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Moreau, Michael Christopher (Ph.D., Aerospace Engineering Sciences) 

GPS RECEIVER ARCHITECTURE FOR AUTONOMOUS NAVIGATION IN HIGH 

EARTH ORBITS 

Thesis directed by Associate Professor Penina Axelrad 

 

This dissertation develops the systems level design of a Global Positioning System 

(GPS) receiver for high Earth orbit (HEO) satellite missions.  The prospect of using GPS for 

autonomous navigation of satellites in highly eccentric and geosynchronous orbits has long 

been considered, with the goal of increasing spacecraft autonomy and reducing operations 

costs for these missions.  While GPS has been used extensively for navigation of satellites in 

low Earth orbits (LEO), existing GPS receivers are not capable of functioning well at higher 

altitudes, where GPS signal availability is extremely limited. 

The primary emphasis is the development of algorithms and methods to add HEO 

capabilities to existing GPS receiver hardware; in particular, optimization of the receiver 

algorithms for space, and for the weak signals present in HEO.  Software simulation tools 

have been developed and used to model aspects of the GPS signal geometries, dynamics, and 

power levels.  At low altitudes, geometries and signal levels are favorable; however, 

dynamics are extremely high.  At high altitudes, power levels are weaker and geometries are 

poorer, but the dynamics are more manageable.   

Improved algorithms governing satellite selection, signal acquisition, and the overall 

design of the tracking loops are presented.  Adaptability to highly variable operating 

conditions is a key design feature of the algorithms in a HEO receiver.  Preliminary steps 

have been taken to implement these concepts in the PiVoT GPS receiver being developed by 

NASA Goddard Space Flight Center (GSFC).  These steps to optimize the performance of the 

receiver for space are expected to improve overall navigation performance by increasing the 

sensitivity of the receiver to track weaker GPS signals between 28 to 35 dB-Hz.  Preliminary 
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test results conducted with a hardware GPS simulator and the PiVoT GPS receiver are 

presented. 

The limiting altitude for GPS tracking is highly dependant on the capabilities of the 

receiver, the antenna configurations, and the pointing constraints of the spacecraft.  For a 

conventional GPS receiver with a tracking threshold of 33 to 35 dB-Hz, this limit is 

approximately 25 to 30 Earth radii.  Some of the weak signal tracking techniques discussed in 

this dissertation could extend this limit to perhaps 40 to 50 Earth radii.   
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CHAPTER    1 

INTRODUCTION 

The Global Positioning System (GPS) has been used extensively for navigation of 

satellites in low Earth orbits (LEO), and several commercial receivers exist that can provide 

reliable and efficient onboard navigation solutions for these applications [7,13,47,74].  The 

prospect of using GPS for autonomous navigation of satellites in highly eccentric and 

geosynchronous orbits has long been considered with the goal of increasing spacecraft 

autonomy and reducing operations costs for these missions [35,72,73].  Recently, researchers 

have started developing satellite mission concepts in these High Earth Orbits (HEOs) that 

require real-time onboard orbit information for formation flying and coordination of multiple 

spacecraft.  GPS is considered to be an enabling technology for these missions [8]; however, 

heritage space GPS receivers cannot be directly applied to HEOs because of important 

differences in vehicle dynamics, signal levels, and geometrical coverage.  There is an 

increasing need for GPS receivers designed to operate autonomously in the full range of 

Earth orbiting space missions. 

1.1 Motivation 

An ever increasing number of spacecraft stand to benefit from GPS tracking 

capabilities at high altitudes.  Table 1.1 lists a sample of some of the HEO missions currently 

under development, or proposed for flight within the next decade.  GPS is a key technology 

to enable autonomous navigation, relative navigation, and formation flying in these and any 
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near Earth orbits.  However the use of GPS in space has been limited to regions where point 

positioning is possible, typically below altitudes of 3000 km.  Many existing GPS receivers 

would have difficulty forming even a single point solution in most HEOs, and could by no 

means reliably provide an autonomous navigation capability in these orbits.  The mission 

concepts listed in Table 1.1 range in altitude from hundreds of kilometers to 

80+ Earth radii (RE).  This presents significant technical hurdles to the use of GPS.  

Table 1.1 : HEO Missions Proposed or Under Development. 

Mission Orbit Altitudes [km] Launch Notes 

Ellipso [49] 633 x 7605 km 
8050 km circular 

(now defunct) mobile communications 
17 satellites in three orbital 
planes 

IMAGE (Imager for 
Magnetopause-to-Aurora 
Global Exploration) [11] 

1000 km x 7 RE 25 Mar 2000 magnetospheric science 
mission 

Cluster II [24] 3 RE x 18.6 RE 16 July 2000 science mission 
Four spacecraft flying in 
formation 

STRV1 c&d [19] 620 x 36,000 km 2000 includes GPS experiment 
spacecraft failed 

AMSAT Oscar 40 [71] 1000 x 59,000 km  16 Nov 2000 communications satellite 
includes GPS experiment 

STENTOR [33,34] Geosynchronous 2001 includes GPS 

IMEX (Inner Magneto-
sphere Explorer) [53] 

350 x 35,800 km 2003 science mission to study the 
Van Allan belts 

Nanosat Constellation 
Trailblazer (ST5) [48] 

200 x 38,000 km 2003 New Millennium Program 
three spacecraft <22 kg each 

AMM (Auroral Multiscale 
Midex mission) [44]  

600 x 7000 km 2002 four spacecraft  

Auroral Lite [17] 1000 x 8000 km 2004  

Magnetospheric Multiscale 
(MMS) [14] 

1200 km x 11 RE  
1200 km x 29 RE  
7 x 79 RE  
9 x 49 RE (polar) 

ca. 2005-2007 Five spacecraft, four different 
orbits and mission phases 

Magnetospheric 
Constellation [29] 

3 RE perigee 
12-42 RE apogee 

ca. 2007 50 - 100 satellites 

TOMCATS [38] 1200 km x 16 RE ca. 2007 7 satellites 

Inner Magnetosphere 
Constellation Mission (or 
Orion Constellation) 

Three 1 x 5.5 RE orbits 
(10 spacecraft each) 
Three 1 x 11 RE orbits 
(4 spacecraft each) 

TBD science mission 
42 spacecraft in 6 orbital 
planes 
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There are many examples of GPS applications today in which the utility of the 

system is being extended beyond what it was originally envisioned to do.  The use of GPS in 

space, particularly in very high altitude orbits, is one example; the transmitted signals were 

designed to be received by users on or near the surface of the Earth.  For this reason, 

significant design modifications are required for a GPS receiver to operate in space.  

Operating a receiver in HEO requires even more fundamental modifications. 

Unfortunately, because the market for space GPS receivers is miniscule compared to 

terrestrial GPS applications, commercial receiver manufacturers have been reluctant to invest 

the effort and money required to develop designed-for-space receivers.  Furthermore, for 

intellectual property reasons, users rarely have the type of access to receiver source code 

required to make customizations for their specific applications.  As a result, many of the 

heritage space GPS receivers (with space flight experience) are simply minimally modified 

versions of existing terrestrial designs; in some cases this has imposed fundamental 

limitations on the capabilities and performance of GPS in space.  This problem has led 

several different research groups to embark on efforts to develop their own space GPS 

receivers in recent years.  Most of these efforts have been focused on LEO applications; 

however, several of these new receivers would provide an excellent starting point for an 

autonomous navigation HEO receiver. 

GPS significantly enhances navigation precision, spacecraft autonomy, and enables 

the consolidation of spacecraft and operations resources.  A receiver designed with 

consideration for the special conditions present in HEO requires additional capabilities not 

present in existing GPS receivers, and thus would provide improved performance in any 

Earth orbiting mission.  The motivation behind this dissertation is to develop a GPS receiver 

architecture incorporating the necessary modifications and enhancements to achieve this goal. 
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1.2 Problem Statement 

The high altitudes reached by HEO spacecraft present a very unfavorable 

environment for the reception of GPS signals.  The most significant difference from LEO 

applications is the sparse nature of GPS signals at high altitudes.  There are rarely four or 

more satellites present simultaneously, the condition required for a GPS receiver to produce 

an instantaneous point solution for position and time.  Furthermore, the available signals are 

generally very weak and originate from only a small region of the sky.  This environment 

stresses both the ability of the receiver to acquire and track the signals and the quality of the 

navigation solution obtained.  In this discussion, a GPS satellite is considered visible if the 

line-of-sight (LOS) to the satellite is unobstructed and the power level at the receiver is 

sufficient for signal acquisition and tracking.  The major factors affecting GPS signal 

visibility in HEOs are summarized below. 

The main beam of the transmitted GPS signals (to 3 dB down) is approximately 

21.3 degrees wide (half angle) and is directed at the center of the Earth.  Because the Earth 

only subtends a half angle of 13.9 degrees, there is approximately 8 degrees of signal 

spillover [56].  Figure 1.1 illustrates the geometry for tracking these limb crossing GPS 

signals by a receiver high above the altitude of the GPS constellation.  The only GPS signals 

reaching the receiver at these high altitudes originate from satellites on the opposite side of 

the Earth.  The limit of the main beam corresponds to a limb-crossing altitude of 

approximately 3000 km, above which the GPS signal visibility begins to drop off rapidly.  

The figure also shows the first side lobes radiating from the GPS satellites.  The side lobe 

signals are generally about 20 dB weaker than signals transmitted from the main beam; 

however, it is possible that a receiver could actually track a GPS satellite from these side 

lobes when antenna orientations and ranges are favorable. 
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GPS orbits 

Main lobe 

First side lobe 

42.6 degrees (L1) 

GEO 

LEO (below 
3000 km) 

HEO 
spacecraft 

 
Figure 1.1: Geometry for reception of GPS signals by a HEO spacecraft. 

Below 3000 km altitude, signals from ten or more GPS satellites are typically 

present, reaching the receiver with nearly uniform power levels and geometric distribution 

above the local horizon.  In the context of this dissertation, any spacecraft always within this 

region is referred to as a LEO, and any orbit in which the spacecraft travels above 3000 km 

altitude is considered a HEO.  Other than the high Doppler shifts and the frequent rising and 

setting of GPS satellites, signal visibility conditions in LEO are not unlike those for terrestrial 

GPS users.  However, above 3000 km altitude the conditions for receiving GPS signals 

become much less favorable.  Received signal power typically decreases because 1) the 

ranges to many of the visible GPS satellites increase, and 2) the power of some signals drops 
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off due to the antenna pattern of the transmitting GPS satellites.  As a result, the received 

power levels of signals from many GPS satellites geometrically in view are below the 

tracking threshold of the receiver. 

For medium altitudes, roughly between 3000 km and the 20000 km altitude of the 

GPS constellation, signal visibility is already significantly reduced compared to a LEO; 

however, the signals present can originate from any part of the sky.  At altitudes above 

20000 km the situation is quite different.  Visible signals radiate from a narrow cone centered 

in the direction of the Earth; there are rarely four or more GPS signals present 

simultaneously; and GPS signal outages lasting several hours are not uncommon.  Several 

factors further complicate high altitude GPS operations.  Occasionally, a single, powerful 

signal from a GPS satellite at close range will jam all of the other signals being tracked by the 

receiver, causing loss of lock and a data outage.  Through perigee passage of a highly 

eccentric orbit, the relative line-of-sight velocities (Doppler) will be at times greater than 

±10 km/s (±52.5 kHz).  Some missions may have attitude pointing requirements that preclude 

mounting or orienting GPS antennas in the most favorable orientations for receiving GPS 

signals, further reducing signal visibility.  Finally, the radiation environment for HEO 

spacecraft can be orders of magnitude more severe than in LEO. 

Clearly, as spacecraft altitude increases the conditions for tracking GPS signals 

become less favorable.  There are rarely four or more satellites visible simultaneously, and 

there are significant outages during which no satellites are visible.  Those signals present may 

be at significantly reduced power levels, and the line of site (LOS) geometries are different.  

As a general rule, existing space GPS receivers will begin to have problems above altitudes 

of 3000 to 4000 km. 
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1.3 Previous Work 

Satellite to satellite applications of GPS have been envisioned since the early 

development stages of the NAVSTAR GPS.  Some of the earliest papers, appearing in the 

mid to late 1970s, examined a GPS navigation system for the Space Shuttle orbiter [65,9].  

The first GPS receiver was flown in space on the Landsat 4 spacecraft in 1982.  This two-

channel receiver had very limited capabilities, and it actually failed shortly after launch [13].  

Some other notable achievements in spaceborne GPS applications include the first differential 

carrier phase measurements used to perform attitude determination (post-processed) for the 

RADCAL spacecraft in 1993, and the first real-time attitude determination in space on the 

Crista-Spas spacecraft in 1994.  The first measurements of GPS signals made from above the 

GPS constellation (by a non-classified spacecraft) were made in late 1997 as several different 

spacecraft with HEO GPS experiments launched within a three-month period. 

1.3.1 Use of GPS for Low Earth Orbit Applications 

Today the use of GPS for both navigation and attitude determination functions on 

LEO spacecraft has become somewhat routine; however, it took years of research and 

development efforts by a variety of organizations to get to this point.  The three main 

obstacles that prevent a terrestrial GPS receiver from working in LEO are the high velocities 

and resulting high Dopplers, spacecraft pointing requirements unfavorable for the reception 

of GPS signals, and the severe radiation environment.   

In his Ph.D. dissertation in 1997, Lightsey outlined the problems associated with 

operating a GPS receiver on LEO spacecraft, and presented test results from a TANS Vector 

receiver used to perform real-time navigation and attitude determination in a LEO [40].  

Almost all of the existing GPS receivers today include some assumptions that the receiver 

will always be operating in an environment where point positioning is possible.  This 

essentially limits the applicable regions of space to LEO.   
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1.3.2 HEO Theoretical and Simulation Work 

The first published papers discussing the use of GPS beyond LEO appeared in 1982 

[35,43]; in one Jorgensen determined via covariance analysis that 100 meter accuracies were 

achievable using GPS from a Geosynchronous orbit.  A study conducted by Lockheed in 

1975, but not published in open literature, concluded that 200-300 feet (100 meter) accuracies 

would be possible near apogee of a 500 by 21400 nm elliptical orbit, and that GPS 

positioning above the GPS constellation would require high gain antennas or increased 

transmitted power levels from the GPS satellites in order to obtain geometric dilution of 

precision (GDOP) values below 30 [9].  A DOP is a representation of the geometry 

associated with a set of GPS observations.  A number of papers have appeared in the 

literature more recently discussing the reception of GPS signals from above the GPS 

constellation, and the potential application of GPS to HEO and GEO missions [32,42,72,73].  

These papers can generally be divided into two groups: stand-alone GPS, or GPS coupled 

with other ground-based pseudolites or Doppler measurements.  Part of the motivation for 

this second approach was the assumption that it would be necessary to supplement the 

existing GPS signals when the receiver was operating outside of the GPS constellation in 

order to obtain acceptable navigation accuracies.  Many of the earlier HEO GPS references 

assume only the main beam of the GPS satellite, to approximately 21 degrees down, is 

available for tracking.  In most cases, these earlier studies did not address the availability of a 

suitably designed GPS receiver to make GPS measurements at high altitudes. 

Papers appearing in the late 1990s have typically focused on stand-alone GPS 

tracking, and have presented analysis of GPS signal visibility for a range of high altitude 

orbits [22,25,51].  Several different groups have undertaken efforts recently to develop new 

GPS receivers that would be suited for use in high altitude orbits, including the NASA 

Goddard Space Flight Center (GSFC), the source of funding for this dissertation research 
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[7,20,33,45,61].  More discussion is presented on these recent receiver development efforts in 

Chapter 2. 

1.3.3 HEO Flight Experiments 

Table 1.2 lists all of the known examples of GPS receivers being flown on spacecraft 

in HEO.  Since 1997 there have been several flight experiments utilizing conventional space 

receivers to demonstrate high altitude tracking of both the GPS main and side lobe signals.  

The TEAMSAT/YES mission, managed by ESTAC in the Netherlands, demonstrated the first 

acquisition of GPS signals above the constellation in 1997 [23].  The EQUATOR-S satellite 

carried a Motorola Viceroy 12-channel GPS receiver as a technology experiment.  

EQUATOR-S demonstrated tracking of GPS satellites at altitudes of up to 34000 km, and the 

tracking of GPS side lobe signals [5].  The AMSAT OSCAR 40 spacecraft, launched in 

November 2000 is carrying two TANS Vector receivers.  One receiver is oriented on the 

nadir-pointing face of the spacecraft and the other on the zenith pointing face [71].  

Unfortunately while the AMSAT spacecraft is currently operating, it has experienced a series 

of problems that have prevented the GPS payload from being powered on until only recently, 

and no GPS data are yet available.   

The data returned from these missions have been very limited, but these early 

experiments have provided a proof of concept for the tracking of GPS signals at high 

altitudes, and even the tracking of GPS side lobe signals.  However, they have not 

demonstrated a real time autonomous navigation capability due to fundamental limitations in 

the basic algorithms in the receivers used.  The receiver on the EQUATOR-S satellite was 

only able to record data when commanded by ground controllers to track a particular satellite 

at a specific time.  On the AMSAT OSCAR spacecraft, the zenith-pointing receiver will only 

see GPS satellites when it is below the GPS constellation.  The nadir pointing GPS receiver is 

only capable of operating in a “blind search” or cold start mode because the satellite selection 
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logic in the receiver fails for a nadir-pointing antenna.  The result of this design limitation 

will likely be that the receiver will miss many of the visible GPS signals it might otherwise be 

capable of tracking. 

Table 1.2 : HEO Flight Experiments 

Mission Architecture Orbit Date Comments 

US DoD Satellite 
[37] 

Transponder with 
ground based 
processing 

GEO mid 1990’s Operational GPS based OD 
system for GEO satellite, 
Ground receiver based on 
GEC Plessey (Mitel) 

TEAMSAT-YES 
[23] 

Trimble TANS-II Geostationary 
transfer orbit 
(GTO) 

Oct 1997 First successful Ariane 5 
launch.  Tracked up to five 
satellites during first apogee 
pass (~26000 km) 

Equator-S [5,22] Motorola Viceroy 500x67000 
km alt orbit 

Dec 1997 Tracked PRN 30 from an 
altitude of 61000 km 

Falcon Gold [12] NAVSYS 
TIDGIT 
sampling receiver 

GTO Oct 1997 Limited data processed on 
the ground 

AMSAT-OSCAR 
40 [71] 

Trimble TANS 
Vector 

4000x48000 
km alt orbit 

Nov 2000 GPS receiver activated for 
the first time in May 2001 

STRV 1c&d [19] microGPS II 
sampling receiver 

GTO Fall 2000 No GPS data returned due to 
spacecraft failure 

 

There have also been several flights of sampling receivers in HEO.  In this design, 

the GPS signals are sampled in the receiver and the processing functions take place on the 

ground.  This concept has promise for HEO missions not requiring real time, onboard orbit 

knowledge.  Falcon Gold, a small satellite built by the US Air Force Academy and flown in a 

geostationary transfer orbit (GTO), carried a sampling GPS receiver called TIDGET built by 

NAVSYS.  This receiver was designed to sample the GPS spectrum and send the raw 

measurements to the ground, where the normal receiver processing functions are performed 

in post-process [12].  Similarly, the STRV spacecraft, which was launched in late 2000, 



 11

carried a dual frequency version of the microGPS sampling receiver built by JPL [19,58].  

Unfortunately, the spacecraft failed before any GPS data could be recorded.   

One of the most impressive applications of GPS in high altitude orbits is a 

Department of Defense satellite program run by TRW.  In this implementation, a distributed 

GPS receiver architecture using an analog translator has been used to perform the operational 

orbit determination for a Geostationary satellite.  The GPS signals are sampled onboard the 

spacecraft and transmitted to the ground where they are combined with data from a ground 

receiver and used to compute the navigation solution.  This system has been operational since 

the mid 1990’s, but was only made publicly known in September of 2000 when a paper on 

the topic was first presented by J. Kronman [37]. 

One of the earliest references to designing a GPS receiver specifically for HEO 

applications appeared in a paper by Maki in 1988, in which he outlined technological 

approaches for a GPS receiver to improve the availability of GPS signals in a GEO orbit [42].  

Since then, several groups have undertaken efforts to develop new GPS receivers that can 

function in high altitude orbits, including NASA GSFC, the sponsor of this dissertation 

research.  The French Space Agency (CNES) has recently demonstrated weak GPS signal 

tracking techniques that have achieved significant tracking threshold reductions in the new 

TOPSTAR 3000 GPS receiver [33].  This receiver is slated to fly for the first time in 2001 on 

the geostationary orbiting STENTOR spacecraft. 

1.4 Research Contributions 

This dissertation develops a GPS receiver architecture designed to support onboard 

orbit determination and relative navigation for the full range of Earth orbiting space missions, 

including HEO.  The primary emphasis of this research is the development of algorithms that 

can be implemented in existing GPS receiver hardware.  Some algorithms have been tailored 

specifically for the PiVoT GPS receiver being developed by NASA GSFC; however, the 
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methodologies developed are intended to be generally applicable so that they could be 

implemented in any receiver.  The major contributions of this dissertation can be separated 

into four complementary research areas: the requirements and systems level design of a GPS 

receiver for high Earth orbits; creation of software simulation tools and an in-depth analysis 

of the GPS signal environment for space and HEO users; development of hardware-in-the-

loop simulation capabilities for HEO spacecraft and initial test results; and the design of 

signal acquisition and tracking algorithms providing improved performance for all 

spaceborne GPS applications.  In addition, a variety of algorithms and methods have been 

developed in support of adapting the GSFC PiVoT receiver to have full HEO capabilities.  

Some of the issues include selection of a reference oscillator and clock model, timing and 

measurement interfaces with the integrated navigation filter, and other modifications to 

improve the weak signal tracking performance of the receiver. 

1.4.1 Requirements and System Level Design of HEO GPS Receiver 

The ultimate product of this dissertation is a GPS receiver architecture that 

incorporates the necessary design changes and enhancements to provide a reliable 

autonomous navigation capability in HEO.  The systems level design requirements for such a 

receiver are outlined in Chapter 2.  Specific algorithms detailed in subsequent chapters have 

been developed and integrated together to result in a GPS receiver designed specifically for 

space, thus avoiding many of the limitations that have been characteristic of some heritage 

space receivers.  Particular examples are provided using the GSFC PiVoT receiver; however, 

the material is presented in such a way as to be generally applicable to any GPS receiver.  

This dissertation touches on all of the major design considerations important to a HEO GPS 

receiver, and it is the intent that it will be of utility to those who seek to develop new GPS 

receivers with these capabilities in the future.   
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1.4.2 Software Simulation Capabilities and Analysis of GPS Signal Characteristics in 
HEO 

A suite of tools have been developed in MATLAB® to accurately model the GPS 

signal dynamics, power levels, and other variables associated with GPS signals received in 

space.  These tools have been used to evaluate the GPS signal visibility and signal dynamics 

for a variety of HEO missions, and to study the possible improvement in GPS signal visibility 

that would result from modest reductions in the tracking threshold of the receiver.  The 

results of analysis conducted with these tools, including an assessment of the navigation 

performance in HEO using simulated GPS signals, are presented in Chapter 4.  The 

mathematical specifications for these algorithms have been integrated with existing GPS 

simulation tools at GSFC that previously did not have the capability to accurately model 

HEO orbits.  Finally, simplified versions of the signal visibility algorithms have been 

developed for implementation in the receiver satellite selection software. 

1.4.3 Hardware in-the-Loop Testing 

A significant amount of work has been devoted to creating hardware in-the-loop 

simulation capabilities to support experimental testing of GPS receivers in HEO scenarios.  

The GPS Lab at NASA GSFC has a Global Satellite Systems (GSS) GPS simulator, that has 

been used extensively for the testing of GPS receivers for use in LEO [55].  However, the 

simulator was found to have some of the same limitations as the heritage GPS receivers with 

respect to simulating GPS signals for a receiver above the GPS constellation altitude.  

Procedures were developed to augment the satellite selection algorithm in the simulator in 

order to force it to simulate the proper GPS satellites for HEO conditions.  Additionally, tests 

were conducted to calibrate the simulated power levels with respect to the measured power 

levels from the real GPS satellites, a critical step to ensure an accurate HEO simulation.  

Initial results from tests conducted in several orbital scenarios using this test setup and the 

PiVoT GPS receiver are shown. 
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1.4.4 HEO Signal Acquisition and Tracking Algorithms 

The next research area involves the development of signal detection/acquisition 

strategies for the receiver.  At the most fundamental level, just the process used to initialize 

the space receiver and select GPS satellites for tracking can have a significant impact on the 

overall performance; however, the proper design of these procedures has been overlooked in 

many early space receivers.  A satellite selection routine has been designed that will function 

properly at any altitude, from LEO to HEO.  Simulations of the GPS signal acquisition 

process were used to evaluate the effectiveness of different acquisition strategies.  The new 

algorithms promise a significant improvement in the acquisition time (and success of the 

acquisition process) over the procedures originally implemented in the PiVoT software.   

Closely related to the signal acquisition work is the tracking loop design.  The GPS 

signal dynamics in space are quite different from terrestrial applications; however, in heritage 

GPS receivers the only modifications that have typically been made are to increase the range 

of acceptable Doppler and Doppler rates.  On-orbit velocities are much greater than 

experienced in terrestrial applications; however, the dynamics are very predictable.  By 

making minor modifications to the design of the code and carrier tracking loops in the GPS 

receiver, it is possible to improve the performance in space and even to reduce the tracking 

threshold of the receiver.   

The tracking threshold also has an important impact on GPS receiver performance in 

HEO applications due to the weaker signals associated with these orbits.  The analytical 

studies and simulations of GPS visibility in HEO (Chapter 4) indicate a significant number of 

GPS observations present at signal levels just below the tracking threshold of current 

receivers.  Employing techniques to optimize the tracking loop design for the predictable 

dynamics associated with HEO missions can provide modest improvements in the tracking 

threshold of 5 to 7 dB, significantly increasing the number of available GPS observations. 
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1.4.5 Other Important Contributions 

In addition to the system level design of a HEO GPS receiver, a significant amount of 

work has already been done to actually implement these concepts in the PiVoT receiver.  The 

practical application of some of the concepts developed in this dissertation has revealed many 

subtleties that might otherwise have been overlooked.  Some of the issues touched on 

throughout this dissertation include: selection of a reference oscillator and clock model, 

timing and measurement interfaces with the integrated navigation filter, and various other 

modifications required to allow the receiver to function properly in the absence of point 

solutions.   

1.5 Overview of Dissertation 

The rest of the dissertation is organized as follows.  Chapter 2 outlines the 

requirements and system level design of the HEO GPS Receiver; specific design 

considerations for the PiVoT receiver are detailed.  Chapter 3 presents the mathematical 

specifications and theory behind the software simulation tools that have been developed.  

Chapter 4 is a summary of the comprehensive analysis performed on GPS signal 

characteristics in HEO.  Navigation results for several HEO missions produced from 

simulated GPS observations are presented.  Chapter 5 describes the hardware-in-the-loop 

simulation capabilities and presents initial HEO GPS tracking results using the PiVoT 

receiver.  Chapter 6 details satellite selection and signal acquisition algorithms optimized for 

a space receiver.  Chapter 7 discusses tracking loop design and optimization for HEO, and the 

concept of filter-aided tracking loops for very weak signal tracking.  Chapter 8 is a discussion 

on timing and measurement processing concerns in a spaceborne GPS receiver.  Finally, 

Chapter 9 provides a summary and recommendations for future work. 





CHAPTER    2 

REQUIREMENTS AND SYSTEM LEVEL DESIGN 
OF A HEO GPS RECEIVER 

Since the late 1990’s, GPS receivers have become a common component on many LEO 

spacecraft.  Today there are a number of space-capable GPS receivers available, with wide 

ranging capabilities and costs, but a considerable number of technical challenges had to be 

overcome to get to this point.  Additional hurdles impede the extension of GPS to HEO.  This 

chapter outlines the systems level requirements for a HEO-capable GPS receiver.  It provides 

general guidelines to adapt an existing GPS receiver to function in space, and in high Earth 

Orbits.  By default, the added capabilities designed to enable HEO GPS tracking will also 

enhance the performance of such a receiver in any near-Earth orbit, including LEO, highly 

eccentric, or geostationary orbits.  Some background information is provided on the major 

signal processing functions in a generic digital GPS receiver, and an overview of the 

spaceborne GPS receivers circa 2001 is presented.  The chapter ends with a description of the 

GSFC PiVoT GPS receiver, and outlines some of the specific proposed changes or 

enhancements to adapt this receiver for use in HEO. 

2.1 Background 

Two primary receiver architectures have been applied to space missions.  The first is 

similar to the standard GPS receiver used in most terrestrial applications – it performs closed 

loop code and carrier tracking of the GPS signals, and forms point solutions.  Such a receiver 
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measures pseudorange, phase, Doppler, and signal to noise ratio (SNR), performs data 

demodulation, and outputs either raw data or solutions in real time.  Often other application 

specific functions such as a navigation filter, or processing of other non-GPS data types are 

implemented in the receiver processor. 

The second architecture is a distributed system approach to GPS in which only the 

front end functions of a normal receiver – RF, downconversion, and sampling – take place on 

the spacecraft.  In this “sampling receiver” configuration, the GPS spectrum is sampled and 

transmitted to the ground where the rest of the normal receiver processing functions are 

performed later.  This greatly reduces the complexity of the processing tasks in the receiver, 

at the expense of increased data downlink requirements.  The GPS ephemerides and other 

data are provided from a separate GPS receiver that is part of the ground equipment.  

Sampling receivers have flown in space several times to date, and this architecture is very 

promising for low cost missions in which an onboard real-time GPS solution is not required 

[12,19,37,58]. 

Another concept receiving significant attention recently is that of a software GPS 

receiver [15].  In this type of instrument the signal processing functions normally performed 

by an application specific integrated circuit (ASIC) are implemented completely in software 

using a high-speed digital signal processor (DSP).  This approach offers unprecedented 

flexibility in the design, but few systems capable of real-time operation are yet available. 

The focus of this dissertation is on applications requiring real-time navigation 

information onboard the spacecraft and autonomous operation of the GPS receiver.  These 

applications require a stand-alone GPS receiver with a capable receiver processor.   

2.1.1 GPS Receivers 

A high-level block diagram for a generic digital GPS receiver is shown in Figure 2.1.  

The RF signals for all GPS satellites in view are received through a right-hand circular 
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polarized (RCHP) antenna and low noise amplifier (LNA) combination.  The design of the 

LNA usually sets the noise figure of the receiver.  The signals are mixed with local oscillator 

frequencies in a series of downconversion stages from L-band (~1 GHz) down to an 

intermediate frequency (IF) of perhaps 40 MHz.  Analog to digital conversion (A/D) and 

automatic gain control (AGC) take place at the IF.  The digital data at the output of the A/D 

conversion process contain the composite GPS signals for all of the satellites in view.  Within 

each receiver channel, the digital IF signals are mixed with the internally generated carrier 

and code signals associated with a particular PRN.  The resulting in-phase and quadrature 

signal components associated with a specific GPS satellite are accumulated and processed 

further as part of the baseband receiver processing functions. 
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Figure 2.1: GPS receiver block diagram, from Ward p.122 [68]. 

A more detailed diagram of the IF and baseband signal processing functions, 

including the code and carrier tracking loops, is provided in Figure 2.2.  This block diagram 

represents the functions performed by a single receiver channel.  First, the incoming digital IF 

signals are multiplied by replica sine and cosine waveforms generated by the digital carrier 

numerically controlled oscillator (NCO).  The I and Q (in-phase and quadrature) samples 
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resulting from this carrier wipe-off process are then mixed with early, prompt, and late 

versions of the replica PRN code plus code Doppler.  The resulting early, prompt, and late I 

and Q samples are summed in the accumulate and dump integrators to provide sampled data 

to the code and carrier tracking loops at the baseband frequency of 1 kHz (assuming a 1 ms 

total predetection integration time, T).  In a conventional receiver, the code and carrier 

wipeoff functions are performed by the digital ASIC at the IF frequency.  The baseband 

signal processing, including the code and carrier tracking loops, are performed by the receiver 

processor at baseband frequency [68]. 
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Figure 2.2: Digital receiver code and carrier tracking loop block diagram for a single 
receiver channel, adapted from Ward, pp. 123-126 [68]. 

The code tracking loop attempts to track the correlation peak produced when the 

prompt replica signal is aligned with the code phase of the incoming signal.  Many receivers 

do not have a physical prompt correlator.  Instead Ip and Qp are computed based on the 

measurements from the early and late correlators.  In the Mitel GPS Builder-2, the early and 
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late correlators are set ±¼ chip of the prompt correlator position (separated by half a chip).  

The prompt I and Q samples are computed as the sum of the early and late correlations, 

 IP = IE + IL (2.1) 

QP = QE + QL 

These derived prompt signals are used as inputs to the carrier tracking loop.  The 

instantaneous correlation power is given by the sum of the squares of the prompt I and Q 

samples, 
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PP QIPower +=  (2.2) 

The signal to noise ratio most commonly referred to in this dissertation is the recovered 

carrier power minus the noise power, or the C/N0 in dB-Hz (in which the power is 

integrated/accumulated over a full second).  Within the receiver, the C/N0 can be estimated 

from Equation 2.3,  

 ( ) ( )TSNRNC log10log10/ 0 −=  (2.3) 

where SNR is the measured signal to noise ratio (a ratio), and T is the total predetection 

integration time in seconds.  The SNR (accumulated over T seconds) is frequently computed 

using an averaged value of the instantaneous carrier power divided by an estimate (or 

assumed constant value) of the noise power. 

2.1.2 Current Spaceborne GPS Receiver Capabilities 

Capabilities have improved greatly since the first GPS receiver was flown in space on 

the LANDSAT 4 spacecraft in 1982.  Still, even some of the receivers that have flown on 

multiple LEO space missions have significant design limitations, due mostly to the fact they 

were adapted for space from existing terrestrial based receiver designs.  A good example is 

the TANS Vector, used to demonstrate the first real-time attitude determination in space on 

the Crista-SPAS Shuttle Spartan satellite in 1994.  The TANS Vector contains logic that 

assumes the orientation of the receiving GPS antenna is always up.  Clearly, this assumption 



 22

breaks down for many space missions; unfortunately, users generally do not have access to 

the receiver firmware to correct this or other limitations. 

Recently three separate organizations have undertaken efforts to develop new low-

cost, designed-for-space GPS receivers, each based in part on the open-source GPS 

development system marketed by Mitel (formerly GEC Plessey) Semiconductors.  The 

Surrey Space Center at the University of Surrey in the UK has developed the SGR series of 

receivers for navigation and attitude determination [61].  The SGR has already successfully 

flown on UoSAT-12, a 300 kg satellite launched in April 1999 [62].  The Applied Physics 

Laboratory at Johns Hopkins University has developed the 12 channel GNS receiver for use 

on the TIMED spacecraft, scheduled for launch in Fall 2001 [20].  NASA Goddard Space 

Flight Center (GSFC) is developing a new GPS receiver called PiVoT to provide a low-cost 

GPS navigation system for NASA's Small Explorer (SMEX) and Spartan series of spacecraft, 

as well as other LEO orbit determination applications [7].  These efforts were initiated in part 

because of the lack of readily available, low-cost, space GPS receivers. 

These new designs share several common attributes - they are based on commercial, 

open-architecture hardware and software, making them well suited for implementation of the 

HEO algorithms presented in this dissertation; they are designed to be relatively low cost; and 

the receivers incorporate orbit dynamic models implemented in some type of extended 

Kalman filter (EKF) to allow for smoothing of the solutions.  The fact that they are being 

designed specifically for space allows them to avoid some of the performance limitations that 

have plagued some previous space receivers due to their terrestrial heritage.   

Table 2.1 provides a summary of these and other new space GPS receivers that have 

become available recently, or are currently under development.  The receivers are organized 

in the table based roughly on flight readiness.  The BlackJack, developed by JPL and 

Spectrum Astro, is a new precision navigation receiver derived from the AOA Turbostar.  

