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US Army Corps

of Engineers
Waterways Experiment
Station

Dredging Research Program
Report Summary

System Analysis for a Kinematic Positioning System Based on the Global Positioning

System (GPS) (Contract Report DRP-92-8)

ISSUE: Accurate vessel positioning, survey
controis, and dredge-travel monitoring are im-
portant to many facets of a dredging program,
ranging from the planning phase to contract
payment as well as including satisfaction of
environmental concerns. Presently, the sys-
tems used for horizontal positioning or hydro-
graphic survey vessels and dredges require
daily calibration with a known point (shore
station). The shore stations are extremely ex-
pensive and labor intensive to calibrate and
maintain. Further, dredging and survey opera-
tions are vertically referenced to the vessel
performing the work. This reference is contin-
uously in error by short- and long-term sea
surface action. Thus surveyors cannot accu-
rately define the datum at a job site.

RESEARCH: A kinematic positioning sys-
tem was designed that would support the
Corps dredging and hydrographic survey oper-
ations. Because of accuracy contraints (10 cm
vertical positioning}, only survey-quality GPS
receivers were considered; use of auxiliary
sensors was studied to improve navigation per-
formance when GPS was not available. The
analysis included simulation of three import-
ant areas of system performance:

® Ability to resolve GPS carrier-lane
ambiguities.

® Ability to recover from loss of GPS signal.

@ Navigation system accuracy operating with
one (or more) differential stations.

Based on the analysis and examination of rele-
vant costs and risk factors, a decision matrix
was prepared.

SUMMARY: From the decision matrix, sys-
tems emerged as strong candidates as a GPS
receiver and for an Inertial Guidance system
for maintenance of navigational accuracy dur-
ing complete GPS outages. The system analy-
sis and decision matrix will be used to de-
velop a prototype GPS that will be field tested.

AVAILABILITY OF THE REPORT: The
report is available through the Interlibrary
Loan Service from the U.S. Army Engineer
Waterways Experiment Station (WES) Li-
brary, telephone number (601) 634-2355. Na-
tional Technical Information service (NTIS)
report numbers may be requested from WES
Librarians.

To purchase a copy of the report, call NTIS at
(703) 487-4780.

634-2070.
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1.0 Summary

This report documents the results of a systems analysis of a Global
Positioning System (GPS) based mavigation system to support U.S. Army Corps of
Engineers (USACE) dredging and hydrographic surveying. A horizontal
positioning accuracy of 2 meters is required; however, decimeter level
accuracy is highly desired. 1In the vertical, decimeter level accuracy is
required. Due to these stringent accuracy constraints, a significant porrtion
of this effort was dedicated to an accuracy prediction based upon extensive
error modeling and simulation. These efforts are summarized in the next
section. Based upon the results of the analysis, and examination of relevant
cost and risk factors, a decision matrix was prepared (see Table 9.0-1).

The analysis included simulation of three important areas of system
performance:

¢ the ability to resolve GPS carrier lane ambiguities

& the ability to recover from loss of GPS signals

¢ navigation system accuracy operating with one (or more) differential
reference stations.

Decimeter level positioning, using GPS, requires use of carrier phase
measurements which have the integer cycles, or lanes, properly resolved.

The first simulation investigated the ability and time required to
resolve the lanes, considering the possible receiver types (i.e., P-code,
sirgle frequency C/A-code, and dual frequency C/A-code types). The results
show that the so-called widelanes can be resolved within 7 minutes using P-
cede receivers at distances up to 100 km. Widelanes could be resolved only
for limited separation distances using dual frequency “codeless" type
receivers (which derive second frequency information through "squaring” or
"cross-correlating”, as explained later in the report). Section 4 describes
the simulation and results in detail.

In the second simulation, the use of an Inertial Navigation System (INS),
high quality clocks, and a barometric altimeter were examined for their use in
maintaining integers during gaps in GPS coverage. Different quality INSs were
considered with both partial and complete obscuration of GPS. Maximum
tolerable gap lengths (without loss of the integer ambiguities) were deter-
mined as a function of the separation distance from the differential reference
station. The maximum tolerable gap for total loss of GPS and a high quality
INS was found to be about a minute. A detailed reporting of these efforts
appears in Section 5.




The third simulation predicted the resultant navigation performance when
operating with both single and multiple reference stations operating as a
network. Separation distances of up to 120 km are considered. Multiple
reference stations were necessary to maintain decimeter vertical accuracy at
longer separation distances. The results are reported in detail in Section 6.
The conclusions of the study are as follows:

® A decimeter level kinematic positioning system employing differencial GPS
is feasible.

