak on many USACE project areas. Less warping of the GPS data (due to poor existing
networks) will then occur.
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d. A partia congtraint aso lessens the need for performing numerous tria -and-error constrained
adjustments in attempts to locate the poor externa control points that are causing high residuals. Fewer
ties to the existing network need be made if the purpose of such tieswasto find a best fit on afully
constrained adjustment.

e. When connections are made to the NAD 83 or NAVD 88, relative accuracy estimates of
NGRS stations can be obtained from the NGS. Depending on the type of adjustment software used, these
partial constraints may be in the form of variance-covariance matrices, error ellipses, or circular accuracy
estimates.

11-8. Rigorous Least-Squares Adjustments of GPS Surveys

Adjustment of survey networks containing GPS baselines and/or conventional observationsistypicaly a
trial-and-error process for both the free (minimally constrained) and fully constrained adjustments. A
generalized flow for performing the adjustment is shown in Figure 11-3. Once the baselines have been
reduced and meet acceptable criteria, then the "free” or "minimally constrained" adjustment is performed,
holding one point fixed. Individua network observations may be reweighted during this phase. The next
step isto include all the fixed-point constraints in a network and perform the "fully constrained"
adjustment. These "fixed" points may be partialy or fully constrained, depending on their estimated
accuracy. Adjustments are performed on the project's horizontal and vertical datums. This requires
transforms from the satellite-based WGS 84 earth-centered, earth-fixed, geocentric coordinates.
Typicaly, transforms are performed from WGS 84 to NAD 83 or NAD 27 horizontal systems, and to a
local vertica network that may be based on NGVD 29, NAVD 88, or some other local vertical datum.
Geoid models may a so be added to the adjustment. Performing these accurate datum transformsis
critical. Fina adjusted coordinates are output, along with relative accuracies.

v%;g?ﬁ'.% | Control Tie Analysis (Free Adjustments) |
scheme

| Perform “free adjustment” of network !

Remove | Analyze error ellipses (orientation and size) |
}1i(;’|1|ey5[ | Observe SEUW (around 1.0 ?) E ;
normalized =5
residual | Observe normalized residuals (any flagged ?) | N

NotoK? | Other statistical tests? i

For 3-D: | Perform “constrained adjustment” of network i
(é)) T/EE | Look at relative line accuracies % g

| Classify survey work to lowest relative line accuracy

Figure 11-3. Sequential flow of a GPS network adjustment
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The following is a summary of a network adjustment sequence recommended by NGS for surveys that are
connected to the NGRS:

A minimally constrained 3-D adjustment is done initialy as atool to validate the data, check for
blunders and systematic errors, and to look at the internal consistency of the network.

A 3-D horizontal constrained adjustment is performed holding all previously published horizontal
control points fixed and one height congtraint. If the fit is poor, then a readjustment is considered.
All previous observations determining the readjusted stations are considered in the adjustment.

A fully constrained vertical adjustment is done to determine the orthometric heights. All previously
published benchmark elevations are held fixed aong with one horizontal position in a 3-D
adjustment. Geoid heights are predicted using the latest model.

A fina free adjustment to obtain final accuracy estimates using the rescaled variance factor from the
fully constrained adjustment.

The last step is usually not applicable to Corps projects since few points are established for incorporation
in the national network. The above sequence used by NGS differs somewhat with adjustment techniques
recommended by other commercial software vendors. For example, some recommend that the
constrained adjustment be performed by sequentially adding fixed control points. Other variations also
exist. For most engineering and construction work, many of the sophisticated adjustment procedures and
techniques are not relevant to the project accuracy requirements.
11-9. Network Adjustment Software Used in Corps
A number of commercia and government least-squares adjustment software packages are available that
will adjust GPS networks using standard desktop or Iaptop computers. Those commonly used by USACE
Commands include the following:

"ADJUST," an adjustment program distributed by the National Geodetic Survey.

"Ashtech Solutions,” distributed by Thales Navigation LTD.

"GeoLab," distributed by Microsearch, Inc.

"GPSurvey," distributed by Trimble Navigation LTD.

"GrafNav/GrafNet," distributed by Waypoint Consulting Inc.

"SK1 Pro," distributed by Leica Geosystems, Inc.

"STAR*NET, STAR*NET PRO, and STAR*LEV," distributed by Starplus Software, Inc.

"Trimble Geomatics Office (TGO)," distributed by Trimble Navigation LTD.
The above software packages have varying applications in USACE. Some are more applicable to
traditional static or kinematic GPS surveys and others alow incorporation of terrestrial observations and

GPS observations. Some are designed to support airborne GPS (ABGPS) control where velocity and
inertial measurement units (IMU) are included. USACE commands sel ecting network adjustment
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software need to evaluate many factors, including cost, which varies if mixed terrestrial and GPS
adjustments are opted and basdline reduction isincluded. Asaresult, costs can vary widely--from $1,000
to over $15,000. Complexity of the software is also a consideration. Some software is designed to
support high-order geodetic network adjustments and may be overly complex for engineering and
construction surveys. In generd, al these packages perform a standard |east-squares adjustment;
however, adjustment agorithms, weighting strategies, and statistical terminology can vary among
vendors. Asaresult, identical input data may yield dightly different results when run through different
adjustment software. In genera, using baseline reduction and adjustment software devel oped by the same
GPS receiver/data collector manufacturer is the best approach if a District has identical receivers;
however, there are exceptions. To help in evaluating adjustment software, sample adjustment output from
some vendors are given throughout this chapter and in various appendices attached to this manua. Many
of these examples contain annotations explaining input and output parameters specific to the software.
Trade publications (e.g., "Point of Beginning--POB") periodicaly publish comparisons between different
adjustment software systems. These comparisons can aso be of value in evaluating which adjustment
software bests meets an application.

11-10. Network Adjustment Criteria

When aleast-squares adjustment is performed on a network of GPS observations, most adjustment
software will provide the adjusted 2-D or 3-D coordinate data, positiona accuracy estimates of adjusted
points, covariance matrix (error elipse) datafor the adjusted coordinates, and related baseline covariance
data between adjusted points (i.e. relative line distance and azimuth accuracy estimates). Analyzing these
various statistics is not always smple. These statistics are also easily misinterpreted given the varied
weighting and confidence interval options. Arbitrary rejection and readjustment in order to obtain a best
fit (or best statistics) must be avoided. The origina data reject criteria must be established and justified in
afinal report document. Recommended criteria that should be followed are summarized in Table 11-1
and more fully explained in subsequent sections of this chapter.

Table 11-1. Free and Constrained Least-Squares Network Adjustment Criteria

Criterion
Evaluation statistic on free/unconstrained adjustment relative distance accuracies
Error ellipse size 95%

Reject Criteria:

Statistic normalized residual

Standard + 3 times standard error of unit weight
Optimum/Nominal Weighting: + 2cm + 2 ppm
Optimum Variance of Unit Weight (Free Adjustment) between 0.5 and 1.5
Allowable Variance of Unit Weight (Free Adjustment) between 2.0 and 10

Allowable Variance of Unit Weight (Constrained Adjustment) no specific criteria
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11-11. Baseline Weights--Covariance Matrix

Baseline reduction vector component error statistics are usually carried down into the least-squares
adjustment and used for relative weighting of the observations. Relative GPS baseline standard errors can
be obtained from the baseline reduction output and in some software can be directly input into the
adjustment. These standard errors, aong with their correlations, are given for each vector component (in
geocentric DX, DY, and DZ). They are converted to relative weights in the adjustment. A typical baseline
vector and covariance matrix input (from GrafNet) is shown below:

SESSION NAME VECTOR(m) ------ Covariance (m) [unscaled] ------
DX/DY/DZ standard deviations in (parens)
2t07 (1) 22054.8259 2.9600e-005 (0.0054)

-11419.0806 5.0662e-005 1.1843e-004 (0.0109)
-4620.2154 -3.8191e-005 -8.5945e-005 7.7102e-005 (0.0088)

The above basdline contains the 3-D geocentric coordinate vectors, along with the covariance matrix
variance (standard deviation) and correlation values. These values are then used as input and weighting
in the subsequent adjustment. The default a priori standard errors in an adjustment package have been
found to be reasonable in standard USACE work where extremely long baselines are not involved. Use
of these optimum values is recommended for the first adjustment iteration. If the network also contains
terrestrial observations (differentia leveling, total station, etc.) then each of these observations must be
properly weighted. Most software provides recommended guidance for weighting conventiona leveling,
angle, and distance observations. For many lower-order engineering surveys, least-squares adjustments
can be performed without al the covariance and correlation statistics from the GPS baseline reduction.
The following is alisting of default Standard errors (i.e. weights) for GPS and terrestrial observations
used by Star* Net 6.0, a comprehensive adjustment program that handles mixed observations. These
standard errors can be easily modified to reflect local conditions or experience. Star* Net recommends
scaling GPS vectors by 8.0, to reflect over-optimistic weighting from baseline reduction software. For
this sample project, the geoid height (-31.2000 m) was assumed constant over the entire area.
Alternatively, a geoid model could have been inpuit.
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Project Option Settings (from STAR*NET 6.0 Denonstration Program

STAR*NET Run Mbde

Type of Adj ust nent

Project Units

Coordi nate System

Ceoi d Hei ght

Longi tude Sign Convention

I nput/ Qut put Coordi nate Order
Angl e Data Station Order

Di st ance/ Vertical Data Type

Adjust with Error Propagation

3D
Met ers; DMS
Mer cat or NAD83; AZ Central 0202

-31.2000 (Default,
Positive West

Nor t h- East

At - From To

Sl ope/ Zenith

Met er s)

Convergence Limt; Max lterations : 0.001000; 10

Default Coefficient of Refraction . 0.070000

Create Coordinate File . Yes

Create Ceodetic Position File . Yes

Create Ground Scale Coordinate File : No

Create Dunp File : No -

GPS Vector Standard Error Factors 8. 0000 GPS Vector scaling and
GPS Vector Centering (Meters) 0. 00200 | estimated centering error
GPS Vector Transformations Sol ve for Scare and Rotatrons

I nstrunent Standard Error Settings
Terrestrial Observation Weighting

Def ault | nstrunent

Pr oj ect

Di st ances (Constant) . 007500 Meters
Di stances (PPM . 000000

Angl es . 500000 Seconds
Di rections . 000000 Seconds
Azi mut hs & Bearings . 000000 Seconds
Zeni t hs . 000000 Seconds

. 010000 Meters
000000

. 002403 Meters / Km

. 002000 Meters

. 002000 Meters

. 000000 Meters

El evation Differences (Constant)
El evation Di fferences (PPM
Differential Levels

Centering Error Instrument
Centering Error Target

Centering Error Vertical

OoocoQCowkrkroOoNO

a. Variance factor. The adequacy of theinitial network a priori weighting described aboveis
indicated by the variance of unit weight, which equals the square of the standard error of unit weight. The
variance of unit weight should range between 0.5 and 1.5 (or the standard error of unit weight should
range between 0.7 and 1.2), with an optimum value of 1.0 signifying realistic weighting of the GPS input
observations. A large unit variance (say 5.0) indicates the initial GPS standard errors were too optimistic
(low) or, more likely, some poor observations are present. A low unit variance (say 0.1) indicates the
results from the adjustment were better than the assumed GPS basdline precisions used. This unit
variance test is, however, generaly vaid only when a statistically significant number of observations are
involved. Thisisafunction of the number of "degrees of freedom" shown on the adjustment. To
evaluate the adequacy of the unit weight, a test such as Chi-square is performed. Failure of such atest
indicates the variance factor statistic may not be statistically valid, including any rejections made using
this value.

b. Changing weight factors In performing a free adjustment, the input (a priori) standard errors
can easily be "juggled” in order to obtain a variance of unit weight near 1.0. This trid-and-error method
is generally not agood practice--especialy if observational blunders are present. If the input weights are
changed, they should not be modified beyond reasonable levels (e.g., do not input a GPS standard error of
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+ 50 cm + 50 ppm in order to get a good unit variance). If input standard errors are modified, these
modifications should be the same for all lines, not just selected ones. Any such modifications of a priori
standard errors must be justified and explained in the adjustment report.

c. Rescaling the variance of unit weight. Some software allows rescaling of the entire network
with theinitial variance of unit weight, with a new resultant 1.0 variance factor. Changing the magnitude
of the input standard errors/weights will not change the adjusted position or residua resultsin a free
adjustment provided all weight changes are made equally--i.e. the entire project isrescaled. Although the
reference variance will change, the resultant precisions (relative line accuracies) will not change. (Thisis
not true in a constrained adjustment.) Therefore, the internal accuracy of a survey can be assessed based
on the free adjustment line accuracies regardless of the initial weighting or variance of unit weight.

11-12. Adjustment Output Statistics

L east-squares adjustment software will output various statistics from the free adjustment to assist in
detecting blunders and residua outliersin the free adjustment. Most commercia packages will display
the normalized residua for each observation (GPS, EDM, angle, elevation, etc.), which is useful in
detecting and rgjecting residua outliers. The variance of unit weight (or its square root--the Standard
Error of Unit Weight) isimportant in evaluating the overall adequacy of the observed network. The
initial variance of unit weight on the first free adjustment is often input to rescale the weighting for a
second free adjustment, providing more representative error statistics with a unity variance of unit weight.
Other statistics, such as Tau, Chi-square, histograms, etc., are useful in assessing (or statistically testing)
outlier data for potential reject. These statistical tests may or may not be significant for lower-order
USACE engineering projects, and become totally insignificant if oneis not well versed in statistics and
adjustment theory. Use of these statistics to reject data (or in reporting results of an adjustment) without a
full understanding of their derivation and source within the network adjustment is ill-advised.

11-13. Minimally Constrained Adjustment Considerations

The "free" adjustment is probably the most important phase of reducing and evauating survey data--
especialy when redundant observations are involved. When a series of observation loops are formed
relative to afixed point or off another loop, different redundant conditions are formed. These different
loops alow forward baseline vector position computations to be made over different paths. From the
different routes (loops) formed, different positional closures at asingle fixed point result. These
variances in position misclosures from the different routes provide additional data for ng the
internal consistency of the network, in addition to checking for blundersin the individual baselines. The
number of different paths, or conditions, is partialy related to the number of degrees of freedom in the
network. Since a"free" adjustment only holds one arbitrary point fixed (in position and orientation), the
resultant adjustment will provide a clean analysis of the internal consistency of the observations in the
network. Performing a free adjustment on a complex network containing many redundanciesis best
performed using least-squares methods. An example of such a network is shown in Figure 11-4.
Approximate adjustment methods are difficult to evaluate when complex interweaving networks are
involved.

a. Redundant baseline observations. Duplicate baseline observations aso provide additional
redundancy or strength to aline or network since they are observed at two distinct times of varying
satellite geometry and conditions. The amount of redundancy required is a function of the accuracy
requirements of a particular survey. Redundant baseline results are especialy critical in assessing the
accuracy of vertical densification surveys.
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b. Fixed constraint. In practice, any station on the network can be held fixed for the free
adjusment. The selected point is held fixed in al three coordinates, along with the orientation of the
three axes and a network scale parameter. Usually one of the higher-order points on the existing network
iS used.

11-14. Relative Baseline Accuracy Estimates

The accuracy of an observed GPS basdine in a network is influenced by the accuracy of the GPS
observation (i.e. baseline covariance matrix) and the accuracy of al other GPS baselines and other
conventional survey observations throughout the network. Most commercia software indicates the
resultant accuracy of the baseline vectors. This output statistic is called "relative distance accuracies,”
"output vector residuas,” and other terms depending on the software. These relative distance accuracy
estimates between points in a network are determined by error propagation of the relative positional
standard errors at each end of the line, as shown in Figure 11-4. Relative accuracy estimates may be
derived for resultant distances or azimuths between the points. The relative distance accuracy estimates
are those typically employed to assess the free and constrained accuracy classifications, typicaly
expressed as aratio, such as 1:80,000, a standard error statistic, or graphicaly in error ellipse dimensions.
Since each point in the network will have its particular position variances, the relative distance accuracy
propagated between any two points will also vary throughout the network. Relative positional and
distance accuracy estimates resulting from afree (minimally constrained) adjustment of a GPS network
are usually excellent in comparison to conventional surveying methods. Loop misclosure and relative
distance accuracies between points will commonly exceed 1:100,000.

Arbitrary station held
fixed in X-Y-Z &
rotation

N

Spur
point

95% error ellipse for each
baseline ... yields

e relative distance accuracy
« relative azimuth accuracy

Positional error ellipse for
typical point (variance-
covariance matriix)

Figure 11-4. Free adjustment of a complex GPS network

a. Residual corrections. Most commercia adjustment software will output the residual
corrections to each observed baseline (or actualy baseline vector components). These residuas indicate
the amount by which each segment was corrected in the adjustment. A least-squares adjustment
minimizes the sum of the squares of these baseline residual corrections. When terrestrial survey
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observations are included in the network, residua corrections may be in distance or angular units. The
following output from GrafNet is typical of most software. For each observed GPS basdline session it
lists the residua corrections (RE, RN, RH), a parts per million (PPM) ratio, the baseline distance in km
(DIST), and the 1-sigma standard deviation (STD).

Rk bk O b R R R ko b Sk S kR S Rk S O kb

QUTPUT VECTOR RESI DUALS (North, East, Height - Local Level)

khkkhkkhkkkhkhkkhhkhkhhkhhhhhkhkhhkhhhkdhkhdhkhkhhkhhhkdhhdhhhhkdrhkdrhdhhddhrdrhrdhkhrxx*x

SESSI ON' NAME -- RE -- -- RN -- -- RH -- - PPM - DI ST - STD -
(m (m (m (km (m
2to7 (1) -0.0018 - 0. 0030 -0.0134 0. 547 25.3 0.0150
3to7 (1) 0. 0000 0. 0027 -0. 0040 0. 539 8.9 0.0052
6 to 7 (1) 0. 0000 0. 0022 0. 0032 103. 562 0.0 0.0047
8 to 3 (1) 0. 0000 - 0. 0040 - 0. 0060 0. 467 15.4 0.0064
8 to 2 (1) -0. 0024 0. 0040 -0.0176 0.572 31.8 0.0172
8 to 6 (1) -0. 0004 0. 0012 0. 0048 0.727 6.8 0.0061
RVS 0. 0012 0. 0030 0. 0098

b. Free adjustment assessment criteria. The primary criteria for assessing the adequacy of a
particular GPS survey shall be based on the relative distance accuracy results from a minimally
constrained free adjustment, not the fully constrained adjustment. Thisis due to the difficulty in
ng the adequacy of the surrounding network. Should the propagated relative accuracies fall below
the specified level, then reobservation would be warranted.

(2) The minimum relative distance accuracy vaue (i.e. the largest ratio) will govern the relative
accuracy of the overal project. This minimum vaue (from afree adjustment) is then compared with the
intended relative accuracy classification of the project to evaluate compliance. However, relative distance
accuracy estimates should not be rigidly evaluated over short lines (i.e. less than 500 m).

(2) Depending on the size and complexity of the project, large variances in the propagated
relative distance accuracies can result.

c. Constrained adjustment. When a congtrained adjustment is subsequently performed, the
adequacy of the external fixed stations will have a major impact on the resultant propagated distance
accuracies, especially when connections are made to weak control systems. Properly weighted partially
constrained adjustments will usually improve the propagated distance accuracies. If the relative distance
accuracies significantly degrade on a constrained adjustment (due to the inadequacy of the surrounding
network), additional connections to the network may be required to resolve the conflicts. A large
variance of unit weight usually results in such cases.