The BlackJack has already flown on the CHAMP satellite, the Shuttle Radar Topography 
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Mission (SRTM) and SAC-C, and is slated for use on several upcoming LEO missions 

including GRACE and ICESAT.  The TOPSTAR 3000, developed by CNES and Alcatel, is a 

HEO capable receiver based on the TOPSTAR 300 receiver.  The TOPSTAR includes an 

EKF running in the receiver and is slated to fly on the geostationary STENTOR spacecraft in 

2001.  MosaicGNSS is a project of Astrium GmbH funded in part by the German Aerospace 

Center (DRL) to design a receiver for geostationary applications.  They have proposed 

replacing the digital ASIC with a software correlator. 

Table 2.1: New GPS Receiver Development 

Receiver Chan, Freq. Specifications Comments 

SGR Series, Surrey 
Satellite Technology 
(SSTL) [61,62] 

12-24 
channels, 
single 

filtered navigation, 
timing, attitude 
4/5 antennas 

first flight: UoSAT-12 (4/1999) 
extensive radiation testing campaign, but 
not rad hard 
Mitel GP2010 RF front end, Mitel 
GP2021 correlator, ARM60B processor 

BlackJack, 
JPL/Spectrum Astro 
[59] 

48 channels, 
L1/L2, C/A, 
P-codeless 

precision 
navigation, timing 

first flight: SRTM (2/2000) 
heritage: AOA Turbostar, new HW 
design 

GNS, JHU Applied 
Physics Lab [20] 

12-72, single filtered navigation 
(integrated EKF), 
timing,  
2 antennas 

first flight: TIMED, expected 2001 
radiation hardened 
Mitel GP2010 RF front end, custom 
designed ASIC, Mongoose V rad-hard 
processor 

TOPSTAR 3000, 
Alcatel and CNES 
[34] 

24 channels, 
single 

filtered navigation, 
timing, integrated 
DIOGENE filter 

first flight: STENTOR, expected 2001 
(geostationary satellite) 
heritage: TOPSTAR 300 

PiVoT, 
NASA GSFC [7] 

12-24 
channels 

filtered navigation, 
timing, integrated 
GEONS filter 
1-4 antennas 

Mitel GP2010 RF front end,  
Mitel GP2021 correlator 

MosaicGNSS –  
Astrium GmbH [45] 

~4 channels, 
single 

navigation, attitude 
software correlator 

radiation hardened processor 
heritage: ASN-22 

 

Even receiver designs that have been applied with success to LEO missions would 

require some significant redesign before they could be used in HEO.  The TOPSTAR 3000 is 

the only existing receiver designed with HEO applications in mind.   
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2.2 HEO Receiver Requirements 

Spaceborne GPS receivers differ from those designed for terrestrial applications in 

several important respects.  The differences include hardware that is radiation tolerant, the 

use of multiple antennas, software modifications to accommodate higher Dopplers and 

Doppler rates, and dynamic models to propagate the vehicle state estimate based on an initial 

orbit element set.  A receiver designed for HEO requires additional capabilities to function in 

the presence of the extreme signal dynamics, sparse visibility, and weak signal levels present 

at high altitudes.  These are separated into the categories of hardware requirements, 

acquisition and tracking requirements, and state propagation requirements. 

Hardware capabilities required for HEO include supporting the tracking of GPS 

satellites through multiple antennas in multiple orientations, and the use of Earth-pointing 

high-gain antennas.  Other hardware requirements include components with high levels of 

radiation tolerance, a fault tolerant computer architecture; a stable local oscillator, and 

expanded signal dynamic range capability. 

Acquisition and tracking algorithms must accommodate high Dopplers (±55 kHz) 

and Doppler rates (±80 Hz/s), as will be shown in subsequent chapters.  In addition, they 

must provide a rapid and robust cold start capability, fast acquisition and tracking of all 

available signals down to a C/N0 of 26 to 28 dB-Hz, and recovery from temporary jamming 

conditions resulting when the receiver is in close proximity to one of the GPS satellites.  

Reporting of any available pseudorange and Doppler measurements to the flight computer, 

and to the ground even during conditions of sparse signal visibility, is also required.  

Accurate orbit propagation is essential for HEO receiver operation.  This includes 

maintaining a reliable vehicle state estimate based on dynamic models over long 

measurement outages, using all available measurements to improve the solution accuracy, 

and estimation of the dynamic clock behavior. 
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2.2.1 HEO Receiver Systems Level Design 

The systems level design of a HEO GPS receiver is presented here.  The capabilities 

of the receiver are organized according to the three categories outlined above.  Specific 

algorithms to perform these tasks are outlined in subsequent chapters. 

2.2.1.1 Propagation and Filtering 

One of the most fundamental requirements for a HEO receiver is a robust navigation 

filter and clock model to enable operation when fewer than four satellites are visible 

simultaneously.  The filter must support rapid re-initialization for missions that may require 

the receiver to be turned off occasionally to conserve power.  It must include an accurate 

dynamic model that will allow the receiver to propagate a solution through long GPS signal 

outages at high altitudes, and shorter outages in LEO.  Some LEO receivers have employed a 

simple internal orbit propagator to estimate the position and velocity of the receiver for the 

signal acquisition process [40].  The HEO receiver requires a much more capable filter and 

integrated clock model to achieve acceptable navigation performance in very sparse visibility 

conditions.  The stability of the local oscillator (receiver clock) and the ability to model the 

clock in the navigation filter will have a significant impact on the overall performance of the 

receiver. 

2.2.1.2 Acquisition and Tracking Algorithms 

The next area critical to the receiver’s ability to track GPS signals in space is the 

design of the satellite selection and signal acquisition functions.  Because conditions vary so 

widely between different HEOs, and even within a single orbital period of a highly eccentric 

orbit, the HEO receiver requires acquisition and tracking strategies that adapt to changing 

dynamics, signal levels, and signal visibility.  Criteria other than traditional dilution of 

precision (DOP) or highest elevation must be used to select and assign satellites to receiver 

channels for tracking.  The satellite selection algorithm must also consider the expected 
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signal to noise ratio (C/N0) when determining which satellites are visible.  As for existing 

space receivers, the signal acquisition process must account for the expected range of 

Doppler frequencies associated with orbital velocities.  The signal acquisition algorithms may 

require some mission specific customizations and must be robust enough to handle the 

varying conditions (Doppler, C/N0, etc.) experienced over a HEO orbit.  One potential way to 

improve the acquisition performance in HEO when only a few satellites are visible is to 

assign multiple correlator channels to one satellite at different Doppler frequencies.   

The tracking threshold has an important impact on GPS receiver performance in 

HEO applications due to the weaker signals associated with these orbits.  Specific strategies 

can be employed to increase the number of GPS signals visible under certain conditions by 

better enabling the receiver to track weak GPS signals and to take advantage of available side 

lobe signals.  Optimizing the tracking loop design by exploiting the slower dynamics at high 

altitudes to allow narrower noise bandwidths is a simple way to achieve modest reductions in 

the tracking threshold.  A fully integrated filter and tracking loop design would enable even 

greater threshold reductions by incorporating the navigation and clock information contained 

in the navigation filter to aid the carrier tracking loops in weak signal tracking conditions. 

The receiver must have clear software paths designed to handle the occurrence of 

corrupted data or measurements.  This is an important part of designing a receiver that is 

radiation tolerant; the capability to gracefully tolerate occasional bit flips or processor resets.  

It is also very important to monitor and control overall performance of the receiver.  The 

receiver should employ an integrity monitoring function to prevent corrupted measurements 

from being incorporated into the onboard solutions, or passed to a spacecraft computer, for 

example.  Furthermore, the receiver should be able to rapidly and efficiently recover from 

events that lead to an unexpected loss of tracking (in addition to the expected data outages 

due to poor visibility).  It is critical not only to be able to reset and rapidly begin normal 
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operations again, but also to detect when an event has occurred and determine the proper 

course of action without intervention from the ground. 

2.2.1.3 Robust and Flexible Hardware 

For HEO operations, changing geometric distribution of signals in the sky throughout 

an orbit requires multiple antennas and antenna orientations to provide the best coverage.  

Nadir-pointing spacecraft can utilize high gain receiving antennas to improve signal visibility 

at high altitudes, when the GPS signals are all concentrated in one portion of the sky.  In 

addition, the receiver should allow dynamic assignment of correlator channels to antennas to 

make the best use of the resources in the receiver.   

Radiation hardened components, box level shielding, and single event upset (SEU) 

tolerant software will be required for the receiver to survive the extremely severe radiation 

environment in high altitude orbits. 

Traditionally, clock performance in space GPS receivers has not been of great 

concern because clock bias is part of the traditional point solution.  An accurate and stable 

receiver clock becomes very important for the HEO receiver because it will be required to 

operate for long periods of time when fewer than four GPS signals are available and a 

traditional point solution is not possible.  A high quality quartz oscillator is sufficient for 

many HEO applications.  Missions calling for extremely precise navigation information from 

the GPS receiver may require a high precision frequency source such as an oven controlled 

quartz oscillator (OCXO) or even a rubidium frequency standard at significant additional 

cost.  It is important for the chosen clock to behave in a repeatable manner conducive to 

modeling in the filter. 

2.3 The GSFC PiVoT Receiver 

NASA GSFC is currently developing a new low-cost space GPS receiver called 

PiVoT for use on a wide range of future Earth orbiting spacecraft.  Algorithms designed to 
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enable autonomous navigation in HEO developed as part of this dissertation research are 

being implemented and tested in the PiVoT receiver in order to meet the requirements 

identified in the previous section.  Although the concepts presented in this dissertation are 

intended to be generally applicable to any GPS receiver, PiVoT provides a unique 

opportunity to go several steps further, and to provide specific examples.  The receiver has 

been used to test some of the ideas presented in this dissertation, and the ability to have full 

access to the source code has yielded many insights for the HEO receiver design that might 

have otherwise been overlooked.  This section provides a description of the PiVoT receiver, 

and a high-level overview of the algorithms that must be added or modified to enable 

operation in HEO. 

2.3.1 PiVoT Hardware and Software Description 

The PiVoT receiver has been developed using the Mitel GP2000 chipset, and is based 

on the Compact-PCI architecture, allowing flexibility in the choice of different processors.  

At present, the PiVoT design utilizes four Mitel 2010 radio frequency (RF) front ends and 

two Mitel 2021, 12-channel correlator chips.  In this configuration, shown in Figure 2.3, the 

design supports 24 correlator channels with four RF inputs.  The PiVoT clock is a high 

quality, temperature-controlled crystal oscillator with a specified Allan deviation better than 

0.4x10-10 for 1 second.  A space-qualified PowerPC Compact PCI processor is baselined for 

the flight version of the receiver (a Strong-ARM processor has also been considered). 
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Figure 2.3: PiVoT Receiver (courtesy of NASA GSFC). 

The PiVoT source code has been developed from the Mitel GPS Builder-2 C-code 

source, ported to the Linux operating system.  The tracking loop functions and hardware 

interfaces run in a device driver, while the lower priority functions such as satellite selection 

and navigation run as tasks.  The GPS-Enhanced Orbit Navigation System (GEONS) 

software is incorporated as a real-time navigation filter in the PiVoT receiver.  Initially 

developed for LEO applications, GEONS consists of an extended Kalman filter, a high 

fidelity model of the orbital dynamics, and fault detection capabilities [31].  GEONS force 

models include the JGM-2 gravity model up to degree and order 30; solar radiation pressure; 

Harris-Priester atmospheric density model; and solar and lunar forces from analytical 

ephemeredes.  A new version of the GEONS software currently under development will have 

the capability of estimating relative states between multiple spacecraft flying in formation, a 

requirement of several of the missions listed in Table 1.1.  Some software development has 

been performed using engineering units of the PiVoT receiver consisting of a Mitel GPS 

Builder-2 card connected to an Intel based processor, running the PiVoT software. 
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2.3.2 Software Modifications for HEO Receiver 

The existing capabilities of the PiVoT receiver, including an integrated navigation 

filter, a good clock, and flexible hardware and software design make it an excellent candidate 

for a HEO GPS receiver.  The oscillator provides good stability performance relative to other 

TCXOs, and the receiver components have been selected to provide a moderate level of 

radiation tolerance.  The availability of the source code allows customization of algorithms 

guiding satellite selection, acquisition, and tracking to optimize the performance for HEO, or 

space in general.  The GEONS filter running in real time satisfies the need for a navigation 

filter and clock model capable of operating in very sparse signal visibility conditions, and 

incorporates important fault detection capabilities. 

The remainder of this section describes the high level changes suggested for the 

PiVoT receiver.  The subsequent chapters describe some of the specific algorithms and 

strategies critical to the performance of the HEO receiver. 

2.3.2.1 Integration of GEONS Filter 

The current PiVoT software already incorporates the GEONS software, running as an 

additional set of tasks in the processor.  All of the paths are in place to pass measurements 

from the receiver to GEONS, and to provide real time filtered solutions as a product from the 

receiver.  As currently implemented, the existing PiVoT point solution routine and clock 

model function independently of GEONS.  As a result, there is an independent corrected time 

scale available from the receiver, and from GEONS.  The same is true for the point solution 

and filtered solutions.  Chapter 8 provides more details about the timing issues related to 

these different time scales, and the requirements this imposes on the measurements being 

passed from the receiver to the filter. 

In some cases there are redundant functions in the receiver that could eventually be 

performed by the GEONS navigation filter.  It makes sense for the HEO receiver to have an 



 31

optional, independent point solution available, which implies that there will be multiple, 

independent clock solutions, and multiple corrected time scales in the receiver.  In almost all 

cases, the filter derived clock model should provide better predictive capability than the 

traditional point solution based clock model, particularly when observations are not available.  

Fully integrating the tracking loop functions with the navigation filter requires careful design 

of the timing interfaces between the receiver and filter, as discussed in more detail in 

Chapter 8. 

2.3.2.2 Space Initialization 

Another enhancement already incorporated into the PiVoT receiver is a simple orbit 

propagator used in the warm-start initialization to predict the position and velocity of the 

receiver based on some initial condition.  When no point solution is available, this function 

updates the navigation state structure with a position and velocity computed using the same 

function used to compute the GPS satellite positions and velocities based on almanac data.  

The receiver accepts a set of orbital elements describing the initial condition of the receiver, 

which are then converted internally to almanac-like parameters that can be passed into the 

almanac prediction function. 

This prediction is only accurate to within tens of kilometers (depending on the 

accuracy of the orbital element set).  However even a relatively poor estimate of the motion 

of the receiver has been shown to dramatically improve the acquisition performance of the 

receiver.  This simple orbit propagator performed very well when used to aid the signal 

acquisition process for the tests of the PiVoT receiver described in Chapter 5.  This function 

will eventually be performed by the GEONS filter, taking advantage of the accurate force 

models.  In this manner, it would be possible to provide GEONS with an initial condition for 

the receiver that would then be used as the a priori state in GEONS.  If the receiver 

experiences a signal outage, or if the receiver is powered off briefly, the propagated state will 



 32

be able to provide predicted information, at a much higher accuracy than is required by the 

satellite selection and acquisition algorithms. 

2.3.2.3 Knowledge of Attitude in the Receiver 

The attitude of the receiver can be an important variable in the satellite selection 

algorithms.  There are two important pieces of information required to define the attitude of a 

receiving antenna, 1) the orientation of the antenna with respect to the spacecraft body 

reference frame, and 2) the attitude of the spacecraft body frame with respect to an inertial 

reference frame.  The orientation of the antenna with respect to the spacecraft is almost 

always fixed; GPS antennas are not typically articulated in any way.  Since these parameters 

do not change, they would normally be defined once and saved in non-volatile memory; 

however, the receiver should allow these antenna orientations to be redefined at any time via 

commands from the user.   

Just the definitions of the antenna orientation provide the receiver with some useful 

information that can be used in the satellite selection algorithms.  For example, the 

assignment of satellites to channels would be handled differently if multiple antennas were 

oriented in different directions instead of all being pointed in the same direction.  If we 

assume the attitude of the spacecraft is known, available from the spacecraft computer, or 

even computed by the receiver from differential GPS phase measurements, then computing 

the resulting attitude of the antennas with respect to an inertial reference is straightforward.  

However, if the attitude knowledge is incorrect or unavailable (as may frequently be the 

case), this should not cause the satellite selection and acquisition functions to fail.  The 

satellite selection algorithms described in Chapter 5 allow the use of the local antenna attitude 

to improve the evaluation of satellite visibility when this information is available; however, 

the other visibility constraints still provide valuable information to aid the satellite selection 

process even in the absence of any knowledge of the vehicle attitude. 
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In many cases, the spacecraft attitude required for satellite selection can be inferred 

from the nominal attitude design for the mission.  For a nadir pointing, LEO spacecraft, the 

receiver will maintain a nominal Earth-pointing attitude, and this “default” attitude 

knowledge can be used in the receiver.  There are several other default common attitude 

pointing “modes” that could be defined, such as sun-pointing, or based on another inertially 

referenced vector.  However, there are many potential spacecraft failure modes that would 

entail the spacecraft deviating from its nominal mission attitude.  Thus, if such a fixed 

attitude reference is used, the receiver must be able to determine if the satellite selection is 

failing because of an incorrect assumption about the receiver attitude.   

Finally, even if the receiver is not capable of performing differential carrier phase 

measurements between multiple antenna baselines to compute attitude, there are methods that 

could be used to approximate the spacecraft attitude based on other available observations.  

Behre demonstrated a simple attitude algorithm capable of determining the orientation of the 

receiving antenna to within 5-10 degrees based on the SNR measurement and the known 

antenna pattern of the receiving antenna [10].  A less elegant, (and less accurate) yet simple 

approach would compute an approximate antenna boresite attitude based on the mean 

direction of the lines of sites to all satellites currently tracked.  This method would require the 

receiver to have a decent approximation of its location, and would only be capable of 

reducing the attitude uncertainty to within about 90 degrees.  Still, this would provide 

valuable information to the satellite selection routine for an initialization scenario in which no 

attitude information is available. 

2.3.2.4 Operational Modes and State Monitor Function 

Table 2.2 provides a summary of operational modes and functional states proposed 

for the PiVoT receiver.  These definitions are used within the receiver to describe the current 

mode of operation, the source of attitude or navigation data, etc.  The operational mode in 
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PiVoT would normally be “spacecraft,” however the other modes would allow for cases 

when the receiver was operated on the ground or in various testing conditions.  The receiver 

will set certain acquisition parameters, such as the dynamic uncertainty (range of signal 

Dopplers) based on the current operational mode.  Similarly, the satellite selection mode, 

antenna definitions, and attitude references are all user specified receiver settings.   

There are potentially several different estimates of the receiver state (point solution 

or filter), the current time (corrected or not), and the source of the attitude reference at any 

time in the receiver, discussed in more detail in Chapter 8.  The navigation mode is used to 

distinguish whether a state estimate came from the filter, a point solution, or from some a 

priori estimate, and to indicate the level of accuracy associated with the state.  The clock 

states are used to distinguish between the different raw and corrected time scales available in 

the receiver, which are described in more detail in Chapter 8.  A high level task called the 

“state monitor” function evaluates the data computed from different sources and determines 

the receivers best current estimate of time (and uncertainty), best current estimate of position 

and velocity (and uncertainty), etc. and provides this information to other tasks in the 

receiver.   

For example, the acquisition algorithms described in Chapter 6 require an estimate of 

the receiver position and velocity, and the associated uncertainty, to initialize the acquisition 

process and set the error bounds on the acquisition search in the Doppler dimension.  The 

state monitor task collects the information that is currently available, either from a point or 

filtered solution or from a dynamic propagation, determines which is the best source of 

information at the time, and provides the data and associated uncertainty to the satellite 

acquisition routines.  Additionally, this state monitor task would determine when to allow 

data from the filter to aid the tracking loops, based on the covariance from the navigation 

filter.  Some of the requirements for integrity monitoring functions described in the previous 

section are also performed by the state monitor function.   
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Table 2.2: PiVoT Operational States/Modes 

Operational Modes:  

 Terrestrial slow moving, uniform signal levels 

 Spacecraft orbital velocities and signal levels, low accelerations, jerk 

 Static allows for fixed reference position 

Navigation Modes  

 Kinematic/point solution  (4-N SVs visible) 

 GEONS/filter solution (0-N SVs visible) 

 Estimated fix purely dynamic propagation of some initial state 

 None cold start receiver state 

Satellite Selection Modes  

 Cold start default/fail safe acquisition mode 

 Lowest alpha_t smallest transmitted boresite angle 

 Highest elevation angle  

 Lowest DOP  

 Select Satellites user specifies PRN and channel 

Clock States  

 No time time not set (prior to first satellite tracked) 

 Raw time time set from navigation message, correct to within several 
10ths second 

 Pivot time time set based on a point solution derived bias and drift 

 Filter time time set based on navigation filter derived clock model 

Attitude Modes  

 attitude unknown no visibility constraints imposed from local antenna masks 

 attitude from fixed reference  

 attitude from spacecraft computer  

 attitude estimated internally  

User Specified Values:  

 number of antennas  

 individual antenna orientations referenced to local body frame 

 assignment of channels to antennas  

 

2.4 Summary 

This chapter outlined the systems level design of a GPS receiver capable of 

autonomous navigation in HEO, touching on many of the design issues and algorithms that 

will be discussed in greater detail in subsequent chapters.  To operate in HEO requires a 
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specialized receiver design capable of tolerating widely varying signal geometries, dynamics, 

and power levels.  The GSFC PiVoT is one of several new receivers, based on a common 

open source GPS development system, that are excellent candidates to be adapted for HEO.  

Through the remainder of this dissertation, the PiVoT design will be used to illustrate some 

of the specific issues related to HEO GPS.   



CHAPTER    3 

SPACEBORNE GPS SOFTWARE SIMULATION TOOLS 

A set of GPS simulation tools have been developed in MATLAB® to model the GPS 

signal geometries, dynamics, and power levels present over the full range of possible orbital 

environments.  This chapter presents mathematical specifications for these utilities and the 

results of a comprehensive analysis of the GPS signal properties across a range of orbits.  

Comparisons are made between the geometric signal visibility, signal Dopplers, received 

power levels, and the overall signal visibility of a terrestrial GPS user and a receiver 

operating in space.  These algorithms have been used to expand the capabilities of existing 

GPS simulation tools at NASA GSFC to model HEO GPS signal geometries, and are used as 

the basis for the satellite selection algorithms discussed in Chapter 6. 

3.1 Previous Work 

Many of the earliest papers considering the use of GPS signals in high altitude orbits 

evaluated the GPS signal visibility simply by looking at the main beam of the GPS satellite 

antenna patterns.  The GPS satellite was considered visible if the receiver was illuminated by 

part of the main beam, without necessarily considering the received signal levels.  

Furthermore, any contributions from the GPS side lobe signals were generally ignored.  The 

earlier references have touched on some of the unique problems facing HEO GPS users such 

as sparse visibility, and weak geometries, but most of the analysis focused on the expected 

navigation performance at various altitudes based on covariance analysis [9,32,35,43,72].   
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More recently a number of papers have appeared presenting detailed analysis of the 

reception of GPS signals from above the GPS constellation, and the potential application of 

GPS to HEO missions.  Many of these references have focused on the GPS signal coverage 

for a specific mission or scenario under consideration, such as EQUATOR-S and the Ellipso 

constellation [22,25,49,52]. 

3.2 Spaceborne GPS Analysis Tools 

Given positions and velocities for the receiver and the orientation of receiving 

antennas, the GPS tools compute line of site (LOS), Doppler, Doppler rates, transmitted and 

received power levels, transmitted and received elevation angles, and signal visibility for 

each GPS satellite, subject to a variety of constraints.  The ephemeris and attitude data for the 

GPS satellite and the receiver can be provided from an external source, or the user can 

provide a GPS almanac file and a set of almanac-like orbital elements to the receiver.  In the 

latter case, the ephemeris and attitude data are computed as part of the simulation based on 

the specified initial states.  The time history of GPS visibility and other estimated data are 

stored in matrices and used as inputs to a variety of plotting and analysis functions.  Purely 

geometric information, such as LOS and Dopplers, is a function only of the GPS and user 

orbits.  Other information such as received signal levels, received boresite angles, and 

visibility is unique to each receiving antenna.  The complete set of tools allows quick and 

easy visualization of the GPS signal visibility for any orbit or antenna configuration. 

The terms “GPS visibility” or the “number of visible GPS signals” are used 

throughout this dissertation to describe whether the signals from a particular GPS satellite are 

capable of being tracked by the GPS receiver at the time of interest.  In this context, a GPS 

signal is generally considered visible if, 1) the geometric LOS between the GPS satellite and 

the receiving antenna is unobstructed, and 2) the received signal power is above the 

acquisition threshold of the GPS receiver.  At high altitudes, many GPS satellites 
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geometrically in view are not considered visible because the GPS signals radiating in the 

direction of the receiver are too weak to be acquired.  The GPS analysis tools compute basic 

GPS signal parameters associated with the position and velocity of the receiver and the 

antenna configuration, and use geometric and signal level information to evaluate which GPS 

signals are visible. 

The geometry for the reception of GPS signals in HEO is depicted in Figure 3.1 

where the key variables used to evaluate the LOS geometries are highlighted.  This 

illustration shows an example of a GPS signal crossing the limb of the Earth and being 

received from above the altitude of the GPS constellation.  The vector, e, is the line-of-site 

(LOS) from the receiver to the GPS satellite.  The vector bs indicates the orientation of the 

boresite of the receiving antenna(s).  The boresite of the transmitting GPS antenna points 

toward the center of the Earth, so it is modeled as parallel to Rgps, the position vector to the 

GPS satellite. The specification on the pointing accuracy of the GPS satellites requires that 

the transmitter boresite will always be within ± 0.5 degrees of nadir [18,1].  The values for 

antenna mask angles, βt and βr, the Earth atmosphere mask altitude, Amask, and the orientation 

modeled for the receiving GPS antennas are specified by the user in the simulation. 
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Figure 3.1: The geometry for receiving GPS signals from above the GPS 
constellation altitude.  The transmitted and received boresite angles, αt and αr 
respectively, are the angles between the LOS and the antenna boresite.  The 
transmitted and received mask angles, βt and βr, respectively, are the limits on the 
boresite angles imposed by the antenna patterns.  The angle γ is the transmitter 
boresite angle for a GPS signal intersecting the limb of the Earth (approximately 
13.9 degrees). 

The LOS from the receiver to each GPS satellite, e, is computed as the difference 

between Rsat, the position vector to the receiver and Rgps, the position vector to each GPS 

satellite. 

 atsgps RRe −=  (3.1) 

The angles αt and αr are referred to as the transmitted and received boresite angles, 

respectively.  In some references, αt is referred to as the off-nadir angle of the transmitted 

signal.  As shown in Figure 3.1, this refers to the included angle between the LOS vector and 
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the boresite of the transmitting or receiving antennas.  The boresite angles are computed from 

Equations 3.2 and 3.3. 

 ( )( )eReR gpsgps /cos 1 •= −
tα  (3.2) 

 ( )( )ebsebs /cos 1 •= −
rα  (3.3) 

°<≤° 900 α  

At any point in time, there is a single LOS and αt from the user to each GPS satellite.  If there 

are multiple receiving antennas on the vehicle, each one has a unique set of of αr (to each 

GPS satellite).  The angle γ is used to determine if signals are obstructed by the Earth, or the 

Earth plus some atmosphere mask.  The half-angle subtended by a sphere of radius, Rmask, 

from the altitude of the GPS satellite is given by Equation 3.4, 

 ( )gpsR/sin 1
maskR−=γ  (3.4) 

where Rgps is the position vector to the GPS satellite.   

The simulation determines the L1 carrier Doppler, D, associated with the GPS signals 

by computing the projection of the relative velocity between the receiver and the GPS 

satellites along the LOS, and converting to Hertz,  

 ( ) 





−•=

c

f
D atsgps VVê  (3.5) 

where f is 1575.42x106 Hz for the L1 carrier, and c is the speed of light.  Doppler rates and 

Doppler accelerations are estimated by numerically differentiating the computed Doppler.  

The estimation of the GPS signal path losses and received signal to noise ratios is discussed 

in a subsequent section. 

The GPS signal properties and visibility are computed as follows.  The LOS, C/N0, 

Doppler, and other information related to each GPS satellite is recorded for each time step.  

Several different geometric and signal strength flags are evaluated at each time; VISEarth is the 
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visibility subject to obstruction by the Earth; VISAtm is the visibility subject to the atmosphere 

mask altitude; VISAnt is the visibility subject to the transmitting and receiving antenna masks; 

and VISCN0 is the visibility based on the defined tracking threshold for the receiver.  The 

signal is visible if each of the geometric and signal strength flags are valid, as determined by 

Equation 3.6, 

 VIS = VISEarth & VISAtm & VISAnt & VISCN0 (3.6) 

Later in Chapter 6, it will be shown that the efficiency of the signal acquisition process 

determines how quickly the receiver begins to track a signal after it becomes visible.  The 

following sections provide a detailed description of how the geometric and signal level 

visibility constraints are evaluated. 

3.2.1 Geometric Visibility 

The GPS signal is considered geometrically visible if the following three conditions 

are met: 

1. The geometric LOS between the GPS satellite and the receiving antenna is not 
obstructed by the Earth (VISEarth). 

2. Signals do not cross the limb of the Earth below a predetermined atmosphere 
mask altitude (VISAtm). 

3. The LOS is within elevation masks (βt and βr), imposed on the transmitting and 
receiving antennas respectively (VISAnt). 

 

At each point in time, the LOS to every GPS satellite is tested against the defined geometric 

visibility constraints.  Visibility is determined using the following Boolean expressions, in 

which a result of "1" indicates the GPS satellite is visible, and a result of "0" indicates it is 

not.  The first condition, signal obstruction by the Earth, is evaluated by Equation 3.7, 

 VISEarth = ( )γα >t   OR  ( )( )γcos gpsRe ≤  (3.7) 

where γ is computed using Equation 3.4 using Rmask = REarth.  In a similar manner, signal 

visibility subject to an atmosphere mask altitude (VISAtm) is evaluated using Equation 3.7 
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with γ computed from Rmask = REarth + Amask.  This allows signals with potentially large 

atmospheric delays to be excluded from use in the GPS solution.   

Figure 3.2 illustrates how the Earth obstruction and atmosphere mask constraints are 

evaluated.  If the magnitude of the LOS is greater than the magnitude of the GPS satellite 

position vector, then the signal is obstructed if αt is less than γ; otherwise the signal is 

unobstructed.  This metric works to determine if GPS satellites are obstructed by the Earth for 

all geometries and antenna orientations, as opposed to the methods that are normally 

employed in GPS receivers in which only the elevation with respect to the local horizon is 

used.  Note that VISEarth is a subset of VISAtm; all of the satellites obstructed by the Earth are 

also considered to be blocked for any atmosphere mask greater than zero.   

 

not visible 

signal below 
atmosphere mask 

visible 

 
Figure 3.2: Geometric signal visibility relative to the Earth. 

The next visibility constraint is designed to determine if the LOS lies within the user 

defined masks for the transmitting and receiving GPS antennas.  This constraint allows a hard 

cut-off to be specified at the limit of the modeled antenna patterns for the transmitter and 

receiver.  For example, the GPS satellite gain patterns were not modeled below transmitted 

boresite angles of about 70 degrees.  Setting βt = 70 degrees precludes any signals from 

outside the modeled region of the antenna pattern to be considered visible. This is especially 

useful when operating above the GPS constellation to eliminate GPS satellites facing away 
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from the receiver.  The receiving antenna mask, βr is the complement of a conventional 

elevation mask – with 90 degrees corresponding to the full view to the horizon.  The antenna 

visibility is evaluated using Equation 3.8, 

 VISAnt = tt βα ≤  AND rr βα ≤  (3.8) 

The receiving antenna mask angles are particularly important for low altitude 

spacecraft in which many more satellites than receiver channels are typically visible.  

Furthermore, the orientation of the receiving antenna(s) is not necessarily oriented in the most 

favorable direction for receiving the visible GPS signals.  In the example shown in Figure 

3.1, the desired receiving antenna orientation would be nadir.  This constraint allows the 

receiver to select the portion of the sky that is in the field of view of the antenna. 

3.2.2 Visibility Subject to Received Signal Levels 

Geometry alone is not enough to determine if a GPS signal is visible above altitudes 

of approximately 3500 km altitude.  For example, above the GPS constellation altitude, the 

backsides of many GPS satellites will be in view, but signals from these satellites are not 

visible because the radiated power is severely attenuated at large transmitted boresite angles 

(αt).  Even those GPS signals reaching the receiver from favorable αt angles have reduced 

power levels from larger than normal free space propagation losses due to the larger ranges to 

the GPS satellites.  The final visibility constraint, Equation 3.9 evaluates the received signal 

strength relative to the tracking threshold of the receiver, TL. 

 LT≥=
0

CN0 N

C
  VIS  (3.9) 

If the received signal level exceeds the threshold, the signal is capable of being tracked. 

3.2.2.1 Received Carrier to Noise Spectral Density 

The received carrier to noise spectral density (C/N0) of the GPS signal is a function 

of the received power and the noise environment of the receiver and antenna.  In the GPS 
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visibility model, the threshold below which signals are too weak to be tracked can be 

specified by the user to match the performance of a particular receiver or varied to examine 

how the threshold impacts the GPS visibility in weak signal environments.  The remainder of 

this section describes the models and assumptions used to estimate the received signal levels. 

Figure 3.3 shows the variables that affect the received signal-to-noise levels in the 

transmission path of a GPS signal from the GPS satellite to the receiver.  Each of these 

parameters is described in Table 3.1, including representative values used in simulations.  

EIRP represents the effective signal power leaving the GPS satellite, which is the sum of the 

transmitter power plus the reference gain of the transmitting antenna array.  The actual 

transmitted power in a particular direction is the EIRP plus LT, the attenuation (or gain) 

relative to the reference value, in the direction of the LOS.  The attenuation due to free space 

propagation losses, LD, varies with the range to the satellite, ρ 

 [ ] )
4

( log 20=dB LD πρ
λ

 (3.10) 

where λ is the wavelength of the GPS carrier, or 19.04 cm for the L1 signal. 
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Figure 3.3: Transmission path of GPS signals. 
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Table 3.1: Variables in the GPS Link Budget 

Parameter Typical Value* Description 

EIRP 29.8 [dBW] Effective Isotropic Radiated Power: sum of the GPS 
transmitter power and the reference gain of the transmitting 
antenna array.   

Lt see Figure 3.5 
[dBic] 

Loss due to the attenuation of the GPS satellite antenna with 
respect to the reference gain, a function of the transmitted 
boresite angle of the GPS signal. 

LD ~183 [dB] (LEO) 
~194 [dB] (GEO) 

The free space loss associated with a signal of wavelength λ 
traveling a distance ρ, is computed by Equation 3.10. 

Le 0 [dB] The atmospheric path loss, usually negligible in space 
applications except for very low altitude limb crossing signals. 

Gr 3-5 [dB] (hemi) Reference gain of the receiving antenna. 

Lr see Figure 3.4 
[dBic] 

Loss due to the attenuation of the receiving antenna referenced 
to peak the peak gain, function of the received boresite angle. 

Ls 0 [dB] Losses in front of the low noise amplifier (LNA). 

Ga based on LNA spec 
~26 [dB] 

The gain of the LNA, sized to provide the required signal 
power at the receiver input. 

LNf 3 [dB] Loss due to noise figure of the front end (based on Mitel). 

Lc 0-2 [dB] Cable and other losses between LNA and receiver input. 

LI 1.5-4.0 [dB] Implementation losses plus A/D conversion losses. 

Tsys 190-300 [K] Equivalent system noise temperature 

IP -154 [dBW] Isotropic power, the signal level reaching the antenna. 