¢ The maximum operating range requires use of P-code receivers. Lesser
receivers provide only limited range. A suitable receiver is presently
on the market, though it is expensive.

# A single reference station can supply decimeter-level accuracy out to
about 20 km once single frequency (Ll) lanes have been determined.

o Multiple reference stations are needed to maintain decimeter vertical
accuracy a. distances greater than 20 km. The user must be surrounded
by the network stations (interpolation).

¢ VUide-lanes can be resolved and the system initialized within =7 minutes
using six available satellites from the full GPS constellation. Use of
GLONASS and/or geostationary satellites can speed up the process.

® Integration of a high quality INS allows complete loss of GPS signals for
periods up to a minute without having to reacquire the lanes.




2.0 Introduction
2.1 Review of Current Dredging Operations

A major function of USACE is to maintain the Nation’s ports, harbors and
waterways. Extensive hydrographic surveys are required to support the
planning, engineering, design, and construction phases of this effort.
Hydrographic surveying and vessel positioning is an essential engineering
function to prepare for and administer dredging projects. Presently,
horizontal positions of dredges and hydrographic survey vessels o« & determined
using systems that electronically measure multiple ranges or ranges and angles
from previously established control points on shore. Most of these systems
require the vessel to occupy a calibration point installed near the job sice
each work day to "initialize" the system. Furtnermore, they all require
establishing a series of receiver/transmiiters on control stations on shore.
Maintaining these control stations, moving receiver/transmitters about, and
performing the calibration process is extremely expensive and labor intensive.
In addition, all dredging and survey operations are vertically referenced to
the vessel performing the work. This reference is generally related to a tide
or river gage to reduce the depth readings to some datum, for instance mean
lower low water (MLLW). This method assumes that water surface elevaticns at
the gage site accurately represent the surface elevations at the survey site.
However, this is not the case and the surface elevations vary significancly
between the gage and the survey site. Offshore tide gages have been
introduced as a means to produce mathematical models of the surface
characteristics of a body of water. However, these are expensive to install,
operate and maintain. Furthermore, the models produced are limited in
accuracy by various tidal characteristics, and metrological, oceanographic,
and hydrological effects. Current technology does not allow surveyors to
accurately and efficiently define the vertical datum at a job site. With GPS,
vessel altitude is determined relative to the WGS-84 ellipsoid. Once an
onshore tide gauge reading has been referenced to WGS-84 ellipsoidal elevation
(by collocating a GPS receiver with the tide gauge), vessel depth gage
readings can be determined relative to MLLW without the use of water surface
modelling.

A system requiring no onsite calibration and only one reference station
would significantly increase the efficiency and productivity of the USACE
hydrographic surveyor. If this system could simultaneously provide sufficient
vertical accuracy it could also serve a« a means to rectify the tidal datum.
For such a system to be accepted by the community it would have to provide a
horizontal positioning accuracy of ¥ 2 meters, and a vertical accuracy of %
0.1 neters. Even though a GPS kinematic positioning system may not require
calibration to its reference station, it may have to be calibrated or aligned
to the local project datum.

With the deployment of GPS, a possibility for a kinematic positioning
system meeting these requirements has materialized. Relative positions of a
moving antenna meeting the above criteria are possible using GPS.

Differential positioning using carrier smoothed pseudo-ranges has demonstrated
accuracies of a few meters. Differential kinematic surveys using carrier
phase measurements have demonstrated accuracies of a few centimeters.

3




However, experiments using the later approach emplovcd nethods to initial
carvier lane ambx«ui:v which are operarionaily inappropriate in the marine
enviromrent {occupation of known base.ine, antennpa swaps, sfatlc survevs,
ete. . Addivtional operations mav be needed to recover full performance ol tel
loss of signal and cvele slips. Data transmission, handling, P oreedd

have nor been fullv developed for operational use.

2.2 Review of USACE Study Objectives

Currently, there is no kinematic GPS positioning system which meers the
operctional needs previously outlined. The purpose of rhis studv is tou define
and analyze possible candidate system approaches, determine their performance
and estimate costs to implement and operate.

2.2.1 Kinematic Positioning System Requirements

For the systems under study to be successful. thev must meet the
folloving requirements

They should provide horizontal positional accuracies equivalent o thal
obrained with existing systems, approximately % 2 meters. UDecimeter
horizontal accuracy is highly desired.