11-15. Normalized or Standardized Residuals

The magnitude of the residua corrections shown in the sample adjustments may be assessed by looking
for blunders or outliers; however, this assessment should be performed in conjunction with the related
"normalized residual" or "standardized residua" statistic--i.e.v/s = v ' Q(w). Most commercial
software packages provide this statistic for each observation. This statistic is obtained by multiplying the
residua by the square root of the input weight (the inverse of the square of the standard error). If the
observations are properly weighted, the "normalized residuals’ should be around 1.0. Most adjustment
software will flag normalized residuals that exceed selected statistical outlier tests. Such flagged
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normalized residuals are candidates for rgjection. A rule-of-thumb reject criterion should be set at three
times the standard error of unit weight, again provided that the variance of unit weight is within the
acceptable range given in Table 11-1 above. All rglected GPS observations must be justified in the
adjustment report, which should clearly describe the test used to remove the observation from the file.
The following excerpt from a GeoL ab output shows the standardized residual (STD REYS) in the last
column. Thisvalue is computed from data in the next to last column--dividing the RESIDUAL by the
STD DEV (standard error)--v/s.

gpstrav.iob
M crosearch GeolLab, V2001.9.20.0 WGS 84 UNITS: m DMs Page 0006

Resi dual s (critical value = 1.728):
NOTE: Cbservation val ues shown are reduced to nark-to-mark.
OBSERVATI ON RESI DUAL STD RES

TYPE AT FROM TO STD DEV STD DEV PPM
DXCT Control 1 Point 1 -4996. 35800 0.013 1.938

0.012 0. 006 1.69

11-16. Outlier Tests and Reject Criteria

One of the main purposes of the free adjustment is to check for poor observational data. Thisis
accomplished by reviewing the statistics from the adjustment output software. The statistics can be
presented in tabular format or graphically, depending on the software. A variety of Statistical tests have
been developed to evauate survey data. Most involve some type of outlier test. Most adjustment
software will output standardized or normalized residuals for each observation, as defined above. This
equalizes all angular and distance observations so relative assessments can be made. Standardized
resduals are typicaly plotted on histograms that provide a graphical assessment of outlying
observations--for example, those beyond a "x-sigma" standardized residua distance. The criteriafor
determining "Xx-sigma’ may be obtained from the Tau Criteria, a statistic derived from a standard Student
t-distribution statistic. Thus, for alarge data set, "x" will typically be around "3" meaning normalized
residuals greater than 3-sigma from the mean are outliers and candidates for rgject. Chi-square is another
statistical test used to assess the vaidity of the adjusted/computed variance of unit weight (reference
variance), and is especially useful for small data sets, i.e. those with few degrees of freedom. The
Marginaly Detectable Error (MDE) is a gtatistic used by NGS in their ADJUST program. The MDE isa
measure of how large an error has to be before the standardized residual reaches 3-sigma. The genera
flow sequence for using these criteriaisillustrated in Figure 11-5 below. Thisfigure details the
sequential "free" adjustments that may be necessary to isolate observationa blunders, using the
Chi-square, Tau, and variance statistics. Use of all these statistics requires afull understanding of their
underlying concepts--these concepts are well covered in vendor's user manuals and/or "help” files that
accompany the software. See aso the references in Appendix A.
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| First adjustment |

¥
B Determine froubles hooting sction |.L.'.
LA | ¢\_I
| Chi-Square Test fails | | Dbservation with zero degrees of freedom

Hﬁ

| Scale the estimaled emors |
Bilunders may
slill exist in one
o mar e
ohsarvali
| Cutir(s) | s | o Cutiier(s) | il L
1
" 4
Change W eighting Srategy to Eval:aie fiekd
Aliernative Scalar ata, "
Determing why
; obsEEOng, | | ctservation(s)
I and loop
! doaures o find r&duirda:”m
| Adjust and review results persalble ¥
blunders

. I—J Yes

Mew chaervations may be
necessary, then adjust agein

within Tau
critenia?

Fully
\ cf:;;m Yes Consirained
Adjustment
Mo
k
Exchude chservabon. Onee you arecertain the ohservation iz a rue outlier,
Sed scalar type fo Defaull Adjusl the observation can be Disabled,

Figure 11-5. Use of outlier test statistics in performing a network adjustment (Trimble Navigation LTD)
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The following isatypical statistical summary taken from a GeolL ab adjustment. Geol.ab usesa"Tau-
max" criteriafor assessing outlier observations. GeolLab aso has options for other statistical outlier tests
(e.g., Student t). In this sample, four residuals exceeded the Tau-max 1.7284 limit that was computed for
this data set. The Chi-sguare test on the variance of unit weight allowed for awide "Pass’ range of 0.446
t0 20.198. Thisisdueto the relatively small number of observations and degrees of freedom (r = 3).

| STATI STI CS SUMMARY |

Resi dual Critical Value Type Tau Max
Residual Critical Value 1.7284
Nurber of Fl agged Residual s 4
Convergence Criterion 0. 0010

Confidence Level Used 95. 0000
Esti mat ed Vari ance Factor 1. 4529
Nurmber of Degrees of Freedom 3

|
I
I
I
Final lteration Counter Val ue [ 2
I
I
I
|

Chi - Square Test on the Variance Factor:
4.6625e-01 < 1.0000 < 2.0198e+01 2

THE TEST PASSES

NOTE: Al confidence regions were conputed using the follow ng factors:

Variance factor used = 1. 4529
1- D expansion factor = 1. 9600
2-D expansion factor = 2. 4477

Note that, for relative confidence regions, precisions are
conputed fromthe ratio of the major sem -axis and the spati al
di stance between the two stations.

11-17. Positional Accuracy Statistics and Error Ellipses

2-D eror dlipses (or 3-D error elipsoids) generated from the adjustment variance-covariance matrices
for each adjusted point are aso useful in depicting the relative positional accuracy--see Figure 11-6. The
scale of the elipse may be varied as afunction of the 2-D deviation. In the Corps a 95 % probability
ellipseis selected for output since fina accuracies are always reported at the 95% confidence level--refer
to accuracy reporting standards specified in FGDC 1998a and FGDC 1998b. The size of the error dlipse
will give an indication of positiona reliability, and the critical relative distance/azimuth accuracy estimate
between two adjacent pointsis adirect function of the size of these positional elipses.
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Control 2

GPS Traverse

Hetwork Scale: 1:250000
Error Ellipzse 3cale: 1;5

Cuntgul 1
+*

Figure 11-6. Relative accuracy ellipses for points (blue) and baselines (red). Control 1 and Control 2 are
fixed points. (Microsearch GeolLab 2001 Adjustment Software)

A typicd list of positional accuracies resulting from aleast-squares adjustment is shown below. The
standard errors are shown for the local coordinate system (E-N-UP) and the 1-sigma covariance matrix is
relative to the geocentric (X-Y-Z) coordinate system. From these data the error ellipses shown above are
formed.

R O O I S O S O O O

QUTPUT VARI ANCE/ COVARI ANCE

Rk bk O kR R Rk o b Sk o kR kS ko R Rk kR R

2
STA I D SE/SNSUP  --------- CX matrix (m)-----------
(95.00 %9 (not scaled by confidence |evel)
(m (ECEF, XYZ cartesian)

2 0. 0093 2.7948e-005
0.0099 3.2261e-005 8. 7560e-005
0.0296 -2.4249e-005 -5.7075e-005 6.1238e-005
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The following adjustment outputs are excerpts taken from Star* Net 6.0. It illustrates error ellipse and line
accuracy output data typical of mixed terrestrial and GPS vector observations. Terrestrial observations

included EDM, horizontal angles, and vert

ical angles (zenith distances).

Adj ust ed Measured Ceodetic Angle Cbservations (DWVS)

At From To
0013 0012 0051
0051 0013 0052 1

Adj ust ed Measured Di stance Observat

From To
0013 0051
0051 0052

Adj usted Zenith Cbservati ons (DWS)

From To
0013 0051
0051 0052

Adj usted GPS Vector Cbservations So

From Component

To

(V1 Dayl1l25(1) 14:14 00120013. SSF)

0012 Delta-N

0013 Delta-E
Delta-U
Length

Adj ust ed Azi mut hs (DMS) and Hori zon

Horizontal Angle Observations

Angl e Resi dual StdErr StdRes
67-58-22.13 -0-00-01. 37 0.52 2.6
60- 18- 02. 35 0- 00- 00. 65 0.61 1.1

ions (Meters)

EDM Distance Observations

Di st ance Resi dual StdErr St dRes
4013. 9490 -0. 0010 0.0158 0.1
2208. 2595 -0.0105 0.0122 0.9

Vertical Angle Observations

Zenith Resi dual StdErr StdRes
90- 04-41. 00 -0-00-03.00 3.00 1.0
90- 14-28. 41 - 0-00-04. 59 3.00 1.5

rted by Names (Meters) GPS Vector Observations

Adj Val ue Resi dual StdErr StdRes
-10107. 7168 0.0011 0.0035 0.3
1770. 6887 0.0019 0.0032 0.6
-27.1137 -0. 0018 0. 0049 0.4
10261. 6769

tal Distances (Meters)

Relative accuracies and error

ellipse data--for azimuths

(Rel ative Confiden

From To Gid Azinmuth
0012 0013 170- 36- 18. 76
0012 0016 119-21-46.52

Station Coordinate Error Ellipses (

Confi de
Station Sem - Mpj or

AXi s
0012 0. 000000
0013 0. 006490
Rel ative Error Ellipses (Meters)

Confi de
Stations Seni - Maj or
From To AXi s
0012 0013 0. 006490
0012 0016 0. 004786

ce of Azinmuth is in Seconds)

between points on network

Gid Dist 95% Rel Conf i dence
G nd D st Azi Di st PPM
10261. 4179 0.12 0. 0065 0.6324
10261. 6712
7490. 5576 0.13 0. 0046 0.6123
7490. 7714
Met er s) Error ellipse data for adjusted

nce Region = 95% points on network

Sem - M nor Azi mut h of El ev
Axi s Maj or AXi s
0. 000000 0-00 0. 000000
0. 006144 170- 13 0. 000000
) Relative line error ellipse data for
nce Region = 95% adjusted points on network
Sem - M nor Azi mut h of Verti cal
Axi s Maj or Axis
0. 006144 170-13 0. 000000
0. 004569 13-12 0. 006523
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11-18. Sample GPSurvey Network Adjustment--San Juan PR Flood Control Project

The following Trimble GPSurvey adjustment example is taken from GPS control surveys performed on a
flood control project near San Juan, PR. This Jacksonville District survey was conducted to extend both
horizontal and vertical control from NGRS points to the flood control project area.

Sample of Trimble GPSurvey Observation Adjustment Summary

OBSERVATION ADJUSTMENT SUMMARY (Observed and Adjusted Parameters)

NETWORK = 02097base

TIME = Wed Jul 24 17:53:49 2002
OBSERVATI ON ADJUSTMENT (Tau = 3.61)
GPS Paraneter Goup 1 GPS Observations

Network calibration parameters

Azimuth rotation = -0.1347 seconds 1.00s = 0. 0155 seconds
Deflection in latitude = +2.4780 seconds 1.00s = 1.5593 seconds
Defl ection in longitude = +4.3040 seconds 1.00s = 0.9980 seconds
Net wor k scal e = 1.000001515015 1.00s = 0. 000000064660
OBS# BLK#/ TYPE BACKSI GHT/ ubvc/ OBSERVEDY 1. 00s/ TAU
REF# | NSTRUMENT/ UDPGE ADJUSTED/ 1. 00s/ TauT
FORESI GHT SBNT RES| DUAL 1.00s au Test
1 -**- hgoid SFEL Kk -45.2101m 0. 0001m 0.49
1 A 1001 -**- -45.2101m 0.0001m
- kx 1 -0.000001m 0.0000m
2 -**. hgoid SEEL Kk -41.3690m 0.0001m OPEN
2 COVERIO -**- -41.3690m 0.0001m
S kx 1 +0. 000000m 0. 0000m
17 2 gpsaz SkRL Kk 90°12' 28. 3727" 0. 0356" 0.13
1 PUR 3 -**- 90°12' 28. 3885" 0. 0132"
A 1001 1 +0. 015842" 0. 0330"
18 2 gpsht SREL kKL -131.9826m 0. 1479m 0.16
1 PUR 3 -**- -131.9021m 0. 0349m
A 1001 1 +0. 080439m 0. 1437m
19 2 gpsds SRR kR 104825. 8866m 0. 0594m 0.33
1 PUR 3 -**- 104825.9576m 0. 0070m
A 1001 1 +0. 070964m 0. 0590m
GPS Azimuth-Height-Distance residuals for each baseline
(OBSERVATIONS 20 THRU 223 NOT SHOWN)
224 71 gpsaz SEEL wRL 92°41' 28. 2839" 0. 0308" 0.37
1 PUR 3 -**- 92°41' 28. 2472" 0. 0133"
TATI 1 -0.036688" 0. 0277"
225 71 gpsht SEEL ok -124.3835m 0.1211m 0.04
1 PUR 3 -**- -124.3994m 0. 0405m
TATI 1 -0.015882m 0.1141m
226 71 gpsds SEEL kL 104537. 6590m 0. 0155m 0.41
1 PUR 3 -**- 104537.6797m 0. 0066m
TATI 1 +0. 020775m 0. 0141m
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Sample of Trimble GPSurvey Observation Adjustment Summary (Continued)

ADJUSTMENT SUMMARY
NETWORK = 02097base TIME = Wed Jul 24 17:53:48 2002
Degrees
Net wor k Ref erence Factor = 1.00 of
Chi - Square Test (a = 95% = PASS = d
Degrees of Freedom = 163. 00 re"e "om
r
GPS OBSERVATI ONS
Reference Factor = 1.00 r = 163. 00
GPS Sol ution 1 Reference Factor = 1.00 r = 0.00
GPS Sol ution 2 Reference Factor = 0.75 r = 2.77
GPS Sol ut! on 3 Reference Factor = 2.13 r = 1.82
GPS Sol ution 4 Reference Factor = 1.95 r = 2.68 Reference Factors for
_ Baseline Solutions
GPS Sol ution 67 Reference Factor = 0.64 r = 2.46
GPS Sol ution 68 Reference Factor = 0.51 r = 2.61
GPS Sol ution 69 Reference Factor = 1.91 r = 2.59
GPS Sol ution 70 Reference Factor = 1.00 r = 0.00
GPS Sol ution 71 Reference Factor = 1.16 r = 2.51
GEOID MODEL
Ref erence Factor = 1.57 r = 0.00
. . Reference F rs for
Geoi d Heights: Reference Factor = 1.57 r = 0.00 elere C,e actors fo
Delta Geoid Heights: Reference Factor = 1.00 r = 0.00 Geoid Model
VEI GHTI NG STRATEQG ES:
GPS OBSERVATI ONS: Scal ar Wi ghting Strategy: Weight Assignments for
Alternative Scalar Set Applied Gobally = 12.88 GPS and equipment
No sunmation wei ghting strategy was used centering

Station Error Strategy: H 1. error = 0.0051 Tribrach error = 0.0051

GEQ D MODEL: Scal ar Wei ghting Strategy:
Alternative Scalar Set Applied obally = 0.00

No summation wei ghting strategy was used
Resul ts of adjusted CGeoid nodel: Noi se in vertical GPS observations: 0.01911537

Vari ance of geoid nodel: 0.00000001
Further use of correl ated Geoid Mddel not recommended
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Sample of Trimble GPSurvey Observation Adjustment Summary (Continued)

NETWORK ADJUSTMENT CONSTRAINTS

NETWORK = 02097base
TI ME = Wed Jul

Dat um = NAD- 83

24 17:53:48 2002

Coor di nate System = Geogr aphi c

Zone = d obal

Net wor k Adj ust ment Constraints:

3 fixed coordinates

3 fixed coordinates

3 fixed coordinates

PO NT NANVE aLD
1 A 1001

LAT=

LON=

ELL HT=

ORTHO HT=

GEQ D HT=

18° 27’
66° 04'

2 COVERI O
LAT=

LON=

ELL HT=
ORTHO HT=
GEA D HT=

18° 14
66° 12

3 DRYDOCK
LAT=

LON=

ELL HT=
ORTHO HT=
GEQ D HT=

18° 26'
66° 05'

4 MESAS
LAT=
LON=
ELL HT=
ORTHO HT=
GEAQ D HT=

18° 16’
66° 03’

13 TATI
LAT=
LON=
ELL HT=
ORTHO HT=
GEAQ D HT=

18° 24’
66° 04'

3 Constrained Points

_ in X-Y-Z
B 1-sigmaerrorsin X, Y,
inh and height
COORDS ADJUST NEW COCRDS 1.00s
24.980321" +0.000000" 18° 27' 24.980321"  0.005905m
28.426893" +0.000000" 66° 04' 28.426893"  0.005750m
-42.4781m  +0.0000m -42.4781m  0.000120m
2.7320m  +0. 0000m 2. 7320m FI XED
-45.2101m  +0. 0000m -45.2101lm  0.000120m
08. 759650" +0.000000" 18° 14' 08.759650" FI XED
52.299500" +0.000000" 66° 12' 52.299500" FI XED
149.1713m  +0. 0000m 149.1713m  0.214935m
190. 5403m  +0. 0000m 190.5403m 0. 214935m
-41.3690m  +0.0000m -41.3690m  0.000120m
47.892303" +0.000000" 18° 26' 47.892303"  0.006453m
28.523900" +0.000000" 66° 05' 28.523900"  0.006270m
-42.8225m  +0.0000m -42.8224m  0.039711m
2.1642m  +0. 0000m 2.1643m  0.039712m
-44.9867m  +0.0000m -44.9867m  0.000120m
11. 084080" +0.000000" 18° 16' 11.084080" FI XED
12. 743070" +0. 000000" 66° 03' 12.743070" FI XED
326.5441m  +0.0001m 326.5442m  0.154736m
368.7046m  +0.0001m 368.7047m  0.154736m
-42.1605m  +0.0000m -42.1605m  0.000120m
57.790078" +0.000000" 18° 24' 57.790078"  0.006387m
42.999849" +0.000000" 66° 04' 42.999849"  0.006301m
-34.9294m  +0. 0000m -34.9294m  0.040113m
9.4295m  +0. 0000m 9.4296m  0.040113m
-44.3590m  +0.0000m -44.3590m  0.000120m
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Sample of Trimble GPSurvey Observation Adjustment Summary (Continued)

SUMMARY OF BASELINE COVARIANCES

NETWORK = 02097base
TIME = Wed Jul 24 17:53:49 2002

Definition of precision (E x Sy = C + Py:
Hori zontal :
Precision (P) expressed as: ratio
Propagated linear error (E): U S
(standard error of adjusted horizontal
Scal ar (S) on propagated linear error:
Constant error term (C): 0.0000
3-Di nensi onal :
Preci sion (P) expressed as: ratio
Propagated linear error (E): US.
(standard error of adjusted slope distance)

di st ance)
1. 0000

Scal ar (S) on propagated linear error: 1.0000

Constant error term (C): 0.0000

Using orthometric height errors

FROM AZI MUTH/ 1.00s DI STANCE/
TO DELTA H 1.00s DELTA h

A 1001 211°10' 02" 0. 04" 28603. 164m
COVERI O +191. 6495m 0.2149m +187.8083m
A 1001 237°06' 49" 0. 64" 2099. 955m
DRYDOCK -0.3443m 0.0397m -0.5677m
A 1001 173°52' 33" 0. 06" 20838. 212m
MESAS +369. 0223m 0.1547m  +365.9727m
A 1001 203°05' 54" 0. 51" 2160. 316m
MP 1 +6. 2453m 0. 0254m +5.8614m
RRS 1 212°00' 38" 0. 33" 4586. 198m
TATI -8.7112m 0. 0592m -9.4431m
SJH 44 163°44' 08" 0. 37" 3556. 270m
SIHL 11 RM 1 +1. 4034m 0.0363m +0. 7455m
SJH 44 139°55' 03" 0.18" 6204. 046m
TATI +8.9809m 0. 0401m +8. 0800m
SIHL 11 RM 1 113°58' 02" 0. 49" 3281. 605m
TATI +7.5775m 0. 0387m +7.3344m

11-27

Azimuth-Distance-Height
each observed

errors for

baseline

Absolute and ratio

1.00s HOR PREC/
1.00s 3-D PREC
0.0059m 1: 4837618
0.2149m 1: 4837618
0.0068m 1: 309088
0.0397m 1: 309088
0.0059m 1: 3536897
0.1547m 1: 3536897
0. 0056m 1: 382773
0.0254m 1: 382773
0.0075m 1: 615545
0.0592m 1: 615545
0.0063m 1: 566242
0.0363m 1: 566242
0.0051m 1: 1210786
0.0401m 1: 1210786
0.0074m 1: 444627
0.0387m 1: 444627
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Sample of Trimble GPSurvey Observation Adjustment Summary (Continued)

FINAL ADJUSTED COORDINATES AND HEIGHTS

Proj ection G oup: Geographic

Zone Nane: Puerto Rico Ortho Hgt = Ellip Hgt + Geoid Undulation (N)

Li near Units: et er

Angul ar Units: degr ees

Dat um Nane: NAD- 83

Station Latitude Longi t ude Ortho. Hgt (m Ellip. Hgt

Nort hing (Y) Easting (X) Ortho. Hgt(ft)

A 1001 18°27' 24.98033" N 066°04' 28. 42689" W 2.73200 -42.48337
882738. 00637 780498. 87896 8. 96324

COMVERI O 18°14' 08. 75965" N  066°12' 52.29950" W 190.56082 149. 19186
802345. 96891 732089. 99908 625. 22327

DRYDOCK 18°26' 47.89232" N  066°05' 28.52390" W 2.16132 -42.82538
878985. 77825 774720. 68565 7.08975

MESAS 18°16' 11. 08408" N  066°03' 12. 74307" W 368. 70346 326. 54298
814776. 08472 787925. 49457 1209. 66679

MP 1 18°26' 20. 34912" N  066°04' 57.30844" W 8.59188 - 36. 23434
876213. 11755 777731.11182 28. 18954

MP 3 18°26' 18.28984" N  066°04' 15.21238" W 6. 58580 - 38. 22604
876013. 28555 781784. 27695 21. 60691

PN 007 18°24' 00. 86849" N  066°03' 22. 35068" W 13.16149 - 30. 89685
862161. 61528 786902. 04404 43. 18265

PN 030 18°23'50.41792" N 066°04' 58. 66515" W 11.87409 -32.12466
861089. 02683 777629. 43315 38.96153

PUR 3 18°27' 46.70249" N  067°04' 01. 05083" W 133.53638 87. 35157
885187. 27032 436591. 08273 438. 16948

RRS 1 18°27' 04.27895" N  066°03' 20.16586" W 18.86853 -26. 22228
880663. 02269 787074. 26883 61. 90391

SJH 44 18°27' 32.19208" N 066°06'59.11446" W 1. 34960 -43. 90927
883438. 71281 765991. 82221 4. 42781

SJHL11RM  18°25'41.15411" N 066°06' 25.17479" W 2.09702 -42. 50505
872243. 79347 769278. 91615 6. 88033

TATI 18°24' 57.79009" N 066°04' 42.99983" W 9. 42896 -34.92999
867887. 87460 779124, 78992 30. 93844

***x*%x End of Report *****
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11-19. Sample Network Adjustment--Virginia Key, FL Disposal Area Site

The following adjustment is an example of a small network adjustment using Waypoint Consulting's
GrafNet software. The project islocated at Virginia Key, Dade County, Florida. The GPS survey was
performed for the Jacksonville District by Sea Systems, Inc. The purpose of the survey was to provide
reference horizontal and vertical control for atopographic survey of the Northern Virginia Key Disposal
Site, for ultimate use in determining fill capacity for possible use in upcoming construction dredging in
Miami Harbor. The reference control will be used to obtain cross-sections at 100-foot intervals across the
disposal site. A sketch of the network is shown in Figure 11-7 below.