RP -150 [dBW] (4 dBic 
receiving antenna) 

Received power, the signal level at the input to the LNA. 

S [dBW] Power at the input to the receiver. 

* Typical value for high elevation signal received by LEO user, unless otherwise noted. 
 

The isotropic received power, IP, is the power level incident on the GPS antenna, 

while the received power, RP, is the signal level after applying the gain associated with the 

receiving antenna.  The RP is computed by Equation 3.11. 

 RP = EIRP - Lt - LD - Le + Gr - Lr - Ls  (3.11) 

The signal power at the RF input of the GPS receiver is then,  

 S = RP + Ga - Lc (3.12) 

The specification on the minimum GPS signal power is referenced to a user on or 

near the surface of the Earth.  The minimum specified GPS signal power of –160 dBW for 

the L1 C/A code signal corresponds to an RP for a GPS signal received at zero degrees 
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elevation with a 3.0 dB gain linear polarized (or unity gain RCHP) receiving antenna.  This 

minimum guaranteed received power of the GPS signals translates to an EIRP of 

approximately 26.8 dBW [18,67].  The GPS satellites are known to have up to 7 dB margin 

with respect to the minimum specified received power of –160 dBW for the L1 C/A code 

signal [56].  This is in part because the GPS satellites have been designed to meet this 

requirement at the end of their design life.  The transmitted power levels vary further between 

the GPS satellites due to a variety of factors on the spacecraft.  In all of the simulations 

presented in this dissertation, the transmitted GPS signal levels were conservatively assumed 

to be 3 dB above the minimum specified levels. 

The C/No in dB-Hz is computed by subtracting the noise spectral density from the 

received carrier power by, 

 C/N0 [dB-Hz] = RP - 10logTsys + 228.6 - LNf - LI (3.13) 

where Tsys is the equivalent system noise temperature in Kelvin, 228.6 is the value of 

Boltzmann’s constant expressed in dBW per Hz, LNf is the noise figure for the receiver (front 

end), and LI represents the total implementation losses plus A/D conversion losses in the 

receiver [69].  The system noise temperature is bounded by the following two conditions; 

antenna pointing toward the Earth (Tsys = 290K); or antenna pointed into space (Tsys = 180K).  

The noise figure of the Mitel 2010/2021 front end is estimated to be approximately 2.9 dB 

assuming the following values [27]: 

Noise figure of active antenna LNA: 2.5 dB 

Noise figure of GP2010 (RF front end): 9 dB  

RF gain of active antenna LNA: 26 dB 

Losses due to RF filtering and cabling after LNA: 2 dB 

 

The attenuation along the LOS for both the transmitting (At) and receiving (Ar) 

antennas is calculated based on reference antenna/gain patterns.  The reference gain patterns 

provide the attenuation versus elevation (measured from the antenna boresite) for a single 
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"slice" of the antenna.  The patterns are assumed as uniform in azimuth.  If the pattern is not 

defined for the entire range elevation angles (0-180 degrees measured from the boresite), an 

antenna mask angle (β) can be defined, beyond which signals will not be considered visible.  

Figure 3.4 shows the gain patterns for basic hemispherical and high gain GPS receiving 

antennas that have been used in the GPS visibility simulations.  The high gain antenna shown 

has a peak or reference gain of 9.2 dB, the hemispherical antenna has a peak gain of 4.9 dB. 
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Figure 3.4: Modeled gain patterns for receiving antennas.  

The main transmitting beam of the GPS satellite antennas is typically assumed to 

measure a half-angle of 21.3 degrees [56].  The official GPS specifications extend only to 

users on or near the surface of the Earth.  For this reason, there is very little published 

information regarding the shape of the GPS side lobes beyond about 14.3 degrees down, or 

outside of the beamwidth required to cover the surface of the Earth.  Although there is some 

gain pattern data for the Block IIA and IIR satellites measured experimentally prior to launch, 

it has never been made widely available [18,52].  The side lobe radiation is important for high 

altitude GPS operations because in certain circumstances it is possible for a receiver to track 

these side lobe signals.  It has been shown that the main lobes of the Block IIR satellites, the 
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current replenishment satellites, are actually slightly narrower than the Block II/IIA patterns.  

It has been further speculated that side lobe radiation from the Block IIR satellites is actually 

a few dB stronger [37,52].  The current 28 satellite GPS constellation in early 2001 includes 6 

Block IIR satellites, but it is reasonable to expect this number to increase significantly in the 

next several years as many of the operating Block II and IIA satellites have already exceeded 

their designed life expectancy.   

A paper written by Czopek and published in 1993 has become the primary reference 

regarding the GPS satellite antenna patterns, even though this paper only contained measured 

gain pattern data for a single Block IIA GPS antenna array [18].  Figure 3.5 is a plot of the 

antenna pattern presented in the Czopek paper, which provided data from four azimuthal 

slices of the transmitter array of a Block IIA GPS satellite.  Also shown is the curve 

representing the modeled GPS satellite antenna pattern used in the simulations.  The plot is 

normalized to zero gain at the point corresponding to 14.3 degrees down in the 0 degree 

plane.  This effectively normalizes the gain pattern with respect to the minimum specified 

signal levels, which are referenced to this 14.3 degree off boresite angle.   
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Figure 3.5: The measured antenna gain through four azimuthal slices of the Block 
IIA GPS transmitting antenna array compared with the modeled gain pattern used in 
the GPS simulations [18].   

The minimum signal power of the GPS satellites is specified for a satellite at zero 

degrees elevation, thus the signal is transmitted from 13.8 degrees down on the satellite 

antenna pattern.  To account for the worst case GPS satellite pointing error of 0.5 degrees, the 

minimum received signal power must be computed based on a transmitted boresite angle of 

13.8 + 0.5 = 14.3 degrees.  The required EIRP (transmitted power plus reference antenna 

gain) at 14.3 degrees down to meet the minimum specified power levels is 26.8 dBW [18,67].  

The actual line of sight transmitted power (EIRP - Lt) is computed by adding the line of sight 

attenuation (or gain) from this antenna pattern to the EIRP.  Note that in some cases, the 

attenuation is actually negative (a gain) because the reference point does not correspond with 

the peak gain of the antenna pattern. 

In this simulation, the GPS satellite gain pattern is only modeled down to 

αt = 70 degrees.  Although Czopek [18] actually provides gain pattern data all the way out to 
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180 degrees down, beyond about 70 degrees the gain is significantly below the main lobe 

power, and the pattern is no longer very uniform in azimuth.  While it is possible that GPS 

signals from this region could be usable in some HEO scenarios, it would be extremely 

difficult to predict their availability, thus the contributions are ignored here.  The measured 

signal levels from some of the first HEO missions using GPS will be of great interest in order 

to better characterize the actual GPS satellite side lobe patterns.  There are several authors 

who have addressed the GPS satellite antenna patterns and transmitted power levels.  The 

previously described paper by Czopek presented data on a single Block II satellite.  Powell 

and Edgar have addressed differences between the Block IIA and Block IIR GPS satellite 

transmitted power levels [21,52].  Kronman presents actual measured signal levels from 

Block IIA and IIR main and side lobes [37]. 

3.2.2.2 Verification of GPS Link Budget Model 

Tests were conducted using a static, roof-mounted antenna to validate the model used 

to estimate the received carrier-to-noise spectral density for two different GPS receivers; a 

12-channel NovAtel OEM card and a 6-channel Mitel GPS Builder-2 using a common GPS 

antenna and low-noise amplifier (LNA).  Figure 3.6 and Figure 3.7 are plots of the recorded 

signal level data compared against the signal levels estimated by the MATLAB® simulation 

for the Mitel and NovAtel receivers, respectively. 
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Figure 3.6: Measured and predicted signal levels for the Mitel GPS Builder-2 using a 
Sensor Systems model S67-1575-20 antenna. 

 
Figure 3.7: Measured and predicted signal levels for a NovAtel OEM card using a 
Sensor Systems model S67-1575-20 antenna. 

The measured signal levels for all satellites are plotted versus the received boresite 

angle (αr) with respect to the receiving antenna boresite.  Additional low elevation data are 

present in Figure 3.7 because the NovAtel receiver had twice as many channels and tracked 

additional low elevation satellites.  The highest elevation satellites (smallest received boresite 

angle) are the least attenuated by unmodeled effects from the atmosphere and multipath, and 

measured 

predicted 

predicted 

measured 
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the antenna pattern is very uniform in azimuth in this region.  As a result the dispersion of 

signals at higher elevations is a good indication of the variation in transmitted power between 

the different GPS satellites.  In this case the maximum observed difference between signals 

from two GPS satellites was approximately 3-4 dB.  All of the signal levels reported by the 

Mitel receiver were approximately 2.5 dB higher than those reported by the NoAtel receiver.  

Because the incoming signals and signal paths were identical, this difference is attributed 

solely to differences in the noise and implementation losses associated with each receiver. 

The simulated power levels were computed modeling all of the parameters discussed 

in Section 3.2.2.1, and a model of the receiving antenna gain pattern supplied by the 

manufacturer.  Particularly in Figure 3.7, the trend in the measured data can be used to infer a 

more accurate estimate of the received antenna gain pattern.  Clearly the modeled pattern 

does not exactly match the true gain pattern of the receiving antenna.  Losses due to the 

atmosphere were set to zero in the simulation and all GPS satellites were assumed to transmit 

at the same power levels.  The differences between rooftop data and MATLAB® predictions 

can be attributed to errors in the reference gain pattern from the actual shape of the antenna 

pattern, attenuation from the atmosphere and multipath (at low elevations), and satellite-to-

satellite variations in transmitted power.   

3.2.3 Error Models 

GPS signals crossing close to the limb of the Earth are bent or refracted by the 

atmosphere (ionosphere, troposphere, etc), causing a measurable delay in the signals at the 

receiver.  The most significant atmospheric error source for a space user is the delay 

contributed by the Earth’s ionosphere.  The delay is proportional to the total electron content 

(TEC), which varies with altitude and the path of the GPS signal.  The plasmasphere, above 

altitudes of approximately 1000 km, also contributes to signal delays, but typically only on 

the order of 1% of the contribution of the ionosphere.  The ionospheric effects on GPS signals 



 54

for a terrestrial user are well documented [36].  However, most of the literature on this topic 

assumes the user is on or very near the surface of the Earth, and that the signal passes through 

the complete atmospheric column down to the surface of the Earth.   

The signal paths are quite different for a space user.  Even in LEO a receiver may be 

above a significant portion of the ionosphere, such that measured errors through a zenith-

pointing antenna would be negligible.  In the case of a HEO user, the ionosphere and other 

atmospheric effects will strongly depend on the limb-crossing altitude of the GPS signal 

above the surface of the Earth.  The Klobuchar ionospheric correction algorithm that uses 

parameters transmitted in the GPS navigation message and implemented in single frequency 

GPS receivers is not applicable for these space applications.  The GPS/Metrology 

Experiment, launched into a 700 km circular orbit in 1995, was one of the first experiments to 

consider the signal delays attributed to limb crossing GPS signals from a receiver in space 

[70].   

In support of the GPS experiment on the EQUATOR-S spacecraft, ESA researchers 

developed a model to estimate the total refraction of a GPS signal passing through the 

ionosphere [22].  This model computed a refractive index for a series of concentric spheres 

around the Earth, each sphere with a unique total electron density and refractive index.  This 

model was used to estimate the effect of signal refraction on the GPS signal visibility for the 

HEO EQUATOR-S satellite.  The ionosphere had the effect of reducing the effective Earth 

radius by making the signals of some GPS satellites come into view while the satellite was 

still physically below the limb of the Earth. 

The ionosphere is highly variable, so it is difficult to select a particular altitude below 

which delays are unacceptably high.  The HEO user would like to be able to relate the limb 

crossing altitude of a GPS signal with the approximate delay in order to select an appropriate 

mask altitude.  It is generally assumed that 85 to 90% of the ionosphere is below 800 km 

altitude.  Peak electron density typically occurs between 400 and 500 km in altitude.  In LEO, 
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an elevation mask can be used to eliminate the low elevation signals with the greatest path 

delays.  For HEO geometries, it is common to not use GPS signals crossing the limb of the 

Earth below 400-500 km altitude for this same reason.  In some cases, large signal delays 

may be an acceptable tradeoff for the ability to track additional satellites.  The impact of 

varying ionosphere mask altitudes is discussed in Section 4.5. 

3.3 Summary 

A set of GPS simulation tools have been developed to model the characteristics of 

GPS signals for a receiver operating in space.  The model computes LOS, Dopplers, and 

estimates the received C/N0 associated with a GPS receiver operating in various orbits or 

antenna configurations.  The results of analysis conducted using these GPS simulation 

utilities are presented in the next chapter. 





CHAPTER    4 

ANALYSIS OF GPS SIGNAL CHARACTERISTICS AT HIGH ALTITUDES 

The GPS analysis tools discussed in the previous chapter were used to conduct a 

detailed analysis of the GPS signal properties in space. Several orbital scenarios were 

considered to cover the range of possible operating environments experienced by a 

spaceborne GPS receiver.  The following sections examine a variety of GPS signal 

characteristics affecting GPS tracking in space including; signal geometries and dilution of 

precision; vehicle/signal dynamics, received signal levels, and overall GPS signal visibility.  

Finally, navigation performance results produced by processing simulated GPS pseudorange 

measurements in the GEONS extended Kalman filter software are presented. 

4.1 Orbit/Scenario Descriptions 

Five scenarios, each corresponding to a specific orbit, spacecraft attitude profile, GPS 

antenna configuration, and other mission parameters are discussed in this chapter.  These 

examples represent the breadth of the missions listed in Table 1.1.  The scenario 

specifications are summarized in Table 4.1, and the relative size and shape of each of the 

modeled orbits is illustrated in Figure 4.1.  GPS data sets were produced corresponding to a 

range of assumed receiver tracking thresholds.  This was done to assess the improvement in 

visibility resulting from modest reductions in the tracking threshold, and to assess the 

properties of the weaker GPS signals.  The 33 to 35 dB-Hz baseline tracking threshold 
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assumed for a conventional, unmodified receiver was based on the default acquisition and 

loss of lock thresholds of the Mitel GPS Builder-2 receiver. 

Table 4.1: Scenario Specifications 

Parameter LEO HEO1-A B HEO2 HEO3 

Description 

ISS orbit, 
single zenith 
pointing 
hemi antenna 

GTO, 
favorable 
antenna 
orientations 

GTO, 
unfavorable 
antenna 
orientations 

very high alt. 
(3x10 RE) 
eccentric 
orbit 

GEO orbit 
with nadir 
high gain 
GPS antenna 

Period [hrs] 1.5 10.5  23.5 24.0 

Perigee alt [km] 365 349  12756 35777 

Apogee alt [km] 385 35800  57402 35797 

SMA [km] 6753.582 24446.0  41457.0 42165.5258 

Eccentricity 0.0015 0.7248  0.53846 0.000242 

Inclination [deg] 51.33 26.4  28.5 0.25 

Arg of perigee [deg] 93.86 137.0 107.0 0.0 324.1 

RA asc. node [deg] -75.71 358.0  90.0 95.1 

Mean anomaly [deg] 227.2 0.0  0.0 33.4 

Epoch date 06/21/98  
00:00:00 

02/09/99  
04:10:00 

10/10/98  
05:20:00 

06/21/98  
00:00:00 

06/21/98  
00:00:00 

Spacecraft attitude Earth 
pointing 

Spin axis 
parallel to  
Earth-Sun 
vector 

 Spin axis 
normal to 
ecliptic plane 

Earth 
pointing 

Antenna 
configuration 

Single zenith 
hemi antenna 

Full sky 
coverage, 
two hemi 
antennas 
aligned with 
spin axis 

 Full sky 
coverage, 
two hemi 
antennas 
aligned with 
spin axis 

Single nadir 
high gain 
antenna 

 

Comparisons are made between these orbital scenarios and a static receiver operating 

on the surface of the Earth.  The LEO scenario is modeled after the International Space 

Station (ISS) orbit and uses a single zenith-pointing hemispherical antenna.  HEO1-A and 

HEO1-B are based on the orbit and mission design of the IMEX spacecraft, a spin-stabilized 

spacecraft in a geostationary transfer orbit with a low perigee, and apogee close to the 

geostationary altitude.  Two hemispherical GPS antennas are assumed, aligned parallel and 

anti-parallel to the spin axis in order to provide full sky coverage.  The specific epoch times 
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were chosen to illustrate two different points in the IMEX mission as the orientation of the 

spin axis (and consequently the GPS antennas) changes.  Because the spacecraft pointing 

requirements preclude the GPS antennas from being oriented in the most favorable direction  

(nadir) for receiving GPS signals at high altitudes, these two scenarios compare favorable 

(HEO1-A) and unfavorable (HEO1-B) orientations of the GPS antennas that will occur as the 

orbit and spin axis precess over time. 

 

LEO 

HEO2 
HEO1 

HEO3 

GPS 
Constellation 

Altitude 

 
Figure 4.1: Comparison of simulated orbital scenarios. 

The HEO2 scenario is based on one of the originally proposed orbits for the Nanosat 

Constellation Trailblazer Mission (ST5).  HEO2 is a more difficult orbit from a GPS visibility 

standpoint because both the perigee and apogee altitudes are very high.  It also features a 

spinning spacecraft with two hemispherical antennas not necessarily oriented favorably for 

receiving GPS signals.  As will be shown in the results, the spin axis (and receiving antenna 

boresite) is oriented significantly off-nadir in the simulated case.  The final scenario is a 

geostationary orbit based on the GOES-10 spacecraft.  For this scenario, a single, high gain, 

nadir-pointing GPS antenna is assumed to take advantage of the fixed nadir-pointing attitude 
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of the satellite.  Referring to Figure 4.1, the HEO2 and HEO3 orbits are never within the 

favorable GPS visibility region below 3500 km altitude. 

4.2 Signal Geometries and Dilution of Precision 

Geometries associated with high altitude GPS are inherently poor because the 

favorable GPS signals all originate from satellites clustered in the direction of the Earth.  

Even in the rare cases when four or more satellites are visible, the best-case geometric 

dilution of precision (GDOP) for a geostationary user is rarely less than 30; for a terrestrial 

user, a GDOP higher than 8 to 10 would be considered large.  An approximation of the 

kinematic or single point solution accuracy can be obtained by multiplying the variance of the 

measurement errors times the DOP.  High DOPs can cause problems inverting the geometry 

matrix, a step in the process to form a least squares point solution.  Analysis of the GDOPs 

for a variety of HEO scenarios is presented below. 

Figure 4.2 shows the GDOPs computed from all satellites in view over a 12 hour 

period at 350, 2500, and 10000 km altitude; each case assumes an omni-directional field of 

view.  No data point was plotted if less than four satellites were present simultaneously.  

Statistical data regarding the computed dilution of precisions are included at the top of each 

plot.  For the LEO case, the field of view is nearly equivalent to that of a hemispherical 

antenna because the Earth blocks most of the field of view below zero degrees elevation.  At 

2500 km the GDOPs are improved because some satellites are actually visible from negative 

elevation angles.  Continuing higher, the GDOPs eventually start to get worse as fewer 

satellites are visible.  Even at 10000 km, only half the altitude of the GPS constellation, 

GDOPs as high as 40 were measured. 
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Figure 4.2: Geometric dilution of precision for an all-in-view receiver over a 12-hour 
period at 350, 2500, and 10000 km altitude. 
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Figure 4.3: Geometric dilution of precision from a Geostationary orbit (HEO3) for 
decreasing tracking thresholds.  The geometry improves as the tracking threshold is 
reduced and additional side lobe signals become visible. 

Figure 4.3 shows the GDOPs computed for all satellites in view in the HEO3 

scenario (a geostationary orbit) over a 24 hour period.  Assuming a 33 dB-Hz threshold, the 

best GDOP is 32, but the mean is over 200 and there are significant periods of time when 
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fewer than four satellites are visible (no GDOP computed).  Dropping the tracking threshold 

to 28 dB-Hz adds some additional side lobe signals, improving the geometry slightly.  The 

side lobe signals tend to have a greater radial distance from the Earth from the point of view 

of the receiver.  The third case illustrates the upper bounds on the GDOPs if it were possible 

to track GPS signals down to a 20 dB-Hz threshold. 

There has been significant interest in modifying the existing transmitter gain pattern 

of the GPS satellites to supplement the number of GPS signals available to HEO space users 

[39,52].  One popular suggestion involves the addition of a hemispherical backside antenna to 

the GPS satellites to provide additional beamwidth.  This concept would increase satellite 

visibility for a GEO user; but, as noted in [6], a backside or zenith oriented GPS transmitting 

antenna is not necessarily the best region to spend additional transmitted power.  Figure 4.4 

provides a comparison of GDOPs for two modified GPS transmitter configurations.  The first 

plot is for the existing GPS transmitter gain pattern depicted in Figure 4.3 assuming a 28 

dB-Hz threshold.  The second plot assumes a backside antenna with an 80 degree beamwidth; 

additional GPS satellites are assumed visible if the LOS is within this additional range, 

equivalent to αt > 140 degrees.  The third plot assumes the existing GPS gain pattern is 

supplemented with 10 degrees of additional beamwidth centered at 90 degrees down, or for 

85 < αt < 95 degrees.  These two concepts are illustrated in Figure 4.5; clearly there is a 

better geometric distribution for case (b). 
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Figure 4.4: The GDOP for a geostationary user.  The first plot is the GDOP for the 
current GPS constellation and a 28 dB-Hz threshold.  The second plot shows the 
change in GDOP after adding new backside antennas, and the third plot shows the 
much larger change in GDOP due to additional transmitted signals between 
transmitted boresite angles of 85-95 degrees. 

Adding new signals via a backside antenna improves the number of visible satellites 

but does little to improve the geometry.  Additional beamwidth near the local horizontal plane 

of the GPS satellite, however, adds signals to the solution that do contribute to the geometry 

by expanding the field of view over which satellites are visible.  The effect is a dramatic 

improvement in the GDOPs.  The decision to supplement or modify the existing GPS 

transmitted power or gain patterns requires complicated trades between additional power 

requirements on the spacecraft, modifications to antenna designs, and the desired level of 

service provided to HEO users.  Referring to Figure 3.5, additional power in the region 

corresponding to transmitted boresite angles 60-90 degrees down would have the greatest 

improvement on the GDOP from high altitudes, and it would also improve visibility for 

medium altitude orbits as well. 
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(b) (a) 

visible  
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Figure 4.5: Visible GPS satellite geometries for a HEO user.  Shaded satellites are 
not visible.  Two concepts for supplementing the existing GPS transmitter gain 
patterns are shown, (a) for backside antennas, and (b) additional side lobe radiation 
near the GPS satellite local horizontal.  Backside antennas increase the number of 
visible satellites, but contribute very little to geometry.  The field of view from the 
point of view of the receiver is obviously larger in (b). 

4.3 Space Vehicle Dynamics 

One of the most significant differences between terrestrial and space GPS 

applications is the dynamics of the receiver and the resulting effect on the GPS signal 

Doppler.  This section presents analysis of the signal dynamics associated with each orbital 

scenario, which will be used in subsequent chapters.  Terrestrial Dopplers are dominated by 

the velocity of the GPS satellites; however, a receiver in LEO moving at 7 km/s experiences 

Doppler and Doppler rates an order of magnitude greater than a terrestrial user.  Figure 4.6 is 

a plot of the Doppler and Doppler rates for a static receiver on the surface of the Earth.  For 

this static case, the Doppler spans ± 4.5 kHz, and the Doppler rates are always less than 

1 Hz/s.  Contrast these numbers with the dynamics of a receiver in a LEO, shown in Figure 

4.7; Dopplers span ± 45 kHz and Doppler rates are as high as –70 Hz/s.  Although the 

dynamics are very high in space, one advantage over that of terrestrial users is that the motion 
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of the satellite vehicle is very predictable.  Unlike a receiver operating on a maneuvering 

aircraft for example, the motion of an orbiting receiver can be modeled and predicted 

accurately. 
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Figure 4.6: Doppler and Doppler rates for a static receiver on the surface of the Earth.  

0 0.5 1 1.5 2 2.5 3
-50

-25

0

25

50

D
op

pl
er

 [k
H

z]

0 0.5 1 1.5 2 2.5 3
-80

-60

-40

-20

0

20

Elapsed Hours

D
op

pl
er

 R
at

es
 [H

z/
s]

 
Figure 4.7: Doppler and Doppler rates for LEO. 

There are similarities between the static and LEO Dopplers, primarily due to the fact 

that both of these examples use a zenith pointing antenna.  The Dopplers for visible satellites 

have the same sense in both cases; Dopplers are positive for rising satellites and negative as 
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the satellite sets.  The Doppler rates are predominantly negative.  Rising satellites are 

approaching the receiver and setting satellites are moving away.   

Figure 4.8 is a scatter plot of the Doppler magnitude versus Doppler rate for the LEO 

scenario assuming full sky visibility from two antennas.  This plot illustrates the distribution 

of Dopplers for two different antenna orientations; zenith-nadir (top frame) and inertially 

fixed along the Earth-sun vector (bottom frame).  In the first frame, the signals tracked 

through the zenith antenna have predominately negative Doppler rates, and those visible 

through the nadir antenna would normally be below the local horizon.  Both examples have 

full sky coverage over both antennas.   
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Figure 4.8: Doppler versus Doppler rates for a circular LEO with full sky coverage 
from two antennas.  The data marker differentiates between satellites tracked on each 
antenna. 

The Doppler versus Doppler rate plot for the static case has the same trend as the 

LEO data: The Doppler rates are highest when the signal is passing through zero Doppler, 

and are near zero when satellites are at low elevation, close to the local horizontal plane.  This 

has an interesting impact on the signal acquisition process.  Many terrestrial receivers initiate 
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the signal acquisition process by searching for satellites near zero Doppler; however, in the 

LEO environment, these signals have the highest Doppler rates.  Signals with Doppler rates 

in excess of 60 Hz/s are fast moving targets and can be difficult to acquire.   

Figure 4.9 shows the Doppler and Doppler rates for visible GPS signals above 35 dB-

Hz from the geostationary orbit (HEO3).  Because the receiver velocity is much lower, the 

span of the Doppler and Doppler rates are quite similar to the static case.  The Doppler rates 

are the opposite sign of the previous cases due to the different geometry of the GPS satellites 

with respect to the down-looking antenna.  Furthermore, some satellite passes are interrupted 

by a gap due to obstruction by the Earth.  The satellite is moving away for the first part of the 

pass (Doppler negative) and is approaching for the second part of the pass (Doppler positive).  

Some passes crossing through zero Doppler are not obstructed by the Earth at all.   
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Figure 4.9: Doppler and Doppler rates for visible satellites down to 35 dB-Hz in 
HEO3 (a geostationary orbit). 

Figure 4.10 shows the Dopplers for a reduced tracking threshold of 30 dB-Hz, which 

adds a considerable number of side lobe signals.  The side lobe Dopplers span a greater 

region than the main lobe Dopplers.  Figure 4.11 is a scatter plot of the Doppler versus 

Doppler rates for the geostationary orbit, indicating the main lobe and side lobe signals.  The 



 68

prominent gap in the center of the main lobe data is due to signals obstructed by the Earth.  

The gap between the main and side lobes is due to the power null between the main and first 

side lobes.  The total range of Dopplers is only slightly larger than for a static/terrestrial 

receiver.   
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Figure 4.10: Dopplers for main lobe (o) and side lobe (.) signals down to 30 dB-Hz 
for HEO3. 

Figure 4.12 shows the Doppler and Doppler rates for the HEO1 scenario.  Highly 

eccentric orbits such as this GTO present the most challenging dynamic environment.  Near 

perigee, the Dopplers span greater than ± 50 kHz and Doppler rates can be as high as  

–70 Hz/s.  Near perigee, the Dopplers are greater than for a LEO of the same altitude.  Near 

apogee, the signal dynamics are much lower.  The span of possible Dopplers is proportional 

to the velocity of the receiver, or is inversely proportional to the square root of the altitude.   
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Figure 4.11: Doppler versus Doppler rates for geostationary orbit and a 33 dB-Hz 
threshold, showing main lobe (.) and side lobe signals (o).   
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Figure 4.12: Doppler and Doppler rates for visible satellites down to 35 dB-Hz in 
HEO1 (a geostationary transfer orbit) with full sky coverage. 

Figure 4.13 provides a good summary of the information presented in the previous 

plots.  The maximum observed magnitudes of the Dopplers from three of the orbital scenarios 

plus a static example are plotted versus altitude.  In space applications, the observed Doppler 

is dominated by the velocity of the receiver.  To illustrate this point, two curves are also 

plotted corresponding to the computed Doppler just based on the along-track velocity of the 
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spacecraft.  One curve shows the “along-track Doppler” associated with circular orbits of 

varying altitude.  The next curve plots the along-track Doppler associated with the GTO 

(HEO1).  Particularly in the case of the GTO, the maximum observed Doppler corresponds 

very well with the along-track Doppler.  Even the circular orbit along-track Doppler provides 

a first order estimate of the Doppler for any orbit versus altitude.  Contributions of the clock 

error and GPS satellite velocity are held constant in this figure, so all of the change versus 

altitude attributed solely to the change in the receiver velocity.   
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Figure 4.13: Maximum Doppler magnitude versus altitude.  The figure shows the 
maximum observed Dopplers (magnitude) for three different orbits: LEO (*), GEO 
(*), and a Geostationary transfer orbit (o).  To provide an indication of the effect of 
the receiver velocity on the observed signal Doppler, also plotted are the Dopplers 
corresponding to the along-track velocity of a spacecraft in circular orbits of varying 
altitude, and the along-track velocity of a spacecraft in a geostationary transfer orbit. 

Because of the high velocities involved, in just about any space environment the 

observed Doppler is dominated by the velocity of the receiver.  Obviously, the Dopplers span 

the largest region at lower altitudes; in the LEO scenario the Dopplers are as high as 

±42 KHz.   At the geostationary altitude, the Doppler uncertainty region is only slightly larger 

than on the surface of the Earth.  The highly eccentric GTO actually covers the full range of 
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conditions, as near perigee it will see Dopplers in excess of 50 kHz, yet near apogee the range 

of Dopplers will not be much larger than for a static receiver.   

4.4 Received Signal Levels 

In this dissertation, signal levels are discussed in terms of the received carrier to noise 

spectral density, C/N0 in dB-Hz.  This signal to noise ratio is not only a function of the 

received carrier power at the antenna, but also includes implementation losses and the noise 

environment of the receiver.  Terrestrial and LEO users typically measure signal to noise 

levels ranging between 38 to 52 dB-Hz.  The received power levels reaching a terrestrial 

receiver are by design very uniform; most of the above variation is due to the gain pattern of 

the receiving hemispherical antenna. 

The minimum signal level specification discussed in Section 3.2.2.1 does not apply to 

HEO users as the receiver is no longer “near the surface of the Earth.”  The two factors 

having the greatest effect on the received signal levels for a HEO user are the GPS satellite 

gain pattern and the range to the satellite.  Figure 4.14 shows the peak GPS signal-to-noise 

levels versus altitude for three different user antennas.  In this plot, the transmitted power is 

conservatively set 3 dB above the minimum specified levels (to approximate the actual 

transmitted power from the GPS satellites), and the antennas are pointed in the nadir or peak 

gain direction.  Below the GPS constellation (4 RE radial distance), the peak signals originate 

from GPS satellites above the receiver, and are tracked though a zenith pointing antenna.  

Above 4 RE, the peak signal levels drop as the range to the visible satellites (on the opposite 

side of the Earth) increases.  Based on this figure, the limiting GPS tracking altitude for a 

conventional receiver would be approximately 25-30 RE. 
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Figure 4.14: Peak signal strength versus altitude for three receiving antennas. 

For the geostationary HEO3 scenario using a high gain antenna, signal to noise ratios 

can be anywhere below about 47 dB-Hz.  The limit of tracking is not the field of view of the 

receiving antenna; but rather the signal will typically be lost when the power drops below the 

tracking threshold of the receiver.  Average signal levels with this high gain antenna were 

about 43 dB-Hz. 

For the GTO HEO1 orbit, peak signal levels at apogee are only 43 dB-Hz, but at 

perigee they are similar to LEO.  The decreasing power levels at higher altitudes are not the 

only problem for HEO users.  Receivers operating in the region of space above LEO but still 

below the GPS constellation altitude are subject to jamming from GPS satellites in close 

range.  This is referred to as the near-far problem, and is an important consideration for 

terrestrial users operating in the proximity of pseudolites [56]. 

Figure 4.15 shows an example of the near-far problem in the GTO HEO1 scenario.  

The first plot shows the signal levels for all visible satellites (above 35 dB-Hz) over a 48-hour 

period.  The peak signal levels near perigee are typically about 53 dB-Hz; however, at t= 7 

hours, about one hour past perigee, the signal from PRN 3 peaks out at more than 68 dB-Hz.  

The second plot is a magnified view of the signal levels at the time of the power spike in 
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PRN 3.  The third frame is a plot of the range to PRN 3 corresponding to the plot in frame 2.  

It is easy to see the reason for the jump in power from PRN 3, as the receiver passes directly 

under this GPS satellite within only a few thousand kilometers.  When the signal from PRN 3 

exceeds 60  dB-Hz, there are five other satellites visible; four between 40-45 dB-Hz, and one 

more below 40  dB-Hz.  With one signal as much as 30 dB higher than the others, some, if 

not all of the weaker signals will be lost because of limits on the dynamic range of the 

receiver.  This is basically equivalent to a jamming situation, in which the effective C/N0 for 

the weaker signals will be greatly reduced by the “jamming” signal.   
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Figure 4.15: Example of the near-far problem for a HEO GPS user in a GTO 
(HEO1). 

The signal levels for the HEO1 orbit were studied for a 12-week period to assess the 

frequency of this jamming condition.  Signal-to-noise levels exceeding 60 dB-Hz occurred 

between 2 to 4 times per week over this period.  Signal-to-noise levels over 65 dB-Hz 

occurred no more than twice per week.  In each case, the duration of the jamming condition 

was very similar to the case illustrated in Figure 4.15.  Signal-to-noise were above 60 dB-Hz 

for about 20 minutes, and above 65 dB-Hz for about 12 minutes.  While no cases above 69 
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dB-Hz were observed during this 12-week period, even higher signal levels are possible for 

such an orbit. 

Because a HEO receiver must be capable of operating through significant data 

outages, sometimes lasting many hours, short signal outages due to the near-far problem do 

not pose a significant problem.  For this HEO1 example, the jamming conditions typically 

lasted only 15-30 minutes, and occurred only once every five orbits on average.  When 

assessing navigation performance for these missions, these outages should certainly be 

modeled, as any outage will have some impact on the navigation performance.  For missions 

that cannot tolerate these data outages, it may be possible to employ jamming and RF 

interference mitigation techniques to improve the response of the receiver to these conditions.  

Obviously, this is only a problem for orbits that pass within close proximity to the GPS 

satellites.  

4.5 GPS Signal Visibility 

GPS signal visibility results for each scenario, illustrating the number of visible 

satellites versus time, are presented in Figures 4.16-4.20 and in Table 4.2.  As a point of 

reference, Figure 4.16 shows the typical number of satellites visible for a single 

hemispherical antenna on the surface of the Earth (first frame) and in LEO (second frame).  

For all other cases, the number of visible GPS signals at 35, 30, and 28 dB-Hz thresholds are 

plotted versus time.  In each case, the number of visible signals contributed by GPS side-lobe 

radiation is indicated.   

Several common observations can be made for all of the scenarios considered.  The 

visibility is shown over a minimum of two orbital periods for each scenario.  In every case, 

the reduction in the acquisition threshold of the receiver results in an increase in the number 

of visible GPS signals.  This is demonstrated by the increase in the percent of time one or 

more, or four or more GPS satellites are visible, given in Table 4.2.  In highly eccentric orbits 
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in which the altitude of the spacecraft changes greatly, the visibility is best at perigee and 

worst near apogee, as can be clearly seen in the plots provided in Figures 4.17, 4.18, and 

4.19. 
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Figure 4.16: Number of visible GPS satellites for a single zenith-pointing antenna on 
the surface of the Earth (top) and in a LEO (bottom). 