Existing water surface modeling techniques using onsite gages can provide
vertical accuracies of abecut 0.1 meter, however these are not repeatable it
this level due to metrological and hydrological conditions, ete. Thereforve,
the proposed systems should be capable of redefining the vertical datum at the
0.1 meter level cr better.

USACE uses automated hydrographic survey systems to produce engineering
drawings for the planning, design and construction of major engineering works
These principally include navigation channels and dredged material disposal
eaz. Most ilmportantly, the results of these survevs are used for budgpet
estimates and contractor payments. As a result, the scale of these survevs
requires the positions be computed at least once per second.

=
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It is desired that positions be computed in
he provided to other on-board systems when the event actually occurred.
Alternately, a time tag, accurate to 1l millisecond, must be provided for

post-mission matching of soundings and positions.

Survey vessels and dredges must be accurately piloted along a pre-
determined course or tn a specified position. HRorizontal positions must be
provided in "real time" to an accuracy of * 2 meters, for mission navigati
Height in real time is required. Other requirements and desirable svsten
features relative to vessel positioning are summarized below:

® The system must operate in the dynamic conditions experienced in smail
craft (20 to &5 feet) under all weather conditions in which
hydrographic survey operations are performed.




The system must determine positions of other on-board systems, such as
depth sounder transducers, which are not coincident with the GPS
antenna(s).

The system must minimize the need for shore based contrel and/or
reference stations. A single reference station should have a broad
coverage area and be capable of servicing multiple users
simultaneously.

It is desired that no special calibration or operational procedures be
required to initialize the system to conduct a mission. Any needed
pre-mission operations must be within the capability of the vessel crew
to perform.

The system must be robust in operation. It should be designed to
minimize loss of GPS data. It is desired that performance degrade
gracefully after signal loss. Recovery of full performance should be
rapid when sufficient signals are reacquired. It is desired that no
special operational procedures be required to restore full performance.

The system must be reliable with little downtime. When troubles do
arise, general repairs will normally be made by survey technicians.

The system must be relatively small and light weight. Many USACE survey
vessels are in the 20 to 25 foot class with limited space and weigh*
capacity. A reasonable weight limit would be 120 pounds or less.

USACE is anticipating the development of a helicopter mounted LIDAR
Bathymeter. A kinematic positioning system developed under this work
unit should maintain a goal »f interfacing to this helicopter system.
This system will have very rigid mission requirements in regards to
dynamics, size, and weight; although they are yet to be defined.

The system should be capable of installation on a buoy to be used as a
reference point for establishing otff shore tidal datums. Again, the
specific requirements for this application have not been defined, but
they would certainly be the most rigorous for size and weight limits.
However, the data processing application may be the simplest because of
the limited motions.

The system must operate with Block II and Block IIR satellites as well as
with the present constellation. It is fully expected that Selective
Availability (S/A) and Anti-Spoofing (AS) will be implemented in the
Block II constellation. It is desired that the system not require
classified access for full performance.

The system should have lower cost and/or better performance than the
present methods for hydrographic surveying.




2.2.2 Summary of Study Activities
The study activities are summarized in the following paragraphs:
® Develop alternate system implementations for analysis.

® Prepare detailed descriptions of selected systems, including hardware,
sofrtware, and interface requirements, error budgets, reference station
location(s), data storage, communications, processing requirements,
calibration/initialization, operational procedures and constraints.

® Analyze and simulate system performance for representative operational
scenarios. The analysis shall include: accuracy; sensitivity to
calibration/ initialization procedures; sensitivity to signal loss; and
accuracy degradation and recovery from signal loss and carrier cycle
slips.

® For operationally viable system implementations, estimate the system
costs including: development; procurement; operation; and data
reduction. Identify sources for all components available
off-the-shelf. Scope the development effort and assess the risk for
items needing further development.

® Identify areas of potential growth and barriers to growth (e.g.,
helicopter operation).

® Evaluate the tradeoffs between system performance, risk, cost and growth
potential.

® Prepare a decision matrix comparing the performance, risk, cost, and
growth potential of the alternative system implementations.

2.3 Discussion of Technical Approach
2.3.1 Identification of Critical Issues

Based upon the stated navigation system requirements, four critical
technical issues affecting performance were identified:

1. Rapid and reliable acquisition of the lane ambiguities associated
with the carrier-phase-derived pseudorange measurements in the
expected dynamic environment.