Northern Virginia Key, Upland Disposal Site,
Plans and Specifications Scope Survey,
Virginia Key, Dade County, Florida (Survey No. 02-179)

RC 2234

AC 3733
AA 5493

Figure 11-7. Virginia Key Disposal Site Control Network

In the above figure, stations shown in triangles are known points. These known points have either fixed
horizontal coordinates or fixed elevations; or both--see INPUT CONTROL block on the following
constrained adjustment. Fixed coordinates were given a standard error of + 5 mm. Point OFFSET isa
benchmark with no fixed position. Its elevation was also assigned a standard error of £ 5 mm. The two
points to be adjusted are "SET 1" and SET 2." Baseline observations between the points are as indicated.
A tota of 35 basdlines were observed and adjusted, including redundant lines. Baselines were reduced
and afree (unconstrained) adjustment was run with no outlier rejects. The following GrafNet constrained
adjustment is held to NAVD 88 orthometric elevations at the fixed points. This same network was aso
adjusted to obtain NGV D 29 eevations but these results are not shown in this example. However, a
summary of the NGVD 29 and NAVD 88 adjusted elevationsis shown at the end of the adjustment.
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Virginia Key, FL Constrained Network Adjustment

DATE(m d/ y):

R o b Sk R R kS b O R R I kS R I kR

* NETWORK -

*

(c) Copyright Waypoi nt

VEEI GHTED GPS NETWORK ADJUSTMENT

Consul ting

FILE: C\02179A\ 02179A. net

*
*
* VERSI ON: 6. 03
*
*

I nc.,

(2000)

E I I

EE R S S I O

Thur .

10/ 03/ 02

TIME: 13:27:09

R I I S O I S S

DATUM
GRI D:

SCALE_FACTOR:
CONFI DENCE LEVEL: 95.00 %

Rk I S S O

' NAD83'

Gid: US State Pl ane,
57. 6315

I NPUT CONTROL/ CHECK POl NTS

R O o O S O O O O O O

-- LONG TUDE - -

FL East

(Scale factor is 2.4479)

EL

-80 09 15.51953
-80 08 02.49717
-80 13 10. 56329

Fixed X-Y-Z Points:

AA5493

AC2234

AC3733

Fixed in Z only: OFFSET
LHGT - HZ-SD  V-SD

-24.944 0.00500 0.00500
-23.521 0.00500 0.00500
-24. 315 0. 00500 0.00500
-20.733 0. 00500

5 mm standard errors

R O o S I S I O O S O O O

STA ID TYPE  -- LATI TUDE --
AA5493 GCP-3D 25 43 35.37003
AC2234 GCP-3D 25 45 56. 06211
AC3733 GCP-3D 25 44 26.83627
OFFSET GCP- VT
| NPUT VECTORS
ER I I R R R R R I I I I
SESSI ON NAMVE VECTOR( M)
DX/ DY/ DZ
AA5493 to OFFSET (1) -4345.9720
911. 4010
3410. 0230
AA5493 to OFFSET (2) -4345.9790
911. 3820
3410. 0200
AA5493 to OFFSET (3) -4345.9750
911. 3960
3410. 0190
AA5493 to SET1 (1) 527. 3470
1463. 4770
2804. 1390
AA5493 to SET1 (2) 527. 3460
1463. 4670
2804. 1500
AA5493 to SET1 (3) 527. 3410
1463. 4740
2804. 1560

35 observed baseline input vectors & covariance matrices

Covariance (m [unscal ed]

standard devi ations in brackets

8. 1161e- 007 (O.
-1.5108e-007 1
7.4691e-007 -1.

9.4716e-007 (0
-1.3388e-006 6
6. 3886e- 007 - 2.

8. 8808e- 007 (0.
-7.9258e-007 3.
4.7680e-008 -3.

2.5454e-007 (O.
-1.3575e-007 1.
1.5573e-008 -6.

9. 6956e- 007 (O.
-1.0256e- 006 4.
5. 8803e-007 -1.

6. 7566e- 007 (0.

-8.9273e-007 2.
3.4075e-007 -9.

11-30

0009)

5096e- 006 (0.0012)
1100e- 006 3. 1877e- 006
0010)

5898e- 006 (0. 0026)
1769e- 006 1.6410e- 006
0009)

2975e- 006 (0.0018)
0244e- 007 8. 9945e- 007
0005)

5997e- 006 (0.0013)
5468e- 007 6. 0109e- 007
0010)

0156e- 006 (0. 0020)
8213e- 006 1.1555e- 006
0008)

8178e- 006 (0.0017)
6947e-007 8. 4725e- 007

(0.

(o.

(o.

(0.

(o.

(0.

0018)

0013)

0009)

0008)

0011)

0009)



Virginia Key, FL Constrained Network Adjustment (Continued)

EM 1110-1-1003
1 Jul 03

AA5493 to SET2 (1)

AA5493

AA5493

AC2234

AC2234

AC2234

AC2234

AC2234

AC2234

AC2234

AC2234

AC3733

AC3733

AC3733

to

to

to

to

to

to

to

to

to

to

to

to

to

SET2 (2)

SET2 (3)

AA5493 (1)

AA5493 (2)

OFFSET (1)

OFFSET (2)

SET1 (1)

SET1 (2)

SET2 (1)

SET2 (2)

AA5493 (1)

AA5493 (2)

AC2234 (1)

183.
1518.
3037.

183.
1518.
3037.

183.
1518.
3037.

- 1683
-2200.
- 3900.

-1683
-2200.
3900.

-6029
-1288.
-490.

-6029
-1288.
-490.

-1156.
- 736.
1096.

-1156.
- 736.
1096

-1500.
-681.
- 862.

1500.
-681.
- 862.

6572.
4309.
-1426.

6572.
439.
-1427.

8255.
2639.
2473.

4260
1400
5440

4290
1260
5590

4240
1320
5660

4200
0290
3850

4430
0120
4030

4190
7690
3520

4140
5960
3920

0830
5510
2420

0990
5380
2560

0060
8870
8380

0190
8700
8530

5550
5040
9770

5490
5320
0080

9920
5390
3960

2.7612e-007 (O
- 1. 2588e- 007 1.
2.3001e- 009 -6.

6. 8405e- 007 (0.
-5.4212e-007 4.
1. 6255e-007 -6.

6. 8019e-007 (O
-4.8324e-007 3.
1. 7634e-007 -4.

8. 7470e- 007 (O.
-1.4696e- 007 1.

0005)
6500e- 006
8352e- 007

0008)
3782e- 006
6215e- 007

0008)
7894e- 006
6283e- 007

0009)
9535e- 006

(0.0013)
6. 7586e- 007 (0.0008)

(0.0021)
7.2271e- 007 (0.0009)

(0.0019)
7.3229e-007 (0.0009)

(0.0014)

-3.9538e-007 -4.1776e-007 2.1921e-006 (0.0015)

1. 2038e- 006 (O.

0011)

-9.9266e- 007 4.5283e-006 (0.0021)
7.4956e-007 -1.9036e-006 1.3560e-006 (0.0012)

1. 5439e-004 (0

0124)

1.7075e-005 3.0166e-004 (0.0174)

2.6812e-005 -4.

9. 4516e- 007 (O.
- 8. 3686e-007 1.
4.5221e-007 -4.

7.1801e-007 (O.
-1.2067e-007 1.

7363e- 005

0010)
2101e- 005
1408e- 006

0008)
6032e- 006

3. 3521e- 005 (0.0058)

(0. 0035)
2.4716e- 006 (0.0016)

(0.0013)

-3.2557e-007 -3.3912e-007 1.7975e-006 (0.0013)

6. 3275e- 007 (O.

0008)

-5.6626e- 007 5.9402e-006 (0.0024)
1.4765e-007 -7.1220e-007 6.5753e-007 (0.0008)

7.2331e-007 (O.

0009)

-1.2156e- 007 1.6151e-006 (0.0013)
-3.2796e- 007 -3.4163e-007 1.8107e-006 (0.0013)

6. 3474e-007 (O.
-5.6714e- 007 5.
1. 4802e- 007 - 7.

1.2659e-006 (O
-1.3419e-006 5.
7.8483e-007 -2.

7.1515e-007 (O
-5.4746e-007 4.
1. 6796e-007 -5.

1.0793e-006 (0.

-1.2860e-006 1.
6. 4343e-007 -5.

11-31

0008)
9473e- 006
1328e- 007

0011)
2399e- 006
4146e- 006

0008)
5827e- 006
0904e- 007

0010)
3182e- 005
0607e- 006

(0.0024)
6. 5867e-007 (0.0008)

(0. 0023)
1. 5525e- 006 (0.0012)

(0.0021)
6. 6952e- 007 (0.0008)

(0. 0036)
3. 2850e- 006 (0.0018)
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Virginia Key, FL Constrained Network Adjustment (Continued)

AC3733

AC3733

AC3733

AC3733

AC3733

AC3733

OFFSET

OFFSET

OFFSET

OFFSET

OFFSET

OFFSET

to OFFSET (1)

to

to

to

to

to

to

to

to

to

to

to

OFFSET (2)

SET1

SET1

SET2

SET2

SET1

SET1

SET1

SET2

SET2

SET2

(D

(2)

(D

(2)

(D

(2)

(3)

(D

(2)

(3)

SET1 to SET2 (1)

SET1 to SET2 (2)

SET1 to SET2 (3)

2226.
1350.
1983.

2226.
1350.
1983.

7099.
1902.
1377.

7099.
1903.
1377.

6755.
1957.
1610.

6755.
1957.
1610.

4873.
552.
- 605.

4873.
552.
- 605.

4873.
552.
- 605.

4529.
606.
-372.

4529.
606.
-372.

4529.
606.
-372.

- 343.
54.
233.

- 343.
54.
233.

- 343.
54.
233.

5690
9290
0120

5840
9190
0190

8930
9860
1540

8960
0120
1400

9730
6580
5530

9730
6830
5420

3100
0730
8730

3150
0630
8550

3180
0600
8460

3890
7360
4680

3950
7290
4520

3970
7290
4420

9200
6670
4040

9210
6660
4040

9210
6600
4060

6. 3259e- 007 (O.
-8.5721e-007 2.
3. 1585e- 007 -9.

8.1728e-007 (0.
-1.1227e- 006 4.
5.1104e- 007 - 1.

7.8833e-007 (O.
-5. 8486e-007 4.
1.9193e-007 -5.

8.5710e-007 (O.
-1.2296e-006 5
4.6990e- 007 -1.

8. 3658e-007 (0.
-5.8188e-007 4.
2.2816e-007 -5.

1. 2266e- 006 (0
-1.7619e- 006 6.
7. 7503e-007 - 1.

3. 3145e- 007 (0.
-1.1994e-007 1

0008)
8679e- 006
3196e- 007

0009)
4849e- 006
1740e- 006

0009)
7634e- 006
4995e- 007

0009)
1840e- 006
1777e- 006

0009)
3591e- 006
9007e- 007

0011)
4245e- 006
6224e- 006

0006)
8526e- 006

(0.0017)
7.7437e- 007

(0.0021)
9. 7556e- 007

(0.0022)
7. 7778e- 007

(0. 0023)
9. 5439e- 007

(0.0021)
9. 0215e- 007

(0. 0025)
1. 2553e- 006

(0.0014)

(o.

(o.

(o.

(o.

(o.

. 0009)

0010)

0009)

0010)

0009)

0011)

-2.0091e-008 -7.7142e-007 8.5374e-007 (0.0009)

6. 4153e- 007 (O.
-5.0275e-007 1
1. 9615e-007 -3.

8. 7943e- 007 (O.
-1.2151e- 006 4.
5. 5000e- 007 -1.

3. 2547e-007 (O.
-1.1703e-007 1

0008)
6390e- 006

(0.0013)

2252e-007 6.3350e-007 (0.0008)

0009)
7929e- 006

(0.0022)

2606e- 006 1.0262e-006 (0.0010)

0006)
8219e- 006

(0.0013)

-2.0457e-008 -7.5827e-007 8.3920e-007 (0.0009)

6. 9596e- 007 (0.
-5.1822e-007 1
2.2261e-007 -3.

1. 0660e- 006 (O.
-1.5254e-006 5
6. 6847e-007 -1.

5. 5512e-007 (O.
-4.3883e-007 3.
1.3188e-007 -5.

5. 2863e- 007 (0.
-3.9745e-007 1.
1.6649e-007 -2.

2.3912e-007 (0.

-1.1279e-007 1.
3. 3420e- 009 -5.

11-32

0008)
6025e- 006
7470e- 007

0010)
6727e- 006

(0.0013)

7.4870e-007 (0.0009)

(0. 0024)

4856e- 006 1.1226e-006 (0.0011)

0007)
5448e- 006
3718e- 007

0007)
2402e- 006
7847e- 007

0005)
4035e- 006
8588e- 007

(0.0019)

5.8763e-007 (0.0008)

(0.0011)

5. 6816e- 007 (0.0008)

(0.0012)

5. 8424e-007 (0.0008)
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Virginia Key, FL Constrained Network Adjustment (Continued)
EE IR IR I b S I b S I S S I I S S I I S S I S I I Sk S I S S I I S I I I S I I I O O I 35 basellne
QUTPUT VECTOR RESI DUALS (East, North, Height Local Level)
EIE R I R I I R R R O reSIduals
SESSI ON NAME -- RE -- -- RN -- -- RH -- - PPM - DI ST - STD -
(m (m (m (km
AA5493 to OFFSET (1) -0. 0013 -0. 0110 -0. 0074 2. 380 5.6 0.0178
AA5493 to OFFSET (2) 0. 0089 -0. 0007 -0.0219 4.218 5.6 0.0230
AA5493 to OFFSET (3) 0. 0025 -0. 0055 -0. 0096 2.031 5.6 0.0171
AA5493 to SET1 (1) -0. 0066 0. 0055 0. 0079 3. 645 3.2 0.0119
AA5493 to SET1 (2) -0. 0039 - 0. 0002 - 0. 0056 2.137 3.2 0.0188
AA5493 to SET1 (3) - 0. 0002 -0. 0090 -0. 0012 2.830 3.2 0.0158
AA5493 to SET2 (1) -0. 0060 0. 0052 0. 0071 3.136 3.4 0.0122
AA5493 to SET2 (2) - 0. 0065 -0. 0021 -0.0123 4.134 3.4 0.0183
AA5493 to SET2 (3) -0. 0026 -0.0113 -0. 0092 4. 365 3.4 0.0173
AC2234 to AA5493 (1) -0. 0074 -0. 0026 -0.0119 2.981 4.8 0.0170
AC2234 to AA5493 (2) 0.0123 0. 0046 0. 0145 4.103 4.8 0.0202
AC2234 to OFFSET (1) 0. 0420 0. 0358 -0. 1446 25.023 6.2 0.1680
AC2234 to OFFSET (2) 0. 0075 -0.0019 0. 0255 4.315 6.2 0.0299
AC2234 to SET1 (1) -0. 0044 -0. 0019 -0. 0033 3. 307 1.8 0.0154
AC2234 to SET1 (2) 0. 0092 0. 0040 0. 0168 11.121 1.8 0.0204
AC2234 to SET2 (1) -0.0019 -0. 0019 -0. 0024 1.945 1.9 0.0155
AC2234 to SET2 (2) 0. 0080 0. 0034 0. 0212 12. 298 1.9 0.0204
AC3733 to AA5493 (1) 0. 0020 -0. 0087 -0.0281 4,382 6.7 0.0216
AC3733 to AA5493 (2) 0. 0031 0. 0068 0.0111 1.981 6.7 0.0185
AC3733 to AC2234 (1) -0. 0084 0. 0034 -0. 0083 1. 364 9.0 0.0318
AC3733 to OFFSET (1) 0. 0104 -0. 0004 0. 0027 3.283 3.3 0.0157
AC3733 to OFFSET (2) -0. 0027 -0.0014 -0. 0115 3.639 3.3 0.0190
AC3733 to SET1 (1) 0. 0033 0. 0011 -0. 0109 1.537 7.5 0.0191
AC3733 to SET1 (2) -0.0041 0. 0028 0.0178 2. 465 7.5 0.0201
AC3733 to SET2 (1) 0. 0015 0. 0025 -0.0013 0. 437 7.2 0.0187
AC3733 to SET2 (2) -0. 0028 0. 0017 0. 0257 3.590 7.2 0.0227
OFFSET to SET1 (1) 0. 0040 0. 0072 0. 0092 2.505 4.9 0.0132
OFFSET to SET1 (2) 0. 0008 -0. 0044 -0. 0082 1.891 4.9 0.0130
OFFSET to SET1 (3) -0. 0017 -0.0109 -0.0153 3. 816 4.9 0.0196
OFFSET to SET2 (1) 0. 0047 0. 0069 0. 0085 2.594 4.6 0.0131
OFFSET to SET2 (2) -0. 0001 -0. 0040 -0. 0056 1.510 4.6 0.0133
OFFSET to SET2 (3) -0. 0020 -0.0129 -0.0103 3.624 4.6 0.0213
SET1 to SET2 (1) -0. 0010 -0. 0010 0. 0031 8. 072 0.4 0.0164
SET1 to SET2 (2) 0. 0002 - 0. 0007 0. 0023 5.797 0.4 0.0116
SET1 to SET2 (3) 0. 0012 0. 0001 -0. 0039 9.631 0.4 0.0113
RVB 0. 0088 0. 0082 0. 0275

$ - This session is flagged as a 3-sigma outlier

marginal/suspect

Underlined session AC2234-OFFSET (1) has
abnormally large adjustment and deviation ...
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Virginia Key, FL Constrained Network Adjustment (Continued)

R I O O

CONTROL PO NT RESI DUALS ( ADJUSTMENT MADE)

R O o I S I S O O O O R O o O

STA. NAME -- '(?E) -- (Rr’j) -- (th') Note that fixed control points
AA5493 -0, 0194 -0 0126 _0. 0071 were assigned 5 mm standard
AC2234 0.0161 0. 0085 0. 0048 error. OFFSET was only held
AC3733 0. 0032 0. 0041 0. 0025 fixed in vertical.