The differences seen between HEO1-A and HEO1-B, shown in Figures 4.17 and 4.18 

are attributed solely to the fact that the GPS antennas are oriented less favorably, i.e. more 

off-nadir in HEO1-B.  As noted in Table 4.2, the mean off-nadir angle of the GPS antenna at 

apogee is 5.2 degrees for HEO1-A and is 85.1 degrees for HEO1-B.  Thus for HEO1-B the 

signals are received at low elevation angles on the receiving antenna, and reduced visibility 

results.  The low perigee altitude of the HEO1 orbit (350 km) means that four or more 

satellites are visible, and consequently, point solutions are possible for several hours of each 

orbit. The visibility for the HEO2 scenario, shown in Figure 4.19, is significantly poorer than 

for either HEO1 case.  Signal visibility is inherently poorer because HEO2 is a much higher 

orbit, and it is further reduced because the GPS antenna is approximately 66 degrees off nadir 

at apogee.  Even at perigee, point solutions are rarely possible (less than 6% of the time).   



 76

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

Elapsed Hours From 2/9/99 04:10:00 UTC

28 dB-Hz

0

2

4

6

8

10
30 dB-Hz

V
is

ib
le

 G
P

S
 S

at
el

lit
es

0

2

4

6

8

10
apogee apogee

35 dB-Hz

 
Figure 4.17: The GPS signal visibility (solid line) and the contribution from the GPS 
side lobes (gray shaded) for two orbits of the HEO1-A scenario, which has a 
favorable (nadir) pointed antenna near apogee.  The three plots, from top to bottom, 
show the number of visible GPS satellites corresponding to tracking thresholds of 35, 
30, and 20 dB-Hz. 

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

Elapsed Hours From 10/10/98 05:20:00 UTC

28 dB-Hz

0

2

4

6

8

10

V
is

ib
le

 G
P

S
 S

at
el

lit
es 30 dB-Hz

0

2

4

6

8

10
apogee apogee

35 dB-Hz

 
Figure 4.18: The total GPS signal visibility (solid line) and the contribution from the 
GPS side lobes (gray shaded) for the HEO1-B scenario, which has an unfavorably 
(85 degrees off-nadir) pointed antenna near apogee.  The three plots, from top to 
bottom, show the number of visible GPS satellites corresponding to tracking 
thresholds of 35, 30, and 20 dB-Hz. 



 77

0

2

4

6

8

10
30 dB-Hz

V
is

ib
le

 G
P

S
 S

at
el

lit
es

0 0.5 1 1.5 2 2.5 3
0

2

4

6

8

10
28 dB-Hz

Elapsed Days From 6/21/98 00:00:00 UTC

0

2

4

6

8

10
apogee apogee apogee

35 dB-Hz

 
Figure 4.19: The total GPS signal visibility (solid line) and the contribution from the 
GPS side lobes (gray shaded) for the HEO2 scenario, which has an antenna oriented 
66 degrees off-nadir near apogee.  The number of visible GPS satellites over a three-
day period is shown, first corresponding to a 35 dB-Hz tracking threshold, followed 
by thresholds of 30 and 28 dB-Hz. 

Unlike the previous scenarios, the spacecraft in the HEO3 (geostationary) scenario 

shown in Figure 4.20 maintains a constant distance from the Earth.  Additional signal space 

loss is compensated at the geostationary altitude by an additional 6 dB of signal gain using a 

high gain nadir pointing GPS antenna.  Thus signal visibility for this scenario is improved by 

exploiting the nadir pointing spacecraft attitude, in which only a narrow antenna beamwidth 

is needed to cover the region of space from which the GPS signals radiate.  The reduction in 

the tracking threshold dramatically increases the amount of time four or more satellites are 

visible simultaneously.   
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Figure 4.20: The total GPS signal visibility (solid line) and the contribution from the 
GPS side lobes (gray shaded) is shown for the HEO3 scenario, which has a single 
high gain, nadir-pointing antenna.  The plots show the number of visible GPS 
satellites over a three day period, first corresponding to a 35 dB-Hz tracking 
threshold, followed by thresholds of 30 and 28 dB-Hz. 

Table 4.2: Summary of GPS Signal Visibility Results 

Scenario 

Antenna Off-
Nadir Angle at 
Apogee [deg] 

Threshold 
[dB-Hz] 

Percent of Time 
One or More 

Satellites Visible 

Percent of Time 
Four or More 

Satellites Visible 

  35 90.0 24.0 

HEO1-A 5.2 30 96.0 37.0 

  28 98.7 59.0 

  35 62.0 21.0 

HEO1-B 85.1 30 82.0 34.0 

  28 91.0 41.0 

  35 44.0 6.0 

HEO2 66.6 30 71.0 16.0 

  28 78.0 22.0 

  35 78.0 4.1 

HEO3 0.0 30 98.9 60.3 

  28 100.0 85.0 

 

Another difference between space and terrestrial GPS tracking is the length of a 

typical pass of the GPS satellite.  On the surface of the Earth, an individual satellite pass can 
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be 6 to 7 hours long.  For a LEO with a 90 minute period, the satellite passes will be much 

shorter.  Figure 4.21 is a histogram showing the length of GPS satellite passes over three 

days.  Most of the passes are only 30-45 minutes long, which requires the receiver to have an 

efficient acquisition strategy that will acquire rising satellites quickly.  
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Figure 4.21: Duration of GPS satellite passes for LEO. 

Figure 4.22 illustrates typical durations of GPS satellite passes for the HE03 

(geostationary) scenario over a three-day period assuming a 28 dB-Hz threshold.  Most of the 

main-lobe passes are between 40-60 minutes in duration, and the side lobe passes are 50-80 

minutes long.  However some side lobe passes are a long as 7 hours.  The passes are different 

at GEO because of the down-looking antenna geometry, in which many of the main lobe 

signals passes are actually split up by the GPS satellite passing behind the Earth.  Many of the 

longer side lobe passes do not pass directly behind the Earth, which helps the satellite to stay 

in view much longer.  While they are consistently weaker, the fact that some of the side lobe 

signals are visible for long periods of time makes them good candidates for tracking using 

weak signal tracking techniques. 
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Figure 4.22: Duration of GPS main and side lobe signal passes for HEO3 
(geostationary) assuming a 28 dB-Hz threshold. 

In Section 3.2.3 an atmosphere mask for low altitude limb crossing signals was 

discussed to eliminate GPS signals with large atmospheric errors.  Figure 4.23 shows the 

impact of various mask heights on the number of visible satellites for the HEO3 scenario with 

a 35 dB-Hz threshold.  The side lobe visibility is unaffected by atmosphere masks, so this 

example considers the impact for a higher threshold, main-lobe only tracking case.  Three 

atmosphere mask altitudes are shown: 50, 400, and 1000 km.  Even a conservative 1000 km 

mask, more than sufficient to eliminate most of the ionosphere delay from the signals, only 

increases the percent of time that no satellites are visible from 26.5 to 33.2%.  This mask 

eliminates the rare occurrence of 4 or more simultaneously visible satellites, but since this 

only happened 1% of the time for the 50 km mask it is not a significant concern. 
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Figure 4.23: Atmosphere mask effect on GPS signal visibility for HEO3. 

For very high altitude, high inclination orbits, there is a null in GPS main lobe signal 

coverage above the poles.  Figure 4.24 illustrates the null that occurs for a 91 degree 

inclination, 10 by 50 Earth radius orbit.  The null occurs twice per orbit when the spacecraft 

passes above 85 degrees latitude; in this example, at an altitude between 15-20 RE. 
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Figure 4.24: Peak signal levels for a 10 by 50 Earth radii polar orbit.  The GPS 
coverage null above the poles is evident between altitudes of 15 to 20 RE.  At those 
altitudes, the receiver is in the null region is above +/-80 degrees latitude. 

The nulls are bounded by a 28 degree cone above each of the poles, with the vertex at 

an altitude of approximately 33000 km.  Figure 4.25 illustrates the geometry involved.  The 

GPS satellites are in orbital planes each inclined at 55 degrees.  Thus for a GPS satellite at the 

extremes of latitude in its orbit, the approximate 21 degree main beamwidth of the GPS 

satellite antenna pattern only extends far enough to provide coverage above the poles up to 

altitudes of approximately 33000 km. 
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Figure 4.25: GPS main lobe coverage null above the poles at altitudes higher than 
30000 km. A 28 degree cone, with the vertex at about 33000 km altitude, is shown 
above the North pole.  There is an identical region above the South pole. 

4.6 Simulated Navigation Performance 

4.6.1 Description of Simulation 

This section summarizes an in-depth analysis conducted to evaluate the navigation 

performance processing simulated GPS measurements from a variety of HEO scenarios.  

These results were previously published in the Fall 2000 issue of the Journal Navigation [46].  

For several of the scenarios listed in Table 4.1, simulated GPS pseudorange measurements 

were created and then processed using the GEONS software.  In this section, the results for 

the HEO2 and HEO3 scenarios are presented.   
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This analysis used the same visibility models described in Chapter 3.  Unique sets of 

GPS observations were created for assumed tracking thresholds of 35, 30, and 28 dB-Hz, 

corresponding to the visible satellites plotted in the previous section.  The following 

procedure was used to generate each set of simulated GPS pseudorange measurements: 

1. Truth ephemeris for each scenario was generated using the Goddard Trajectory 
Determination System (GTDS) using accurate force models for gravity (the 
70x70 Joint Goddard Model (JGM)-3), solar and lunar ephemeris (JPL Definitive 
Ephemeris (DE) 200), drag, and solar radiation pressure [30].   

2. GPS satellite orbits were generated using the actual broadcast ephemeris for the 
simulation epoch (June 21-26, 1998). 

3. Realistic GPS pseudorange measurements were generated at a 60 second rate 
using the computed ephemeris and the simulated errors to account for receiver 
clock errors, ionosphere delays, and selective availability (25 meter - 1σ), and 
random errors (2 meter - 1σ). 

 

The simulated GPS pseudorange measurements were processed in the GEONS EKF, 

subject to the processing parameters provided in Table 4.3.  A Monte Carlo error analysis was 

performed for each orbital scenario and acquisition threshold.  Ensemble error statistics for 

the navigation state estimates were computed based on 50 sets of simulated pseudorange 

measurements.  For each measurement set, all random errors in the simulation (SA, noise, 

and clock) were reinitialized using a different seed value.   
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Table 4.3: GEONS Processing Parameters 

Parameter Value 

Nonspherical Earth Gravity model 30x30 Joint Goddard Model (JGM)-2 

Solar and lunar ephemeris Low-precision analytical ephemeris 

Initial position error in each component 100 m (consistent with point solution accuracy) 

Initial velocity error in each component 1 m/s (consistent with point solution accuracy) 

Initial receiver time bias error 100 m 

Initial receiver time bias rate error 0.1 m/s 

Initial solar radiation pressure 
coefficient error 

HEO2: 0.6 (40%) 
HEO3: 0.042 (3%) 

Estimated state - User position and velocity in J2000 
- GPS receiver time bias and time bias drift 
- Solar radiation pressure coefficient 

GPS satellite ephemerides Broadcast ephemeris for June 21-26, 1998 

Ionospheric editing 500 km minimum limb-crossing altitude 

Measurement processing rate HEO2: 180 s 
HEO3: 60 s 

 

4.6.2 Navigation Results 

The navigation errors, computed by differencing the truth and estimated state vectors, 

are summarized in Table 4.4.  Figures 4.26 and 4.27 compare the HEO2 ensemble root mean 

squared (RMS) position and velocity errors for the three receiver acquisition thresholds.  The 

steady state error statistics shown in Table 4.4 were computed using data after the first orbit.  

Starting at perigee, approximately one orbit (23.5 hours) of processing was required to 

achieve steady-state performance (i.e. filter has converged to a “minimum” error solution 

with a stable, consistent covariance estimate).  Starting at apogee, two perigee passages were 

required to achieve steady-state performance.  These analyses indicate that total position and 

velocity RMS accuracies of 30 m and 2 mm/s can be achieved for the HEO orbit using a 

receiver with a high stability oscillator and a signal acquisition threshold of 35 dB-Hz.  The 

largest errors occur near apogee and the smallest errors occur near perigee, where the GPS 

visibility is better.  Decreasing the signal acquisition threshold reduces the total RMS position 

and velocity errors, and improves the accuracy of the estimated clock bias. 
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Table 4.4: Summary of Steady-State Navigation Errors 

Scenario Threshold 
[dB-Hz] 

RMS Position  
Error [m] 

RMS Velocity  
Error [mm/s] 

RMS Clock  
Bias Error [m] 

 35 30.0 2.0 17.0 

HEO2 30 20.0 1.2 12.0 

 28 18.0 1.1 10.5 

 35 15.0 1.0 6.0 

GEO1 30 6.0 0.4 3.0 

 28 5.0 0.35 2.5 
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Figure 4.26: Ensemble RMS Position Errors for HEO2.   
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Figure 4.27: Ensemble RMS Velocity Errors for HEO2. 

Figures 4.28 and 4.29 compare the HEO3 steady-state ensemble RMS position and 

velocity errors for the three acquisition thresholds over the 4.5-day estimation span and a one-

day prediction span.  Once again, the steady state error statistics shown in Table 4.4 were 

computed using data after the first orbit.  These analyses indicate that total position and 

velocity RMS accuracies of about 15 m and 1 mm/s can be achieved for the geostationary 

orbit using a receiver with a high stability oscillator and a signal acquisition threshold of 

35 dB-Hz.  Decreasing the signal acquisition threshold again reduces the total RMS position 

and velocity errors and improves the accuracy of the estimated clock bias.   
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Figure 4.28: Ensemble RMS Position Errors for HEO3.   
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Figure 4.29: Ensemble RMS Velocity Errors for HEO3.   

The primary factors affecting navigation performance for HEO satellites using a GPS 

receiver with a high stability clock were found to be, 1) the quality of GPS visibility, 

characterized by the number of GPS satellites that can be simultaneously acquired and the 
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length of the time period when no GPS satellites can be acquired, 2) SA measurement errors, 

3) large uncorrected ionospheric delays in the processed measurements, and 4) dynamic 

modeling errors.  Navigation solution errors improved more than 50 percent when SA errors 

were removed.  The inclusion of measurements with large ionospheric delays was the next 

largest measurement-related contributor.   

The importance of an accurate and stable receiver clock was mentioned as one of the 

paramount requirements for a HEO receiver.  The reason orbit determination systems are able 

to produce accurate results with sparse data is the predictable dynamics of a spacecraft in 

Earth orbit.  In this environment, the limitation to the state prediction process in the filter is 

the predictability of the oscillator.  If oscillator rate variation is kept within dynamic 

uncertainty of orbit propagation, there will be a benefit from even one satellite observation.  

If the oscillator is poor, one satellite does not provide much information about the orbit 

because all the information is essentially required to maintain clock information.  The high 

quality temperature-controlled crystal oscillator selected for the PiVoT receiver and modeled 

in these simulations approaches the best performance possible in a cost constrained design. 

4.7 Summary 

GPS signal characteristics vary greatly between different HEO scenarios, and even 

from perigee to apogee within the same orbit.  The altitude of the vehicle is the primary 

variable affecting the signal conditions.  At high altitudes, when GPS power levels are 

reduced, many main lobe and side lobe signals may be present close to or just below the 

nominal tracking threshold of many GPS receivers.  Table 4.5 provides a summary of the 

major conditions and how they change with respect to altitude.   
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Table 4.5: Summary of GPS Signal Characteristics in Space 

Orbit/Altitude Dopplers Pass 
duration 

Signal Levels Point 
Positioning 

terrestrial ± 4.5 kHz ~8 hours uniform, 45-55 dB-Hz yes 

LEO (< 3000 km) ± 45 kHz 45 min. uniform, 45-55 dB-Hz yes 

HEO (3000-20000 km) varies with altitude 
perigee: ±50 kHz 

varies varies periodically 

HEO (> 20000 km) varies with altitude 
geo: ±6 kHz 

30-100 min., 
or longer 

varies with altitude 
geo: 35-45 dB-Hz 

rarely 

 

In a highly eccentric orbit exhibiting poor GPS visibility throughout (HEO2), 

navigation accuracies of better than 30 m and 2 mm/s RMS are achievable using a 35 dB-Hz 

threshold receiver.  A 5 dB reduction in the tracking threshold was shown to improve these 

accuracies to better than 20 m and 1.2 mm/s RMS due to a corresponding increase in the 

number of visible GPS signals.  In a geostationary orbit similar to the orbit of the GOES 10 

spacecraft (HEO3), navigation accuracies of better than 15 m and 1 mm/s RMS are 

achievable using a 35 dB-Hz threshold receiver.  When the tracking threshold was improved 

by only 5 dB, these accuracies improved to better than 6 m and 0.4 mm/s RMS.  With SA 

disabled, accuracies of better than 2 m RMS are achievable using a receiver with the reduced 

acquisition threshold.  Modest reductions in the tracking threshold of even 3 to 5 dB can 

significantly improve signal visibility and navigation performance. 



CHAPTER    5 

HARDWARE-IN-THE-LOOP TESTING USING GPS SIMULATOR 

The analysis presented in Chapter 4 helps us to understand the characteristics of GPS 

signals in space.  Hardware in-the-loop testing based on these models is a powerful tool that 

can be used to evaluate how the receiver will actually perform in these orbital environments.  

In such a test, the RF input of the receiver is connected to a GPS simulator rather than a real 

antenna.  The simulator models the motion of the receiver based on a specified trajectory, and 

generates GPS signals with the same phase, Doppler, and power relationships as would be 

measured if the receiver were actually in motion.  In this manner, the performance of the 

receiver can be assessed subject to the expected dynamics and signal levels of virtually any 

orbiting spacecraft. 

The GPS Test Facility at NASA Goddard Space Flight Center has a Global Satellite 

Systems (GSS) model STR4760 GPS simulator.  Orbital scenarios analyzed in Chapter 4 (see 

Table 4.1) were set up on the GSS simulator to conduct actual tests mirroring the conditions 

previously simulated in software.  The following sections provide a general description of the 

GSS simulator, and the specific steps taken in order to set up a realistic HEO simulation 

capability.  Some initial test results recorded using a development version of the PiVoT 

receiver are presented. 
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5.1 GSS Simulator 

5.1.1 Overview 

NASA GSFC has a GSS model STR4760, dual frequency GPS constellation 

simulator.  The current setup has 64 parallel channels available through four RF outputs (up 

to 16 channels per RF output), and currently runs firmware version 6.80.  The multiple RF 

outputs can be used to simulate a receiver with multiple receiving antennas, or multiple 

vehicles moving in different trajectories (relative navigation).  The setup of the simulator in 

the GPS Lab at NASA GSFC is shown in Figure 5.1. 

 
Figure 5.1: GSS simulator in the GPS Lab at NASA GSFC, courtesy GSFC. 

The GSS simulator at GSFC has been used extensively to test GPS receivers for a 

variety of LEO missions [55].  Unfortunately, the same design assumptions that limit the 

performance of many existing GPS receivers in a HEO scenario are also present in the 

simulator.  The major limitation has to do with the satellite selection algorithm, which picks a 

subset of the satellites in the GPS constellation to simulate on the 16 available channels.  It 

assumes the receiver is always below an altitude of approximately 10000 km, and it tends to 

fail when the receiver is at high altitudes using a down-looking receiving antenna.  The result 

is that many of the satellite transmissions otherwise capable of being tracked are not 
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generated; whereas signals significantly below the tracking threshold of the receiver are 

produced. 

A second area of concern for HEO scenarios is related to the GPS signal levels.  In 

LEO and terrestrial applications, as long as the signal levels are set a few dB above the 

receiver threshold, the receiver will be able to track all satellites in view.  Increasing the 

simulated power levels would improve the measurement noise, but would not have an effect 

on the number of satellites tracked.  However for a HEO scenario, many of the visible signals 

may be very close to the threshold, and a change in signal levels of only 2-3 dB can have a 

large effect on the number of satellites capable of being tracked by the receiver.  For this 

reason, it is necessary to precisely calibrate the power settings in the simulator to the real-

world power levels associated with the GPS constellation in order to obtain realistic results 

from a HEO test. 

5.1.2 Scenario Specifications 

These limitations aside, the GSS simulator allows a great deal of flexibility to control 

virtually any aspect of the simulated GPS signal properties, the modeled error sources, and 

the motion and dynamics associated with the receiver.  The simulation parameters for a 

particular scenario are specified in a series of “source files,” and are modified through a 

graphical user interface running on the host workstation.  Source files relevant to a space 

scenario are listed in Table 5.1.  Some of the key parameters specified by the user include the 

gain patterns and orientations of the receiving antennas, the gain pattern for the GPS 

satellites, the orbits and signal properties of the GPS satellites, and the motion and attitude of 

the receiver.  All of the times in the simulator refer to the simulated GPS coordinate time, 

which differs from UTC by the applicable number of leap seconds. 

The GPS constellation source file allows the user to specify the GPS orbits, 

transmitted signals and power levels, and various errors associated with the GPS satellites 
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based on real almanac or broadcast ephemeris data.  This makes it possible for the simulated 

GPS orbits and clock parameters to closely match the actual GPS constellation at the time of 

the simulation.  In these examples, the same GPS almanac data previously used in the 

software simulations is the reference for the GPS constellation source file. 

Table 5.1: Scenario Source File Descriptions 

Common Source Files:  

GPS_CONSTELLATION 
(.NAV_SAT) 

 

General Details Window Specify satellite selection criteria and elevation mask angles, 
toggle status of certain error models applied to simulated signals 

Orbital Data Window Orbital elements, GPS ephemeris data, and time of applicability 
(can be loaded from a GPS almanac) 

Satellite Signal Data Set transmitted signal strength, clock correction parameters, other 
signal properties associated with each satellite 

Ionospheric Parameters 
Window 

Coefficients for ionospheric model transmitted in navigation 
message 

IONO_CHARACTERISTICS 
(.SC_ION) 

Specify the ionosphere model applied to the simulated GPS 
signals 

SYSTEM_SETUP (.SETUP) Select which simulator channels are directed to which RF outputs 

GPS_TX_ANTENNA 
(.GPS_ANT) 

Provides the antenna gain pattern for the GPS satellites 

Unique To Each Vehicle:  

SPACECRAFT_PERSONALITY 
(.SC_PER) 

Specify vehicle mass, drag parameter, dynamic limits, number of 
GPS antennas, antenna local frame orientations 

ANTENNA_PATTERN (.ANT) Provides antenna pattern model for receiving antenna 

SPACECRAFT_COMMANDS 
(.SC_COM) 

Specify motion or rotations of the host vehicle that deviate from 
the nominal modeled trajectory 

SPACECRAFT_REFERENCE 
(.SC_REF) 

Provides initial state and attitude of host vehicle used to initialize 
internal orbit models when “modeled” mode is selected. 

ACTION (.ACTION) List of commands to be executed during the simulation, can be 
used to toggle the status of non-visible GPS satellites 

MOTION (.-MOT) Binary file contains the position, velocity, and attitude data from 
ASCII source, used when “motion_data_file” mode is selected 

STATIC_POSTION 
(.REF_COM) 

Specifies the simulated truth position for a static scenario (in 
“static_position” mode) 

 

The trajectory and attitude of the receiver (host vehicle) can be either modeled 

internally based on a set of initial conditions, or ephemeris and attitude data can be supplied 

from an external source.  For the tests described here, the “motion data file” option was 
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selected, meaning the host vehicle position, velocity, and attitude were modeled externally 

and used to create a binary “motion file” used by the simulator.  This method allows greater 

flexibility in selecting the force and error models simulated in the host vehicle trajectory.  

Also, it allows direct comparison of the previous software simulation and hardware in the 

loop simulation results, because the receiver truth trajectory is identical in both cases.  

Furthermore, this eliminates the need to extract host vehicle truth data from the simulator, as 

is required when the simulator models the trajectory internally. 

5.1.3 ASCII Spacecraft Motion File Data 

When the “motion_data_file” option is utilized, the simulator obtains the host vehicle 

trajectory from a user specified binary “motion file.”  The binary motion file is created using 

a simulator utility, given a specially formatted ASCII motion file as the input.  The ASCII 

motion file contains a time history of the position, velocity, and attitude of the host vehicle in 

the WGS-84 ECEF reference frame.  In these scenarios, the ASCII motion file data were 

generated using the Goddard Trajectory Determination System (GTDS) [30].  The data in the 

ASCII motion file are required in the following format: 

time from start of simulation (seconds) 

X, Y, Z WGS-84 ECEF position (meters) 

Vx, Vy, Vz WGS-84 ECEF velocity (meters/second) 

Head, El, Bank WGS-84 body to local (degrees) 
 North-East-Down (NED) attitude 

 

The first few lines of a sample file are shown below: 

0 
-6644564.6221609 1053349.1537288 -479.37880904263 
-1341.1083131299 -8457.7134644254 4496.5101121129 
90 0 0 
10 
-6657602.7473641 968718.77301507 44484.764635175 
-1266.6169683674 -8469.0106238195 4496.2200745041 
90 0 0 
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The time stamps are referenced to the start of the simulation, i.e. the first time stamp 

is t = 0.  The scenario start time specified in the main scenario window must be set to 

correspond to the time of the first record in the ASCII motion file.  The simulator requires the 

binary motion file data at a 10 Hz rate, so the ASCII motion file data are interpolated by the 

conversion utility if provided less frequently.  To minimize errors caused by this 

interpolation, it is recommended to provide the ASCII data at an interval of no more than 10 

seconds.   

The position and velocity data are required in the WGS-84 ECEF Cartesian reference 

frame.  The heading, elevation, and bank terms describe the attitude of the vehicle body axis 

with respect to a geodetic North-East-Down reference frame.  The geodetic NED coordinate 

system is defined as: Down (D) directed along the normal to the WGS-84 ellipsoid that 

passes through the position of the vehicle, North (N) in the local horizontal plane (orthogonal 

to the Down axis) and pointing North, and East (E) in the local horizontal plane and pointing 

East.  An attitude of [0,0,0] corresponds to the vehicle body axis aligned with NED; or an 

example of a geodetic referenced, nadir pointing spacecraft attitude. 

5.1.4 Attitude Reference Frames 

The modeled orientation of the receiving antennas is specified in two steps.  In the 

scenario setup, the user specifies the fixed orientation of the antenna local frame (for each 

GPS antenna) with respect to the vehicle body frame.  Next, the user must specify how 

attitude of the vehicle body frame will change during the scenario; this vehicle body attitude 

data are either modeled internally or provided from an external source.  Since the motion data 

file mode is used here, the heading, elevation, and bank terms specified in the ASCII 

spacecraft motion file describe the orientation of the vehicle body frame. 

The North-East-Down reference for the vehicle body attitude is not an ideal choice 

for an orbiting vehicle.  This reference frame is used as a result of the fact that the simulator 
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was originally designed for terrestrial GPS applications, where an NED reference frame is 

much more appropriate.  Ideally, the attitude of the spacecraft body frame should be specified 

in terms of a local-vertical, local-horizontal (LVLH) reference, in which the z-axis points to 

the center of the Earth (geocentric), and the x-axis is orthogonal to z and in the same plane as 

the velocity vector.  However, in the current configuration, the simulator expects the attitude 

data provided in the ASCII motion file to be referenced to NED. 

Figure 5.2 illustrates the default orientation of the antenna local frame with respect to 

the vehicle body frame, and the vehicle body frame with respect to NED.  There is a unique 

antenna local frame for each user antenna, and the default orientation of [0,0,0] corresponds 

to Zant (90 degrees elevation) pointing opposite the body z-axis, and Xant (0 degrees azimuth, 

0 degrees elevation) oriented along the body x-axis.  The default vehicle body frame 

orientation of [0,0,0] corresponds to an Earth pointing spacecraft; the vehicle body frame 

aligned with NED.  Attitude in the simulator is specified in terms of a 3-2-1 Euler angle 

rotation about the Z (heading), Y (elevation), and X (bank) axes in that order.   

y 
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x 

X-ant 
 

Y-ant 

Z-ant 
 antenna local 

frame 

vehicle  
body frame 

0 Az, 0 El 

+90 El 

north 

east 

down 

NED 
frame 

 
Figure 5.2: Default orientations of antenna local frame and vehicle body frame.  This 
diagram corresponds to a user specified Heading=Elevation=Bank=0 degrees for the 
antenna local frame and the spacecraft local frame. 
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5.1.5 Satellite Selection and Assignment to Simulator Channels 

5.1.5.1 Description 

The GSS simulator can model up to 16 GPS satellites simultaneously on each 

antenna (RF output), thus it only models a subset of the total GPS constellation at any time.  

If more than 16 satellites are in the “visible satellite list,” the simulator selects the ones it 

predicts will result in the most favorable geometry for a point solution.  Two mask angles are 

used to determine if satellites are visible, and the remaining satellites are ranked based on 

dilution of precision.  The “simulated satellite list” is periodically re-evaluated in order that 

the “best” satellites are always being modeled on the available channels.  In principle, these 

are the same satellites that would be picked by the satellite selection algorithm in the receiver.  

This method works well at low altitudes, unfortunately for a HEO user, it tends to eliminate 

most of the satellites that would ordinarily be visible through a down-looking antenna; i.e. 

satellites on the opposite side of the Earth. 

The two mask angles used by the simulator to determine satellite visibility are 

illustrated in Figure 5.3.  The “horizon mask” is specified in the GPS constellation file 

(.NAV_SAT).  The user selects the obscuration type (horizon or Earth tangent) and specifies 

a mask angle above this.  An "Earth tangent" horizon mask would normally be used for an 

orbital scenario, effectively eliminating any satellites blocked by the Earth.  The second 

mask, the "aperture angle" is defined in the antenna definition file (.ANT) and is analogous to 

a conventional elevation mask on a user antenna.  An aperture angle of 180 degrees 

corresponds to an elevation mask of zero degrees. 
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a.) LEO - Zenith Antenna b.) HEO - Nadir Antenna 
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Figure 5.3: Evaluation of GPS signal visibility by the simulator for a LEO and HEO 
user.  In a LEO (a), the “horizon mask” and “aperture angle” can be used to eliminate 
some GPS satellites from consideration, typically leaving 8-12 satellites to be 
assigned to the simulator channels.  However for a HEO user with a down looking 
antenna (b), only satellites blocked by the Earth are eliminated from the visible 
satellite list, leaving 20 or more satellites considered visible. 

Only those satellites within both of the masks are considered visible, which in Figure 

5.3 (a), is sufficient to eliminate satellites blocked by the Earth and those beyond the field of 

view of the GPS antenna.  In this case, all of the remaining satellites have good signal levels, 

and a dilution of precision-based metric is an effective way to ensure the best satellites will 

be simulated.  However, one can see that this is not an effective indicator of GPS signal 

visibility for a HEO user because it does not consider the transmitting gain pattern of the GPS 

satellites, i.e. the backsides of the GPS satellites should not be considered visible.  In Figure 

5.3 (b), only a few satellites are actually blocked by the Earth, and even if a small antenna 

aperture angle is chosen, every GPS satellite is within the aperture.  This leaves 20+ satellites 

considered visible by the simulator, even though only a small subset of these (the satellites on 

the opposite side of the Earth transmitting signals towards the Earth/host vehicle) can actually 
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be tracked.  Unfortunately, the criterion used by the simulator to rank the remaining satellites 

(i.e. PDOP or GDOP) does not consider that the backsides of the GPS satellites are not 

visible.  In most cases, the satellites with the best chance of being tracked will not be 

simulated at all. 

5.1.5.2 Satellite Selection Fixes for HEO Scenarios 

There are several straightforward ways the manufacturer could eliminate this satellite 

selection problem in future versions of the simulator software/firmware.  Because the 

simulator already models the signal strength of all of the satellites in the almanac, one of the 

most obvious methods might be to create a new satellite selection criterion that sets satellites 

to visible only if the signal power is above a user specified threshold.  This would eliminate 

many of the satellites shown in Figure 5.3 (b) that are not transmitting GPS signals in the 

direction of the host vehicle.  Another solution would be to rank the geometrically-visible 

satellites based on power levels rather than dilution of precision.  Finally, a field of view cut-

off could be added for the GPS satellite antenna patterns similar to the aperture angle defined 

for receiving antenna patterns.  This metric alone would not, however, be sufficient at 

medium altitudes when the receiver is below the GPS constellation altitude. 

In order to conduct HEO tests using the existing simulator, it was necessary to 

develop a method to manually force the simulator to model the correct satellites.  The satellite 

selection methods will work at lower altitudes and at all times for zenith pointing antennas.  

Only HEO scenarios, in which the user antenna is oriented in the nadir direction and the host 

vehicle is above roughly 10000 km altitude (when there are more satellites in the visible 

satellite list than channels) require this manual intervention to ensure the correct satellites are 

modeled.  Several methods were considered to force the simulator to model the correct 

satellites, with the goal to ensure that the visible satellite list never contained more than 16 

satellites, and that those that were actually visible were always included in this list.  
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Furthermore, an important consideration was the desire to do be able to reproduce the same 

simulated conditions each time the scenario is run.   

By making use of the “replay” option in the simulator, a procedure was developed to 

manually “turn off” the “least favorable” GPS signals such that the remaining visible satellite 

list would never contain more than 16 satellites.  Using the GPS simulation tools discussed in 

Chapter 3, a ranked list of the visible PRNs corresponding to the scenario was produced.  

This visible satellite list was used to generate an “action file,” or a list of ASCII commands 

for the simulator to execute during the scenario.  These commands modify the “state” of 

some of the least favorable GPS satellites, effectively removing them from the visible 

satellite list.  In this manner, the visible satellite list never has more than 16 satellites, and all 

of the actually visible satellites are modeled.  The action file commands were written out with 

an update period of approximately 30-60 seconds to ensure that the simulated satellite list 

was always up to date.  Once the ASCII action file has been created and referenced in the 

scenario, the scenario is repeatable each time it is run.  This method was found to work very 

well, with no instances of a visible satellite being left out of the simulated satellite list.  

5.1.6 GPS Signal Power Levels in the Simulator 

The simulator varies the signal power levels for each GPS satellite based on path 

losses, antenna patterns, and other optional offsets or error sources (such as multipath).  In the 

scenario setup, the user can specify the specific models and parameters used.  Additionally, 

by setting the “signal strength” parameter, the user can specify a power offset from the 

reference level to account for the gain of user antennas, variation in the transmitted power of 

the GPS satellites, etc.  Making use of these features, the simulated signal power levels can be 

made to agree very closely with the power levels that would be transmitted from the actual 

GPS satellites.   
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As discussed earlier, it has not been necessary to pay much attention to the signal 

levels for LEO scenarios as long as the signal strength is set high enough that the power 

levels are not too close to the tracking threshold of the GPS receiver.  For HEO orbits, 

however, the signal strength (C/No) is the primary factor limiting which signals are visible.  

The simulated signal strength must match the power level that would actually be received 

from the real GPS satellite to within 1 to 2 dB, otherwise the number of GPS signals visible 

to the GPS receiver (with power levels above the receiver’s tracking threshold) will not be 

realistic.  This could easily lead to overly optimistic or pessimistic results of the receiver 

performance tracking in a HEO scenario.  For this reason, care must be taken in setting the 

signal strength and other model parameters to ensure the signal levels will accurately 

represent the true GPS power levels. 

5.1.6.1 Description of Signal Power Model 

All GPS signal levels in the simulator are specified relative to the minimum 

guaranteed signal strength of –130 dBm (for L1, C/A code) specified in the GPS ICD-200, 

for a signal received on the ground from a GPS satellite at zero degrees elevation [1,67].  

Setting the signal strength in the GPS constellation file to zero corresponds to this –130 dBm 

level at the input of the receiver.  Assuming the signal strength flag is set to “modeled” in the 

simulator, the antenna patterns and other models specified by the user will cause the power 

levels to fluctuate about this reference value as the simulation is run. 