2. Maintenance of positioning capability during partial or complete GPS
obscuration and reconvergence to the correct set of carrier-phase
integer ambiguities upon reacquisition of GPS signals.

3. Estimation and removal of the correlated errors (i.e., S/A and
tropospheric and ionospheric delay) in the GPS measurements over the
expected range of separation distances from the reference stations.




4. Maintenance of carrier lock and/or detection and correction of cvcie
slips for the expected signal dynamics and noise environment .

The ability of the system to satisfy the stringent accuracy requirements
is critically dependent on establishing the correct set of lane ambiguities,
since each lane error contributes a minimum of roughly 20 cm of ranging error
{for the nominal L1 wavelength). These ambiguities must be determined in a
dvnamic, rather than a static (i.e., survey) environment. The time to acquire
the correct set of ambiguities can adversely affect system operations if it is
too long. For example, requiring more than 20 minutes for initial convergence
(and perhaps reconvergence if the correct set is lost) can make the system
unusable for some applications.

The ability to maintain integer count during GPS obscurations requires
the use of external sensors, including (genevally) a high quality (e.g.,
rubidium standard) clock and an INS. The required sensor quality will depend
upon the length of the measurement gap and the extent of GPS coverage loss
(i.e., how many of the minimum required satellites are obscured).

Residual correlated errors in the carrier pseudorange measurements made
available for navigation limit the achievable positiouing accuracy, since they
cannot be filtered (at least in the short term), and are difficult to estimate
reliably. These correlated errors can also adversely affect both the speed
and reliability of the ambiguity resolution process. It is therefore critical
that the ability of single or multiple reference stations to remove these
error contributions be quantified.

Loss of carrier lock is readily detected by most GPS receivers within 20
msecs. This detection can be performed reliably by each receiver channel,
independent of the other channels, without use of any externally-supplied
information, Once a (momentary) loss of track is detected on one channel, a
multichannel, state-of-the-art GPS receiver [2,4,36] should be able to
determine the number of carrier cycles which were lost when track has again
been established. The redundancy available in the additional satellites
should permit reconstruction of the (missing) carrier cycles. In addition, if
separate tracking of both L1 and L2 carriers is performed within the receiver,
this information can be used to determine the number of slipped cycles on one
carrier, as long as both carriers do not lose lock over the same time period.
Thus, an examination of recovery from carrier loop loss of lock will not be
performed as part of this study, since it can and will be done reliably within
the recommended GPS receiver architectures [1,8,38]. Current experience with
testing Trimble Navigation, Ltd. (TNL) survey receivers indicates that cycle
slips are generally induced by interfering sources or poor signal strength;
i.e., caused by external radio frequency sources or partial obscuration of the
GPS signals. Independent of the cause, methods are used which can detect
cycle slips very reliably. Although no comprehensive statistical analysis has
been performed for TNL receivers, probabilities of undetected cycle slips of
less than one tenth of a percent have been observed in tests of simulated
cycle slips over extended time periods (i.e., many hours).




In addition to the critical issues identified and discussed above,
certain other technical issues listed below, are addressed in the reporc:

¢ Signal reception in the expected multipath and dynamic environment.
¢ Antenna design, location and mounting.
¢ System initialization/calibration requirements.

¢ Referring positions to and time synchronization with other on-board
systems.

® Impact of S/A and AS,
2.3.2 Simulation Requirements

The preceding discussion of critical technical issues motivates three
separate but related simulation activities:

1. & simulation of the integer ambiguity acquisition (and reacquisition)
process.

2. A simulation of the use of external sensors in filling in GPS
obscuration periods.

3. A simulation of the use of single and multiple reference stations in
removing correlated error components in the GPS measurements.

These three simulations have been used to address the critical issues
mentioned above, and are reported on in the following sections of the report.




3.0 System Description and Design Alternatives
3.1 System Overview

The major components of the recommended navigation system are illustrated
in Figure 3.1-1. Note that it is comprised of two major subsystems: a
ship-based unit, with an associated communications link to a master reference
station; and up to three reference stations, including the master and {up toj
two monitors. The number of monitor stations required is a function of the
desired accuracy and geographic coverage; over reasonably short distances
(e.g., 10 km), a single reference station should meet USACE constraints on
accuracy.