OFFSET -0. 0002

RVS 0.0147 0. 0091 0. 0044

Rk bk S R Rk S R Sk Sk Rk S S R S S S b o O R

OQUTPUT STATI ON COORDI NATES ( LAT/ LONG HT)

Rk Ik S kR R Rk Sk S R S

STA ID -- LATITUDE -- -- LONG TUDE -- - ELLHGT - ORTHOHGT

AA5493 25 43 35.36962 -80 09 15.52023 -24.9511 0. 7156 NAVD 88
AC2234 25 45 56.06239 -80 08 02.49659 -23.5162 2.1831 | ortho
AC3733 25 44 26.83640 -80 13 10.56317 -24.3125 1.0849 | heights
OFFSET 25 45 38.32461 -80 11 43.58762  -20.7332 4.7284

SET1 25 45 16.52663 -80 08 47.89629 -24.6836 0.9756

SET2 25 45 24.94919 -80 08 59.71990 -24.7666 0. 8763

EIEE R I R S S I S S R S

OUTPUT STATI ON COORDI NATES ( ECEF)

Rk bk S O bk R R Rk o b Sk kR Rk kS R Sk O kR

STAID ceee Xoseee eeee Yoeeee eeee Zoeees

(m (m (m
AA5493 983140. 1505 - 5664838. 2823 2751785. 2653 ECEF
AC2234 984823. 5795 -5662638. 2615 2755685. 6579 geocentric
AC3733 976567. 5973 -5665277. 8079 2753212. 2624 coordinates
OFFSET 978794. 1770 -5663926. 8797 2755195. 2752
SET1 983667. 4918 -5663374. 8111 2754589. 4127
SET2 983323. 5714 -5663320. 1475 2754822.8171
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Virginia Key, FL Constrained Network Adjustment (Continued)
R O o I S I S I O I O O
OUTPUT VARI ANCE/ COVARI ANCE
EIE R I R I I R R R O
STA ID SE/SNSUP  --------- CX matrix (m?2 J---c-e-a---
(95.00 %9 (not scaled by confidence |evel) 95% adjusted position
(m (ECEF, XYZ cartesian)
AA5493 0.0077 9. 9663e-006 Sta”dag errors
0.0077 -4.0723e-007 1.2020e-005 . .
0.0086 2.4550e-007 -6.6579e-007 1.0018e- 005 covariance matrices for
4 fixed points and 2
AC2234 0.0080 1.0688e-005 new points
0.0081 -4.6222e-007 1.4580e-005
0.0094 2.5833e-007 -1.1509e-006 1.1165e-005 Used to develop
AC3733 0.0079 1. 0634e- 005 relative line accuracies
. . e- ;
0.0079 -1.0831le-006 1.5026e- 005 and error ellipses
0.0096 5.6622e-007 -1.2673e-006 1.0700e-005
OFFSET 0.0082 1.1484e-005
0.0085 -5.7821e-007 1.3011le-005
0.0087 3.3286e-007 2.4449e-007 1.1682e-005
SET1 0.0080 1.1088e-005
0.0082 -1.5090e-006 1.7694e-005
0.0105 5.1383e-007 -1.9026e-006 1.1568e-005
SET2 0.0081 1.1180e-005
0.0084 -1.4287e-006 1.8188e-005
0. 0105 4.4044e-007 -1.6083e-006 1.1714e-005
IR R EEEEEEEEEEEEEEEREEEEREEEEEEEEEEEEREEREEEEEEREEREEEEREEEEREEEEEEEEEE]
VARI ANCE FACTOR = 1. 0609 Variance
Factor
Note: Values < 1.0 indicate statistics are pessimstic, while close to
values > 1.0 indicate optim stic statistics. Entering this 1.0 ...
val ue as the network adjustnment scale factor will bring good
variance factor to one.
IR R E R R EEEEEEEEEEEEEEEEREEEEEEEEEEEEREEREEEEEEREEEEEEEEEEEEEEEEEEEE]
R R I Ik I
Proj ect: 02179A Virginia Key Survey 2002-179
Program Graf Net Version 6.03b
Sour ce: Net wor k Adj ust ment
CoordType: U.S. State Plane for FL East (901) Sur_nmary of
Units(h,v): US. Survey Feet, U S. Survey Feet Adjustment
Ceoi d: CGeoi d99- Cont US. wpg Results
Dat um NADB3( 90) / NAVD88/ NGVD29 NAD 83 (90)
IR R R R RS EEEEEEEREEEEEEEEEREREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESS &
NAVE EASTING(X) NORTHINGY) HEI GHT(88) HEI GHT(29) NANVGDV%SZZM
AA5493( BRUCE 2) 934579. 734  507176. 193 2.348 3.880 )
AC2234( BASE USE) 941164. 684 521424. 341 7.162 8.709 adjustments
AC3733(LI 2) 913053. 811 512239. 973 3. 559 5. 106
OFFSET(from AC2164) 920962.902  519505. 389 15.513 17. 058
SET1(MH 61) 937039.950 517405. 598 3.201 4.743
SET2(MH 62) 935953. 420 518248. 986 2.875 4.417

NOTES: AC2164 OFFSET is a tenporary bench mark and is reported here for
i nformati onal purposes only.
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11-20. Sample Network Adjustment--Everglades National Park Modified Water Deliveries

The following project example istypical of a small network where accurate vertical control is densified
using GPS methods. Given the small and critical elevation gradients in an area such as the Everglades,
redundant GPS observations and good geoid model adjustments are essential. The adjustment technique
issimilar to that performed in the above paragraph. However, in this example, avariety of existing
control is constrained in the adjustment. In the network sketch in Figure 11-8 below, only AC4421 is
held fixed in X-Y-Z. AC4743 and C546 are held fixed only in elevation, and AC4450 is held in X-Y
coordinates only. ACO0511 is set as a "check point” in the adjustment. Since the fina adjusted values did
not agree with published values, its check point setting proved correct. The only point without existing
coordinate valuesisOSC 1. A + 5 mm standard deviation was set for all constrained coordinates. 30
baselines were observed over al possible 15 lines. Resultant elevation accuracy from this adjustment
scheme was about + 1 centimeter (95%)--excellent results.

OSCEOLA CAMP. MICCOSUKEE INDIAN VILL AGE
MODIFIED WATER DELIVERIES TO EVERGLADES
NATIONAL PARK

CENTRAL AND SOUTHERN FLORIDA PROJECT AC4421
MICCOSUKEE INDIAN RESERVATION, FLORIDA fix X-Y-Z
JUNE 1. 2002. SURVEY 02-157

AC4743
fix Z
ACO0511
check
point
OsC1
new ) -
C546
fix Z
AC4450
fix X-Y

Figure 11-8. Osceola Camp GPS network control scheme

Horizontal coordinates were adjusted relative to NAD 83 (1990). The constrained elevation adjustment
used the GEOID 99 model and elevations were adjusted relative to the NAVD 88 datum. A separate
adjustment (not shown) was made to determine elevations relative to NGVD 29. Adjusted elevationsin
both NAVD 88 and NGVD 29 are listed at the end of the following adjustment output. The field survey
was performed by Sea Systems, Inc. and adjusted by the Jacksonville Digtrict.
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Everglades National Park--Osceola Camp GPS Adjustment
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EEE R S S R Sk o Sk S S Rk I S R R S S R I

NETWORK - WEI GHTED GPS NETWORK ADJUSTMENT

VERSI ON: 6. 03

FILE: C\02157A\ 01257A. net

*
*
*
*
*
*
*
*

DATE(m d/y): Wed. 8/07/02 TIME 14:56:44

(c) Copyright Waypoi nt Consulting Inc., (2000)

E I I

R S O O S O S

Rk Sk kS b S R R R IR S o S S b R R Rk I b o b S R o

DATUM ' NAD83'
GRI D: Gid: US State Plane, FL East (901)
SCALE_FACTOR: 32.5131

CONFI DENCE LEVEL: 95.00 % (Scale factor is 2.4479)

EEE R I S I S R S

I NPUT CONTROL/ CHECK POl NTS

Rk b S S R I ok R S R Sk R R R Sk S R b ok S O R R R O R

Fixed X-Y-Z Points:
AC4421

Fixed X-Y Points:
AC4450

Fixed Z Points:
AC4743

C546

Check Point: ACO0511
New Point: OSC 1

STA | D TYPE -- LATITUDE -- -- LONG TUDE -- ELLHGT - HZ-SD  V-SD
ACO0511 CHK-3D 25 45 43.46685 -80 41 35.17195 -20. 816

ACA421 GCP-3D 25 51 44.92959 -80 37 19.81874 -19. 325 0. 00500 0. 00500
ACA450 GCP-HZ 25 42 11.38117 -80 40 18.10062 0. 00500

ACAT743 GCP- VT -22.007 0. 00500
C546 GCP- VT -21.843 0. 00500

Rk Ik kR R R Sk S R S S

I NPUT VECTORS

R O I o o O O O O

30 observed baseline input vectors & covariance matrices

SESSI ON NAME VECTOR(M)  ------ Covariance (m [unscaled] ------
DX/ DY/ DZ standard devi ations in brackets

ACO0511 to AC4450 (1) 2578.6070 2.0675e-007 (0.0005)

-2448.8320 -9.9567e-008 1.1169e-006 (0.0011)
-5879. 2220 5.8886e-008 -3.8150e-007 4.5670e-007 (0.0007)

ACO511 to AC4450 (2) 2578.5950 5.7093e-007 (0.0008)

-2448.8200 -2.3657e-007 2.1838e-006 (0.0015)
-5879. 2160 -3.1864e-009 -8.7442e-007 1.1279e-006 (0.0011)

ACO511 to AC4A743 (1) 11409.6470 3.1346e-007 (0.0006)

1856. 3890 -1.6648e-007 1.6595e-006 (0.0013)
-54.2970 9.6551e-008 -5.5090e-007 6.5289e-007 (0.0008)

ACD511 to ACA743 (2) 11409.6400 6.5983e-007 (0.0008)

1856. 4020 -2.7220e-007 2.5029e-006 (0.0016)
-54.2970 -4.5299e-009 -1.0087e-006 1.3303e-006 (0.0012)

ACO0511 to C546 (1) 6402. 6260 3. 1519e-007 (0. 0006)

1029. 4410 -1.8154e-007 1.6328e-006 (0.0013)
-50.5110 1.0456e-007 -5.2772e-007 6.3081e-007 (0.0008)
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Everglades National Park--Osceola Camp GPS Adjustment (Continued)

ACD511 to C546 (2) 6402. 6260 5. 3039e- 007 (0.0007)
1029. 4530 - 2.1387e- 007 2.0364e- 006 (0.0014)
-50.5120 -7.1812e-009 - 8. 1844e-007 1.0774e-006 (0.0010)

ACO511 to OSCl (1) 2826.3730 3.7274e-007 (0.0006)
404.6930 -2.6391e-007 2.0154e-006 (0.0014)
-124.1030 1.3580e-007 -6.6592e-007 6.5855e-007 (0.0008)

ACO511 to CSCl (2) 2826. 3650 8.4775e-007 (0.0009)
404. 6950 -2.8715e-007 1.4421e-006 (0.0012)
-124. 1140 4.2744e-007 -9.1936e-007 3.2470e-006 (0.0018)

AC4421 to ACO511 (1) -6232.2220 9.2131e-007 (0.0010)
-5932. 4830 5.4026e-007 1.2058e-005 (0.0035)
-10014. 2210 -2.7845e-007 -3.4691e-006 1.9579e-006 (0.0014)

AC4421 to ACO511 (2) -6232.2330 7.5210e-007 (0.0009)
-5932. 4600 -3.8308e-007 2.9070e-006 (0.0017)
-10014. 2290 2.0782e-007 -1.6442e-006 3.1353e-006 (0.0018)

ACA421 to ACA450 (1) -3653.6150 1.1259e-006 (0.0011)
-8381.3130 -5.9188e-007 9.2928e-006 (0.0030)
-15893. 4400 2.7188e-007 - 3.3162e-006 2.2906e- 006 (0.0015)

AC4421 to ACA450 (2) -3653.6400 1.0867e-006 (0.0010)
-8381.2780 -5.7658e-007 3.6854e-006 (0.0019)
-15893. 4530 4.6676e-007 -1.9728e-006 3.1363e-006 (0.0018)

ACA421 to ACA743 (1) 5177.4260 8.6219e-007 (0.0009)
-4076. 0780 -7.9451e-007 5.2706e-006 (0.0023)
-10068. 5230 3. 3408e-007 -1.8431e-006 1.4359e-006 (0.0012)

AC4421 to ACA743 (2) 5177.4070 7.8702e-007 (0.0009)
-4076. 0560 -4.5627e-007 2.7180e-006 (0.0016)
-10068. 5270 6.1596e-008 -1.0694e-006 1.2751e-006 (0.0011)

AC4421 to C546 (1) 170. 4060 9.4167e-007 (0.0010)
-4903. 0240 -6.7498e-008 9.8157e-006 (0.0031)
-10064. 7380 1.1574e-007 -3.1915e-006 1.8121e-006 (0.0013)

ACA421 to C546 (2) 170.3920 5.5963e- 007 (0.0007)
-4903. 0050 -2.5663e-007 2.3604e-006 (0.0015)
-10064. 7420 2.1925e- 008 - 9. 4061e- 007 1.0812e-006 (0.0010)

AC4421 to OSCl (1) -3405. 8410 8.5957e-007 (0.0009)
-5527. 7820 4.5942e-007 1.1213e-005 (0.0033)
-10138. 3240 -2.5094e-007 -3.2530e-006 1.8422e-006 (0.0014)

AC4421 to OGSCl (2) - 3405. 8610 8.3149e-007 (0.0009)
-5527. 7630 -4.1256e-007 4.0949e-006 (0.0020)
-10138. 3360 8.6963e-008 -1.5747e-006 1.4468e-006 (0.0012)

AC4450 to ACA743 (1) 8831. 0450 6.3641e-007 (0.0008)

4305. 2230 -2.6640e-007 2.5327e-006 (0.0016)
5824. 9200 4.1565e-009 -1.0129e-006 1.2527e-006 (0.0011)
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Everglades National Park--Osceola Camp GPS Adjustment (Continued)

ACA450 to ACA743 (2)  8831.0390 3.1074e-007 (0.0006)
4305.2200 -1.6068e-007 1.6600e-006 (0.0013)
5824.9260 9.2403e-008 -5.4809e- 007 6. 4638e-007 (0.0008)

AC4450 to C546 (1) 3824.0170 3. 3440e- 007 (0.0006)
3478.2730 -1.8974e-007 1.7443e-006 (0.0013)
5828. 7110 1.0963e-007 -5.6357e-007 6.6786e-007 (0.0008)

ACA4450 to C546 (2) 3824. 0240 6.3212e-007 (0.0008)
3478.2790 -4.0326e-007 2.3609e-006 (0.0015)
5828. 7040 7.6899e-008 -9.2258e-007 9.8419e-007 (0.0010)

AC4450 to OsC (1) 247.7780 6.6765e-007 (0.0008)
2853. 5060 -3.3646e-007 3.2715e-006 (0.0018)
5755. 1150 7.2410e-008 -1.2595e-006 1.1570e-006 (0.0011)

AC4450 to OsC (2) 247.7700 4.3775e-007 (0.0007)
2853. 5220 -3.0438e-007 2.3932e-006 (0.0015)
5755. 1210 1.5746e-007 -7.8969e-007 7.7406e-007 (0.0009)

ACAT43 to C546 (1) -5007. 0180 5. 6984e- 007 (0. 0008)
-826.9480 -3.2246e-007 2.0020e-006 (0.0014)
3.7850 4.1288e-008 -7.8730e-007 9.4577e-007 (0.0010)

ACA743 to C546 (2) -5007. 0200 2.9664e-007 (0.0005)
-826.9520 -1.7240e-007 1.5355e-006 (0.0012)
3.7880 9.8675e-008 -4.9653e-007 5.9224e-007 (0.0008)

ACA743 to OSCl (1) -8583.2680 2.2110e-006 (0.0015)
-1451. 7250 -1.3886e-006 2.9021e-006 (0.0017)
-69.8050 2.2770e-007 -6.6224e-007 1.1514e-006 (0.0011)

ACAT743 to OsC (2) -8583. 2680 4. 8045e-007 (0.0007)
-1451. 7040 -3.4129e-007 2.6017e-006 (0.0016)
-69.8030 1.7535e-007 -8.5930e-007 8.4823e-007 (0.0009)

C546 to OsCl (1) -3576. 2450 3.8622e-007 (0.0006)
-624.7600 -2.7415e-007 2.0848e-006 (0.0014)
-73.5840 1.4094e-007 -6.8895e-007 6.8216e-007 (0.0008)

C546 to OSCl (2) -3576.2530 1.3190e-006 (0.0011)

-624.7670 -8.8551e-007 1.9994e-006 (0.0014)
-73.5870 1.8526e-007 -4.8323e-007 7.1551e-007 (0.0008)
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Everglades National Park--Osceola Camp GPS Adjustment (Continued)

Ahkhkkhhkhkhhkhhkhhhhrhhhhhkhrhhhhhkhdhhhkhhkhhhhhk bk hkhh kb hkhkhkhkhkhkkkh k% 30 baseline
OUTPUT VECTOR RESI DUALS (East, North, Height - Local Level) residuals
EIEE R I R R S I S S
SESSI ON NAMVE -- RE -- -- RN -- -- RH -- - PPM - DI ST - STD -
(m (m (m (km  (
ACO511 to AC4450 (1) -0. 0027 0. 0033 -0. 0053 0.994 6.9 0.0076
AQD511 to ACA450 (2) 0. 0072 -0. 0081 0. 0045 1.707 6.9 0.0112
ACD511 to ACA743 (1) -0. 0015 0. 0024 -0. 0093 0.841 11.6 0.0092
ACO511 to ACA743 (2) 0.0033 -0. 0036 0.0033 0.512 11.6 0.0121
AC0511 to C546 (1) -0. 0004 0. 0016 -0. 0078 1. 229 6.5 0.0092
ACD511 to C546 (2) -0. 0023 -0. 0026 0. 0033 0.744 6.5 0.0109
AC0511 to OsCl (1) 0.0011 -0. 0010 0. 0061 2.202 2.9 0.0100
AC0511 to GsCl (2) 0. 0087 0. 0075 0.0138 6.288 2.9 0.0134
AC4421 to ACO511 (1) -0. 0025 0. 0036 -0.0199 1.541 13.2 0.0220
AC4421 to ACO511 (2) 0. 0046 0. 0001 0. 0056 0.553 13.2 0.0149
AC4421 to AC4A450 (1) - 0. 0055 0.0033 -0. 0248 1.395 18.3 0.0203
AC4421 to ACA450 (2) 0. 0135 -0.0018 0. 0157 1.131 18.3 0.0160
AC4421 to ACA743 (1) -0. 0075 0. 0037 -0.0129 1.280 12.0 0.0157
AC4421 to ACA743 (2) 0. 0076 -0. 0035 0.0111 1.160 12.0 0.0125
AC4421 to C546 (1) -0.0078 0. 0030 -0. 0094 1.118 11.2 0.0202
AC4421 to C546 (2) 0. 0030 -0. 0026 0.0113 1.068 11.2 0.0114
AC4421 to OSCl (1) -0.0105 -0. 0003 -0. 0078 1.091 12.0 0.0213
AC4421 to OSCl (2) 0.0061 0. 0009 0.0172 1.517 12.0 0.0144
AC4450 to ACA743 (1) - 0. 0040 0.0031 - 0. 0007 0.452 11.4 0.0120
ACA4450 to ACA743 (2) 0.0024 -0.0014 -0. 0051 0.509 11.4 0.0092
AC4450 to C546 (1) 0.0043 -0.0018 -0. 0022 0. 658 7.8 0.0094
AC4450 to C546 (2) - 0. 0036 0. 0024 0. 0052 0. 868 7.8 0.0114
AC4450 to OSCl (1) -0. 0049 0. 0083 - 0. 0055 1.723 6.4 0.0129
AC4450 to OCsCl (2) 0. 0004 - 0. 0045 0.0073 1.343 6.4 0.0108
ACA743 to C546 (1) -0. 0019 0. 0003 0. 0015 0.476 5.1 0.0107
ACA743 to C546 (2) 0. 0007 - 0. 0008 -0. 0031 0. 645 5.1 0.0089
ACA743 to OsCl (1) 0.0014 0. 0085 -0.0117 1.668 8.7 0.0143
ACA743 to OSCl (2) -0. 0020 -0. 0023 0.0061 0.785 8.7 0.0113
C546 to OsCl (1) -0. 0044 -0. 0041 -0.0014 1.709 3.6 0.0101
C546 to OSCl (2) 0. 0046 0. 0010 -0. 0052 1.925 3.6 0.0115
RVS 0. 0053 0. 0038 0. 0099