The simulator software computes RF power at the output of the front panel of the RF 

boxes according to the following model [28], 

 RXTXSICD LL
R

R
GGPP −−






+++= 0

1000 log20  [dBm] (5.1) 

where: 

P0 is the simulator output power for a given satellite, 
PICD  is the guaranteed minimum signal level specified in ICD-GPS-200,  

–130 dBm for L1 C/A, -133 for L1 P(Y) and -136 for L2 P(Y), 
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GS  is the Signal Strength entered in the Satellite Signal Control Parameters 
page of the GPS Constellation file, range ±20 dB, 

G0  is the L1 or L2 offset entered in the Satellite Signal Control Parameters 
page of the GPS Constellation file, range ±40 dB, 

R0  is the reference range used for inverse square loss calculation, equal to the 
range from a receiver on the ground to the GPS satellite at 0° elevation, or 

(semi_major_axis2 - 63781372)1/2, typically 25,783,446 m. 
R  is the actual range from GPS satellite to the receiver 
LTX  is the loss from the GPS satellite antenna in the line of sight (LOS), (note 

that a positive number in the antenna pattern reduces the power level) 
LRX  is the loss from the receiver antenna in the LOS. 

 

The front LCD panel of the simulator displays the power of the GPS signals at the RF output 

relative to the –130 dBm reference value (P0-PICD).  The Signal Strength, Gs, a user specified 

constant in the scenario set up, must account for several additional factors in order to result in 

realistic signal to noise ratios in the receiver.  Some of the unmodeled parameters or losses 

that must be included in GS are: 

+3-5 dB reference gain of a typical hemispherical receiving antenna (high 
gain antenna would be more) 

+2-5 dB  difference between the minimum specified versus actual transmitted 
power from the GPS satellites 

-0-2 dB losses due to atmosphere (negligible for most space users) 
+2-3 dB difference in thermal noise between receiver RF input connected to 

the simulator RF output versus a real antenna 
+0-3 dB other losses in the simulator not present for live GPS tracking 

 

Considering these factors, GS = 7 dB is about the minimum setting to provide realistic signal 

to noise levels in the receiver.  In practice, Gs has typically been set between 10-13 dB for a 

LEO or terrestrial user with a hemispherical antenna, which is about at the middle of the 

ranges specified above.  For a high gain receiving antenna (+9 dBic), Gs could be as high as 

17 dB or more.  The simulator power model is somewhat misleading, because clearly setting 

GS = 0 would result in power levels at the receiver significantly below the minimum specified 

levels. 

The attenuation of the user antenna is specified with a value of zero corresponding to 

the peak gain (or minimum attenuation) point of the antenna, which is why the peak gain of 
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the user antenna must actually be factored into the signal strength parameter (Gs) in the GPS 

constellation source file.  If multiple antennas with different gain patterns are used in the 

same scenario, the power levels should be set based on the reference gain of the strongest 

antenna.  Consequently, the antenna gain patterns would all be referenced to this same peak 

gain value for the highest gain antenna. 

5.1.6.2 Verification of Simulated Power Levels 

Tests were conducted to compare the signal levels measured from the simulator with 

signals from the actual GPS satellites tracked through an antenna.  A passive antenna 

(without an external LNA) was set up on the roof of Building 11 at GSFC.  The same cabling 

and LNA were used for both the real test and the simulator, so the signal paths were identical 

up to the point of the antenna/simulator RF output.  A static scenario was set up in the 

simulator to duplicate as closely as possible the conditions of the rooftop test.  The gain 

pattern of the receiving antenna was modeled based on a pattern supplied by the antenna 

manufacturer.  The signal strength in the simulator was set to a value of 10 dB, based on a 

receiving antenna peak gain equal to +4.9 dBic, +3.0 dB to account for transmitted satellite 

power levels above the minimum, and 2.1 dB to account for additional thermal noise in the 

simulator. 

Several different receivers were used in these static tests, but the data presented here 

were recorded using the Mitel GPS Builder-2.  Measured C/N0 values for all satellites tracked 

were recorded over 10 to 12 hours from the rooftop antenna, then the same test with the same 

start time was repeated with the simulator.  A current GPS almanac was used to model the 

GPS orbits in the simulator, and as a result, the satellite passes were nearly identical between 

the two cases.  Figure 5.4 shows a plot of the signal levels recorded for PRN 22 over a three-

hour period.   
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Figure 5.4: Comparison of simulated versus actual C/N0 for PRN 22.  The lighter 
series is data from the rooftop antenna, the darker series is data from the simulator. 

One of the most obvious differences between the real versus simulated GPS signals is 

the difference in the noise.  The thermal noise contributed by a GPS antenna varies based on 

the noise figure of the antenna and LNA, the sky noise temperature, and other factors.  When 

the receiver is connected to the simulator, it is effectively a worst-case thermal noise 

condition, easily several dB worse than for a real antenna.  The increased noise from the 

simulator is apparent from the greater amplitude of the noise in the simulated signals.  The 2-

3 dB amplitude, 10-20 minute period variations in the real GPS signal levels are most likely 

due to variations in the antenna gain pattern and multipath.  Looking at the general trend of 

the signal levels, there is an obvious bias; with the signal strength set at 10 dB, the real GPS 

signals are higher.  This bias was similar for all of the GPS satellites.  Also, it is apparent that 

the modeled antenna pattern does not precisely follow the true gain pattern of the real 

antenna. 

Figure 5.5 was produced by averaging the power levels of all the satellites tracked at 

the same elevation.  The satellites tracked close to zenith (small boresite angles) are the best 

basis of comparison between the simulated versus real signals because losses due to 
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multipath, attenuation from the atmosphere, and azimuthal variations in the actual gain 

antenna gain will be very small in this region.  These effects were not modeled in the 

simulator.  The receiver did not track many satellites close to the horizon because only six 

parallel channels were available, and low boresite angle (high elevation) signals were 

favored.  Based on this plot, the simulated GPS signals were consistently about 3 dB below 

the signal levels of the real GPS satellites.   

0 10 20 30 40 50 60 70 80 90
25

30

35

40

45

50

55
Plessey1: Mean C/No levels Rooftop -vs- Simulator

C
/N

o 
[d

B
-H

z]

Off-Boresite Angle [deg]  
Figure 5.5: Comparison of mean C/N0 for all satellites tracked versus received 
boresite angle.  Signal levels for the actual GPS satellites (.) are about 3 dB above 
those measured from the simulator (+). 

This test indicates that the correct signal strength setting in the simulator to match the 

actual GPS power levels for this particular receiving antenna is 13 dB rather than the 

expected 10 dB.  Unfortunately, the data provides us with little definitive insight as to where 

in the link budget the additional 3 dB of losses come into play.  Assuming the manufacturer 

specified 4.9 dB peak gain of the receiving antenna is correct, additional losses in the 

simulator are most likely attributed to: 

− The thermal noise temperature in the simulator being more than 2.1 dB 
higher than the noise temperature when a real antenna is used (as evidenced 
by the noise levels observed in Figure 5.4). 
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− The actual transmitted signals from the GPS satellites being on average more 
than 3 dB above the minimum specified levels. 

− Other losses in the simulator that have not been properly accounted for. 

 

Improved results could be obtained from this test if the receiving antenna gain pattern were 

actually measured in a anechoic chamber, rather than using a generic gain pattern for this 

model of antenna. 

5.2 Orbital Tests 

Results from some of the preliminary tests conducted with the GPS simulator are 

presented in this section.  In these initial tests, a development version of the PiVoT software 

running on a standard Mitel GPS Builder-2 card was used.  It had a single RF input with 12 

channels.  This version of the code incorporates some initial modifications made to the Mitel 

source code to allow operations in LEO, such as increased Doppler bandwidths and a simple 

orbit propagator that aids the initialization.  It did not include specialized algorithms designed 

for HEO.  The error models in the simulator (such as ionosphere, troposphere, multipath, etc.) 

were deactivated in order to assess the performance limitations based only on noise 

associated with the signals and the receiver.  The receiver reported GPS observations, 

navigation data, and point solutions (when available).  Results are presented here from three 

scenarios, a LEO, a GTO (HEO1) and a geostationary orbit (HEO3). 

The receiver was initialized at power-on with the approximate start time of the 

scenario and a set of orbital elements describing the initial condition for the simulated orbit.  

In this warm-start mode of operation, the receiver typically began tracking visible satellites 

within a few seconds.  Satellites with very high Doppler rates sometimes took several 

interations through the search process before they were acquired by the receiver.  These tests 

provide an evaluation of the initial performance of the receiver, before the modifications 

discussed in this dissertation have been implemented.  
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5.2.1 LEO 

LEO results are presented for two receivers, the PiVoT and the TANS Vector, 

providing a basis of comparison for the PiVoT with another receiver that has flown in space 

previously.  Both receivers were operated in an identical orbit with the same initial 

conditions.  The PiVoT receiver, with 12 parallel channels, could typically track all satellites 

in view.  The Vector (six channels) typically tracked 4 to 6 satellites simultaneously.  The 

Vector employs a phase locked loop (PLL) for carrier tracking, while PiVoT uses a frequency 

lock loop (FLL). 

Figures 5.6 through 5.9 are plots of the position and velocity errors of point solutions 

from both receivers.  Errors were computed by differencing the measured versus truth 

positions and velocities.  These differences were rotated into a local radial, along-track, cross-

track (RIC) coordinate system.  For a fast moving receiver, this will cause any timing errors 

to show up as an in-track bias.   

Figure 5.6 is a plot of the RIC position errors and the reported clock bias for the 

TANS Vector, while Figure 5.7 is a plot of the position errors and bias for the PiVoT 

receiver.  The errors in the TANS Vector positions (Figure 5.6) were typically within ±10 m 

of the truth.  The radial errors were slightly larger due to the weaker geometry in the vertical 

direction (similar to a terrestrial user).  The in-track positions exhibit an obvious feature, in 

the form of a saw tooth function with an amplitude of approximately 7.5 m peak to peak.  Not 

by coincidence, the jumps in the in-track position precisely correspond to the resets of the 

local clock that are apparent by looking at the reported clock bias.  The Vector allows the 

local time to drift until the bias grows to more than half a millisecond, at which time the clock 

is incremented by a full millisecond.  The time tags contain these sub-millisecond errors, 

which produce a significant effect for a receiver operating in a LEO and moving at 7.3 km/s.  

When the time tags are corrected using the reported clock bias, the in-track positions still 

exhibit a constant –2.8 m bias (indicating a different timing error in the receiver).  The 
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standard deviations of the position errors for the vector were about 3 m; however, there are 

larger outliers, present primarily when only four satellites were being tracked (a result of the 

weaker geometry resulting when a satellite is dropped). 

The errors in the PiVoT positions (Figure 5.7) were about one meter smaller than in 

the Vector, with a standard deviation of about 2 meters.  The better performance from PiVoT 

can be attributed to better geometry due to the larger number of satellites used in the solution.  

The errors in the Vector were observed to be greatest when only four or five satellites were 

tracked.  With only six channels, the Vector is much more sensitive to a satellite dropping 

from view.  With 12 channels, PiVoT tracked all satellites in view.  The in-track positions do 

not contain the saw tooth feature because the time tags in the PiVoT receiver are corrected.  

Also, the clock biases are much smaller, because PiVoT is only reporting the residual bias, 

not the total clock bias.  The residual clock bias is not an indicator of the behavior of the 

PiVoT clock, but the level of the errors in the point solution: tens of nanoseconds.  The 

PiVoT receiver exhibits a radial bias of 1.5 meters, and an in-track bias of 2.9 meters 

(opposite in sign to the bias observed in the Vector). 
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Figure 5.6: Position errors for TANS Vector in LEO scenario. 
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Figure 5.7: Position errors for PiVoT receiver in LEO. 



 111

Figure 5.8 shows the velocity errors and reported clock drift solution for the TANS 

Vector.  No significant biases are present, and the standard deviation of the velocity errors 

were less than 1 cm/s, consistent with the level of performance one would expect from a PLL.  

The reported clock drift provides a good indicator of the actual drift of the local oscillator in 

the receiver, in this case about 452 m/s or 1506 ns/s.  The change in the slope of the drift 

during the first hour can be attributed to the warm up period of the quartz oscillator, as the 

receiver was powered on immediately before the test.   

Figure 5.9 shows the PiVoT velocity errors and reported clock drift.  Again, PiVoT 

reports only the residual drift from the point solution, which cannot be used as an indicator of 

the total drift of the oscillator.  There is a slight radial bias; however, the most noticeable 

difference in the PiVoT velocity data is that the errors are an order of magnitude greater than 

those observed for the Vector.  Standard deviations for PiVoT velocity errors were almost 

0.5 m/s as compared to 1 cm/s for the Vector.  This is a direct result of the higher noise levels 

associated with the measurements made by the FLL used in PiVoT.   
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Figure 5.8: Velocity errors for TANS Vector in LEO scenario. 
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Figure 5.9: Velocity errors for PiVoT receiver in LEO. 
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5.2.2 HEO1 

The next orbit simulated is similar to the HEO1 scenario described in Chapter 4, a 

geostationary transfer orbit.  The data presented here is for a zenith pointing antenna, starting 

at perigee (about 350 km altitude).  For a zenith pointing antenna at perigee, the conditions 

are very similar to the LEO, except the velocities are slightly higher.  Still the PiVoT receiver 

began tracking most satellites in view and computing point solutions within a few minutes of 

being initialized.  At high altitudes, the PiVoT receiver was observed to acquire satellites just 

above 35 dB-Hz and to loose lock at close to 33 dB-Hz.  These thresholds are somewhat 

arbitrary because they are determined based on constant values in the Mitel source code.  

Chapter 6 discusses modifications that can be made to the receiver to allow these constant 

threshold values to be reduced. 

Figure 5.10 provides a comparison between the number of satellites tracked by 

PiVoT and the total number of visible satellites for the zenith antenna (with signal levels 

above 33 dB-Hz) predicted by the software simulations.  Within 90 minutes past perigee, at 

about 18000 km altitude, the zenith antenna no longer tracked any satellites.  The receiver 

tracked most of the satellites in view, and even tracked some satellites longer than predicted 

by the model.  The difference between the power levels in the hardware simulator and the 

software simulation is no more than 1-2 dB, but this could account for the observed 

differences.   
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Figure 5.10: Number of tracked satellites in HEO1 orbit through zenith pointing GPS 
antenna.  This plot shows the satellites tracked starting at perigee and ending after 
approximately 82 minutes, when the receiver was powered off. 

5.2.3 HEO3 (Geostationary) 

The final scenario is the same as the HEO3, geostationary orbit described in Chapter 

4, using a single nadir-pointing, high gain receiving antenna.  The PiVoT receiver once again 

performed very well, acquiring all satellites above about 35 dB-Hz and losing satellites as 

they went below about 33 dB-Hz.  Side lobe signals were tracked frequently.  Figure 5.11 

shows a comparison of the total satellites tracked by PiVoT and the satellites that were 

predicted to be above 33 dB-Hz.  Figure 5.12 provides a different prospective on this data by 

showing each satellite tracked versus time.  The lighter shaded data points reflect the portions 

of passes missed by PiVoT.  There were very few passes that were missed altogether.  Most 

of the difference between the visible and tracked satellites occured at the beginning or ends of 

satellite passes.  There was some delay after the satellite became visible (or went above 33 

dB-Hz) before it was acquired by the receiver.   
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Figure 5.11: Comparison of number of satellites tracked in HEO3 with number of 
satellites visible (above 33 dB-Hz). 
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Figure 5.12: Individual satellites tracked in the HEO3 scenario over 48 hours.  The 
lighter data series indicate visible satellites (above 33 dB-Hz) that were not tracked. 
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Figure 5.13 shows a histogram of the number of tracked satellites versus the number 

of visible satellites.  Based on the estimated visibility, there should be four or more satellite 

visible about 47% of the time.  The actual amount of time that four or more satellites were 

tracked simultaneously was only about 11%.  One of the reasons for this large discrepancy is 

that the loss of even a small part of the ends of passes (as shown in Figure 5.13) significantly 

reduces the amount of time that four satellite passes overlap simultaneously.  
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Figure 5.13: Probability versus number of satellites tracked simultaneously in HEO3 
compared against all visible signals (above 33 dB-Hz). 

Figure 5.14 gives an indication of the level of the errors present in the point positions 

from the PiVoT receiver in the HEO3 orbit.  During the rare occasions when point solutions 

were computed (10% of the time) the in-track and cross-track errors were typically within 

±2 km of the truth; however, some outliers were significantly larger.  The radial position 

errors were similar, except that they also show a 5 km peak-to-peak sinusoidal error that is an 

artifact of the receiver attempting to compute a rough solution with only three satellites 

visible.  Additionally, the PiVoT clock model is poorly equipped to deal with the point 

solution outages that last hours or more.  Point solutions were typically not available long 

enough for these larger errors to average out of the solution before the next outage began.  
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Many of these anomalies are simply due to algorithms in this version of the code not being 

designed for the conditions present in a geostationary orbit.  Once the HEO algorithms have 

been implemented, point solution errors are expected to be within ~200 meters of truth, 

limited by the geometry of the solution.  However, even solutions within 2 km are within the 

accuracy requirements of many existing geostationary spacecraft. 
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Figure 5.14: Radial, in-track, and cross-track position errors from HEO3 point 
solutions.   

It should be noted, the TANS Vector receiver could not be effectively tested in the 

geostationary orbit because the satellite selection algorithms do not allow for a down looking 

antenna.  This receiver would have to operate in a continuous cold start mode, even when 

point solutions were available, and as a consequence the number of tracked to visible 

satellites would be much smaller. 

5.3 Summary 

A hardware in-the-loop simulator is a powerful tool that can be used to evaluate the 

performance of a GPS receiver in a full range of orbital test cases.  Several critical steps were 

required to overcome inherent design assumptions in the simulator that assume the receiver is 
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always near the surface of the Earth.  The GSS simulator at GSFC is now capable of 

realistically simulating a variety of HEO scenarios. 

Several HEO scenarios were set up on the simulator to be used in subsequent testing 

of the PiVoT receiver.  Initial tests were conducted to assess the performance of PiVoT prior 

to implementing many of the new capabilities being outlined in this dissertation.  Many 

insights were gained into the behavior of the clock models and resulting measurement errors 

when the receiver attempts to operate in the sparse visibility environments at high altitudes.  

Even the existing version of the PiVoT receiver was able to demonstrate decent tracking 

performance in the simulated HEO scenarios.   



CHAPTER    6 

SATELLITE SELECTION AND SIGNAL ACQUISITION 

This chapter discusses the GPS signal acquisition process – the strategy used by the 

receiver to search for the initial code phase and Doppler associated with a satellite, prior to 

closed-loop code and carrier tracking.  Once tracking, the receiver begins to form 

pseudorange and Doppler measurements associated with the satellite.  A receiver with a 

perfect acquisition strategy in the presence of nominal GPS signals would track every satellite 

currently visible, limited only by the number of channels.  In reality, however, there is always 

some latency between the time when a satellite becomes visible and the receiver starts 

tracking.  Some weaker signals may be missed altogether.  Particularly in space, the 

efficiency of the signal acquisition process dictates how quickly the receiver can begin 

recording measurements from a particular GPS satellite after it becomes visible, and 

ultimately affects the quality of the measurements and solutions available from the receiver.  

Thus, the signal acquisition strategy is the first component of a robust tracking loop design. 

The acquisition of a new satellite is straightforward when the receiver is actively 

tracking several other satellites and a position and velocity solution is available (a steady state 

tracking condition).  The receiver predicts the approximate code phase and Doppler 

information required to initiate the search, and it might only take a few seconds to acquire the 

signal.  There are times, however, when some information used by the receiver to do these 

predictions may be inaccurate or out of date; for example, after a signal outage or 

immediately after the receiver is powered on.  In this case, the receiver is required to search 
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through a wide range of code offsets and Dopplers in order to find the signal.  To perform the 

satellite selection and signal acquisition tasks effectively, even with poor a priori information, 

space receivers require specialized acquisition strategies.  The subsequent sections provide a 

description of the overall acquisition process in a space GPS receiver.  Shortcomings in the 

existing acquisition algorithms in the PiVoT receiver have been identified, and specific 

algorithms have been designed or identified to provide improved acquisition performance in 

HEO. 

6.1 Signal Acquisition in Space 

As a new GPS satellite comes into view, the signal acquisition begins when the 

receiver assigns the satellite to a channel for tracking.  In order for the code and carrier 

tracking loops to start tracking the signal, the acquisition functions must initialize the loops 

with an estimate of the code phase and carrier/code Doppler that is within the linear operating 

range of the tracking loops.  A receiver uses several key pieces of information to predict the 

properties of the GPS signals for use in the acquisition process; the positions and velocities of 

the GPS satellites; the position, velocity, and orientation of the receiver; and the current time.  

The quality or accuracy of any of these parameters varies, and is usually poorest when the 

receiver has just been powered on. 

Under steady state tracking conditions, the receiver is actively tracking several 

satellites, it has current GPS almanac or ephemeris data, and accurate estimates of its state 

and time.  This information is used to estimate the range (time/code phase) and range rate 

(frequency/Doppler) associated with new satellites coming into view, and the signal 

acquisition process only takes a few seconds.  However, when the receiver is first powered on 

or after an outage, some of this information can be inaccurate or out of date, in which case the 

acquisition process takes longer.  In this case, the procedure is the same; however, the 

uncertainty in the predictions is greater, requiring a more extensive search for the correct 
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code phase and Doppler values.  The acquisition performance is affected by the widely 

varying dynamics and power levels of the received GPS signals in space, as well as the level 

of accuracy of the predictions used in the acquisition process. 

The initialization of the receiver refers to the acquisition and tracking functions 

immediately after power-on, prior to the availability of the first solution.  If the a priori 

acquisition parameters used to aid the acquisition process are available from an external 

source, such as the spacecraft computer, the acquisition process is performed normally, 

except that the uncertainties can be very large.  This method is sometimes referred to as a 

warm start initialization.  If some or all of the a priori information is missing altogether, or 

the normal acquisition methods fail, the receiver can default to a cold start initialization.  This 

is a different acquisition technique designed to acquire and track GPS signals assuming no a 

priori knowledge about the receiver, the GPS satellites, or time.  The cold start initialization 

of a space receiver is much slower; however, it provides a fail-safe backup method to ensure 

the receiver will function properly without intervention from ground controllers. 

For a terrestrial receiver operating on or near the surface of the Earth, the time 

required to acquire GPS satellites and compute the first solution is usually only a few 

minutes, regardless if any information is available to initialize the acquisition process.  The 

signal acquisition problem is much more challenging for a GPS receiver in space.  The 

procedures normally applied in terrestrial receivers perform very poorly or fail outright in 

space.  The dissertation by Lightsey [40] includes an overview of the signal acquisition 

process for a GPS receiver on a LEO spacecraft.  He makes several important points with 

regard to the GPS signal acquisition process in space: 

• GPS signal acquisition is a two-dimensional search process, which requires 
replication of both the correct code and carrier of the incoming signal. 

• The Doppler/code correlation uncertainty region is approximately 10 times larger for 
a typical LEO than for a terrestrial user, which translates to unacceptably long signal 
acquisition times using traditional strategies. 

• Using a set of spacecraft ephemeris parameters to initialize the receiver, and a crude 
orbit propagator to provide estimates of the host vehicle position at start up or 
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through data outages greatly improves the time to acquire (or re-acquire) the GPS 
signals. 

• It is desirable for the receiver to have a bootstrap acquisition process that can provide 
an acceptable time to first fix (TFF) even with limited or no a priori information. 
 

Properly accounting for the larger Doppler search space and high dynamics, and 

providing a means to initialize the receiver with a crude estimate of its position is sufficient to 

provide acceptable acquisition performance in LEO.  Many heritage space receivers are based 

on terrestrial designs that employ only a few minor modifications along these lines.  The 

reduced power levels that can be present in HEO make the signal acquisition process 

inherently more difficult.  At the same time, the poor GPS visibility in HEO necessitates that 

the receiver efficiently acquire and track any and all GPS signals present. 

A metric commonly used to compare the initialization performance of GPS receivers 

when first powered on is the time to first fix (TFF), a measure of elapsed time from power-on 

until the first point solution is available.  While TFF provides important information about the 

performance of the receiver in the presence of good GPS visibility, in many HEO 

applications a traditional point solution may never be possible.  In these cases it makes sense 

to also consider other metrics to assess acquisition performance, such as: the time to acquire 

the first satellite; time to first solution (filter or point solution); or the amount of time a 

satellite is tracked versus the time it is in view.  Furthermore, the objectives of the signal 

acquisition process in a HEO are more complicated than in traditional applications.  Near 

apogee (at high altitudes), a high probability of detection is desired in the presence of weak 

GPS signals.  Fast acquisition of the visible signals is not as critical because dynamics are 

low.  By designing the acquisition procedure to exploit these conditions, the goal is to achieve 

a reduction in the acquisition threshold, and thus enable the tracking of GPS signals at lower 

power levels than are used in a traditional receiver.  Near perigee, fast acquisition is key, but 

probability of detection is not as critical.  Here, high dynamics mean satellites rise and set 

frequently, but it is not critical to track all of the satellites present because so many GPS 
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signals are visible.  Indeed, there may be more satellites than channels so the receiver must 

select the best ones for tracking. 

Unlike terrestrial GPS applications in which signal levels and visibility are 

consistently good, an acquisition strategy optimized for HEO must adapt as conditions 

change over the course of an orbit.  The acquisition design presented in the subsequent 

sections not only allows the receiver to function in HEO, but it is designed to work in the full 

range of Earth orbiting space missions.  The basic acquisition algorithms developed in this 

chapter are designed to be scalable, based on the errors associated with the input parameters, 

so that the same algorithms apply in all cases.  In the next section, the different components 

and key design parameters of a robust acquisition process are given.  The normal acquisition 

process is separated into three functions, each of which is described in detail.  Finally, the 

cold start acquisition procedure is outlined, to provide a default initialization strategy for the 

receiver in the case that the warm start acquisition functions fail. 

6.2 Acquisition Design Parameters 

The signal acquisition problem can be described as a two-dimensional search for the 

code phase and carrier Doppler of the incoming GPS signal, as illustrated in Figure 6.1.  The 

horizontal dimension represents the uncertainty in the range rate (Doppler plus oscillator 

error) and the vertical dimension the uncertainty in the range (code phase plus clock bias).  

For the C/A code, the phase uncertainty is typically bounded by the total code length of 1023 

chips [63].  In a P code receiver the code phase search aperture setting is based upon the 

uncertainty in the range and clock bias estimate. 
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Figure 6.1: The Doppler/code correlation search space (adapted from Ward, p.194) [68] 

The Doppler uncertainty region is typically divided up into a number of “bins,” and 

the code uncertainty is divided into a number of cells, as shown in Figure 6.1.  The search 

space becomes a grid of individual cells that will be searched in succession, each representing 

a unique code phase/Doppler combination.  To maximize the chances of locating the signal, 

the dimensions of a cell are limited to half the width of the correlation peak.  In the code 

phase dimension, the total width of the correlation peak is one full chip, so the maximum 

code chip increment is ½.  The width of the correlation peak is the Doppler dimension is 

approximately equal to the predetection bandwidth.  Typical values for the code chip 

increment range between ¼ to ½ the width of a code chip.  The Doppler bin width can be 

given by [68], 

 [ ] 





=

T

1

3

2
Hzbin  (6.1) 

where T is the predetection integration time (or dwell time) in seconds.  Alternately, some 

references express the bin width as half of the predetection bandwidth.   

The search algorithm looks for the presence of the signal by incrementally searching 

in each cell.  The carrier and code NCOs in the receiver are run open-loop based on the 

Doppler and code phase estimates corresponding to the current cell.  The cross-correlation of 
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the internally generated signal with the incoming GPS signal peaks when the code phase and 

Doppler of the two signals are aligned.  When the search algorithm arrives at the correct cell, 

the presence of the signal will be indicated by a sharp increase in the correlation power. 

A typical acquisition process for a single satellite might proceed as follows:  The 

acquisition tasks use the best current estimate of the receivers state, plus the associated 

uncertainty of these parameters, to initialize the acquisition process.  These data are 

nominally provided by the “state monitor function” described in Chapter 2.  The search for 

the correlation peak is initiated in the Doppler bin corresponding to the best estimate of the 

signal Doppler.  The search proceeds by stepping through all of the cells within that bin from 

early to late.  Sometimes this is achieved by “sliding” the internally generated replica code 

with respect to the incoming signal to provide the appropriate dwell time in each cell.  If the 

signal is not detected after searching all of the possible code phase offsets, the search moves 

on to the next bin until the total range of Doppler uncertainty has been searched.  At that 

point, the acquisition procedure must decide whether to repeat the search or initiate a new 

search for a different GPS satellite.  Once a correlation peak has been detected and the correct 

cell located, the code and Doppler values from that cell are handed off to the tracking loops to 

begin the closed loop tracking process. 

The efficiency of the acquisition procedure is critical to the overall performance of 

the receiver.  The key design parameters include the detection threshold, the signal detection 

algorithm, the dwell time, and the search procedure.  The threshold level (Vt), typically based 

on the estimated noise floor of the receiver, determines the power level used to distinguish 

between the detection of a signal and presence of only noise.  The dwell time must be set to 

provide a sufficiently high correlation power for the expected signal to noise ratio of the 

incoming signals.  The selection of these parameters plus the design of the detection 

algorithm determines the overall probability of detection (PD), the overall probability of false 

alarm (PF), and the speed of the search. 
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The GPS signal acquisition procedure can be separated into three interdependent 

functions.  First, the signal detection function processes the single trial results of the 

correlation power from each cell (many of which are false detections of the signal) and 

ultimately determines the presence or absence of the signal.  Next, the carrier/code Doppler 

search function governs how the two-dimensional uncertainty region is navigated or searched 

to arrive at the correct cell in an efficient manner, while minimizing the chance of missing the 

signal.  Finally, the satellite selection functions determine which GPS satellites are available 

for tracking on a particular antenna, so the signal acquisition tasks do not waste resources 

looking for a signal that is not present.  These three functions are discussed in detail in the 

following sections. 

6.3 Signal Detection 

As described in the previous section, each cell in the code phase/carrier Doppler 

search space must be searched in succession until the one corresponding to the code phase 

and Doppler combination of the incoming GPS signal is located.  For each cell, the signal 

amplitude or envelope resulting from the correlation of the incoming GPS signals with the 

internally generated replica is measured.  The envelope is compared against a predetermined 

threshold to determine the presence or absence of the signal.  The result of each correlation is 

governed by statistical processes that are a function of the signal power, the noise floor or 

threshold, and the predetection bandwidth.  When the envelope exceeds the threshold for a 

cell that does not contain the signal, this is a false detection or false alarm.  The choice of the 

threshold is a tradeoff between the ability to detect signals with low received carrier to noise 

spectral density, C/N0, and minimizing the number of false detections.  If the detection 

threshold is reduced to acquire signals with lower C/N0, (due to weaker signals or jamming 

environments), the false alarm rate increases, the search speed decreases, and it becomes 

more difficult to determine the presence of the signal.  A more sophisticated signal detection 
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algorithm can provide improved performance in these cases.  This section provides an 

overview of the signal detection problem, describes the existing detection algorithm 

implemented in the Mitel GPS Builder-2 source code, and presents two improved signal 

detector designs. 

6.3.1 Forming and Processing the Correlation Envelope 

The envelope, given by Equation 6.2 is a measure of the signal amplitude resulting 

from the correlation between the incoming GPS signal and the internally generated replica, 

 22 QIEnv +=  (6.2) 

where I and Q are the in-phase and quadrature sampled data at the output of the prompt (or 

simulated prompt) correlator.  For reference, Figure 2.2 in Chapter 2 illustrates the main IF 

and baseband signal processing functions where these samples are produced.  Integrate-and-

dump accumulators sum the digitized IF samples resulting from the carrier and code wipe-off 

functions, for a total duration equal to the selected dwell time.  The length of the dwell time, 

nominally 1 ms, sets the baseband frequency or the rate at which the I and Q samples are 

available to the acquisition and tracking loops. 

The result of the correlation in each cell, i.e. whether the envelope is above or below 

the threshold, Vt, is a statistical process because the cell contains either signal plus noise, or 

noise only.  Since the sampled data are dominated by noise, it is assumed that I and Q each 

have a Gaussian distribution.  Ward shows that the PDF of Env for the signal plus noise, ps(z) 

is a Ricean distribution and the PDF for noise only, pn(z) is a Rayleigh distribution [68].  

Figure 6.2 shows the probability density functions (PDFs) of the envelope from Equation 6.2 

for noise only, a 30 dB-Hz signal plus noise, and a 40 dB-Hz signal plus noise.  The single 

trial probability of false alarm, Pfa (Equation 6.3), and the single trial probability of detection, 

Pd (Equation 6.4), can be determined from these curves by the placement of the single trial 

threshold Vt, indicated by the thin vertical line in Figure 6.2. 
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The Pfa is a measure of the probability that a single envelope from a cell will exceed the 

threshold even though the signal is not present.  Conversely, the Pd is a measure of the 

probability that a single envelope will not exceed the threshold when the signal is present.  

The single trial threshold is a function of the desired probability of false alarm and the RMS 

noise power, σn, as given in Equation 6.5, 

 fant PV ln2−= σ  (6.5) 

 
Figure 6.2: Probability density functions for two different GPS signals plus noise 
(center and right) versus noise only (left), courtesy P. Madhani [41].  The selection of 
the detection threshold, Vt, indicated by the vertical line, is a design decision. 

The Pfa is only a function of the noise power and the threshold, while the Pd is only a 

function of the signal power and the threshold.  Visually, the Pfa is equivalent to the area 

under the noise curve to the right of the threshold, and the Pd is the area under the signal 
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curve to the right of the threshold.  As the single trial threshold, Vt is increased, the result is a 

lower probability of false alarm, but also a lower probability of detection.  This means a 

shorter time to search, but also a greater probability of missing the signal even when dwelling 

in the correct cell.  As Vt decreases, probability of false alarm and probability of detection 

increase.  The result is a longer time to search but reduced chance of missing a detection.  Vt 

is typically computed in the receiver based on the expected noise levels to provide some 

constant probability of false alarm.  The RMS noise power can be computed in the receiver 

by measuring the envelope resulting from correlating the input signal with an unused PRN 

code.  More typically, σn is set to a constant value based on the expected noise levels. 

Table 6.1 lists the probability of false alarm computed using Equation 6.5 for a 

variety of detection thresholds (expressed as a signal to noise ratio).  The choice of the 

threshold will determine the minimum C/N0 capable of being acquired by the receiver.  For 

each threshold, the equivalent minimum C/N0 is shown for different dwell times.  As 

discussed above, reducing the threshold will enable weaker signals to be acquired at the 

expense of more false alarms during signal acquisition.  Looking at one example from this 

table, if the receiver must be capable of acquiring signals with C/N0 > 33 dB-Hz using a 1 ms 

dwell time, it must set the threshold at 2.0 (3.0 dB) and tolerate a false alarm rate of 13.5%.  