3.1.1 Ship-Based System

As illustrated in the figure, the ship-based system consists of a GPS
receiver with a rubidium frequency standard input, an INS, a barometric
altimeter, a communications subsystem and a display. Each of these subsystems
interfaces with the central processor, at the heart of the system. The GPS
receiver is the primary source of navigation information for the ship: the
ultimate accuracy achievable is largely dependent upon the receiver quality,
The other navigation sensors (including the rubidium clock) serve primarily to
aid GPS, when fewer than the required number of satellites are received. INS
provides a full three-dimensional backup navigation capability, and is in fact
calibrated during periods of full GPS coverage, while the barometric altimeter
and rubidium clock add stability to the vertical and time channels,
respectively, when full coverage is unavailable. Note that, even when
operating with both monitor stations, the ship-based system need only
communicate with the master reference station. The major functions to be
performed by the central processor include:

® Providing the interface, in real time, with the navigation sensors, the
display and the communications subsystem.

¢® Implementing the Kalman filter software for integrating the INS,
measurements from the GPS receiver, clock and barometrically derived
altitude.

¢ Implementing the differential correction software, based upon data
received from the master reference station.

® Implementing the ambiguity resolution algorithms, for initial convergence
and needed reconvergence to the correct set of integer ambiguities.

® Providing the interface, in real time, to other on board systems, as
required.

The major modules of the real-time kinematic positioning software are
illustrated in Figure 3.1.2. As indicated, the operator interface software
allows for system control (i.e., starting and stopping) and display, and
changing the values of algorithm parameters. The Moding and Sequencing Logic
controls the execution of the Ambiguity Resolution Software and the GPS/INS
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Integration Filter to ensure that a correct set of integer ambiguities is
maintained: initially, and each time a new GPS satellite is acquired, the
ambiguity Resolution Software must be executed to determine new integers:
given a set of integers, the carrier pseudorange measurements can be processed
by the GPS/INS Kalman filver. This filter comprises 17 states, which
represent a compromise between fideliry (the truth model, as discussed in
Section 5, includes 56 states) and imposed computational burden. The modellcd
states include 3 INS position, 3 INS velocity and 3 INS attitude errors, :
gvro drifts, 3 accelerometer biases and 2 GPS receiver clock error states.
Thus, the Kalman filter and the Ambiguity Resolution Software are running
concurrently, with the filter processing carrier pseudorange measurements
derived from all satellites for which lane ambiguities have been resolved.

The resolved carrier pseudoranges are continuously monitored by the Kalman
filter. The cycle slip information output by the GPS receiver can be utilized
to resolve any momentary losses of track, and filter residual testing can be
used to augment this process. Should a cycle slip be detected by the GPS
receiver, the Kalman filter state vector could be augmented in an attempt to
solve for the slipped cycles. Thus, "false alarms" will not degrade
performance, since the filter’s estimate for the unresolved lane ambiguity
should not be close to an integer value. For cycle slips ‘/hich have not been
detected by the GPS receiver (a very rare occurrence for most designs), Kalman
filter residual (parity) testing can be used to isolate one or more slipped
channels if sufficient redundancy exists (six satellite tracking permicts
isolation of a single cycle slip). When integers have been lost on a
satellite which is still in view, (e.g., as induced by obscuration) covariance
and position and velocity information is passed to the Ambiguity Resolution
Software, to enable an accelerated search process.

Depending upon the outputs of INS (i.e., position and velocity. ws. delta
velocity and delta angle increments), INS interface software changes
significantly. For the Modular Azimuth Positioning System (MAPS) Dynamic
Reference Unit (DRU) INS, position and velocity outputs are available at a 3
Hz rate, which is adequate for this application. However, there is a timing
uncertainty of 80 msecs associated with the position ocutput; since this cannot
be compensated, it can only be modelled as an additional "noise” source by the
Kalman filter, with magnitude computed as a function of the expected velocitv
and acceleration. Interpolation of INS outputs may be needed because the
depth sounder can output 6-10 readings/sec. The barometric altimeter
interface software is optional, depending on the availability of the
barometric altimeter, and supplies altitude information to the filter at a |
Hz rate. The outputs of the GPS/INS Kalman filter which represent the best
estimates of position, velocity, attitude, attitude rate and time, are output
for transmission to other shipboard systems; the velocity and attitude rate
information can be used to synchronize the supplied position and attitude
information.