$ - This session is flagged as a 3-signa outlier

IRk S O O S S S

CHECK PO NT RESI DUALS (East, North, Height - Local Level)

Rk bk S R R R ok o S R Sk R S R R R R kS kS S

STA. NAME  -- RE-- -- RN-- -- RH-- -
ACO0511 Check Point ... note large

(m (m (m \ _ \
ACD511 0.1149 0. 0706 0. 0205 residuals relative to published X-Y

-------------------------------- coordinates
RMVS 0.1149 0. 0706 0. 0205

khkkhkkhkkkhhkhkkhhkhkhhkhhhhhkhkhhkhhhkdhkhdhkhhhkdhhkdhkhdhkhdhkdrhkdrhrhhdhrdrhkdrkhrxx*x

CONTROL PO NT RESI DUALS ( ADJUSTMENT MADE)

Rk bk S R R ok S R Rk o b Sk R R o S R R R o kS S e R S S

STA. NAE -- RE-- -- RN--  -- RH-- )

(m (m (m _Note that only AC4421 was fixed
AC4421 -0.0022 -0.0003 0. 0023 in X-Y-Z. AC4450 in X-Y. AC4743
AC4450 0. 0022 0. 0003 & C546 in Z only.
ACAT743 0. 0013
C546 -0. 0037
RVE 0. 0022 0. 0003 0. 0026



EM 1110-1-1003
1 Jul 03

Everglades National Park--Osceola Camp GPS Adjustment (Continued)

EIEE R I R R S I S S

QUTPUT STATI ON COORDI NATES ( LAT/ LONG HT)

Rk b ok S O R Rk S b o b Sk S R R R ok S R Rk o bk S R Rk ko S S

STA ID -~ LATITUDE -- -- LONGITUDE -- - ELLHGT -  ORTHOHGT
AC0511 25 45 43.46914 -80 41 35.16782  -20.7955 3. 4857
ACA421 25 51 44.92958 -80 37 19.81882  -19. 3227 5. 1525
ACA4450 25 42 11.38118 -80 40 18.10054 - 20. 4271 3. 8297
ACA743 25 45 41.52892 -80 34 40.34114  -22.0057 2. 4627
C546 25 45 41.66302 -80 37 42.45544  -21.8467 2.5379
oscl 25 45 39.01186 -80 39 52.72863 -22.1036 2.2219
IR SRR RS SRR S EEEE S SRS EREEEEEEEEEEEEEEREEEEREEEEEEEEEEEEEEEEEEEEEEEEE]
OUTPUT STATI ON COORDI NATES ( GRI D)
EIE IR b I I I I I I I I I I I I S b I I S I I b I b L S b I I I I R I I I b I b I b
STA ID - EASTING - - NORTHING - - ELLHGT -  ORTHOHGT
(m (m (m (m

AC0511 230785.8193  158293.4066 - 20. 7955 3. 4857
AC4421 237869. 1636  169434.8382  -19. 3227 5. 1525
AC4450 232949.5269  151772.2488  -20.4271 3. 8297
ACA743 242345, 1457  158265. 6645  -22. 0057 2. 4627
C546 237270.4892  158254.5151  -21. 8467 2.5379

oscl 233640. 6253  158163.2008  -22.1036 2.2219

Rk b ok S R R R ok o S R Ik kR R R R kR S b Sk R S

OUTPUT STATI ON COORDI NATES ( ECEF)

Rk Ik kR R R Sk S R S S

STA ID ---- X ---- - Y ---- ---- Z ----
(m (m (m
ACO511 929550. 8543 -5672146. 7997 2755337. 8280
ACA421 935783. 0819 -5666214. 3355 2765352. 0545
ACA450 932129. 4576 -5674595. 6260 2749458. 6067
ACA743 940960. 4983 -5670290. 4017 2755283. 5292
C546 935953. 4786 -5671117. 3512 2755287. 3151
osCl 932377. 2294 -5671742. 1124 2755213. 7268

EIEE R S R R S I S S S R I S

OUTPUT VARI ANCE/ COVARI ANCE

Rk Ik R O O S R R Rk o b Sk R kR R Rk o bk S O R Rk S

2
STA ID SE/SNNSUP  --------- CXmatrix (m)-----------
(95.00 %9 (not scaled by confidence |evel)

(m (ECEF, XYZ cartesian)
AC0511 0.0093 1.4361le-005

0.0094 -1.9537e-007 1.7159e-005

0.0103 -2.3383e-010 -1.1162e-006 1.5425e-005
AC4421 . 0089 1.3301e-005

[SNe]

. 0090 6.4995e-008 1.3740e-005
0.0091 -8.5067e-008 -9.1607e-008 1.3432e-005
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Everglades National Park--Osceola Camp GPS Adjustment (Continued)

ACA450 0. 0089 1.3402e-005

0.0090 -5.5987e-007 1.7644e-005

0.0106 2.2196e-007 -2.0083e-006 1.4373e-005
ACAT43 0. 0093 1. 4464e-005

0.0094 2.7930e-007 1.2905e-005

0.0086 -2.7758e-007 1.0199e-006 1.4280e-005
C546 0.0093 1.4373e-005

0.0094 3.2785e-007 1.2859e-005

0. 0086 -2.8629e-007 9.9338e-007 1.4100e-005
osal 0.0094 1.4906e-005

0.0095 -6.0164e-007 1.8449e-005

0.0107 1.3502e-007 -1.3032e-006 1.5374e-005

R O I o O S O O O O R

VARI ANCE FACTOR = 1.0042

Note: Values < 1.0 indicate statistics are pessimstic, while
values > 1.0 indicate optinm stic statistics.
val ue as the network adjustnent scale factor wll

vari ance factor to one.

R O o S O S

bring

Entering this

R I I kI ko O O I O O O O O

Proj ect: 02157A: Survey 02-157 MODI FI ED WATER DELI VERI ES- OSCECLA
CAMP- C&SF

Program Graf Net Version 6.03b

Sour ce: Net wor k Adj ust ment

CoordType: U. S. State Plane for FL East (901)

Units(h,v): U S. Survey Feet

Geoi d: Geoi d99- Cont US. wpg

Dat um NAD83( 90) / NAVD88/ NGVD29
EE R R I I I R I R I R S
NAME PID EASTI NG NORTHI NG 88 HGT 29 HGT
N 237 AC0511 - oo 11. 436 12. 969
BUZZARD AC4421 780409. 081  555887. 465 16. 905 18. 433
TROOPER AC4450 764268.573  497939. 453 12. 565 14. 096
G 237 RESET  ACA4743 795094. 032  519243. 268 8. 080 9.615
C 546 AJ7754 778444.930 519206. 688 8. 326 9. 855
cscr - 766535. 951  518907. 101 7.290 8.821
NOTES:

1. Published vertical
adj ust ed val ue.
val ues observed for ACO0511 did not match published

2. Horizontal
nor did they fit with observati ons made for Survey 01-198.

val ues,
Data will

value for AJ7754 is a prelimnary CERP |ine

Summary of
Adjustment
Results
NAD 83 (90)
&
NAVD 88 and
NGVD 29
adjustments

be incorporated into the L-67 Network Surveys and re-

eval uat ed.
3. See "02157A88. net"
i nformation.

and "02157A29. net" for
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11-21. Approximate Adjustments of GPS Networks

Simply constructed GPS networks used for establishing lower-order USACE control can be effectively
adjusted using approximate adjustment techniques, or adjustments that approximate the more rigorous
least-squares solution.  Although least-squares solutions may be theoretically superior to approximate
methods, the resultant differences between the adjustments are generally not significant from a practical
engineering standpoint.

a. Given the high cost of commercial geodetic adjustment software, coupled with the adjustment
complexity of these packages, approximate adjustment methods are allowed for in-house and contracted
surveys.

b. In practice, any complex GPS survey network may be adjusted by approximate methods. 1f
the main loop/line closures are good, redundant ties to other fixed network points may be used as checks
rather than being rigidly adjusted.

c. Insome casesit is not cost-effective to perform detailed and time-consuming least-squares
adjustments on GPS project control surveys requiring only 1:5,000 or 1:10,000 engineering /construction
/boundary location accuracy. If interna loop closures are averaging over 1:200,000, then selecting any
simple series of connecting basdines for an approximate adjustment will yield adequate resultant
positional and relative distance accuracies for the given project requirements. |f a given loop/baseline
series of say five points miscloses by 0.01 ft over 1,000 m (1:100,000), a case can be made for not even
making any adjustment if arelative accuracy of only 1:5,000 is required between points.

d. Any recognized approximate adjustment method may be used to distribute baseline vector
misclosures. The method used will depend on the magnitude of the misclosure to be adjusted and the
desired accuracy of the survey. These include the following:

(1) Simple proportionate distribution of loop/line position misclosures among the new station
coordinates.

(2) Compass Rule.

(3) Transit Rule.

(4) Cranddl Method.

(5) No adjustment. Use raw observations if misclosures are negligible.

e. Approximate adjustments are performed using the 3-D earth-centered X-Y-Z coordinates. The
X-Y-Z coordinates for the fixed points are computed using the transform agorithms shown in the
following paragraph or obtained from the baseline reduction software. Coordinates of intermediate
stations are determined by using the baseline vector component differences (DX, DY, DZ), which are
obtained directly from the baseline reductions. These differences are then accumulated (summed)
forward around aloop or traverse connection, resulting in 3-D position coordinate misclosures at the loop
nodes and/or tie points. These misclosures are then adjusted by any of the above methods. GPS vector
weighting is accomplished within the particular adjustment method used; there is no need to incorporate
the standard errors from the baseline reductions into the adjustment. Internal survey adequacy and
acceptance are based on the relative closure ratios (e.g., 1:10,000), asin conventiona traversing criteria
(see FGCC 1984). Final local datum coordinates are then transformed back from the X-Y-Z coordinates.
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f. Given aloop of basdine vectors between two fixed points (or one point looped back on itself),

the following agorithms may be used to adjust the observed baseline vector components and compute the
adjusted station geocentric coordinates.

(1) Given: Observed basdline vector components DX;, DY, DZ; for each baseline™ i " (total of n
baselines in the loop/traverse). The three-dimensiona length of each basdlineis™ I; " and the tota length
of the loop/traverseis"L."

(2) The misclosures (dx, dy, and dz) in all three coordinates are computed from:

ax

Xe+SDX,;-Xeg
dy =Yr+S DY, -Ye

dz

Ze+SDZ - Ze (Eq 11-1)
Where X ¢, Y ¢, and Z ¢ are the fixed coordinates of the starting point, X ¢, Y g, and Z ¢ arethe
coordinates of the end point of the loop/traverse,and DX ; DY ; and D Z ;are summed fromi =1ton.
(These misclosures would a so be used to assess the internal accuracy of the work.)

(3) Adjustments (dx ;, dy ;,dz;) to each basdline vector component may be computed using either
the Compass Rule:

dx; = -dx [l; /L] (Eq11-2)
dy; = -dy [l /L]
dz; =-dz [I /L]

or the Transit Rule:
dx; = -dx [Dx; / SDx] (Eq 11-3)
dy; = -dy [Dy; / SDy/]

dz; =-dz[Dz;/ SDz;]

(4) The adjusted vector components are computed from:
DX; %= DX;* + dx;? (Eq 11-4)
DYia: DYia+ dyia

DZ,?°=DZ;%+ dz;?
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(5) The fina geocentric coordinates are then computed by summing the adjusted vector
components from Equation 11-4 above:
Xia: Xeg+ XiSDXia (Eq11-5)

Yia: Y|:+ yiSDyia

Zia= Ze + 2,S DZia1
g. Example of an approximate GPS survey adjustment:

(1) Fixed control points from the US Army Y uma Proving Ground GPS Survey (May 1990) (see
Figure 11-9):

PGT NO. 2

A

CONTRAVES G

Figure 11-9. US Army Yuma Proving Ground GPS Traverse Sketch

PGT NO 2 CONTRAVES G
X = () 2205 949.0762 Xe = (-) 2188 424.3707
Y= (-) 4884 126.7921 Y = (-)4897 740.6844
Ze =+ 3447 135.1550 Ze =+ 3438 952.8159

(XY Z geocentric coordinates were computed from GP-XY Z transform using Equations 11-6 and 11-7
below).

[ 41,1 ¢ = observed GPS basaline vectors(from baseline reductions) and PLR 8.5 and PLR 17 are the
points to be adjusted.
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(2) Misclosuresin X, Y, and Z (computed from Equation 11-1):

(-)2205 949.0762 X (-) 4884 126.7921Y ¢ 3447 1351550 Z¢

+3777.9104 DXa () 60068201 DYa (62315468 DZza
+7 859.4707 DXb () 3319.1092 DYb +4001902  Dzb
+5886.8716 DXc (1) 42889638 DYcC (23502230 DZc
-(-)2188424.3707 Xe -(-) 4897 740.6844 Y ¢ - 3438952.8159 Z¢
dx = (-) 0.4528 dy = () 1.0008 dz =+ 0.7595

(3) Linear 3-D Misclosure:
= (0.45282 + 1.00082 + 0.75952) * = 1.335 mor 1 part in 25,638.2/1.335 = 1:19,200
(Note: Thisis a constrained misclosure check, not free)
(4) Compeass rule adjustment:

(8) Compass Rule misclosure distribution:

l4 =9443869 lalL = 0.368

[y =8540.955 |b/L = 0.333

I =7653366 Ic/L = 0.299
L =25,638190 S = 1.000

(b) Compass Rule adjustment to GPS vector components using Equation 11-2:

Vector dx dy dz

A 0.1666 0.3683 (-) 0.2795

B 0.1508 0.3333 (-) 0.2529

C 0.13%4 0.2992 (-) 0.2271
(+0.4528) (+1.0008) ((-) 0.7595) Check

(c) Adjusted baseline vectors (from Equation 11-4):

Vector DX? DY? Dz

A 37780770 (60064518 (-)6231.8263

B 78506215  (-)3318.7759 399.9373

C 5887.0070  (-)4288.6646  (-)2350.4501

(d) Final adjusted coordinates (Equation 11-5):

Point X2 Y2 Za

PGT No.2 () 2205 949.0762 (-) 4884 126.7921 + 3447 135.1550

PLR 8.5 (-) 2202 170.9992 (-) 4890 133.2439 + 3440 903.3287

PLR 17 (-) 2194 311.3777 (-) 4893 452.0198 + 3441 303.2660
ContravesG  (-) 2188 424.3707 (-) 4897 740.6844 + 3438 952.8159 (Check)
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(e) Adjusted geocentric coordinates are transformed to F , |, h, using Equations 11-9 through
11-13 in the following section. Geographic coordinates may then be converted to local SPCS (either
NAD 83 or NAD 27) project control using USACE program CORPSCON.

(5) Transgit rule adjustment.

(a) Distribution of GPS vector misclosures using Equation 11-3:

SDx;=3777.9104 + 7859.4707 + 5886.8716 = 17,524.2527
Similarly,

SDy; = 136148931 and SDz; = 8,981.9600

dx; = -dx [Dx; / SDx;]=-(-) [04538/17 524.2527] Dx; = +2584x10° Dx;
Similarly,

dy; = +7.351x10° Dy, and dz; = (-)8456x10°Dz;

(b) Adjustments to baseline vector components using Transit Rule (Equation 11-3):

V ector dx dy dz

A 0.0976 0.4415 (-) 0.5269
B 0.2031 0.2440 (-) 0.0338
C 0.1521 0.3153 (-) 0.1987
(check) (0.4528) (1.0008) (- 0.7595)

(c) Adjusted baseline vectors (from Equation 11-4):

Vector DX? DY? Dz

A 37780080  (1)6006.3786 (-)6 232.0737
B 78506738  (-)3318.8652 + 400.1564
C 5887.0237  (-)4288.6485 (-)2350.4217

(d) Final adjusted coordinates (computed from Equation 11-5):

Point X2 Y? z°

PGT No. 2 (1) 22059490762 () 4884 126.7921  +3447 135.1550
PLR 85 (-)2202171.0682 () 4890 1331707  +3440903.0813
PLR 17 (-)2194311.3944 () 4893 4520359  +3441 303.2377
Contraves G (-) 21884243707 () 4897 740.6844  +3438952.8160

(6) Proportionate distribution adjustment method:
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(@) Vector misclosures are simply distributed proportionately over each of the three GPS
baselines in the traverse:

dx =- (-) 0.4528/ 3 = + 0.1509
dy =- (-) 1.0008/ 3 = + 0.3336
dz=- () 0.7595/ 3 = (-) 0.2532

Vector DX? DY? DZ?

A 37780613 () 6006.4865 (-) 6231.8000
B 78506216 () 3318.7756 + 399.9370
C 5887.0225  (-) 4288.6302 (-) 2350.4762

(b) Final adjusted coordinates:

Point X4 & z:
PLR 8.5 (-) 2202 171.0149 (-) 4890 133.2786 +3440 903.3550
PLR 17 (-) 2194 311.3933 (-) 4893 452.0542 +3441 303.2920

Note: Relatively large horizontal (2-D) misclosure (1:23,340) may be due to existing control
inadequacies, not poor GPS baseline observations.

(¢) Variances between adjusted coordinates yield relative accuracies well in excess of 1:20,000;
thus, if project control requirements are only 1:10,000, then any of the three adjustment methods may be
used. The recommended method is the Compass Rule. Fixed coordinates of PGT No. 2 and
CONTRAVES G can be on any reference ellipsoid--NAD 27 or NAD 83.
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11-22. Geocentric Coordinate Conversions

The following agorithms for transforming between geocentric and geographic coordinates can be
performed in the field on a hand-held calculator.

a. Geodetic to Cartesian coordinate conversion. Given geodetic coordinates on NAD 83 (in F,
I, H) or NAD 27, the geocentric Cartesian coordinates (X, Y, and Z) on the WGS 84, GRS 80, or Clarke
1866 ellipsoid are converted directly by the following formulas.

(Rn + h) cosF cosl
(Rn + h) cosF cosl
(

X
Y
z (b?/a®?)Ry + h) snF (Eq 11-6)

where
F = latitude in degrees
| =360 degrees- |  (for CONUS west longitudes)

h = the dlipsoida eevation. If only the orthometric elevation H is known, then that value may
be used.

R n = the normal radius of curvature

R can be computed from either of the following formulas:

Ry=(a?)/[a®cos?F + b*dn®F ]” (Eq 11-7)

oo Ry=(a)/[1-e*sn’F]” (Eq 11-8)
and

a(GRS 80) =6,378,137.0 m (semimajor axis)

a(WGS84) =6378137.0m
a(NAD27) =6,378206.4m

b (GRS 80) = 6,356,752.314 1403 m (semiminor axis)
b(WGS84) =6,356,752.314 m
b (NAD 27) =6,356,583.8m

f(GRS80) = 1/298.257 222 100 88 (flattening)
f(WGS84)  =1/298.257 223 563
f(NAD 27) = 1/294.978 698

e’ (GRS 80) = 0.006 694 380 222 90 (eccentricity squared)
e? (WGS 84) = 0.006 694 379 9910
e? (NAD 27) = 0.006 768 658

NAD 27 = Clarke Spheroid of 1866
GRS 80 » NAD 83 reference dlipsoid
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aso

b=a(l-f)

e? =f(2-f)= (a’*-b?)/a’

e’ =(a*-b?*)/b?

b. Cartesian to geodetic coordinate conversion. Inthereverse case, given GRS80 X, Y, Z
coordinates, the conversion to NAD 83 geodetic coordinates (F , | , H) is performed using the following
noniterative method:

| = arctan (Y/X) (Eq 11-9)

The latitude "F " and height "h" are computed using the following sequence. The initial reduced latitude
b, isfirst computed:

bo=[Z/p] [(1-f) + (e*alr)] (Eq 11-10)
where

p=[X?+Y?] "

e? = 2f - f?

r=[p*+2°]"
Directly solving for F and h:

tanF =[Z(1-f) + e?asn®b,]/[(1-f)(p-ae’®cos’b, ] (Eq 11-11)

h?= (p-acosb)? + (Z-bsnb)? (Eq 11-12)
where the final reduced latitude "b" is computed from:

tanb = (1-f)tanF (Eq 11-13)

c. Transforms between other OCONUS datums may be performed by changing the ellipsoidal
parameters "a" "b," and "f* to that datum'’s reference ellipsoid.

d. Example geocentric-geographic coordinate transform
Geographic to geocentric (F | , hto X, Y, Z) transform:

(2) Given any point:

Fn =35deg 27 15.217"

| w=94deg 49 38.107" then | =360deg-|w = 2651727481 deg
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h=100m (N =0 assumed)

(2) Given constants (WGS 84):

a=6,378,137m b=a(l-f) = 6,356,752.314
f =1/298.257223563 € =f(2-f) = 6.694380 x 10°®

e. Geocentric (X, Y, Z) to geographic (F | , H) transform.