Increasing the dwell time has the effect of increasing the sensitivity of the receiver (to acquire 

weaker signals) for the same single trial threshold and false alarm rate.  For example, to be 

capable of acquiring a 30 dB-Hz signal using a 1 ms dwell time would result in a false alarm 

rate of over 60%.  However, using a dwell time of 3 ms the same signal could be acquired 

with Pfa = 1.1%.   
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Table 6.1: Minimum C/N0 for different thresholds and dwell times 

  C/N0 [dB-Hz] versus Dwell Time (T) [s] 

 T [s] 0.001 0.002 0.003 0.005 0.010 

Threshold (ratio) Pfa [%] C/N0 C/N0 C/N0 C/N0 C/N0 

0.50 88.2 26.99 23.98 22.22 20.00 16.99 

1.00 60.7 30.00 26.99 25.23 23.01 20.00 

1.20 48.7 30.79 27.78 26.02 23.80 20.79 

1.40 37.5 31.46 28.45 26.69 24.47 21.46 

1.60 27.8 32.04 29.03 27.27 25.05 22.04 

1.70 23.6 32.30 29.29 27.53 25.31 22.30 

1.80 19.8 32.55 29.54 27.78 25.56 22.55 

1.90 16.4 32.79 29.78 28.02 25.80 22.79 

2.00 13.5 33.01 30.00 28.24 26.02 23.01 

2.10 11.0 33.22 30.21 28.45 26.23 23.22 

2.20 8.9 33.42 30.41 28.65 26.43 23.42 

2.30 7.1 33.62 30.61 28.85 26.63 23.62 

2.40 5.6 33.80 30.79 29.03 26.81 23.80 

2.50 4.4 33.98 30.97 29.21 26.99 23.98 

2.60 3.4 34.15 31.14 29.38 27.16 24.15 

2.70 2.6 34.31 31.30 29.54 27.32 24.31 

2.80 2.0 34.47 31.46 29.70 27.48 24.47 

3.00 1.1 34.77 31.76 30.00 27.78 24.77 

3.50 0.2 35.44 32.43 30.67 28.45 25.44 

 

The expressions given above for Pfa, Pd, and Vt were verified in simulations by 

Madhani in which a simulated GPS signal was correlated with noise to reproduce the 

envelopes that would occur during a search through all of the cells in a Doppler bin [41].  

Over thousands of cases, the observed number of false detections corresponded well with the 

false alarm rate estimated analytically.  In the same manner, the probability of detection was 

verified by correlating at the correct cell thousands of times.  As expected, the signal is 

detected a percentage of time roughly corresponding to the estimated probability of detection. 
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6.3.2 Signal Detector 

Because false alarm rates are high in GPS signal detection, single trial results are 

usually unsatisfactory.  A signal detector algorithm provides the means to confirm the result 

at the output of the single trial detection and determine if it is a false alarm or if the signal is 

indeed present.  The efficiency of the signal detector determines the speed with which the 

receiver can sweep through the acquisition search space and ultimately locate the signal.  The 

metric used here to evaluate different signal detection algorithms is the time to search a 

complete Doppler bin, computed by, 
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where CC/A is the number of code chips corresponding to the full C/A code length (1023 

chips), d is the code search increment (the width of a cell in the code phase dimension), T is 

the total predetection integration (dwell) time, and Ffa is the false alarm factor, a multiplier to 

account for the delays caused by false alarms.  Alternately, the efficiency of the search could 

be expressed by the code search rate in chips/s, which is independent of the length of the code 

being searched, 
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The false alarm factor accounts for the additional search time required each time a 

false detection occurs.  It is a function of the probability of false alarm and the cost or delay 

associated with each false alarm.  Each false alarm means additional dwell periods are 

required before dismissing the current cell and proceeding with the search.  The mean delay 

caused by false alarms is determined by the design of the detector algorithm.  If there were no 

false alarms (Pfa=0%), the false alarm factor would be unity and tbin would be equal to the 

time required to dwell once in each cell. 
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The primary design variables in the signal detector are the single trial detection 

threshold, Vt (or the desired false alarm rate, Pfa), the predetection integration time, the code 

search increment, d, and the design of the detection algorithm.  The predetection bandwidth is 

typically chosen to provide the necessary correlation gain for the expected signal to noise 

level.  In the design of the search detector, the code slew rate and the number of false alarms 

can be modified to improve the time to search each bin or achieve acquisition of weaker 

signals.  The performance of the detection algorithm is affected by the signal power and RMS 

noise power associated with the GPS signals.  The signal detector design warrants special 

consideration in a HEO receiver because many of the available GPS signals are at levels close 

to typical detection thresholds.  In order to lower the acquisition threshold and tolerate more 

false alarms, a more robust signal detection design is required. 

6.3.2.1 Existing PiVoT Detection Algorithm 

The original Mitel GPS Builder-2 source code employs a simplistic detector scheme 

that assumes the signal levels are always high.  Referring to the terms in Equation 6.6, the 

default settings are: CC/A=1023 chips, d=¼ chip, and T=1 ms in this design.  The search is 

conducted by sliding the replica code phase with respect to the incoming signal by offsetting 

the internal code chipping rate.  The chosen code slew rate results in a code search increment, 

d = ¼ chip per millisecond.  When the envelope exceeds the threshold, Vt, the code slew rate 

is reset to zero, freezing the internal code replica relative to the incoming signal.  The 

receiver delays at this cell for a minimum of 25 ms, or about 25 additional dwell periods.  If 

another false alarm occurs before the 25 ms has elapsed, the delay is reset, meaning after a 

false alarm, there must be a minimum of 25 successive dwells without another false alarm 

before the cell is dismissed and the search is reinitiated.  When the search arrives at the 

correct cell, there will be multiple detections, preventing the search from continuing.  During 
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this time, the tracking loops will have an opportunity to lock on to the signal and transition to 

closed loop tracking. 

This technique assumes good signal levels, a high detection threshold, and a low 

probability of false alarm.  When false detections occur, they cause a significant delay in the 

search process.  The observed Tbin for the PiVoT receiver operating on the GSS simulator 

(using this algorithm) is between 10-12 seconds.  This corresponds to a search rate of 

approximately 85 chips/s or a false alarm factor of 3.0.  Since the minimum time to search 

each cell with no false detections (Ffa = 1.0) would be 4.092 seconds, the time to search each 

bin was increased 300% by false alarms. 

Through simulation, it was determined that the observed search time corresponds to 

an effective observed false alarm rate of approximately 4% for this detection method.  From 

the Mitel documentation, the design signal trial threshold, Vt is 2.69, or approximately 4 dB.  

Using Equation 6.5, this corresponds to a designed false alarm rate of 2.7% based on the 

assumed noise floor of the Mitel receiver.  The discrepancy between the observed and 

designed false alarm rates is likely due to the fact that the receiver was connected to a GPS 

simulator rather than a real antenna.  As discussed in Chapter 5, this results in higher thermal 

noise levels, which show up here as a higher observed false alarm rate. 

6.3.2.2 M of N Signal Detector 

An alternate signal detection design is the fixed interval M of N detector.  This 

algorithm obtains N envelopes in each cell and compares them to the threshold.  Detection of 

the signal is declared if M of the envelopes exceed the threshold [68].  Otherwise, the cell is 

dismissed and the search continues in the next cell.  The M of N signal detector provides 

improved probability of detection over that of the existing Mitel algorithm.  Furthermore, for 

a constant dwell time, the search rate of the Mitel algorithm will decrease dramatically as the 
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probability of false alarm increases, while for the M of N it is only a function of N.  The M of 

N detector provides more flexibility and better performance for lower thresholds. 

6.3.2.3 Tong Signal Detector  

The Tong detector is a variable dwell time signal detector that combines an efficient 

search algorithm and high probability of detection [68].  In each cell, a counter (K) is either 

incremented or decremented based on whether the envelope is above the threshold or not.  If 

the counter reaches zero, the cell is dismissed; if it reaches a maximum value, then the signal 

is declared present.  The initial value of the counter (B) is typically B=1, but can be set higher 

to provide a higher probability of detection at the expense of search speed.  B sets the 

minimum number of dwells that will occur in each cell before it is dismissed.  The maximum 

value of the counter (A) must be set based on the probability of false alarm; for low false 

alarm rates (good signal levels) a typical setting is A=8 [68].   

The overall design of the Tong detector includes the selection of Vt, A, B, and must 

consider the overall desired probability of detection and probability of false alarm.  Selection 

of B is a trade-off between search speed and probability of detection.  The selection of A 

must be based on the expected false alarm rate.  These parameters can be set in the receiver 

based on the expected signal levels and noise environment to provide the best performance 

for the conditions present.   

6.3.2.4 Comparison of Results and Recommended Design 

The Tong detector was found to provide better performance than both the Mitel and 

M of N algorithms.  In the example above the Mitel detection algorithm exhibited a search 

rate of approximately 85 chips/s.  For the same conditions and N=8, the M of N detector has a 

slower search rate of 62.5 chips/s; however, it outperforms the Mitel algorithm at higher false 

alarm rates.  The Tong detector gives by far the best search rate for high and low false alarm 
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rates.  With K=1, A = 12, and Pfa = 4%, the search rate for the Tong detector is approximately 

230 chips/s, or Ffa=1.09.   

Figure 6.3 provides a comparison of the standard Mitel detector algorithm and the 

Tong detector for a range of false alarm rates.  Obviously the inefficient method used in the 

Mitel code performs very poorly, particularly as the probability of false alarm increases.  In 

the results for the Tong detector, the value of A was increased for higher false alarm rates to 

avoid the search incorrectly terminating (erroneously declaring the signal present in the 

wrong cell).  The proper setting of A for an expected false alarm rate must be determined 

through simulation. 
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Figure 6.3: Comparison of the search speed of the Tong detector with that of the 
existing Mitel search algorithm. 

The Tong signal detector provides excellent performance for signal levels of 

25 dB-Hz or more.  With careful selection of the Tong design parameters and the dwell time, 

the Tong detector would enable reduction of the acquisition threshold to the 25 dB-Hz level 
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in a HEO receiver.  In severe jamming conditions, or extremely weak signal conditions below 

25 dB-Hz, a hybrid maximum likelihood search detector may provide better results than the 

Tong detector  [68]. 

6.4 Doppler Search 

6.4.1 Overview 

The previous section discussed how the signal detector searches through all of the 

cells, or code phase offsets, in a single Doppler bin.  This section describes how the search is 

conducted in the Doppler dimension.  In most space environments, the dynamic or Doppler 

uncertainty is dominated by the velocity of the receiver.  As shown by Figure 4.13 from 

Chapter 4, we know that the size of the Doppler search space increases with the velocity of 

the receiver (or decreases with altitude).  Low altitudes present the most challenging 

acquisition environment from a dynamics perspective because the Doppler uncertainty can be 

ten times larger than in terrestrial applications, and the rate of change of the Doppler 

(Doppler rates) can be very high.  So not only is the dynamic uncertainty (and Doppler search 

space) very large, but the GPS signal is a moving target during the search.  In these regions, 

signals close to zero Doppler have the highest Doppler rates and can be the most difficult to 

acquire. 

The total Doppler uncertainty region is divided up into a number of Doppler bins, 

with the width of each bin determined by the predetection bandwidth given by Equation 6.1.  

Each Doppler bin is searched in succession, and the delay required to search each bin is 

determined by Tbin as discussed in the previous sections.  The same basic search techniques 

used in terrestrial receivers can be used in space, but the allowable bandwidths must be wider 

and there must be some method to estimate the receiver position and velocity during the 

search process and thereby narrow the uncertainty in the dynamics.   
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When the receiver is tracking satellites and producing solutions, it accurately 

estimates the Doppler and Doppler rates of rising satellites, and the uncertainty in the Doppler 

dimension may be smaller than the width of a single Doppler bin.  During a warm start 

initialization, when a precise point or filter solution is not available, the GPS acquisition 

algorithms use position and velocity estimates from a dynamic propagation based on some 

initial state.  Even estimates of the position and velocity of the receiver derived from a two-

line element set, which could be in error by tens of kilometers or more, are sufficient to locate 

the signal in the Doppler search space to within an uncertainty of ±5000 kHz or roughly 20 

Doppler bins for a 1 ms dwell time.  This reduces the Doppler uncertainty region back down 

to the levels of a terrestrial receiver.  In the cold start initialization problem, discussed in 

Section 6.7, there is no information available to narrow the Doppler uncertainty region, and 

the receiver must search the full range of possible Doppler values. 

Even if the Doppler search space can be reduced and the search narrowed to just a 

few Doppler bins, in some LEO cases, Doppler rates can be high enough that the signal is not 

present in a single bin long enough to be detected by the search process.  This problem is 

worse for longer dwell times that increase the time to search each bin.  The rate at which a 

single Doppler bin can be searched is a function of several parameters including the dwell 

time, the code search increment, the false alarm rate, and detector efficiency.  Figure 6.4 

illustrates the importance of the time to search each bin, discussed in Section 6.3, in the 

presence of the very high Doppler rates common in LEO.  For several different predetection 

bandwidths (Doppler bin sizes), the figure illustrates the time required for the signal to pass 

through half the width of the Doppler bin as a function of the Doppler rate.   
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Figure 6.4: Relationship between the Doppler rate and the time the GPS signal will 
actually be present in a Doppler bin for several predetection bandwidths.  The time in 
seconds represents the time it takes for the signal to change half of the width of a 
Doppler bin.   

As an example, the signal detection algorithm from the Mitel code required 10 to 12 

seconds to search through a complete Doppler bin for the 1 ms predetection integration time 

(Doppler bin width of 666 Hz).  Even if the search is conducted in the correct Doppler bin, 

this creates the potential of missing the signal for Doppler rates greater than approximately 

29 Hz/s.  In less time than it takes to search the Doppler bin, the signal has already moved to 

a different bin.  The Tong detector required only 5 seconds to search the entire Doppler bin in 

this example; as a result, it can tolerate Doppler rates as high as 69 Hz/s with a very low 

probability of missing the signal.  Unfortunately, as the predetection bandwidth is decreased 

(for longer dwell times) the time to search each bin increases and the corresponding half bin 

width decreases.  Thus, the efficiency of the signal detection algorithm has an important 

effect on the overall acquisition performance. 
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6.4.2 Search Algorithm Design 

The main variables or decisions in the design of the Doppler search method include 

the total range of Dopplers (or number of Doppler bins) searched, which Doppler bin the 

search is initiated in, and the sequence or order used to search through the bins.  The Doppler 

search method is designed to search through the Doppler bins in an efficient manner (locate 

the signal quickly), and to minimize the chances of passing over the signal during the search.  

A typical search is conducted as follows: When the channel is set up, the initial Doppler 

estimate and associated uncertainty are obtained from the receiver’s state monitor function.  

The number of Doppler bins to be searched is set from the total uncertainty in the dynamics 

and oscillator frequency error.  The search is commonly initialized at the initial Doppler 

estimate (bin zero) and alternating bins are searched on either side of bin zero until the signal 

is detected.  If the signal is not found, the search can be repeated.   

In a terrestrial receiver, the estimated Doppler frequency (based on the current bin) 

can be held constant during the search.  However, if the time to search each bin is greater 

than the time indicated in Figure 6.4 for the Doppler rate in question, this method will result 

in unacceptably high levels of missed signals.  Improved performance can be obtained 

acquiring high Doppler rate signals by using the predicted Doppler rate during the search.  

The bins and search space are still defined in the same way, dictating the starting point for the 

search in each Doppler bin; however, the Doppler is updated during the search based on the 

estimated Doppler rate.  This essentially creates a moving window through the search space 

and eliminates the problem of the signal leaving the Doppler search aperture before the 

search is finished.  This added complexity may not be necessary in all space applications, but 

could improve performance acquiring signals near zero Doppler in LEO. 
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6.5 Satellite Selection 

Because most GPS receivers do not have dedicated channels for each of the 32 

possible GPS satellites, the receiver must choose which satellites are the best candidates for 

tracking and assign these to the available channels.  Chapter 4 provided an in-depth analysis 

of GPS signal visibility for the full range of Earth-orbiting space missions.  In order to 

perform the satellite selection functions in the receiver, it is necessary to have the same basic 

capabilities to estimate the signal geometries and received power levels in order to determine 

which satellites are visible.  The satellite selection methods used in LEO GPS receivers have 

typically been very similar to (if not exactly the same as) the methods used in terrestrial GPS 

applications.  This can be a significant performance limitation because two common 

assumptions used in terrestrial receivers are not valid for many space GPS applications, 1) the 

receiver is static or slow moving, and 2) the receiving antenna is oriented in the zenith 

direction.  A generic satellite selection algorithm that will perform well in any space 

environment (and on the ground) must account for the orientation of the receiving GPS 

antennas and the dynamics of the GPS receiver. 

6.5.1 Satellite Selection Design 

The desired output from the satellite selection function is a list of GPS satellites that 

are visible (capable of being tracked) with the most favorable satellites ranked the highest.  In 

many space applications, the number of visible satellites will exceed the number of channels.  

When a channel becomes available, the “next best,” unassigned satellite in the list will be set 

up on the channel for tracking.  The demands on the satellite selection routine for a single 

antenna are a function of the number of parallel channels dedicated to that antenna.  A 

receiver with 24 channels does not require a very sophisticated algorithm because it can 

search for a majority of the GPS satellites simultaneously.  However, if only six channels are 

available, any loss of even a single satellite will usually effect the quality of the solution, so it 
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is critical to pick satellites that will provide the best geometry, and those that are not likely to 

set soon after the receiver begins tracking. 

In terrestrial applications GPS satellite visibility can be evaluated simply by using the 

elevation angle above the local horizon, and “dilution of precision” or “highest elevation” are 

metrics commonly used to rank the best satellites for use in the solution.  Space applications 

necessitate a more sophisticated strategy to perform this task.  The antenna field-of-view is 

not necessarily the same as the local horizon, and the satellites rise and set frequently.  At 

high altitudes there can be more than 20 satellites physically in view, but many of these are 

not necessarily transmitting in the direction of the receiver (the power levels are too weak).  

Other more suitable metrics for ranking satellites include favoring satellites with the best 

signal levels, or ones that are rising. 

The satellite selection strategy developed for the HEO receiver summarized here uses 

a subset of the expressions developed in Chapter 3 to select and rank visible GPS satellites.  

This strategy accounts for any space or terrestrial environment, and will work at all altitudes 

and antenna orientations, without the complexity of estimating the received power levels.  

The satellite selection is accomplished in several key steps that allow for the possibility that 

the antenna orientations may not be known, and allow the user to select from a number of 

different satellite selection criteria when configuring the receiver.  First, a list of all the 

available GPS signals reaching the receiver is compiled based on evaluating signal 

obstruction by the Earth mask, the mask on the transmitter off-boresite angle, and the satellite 

health status flag.  The satellites that remain are ranked based on the transmitter boresite 

angle.  Next, satellite selection lists are created for each receiving antenna by selecting the 

subset of visible satellites that also have favorable received boresite angle (the complement of 

a conventional elevation angle) with respect to the receiving antenna.  Finally, the visible 

satellite list for each antenna can be ranked based on several satellite selection modes.  If 

more satellites are visible than channels, the highest ranked satellites are selected for tracking.   
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The satellite selection algorithms are generally insensitive to reasonable errors in the 

time, position and velocity of the receiver.  Errors even on the order of 10 to 100 km would 

not necessitate a change in the satellite selection logic because the geometry for reception of 

the signals does not change very much.  In the cold start case, discussed in Section 6.7, a 

different method is used to assign satellites to channels for the search process.  

6.5.1.1 Signal Visibility 

Figure 3.1 from Chapter 3 illustrated the parameters used to evaluate GPS signal 

geometries for a space user.  Since there are times when the receiver will have no knowledge 

of its orientation and therefore constraints imposed by the user antenna, GPS visibility is 

evaluated in two steps.  The first step determines which GPS signals are available at the 

spacecraft/receiver independent of the receiving antenna gain pattern and orientation.  This 

initial satellite list is only a function of the position of the receiver with respect to the GPS 

satellites and the Earth.  The second considers the orientation of the user antenna(s) to 

determine which of these signals can actually be tracked on each antenna.  If the 

spacecraft/receiver attitude, and consequently the receiving antenna orientations are not 

known, the receiving antenna mask is set to 180 degrees, equivalent to an omni-directional 

antenna.  Attitude knowledge and antenna definitions were discussed in more detail in 

Chapter 2. 

Table 6.2 summarizes the inputs and expressions required to evaluate the GPS signal 

visibility in the receiver.  At each satellite selection update, the two variables SCVIS and 

ANTVISn describe the visible “state” of each of the possible 1 through 32 PRNs with respect 

to the vehicle or a particular antenna.  The visible satellites in ANTVISn are a subset of those 

in SCVIS.  The other parameters listed are used to rank among the visible satellites for each 

antenna. 
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Table 6.2: Satellite Selection Logic Implemented in the Receiver 

Satellite Selection Inputs:  

 Rsat 
Rgps (each satellite) 
Amask 
bs (each antenna) 

βt 

βr (each antenna) 

receiver position 
GPS satellite positions 
atmosphere mask altitude 
antenna boresite unit vector 
transmitting antenna mask angle, from boresite 
receiving antenna mask angle, from boresite 

Computed parameters:  

 e = Rgps - Rsat line of site (each satellite) 

 ( )( )LOSRLOSR gpsgps /cos 1 •= −
tα  transmitter boresite angle 

 ( )( )LOSbsLOSbs /cos 1 •= −
rα  received boresite angle (each antenna) 

 ( )gpsEarth RR /sin 1−=γ  transmitter boresite angle subtended by Earth 
mask radius 

 Rmask = REarth + Amask Earth/atmosphere mask altitude (default is Earth 
radius) 

Spacecraft Visible Satellite List:  

 SCVIS =  (A&B&C)  

 A) ( )γα >t  OR ( )gpsRLOS ≤  signal not obstructed by Earth 

 B) tt βα ≤  LOS within transmitter mask 

 C) SV Health Flag from almanac or ephemeris 

Antenna Visible Satellite List (each antenna):  

 ANTVISn = SCVIS & ( )rr βα ≤  receiver antenna mask  

 

In most high altitude cases, the SCVIS metric is sufficient to evaluate visibility for 

satellite selection; no additional information is contributed by the receiving antenna 

orientation because the GPS satellites only originate from one part of the sky.  In these cases, 

no knowledge of the spacecraft orientation is required; however, at lower altitudes it is also 

necessary to consider the orientation of the GPS antenna because some satellites in view of 

the spacecraft may be below the local horizon of the receiving antenna.  Even so, if no 

attitude knowledge is available, the SCVIS metric provides some information to limit the 

GPS satellite “search space” in any environment.   
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6.5.1.2 Ranking of Visible Satellites 

If the number of visible GPS satellites exceeds the number of channels available for 

tracking, the visible satellite list must be ranked based on some metric that favors the best 

satellites for use in the receiver solution.  In LEO, “most favorable” might mean those 

satellites that are just rising above the horizon.  In HEO, there may be a several visible 

satellites close to the tracking threshold of the receiver; the most favorable would be those 

with the highest signal levels.  In terrestrial applications, two metrics commonly used are 

highest elevation or best dilution of precision (DOP); however, several new metrics designed 

specifically for space will be introduced here. 

Table 6.3 provides a list of the satellite selection modes that have been evaluated.  

The DOP and highest elevation metrics work well when the receiver is on or near the surface 

of the Earth, in cases where the total number of visible satellites for a particular antenna does 

not greatly exceed the number of channels available for tracking.  However, for a down-

looking antenna operating at the geostationary altitude, both of these metrics would tend to 

favor many GPS satellites that are transmitting away from the receiver.  Furthermore, they 

require attitude knowledge of the receiving antenna orientations in order to be accurate.  In 

some existing receivers, the reference direction for the antenna is assumed to always be in the 

zenith direction, and the satellite selection methods fail outright for down-looking GPS 

antennas. 
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Table 6.3: Satellite Selection Modes 

Satellite 
Selection Mode 

Attitude 
Required? 

Good Performance Poor Performance 

smallest αt no favors good signal levels in 
any environment, similar to 
highest elevation 

not the best metric for LEO when 
all visible satellites have good 
signal levels 

highest elevation 
(smallest αr) 

yes LEO, terrestrial HEO, down-looking antenna 

best DOP yes LEO, terrestrial HEO, down-looking antenna 

highest doppler no favors rising SVs in LEO and 
terrestrial (where satellites are 
in the zenith part of the sky) 

metric is only useful in LEO 
applications where receiver 
velocities are very high 

 

The next two selection metrics are much more suited to working in space.  The 

smallest transmitted boresite angle, αt, provides a metric that will work for any Earth orbit, 

although the sensitivity is reduced at low altitudes.  This angle is effectively a measure of the 

transmitter power, which is highest for small boresite angles.  It favors satellites whose LOS 

lie close to the boresite of the GPS satellite transmitting antenna.  The result at high altitudes 

is satellites transmitting away from the receiver are not selected, while signals from the most 

favorable regions of the transmitting gain patterns are favored.  In the presence of many GPS 

signals close to the threshold of the GPS receiver, this metric favors the satellites that are 

likely to have better signal levels in the higher side lobes of the transmitting antenna pattern.  

This angle is also used in the GPS visibility calculation, making it possible to exclude any 

GPS signals beyond the second side lobe by selecting a transmitter mask angle, βt of 70 

degrees.   

In LEO, using the smallest αt is similar to highest elevation, in that it would tend to 

favor satellites close to the local zenith.  However, it is not a strong indicator of the best 

satellites to use because all of the visible satellites tend to be within a very small range of 

transmitted boresite angles.  LEO satellites have very short rise-set times, with visible passes 

typically lasting about 30 minutes.  For this reason, it is desirable to select rising satellites 

since these will provide the most observations before setting the next time.  When in a LEO 
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where the receiver is moving very fast and the majority of the visible satellites are in the 

zenith part of the sky, simply ranking the visible satellites from highest to lowest Doppler 

favors the rising satellites.  Another metric that has been considered to favor rising satellites 

is obtained from the dot product of the receiver velocity vector with the LOS vector, e.  This 

is not effective, however, for slow moving receivers outside of LEO.  Ranking satellites by 

Doppler is simpler and more broadly applicable to any zenith pointing antenna. 

6.5.1.3 Satellite Selection Design for All Space Applications 

The strategy that appears to provide the best performance for the widest variety of 

orbits is as follows.  A visible satellite list is produced for each antenna by selecting the SVs 

that are visible based on both metrics SCVIS and ANTVIS.  If there is no attitude knowledge 

available, the mask angle for the receiving antenna is set to 180 degrees, eliminating this 

constraint.  The masks for the atmosphere (limb crossing signals), the receiving antenna 

boresite angle, and the transmitting antenna boresite angle can be set as required.  All of the 

satellites are ordered with the smallest transmitter boresite angles ranked highest.  Then, all of 

the satellites with signals originating from the main lobe of the GPS antenna pattern (with 

αt<18 degrees) are re-ordered based on the chosen satellite selection mode: DOP, highest 

elevation, or Doppler.  The satellite selection lists are updated periodically, every 30-60 

seconds. 

For a high altitude user, this satellite selection method will favor the satellites with 

the smallest transmitted boresite angles, and therefore the highest signal levels.  Since there 

are only a few satellites ever within the main beam simultaneously at high altitudes, re-

ordering these satellites based on some other metric has no effect.  At low and medium 

altitudes, many satellites can be in view simultaneously.  If there are more main-beam 

satellites than channels, the satellite selection routine will perform similar to that of a 

conventional receiver using only the specified satellite selection metric.  At medium altitudes, 



 147

when there may be many side lobe signals visible, the main lobe signals will always be 

ranked the highest, but any signals with boresite angles greater than 18 degrees will still be 

ranked based on the boresite angle, so the satellites with the best power levels will be 

selected.  For cases in which the receiving antenna attitude is unknown, the DOP and highest 

elevation metrics cannot be used.  However, because the underlying visible satellite list is 

already ranked based on the transmitted boresite angle, some useful information is still 

provided. 

6.6 Master Acquisition Procedure 

The previous sections described the three primary components of the receiver’s 

acquisition strategy.  The block diagram in Figure 6.5 summarizes how these components 

work together to make up the master acquisition procedure.  At the most fundamental level, 

the envelope 22 QI + computed after dwelling in a cell is compared with the single trial 

detection threshold.  A signal detection algorithm processes the single trial detection results 

to determine the presence or absence of the signal in the cell.  This search detector is 

necessary to handle false detections at the cell level, and its design is a tradeoff between 

required time to search and overall probability of detection of the signal.  Next, the Doppler 

search strategy determines how the Doppler bins are navigated in order to locate the signal 

quickly.  Because the actual GPS signal is a moving target in the two dimensional search 

space shown in Figure 6.1, the Doppler search seeks to ensure that the correct cell is not 

missed when the search arrives at the correct bin.  If the complete Doppler uncertainty region 

has been searched without finding the signal, the decision is made to either dismiss the 

satellite and search for a different one, or to reinitiate the search for the same satellite.  

Finally, at the highest level, the satellite selection task determines the best satellites for 

tracking at any time and handles assignment of satellites to channels.  The master search 

procedure also governs decisions regarding when to terminate the search for a satellite that 
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cannot be acquired and instead, initiate a search for the next satellite in the visible list.  In the 

event that a HEO user employs adaptive signal acquisition strategies that vary some of the 

design parameters in the acquisition algorithm based on the expected signals levels or 

altitude, the master search procedure would govern that process using information provided 

by the state monitor function. 
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Figure 6.5: Block diagram of the complete acquisition process: satellite selection, 
Doppler search, and signal detection functions. 
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6.7 Cold Start Signal Acquisition 

6.7.1 Overview 

A cold start or bootstrap acquisition mode provides a robust method of acquisition 

that allows the receiver to function if the normal acquisition procedures fail for any reason.  

The acquisition strategies in the previous sections assumed the receiver has all of the 

necessary information for the normal acquisition process, either from a recent solution or 

from an a priori estimate.  Having a broadly applicable warm-start acquisition method clearly 

enhances the performance of the receiver, particularly in HEO applications where data 

outages are prevalent.  Still, it is desirable to have a separate mode of operation that is 

completely autonomous in which the receiver can go from having no information to 

computing a solution in a reasonable amount of time.  A well designed cold start acquisition 

method can be used as the primary mode of initialization for a space receiver to eliminate any 

requirement for intervention from the ground or spacecraft computer. 

The primary design requirements of the cold start acquisition process are: it must not 

make any assumptions about the a priori state of the receiver or the GPS constellation that 

could cause the cold start to fail, and it must be able to transition to a normal navigation 

mode, in which the receiver tracks all satellites in view and outputs a solution, within a 

reasonable amount of time.  Terrestrial cold start strategies can be pretty simple because even 

in the case where there is no information about the state of the receiver, the positions of the 

GPS satellites, or the current time, it is routinely possible to obtain the first point solution 

within 5 minutes.  At orbital velocities, the search space for the GPS signals is much larger 

and the conditions change much faster, making the cold start initialization much more 

difficult. 

Establishing a specific requirement for a cold-start TFF in a HEO receiver is difficult 

because conditions can vary so dramatically.  The number of channels dedicated to a single 

antenna also has a significant effect on the cold start performance.  A 12 or 24 channel 
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receiver can easily rely on a cold start acquisition as the primary initialization mode.  

However, a six channel receiver such as the TANS Vector may operate for many hours in a 

cold start mode without ever acquiring four satellites simultaneously.  It is also important to 

consider that in some HEO orbits, point positioning is never possible.  As a point of 

reference, a 12 channel GPS receiver operating in a LEO might have a typical cold start time 

of 10-20 minutes [62,20].   

Several techniques can be applied to enhance the performance of the cold start 

algorithm to provide shorter time to first fix and more reliable performance in poor GPS 

visibility conditions.  The receiver starts out assuming no a priori information; however, as 

soon as the first satellite is tracked the receiver can begin to take certain actions that will 

speed up the remainder of the search given what new information is available.  It is important 

in doing so, not to compromise the integrity of the cold start acquisition process, which is 

intended to provide a fail-safe mode of operation that will work reliably even if some of the 

data usually used in the GPS acquisition process are corrupted or not present.   

The remainder of this section describes a typical sequence of operations in a cold 

start initialization.  Then, as was done in the previous sections, the cold start acquisition 

procedure will be considered from the prospective of the three important functions; signal 

detection, search, and satellite selection.  In each case, the basic design is presented, along 

with suggested methods to improve the transition to a normal mode of operations. 

6.7.2 Cold Start Initialization Design 

Lightsey provides a description of a cold start acquisition design for a LEO receiver; 

the general procedure is summarized here [40].  Initially he assumes that valid GPS almanac 

data are unavailable and that the current state (position, velocity, and time) of the receiver is 

unknown, although any one of these parameters missing is enough to require a cold start.  

Often the PRNs are assigned to all of the available channels in sequential order starting at 
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PRN 1.  The Doppler search space is bounded by the maximum expected Doppler (typically 

set based on the current operating mode of the receiver, i.e. terrestrial, space, etc.) and 

divided into Doppler bins.  The search is initialized at zero Doppler, the center of the first bin, 

and proceeds through each bin alternating on either side of zero Doppler until the signal is 

detected or the entire search space has been covered.  This process happens in parallel for a 

different satellite on each channel.  For this reason, the performance of the cold start 

initialization is highly dependent on the number of channels available in the receiver; a 24 

channel receiver should routinely be able to complete a cold start within 10 minutes, but a 6 

channel receiver might require several hours if conditions are unfavorable.  Once the entire 

region has been searched, it is assumed that the satellite is not currently visible and the search 

is initiated for the next PRN.   

Once the first satellite is tracked, the receiver will obtain the current time within a 

few seconds of achieving frame synch.  After the satellite has been tracked for a minute or so, 

the receiver will have current ephemeris data for that satellite and it can be used in a solution.  

After approximately 12.5 minutes of tracking one or more of the GPS satellites a complete 

almanac will have been acquired.  Once four satellites are tracked simultaneously, the 

receiver will be able to compute a position and velocity; the final piece of information 

required to enter a normal acquisition and tracking mode.   

The sequence of events described above is similar to the cold start acquisition 

schemes implemented in many existing receivers.  It has two primary limitations in space.  

First, the receiver remains in a cold start mode until all three pieces of information are 

available (almanac, receiver state, and time).  Even though some information about these 

parameters may be available earlier, the receiver does not transition to normal satellite 

selection until all of the information is available.  Second, this method assumes that the 

receiver will be capable of computing a point solution to produce an estimate of the receiver 

state prior to transitioning to normal operations.  From Chapter 3 it is clear that many HEO 
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spacecraft can never compute point solutions.  Particularly in a HEO receiver, it is important 

to gradually transition from cold start mode to normal operations, making use of new 

information available each time a new GPS satellite is tracked.  

6.7.2.1 Satellite Selection 

Part of the problem with the cold start acquisition is that the receiver spends a lot of 

time looking for satellites that are not visible.  Obviously searching for the GPS satellites in 

sequential order from 1-32 does not consider any of the basic information that is known about 

the GPS constellation.  Instead, a default satellite selection list can be created that places 

satellites that are least likely to be visible at the bottom of the search list.  These satellites are 

still included in the visible satellite list, they are just ranked at the bottom so the receiver can 

concentrate on the better candidates first.  For example, while there are 32 possible GPS 

PRNs, the GPS constellation has historically only had 26-28 operating satellites 

simultaneously.  The 4 to 6 PRNs that are unused in a recent GPS almanac should be ranked 

at the bottom of the satellite selection search list so they are the last satellites the receiver 

attempts to acquire in cold start.  It is important not to eliminate these satellites from 

consideration altogether, because this implies making some assumption about the state of the 

GPS constellation that might be invalid in some scenario, thus invalidating the nature of the 

cold start initialization. 

If the position of the receiver is completely unknown, but the receiver has an old GPS 

almanac and the approximate time, another technique can be used to re-order the search list 

after the first satellite is tracked.  This method assumes the receiving antenna is aligned in the 

same direction as the position vector to the GPS satellite tracked.  The included angles are 

computed between this vector and the position vectors to all of the other GPS satellites.  

Satellites with the smallest included angles are then ranked highest in the satellite selection 

list.  This gives priority to GPS satellites likely to be in the same part of the sky as the first 
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satellite tracked.  It in no way invalidates the integrity of the cold start process, it simply re-

orders the satellite selection list in a manner likely to improve the efficiency of the cold start. 

A similar technique uses a GPS almanac to infer information about the orbital planes 

of the GPS satellites.  The assumption inherent in this technique is that two satellites in the 

same plane but separated by a large true anomaly are not likely to be visible to the receiver 

simultaneously.  This information, even from an old GPS almanac, can be exploited in order 

to come up with a GPS satellite search list that is likely to lead to a more rapid acquisition of 

multiple satellites. 