A secondary usage for INS is as an attitude reference, required for lever
arm compensation from the GPS antenna to other points on the ship. Assuming
20 meter lever arm magnitude, an attitude measurement accuracy of a few
milliradians (mrads) is necessary to reduce errors induced by the lever arm
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correction to the centimeter level. Such an accuracy is readily achievable
using a high quality INS which is periodically calibrated by GPS. 1f INS is
noT present, an alternate attitude system is required, as illustrated in
Figure 3.1-1. Such a system could be based upon the use of GPS in a multiplie
{i.e., at least 3) antenna svystem for three-axis attitude information.
Accuracies approaching 0.5 mrad are possible with sufficient antenna
separation and an environment relatively free from multipath. Given that :he
relevant integer ambiguities associated with the carrier difference
measurements can be reliably resolved, a differential phase measurement
accuracy of 0.5 ¢m (which includes the effects of both multipath and naoise:
implies an antenna baseline requirement of 5 meters to achieve 1.5 mrads of
accuracy. A relatively low cost rate gyro (which can be calibrated by the
GPS-derived attitude) may be used to augment the GPS determined attitude to
provide backup attitude information during obscuration periods. Such a backup
system is required only for maintenance of continuous attitude, since the
integers can be reacquired fairly rapidly for reasonable baseline lengths
(g.g., acquisition over a 1 meter baseline can generally be performed in
seconds) .

The GPS Receiver Interface Software supplies the raw pseudorange and
carrier phase measurements to the Ambiguity Resolution and Kalman filter
software, along with the required ephemeris data. The Communications
Subsystem Interface Software provides the required data received from the
master reference station to the Ambiguity Resolution Software and the
Differential Correction Software, which computes the differential corrections
to be applied to the measurements processed by the Kalman filter.

3.1.2 Reference Stations

The master reference station maintains the required high rate
communication with the ship, making possible use of data from two {(monitor)
reference stations. Data transferred by the master includes the pseudorange
and carrier phase measurements on both L1 and L2 for all satellites in view,
and spatial derivatives of the differential corrections derived from the
monitor station data. This spatial derivative information enables the user to
adjust the differential corrections compuced by the master station to account
for the spatial decorrelation of the ionosphere and SA. Thus, the master
station software includes an algorithm for computing these derivatives from
the raw measured data. Of course, when operating without the monitor
stations, the partial derivative information is absent, and so this software
1s unnecessary.

Transmissions from the monitor stations to the master occur relatively
infrequently (i.e., once per minute) and include the pseudorange and carrier
phase measurements on both L1 and L2 for all satellites in view. No special
computations are performed by the monitor stations.

3.2 GPS Receiver Designs

Each GPS receiver considered for use in the recommended navigation system
must support the following minimum set of requirements:
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® Track the worst case expected signal dynamics on the L1 C/A code and
carrier with minimum probability of loss of track for the expected
minimum signal to noise ratio.

¢ For dual frequency designs, track the L2 signal with minimum probabilicy
of loss of track under the maximum expected dynamics and worst case
signal to noise ratio.

¢ Provide for output of measured pseudorange and carrier phase on L1 (and
L2, for dual frequency designs) at 1 Hz for all satellites in view; the
pseudorange and carrier phase measurement noise variances should not
exceed 1 m® and 1 cm?, respectively, over the full range of signal
dynamics and signal to noise ratios.

¢ Allow for use of an external high quality (i.e., rubidium frequency
standard) clock.

Given these minimum set of requirements, four generic receiver designs
were considered in this study:

& A P-code dual frequency receiver.
¢ A C/A-code single frequency receiver.

® A C/A-code dual frequency receiver with codeless extraction of L2 by
syuaring.

¢ A C/A-code dual frequency receiver with codeless extraction of L2 by
cross correlation with LI1.

These two types of codeless L2 tracking receivers deserve further
discussion. Since neither design derives L2 information through use of the
P-code, they both incur a loss in noise performance relative to a P-code
receiver. In addition, both designs require L2 tracking loop aiding by the L1
tracking loop to enable discrimination of the separate satellite signals
around the L2 frequency. The squaring process removes the code modulation on
each satellite carrier; in so doing, it also removes the ability to isolate
specific satellites through code correlaticn. Similarly, the receiver which
cross correlates band-pass-filtered versions of the received signal about L1
and L2 cannot uniquely identify each satellite’s signal on L2. The major
performance differentiating feature of the two designs relates to the ability
to perform wide laning. The receiver which relies upon signal squaring
effectively doubles the incoming signal frequency, so can, at best, achieve
one-half of the wide lane by combining L1 and L2 carrier phase information.

In addition, optional operation with GLONASS and a geosynchronous
satellite was considered to increase the available number of signals for
reducing the convergence time of the ambiguity resolution algorithms unde