Inversing the above X, Y, Z geocentric coordinates:

p=(X*+Y?)"? =5201,440.106 and r=(p"+25)" =6,371,081918
bo=tan[Z/p] [(1-f) + (e?alr)] = 3536295229 deg
tanF =[Z(1-f) + e’asin®b,]/[(1-f)(p-ae’cos’b, ] =0.712088393
then F =35.45422693 deg = 35 deg 27 15.217"
| =tan *(Y/X ) = 85.17274810 deg or 265.17274810 deg
then 1w =360deg-| = 94deg49 38.107"
b=tan [ (1-f)tan F] = 35.36335663 deg
h?=(p-acosb)®+(Z-bsinb)? =(81.458) > + (58.004) >
then h=99.999=100m

f. North American Datum of 1927 (Clarke Spheroid of 1866). Given a point with SPCS/Project

coordinates on NAD 27, the point may be converted to X, Y, Z coordinates for use in subsequent
adjustments.

Fn =35deg 27 15.217" | w = 94 deg 49 38.107" horH=100m

(NAD 27 from SPCS X-Y to F -I conversion using USACE program CORPSCON)

then

a=6,378,206.4 b=6,356,583.8 f = 1/294.978698 € = 0.006768658
(NAD 27/Clarke 1866 Spheroid)

Ry=(a)/[1-e?sn?F]” = 6392765205m

Ry + h) cosF cosl = (-) 438220.073 m
Ry + h) cosF cosl = (-) 5189023.612m

X
Y
z (b?/a®)Ry + h) snF = +3733466.852 m

(
(
(

These geocentric coordinates (on NAD 27 reference) may be used to adjust subsequent GPS baseline
vectors observed on WGS 84.
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11-23. Evaluation of Adjustment Results

A survey shall be classified based on its horizontal point closure ratio, as indicated in Table 11-2 or the
vertical elevation difference closure standard given in Table 11-3. Other criteria pertaining to the results
in free and constrained adjustments were given in Table 11-1.

a. Horizontal control standards. The horizontal point closure is determined by dividing the
linear distance misclosure of the survey into the overal circuit length of atraverse, loop, or network
line/circuit. When independent directions or angles are observed, as on a conventional survey
(i.e. traverse, trilateration, or triangulation), these angular misclosures may optionally be distributed
before assessing positional misclosure. 1n cases where GPS vectors are measured in geocentric
coordinates, then the three-dimensional positional misclosure is assessed.

Table 11-2. USACE Point Closure Standards for Horizontal Control Surveys

USACE Classification Point Closure Standard
(Ratio)

Second Order Class | 1:50,000

Second Order Class Il 1:20,000

Third Order Class | 1:10,000

Third Order Class Il 1: 5,000

4th Order - Construction Layout 1: 2,500 - 1:20:000

Table 11-3. USACE Point Closure Standards for Vertical Control Surveys

USACE Classification Point Closure Standard
(Millimeters)

Second Order Class | 6 mmK 2

Second Order Class Il 8 mmK 2

Third Order 12 mm K ¥

4th Order - Construction Layout 24 mmK 2

(K is distance in kilometers)

(1) Approximate surveying. Approximate surveying work should be classified based on the
survey's estimated or observed positional errors. This would include absolute GPS and some differential
GPS techniques with positional accuracies ranging from 10 to 150 feet (95 %). Thereisno order
classification for such approximate work.

(2) Higher-order surveys. Requirements for relative line accuracies exceeding 1:50,000 are rare
for most USACE applications. Surveys requiring accuracies of First-Order (1:100,000) or better should
be performed using FGCS standards and specifications, and must be adjusted by the National Geodetic
Survey (NGS).
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(3) Congtruction layout or grade control (Fourth-Order). This classification is intended to cover
temporary control used for alignment, grading, and measurement of various types of construction, and
some local site plan topographic mapping or photo mapping control work. Accuracy standards will vary
with the type of construction. Lower accuracies (1:2,500 - 1:5,000) are acceptable for earthwork,
dredging, embankment, beach fill, levee alignment stakeout and grading, and some site plan, curb and
gutter, utility building foundation, sidewalk, and small roadway stakeout. Moderate accuracies (1:5,000)
are used in most pipeline, sewer, culvert, catch basin, and manhole stakeout, and for general residential
building foundation and footing construction, major highway pavement, and concrete runway stakeout
work. Somewhat higher accuracies (1:10,000 - 1:20,000) are used for aigning longer bridge spans,
tunnels, and large commercia structures. For extensive bridge or tunnel projects, 1:50,000 or even
1:100,000 relative accuracy aignment work may be required. Vertical grade is usualy observed to the
nearest 0.005 meter for most construction work, although 0.04-meter accuracy is sufficient for rip rap
placement, grading, and small diameter pipe placement. Construction control points are typicaly marked
by semi-permanent or temporary monuments (e.g., plastic hubs, P-K nails, wooden grade stakes).
Control may be established by short, nonredundant spur shots, using total stations or GPS, or by single
traverse runs between two existing permanent control points. Positiona accuracy will be commensurate
with, and relative to, that of the existing point(s) from which the new point is established.

b. Vertical control standards. The vertical accuracy of asurvey is determined by the elevation
misclosure within alevel section or level loop. For conventiona differential or trigonometric leveling,
section or loop misclosures (in millimeters) shall not exceed the limits shown in Table 11-3, where the
line or circuit length (K) is measured in kilometers. Fourth-Order accuracies are intended for construction
layout grading work. Procedural specifications or restrictions pertaining to vertical control surveying
methods or equipment should not be over-restrictive.

11-24. Final Adjustment Reports, Submittals, and Metadata

a. A variety of free and/or constrained adjustment combinations may be specified for a
contracted GPS survey. Specific stations to be held fixed may be indicated or a contractor may be
instructed to determine the optimum adjustment, including appropriate weighting for constrained points.
When fixed stations are to be partially constrained, then appropriate statistical information must be
provided--either variance-covariance matrices or relative positional accuracy estimates which may be
converted into approximate variance-covariance matrices in the constrained adjustment. All rejected
observations will be clearly indicated, aong with the criterialreason used in the rejection.

b. When different combinations of constrained adjustments are performed due to indications of
one or more fixed stations causing undue biasing of the data, an analysis shall be made asto a
recommended solution that provides the best fit for the network. Any fixed control points that should be
readjusted due to anomalies from the adjustment(s) should be clearly indicated in afinal anaysis
recommendation.

c. Thefind adjusted horizontal and/or vertical coordinate values shall be assigned an accuracy
classification based on the adjustment statistical results. This classification shall include both the
resultant geodetic/Cartesian coordinates and the baseline differentia results. The final adjusted
coordinates shal state the 95 percent confidence region of each point and the accuracy in parts per million
between al pointsin the network. The datum and/or SPCS will be clearly identified for all coordinate
listings.

d. Fina report coordinate listings may be required on hard copy as well as on a specified digital

media. It isrecommended that a scaled plot be submitted with the adjustment report showing the proper
locations and designations of all stations established.
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e. Final report format. The following outline is recommended for GPS project submittals
involving extensive networks, geoid modeling, and adjustments. Formal reports are usually not required
for local topographic site plan or construction stake out surveys where smple GPS "total station™ RTK
techniques are employed. Typical project reports submitted by A-E contractors are shown in Appendix E
and Appendix J. These sample reports include applicable portions of the outline guidance below.

Recommended Outline for Survey Report Submittals

Section 1: General Project Description
-Overview of the project including location, purpose, and parties involved.

Section 2: Background
-Reason for project (more detailed description) and more specific location description including a map.
Accuracy and deliverables should be discussed in this section.

Section 3: Project Planning
-How the project was planned including but not limited to: reconnaissance results; PDOP and satellite
availability tools used; DGPS method(s) selected; feature and attribute standards selected.

Section 4: Data Collection

-Overview of how data was collected including but not limited to: Equipment used (make and model); data
collection method(s) and/or techniques used; control points used (brief history of control, datums, recovery
notes); amount of data collected; number of crews and personnel per crew; how long the data collection
took; data processing/error checking performed in field.

Section 5: Data Processing
-How was the data processing was performed including but not limited to process followed.

Subsection 5.1: Baseline Processing:

-Software used; baseline processing results (summary); reprocessed baselines and reason for;
parameters for baseline processing (elevation mask, type of ephemeris used); summary results or
loop closures (if applicable).

Subsection 5.2: Network Adjustments:

-Software used; results of unconstrained adjustment, minimal constrained adjustment (show
unconstrained known control compared against published coordinates), and fully constrained
adjustment; summary of weights used, general statistics.

Section 6: Project Summary and Conclusion

-This section shall include a narrative of overall results of the processing, products produced, listing of
deliverables being submitted, overall accuracy of the data collection (based on results from data processing
section), problems encountered during data collection and data processing, recommendations for future
data collection efforts of this type or in this area (lessons learned).

Section 7: Output and Reports from Software

-This section shall include the detailed reports and output from software packages used during the data
processing. This section might have multiple subsections--e.g., one for each step in the processing that has
output that is critical in evaluating results.

f. Metadata submittals. Metadata records should be created for observations and adjustments of
project control established by GPS. Corps metadata policy and procedural references are contained in
ER 1110-1-8156 (Policies, Guidance, and Requirements for Geospatial Data and Systems) and
EM 1110-1-2909 (Geospatial Data and Systems). The following is a sample metadata file developed for
a GPS PROSPECT training survey at the Corps Bevill Center in Huntsville, AL
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Sample Metadata File for a GPS Survey Observations

SurveylV.met

Identification_Information:
Citation:
Citation_Information:
Originator: Survey IV(comp.)
Publication_Date: Unknown
Publication_Time: Unknown
Title: Field survey to densify geodetic control for civil works plans and specifications
for the Tom Bevill Center and adjacent facilities
Edition: FY02
Description:
Abstract:
This data set is the result of a GPS field survey performed
to develop geodetic control at specified locations within
the vicinity of the Tom Bevill Center, Huntsville, Alabama.
Purpose:
To set control to verify existing map data and to facilitate
future civil works projects adjacent to the Tom Beuvill
Center
Time_Period_of_Content:
Time_Period_Information:
Range_of_Dates/Times:
Beginning_Date: 20020603
Ending_Date: 20020607
Currentness_Reference: Publication Date
Status:
Progress: Complete
Maintenance_and_Update_Frequency: Annually
Spatial_Domain:
Bounding_Coordinates:
West_Bounding_Coordinate: -086.645900
East_Bounding_Coordinate: -086.639310
North_Bounding_Coordinate: +34.732910
South_Bounding_Coordinate: +34.717664
Keywords:
Theme:
Theme_Keyword_Thesaurus: Tri - Service Spatial Data Standard
Theme_Keyword: Geodetic/Cadastral
Place:
Place_Keyword_Thesaurus: Geographic Names Information System
Place_Keyword: Tom Bevill Center
Access_Constraints: None
Use_Constraints:
These data were compiled for government use and
represents the results of data collection/processing for a
specific U.S. Army Corps of Engineers (USACE) activity.
The USACE makes no representation as to the suitability or
accuracy of these data for any other purpose and disclaims
any liability for errors that the data may contain. As such, it
is only valid for its intended use, content, time, and
accuracy specifications. While there are not explicit
constraints on the use of the data, please exercise
appropriate and professional judgment in the use and
interpretation of these data.
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Sample Metadata File for a GPS Survey Observations (Continued)

Point_of_Contact:
Contact_Information:
Contact_Person_Primary:
Contact_Person: Diane M. Hollingshead
Contact_Organization: U.S. Army Corps of Engineers
Contact_Position: Survey IV Coordinator
Contact_Address:
Address_Type: mailing address
Address:
CEHR-P
P.O. Box 1600
City: Huntsville
State_or_Province: Alabama
Postal_Code: 35807-4301
Contact_Voice_Telephone: 256-895-7449
Native_Data_Set_Environment: ASCII Data
Data_Quality_Information:
Attribute_Accuracy:
Attribute_Accuracy_Report: Point attributes were supplied by USACE, Survey IV.
Logical_Consistency_Report: None
Completeness_Report: None
Positional_Accuracy:
Horizontal_Positional_Accuracy:
Horizontal_Positional_Accuracy_Report:
Points meet Third Order Class 1 horizontal accuracy as
specified in EM1110-1-2909, Change 2, 1 Jul 98; Table
11-5, Design, Construction, Operation & Maintenance of
Feature & Topographic Detail Plans.
Vertical_Positional_Accuracy:
Vertical_Positional_Accuracy_Report:
Points meet third order vertical accuracy as specified in
EM1110-1-2909, Change 2, 1 Jul 98; Table 11-5, Design,
Construction, Operation & Maintenance of Military
Feature & Topographic Detail Plans.
Lineage:
Source_Information:
Source_Citation:
Citation_Information:
Originator: Survey IV(comp.)
Publication_Date: Unknown

Publication_Time: Unknown
Title: Field survey to densify geodetic control for civil works plans and

specifications for the Tom Bevill Center and adjacent facilities

Type_of_Source_Media: paper
Source_Time_Period_of _Content:

Time_Period_Information:

Single_Date/Time:
Calendar_Date: 20010604

Source_Currentness_Reference: Publication Date
Source_Citation_Abbreviation: None
Source_Contribution: Geodetic Control Points
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Sample Metadata File for a GPS Survey Observations (Continued)

Process_Step:

Process_Description:

The data for these points was collected with GPS and
processed/adjusted with Trimble Geomatics Office
software.

Process_Date: 20020606

Spatial_Reference_Information:
Horizontal_Coordinate_System_Definition:
Planar:

Grid_Coordinate_System:
Grid_Coordinate_System_Name: State Plane Coordinate System 1983
State_Plane_Coordinate_System:

SPCS_Zone_ldentifier: 0101

Transverse_Mercator:
Scale_Factor_at_Central_Meridian: 0.9999600000
Longitude_of_Central_Meridian: -085.833333
Latitude_of_Projection_Origin: +30.500000
False_Easting: 656166.667
False_Northing: 0.000

Planar_Coordinate_Information:
Planar_Coordinate_Encoding_Method: coordinate pair
Coordinate_Representation:

Abscissa_Resolution: .001
Ordinate_Resolution: .001
Planar_Distance_Units: Survey Feet
Geodetic_Model:

Horizontal_Datum_Name: North American Datum of 1983

Ellipsoid_Name: Geodetic Reference System 80

Semi-major_Axis: 6378137.000

Denominator_of Flattening_Ratio: 298.257223563

Vertical_Coordinate_System_Definition:
Altitude_System_Definition:

Altitude_Datum_Name: North American Vertical Datum of 1988

Altitude_Resolution: .01

Altitude_Distance_Units: Meters

Altitude_Encoding_Method: Explicit elevation coordinate included with horizontal

coordinates
Distribution_Information:
Distributor:
Contact_Information:
Contact_Person_Primary:
Contact_Person: Jim Garster
Contact_Organization: U.S. Army Corps of Engineers
Contact_Position: Survey Engineer
Contact_Address:
Address_Type: mailing and physical address
Address:
ERDC
U.S. Army Topographic Engineering
Center
ERDC-TEC-VA
City: Alexandria
State_or_Province: Virginia
Postal_Code: 22315
Contact_Voice_Telephone: 703-428-6766
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Sample Metadata File for a GPS Survey Observations (Continued)

Distribution_Liability:
These data were compiled for government use and
represents the results of data collection/processing for a
specific U.S. Army Corps of Engineers (USACE) activity.
The USACE makes no representation as to the suitability or
accuracy of these data for any other purpose and disclaims
any liability for errors that the data may contain. As such, it
is only valid for its intended use, content, time, and
accuracy specifications. While there are not explicit
constraints on the use of the data, please exercise
appropriate and professional judgment in the use and
interpretation of these data.
Standard_Order_Process:
Non-digital_Form:
For digital or non-digital data, contact Prospect Course
Proponent
Fees: No charge
Metadata_Reference_Information:
Metadata_Date: 20020607
Metadata_Contact:
Contact_Information:
Contact_Person_Primary:
Contact_Person: Fran Woodward
Contact_Organization: U.S. Army Corps of Engineers
Contact_Position: Civil Engineering Technician
Contact_Address:
Address_Type: mailing address
Address:
CESAJ-CO-OM
P. O. Box 4970
City: Jacksonville
State_or_Province: Florida
Postal_Code: 32232-0019
Contact_Voice_Telephone: 904-232-1132
Metadata_Standard_Name: FGDC Content Standards for Digital Geospatial Metadata
Metadata_Standard_Version: FGDC-STD-001-1998
Metadata_Time_Convention: Local time
Metadata_Access_Constraints: None
Metadata_Use_Constraints:
These data were compiled for government use and
represents the results of data collection/processing for a
specific U.S. Army Corps of Engineers (USACE) activity.
The USACE makes no representation as to the suitability or
accuracy of these data for any other purpose and disclaims
any liability for errors that the data may contain. As such, it
is only valid for its intended use, content, time, and
accuracy specifications. While there are not explicit
constraints on the use of the data, please exercise
appropriate and professional judgment in the use and
interpretation of these data.
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Not al metadata fields must be completed for a particular project. Figure 11-10 below shows the required
and optional metadata sections. For example, the above sample metadata file used only sections 1, 2, 4, 6,
and7.

1 Identification
- ’ Information
LEGEMD
3
Metadata
4.
3-D Box
Indicates
Data
I Entry
- Field
Metadata
S ? I Reference

Information

Figure 11-10. General Metadata format indicating sections 2 through 6 are optional

11-25. Mandatory Requirements

The criteria standards in Tables 11-1, 11-2, and 11-3 are considered mandatory.
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Chapter 12
Contracting GPS Surveying Services

12-1. General

This chapter describes the process for contracting GPS survey services. It covers development of survey
scopes of work, performance specifications, and cost estimates for Architect-Engineer (A-E) contracts.
Procedures for developing GPS survey contract specifications and cost estimates are performed similarly
to those for A-E design services. Similar technical discipline scheduling and production factors are used
to determine the ultimate cost of atask. Although this chapter is intended to provide guidance for
estimating costs for GPS surveying services, the explanations herein regarding procurement policies and
practices describe only the framework within which cost estimates are used. For detailed guidance on
procurement policies and practices, refer to the appropriate procurement regulations. FAR, DFARS,
EFARS, EP 715-1-7 (Architect-Engineer Contracting), and the PROSPECT course on A-E contracting.

12-2. Brooks Architect-Engineer Act

In the Federal government, professiona architectural, engineering, planning, and related surveying
services must be procured under the Brooks Architect-Engineer Act, Public Law 92-582 (10 US Code
541-544). The Brooks A-E Act requires the public announcement of requirements for surveying services,
and selection of the most highly qualified firms based on demonstrated competence and professional
qualifications. Cost or pricing is not considered during the selection process. After selection, negotiation
of afair and reasonable price for the work is conducted with the highest qualified firm. GPS surveying
supporting the Corps research, planning, development, design, construction, or ateration of real property
is considered to be arelated or supporting architectural or engineering service, and must therefore be
procured using Brooks A-E Act qualifications-based selection, not by bid price competition.

12-3. Contracting Processes and Procedures

Corps procedures for obtaining A-E services are based on avariety of Federa and DoD acquisition
regulations. The following paragraphs synopsize the overall A-E process used in the Corps.

a. Typesof contracts. Two types of A-E contracts are principally used for surveying services:
Firm-Fixed-Price (FFP) contracts and Indefinite Delivery contracts (IDC). FFP contracts are used for
moderate to large mapping projects (e.g., > $1 million) where the scope of work is known prior to
advertisement and can be accurately defined during negotiations--typically for alarge new project site.
Due to variable and changing engineering and construction schedules (and funding), most mapping work
involving GPS services cannot be accurately defined in advance; thus, these fixed-scope FFP contracts
arerarely used, and well over 95% of surveying services are procured using IDC.

b. Announcements for surveying services Requirements for surveying services are publicly
announced and firms are given at least 30 days to respond to the announcement. The public
announcement contains a brief description of the project, the scope of the required services, the selection
criteriain order of importance, submission ingtructions, and a point-of-contact. This public
announcement is not a request for price proposal, and firms are directed not to submit any price-related
information.

c. Section criteria. Federal and DoD regulations set the criteria for evaluating prospective
surveying contractors as listed below. These criteria are listed in the public announcement in their order

12-1



EM 1110-1-1003
1 Jul 03

of importance and the selection process assigns descending weights to each item in that order. (The order
listed below may be modified based on specific project requirements.)