6.7.2.2 Doppler Search 

The design parameters for the Doppler search are the same as discussed for the 

normal acquisition procedure, except that the search area is much larger so the choice of these 

parameters will have a more significant impact on the performance for cold start.  Without a 

means to estimate the position and velocity of the receiver it can take over 30 minutes to 

conduct a search for the GPS signal covering this entire range of dynamic uncertainty for a 

LEO.  Even if the satellite were visible when the search started, it may have set long before 

the search is completed.   

If the receiver is assumed to be in a LEO, the signal Dopplers can be anywhere 

within ±45 kHz.  If the receiver is known to be in a highly eccentric orbit, the Dopplers can 

span close to ±50 kHz; however, these worst case Doppler uncertainties are limited to the 

region near perigee.  If the receiver is known to be in a high, circular orbit, the total assumed 

Doppler uncertainty region should be reduced, as would be done if the receiver were operated 

on the ground.   

There are some characteristics of the signals discussed in Chapter 4 that can be used 

to narrow this uncertainty region for low altitude space users.  For example, in LEO the 

Dopplers for satellites that are close to setting tend to be the most negative.  For this reason it 



 154

is better to focus the search on the Dopplers that are positive or near zero, rather than wasting 

resources searching for a satellite that will set momentarily.  So the Doppler search range 

could be reduced by half just by searching for satellites in the rising half of their pass.   

As mentioned in Section 6.4, it is advantageous to take advantage of available 

information about the Doppler rates in deciding how to navigate through the search space.  

Fast moving signals will be difficult to acquire if a constant Doppler is assumed during the 

search in each Doppler bin.  As shown in Chapter 4, the Doppler rates tend to be highest for 

signals near zero Doppler.   

6.7.2.3 Signal Detection 

The main consideration in the design of the signal detection functions for the cold 

start is to minimize the time to search each bin.  Assuming an efficient search detector has 

already been implemented, there are two changes that can be considered to speed up the time 

to search each bin during the cold start process.  The code slew rate or code chip increment 

should be set to the maximum value of ½ chip, the dwell time should be the minimum of one 

millisecond, and the detection threshold can be set higher to minimize the number of false 

detections.  Note that setting the threshold higher and using the minimum dwell time will 

tend to reduce the chances of tracking weaker signals, so this would not be a good strategy 

for a receiver operating at high altitudes; however, it would improve the search time which is 

more important for a LEO receiver, or a HEO receiver near perigee.  

6.7.2.4 General Considerations 

In many cold start cases, the receiver will have almanac data available even if the 

time of applicability has long passed.  Even old almanac data still provides some valuable 

information about the GPS constellation.  As mentioned earlier, non-existent PRNs, or 

satellites with bad health status bits can sent to the bottom of the satellite search list.  Just 

eliminating some of the non-visible satellites from being included in the first satellites 
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searched could provide a significant cold start performance improvement.  Finally, once a 

single satellite is tracked, the Doppler measurement from this satellite can be used to rescale 

the width of the Doppler search space, or to obtain the order of magnitude of the Doppler 

rates, which implies some information about the velocity of the receiver.  For example, if a 

very high Doppler signal were detected, the receiver would immediately know it is at low 

altitude, either in a LEO or at perigee of a HEO. 

6.8 Summary 

This chapter presented an overall signal acquisition design comprised of three key 

components: signal detection, Doppler search, and satellite selection.  The new satellite 

selection algorithms provide a single, simple method that works for all orbit or antenna 

configurations.  The signal search and detection functions make use of known dynamics to 

locate signals more quickly.  Using the Tong signal detector results in dramatic improvement 

in the search speed, particularly for reduced signal to noise levels.  The overall acquisition 

process is adaptable to the widely varying conditions present across HEOs.  A cold start 

acquisition procedure was developed that provides an efficient initialization even if no 

information is available to aid the search process. 





CHAPTER    7 

TRACKING LOOP DESIGN 

The previous chapter discussed the effect of the acquisition design on the 

performance of the receiver.  Once the signal has been located or “acquired,” the design of 

the carrier and code tracking loops dictates the ability of the receiver to track the signal 

through changing dynamics and signal-to-noise (SNR).  This chapter describes the operation 

of the generic tracking loops implemented in a GPS receiver, and the specific design of the 

loops in the Mitel GPS Builder-2.  Optimizing the design of the tracking loops for space can 

provide modest improvements in the ability of the receiver to track weak GPS signals, 

effectively lowering the tracking threshold.  More significant threshold reductions are 

possible by employing a fully integrated navigation filter/tracking loop design.  Strategies to 

optimize the tracking loop design for space are discussed, including the selection of loop 

order, loop bandwidth, and other tracking loop design parameters for a space receiver.  

Finally, background is provided regarding different levels of integration of a navigation filter 

with the GPS receiver tracking loop functions. 

7.1 Description of Generic Tracking Loop Functions 

Design of the tracking loops is another aspect of many space receivers that is not 

necessarily optimized for space.  With many new receivers incorporating highly accurate 

dynamic models in a real-time extended Kalman filter, opportunity is ripe to implement 
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tracking loop designs optimized to provide the best performance for a space receiver.  First, 

an overview of the basic functions of the tracking loops in a GPS receiver is appropriate. 

Figure 7.1 is a block diagram illustrating the major components of generic GPS 

carrier and code tracking loops.  This is a more detailed look at the baseband signal 

processing functions illustrated in Figure 2.2.  The “accumulate and dump” integrators in the 

correlator provide the I and Q sampled data that are sent to the discriminator.  The output of 

the discriminator is an error signal that is provided to the loop filter.  The loop filter generates 

a correction signal to be applied to the NCO to drive the error to zero.  The design of the 

tracking loops affects the quality of the measurements, and the level of dynamics and thermal 

noise that can be tolerated before the loops become unstable and loss of lock occurs.   
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Figure 7.1: Block diagram of generic receiver code and carrier tracking loops, 
adapted from Sennot [54], and Ward [68]. 
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7.1.1 Carrier Tracking Loop 

The carrier tracking loop tracks either the phase or frequency of the incoming carrier 

(IF) signal, and performs demodulation of the 50 Hz navigation message data bits.  The 

operation of the carrier tracking loop is illustrated in Figure 7.1.  The loop discriminator uses 

the true (or simulated) prompt signals as the input.  Depending on whether the design is a 

FLL or a PLL, the discriminator measures the frequency or phase error based on the prompt I 

and Q inputs.  The error signal then serves as the input to the carrier loop filter, which 

attempts to drive the error to zero by commanding changes to the carrier NCO.   

The important design parameters of the carrier tracking loop are the selection of the 

predetection integration time (T), the choice of the carrier loop discriminator, and the order 

and bandwidth of the carrier loop filters.  The selection of the carrier loop discriminator 

defines the type of tracking loop as a phase locked loop (PLL), Costas PLL, or frequency 

locked loop (FLL).  The performance characteristics of the loop are dictated by the carrier 

loop thermal noise error and the maximum line-of-site dynamic stress threshold [68].   

PLLs are more sensitive to dynamic stress than FLLs, but generally provide the most 

accurate velocity measurements and most error-free data demodulation.  A robust carrier 

tracking loop design will attempt to close the loop using a wide bandwidth FLL, then 

gradually narrow the loop bandwidths and transition to PLL tracking [68].  A typical carrier 

loop bandwidth for a terrestrial receiver is ~10 Hz.   

Figure 7.1 indicates an input where external velocity aiding could be applied to the 

carrier tracking loop.  External aiding data comes from a different sensor, such as an inertial 

measurement unit, or even from the navigation filter.  The input is required in the form of a 

LOS velocity. If the aiding is part of the closed loop carrier tracking, the aiding data must be 

very precise with no latency.  Even lever-arm effects due to movement of the antenna with 

respect to its phase center must be compensated for in the external aiding data.  As a weak 

signal hold-on strategy, the carrier loop can be run open loop based only on the aiding data, 
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where no error signal is computed by the filter.  Latency issues are not as critical for this case, 

but no Doppler or ADR measurements are available from the receiver because these are 

normally computed based on the output of the filter [68]. 

The ability of the receiver to demodulate the broadcast navigation data is dependent 

on the received C/N0.  For coherent data demodulation, the carrier samples are rotated 

through the average carrier phase, but for low post-detection signal-to-noise ratios (SNR) the 

receiver will have difficulty distinguishing the value of the individual data bits.  Normally the 

system is designed based on a maximum allowable bit error rate (BER), which is a function 

of the received C/N0.  If weak signals will routinely be tracked, special considerations may be 

required in the design of the data demodulation to tolerate larger bit error rates. 

7.1.2 Code Tracking Loop 

The code tracking loop tracks the phase of the PRN code modulated on the incoming 

carrier signal.  The early and late I and Q samples are provided to the code loop 

discriminator, which measures the delay associated with the internal PRN code replica.  The 

error signal provided to the code loop filter is the difference between the early and late 

correlations.  The control output from the code loop filter is added to a scaled version of the 

carrier DCO command and used to command the code DCO.  This shifts the code position so 

as to drive the error to zero. 

The important design parameters of the code tracking loop are the selection of the 

predetection integration time (T), the choice of the code loop discriminator, and the order and 

bandwidth of the code loop filter.  The code tracking loop typically employs a delay lock loop 

(DLL) using a dot product power or early minus late (EML) power discriminator.  The 

performance characteristics of the loop are dictated by the code loop thermal noise error and 

the maximum line-of-site dynamic stress threshold [68].  A typical code loop bandwidth for a 

terrestrial receiver is ~1 Hz.   
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The frequency (or phase) error signal from the carrier tracking loop is used to aid the 

code tracking loop.  This carrier-aided code tracking implementation removes all of the LOS 

dynamics from the code tracking loop, and allows reduction of loop filter order from second 

to first order.  In this implementation, the predetection integration time can be made longer 

and the code loop bandwidth narrower.  As a result, the noise in the code measurements is 

reduced.  In the absence of carrier aiding, the pseudorange measurement noise can be as high 

as 3-5 m [54].  The measured advance of the internally generated replica PRN code is used to 

calculate the timing relationships used to form a pseudorange measurement. 

7.1.3 Tracking Thresholds 

Lower signal to noise ratios will have the effect of increasing the non-linearity in the 

discriminator function and reducing the amplitude of the error signal outputs.  Eventually, the 

levels of thermal noise, dynamic stress, and other noise will cause a loss of lock condition, in 

which the tracking loop can no longer produce a meaningful correction to drive the measured 

error to zero.  When the internally generated replica signal begins to deviate from the true 

incoming signal, the correlation power will drop below the loss of lock threshold and the 

signal is lost.  Since the acquisition threshold is normally several dB above the loss of lock 

threshold in a GPS receiver, the effective C/N0 will typically have to increase several dB 

before the signal can be reacquired.  The carrier tracking loop will typically lose lock 6-8 dB 

before the code tracking loop [54]. 

7.2 Existing PiVoT Tracking Loop Implementation 

The tracking loop designs in the PiVoT receiver are based directly on the Mitel GPS 

Builder-2 software.  The PiVoT Code Tracking Loop uses an early minus late (EML) power 

discriminator, with the early and late correlators spaced ½ chip apart.  The code phase error is 

computed from the outputs of the early and late correlators, given by, 
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The I and Q data are provided to the code loop discriminator at 40 Hz.  Code lock is 

monitored by comparing an averaged value of the correlation power, CdLI, against a fixed 

threshold.  The averaged correlation power, or code lock indicator is given by, 
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which is an efficient implementation of a low pass filter.  The code loop filter is a second 

order PLL (or a first order PLL if carrier aiding is implemented) [27].   

The carrier tracking loop is implemented in two steps.  The first is a wide-band, four 

quadrant frequency discriminator used to reduce the carrier frequency error from several 

hundred Hz to less than 10 Hz.  This is followed by a second order FLL [27].  This 

implementation uses a cross product discriminator, which limits the predetection bandwidth 

(1/T) to the 50 Hz rate of the navigation data bit transitions.  The Mitel carrier loop 

bandwidth is estimated to be 1.6 Hz.  The frequency error from the cross product 

discriminator is computed using the current and previous prompt (or simulated prompt) 

correlator outputs by, 

 11 −− −= PPPPerr QIIQf  (7.3) 

The I and Q data are provided to the carrier loop discriminator at 1000 Hz.  Carrier lock is 

monitored using an averaged value of the dot product between successive correlations, 

CarrLI, which again is computed in a simplified low pass filter, 
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The loss of lock threshold is a constant value corresponding to a post detection SNR 

of approximately 3 dB.  This is equivalent to a C/N0 of 33 dB-Hz based on a 1 ms 

predetection integration time.  The acquisition threshold is a constant 5 dB, which is roughly 

the limit for reliable data demodulation in the Mitel FLL design [27,54].  A point of reference 



 

from another space GPS receiver: the GNS receiver developed by the

Lab is designed with a third order PLL for carrier tracking, and a first order, carrier-

code loop [20  

7.3 Tracking Loop Optimization for Space 

performance in HEO 

applications due to the weaker signals associated with these orbits.  Analytical studies of GPS 

present at signal levels just below the tracking threshold of current receivers.  By optimizing 

taking advantage of capabilities of an integrated navigation filter, modest improvements in 

the tracking threshold are  

Other than implementing a compile time option for a PLL carrier tracking loop, the 

existing design of the PiVoT tracking loops is taken directly from the Mitel GPS Builder 2 

software.  The future goal is to modify the tracking loop parameters

high, yet predictable dynamics of an orbiting vehicle.  As shown in Chapter 4, a HEO 

receiver must function under a wide range of dynamics and signal levels, sometimes within a 

onstant tracking loop design could possibly 

be optimized for such a wide range of conditions.  For a HEO receiver, it may be 

to mitigate jamming [69

bandwidths of the tracking loops based on the altitude of the receiver, as altitude is the 

primary variable governing the changes in dynamics and signal levels for a HEO user.

Simulations were conducted by Garrison et al. to determine the optimal setting of the 

tracked for a variety of HEO examples [26  signal levels were simulated for 
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several different points in geostationary transfer orbit.  The basic Mitel GPS Builder-2 

tracking loop design with a second order DLL and a second order FLL using a cross product 

discriminator was assumed.  The discriminator and the closed loop transfer function are a 

function of the C/N0.  Simulations were conducted to generate the gain and bandwidth 

settings to optimize the number of satellites tracked by the receiver.  The determination of the 

number of tracked satellites was based on two different metrics: The first metric assumed 

lock was maintained while three times the variance of the discriminator output is less than the 

width of the discriminator function, the second compared the mean time to lose lock (MTLL) 

to the time a satellite is available/visible to determine the time tracked.   

Gains and bandwidth settings were produced for a variety of HEO orbital examples.  

As implemented in a receiver, the gains would be set as a function of C/N0, and can be 

selected based on altitude or true anomaly (for a highly eccentric orbit). 

7.4 Integration of Tracking Loops and Navigation Filter 

With many new space receivers employing a real-time EKF including sophisticated 

dynamic and clock models, designers look to exploit the information available from the 

navigation filter to improve the tracking performance of the receiver.  One way this is 

accomplished is by using the filtered state estimates to provide “external” aiding data to the 

carrier tracking loop.  This allows some of the benefits of external aiding (such as reduced 

loop bandwidth, longer predetection bandwidth, etc.) without requiring an additional sensor.  

The success of this technique is dependant on the quality of the data available from the filter.  

When applied successfully, external velocity aiding can reduce the measurement noise in the 

carrier tracking loop and effectively reduce the carrier tracking threshold.   

The performance of the orbit filter and the receiver tracking thresholds are very 

closely coupled.  If the filter can consistently produce vehicle state estimates better than 

roughly 100 m and 10 mm/s, it is possible to narrow the acquisition and tracking loop 
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bandwidths and improve the tracking thresholds.  This provides more observations to the 

filter which clearly improves the navigation performance.  However, until the filter 

converges, errors in the propagated state can be quite large and one might expect that no 

aiding can be provided to the tracking loops.  In fact, even in this situation, one can use the 

known orbital dynamics and even a very crude estimate of the spacecraft position to aid the 

signal acquisition process.   

These external aiding techniques have been implemented and demonstrated 

successfully in the TOPSTAR 3000 receiver being developed by the French Space Agency 

(CNES) [33].  This receiver is expected to launch on a geostationary spacecraft in 2001.  The 

receiver incorporates the DIOGENE navigation filter, and weak signal tracking techniques 

have been developed based on the filter aided carrier loop described above.  Using a design in 

which the tracking loops are tightly coupled with the DIOGENE navigation filter, they have 

developed techniques to reduce the acquisition and tracking thresholds to as low as 26 dB-Hz 

for closed loop tracking, and 20 dB-Hz with the carrier tracking running open loop using the 

data from the filter.  Their results also indicate that the carrier tracking threshold is limited by 

the data demodulation performance.  For a BER less than 10-5, the limit on the input C/N0 is 

about 26.5 dB-Hz [33].   

Another method that entails a higher level of integration of the navigation filter and 

tracking loops is the vector delay lock loop (VDLL) proposed by Spilker [57].  In a 

conventional GPS receiver architecture, GPS signal tracking occurs over multiple, 

independent estimators.  I and Q observations are the input to the individual DLLs in each 

channel, used to determine the delay error.  A navigation filter is an independent estimator of 

the position, velocity, and other states based on the measured delays.  VDLL combines these 

two processes into a single estimation of desired state with the I and Q observations as the 

input. 
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The vector DLL has several advantages over a conventional DLL.  Noise is reduced 

in all of the tracking channels, which can have the effect of improving the tracking threshold.  

Additional satellites tracked simultaneously works to reduce the noise even further.  Also, the 

VDLL can operate through momentary blockage of one or more of the satellites without 

loosing lock in that channel. 

7.5 Summary 

This chapter has provided background on the design of the GPS receiver tracking 

loops.  Different techniques were discussed to reduce the steady-state and random tracking 

errors, and ultimately improve the weak signal tracking capabilities of the receiver.  As with 

many other aspects of the GPS receiver design, simply adapting the tracking loop design 

parameters for the conditions expected in space provides some improvement.  A HEO 

receiver should actually employ an adaptable tracking loop design that sets the value of the 

loop bandwidths, predetection bandwidths, and filter gains based on the expected signal 

levels and dynamics.  The use of an internal navigation filter to provide external velocity 

aiding data to the carrier tracking loop has been demonstrated to provide significant 

improvements in weak signal tracking, and the first flight of a GPS receiver demonstrating 

these techniques is expected on the CNES STENTOR satellite in 2001.  This coupling of the 

tracking loops and navigation filter is also planned to be implemented in the PiVoT receiver 

using the GEONS filter.  An integrated receiver design with tightly coupled tracking and 

navigation processing will make it possible to utilize GPS observations even in very high 

orbits in which none of the GPS signals are above conventional receiver tracking thresholds. 



CHAPTER    8 

TIMING AND MEASUREMENT PROCESSING 

There are many issues related to timing and formation of measurements in a GPS 

receiver that warrant special attention in HEO.  The behavior of the local oscillator, and the 

ability to use this reference to estimate GPS coordinate time, is critical to the overall 

performance of the receiver.  This chapter describes how measurements are formed and 

reported in a GPS receiver, and discusses the specific effects that operating a receiver in HEO 

has on these tasks.  Some background is provided on reference oscillators used in GPS 

receivers, the effects of clock errors on the GPS measurements, and relativistic effects for a 

HEO user.  Finally the proposed timing and measurement processing strategy for the PiVoT 

receiver is outlined. 

8.1 Formation and Reporting of GPS Measurements 

Reference [4] provides the mathematical models for the three primary GPS 

measurement types: pseudorange, Doppler, and accumulated delta range (ADR).  How the 

observations are formed and how they relate to the physical state of the receiver is 

summarized here. 

The pseudorange observation made by a receiver is the observed signal delay scaled 

by the speed of light, computed as the signal transmit time minus the signal receive time, 

 ( )TR ttc −=ρ  (8.1) 
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The signal transmit time, tT is obtained from the code offset measurement made by the code 

tracking loop, while the receive time, tR is the local time stamp corresponding to the instant 

when the code phase is measured.  Physically, the pseudorange is the geometric path delay 

plus biases contributed by the receiver and GPS satellite clocks, and delays due to the signal 

path.  The transmit time is biased by errors in the GPS satellite clock due to the oscillator 

frequency drift and relativity.  The local estimate of GPS coordinate time in the receiver 

contains a potentially large bias due to the drift of the local oscillator.  The local clock bias 

can range from tens of nanoseconds when a recent solution is available, to a large fraction of 

a second if the receiver was recently powered on.  The primary signal path delays 

contributing to the pseudorange include ionospheric and tropospheric delays and multipath 

[50]. 

The Doppler observation is made by measuring the difference between the carrier 

numerically controlled oscillator (NCO) setting and the nominal value for the GPS carrier 

signal.  The observed frequency of the GPS carrier signals vary from the nominal L1 and L2 

frequencies; the major contributors are the Doppler shifts produced by the relative motion 

between the receiver and GPS satellite, and the frequency drift of the receiver and GPS 

satellite clocks.  Clocked to match the frequency of the received carrier signals, the carrier 

NCO provides a measure of the observed frequency difference.  This Doppler measurement, 

in Hertz, is then used to form a pseudorange rate measurement, in meters per second.  Similar 

to the pseudorange measurement, the pseudorange rate is biased by the frequency offset of 

the receiver and GPS satellite clocks. 

Accumulated delta range (ADR) or integrated Doppler is a measure of carrier phase 

produced by accumulating the commanded values to the carrier NCO.  ADR is an extremely 

precise measure of the change in range to the GPS satellite between successive measurement 

epochs.  The resolution of the measurement from the carrier phase is much greater than the 

code phase due to the shorter wavelength (19 cm compared to 300 meters for the C/A code).  



 169

It cannot, however be used to form an absolute range measurement because the initial value 

of the ADR at the start of tracking is not known.  Recorded continuously, ADR can be used 

to smooth code pseudorange measurements in kinematic positioning.  Like the Doppler 

measurement, the ADR will also contain the composite frequency drift from the receiver and 

GPS satellite clocks and errors sources. 

The raw range and range rate measurements discussed above include biases due to 

the local clock and a variety of other error sources.  When computing solutions, the receiver 

applies corrections to account for the GPS satellite clock errors, and in some cases the 

atmospheric delays.  The unknown bias and drift associated with the local clock is normally 

part of the solution formed by the receiver.   

Considerations with regard to how these measurements are formed and reported in 

the receiver will be discussed in more detail in the subsequent sections.  For example, it is 

important that all of the measurement types are collected at the same epoch, and that this 

time-tag is precisely labeled by the receiver.  Typically a receiver maintains a corrected local 

time scale, based on the latest clock solution.  There are design tradeoffs involved in the 

decision to use a raw or corrected time scale in the receiver to perform certain functions, such 

as time tagging and reporting of measurements.   

8.2 Overview of Receiver Clock Functions 

The clock or local oscillator provides the fundamental time scale to which all 

operations in the receiver are referenced.  The local oscillator drives a frequency synthesis 

section that performs downconversion to an intermediate frequency (IF), and provides the 

reference for the NCOs to match the incoming carrier and code frequencies.  It controls the 

frequency of interrupts that handle the latching of accumulation data (approximately 1 kHz 

rate) and measurement data (1-10 Hz rate).  The local oscillator is also the fundamental basis 

for the one pulse per second (1-PPS) timing pulse output from many receivers. 
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Realistically, any frequency standard will deviate from its “nameplate frequency;” 

this will affect all of the processes described above, and ultimately the data recorded by the 

receiver.  The majority of GPS receivers use inexpensive quartz oscillators as frequency 

references in order to keep the cost of the receiver to a minimum.  The receiver solves for 

estimates of the bias and frequency drift in the local oscillator as part of the standard solution.  

Often, a simple clock model is implemented in the receiver, which is updated by filtered 

estimates of the clock bias and drift from the navigation solution.  This can be used to correct 

the local estimate of GPS system time in the receiver.  The receiver designer should carefully 

consider how the use of this corrected time scale affects the measurements and overall 

performance of the receiver.  In typical implementations, the fundamental frequency of the 

local oscillator used to control the frequency synthesis and NCOs is normally left to free run, 

the time tags and solutions are corrected, and the measurements may be either 

raw/unmodified or corrected.  The significant effects of clock errors on the measurement 

outputs are discussed below. 

8.2.1 Effects of Clock Bias 

The direct effect of clock bias on the measurements is a common offset present in all 

pseudoranges equal to the bias (in seconds) multiplied by the speed of light.  A 1 ms bias 

produces a pseudorange error of about 300 km, while a one microsecond bias produces 

ranging errors of about 300 m.  There can be a detrimental effect on a filtered solution if the 

actual clock behavior does not match well with the modeled clock, and the constraints of the 

model and process noise values selected prevent the clock bias estimate from completely 

absorbing the actual clock behavior.  These biases do not have a direct impact on the position 

in a point solution.  When four or more pseudoranges are present, an independent solution 

can be made for the clock bias as part of the point solution, because the common mode error 

is entirely attributed to the clock.   
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The clock bias also has an indirect effect on the time tagging of measurements and 

receiver functions, which produces errors in the computation of the GPS satellite positions at 

time of transmission and in the receiver position used for comparison to an external reference.  

An error in the measurement time tag puts the GPS satellites ahead or behind in their orbits 

by an amount equal to the GPS satellite velocity (~3.4 km/s) times the clock error.  A one 

millisecond clock error is a 3-4 m along track error in each GPS satellite.  The specific effect 

of this on the user solution depends on the geometry, but may have some correlated influence, 

because it is likely to produce an error that changes slowly.  The time tagging error also 

affects the computation of the user position for comparison to an external reference.  Here the 

effect is entirely in the along-track direction and is equal to the orbital velocity of the user 

multiplied by the timing error.  For a receiver in a LEO, a one millisecond bias produces an 

along track error of about 7 m. 

A third effect of clock bias is in the coordination of measurements between different 

receivers, an important consideration for relative navigation applications.  Geodetic quality 

receivers adjust the time of their measurements to align with the GPS one-second epochs.  

This ensures that the measurements from two receivers will be closely aligned in time, 

avoiding a requirement for measurement interpolation.  This has an advantage over simply 

recording the measurements at an arbitrary epoch set by the uncorrected receiver time, unless 

the clock bias estimates being used to schedule the measurements are significantly in error.   

8.2.2 Effects of Clock Drift 

Errors in the frequency of the reference clock affect the Doppler measurement, which 

may be used as a range rate observable.  There is also an indirect effect on timing intervals of 

the accumulation and measurement data interrupts and the code and carrier chipping rates.  

Relativistic effects produce measurable errors in the frequency of the GPS satellite clocks; 
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however, these frequency errors are estimated and corrected in the receiver.  Relativistic 

effects for a space user are discussed in more detail in the next section. 

8.3 Relativistic Effects in HEO 

In general, relativistic effects in GPS are handled by referencing all time intervals to 

coordinate time, defined by an ideal clock at rest on the Earth geoid.  All system clocks in 

GPS (both the satellites and control segment) are corrected to this time base either by actually 

modifying their frequency or by applying a “paper” correction.  At any moment in time, the 

corrections for the GPS satellite clocks are the same for any GPS user, regardless of the 

position or motion of the user at that time. 

The clock in a GPS receiver, moving near the surface of the Earth or in space, is also 

subject to relativistic principles and effects.  Most GPS users are typically not concerned with 

these effects for two reasons, 1) relativistic effects on the user clock near the geoid are 

typically orders of magnitude smaller than the intrinsic frequency drift of the local oscillator, 

and 2) local clock bias with respect to GPS coordinate time is part of the traditional GPS 

point solution.  Therefore, the deterministic effects of relativity are simply estimated as part 

of the clock solution. 

GPS receivers operating in highly eccentric or geostationary orbits, however, are 

significantly distant from the geoid, and are likely to use better local clocks (for which the 

relativistic effect might actually be seen), and furthermore may operate for many hours 

without a traditional clock bias solution.  This section provides an overview of the important 

relativistic effects in GPS, describes corrections to the GPS pseudorange measurements to 

account for relativistic effects on transmitters and signal paths, and discusses the relativistic 

effects on the receiver clock in HEO. 
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8.3.1 Relativistic Corrections Applied to GPS Satellites and Signals 

The three most important relativistic effects in the GPS are [2]: 

4. Constancy of light speed and relativity of synchronization – GPS utilizes a 
network of synchronized clocks to realize a coordinate time, which is defined by 
an ideal clock at rest on the Earth geoid.  The principle of the constancy of the 
speed of light, or Einstein synchronization, is used as the basis for defining the 
GPS coordinate time. 

5. Second-order Doppler shift – Also known as time dilation; this is a frequency 
shift proportional to the magnitude of the relative velocity.  A clock moving with 
respect to an inertial reference frame runs slower relative to coordinate time in 
that inertial reference frame than if it were at rest in the inertial reference frame. 

6. Gravitational frequency shift – Also known as gravitational red shift.  A clock 
at rest in a lower gravitational potential runs slower relative to a clock at rest in a 
higher potential.  Clocks close to the Earth run slower than clocks farther away. 

 

The relativistic corrections implemented to account for second-order Doppler shift 

and gravitational frequency shift are applied in two different ways.  The first is a constant 

frequency offset, set onboard each GPS satellite prior to launch, to account for the second-

order Doppler and gravitational frequency shift of a clock in a circular orbit at the altitude of 

the GPS constellation.  This constant rate correction term is given by, 
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where c is the speed of light, GM is the gravitational constant of the Earth, and Φ0 is the 

effective gravitational potential. 

The second is a periodic eccentricity correction, computed by the receiver to account 

for the actual (non-zero) eccentricity of the GPS orbits.  This is the ∆tr term described in the 

GPS ICD-200 and is applied to the measurements by the receiver [1].  The net correction for 

clock offsets due to second-order Doppler and gravitational frequency shift that vary with 

distance (the eccentricity correction) is given by, 
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or can be approximated by, 

 Eaextr sin104428.4 10−+=∆  (8.4) 

where r and v are the position and velocity vectors of the GPS satellite; and e, a, and E are 

the eccentricity, semimajor axis, and eccentric anomaly of the GPS satellite.  This correction 

(in either form) accounts for variation in the satellite transmitter clock due to the second order 

Doppler shift of the clock (i.e. a clock moving with respect to the ECI runs slower than a 

stationary one) and the gravitational frequency shift (i.e. clock at a higher geopotential runs 

faster), assuming a Keplerian orbit.  For the medium-altitude GPS satellite orbits, this is an 

adequate approximation [3].   

It should be noted, there is no reason why both parts of the satellite relativistic clock 

correction (constant and periodic) could not be applied on the GPS satellite.  The choice to 

compute the eccentricity correction in the receiver was made to avoid the additional 

complexity of making this correction on the satellite.  It could be accomplished on the GPS 

satellite by making time varying adjustments to the GPS satellite clock or the transmitted 

satellite clock correction parameters.   

The Sagnac effect is an additional correction sometimes discussed.  It is important 

how the receiver computes the estimate of geometric path delay, or the travel time of the 

signal from the GPS satellite to the receiver.  As long as this distance is computed in an 

Earth-centered, inertial coordinate system, the signals travel in Euclidian straight lines at the 

speed of light, and no Sagnac correction is required.  This is achieved by computing the 

positions of the GPS satellite (at time of transmission) and the user satellite (at time of 

reception) in an ECI frame, iteratively [3]. 

There are several secondary relativistic effects that produce delays of a few cm 

(corresponding to 100 picoseconds of delay).  The Shapiro time delay, a slowing of signal 

velocity near the earth, has an effect less than 2 cm for a satellite to Earth link.  The geodetic 
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distance (instead of straight line distance) has an effect of a few millimeters.  Finally, higher 

order gravitational effects cause delays of approximately 2 cm for the GPS orbits, or about 

7 cm for the TOPEX orbit (1300 km altitude) [3]. 

8.3.2 Relativisitic Effects on the Receiver Clock in HEO 

Any clock in HEO experiences frequency changes as a result of general and special 

relativity relative to a perfect clock at rest on the Earth geoid.  As with the GPS satellites 

themselves, the primary effects are the second order Doppler shift and the gravitational red 

shift.  Given enough GPS observations to form an independent clock solution at each epoch, 

and a very stable clock, variations in the frequency estimate could be observed around the 

orbit.  This would produce inaccurate time and frequency transfer to the spacecraft, but would 

not degrade navigation accuracy (except to the degree that the time tags are incorrect).  

However, with a real clock, the effects may be too small compared to frequency error to 

observe, let alone to bother correcting.  If the effects are large and unaccounted for, they will 

degrade the ability to predict the clock errors around the orbit and possibly even correct the 

time tagging of events onboard the satellite. 

If the orbit can be reasonably modeled as Keplerian, the second order Doppler shift 

and gravitational red shift may be handled together by applying a frequency offset to the 

receiver clock, given by Equation 8.2 for a circular orbit with radius equal to the orbit 

semimajor axis (a), plus a correction due to the orbit eccentricity as given in Equations 8.3 or 

8.4.  This is the same procedure described in the previous section for the GPS satellite clocks.  

If the orbit is significantly non-Keplerian (i.e. due to drag at a very low perigee, luni-solar 

gravity, or solar pressure), it would be better to use an alternate expression given in Reference 

[3], which separates the two effects. 

Figure 8.1 shows the frequency shift as a function of radius for several elliptical 

orbits, accounting for both the constant and variable terms.  For the ST5 orbit (HEO2), the 
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frequency shift varies with radial distance but is always the same sign.  For other orbits with 

lower perigee altitudes, the sign of the frequency shift changes twice per orbit. 
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Figure 8.1: Receiver clock frequency shifts due to 2nd order Doppler and 
Gravitational red shift in HEO orbits as a function of orbital radius.  Largest shift is 
on the order of 6 x 10-10.  The solid line shows the frequency shift for a vehicle in a 
circular orbit at the given radius. 

Finally, for HEO users it is important to model the first order Doppler shift, or the 

traditional Doppler measurement, without linearizing.  If not done correctly this will 

introduce an error with the same order of magnitude as the relativistic effects described here.  

For a perfect clock, the proper expression for the measured frequency (fm) in terms of the 

transmitter frequency (f0), the line of sight unit vector (e), the receiver velocity vector (vr), 

and the transmitter velocity vector (vt) is given by, 
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The Doppler shift is fm-f0. 
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8.3.3 Summary of Relativistic Effects for HEO Users 

Relativistic effects for a receiver in HEO are the same order of magnitude as for 

circular orbits at the same altitude.  They can be readily compensated in the receiver in the 

same manner as they are for near Earth or LEO receivers, with additional corrections similar 

to those applied to the GPS satellite clocks; a constant frequency offset plus a variable 

correction computed as a function of the satellite position and velocity vectors. 

8.4 Selection and Control of Local Oscillator 

Previous sections provided background on the GPS observables and the effects of the 

local clock offset and drift.  This section discusses the selection of a reference oscillator for 

the GPS receiver and some of the design choices regarding timing and measurement 

processing. 

8.4.1 Reference Oscillator Performance and Cost 

The reference oscillator can be a significant cost component of a GPS receiver.  The 

selection of the local oscillator is a tradeoff between cost, stability, and the operating 

temperature range.  Certain oscillators may be prone to sudden step changes that would cause 

loss of lock and make it extremely difficult to accurately model the behavior of the receiver 

clock in a filtered solution [66].  Short-term stability tends to affect the receiver tracking 

performance, because it is equivalent to the receiver undergoing a change in dynamics.  

Long-term stability tends to effect signal acquisition times because it increases the size of the 

signal search window [54].  In HEO applications, the long-term clock stability directly affects 

the error in the dynamic orbit propagation when GPS observability is poor. 

Table 8.1 summarizes some of the important characteristics of common frequency 

standards.  The accuracy is a measure of how well the oscillator matches its nameplate 

frequency.  The stability describes the precision or spread of the frequency drift about the 

nominal frequency.  Aging is the natural frequency drift associated with the oscillator in the 
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absence of any environmental effects such as temperature, vibration, etc.  In general, as the 

accuracy increases, so does the power requirement, size, and cost. 