(1) Professional qualifications necessary for satisfactory performance.
(2) Specidized experience and technical competence in the type of work required.

(3) Past performance on contracts with Government agencies and private industry in terms of cost
control, quality of work, and compliance with performance schedules.

(4) Capacity to perform the work in the required time.
(5) Knowledge of the locdity of the project.

(6) Utilization of small or disadvantaged businesses.
(7) Geographic location.
(8) Volume of work awarded by the Department of Defense.

[Note: (6), (7), and (8) are secondary selection criteria--see EP 715-1-7 (Architect-Engineer
Contracting) for latest policy on A-E sdlection procedures and evaluation criteria)

d. Selection process The evauation of firmsis conducted by aformally constituted Selection
Board in the Corps district seeking the services. This board is made up of highly qualified professional
employees having experience in architecture, engineering, surveying, etc. A majority of the board
members for surveying services must have specific technical expertisein that area. At least one member
must be a licensed surveyor if rea property surveys are involved. The board evaluates each of the firm's
qudlifications based on the advertised selection criteria and develops alist of at least three most highly
qualified firms. As part of the evaluation process, the board conducts interviews with these top firms
prior to ranking them. The firms are asked questions about their experience, capabilities, organization,
equipment, quality management procedures, and approach to the project. These interviews are normally
conducted by telephone. The top three (or more) firms are ranked and the selection is approved by the
designated selection authority--typically the District Commander. The top ranked firms are notified they
are under consideration for the contract. Unsuccessful firms are aso notified, and are afforded a
debriefing as to why they were not selected, if they so request.

e. Negotiationsand award. The highest qualified firm ranked by the selection board is provided
with a detailed scope of work for the project, project information, and other related technical criteria, and
is requested to submit a detailed price proposa for performing the work. In the case of IDC, price
proposals consist smply of unit rates for various disciplines, services, and equipment. This list becomes
the contract "Schedule B" of prices, and typically each line item of services contains al overheads,
profits, and incidental supplies. Once afair and reasonable price (to the government) is negotiated, the
contract is awarded. The Government Contracting Officer is obligated to strive to obtain a negotiated
price that is "fair and reasonable” to both the Government and the contractor.

12-4. Indefinite Delivery Contracts and Task Orders

The vast mgjority of the Corps surveying services are procured using Indefinite Delivery Contracts (IDC).
These IDCs are procured using the selection and negotiation process described above. IDC (once termed
"Open-End" or “Délivery Order” contracts) have only a genera scope of work--e.g., "GPS surveying
services in Southeastern United States.” When work arises during the term of the contract, task orders are
written for performing that specific work. In the Corps, IDCs are currently (2002) issued for $1 million
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with two additional $1 million option term (not year) extensions -- for atotal award of $3 million. Task
orders may be issued up to $1 million each. Larger IDC awards are often made, both in overall award
Size and task order limit. Task orders are negotiated using the unit rate " Schedule” devel oped for the
main contract. Thus, negotiations are focused on the level of effort and performance period. Task orders
typically have short scopes of work--afew pages. The scope is sent to a contractor who responds with a
time and cost estimate, from which negotiations are initiated. Under emergency conditions (e.g., flood
fights, hurricanes) contractors can be issued task orders verbally by the Contracting Officer, with the
scope of work simply defined as alimiting number of days for survey crew at the contract schedule rate.
The entire process--from survey need to task order award--should routinely take only 2 to 4 weeks. From
the IDC Schedule, a GPS survey crew and equipment is pieced together using the various line items--
adding or deducting personnel or equipment as needed for a particular project. A number of methods are
used for scheduling GPS services in afixed-price or IDC contract. The most common method is a Daily
Rate. A dally rate basisisthe cost for a GPS field crew (including all instrumentation, transport, travel,
and overhead) over anominal 8-hour day. A daily crew rate isthe preferred unit price basis for
estimating contracted GPS services for IDC contracts and their task orders. It provides the most
flexibility for IDC contracts, especialy when individual project scopes are expected to vary widely. The
crew personnel size, number of GPS receivers deployed, vehicles, etc., must be explicitly indicated in the
contract specifications, with differences resolved during negotiations. Options to add additional GPS
receiver units (along with personnel and/or transport) must be accounted for in the estimate and unit price
schedule. Asan example, the daily rate for a GPS surveying crew could be estimated using the following
detailed analysis method.

Table 12-1. Factors for Estimating A-E Costs

Item Description

| Direct labor or salary costs of GPS survey technicians: includes applicable overtime or other
differentials necessitated by the observing schedule

Il Overhead on Direct Labor *
] G&A Overhead Costs (on Direct Labor) *
\Y] Material Costs

\Y Travel and Transportation Costs: crew travel, per diem, etc. Includes all associated costs of
vehicles used to transport GPS receivers

Vi Other Costs: includes survey equipment and instrumentation, such as GPS receivers. GPS
receiver costs should be amortized down to a daily rate, based on average utilization rates,
expected life, etc. Exclude all instrumentation and plant costs covered under G&A, such as interest

VIl Profit (Computed/ negotiated on individual task order or developed for all task orders in contract)

* these may be combined into a single overhead rate

12-5. Contract Price Schedule

The various personnel, plant and equipment cost items like those shown in Table 12-1 above are used asa
basis for negotiating fees for individua line items in the basic IDC contract. During negotiations with the
A-E contractor, individual components of the Independent Government Estimate (IGE) and the
contractor's price proposal may be compared and discussed. Differences would be resolved in order to
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arrive at afair and reasonable price for each line item. The contract may also schedule unit prices based
on variable crew sizes and/or equipment. A typical negotiated IDC price schedule (i.e. Section B -
Supplies or Services and Prices/Costs) is shown below in Table 12-2. The contract specifications would
contain the personnel and equipment requirements for each line item. Each Corps district has its unique
requirements and therefore line items used in schedules will vary considerably. For instance, some
districts may elect to apply overhead as a separate line item. Others may compute profit separately for
each task order and others may not include travel costs with crew rates.

Table 12-2. Sample Contract Schedule of Services for an Indefinite Delivery Contract used for GPS
Surveying Services

Item Description Quantity U/M  Unit Price
0001 Registered/Licensed Land Surveyor--Office [1] Day $ 497.31
0002 Registered/Licensed Land Surveyor--Field [1] Day $ 459.22
0005 Professional Geodesist Computer--Office [1] Day $ 415.76
0007 Engineering Technician (CADD Draftsman)--Office [1] Day $ 296.00
1003 Civil Engineering Technician--Field Supervisor [1] Day $ 245.00
1005 Supervisory GPS Survey Technician (Field) [1] Day $ 452.73
1006 Surveying Technician--GPS Instrumentman/Recorder  [1] Day $ 374.19
1007 Surveying Aid--Rodman/Chainman [1] Day $ 246.94
1008 One-Person GPS RTK Survey Crew [1] Day $1,323.76
[two receivers--one vehicle--travel]
1008a Two-Person GPS Static or RTK Survey Crew [1] Day $1,868.05
[two receivers--one vehicle--travel]
1008b Three-Person GPS Static or RTK Survey Crew [1] Day $2,234.72
[three receivers--two vehicles--travel]
1008c Four-Person GPS Static or RTK Survey Crew [1] Day $2,546.98
[four receivers--three vehicles--travel]
1101 Additional GPS receiver [1] Day $ 100.00
1102 Additional survey vehicle [1] Day $ 40.00
1013 Air Boat (Florida w/operator) [1] Day $ 330.00
1014 Marsh Buggy (Florida w/operator) [1] Day $ 360.00
1210 Station Monuments [standard concrete monument] [1] EA $ 25.00
1211 Station Monuments [deep rod vertical monument] [1] EA $ 950.00
1215 Bluebooking [1] BL $ 500.00
1300 Nominal Per diem [to be adjusted on each task order] [1] Day [perJTR rate]

Abbreviations EA = Each BL=Baseline

Scheduled prices include overhead and profit [these could be listed separately if desired]

GPS survey crew includes all field equipment, auxiliary data loggers, tripods, and computers needed to observe, reduce, and adjust baselines
in the field. Per diem is included. [The contract scope of work will specify items that are included with a crew, including GPS receiver quality
standards]

12-4



EM 1110-1-1003
1 Jul 03

12-6. Sample Cost Estimate for Contracted GPS Survey Services

The following cost computation is representative of the procedure used in preparing the IGE for an A-E
contract and ultimately the contract price schedule above. The example shows the computation for a two-
man GPS survey crew. Larger crew/receiver size estimates would be performed similarly. Costs and
overhead percentages are shown for illustration only--they are subject to considerable geographic-,
project-, and contractor-dependent variation (e.g., audited G& A rates could range from 50 to 200
percent). GPS instrumentation rates are approximate (2002) costs. Associated costs for GPS receivers,
such as insurance, maintenance contracts, interest, etc., are presumed to be indirectly factored into afirm's
G&A overhead account. If not, then such costs must be directly added to the basic equipment
depreciation rates shown. Other equally acceptable accounting methods for developing daily costs of
equipment may be used. Equipment utilization estimates in an IGE may be subsequently revised (during
negotiations) based on actual rates as determined from a detailed cost analysis and field price support
audits.

SAMPLE COMPUTATION FOR FULLY EQUIPPED 3-MAN GPS SURVEY CREW
[3 geodetic quality receivers, auxiliary equipment, 2-vehicles, laptops, and adjustment software]

LABOR
Supervisory Survey Tech (Party Chief) $42,776.00/yr (based on GS 11/5)
Overhead on Direct Labor (36%) $15,399.36/yr

G&A Overhead (115%) $49,192.40/yr
Total: $107,367.76/yr $411.57/day *
Survey Technician--GPS observer $35,355/yr (based on GS 9/5)
@ 151% O/H (36%+115%) $88,741.05 $340.17/day
Survey Aid $23,332/yr (based on GS 5/5)
@ 151 % O/H $58,563.32 $224.49/day

Total Labor Cost for 3-Man GPS Crew/day: $976.23
*[adding 10% profit = $452.73 --Schedule B]

TRAVEL (NOMINAL RATE)

Per Diem (Nominal): 3 persons @ $ 88/day

(subject to JTR adjustment on task orders)
Total Travel Cost/day: $264.00

SURVEY INSTRUMENTATION & EQUIPMENT

DGPS Carrier Phase Positioning System --3 geodetic quality receivers

(static or kinematic positioning), batteries, tripods, data collectors, etc.
$40,000 ea or $120,000 @ 4 yrs @ 100 d/yr $300/day

Total Station: data collector, prisms, etc.
$32,000 @ 5 yrs @ 120 d/yr $ 53/day
(rental rate: $60/d)

Survey Vehicle $40,000 ea @ 6 yrs @ 225 d/yr plus O&M @ 2reqd  $ 80/day
Misc Materials (field books, survey supplies, etc) $ 25/day

Total Instrumentation & Equipment Cost/day: $ 458.00

Subtotal : $1,698.23
Profit @ 10.0% $ 169.82

Total Estimated Cost per Day -- 3 man GPS Survey Crew $1.868.05

Similar computations are made for other line items in the price schedule.
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12-7. Cost Per Work Unit (GPS Station) Schedule

If a cost-per-work-unit fee structure is desired on an IDC, the computed daily/hourly crew rates and other
applicable cost items can be divided by the estimated daily/hourly productivity in order to schedule work
units. Typical work unit measures on a GPS contract might be cost per static point or cost per kinematic
point. Both the estimated crew daily rate and the estimated productivity rates are subject to negotiation.
An infinite number of work unit measures could be formed, given the variety in units of measure, survey
classifications, expected local conditions, etc. Use of work unit rates is obvioudly restricted to individual
project areas where work is fairly repetitious. Costs per GPS stations were commonly used during the
early days of GPS (mid-1980s) when GPS receivers cost $150,000 and only 3-4 hours of satellite
congtellation was available each day. Today thereislittle justification for using work unit costs for
pricing GPS surveys.

12-8. Contract Specifications and Accuracy Standards

a. Contract specifications and standards for Corps surveying work should make maximum
reference to existing standards, publications, and other references. The primary reference standard is this
manua. Drafting and CADD/GIS standards are contained in various (Tri-Service) CADD/GIS
Technology Center publications. Corps headquarters does not specify standard hardware or software for
its districts—-each district may establish their own standards based on their unique requirements. US
Government policy prescribes maximum use of industry standards and consensus standards established
by private voluntary standards bodies, in lieu of government-developed standards. This policy is further
outlined in EM 1110-1-2909, as follows:

"Voluntary industry standards shall be given preference over non-mandatory Government
standards. When industry standards are non-existent, inappropriate, or do not meet a project's
functiona requirement, ...[other] standards may be specified as criteria sources. Specifications
for surveying and mapping shall use industry consensus standards established by national
professional organizations, such as the American Society for Photogrammetry and Remote
Sensing (ASPRS), the American Society of Civil Engineers (ASCE), the American Congress on
Surveying and Mapping (ACSM), or the American Land Title Association (ALTA). Technica
standards established by state boards of registration, especially on projects requiring licensed
surveyors or mappers, shall be followed when legally applicable. Commands shall not develop or
specify local surveying and mapping standards where industry consensus standards or Army
standards exist.”

b. According to Corps policy, technical specifications for obtaining GPS survey data shall be
"performance-based" and not overly prescriptive or process oriented. Performance-based specifications
shall be derived from the functional project requirements and use recognized industry standards where
available. Performance-oriented (i.e. outcome based) specifications set forth the end results to be
achieved (i.e. final drawing/chart format or accuracy standard) and not the means, or technical
procedures, used to achieve those results. A performance-oriented specification provides the most
flexibility and allows the most economical and efficient methods to achieve the desired end product.
Performance specifications should succinctly define the basic mapping limits, feature location and
attribute requirements, scale, contour interval, map format, sheet layout, and fina data transmittal,
archiving or storage requirements, the required accuracy criteria standards for topographic and
planimetric features that are to be depicted, and describe quality assurance procedures that will be used to
verify conformance with the specified criteria. Performance-oriented specifications should be free from
unnecessary equipment, personnel, instrumentation, procedural, or materia limitations; except as needed
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to establish comparative cost estimates for negotiated services. This would include any in-progress
reviews or approvals during various phases of the project.

c. EM 1110-1-2909 also states that use of prescriptive (i.e. procedural) specifications shall be
kept to aminimum, and called for only on highly specialized or critical projects where only one
prescribed technical method, in the opinion of the Government, is apprapriate or practical to perform the
work. Overly prescriptive specifications typicaly require specific field instrumentation (e.g., brand name
GPS receiver), personnel, office adjustment procedures (e.g., product-specific software or output format),
or rigid project phasing with on-going design or construction. Prescriptive specifications reduce
flexibility, efficiency, and risk, and can adversely impact project costs if antiquated survey methods or
instrumentation are required.

12-9. Contract Statements of Work

Technical specifications for GPS surveying that are specific to the project (including items such as the
scope of work, procedura requirements, and accuracy requirements) are inserted in the appropriate
section of the contract (e.g., Statement of Work--Section C). This GPS engineer manual should be
attached to and made part of any A-E service or construction contract requiring GPS surveying.
References to USACE survey classifications (and related criteria tables) may also be made if required.
References to this manual will normally suffice for most USACE survey specifications, however, areas
where deviations from (or additions to) this manual must be considered in devel oping the Statement of
Work. A guide specification for GPS surveying servicesis found in Appendix C of thismanua. This
guide specification is readily adaptable to al types of GPS surveying services.

12-10. Contract Quality Control and Quality Assurance

Under the Corps professiona contracting system, contractors are responsible for performing al quality
control (QC) activities associated with their work. The Corps is responsible for quality assurance (QA)
oversight of the contractor's QC actions. Therefore, Corps QA or testing functions should be focused on
whether the contractor meets the required performance specification (e.g., survey accuracy) and not the
intermediate surveying or compilation steps performed by the contractor. Asaresult, for surveys
procured using the Brooks A-E Act qualifications-based selection method, Corps representatives do not
regularly observe work in progress (i.e. perform QC activities)--the contractor was selected as being
technically qualified to perform the work; including all QC associated with it. Corps-performed field
testing of a contractor's work is an optional QA requirement, and should be performed only when
technically and economically justified.

12-11. Task Order Time and Cost Estimates

Once unit prices have been negotiated and established in the basic IDC schedule asillustrated in the
above sections, each IDC task order is negotiated primarily for effort, i.e. time. The process for
estimating the time to perform any particular survey function in agiven project is highly dependent on the
knowledge and persond field experience of the government and contractor estimators. The negotiated fee
on atask order is then a straight mathematical procedure of multiplying the agreed-upon effort against the
established unit prices in Schedule B, plus an alowance for profit if not included in the unit rates. An
IGE isrequired for task orders over $100,000, along with a detailed profit computation, documented
records of negotiations, etc. The scopeis attached to a DD 1155 order placed against the basic contract.

If aprdiminary site investigation is scheduled for this project, any such adjustments should be
investigated and resolved prior to negotiating subsequent task orders for the various phases of the work,
to the maximum extent possible. As such, the negotiated costs for the subsequent work phases would be
considered fixed price agreements. Any later adjustments to these agreed to prices would be issued in the
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form of modificationsto task orders (i.e. change orders), and would have to be rigorously defended as
significant, unforeseen changes in the scope. The contractor would be expected to immediately notify the
contracting officer (KO) or Contracting Officer’s Technical Representative (COTR) of the need for cost
adjustments.

12-12. Sample Task Order for GPS Services

Following is an example of atask order for GPS surveying services that are performed within atask order
for monitoring a beach renourishment project. Included in this example is the letter request for proposal
to the IDC contractor. Attached to this letter request is the detailed statement of work that identifies the
scope, standards, and specifications that are to be performed. The final record of negotiations compares
the Independent Government Estimate with the contractor's proposal, and records the final negotiated cost
to perform the task order.

SAMPLE LETTER REQUEST FOR PROPOSAL

Engineering Division
Design Branch

Sea Systems, Inc.
3456 Northwest 27th Avenue
Pompano Beach, Florida 33069-1087

SUBJECT: Contract No. DACW17-98-D-0004
Gentlemen:
Enclosed are marked drawings depicting the scope of work required for the following project:

Brevard County, Sand Bypass System Post Construction
One-Year Monitoring Beach Erosion Survey
Canaveral Harbor, Florida (Survey 99-267)

General Scope. Furnish all personnel, plant, equipment, transportation, and materials necessary to perform and
deliver the survey data below in accordance with the conditions set forth in Contract No. DACW17-98-D-0004.
Services not specifically described herein are nonetheless a firm requirement, if they can be identified as an item or
items commonly a part of the professional grade work of a comparative nature required by your contract. All work
shall be accomplished in accordance with the Manuals and TM's specified in your contract.

Your attention is directed to the Site Investigation and Conditions Affecting the Work clause of your contract. After
we have reached agreement on a price and time for performance of this work, neither the negotiated price nor the
time for performance will be exchanged as a consequence of conditions at the site except in accordance with the
clause. Costs associated with the site investigation are considered overhead costs which are reimbursed in the
overhead rates included in your contract. Additional reimbursement will not be made.

a. Scope of Work. Hydrographic and topographic monitoring data shall be collected for CCAFS-29, CCAFS-30,
CCAFS-33 through CCAFS-42, BC-5 through BC-14, and DEP R-0 through DEP R-18 including DEP R-1-AA and
DEP R-1A. The area is shown on Enclosure 1, USGS quads. Enclosure 2 is the control monument descriptions and
profile line azimuth. Enclosure 3 is the technical requirements for the surveys.

b. Data Processing. The Contractor shall make the necessary computations to verify the accuracy of all
measurements and apply the proper theory of location in accordance with the law or precedent and publish the
results of the survey.

c. CADD. The survey data shall be translated or digitally captured into Intergraph IGDS 3D design files according
to the specifications furnished. The survey data shall be provided in Intergraph MicroStation Version 5.0 or higher.
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d. Digital Geospatial Metadata. Metadata are "data about data". They describe the content, identification, data
quality, spatial data organization, spatial reference, entity and attribute information, distribution, metadata reference,
and other characteristics of data. Each survey project shall have metadata submitted with the final data submittal.

e. Compliance. Surveying and Mapping shall be in strict compliance with EM-1110-1-1000 Photogrammetric
Mapping, EM-1110-1-1002 Survey Markers and Monumentation, EM-1110-1-1003 NAVSTAR Global Positioning
System Surveying, EM-1110-1-1004 Deformation Monitoring and Control Surveying, EM-1110-1-1005 Topographic
Surveying, EM-1110-2-1003 Hydrographic Surveying, EM-1110-1-2909 Geospatial Data and System, Tri-Services
A/E/C CADD Standards, Tri-Services Spatial Data Standards, Related Spatial Data Products and Chapter 177,
Chapter 472, and Chapter 61G17 of the Minimum Technical Standards set by the Florida Board of Professional
Surveyors and Mappers.

The completion date for this assignment is 60 days after the Notice to Proceed is signed by the Contracting Officer.
Contact Design Branch at 904-232-1613 for assistance, questions, and requirements.

You are required to review these instructions and make an estimate in writing of the cost and number of days to
complete the work. Please mark your estimate to the attention of Chief, Design Branch.

This is not an order to proceed with the work. Upon successful negotiation of this delivery order the
Contracting Officer will issue the Notice to Proceed.

Sincerely,

Enclosures Walter Clay Sanders, P.E.
Assistant Chief, Engineering Division

Sample Task Order Scope of Work--Sand Bypass Project

TECHNICAL QUALITY CONTROL REQUIREMENTS
BREVARD COUNTY, SAND BYPASS SYSTEM POST CONSTRUCTION
ONE-YEAR MONITORING BEACH EROSION SURVEY
CANAVERAL HARBOR, FLORIDA
(SURVEY 99-267)

1. LOCATION OF WORK. The project is located in Brevard County at Canaveral Harbor, Florida.
2. SCOPE OF WORK.

2a. The services to be rendered by the Contractor include obtaining topographic and hydrographic survey data (x,
y, z,) and CADD data for 47 beach profile lines.

2b. The services to be rendered by the Contractor include all the work described in these technical requirements.
Details not specifically described in these instructions are nevertheless a firm requirement if they can be identified as
an item, or items, commonly a part of professional grade work of a comparative nature.

2c. The Contractor shall furnish all necessary materials, labor, supervision, equipment, and transportation
necessary to execute and complete all work required by these specifications.

2d. The Corps of Engineers, Survey Section shall be contacted the same day that the Contractor plans to
commence the work.

2e. Rights-of-Entry must be obtained verbally and recorded in the field book before entering on the private
property. Enter in the field book the name and address of the property owner contacted for rights-of-entry.
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2f. COMPLIANCE. Surveying and Mapping shall be in strict compliance with EM-1110-1-1000 Photogrammetric
Mapping, EM-1110-1-1002 Survey Markers and Monumentation, EM-1110-1-1003 NAVSTAR Global Positioning
System Surveying, EM-1110-1-1004 Deformation Monitoring and Control Surveying, EM-1110-1-1005 Topographic
Surveying, EM-1110-2-1003 Hydrographic Surveying, EM-1110-1-2909 Geospatial Data and System, Tri-Services
A/E/C CADD Standards, Tri-Services Spatial Data Standards, Related Spatial Data Products and Chapter 177,
Chapter 472, and Chapter 61G17 of the Minimum Technical Standards set by the Florida Board of Professional
Surveyors and Mappers.

2f1. Digital Geospatial Metadata. Metadata are “data about data”. They describe the content, identification, data
quality, spatial data organization, spatial reference, entity and attribute information, distribution, metadata reference,
and other characteristics of data. Each survey project shall have metadata submitted with the final data submittal.

2f2. Furnish a digital file using CORPSMET 95 (Metadata Software) with the appropriate data included. Point of
contact in survey section Mr. Bill Mihalik at 904-232-1462.

2g. All digital data shall be submitted on CD ROM's.

2h. EXISTING DATA. The Contractor shall be furnished DTM files and existing sheet layout of previous
monitoring survey. The Contractor shall utilize this information to perform survey comparisons. These comparisons
are quality assurance measures for the Contractor to the correctness of his data.

3. FIELD SURVEY EFFORT. Hydrographic and topographic monitoring data shall be collected for CCAFS-29,
CCAFS-30, CCAFS-33 through CCAFS-42, BC-5 through BC-14, and DEP R-0 through DEP R-18 including DEP R-
1-AA and DEP R-1-A. The area is shown on Enclosure 1, USGS quads. Enclosure 2 is the control monument
descriptions and profile line azimuth. Enclosure 3 is the technical requirements for the surveys.

3a. CONTROL. The Horizontal datum shall be NAD 1927 and the vertical datum shall be NGVD 29 MLW. All
control surveys shall be Third-Order, Class Il accuracy and shall comply with the Engineering Manuals listed above.

3al. The basic control network shall be accomplished using precise differential carrier-phase Global Positioning
System (GPS) and Differential GPS baseline vector observations.

3a2. Network design, station and baseline occupation requirements, for static and kinematic surveys, satellite
observation time per baseline, baseline redundancies, and connection requirements to existing networks, shall follow
the criteria given in the above said engineering manual. A field observation log shall be completed at each setup in
the field.

3a3. GPS derived elevation data shall be supplied in reference to the above said datum. Existing benchmark data
and stations shall be used in tandem in a minimally constrained adjustment program to model the geoid. All
supporting data used in vertical adjustment shall be submitted to Survey Section. The GPS plan shall be submitted
and approved by Mr. Lonnie Zurfluh prior to commencing work.

3a4. Establish or recover 1 horizontal and vertical control monument for each profile line. The established position
for each monument recover shall be utilized and new positions shall be established for any new monuments
established. The GPS network (if required) shall commence from the control shown on Enclosure 2. All established
or recovered control shall be fully described and entered in a FIELD BOOK, in accordance with the Technical
Requirements of this contract. All control surveys shall be Third-Order, Class Il accuracy. The Contractor shall
submit the field data and abstracts for the control networks to Survey Section for computation before commencing the
mapping. The monument designations shall be furnished as requested.

3a5. All horizontal and vertical control (double run forward and back) established shall be a closed traverse or
level loop no spur lines, with Third-Order accuracy. All horizontal and vertical control along with baseline layouts,
sketches, and pertinent data shall be entered in field books.

3a6. All monuments, survey markers, etc., recovered shall be noted on the copies of control descriptions. Control
points established or recovered with no description or out-of-date (5 Years old) description shall be described with
sketches for future recovery use.

3a7. All original field notes shall be kept in standard pocket size field books and shall become the property of the

Government. The first four pages of the field books shall be reserved for indexing and the binding outside edge shall
be free of all marking. All control surveys shall be Third-Order, Class Il accuracy.
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3b. BEACH PROFILES. Recover or establish one (1) horizontal and vertical control monument for Sand Bypass
System CCAFS-29, CCAFS-30, CCAFS-33, CCAFS-34, CCAFS-35, CCAFS-36, CCAFS-37, CCAFS-38, CCAFS-
38A, CCAFS-39, CCAFS-39A, CCAFS-40, CCAFS-40A, CCAFS-41, CCAFS-41A, CCAFS-42, BC-5, BC-6, BC-7,
BC-8, BC-9, BC-10, BC-11, BC-12, BC-13, BC-14, DEP R-0, R-1T RESET, R-1-AA, R-1A, R-2, R-3, T-4 RESET, R-
5, R-6-T RESET, R-7-T RESET, R-8 RESET, R-9, T-10, R-11, R-12, R-13, R-14, R-15-T, R-16, R-17 and R-18.
Utilize the coordinates, elevations, and azimuths shown on Enclosure 2.

3b1. Certification of original and all reset DEP monuments shall be conducted prior to any survey data being
collected. Inthe event several benchmarks are discovered for one specific monument, the enclosed excel worksheet
highlights the benchmark to be conserved (all others should be destroyed). This work shall be accomplished and
completed prior to collecting any survey data in Jun/Jul 99.

3b2. All profile lines shall extend 150 feet landward (or to the limits of the beach), from the established DNR
monument or until a building, road, wall, protected vegetation, water, etc. is encountered (note features along profiles
and write descriptor in field book for all land features located west of and including the monuments at point collected
on land side). The profile lines shall extend seaward from the monument a distance of no less than 3,000 feet.

3b3. Obtain data points (X, Y, Z) on 10-foot ranges (land), all breaks in grade greater than 1 foot vertically,
vegetation line, tops and toes of dunes, seawalls, or other manmade features along the profile line. Soundings shall
be identified at 12.5’ ranges along the profile.

3c. TIDE STAFF. Establish an on-site tide staff referenced to mean low water, which is 1.90’ below NGVD of
1929. Maintain a 0.1’ frequency reading log during the water portion of the survey. Monument “SOUTHPORT” shall
be utilized for the tide staff.

3d. BREAKLINE. Breaklines shall be located for all natural or man-made features as needed. The breaklines
shall be located with X, Y, and Z and identified.

3e. SOUNDING POLE / 6" DISK: A sounding pole or sounding rod with a 6 inch diameter disk attached to the
bottom shall be used.

3f. DATA COLLECTION (RTK or TOTAL STATION). Data collection will be allowed for data points only, showing
all instrument positions, calibration, backsights, and closing readings in the field book.

4. DATA PROCESSING. The Contractor shall make the necessary computations to verify the correctness of all
measurements and apply the proper theory of location in accordance with the law or precedent and publish the
results of the survey. The Contractor shall submit advance copies of the horizontal control so that USACE can
compute the final positions before commencing mapping. Compute and tabulate the horizontal and vertical positions
on all work performed. Review and edit all field data for discrepancies before plotting the final drawings.

4a. Furnish X, Y, Z and descriptor ASCI| file for each profile line and one X, Y, Z, and descriptor ASCII file with all
data included for each area.

4b. Furnish a DEP format ASCII file for each profile line.

5. CADD. The survey data shall be translated or digital capture into Intergraph IGDS 3D design files according to the
specifications furnished. The survey data shall be provided in Intergraph MicroStation Version 5.0 or higher as
shown in the letter dated 30 September 1992. The neat mapping area on all sheets (cover and plan) shall be 30-
inches by 25-inches.

5a. GLOBAL ORIGIN. The IGDS 3-D design file shall be prepared with a global origin of 0, 0, 2147483.65, Design
file master units: FT., Sub units: 1,000, and positional units: 1. The file name shall be the survey number prefixed to
an "A"i.e., a267S1.DGN. All reference file names shall commence with the a267 also.

5b. DIGITAL TERRAIN MODEL (DTM) DATA. The Contractor shall develop and deliver a surface model of the
area using Intergraph compatible Digital Terrain Modeling software and the model file shall have the .dtm extension.
The digital terrain model shall be developed from the collected data. Breaklines should include ridges, drainage, road
edges, surface water boundaries, and other linear features implying a change in slope. The surface model shall be of
adequate density and quality to produce a one-foot contour interval derived from the original DTM (Digital Terrain
Model) file. The contour data shall be incorporated as a reference file into the final data set. All data used to develop
the DTM's shall be delivered in Intergraph 3-D design files.
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5b1. CONTOURS. The contours shall be developed in the digital terrain model (DTM). The contours shall be
provided in one or more master DGN files, attached as a reference file to all sheet files utilizing the clip bounds
methods. Each contour shall be drawn sharp and clear as a continuous solid line, dashed contours are not
acceptable. Every index contour shall be accentuated as a heavier line than the intermediate and shall be annotated
according to its actual elevation above MLW. Whenever index contours are closer than one-quarter (1/4) inch, and
the ground slope is uniform, the intermediate shall be omitted. Labeling or numbering of contours shall be placed on
top of the contour line, so that the elevation is readily discernible, do not break contours. Labeling of intermediate
contours may be required in areas of low relief.

5c. MODEL DGN FILES (SCALE 1:1).

5cl. The beach profile upland (land) data shall be provided in one or more master DGN file attached as a
reference file to all sheet files utilizing the clip bounds methods.

5c2. The beach profile offshore (water) data shall be provided in one or more master DGN file attached as a
reference file to all sheet files utilizing the clip bounds methods.

5¢3. The control data shall be provided in one or more master DGN file attached as a reference file to all sheet files
utilizing the clip bounds methods.

5c4. The contours shall be provided in one or more master DGN file attached as a reference file to all sheet files
utilizing the clip bounds methods.

5¢5. The breaklines shall be provided in one or more master DGN file attached as a reference file to all sheet files
utilizing the clip bounds methods.

5d. COVER AND CONTROL SHEET. The first sheet shall be a cover sheet showing the control sketch, survey
control tabulation, sheet layout or index, legend, project location map, survey notes, north arrow, graphic scale, grid
ticks, and large signature block. Tabulate, plot, and list the horizontal control used for the survey on the final
drawings.

5e. PLAN SHEETS. The plan sheets shall be prepared to a scale of 1"=100', in the Corps of Engineers format
(reference letter and instruction dated September 30, 1992) showing notes, title block, grid, north arrow, graphic
scale, legend, sheet index, and D. O. File Number. Sheets shall be oriented with north to the top. The extreme right
7 inches of the sheet shall be left blank for notes, legends, etc. The second sheet and all sheets following shall be a
continuation sheet and shall have a minimum of two notes, note 1: See Drawing number 1 for notes, note 2: Refer to
Survey No. 99-267. The existing sheet layout shall be furnished.

5d. SECTION VIEWS. The sections shall be extracted and displayed from the digital terrain model (DTM OR
TTN) utilizing INROADS OR INXPRESS. The sections shall be generated or extracted along the same azimuth as
the section was collected in the field. The sections shall be displayed at a 10 to 1 vertical exaggeration. The
planimetric lines (alignment of extraction), alignment, stations, and cross sections shall be displayed in one DGN file
(NO PLOTS).

6. MAP CONTENT.
6a. COORDINATE GRID (NAD 27). Grid ticks (English) of the applicable State Plane Coordinate System shall be
properly annotated at the top, bottom and both sides of each sheet. Spacing of the grid ticks shall be five (5) inches

apart.

6b. CONTROL. All horizontal and vertical ground control monuments shall be shown on the maps in plan and
tabulated.

6c. TOPOGRAPHY. The map shall contain all representable and specified topographic features that are visible or
identifiable.

6d. SPOT ELEVATIONS. Spot elevations shall be shown on the maps in proper position.

6e. MAP EDIT. All names, labels, notes, and map information shall be checked for accuracy and completeness.
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6f. SHEET INDEX AND LEGEND. On plan drawings a small-scale sheet index shall be shown on each sheet of
the series; highlighting the sheets in the standard manner. Planimetric and topographic feature legends shall be
shown on each sheet. Contractor logo shall be shown on each drawing.

6g. MAP ACCURACY. All mapping shall conform to the national map accuracy standards except that no dashed
contour line will be accepted.

7. OFFICE REVIEW AND COMPUTATIONS. The Contractor shall make the necessary computations to verify the
correctness of all measurements and apply the proper theory of location in accordance with the law or precedent and
publish the results of the survey. The contractor shall submit the original field notes and horizontal and vertical
abstract (computation abstract) to Survey Section for final computation before mapping commences.
8. DELIVERIES. On completion, all data required shall be delivered or mailed to Design Branch, Survey Section at
the address shown in contract, and shall be accompanied by a properly numbered, dated and signed letter or
shipping form, in duplicate, listing the materials being transmitted. All costs of deliveries shall be borne by the
Contractor. Items to be delivered include, but are not limited to the following:

8a. GPS network plan, (before GPS work commences).

8b. GPS raw data along with field observation log sheets filled out in field with all information and sketches.

8c. Computation files with Horizontal and Vertical abstracts along.

8d. Horizontal and Vertical Field Books.

8e. Furnish X, Y, Z, and descriptor ASCII file for each beach profile and one merged with all beach profile data.

8f. Furnish DEP format file for each profile line.

89. DTM File.

8h. Master DGN files.

8i. DGN sheet files at 1"=100.

8j. Furnish a digital file using CORPSMET 95 (Metadata Software) with the appropriate data included.

[y

8k. Excel file with Monument ID, X, Y, Z, and Azimuth of profile line.
AUTHOR EN-DT JERRY T. BURCHFIELD

APPROVED BY

ED HODGENS (EN-HC)

12-13



EM 1110-1-1003
1 Jul 03

SAMPLE RECORD OF NEGOTIATIONS
CESAJ-EN-DT (1110-2-1150a) 24 Jun 99
MEMORANDUM FOR: CONTRACT FILES
SUBJECT: Negotiations Memorandum: Contract No. DACW17-98-D-0004, Brevard County, Sand Bypass System
Post Construction One-Year Monitoring Beach Erosion Survey, Canaveral Harbor, Florida (Survey 99-267)
1. References.
a. Letter RFP CESAJ-EN-DT, 9 Jun 99, subject: Contract No. DACW17-98-D-0004.

b. Government Survey Estimate, 3 Jun 99, prepared by Mr. Burchfield (CESAJ-EN-DT), in the amount of
$60,831.00 and approved by Mr. Walter Clay Sanders, Assistant Chief, Engineering Division, 9 Jun 99.

c. Contractor's (Sea System, Inc - SEA) initial letter of proposal, 23 Jun 99, in the amount of $76,135.00.
d. Contractor's (Sea System, Inc - SEA) revised letter of proposal, 24 Jun 99, in the amount of $59,775.00.

2. The Contractor’s initial proposal of $76,135.00 is above the Government Estimate of $60, 831.00 by $15,304.00.
The Contractor’s revised proposal of $59,775.00 is below the Government Estimate of $60,831.00 by $1,056.00.

3. On 24 Jun 99, a line-by-line comparison of the estimate and proposal was performed (per References 1b and 1c)
as follows:

CONTRACTOR'S PROPOSAL (23 JUN 99)

Item Quantity Amount

2002  5-Man Hydro Crew 38.0CD @ $1,404.00 $53,352.00
2003  Survey Helper (Deduct) 38.0MD @ 144.00 - 5,472.00
2004a Per Diem 1520 MD @ 65.00 9,880.00
2005 Project Manager 50MD @ 436.00 2,180.00
2006a Per Diem (PM) 50MD@ 92.00 460.00
2007 CADD Operator 15.0MD @ 333.00 4,995.00
2008  Survey Computer 20.0MD @ 318.00 6,360.00
2011 Establish Monuments 40EA@ 25.00 100.00
2015a GPS First Unit 26.0DY @ 130.00 3,380.00
2015b Second Unit 100DY @ 90.00 900.00

Total $76,135.00

GOVERNMENT ESTIMATE (3 JUN 99)

Item Quantity Amount
2002 5-Man Hydro Crew 30.0 CD @ $1,404.00 $42,120.00
2003  Survey Helper (Deduct) 30.0MD @ 144.00 - 4,320.00
2004a Per Diem 1200MD @ 65.00 7,800.00
2005 Project Manager 7.0MD @ 436.00 3,052.00
2006a Per Diem (PM) 70MD @ 92.00 644.00
2007  CADD Operator 27.0MD @ 333.00 8,991.00
2008 Survey Computer 8.0MD @ 318.00 2,544.00
Total $60,831.00

4. Line-by-line discussions with the Contractor took place on 24 Jun 99 between Jerry T. Burchfield (CESAJ-EN-DT)
and Stan Copeland (SEA). The Request for Proposal (RFP), the technical requirements (TR), work effort, line items,
and time period were reviewed with the Contractor.

4a. Line item’s 2005, 2006a, and 2007 were the same or below the Government Estimate. Line item's 2002,

2003, 20044, 2008, 2011, 2015a, and 2015b of the Contractor’s proposal is above the Government Estimate. We
agreed to use the existing positions of the control monuments therefore line item’s 2011, 2015a, and 2015b of the
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Contractor’s proposal are not required and line item’s 2002, and 2003 were reduced. Line item 2008 was reduced
and line item 2007 was increased base on the computation and CADD requirements.

4b. During discussion with the Contractor, it was discovered that line item's 2002 requires 30 days, 2003 requires
30 days (Deduct), 2004a requires 120 days, 2005 requires 5 days, 2006a requires 5 days, 2007 requires 27 days,
and 2008 requires 8 days.

5. The Contractor and the Government agreed to a completion date of 60 days after the Notice To Proceed is signed
by the Contracting Officer and that these negotiations are subject to approval of the Contracting Officer and do not
authorize the Contractor to commence work. The Contracting Officer will issue the Notice to Proceed.

6. The Contractor's Proposed cost of $59,775.00 is considered fair and reasonable based on time and effort
reasonably expected of a prudent contractor or Government forces performing the same services, and is
recommended for acceptance by the Contracting Officer.

7. Sea System, Inc was selected for this Task Order based on an equitable distribution of work among our AE

Contractors.

PREPARED BY DATE
JERRY T. BURCHFIELD/CESAJ-EN-DT

REVIEWED BY. DATE
D. TONEY LANIER
CHIEF, SPECIFICATIONS SECTION

APPROVAL RECOMMENDED DATE
WALTER CLAY SANDERS, P.E.
ASSISTANT CHIEF, ENGINEERING DIVISION

APPROVED BY. DATE

12-15