The GPS satellites use cesium and rubidium atomic frequency standards, and even 

these expensive, high performance oscillators are not perfect, as the receiver must apply 

satellite clock corrections in the solution process.  Most receivers use relatively inexpensive 

temperature compensated crystal oscillators (TCXO) as the internal reference frequency 

source.  The accuracy of a low cost TCXO is in the range of several parts per million – 

equivalent to an error of approximately one second per day.  Because the bias and drift of the 

local oscillator is part of the solution, the long term stability of the oscillator is of little 

importance in many terrestrial applications.  In some higher precision and space applications, 

more stable and more expensive oven controlled crystal oscillators (OCXO) are sometimes 

used.  The Motorola Monarch is an example of a high precision receiver that uses an OCXO. 

Table 8.1: Characteristics of Common Frequency Standards [66]. 

 Quartz Oscillators Atomic Oscillators 

 TCXO OCXO Rubidium Cesium 

Accuracy/year* 2 x 10-6 1 x 10-8 5 x 10-10 2 x 10-11 

Aging/year 5 x 10-7 5 x 10-9 2 x 10-10 0 

Temp Stability 
(range, °C) 

5 x 10-7  
(-55 to +85) 

1 x 10-9  
(-55 to +85) 

3 x 10-10  
(-55 to +68) 

2 x 10-11  
(-28 to +65) 

Stability σy(τ)  
(1 sec) 

1 x 10-9 1 x 10-12 3 x 10-12 5 x 10-11 

Size (cm2) 10 20-200 200-800 6000 

Warm up time 
(min) 

0.03 
(to 1 x 10-6) 

4 
(to 1 x 10-8) 

3 
(to 5 x 10-10) 

20 
(to 2 x 10-11) 

Power (W) 0.04 0.6 20 30 

Price (~$) 10-100 200-2,000 2000-8,000 50,000 

*Listed accuracy includes environmental effects. 

 

Figure 8.2 provides more of a qualitative picture of the stability of several frequency 

standards versus averaging time.  Again, for HEO applications, the long-term stability, over 

hours, is the most critical to the performance of the receiver.   
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Figure 8.2: Comparison of stability as a function of averaging for several frequency 
standards, courtesy J. Vig. [66] 

8.4.2 Receiver Clock Control Strategies 

Because the local oscillator is not perfect, there will always be some offset between 

the receiver’s current estimate of time and actual GPS coordinate time.  The internal estimate 

of GPS time is typically corrected to account for the current estimate of clock bias and drift.  

One of the receiver design decisions involves whether to use this corrected time scale for 

important measurement and solution processing functions in the receiver.  The alternative is 

to reference events and measurements to the unmodified time scale based on the local 

oscillator.  The appropriate choice is application dependent.  Receivers typically do not adjust 

the frequency of the signals generated for down conversion or the actual length of the 

fundamental local time scale to compensate for known clock frequency errors.  A receiver 

does, of course compensate for this in the generation of the 1 PPS output signal, which is 

desired to be aligned with GPS time.  Some receivers adjust the measurement epochs to align 
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with the real-time estimate of GPS time.  The resolution with which this adjustment is made, 

varies from one receiver to another. 

The level of errors associated with the local clock bias and drift estimates will vary 

based on the data source.  When the receiver is initialized, clock bias and drift are obtained 

from some a priori estimate that could be significantly in error.  After the first GPS satellite is 

tracked, the GPS navigation message can be used to set the correct GPS coordinate time in 

the receiver.  Theoretically, this sets the initial clock bias in the receiver to within the 

accuracy of the assumed path delay to the GPS satellite.  In practice, this method typically 

sets time to within hundreds of milliseconds.  Bias and drift estimates from the navigation 

point solution would typically be accurate to within 30-300 ns (roughly corresponding to 

point solution errors between 10-300 m).  Many receivers filter the bias and drift solutions 

used to compute the local GPS coordinate time to reduce the effect of the measurement noise 

present in individual point solutions.  In receivers implementing a real-time navigation filter 

and clock model, bias and drift estimates from the filtered solution will generally be better 

than those available from an instantaneous point solution. 

There are several choices to be made with regards to how the local estimate of GPS 

system time is used in the receiver in the formation and reporting of measurements.  First we 

assume that there are always two time scales available; the raw system time based directly on 

the frequency reference of the receiver, and the best estimate of GPS coordinate time, derived 

by correcting the raw time using the latest bias and drift estimates.  Furthermore, we will 

assume that whenever a solution is reported by the receiver (position and velocity), it will 

include the corresponding clock bias and drift solutions, regardless of whether it comes from 

a point or filtered solution.   
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8.4.2.1 Measurement scheduling 

There are three primary design options with regards to the sample clock or 

measurement interrupt used to schedule the formation of measurements in the receiver.  First, 

measurements are formed at some regular interval based on the measurement interrupt, which 

is based on the raw system time.  Second, the measurement interrupt is still based on the 

unmodified frequency of the local oscillator, except that the measurements are formed on the 

interrupt that aligns closest with the one second GPS epochs as determined by the corrected 

time in the receiver.  Third, the measurement interrupt is actually adjusted based on the 

corrected time to align with the true GPS second epochs.  In the first two cases, the 

measurements are based on the fundamental time scale of the receiver; however, the second 

case has the advantage that when an accurate clock solution is available, the measurements 

will happen close to the GPS second epochs making it easier to compare measurements 

across different receivers.  The third approach allows for the closest alignment of the 

measurement epochs with GPS coordinate time; however, it has the disadvantage in that the 

residual clock error is now inherent in the measurements.  The second case is the most 

desirable because the fundamental time scale of the receiver is not altered, and yet this will 

make it possible to synchronize measurements across different platforms to within 50 ms 

(half of the typical measurement epoch in many receivers). 

8.4.2.2 Measurement reporting 

There are several options with regards to how the measurements and time tags are 

reported by the receiver.  In the simplest approach, the raw measurements described in 

Section 8.1 are reported directly and time tagged based on the raw time scale in the receiver.  

In this manner all of the measurements and time tags are consistent in that they all contain the 

common clock bias and drift terms.  Unfortunately, because the receiver clock bias can be 

very large, pseudorange measurements can become huge or negative.  If this method is used, 
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the point or filtered solution processing must first correct the measurements and time tags in a 

coarse sense prior to forming a solution.  One advantage is that the raw measurements are 

more suitable as the basis for a model of the measured oscillator characteristics.   

Alternately, the receiver can form corrected measurements and time scale by using 

the clock bias and drift solutions from a point or filtered solution to correct the pseudorange 

and Doppler, and the associated time tag.  In this case no preprocessing is required prior to 

using the measurements in solution processing.  However one difficulty is that the effective 

clock bias that will now be estimated in a point or filter solution is the error in the real-time 

clock correction.  The temporal characteristics of this bias are dominated by the real-time 

point solution errors, not the oscillator stability, making it impossible to base a clock model 

on the actual physical behavior of the oscillator.   

In the case of the point or filtered solution (including clock bias terms), the time tags 

can be either raw or corrected.  In either case, if the true clock bias and drift are reported with 

the solution, the raw or corrected time scales can be reconstructed.  Regardless of which of 

these strategies is used, the most important consideration is that all of the measurements and 

time tags are consistent.  For example, it would be undesirable to report a pseudorange 

measurement that is corrected for the estimated clock bias, if the Doppler or ADR 

measurements still contain the clock drift terms attributed to the local clock.  If these 

measurements were processed together, the observed drift attributed to the user clock would 

be inconsistent with the observed change in the bias between subsequent measurements. 

8.4.3 Example Clock Control Strategies 

Table 8.2 provides a summary of some of the key details regarding the timing and 

measurement processing functions in several GPS receivers.  In all of the receivers listed, the 

fundamental reference frequency is allowed to run freely.  The Motorola Monarch receiver 

reports uncorrected time tags and measurements, and only “corrects” the internal time in the 



 183

receiver when the bias exceeds ± 1 second.  The Turbostar receiver adjusts the measurement 

epochs and corrects the measurements and time tags; however, it also makes raw/uncorrected 

measurements available from the receiver.  The TANS Vector and TENSOR receivers also 

periodically adjust the internal time scale to keep the estimated bias less than ±0.5 ms.  The 

time scale (and time tags) are in error by an amount equal to the bias, even though the amount 

of this error is known in the receiver from the bias solution.  The clock resets cause a jump in 

the measurements.  This is similar to the way in which the Motorola Monarch allows the 

clock to free run; however, the resets in the Monarch will happen much less frequently. 
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Table 8.2: Example Timing and Measurement Processing Implementations 

Receiver Clock and Measurement Epoch Measurements 

Motorola 
GPSDR 
(TOPEX) 

Free running high quality oscillator 
Measurements made at 10 Hz rate 
 

Time tag on raw data is uncorrected 
Daily estimates of clock offset and drift are 
computed by a fit to real-time point solutions 
and used to correct time tags for post 
processing 
Measurement epoch closest to the GPS 
second selected for processing 

Motorola 
Viceroy 
(QuikSCAT) 

Clock bias estimated by onboard point 
solution 
Measurement epoch adjusted based on 
bias solution 

Time tags corrected using bias solution 
Pseudorange corrected using bias solution 
Raw pseudorange also available in the 
telemetry stream by t_transmission – timetag 

Motorola 
Monarch 

Free running high quality oscillator 
(OCXO) 
Local time scale is uncorrected, unless 
clock bias exceeds ±1 s 

Time tags and measurements uncorrected 

JPL 
Turbostar 
(GPS/MET) 

Clock bias estimated by point solution 
Measurement epoch adjusted based on 
bias solution 

Time tags corrected using bias solution 
Pseudorange corrected using bias solution 
Raw pseudorange also available by 
t_transmission – timetag 

APL GNS 
(TIMED) 

Free running oscillator 
Measurement epoch and time tags 
adjusted with 50 ns resolution based 
on bias solution 
Measurement epoch based on 1 PPS 
trigger 

Pseudorange corrected (contains only residual 
bias from local clock) 

TANS 
Vector, 
Tensor 

Free running oscillator 
Bias estimated by point solution 
Local time scale is uncorrected, unless 
bias exceeds ±1 ms 
Measurements epoch based on 
uncorrected local time scale 

Time tags uncorrected 

Time tags are in error by as much as ±1 ms, 
which shows up as an along-track bias in the 
reported position 
Bias and drift reported with point solution, 
time tags can be corrected on the ground 

Mitel GPS 
Builder-2 

Free running oscillator 
Bias estimated by point solution 
Measurements occur at one hertz rate 
with arbitrary reference 

Internal time scale and time tags corrected 
Pseudorange corrected (formed from 
corrected receive time), other measurements 
uncorrected 
Residual bias and drift reported with point 
solution 

 

Selected data, recorded as part of the tests outlined in Chapter 5, is presented here to 

illustrate the impact of the design of the timing and measurement processing functions on the 

data obtained from the receiver.  Figure 8.3 illustrates the behavior of the internal time scale 

of the TANS Vector and the impact on the measurements.  The first plot shows the time 
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history of the clock bias solution.  The local time scale is allowed to free run based on the 

frequency of the local oscillator until the magnitude of the bias exceeds 0.5 ms, and the local 

time is incremented by one millisecond.  The second plot shows the effect of the uncorrected 

clock bias and periodic resets on the measurements.  These errors were rotated to the local 

RIC coordinate frame defined by the position and velocity vector of the receiver.  Position 

errors were obtained by subtracting the truth from the measured positions.  Timing errors 

show up as an along-track position error proportional to the along track velocity (7.3 km/s in 

this case).  The third plot shows the along-track position errors after the time tags have been 

corrected to account for the bias.  Note there is still a –2.8 meter along track bias, which 

indicates the TANS Vector time scale is 0.38 ms early with respect to GPS coordinate time.  

Alternately, the time scale could be correct and instead this is due to a problem with how the 

measurements are time tagged internally. 

Figure 8.4 shows the reported clock bias and along-track position error for the PiVoT 

receiver running the standard measurement processing and time tagging algorithms of the 

Mitel source code.  These were recorded in exactly the same orbital scenario as the data from 

the TANS Vector in the previous figure.  In this case, the internal time scale in the receiver is 

corrected with the new bias and drift estimates at each measurement epoch.  So unlike the 

Vector, the reported time tags always reflect the receiver’s best estimate of GPS coordinate 

time.  For this reason the clock biases only reflect the residual solution errors, which are 

typically on the order of tens of nanoseconds or less than 30 m.  In this case, the true behavior 

of the clock is not observable; however, the measurements do not exhibit the jumps due to the 

clock resets in the Vector.  It is interesting to note that the PiVoT data shows an along track 

bias of 2.9 m; similar in magnitude but opposite in sign to the Vector.  This indicates that the 

local PiVoT time scale is behind GPS coordinate time by about 0.39 ms. 
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Figure 8.3: Clock bias solutions and corresponding along-track position errors from a 
TANS Vector receiver in a LEO.  The second plot shows the along-track position 
errors; the third plot shows the along-track errors after correcting for the clock bias. 
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Figure 8.4: Clock bias solutions and along-track position errors from the PiVoT 
receiver in a LEO.   

Figure 8.5 provides plots of the reported frequency drift from both receivers.  Once 

again, the data from the PiVoT is not a measure of the drift of the oscillator, but the residual 

drift due to the errors in the point solution.  Because of the way in which the local time scale 

in the PiVoT is maintained, the data does not provide us with any information about the true 

behavior of the local oscillator.  In the case of the Vector, the data indicates that the accuracy 

of the local oscillator (the difference from the nominal frequency) is approximately 1.5 ppm.  
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The change in slope of the drift in the Vector data during the first hour can be attributed to the 

warm-up period of the oscillator; the receiver was powered on immediately before the test, 

and the drift is more regular after it has warmed up. 
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Figure 8.5: Clock drift solutions in ns/s from PiVoT and TANS Vector. 

8.4.4 Clock Models Suited to HEO 

Due to the long data outages common at high altitudes, current clock error models 

based on the random walk idealization may not be suitable for use in HEO applications.  A 

concern is that the covariance of the clock errors could become extremely large.  The second 

order Gauss-Markov process, previously studied as an approximation for Selective 

Availability, is a two-state model that approximates the behavior of existing models over 

short time periods, but does not have the instability problem in the presence of long gaps 

between measurement updates [16,64].   

8.5 Proposed Timing and Measurement Processing for HEO Receiver 

In addition to the considerations presented in the previous sections, a HEO GPS 

receiver will not always have a point solution available to provide an accurate clock estimate.  

Even the accuracy of clock estimates from the filter solution will vary greatly through long 

data outages or periods of sparse visibility.  Another problem for HEO users relates to 
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assumptions about the typical range to a GPS satellite.  For example, in the Mitel GPS 

Builder-2 software, the true range to the GPS satellite is assumed to be always less than 

0.5 seconds or 150000 km.  Any HEO in which the spacecraft travels higher than 

approximately 20 Earth radii will violate this assumption.   

8.5.1 PiVoT Timing 

The current design for PiVoT has both a raw and corrected time scales available.  

The fundamental frequency of the local oscillator and the measurement epochs are allowed to 

free run.  All observations are referenced to the fundamental time scale governed by the local 

oscillator.  The receiver has the option to output either corrected or raw measurements at any 

time.  These measurements are compatible with the RINEX format.   

The fundamental time scale in the PiVoT receiver is based on the TIC, an integer 

count that is incremented on an interrupt in the receiver, nominally tTIC = 0.0999999 seconds.  

The TIC is derived from the local oscillator, which is used to keep time in the receiver.  A 

raw estimate of GPS time is obtained by simply computing the time elapsed between TICs 

based on the nominal TIC interval.  This uncorrected local time scale drifts with respect to 

true GPS coordinate time.  The receiver is assumed to have three versions of GPS coordinate 

time: a raw time based on the TIC, but initially corrected from the GPS navigation data; a 

corrected time scale based on the existing point solution derived clock model; and the 

corrected time derived from the clock model in the GEONS filter. 

When the receiver is first powered on, a reference for the internal time scale, or the 

time at TIC=0, must be obtained from a real-time clock or another external source.  This 

initial reference time could be significantly in error, by many seconds.  When the navigation 

data from the first satellite is processed, the receiver can correct the initial reference time or 

effectively reset the local time scale based on the time of week (TOW) bits in the navigation 

data.  This procedure generally sets the local time to within several tenths of a second of GPS 
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coordinate time, if the assumed signal path delay is not significantly in error.  During this 

time there is effectively no knowledge of the bias in the local time scale, but time is generally 

assumed to be within ±0.5 seconds of GPS coordinate time.   

When the first solution is available, a corrected local time can be computed by adding 

the current bias estimate (from the point solution or the filter) to the raw time.  The accuracy 

of the current bias estimate will vary greatly based on the source of the solution.  The bias 

from a point solution is accurate to the level of the solution error (~100 ns).  The bias from 

the filtered solution (with the same number of observations available) will generally be better 

than the instantaneous bias computed from a point solution.  The point solution based clock 

model is not well suited to propagate the clock solution terms forward through long outages.  

The filtered solution obviously allows the receiver to continue to estimate the clock terms 

even when fewer than four satellites are visible; however, through long outages, the accuracy 

of the corrected time scale will degrade.   

The timing strategy for a receiver with clock estimates available from both point and 

filtered solutions is summarized through the three time states outlined in Table 8.3.  Each 

time state corresponds to a different source and accuracy of the local time scale in the 

receiver.  Under normal conditions, beginning with power-on, the time state progressively 

increments from 0, to 1, to 2 when the first point solution is available.  State 3 would be used 

within GEONS to describe a local time estimate derived from the GEONS estimated clock 

offset.  The current “time mode” is used to distinguish which version of time is currently 

being used in the receiver, or associated with a set of measurements.  The raw time, traw 

provides an underlying time scale as the basis of both tpoint and tfilter that is directly linked to 

the behavior of the local oscillator (except during the rare occasions when a reset occurs).  

Because traw is maintained within a few tenths of a second of GPS coordinate time, it can be 

used as a basis to form raw measurements even if no solution of any kind is available in the 
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receiver.  In certain applications, to report raw measurements for use by and external filter, it 

may be desirable to use traw even if tfilter is available. 

Table 8.3: Proposed Time States for HEO Receiver. 

Time State Description 

0. No time Time not yet set 

1. Raw The raw GPS coordinate time is fundamentally linked to the frequency of the local 
oscillator by the TIC, but initially corrected to be close to true GPS time after the first 
satellite is tracked.  The raw GPS time at TIC=0 is computed by,  

traw = t0 + bnav + TIC*tTIC 
where 

t0 the initial reference time when the receiver is powered on (at TIC=0) 
bnav  the clock bias computed from the time in the navigation data 
TIC the integer number of the current TIC 
tTIC  the nominal duration of a TIC, 0.0999999 s 

 
Before the first satellite is tracked, bnav = 0 and traw can be significantly in error.  The 
initial bias, bnav, is initially set from the navigation data time stamp when the first 
satellite is tracked.  The current traw can be subsequently monitored against the rough 
time stamp available in the navigation data to keep traw within ±0.5 s of GPS 
coordinate time. 

2. Point The corrected time based on the GPS point solution at the current TIC is computed 
by, 

tpoint = traw + bpoint + dpoint*∆t 
where 

traw  raw time at the current TIC 
bpoint estimate of bias computed at the last point solution 
dpoint  estimate of drift computed at the last point solution  

∆t the elapsed time between the last point solution and the current TIC 
 
Note: PiVoT estimates the residual clock bias and drift, which are used to update the 
current estimate of the total bias and drift in the clock model 

3. Filter The corrected time based on the filter solution at the current TIC is computed by, 

tfilter = traw + bfilter + dfilter*∆t 
where 

bfilter estimate of bias computed at the last filter solution 
dfilter  estimate of drift computed at the last filter solution  

∆t the elapsed time between the last filter solution and the current TIC 

 

Under normal circumstances, the navigation filter and clock model will provide a 

corrected estimate of GPS coordinate time based on the filter bias and drift solutions.  When 

GPS observability is favorable, the accuracy of tfilter should be tens of nanoseconds.  
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However, even during predictive regions in which no GPS measurements are available, the 

filter clock model is designed to provide a much better estimate of time than would be 

possible using a single bias and drift estimate from a point solution propagated forward in 

time.  There is no explicit requirement to provide a third timing reference within the receiver; 

however, assuming that the receiver still has a standard point solution capability, tpoint 

provides a time scale that is based on the point solution clock terms which could be used in 

the time tagging of point solution data.  During even short data outages, in which fewer than 

four GPS satellites are visible, the tpoint will rapidly diverge from GPS coordinate time. 

If a data outage lasts long enough for clock errors to grow beyond a pre-determined 

limit, the receiver will transition from time mode 3 back to mode 1.  The raw time scale is 

always guaranteed to be close to GPS coordinate time since traw is monitored against the time 

from the navigation data.  The error associated with each of the time states, and the variance 

of the clock bias and drift solutions, are continuously evaluated by the state monitor function 

in the receiver.  This is where a decision would be made to switch the current time state. 

8.5.2 PiVoT Measurement Processing and GEONS Interface 

Observation data are available in the PiVoT receiver on the measurement interrupt, 

corresponding to the start of each TIC.  The TIC frequency is uncorrected; like all of the 

basic tracking and signal processing functions in the receiver, it is fundamentally tied to the 

local oscillator.  Measurements are nominally formed from the observation data at a 1 Hz 

rate.  In order to achieve synchronization of the measurements between different receivers, 

the set of observations (or TIC) closest to the one-second GPS boundaries is chosen for the 

measurement epoch.  Whether the receiver is commanded to output measurements at 1, 10, or 

100 second intervals, this design will ensure that the measurements made from different 

receivers will be coordinated to within half of the TIC period, or 50 milliseconds.  Obviously, 
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the ability to select the TIC closest to the true GPS second epochs is dependent on the 

accuracy of the local corrected time. 

A fundamental modification is required to the method used to form the pseudorange 

in the Mitel GPS Builder-2 to account for potentially long ranges in very high altitude HEO 

missions.  The pseuodrange is a modulo one-second number, due to the fact that the code 

epoch counters in the GP2021 correlator used to measure the transmit time of the GPS signal, 

(tT), overflow at a value of one second.  The receiver can tolerate this one second 

pseudorange ambiguity by assuming that the measured transmit time and receiver time fall 

within the same integer GPS second.  This method works assuming the typical GPS signal 

path delay of a terrestrial user of 0.07 seconds, and if the local clock error is assumed to be 

always less than ±0.5 s.  However, these assumptions limit the true range from the receiver to 

a GPS satellite to approximately 0.5 s or 150000 km.  Any HEO receiver above an altitude of 

approximately 20 Earth radii will measure ranges longer than this.   

The proposed fix to correct this pseudorange ambiguity problem for HEO users is to 

record the code phase epoch count as a number that is modulo 10 s rather than modulo one 

second.  The single-second code phase epochs can be accumulated in software.  The 

pseudorange will no longer be a modulo one second number, although it will still rarely 

exceed one second.  Instead of assuming the transmit and receive times occurred within the 

same integer second, the receiver will now assume they both occurred within the same ten 

second epoch. 

The measurement types available from the PiVoT receiver are summarized in Table 

8.4.  Some users may prefer the receiver to output raw measurements and uncorrected time 

tags in order to have access to data that had not been modified in any way by modeled or 

estimated errors.  This is the case in many post-processing applications.  In other cases, the 

best, corrected measurements and time tags available from the receiver are required, such as 

would be the case if the receiver were providing data to another process on the spacecraft to 
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be used in real-time.  In the case of corrected measurements, the actual applied bias and drift  

used to correct the measurements are included, so it is possible to reconstruct the raw 

measurements.  These data are not normally included with GPS measurements.   

Table 8.4: PiVoT Measurement Outputs 

Measurement Description 

time [week, seconds] time tag 

pseudorange [m]  

phase [m] (if available) 

Doppler [m/s]  

C/N0 [dB-Hz] carrier to noise-spectral-density 

bias [m] bias applied to time tag and measurements, zero if raw 

drift [m/s] drift applied to measurements, zero if raw 

time state indicates the reference time, whether corrected or raw 
 

The specific measurement types and formats required by PiVoT for use in the point 

solution routine, for input to GEONS, and to form RINEX compatible measurement data to 

external users are summarized here.  The receiver should output a raw measurement type that 

is always available even if the receiver cannot compute point or GEONS solutions, in order to 

provide a fail-safe measurement output from the receiver.  The existing PiVoT point solution 

routine uses corrected time tag, corrected pseudorange, and uncorrected Doppler (based on 

point time).  The point solution then estimates the residual clock bias and the total clock drift.  

GEONS requires uncorrected time tags, uncorrected pseudorange, and uncorrected Doppler 

in order to model the full clock bias and drift.  The raw time scale provides a means for 

PiVoT and GEONS to communicate and transfer data referenced to a common, unambiguous 

time reference.  GEONS should be able to process data from the receiver in the same way 

whether received in real time from the GEONS-PiVoT interface, or from a RINEX file.  The 

receiver should also have an option to output RINEX compatible measurements.  Although 

the RINEX specification calls for “uncorrected data” (measurements and time tags still 

contain clock offset), whether the RINEX data are corrected or uncorrected is not as 
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important as ensuring that the corrections are applied in a consistent fashion across the entire 

observation record, and each of the observations in a record are consistent and synchronized.   

Solutions from the receiver should always use corrected time tags, if available.  In 

PiVoT, there will be two solution types corresponding to the two corrected time scales: point 

solutions and filter solutions.  Table 8.5 summarizes the solution data available from the 

receiver.  The point solutions would only be available when four or more satellites are 

tracked simultaneously. 

Table 8.5: PiVoT Solution Outputs 

Solution data Description 

tpoint [week, seconds] time tag corrected from point solution bias 

x, y, z, bias [m] position solution 

vx, vy, vz, drift [m/s] velocity solution 

navigation mode indicates the source of the solution (point, filter, etc) 

 

8.6 Summary 

The behavior of the local oscillator and design decisions regarding timing of 

functions in the receiver are critical to performance.  The frequent data outages and sparse 

signal visibility in HEO require a stable oscillator and a robust clock model, capable of 

keeping an accurate estimate of GPS coordinate time even through long data outages.  Some 

high accuracy HEO applications may require more stable and expensive reference oscillators 

to provide the desired performance.   

Special considerations are required to allow for very long pseudorange measurements 

and large clock biases in HEO.  Furthermore, care must be taken to ensure measurements 

within the receiver are synchronized to a common epoch, and that this time is precisely 

labeled in the receiver to avoid timing biases.  In some cases, it is important to synchronize 

measurements with an external time scale to make it easier to compare across different 
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receivers.  However the fundamental rates governing measurement epochs, and the signal 

processing sections of the receiver should be unmodified.   

The measurements from a GPS receiver contain biases contributed by signal path 

delays, and errors in the GPS satellite and receiver clocks.  Relativisitic corrections applied to 

the GPS satellites and signals are no different in HEO than in any other GPS applications.  It 

is important for the receiver to have a raw, uncorrected time scale and measurements 

available to allow for modeling of the actual clock behavior in the navigation filter.  The 

receiver will also typically provide some corrected measurement types, and a corrected 1-PPS 

reference timing signal. 





CHAPTER    9 

SUMMARY AND CONCLUSIONS 

9.1 Summary 

This dissertation develops the systems level design of a GPS receiver to support 

onboard orbit determination and relative navigation for high Earth orbit (HEO) satellite 

missions.  It is capable of tolerating the widely varying signal dynamics, geometries, and 

power levels expected in HEO.  The primary emphasis of this research is the development of 

algorithms and methods to implement in the GSFC PiVoT GPS receiver to optimize the 

performance for space and HEO missions in particular.   

A set of spaceborne GPS simulation tools have been developed and used to conduct 

an in-depth analysis of the characteristics of GPS signals for a receiver operating in a variety 

of space scenarios.  GPS signal characteristics vary greatly between different HEO scenarios, 

and even between perigee and apogee for highly eccentric orbits.  The altitude of the vehicle 

is the primary variable affecting the signal conditions.  At low altitudes, geometries and 

signal levels are favorable; however, dynamics are extremely high.  At high altitudes, power 

levels are weaker and geometries are poorer, but the dynamics are more manageable.  For 

many high altitude tracking scenarios, GPS power levels from main lobe and side lobe signals 

may be close to or just below the nominal tracking threshold of conventional GPS receivers.  

Modest reductions in the tracking threshold of even 3 to 5 dB significantly improve signal 

visibility and overall navigation performance.  Using simulated GPS pseudorange 

measurements, navigation performance is very promising, with position errors on the order of 
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tens of meters possible even in orbits exhibiting very sparse signal visibility.  These levels of 

accuracy exceed the requirements of many existing HEO mission concepts.   

Tests were conducted using a GSS GPS simulator at GSFC to assess the initial 

performance of the PiVoT receiver.  In order to create a realistic HEO simulation capability, 

several critical modifications were made to overcome inherent design assumptions in the 

simulator that restrict the receiver to regions near the surface of the Earth.  Through this 

testing, many insights were gained into the behavior of the clock models and resulting 

measurement errors when the receiver attempts to operate in the sparse visibility 

environments at high altitudes.  Even the existing version of the PiVoT receiver – 

incorporating only a few basic satellite acquisition modifications – was able to achieve decent 

tracking performance in the simulated HEO scenarios.   

An overall signal acquisition procedure was developed consisting of three key 

components: signal detection, Doppler search, and satellite selection.  The new satellite 

selection algorithms provide a single, simple method that works for any orbit or antenna 

configuration.  The signal search and detection functions make use of known dynamics to 

locate signals more quickly.  Using the Tong signal detector results in dramatic improvement 

in the search speed, particularly for reduced signal to noise levels.  The overall acquisition 

process is adaptable to the widely varying conditions present across HEOs.  A cold start 

acquisition procedure was developed that provides an efficient initialization even if no 

information is available to aid the search process. 

A HEO receiver should employ an adaptable tracking loop design that sets the value 

of the loop bandwidths, predetection bandwidths, and filter gains based on the expected 

signal levels and dynamics.  The use of an onboard navigation filter to provide velocity 

aiding data to the carrier tracking loop provides significant improvements in weak signal 

tracking, and the first flight of a GPS receiver demonstrating these techniques is expected on 

the CNES STENTOR satellite in 2001.  An integrated receiver design with tightly coupled 
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tracking and navigation processing will make it possible to utilize GPS observations even in 

very high orbits where none of the GPS signals are above conventional receiver tracking 

thresholds. 

The frequent data outages and sparse signal visibility in HEO require a stable 

oscillator and a robust clock model, capable of keeping an accurate estimate of GPS 

coordinate time even through long data outages.  Furthermore, care must be taken to ensure 

measurements within the receiver are synchronized to a common epoch, and that this time is 

precisely labeled in the receiver to avoid timing biases in the observations.  In some cases, it 

is important to synchronize measurements with an external time scale (such as GPS 

coordinate time) to facilitate the comparison of observations across different receivers.  It is 

also important for the receiver to have a raw, uncorrected time scale and measurements 

available, to allow for modeling of the actual clock behavior in the navigation filter. 

9.2 Conclusions 

Although GPS was designed for users on or near the surface of the Earth, GPS 

observations recorded in high Earth orbits, even from high above the altitude of the GPS 

constellation, are useful for spacecraft navigation.  With a properly designed GPS receiver, it 

is feasible to use GPS based measurements to perform autonomous navigation functions in 

most high Earth orbits, without relying on enhancements to the GPS constellation.   

It was stated in Chapter 4 that the limiting altitude for tracking GPS signals using a 

conventional receiver is approximately 25-30 Earth radii.  Some of the weak signal tracking 

techniques discussed in this dissertation could extend this limiting altitude to perhaps 40 to 50 

Earth radii.  The actual altitude limit for GPS tracking in a particular scenario is highly 

dependant on the capabilities of the receiver, the specific antenna configurations, and the 

pointing constraints of the spacecraft.  GPS could still be used in orbits with apogees 

extending above these altitudes; however, the perigee altitude would be limited to 
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approximately the geostationary altitude, and dynamic-only orbit propagations would be 

required for extended periods above the GPS tracking limit. 

To get the best performance from a GPS receiver in HEO requires special attention to 

many details of the receiver design.  Many aspects of the design are affected by the condition 

that the receiver must operate for long periods of time without a conventional point solution.  

To reduce the amount of time the receiver must operate in this under-determined condition, it 

is desirable to take steps to increase the ability of the receiver to track weaker GPS signals, 

close to or below the tracking threshold of conventional receivers.   

Several of the new space GPS receivers that have been developed in recent years are 

particularly well suited to be adapted for HEO, by including the modifications and 

enhancements presented in this dissertation.  The capabilities of new GPS receivers, and the 

role they play on future Earth orbiting spacecraft will continue to grow. 

9.3 Future Work 

Although there have been several HEO flight experiments to date, very little GPS 

data have been returned.  Actual measurements of GPS signal levels from side lobes are of 

great interest to quantify the contribution of these signals for HEO users.  No contribution 

beyond the second GPS sidelobe has been considered in this work, but there could be 

significant observability for certain medium altitude missions.  Data recorded with a well 

calibrated receiving antenna will have the greatest value to characterize the transmitted power 

levels of the individual GPS satellites.  Furthermore, as the current Block IIR replenishment 

satellites gradually comprise a larger part of the GPS constellation, future GPS visibility 

models should include a separate model for each satellite to account for differences in the 

transmitting antenna gain patterns and variations in the transmitted power levels between 

GPS satellites. 
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Additional work is required to develop a model for signal delays and refraction due 

to charged particles along the GPS signal path for a HEO space user.  The existing models for 

the ionosphere generally assume a one-way signal path between the GPS satellite and a user 

completely below the delay-causing atmosphere.  The most appropriate model for a space 

user might consist of a series of concentric shells, each with a unique value of electron 

density.  The delay would be computed by accumulating contributions as the signal passes 

through each shell.  Due to the long path lengths involved, even high altitude limb crossing 

signals, normally assumed to be above the ionosphere, may have measurable delays due to 

charged particles in the plasmasphere.  These effects need to be quantified for space GPS 

users to determine if the cost and complexity of a dual frequency GPS receiver is necessary. 

All new space receivers in recent years have included accurate dynamic models 

incorporated into some type of extended Kalman filter.  The quality of onboard, filtered 

solutions will continue to improve as dynamic models improve and computational resources 

in GPS receiver processors increase.  Tight coupling of the navigation filter and tracking 

loops and other techniques designed to improve tracking capabilities of weak GPS signals (or 

improve tracking in conditions of radio frequency interference) will continue to receive a 

great deal of attention.  Until improvements are made to the GPS constellation to augment the 

available signals for HEO users, improvements in performance must come from the ability of 

the receiver to make use of the measurements already there.  This technology is of great 

interest not only to space applications of GPS, but also for high jamming environments and 

other new applications such as indoor use of GPS, requiring tracking of weaker signals.   

With increasingly powerful receiver processors, the GPS receiver is already starting 

to become more than a single navigation sensor.  In addition to operating the digital receiver 

and navigation processing functions associated with GPS, the receiver processor may take 

over many other functions normally performed by the spacecraft computer such as processing 

measurements from star cameras, accelerometers, cross link ranging measurements, and in 
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some cases the science data.  A current example is the GRACE (Gravity Recovery and 

Climate Experiment) mission, which incorporates GPS observations and precise 

measurements from accelerometers to fly in a “drag free” mode.  The GPS receiver processor 

handles the GPS and accelerometer data, and as such is the single most critical component on 

the mission.  Sensor fusion concepts such as this one, with GPS being one of the core 

observation types, will be a key area of work in the next several years. 

The requirement to perform cross-link ranging and communications between multiple 

spacecraft in relative navigation applications has generated interest in integrating all of the 

communications and navigation functions of the spacecraft into a single “transceiver.”  Such 

a design more closely couples the use of different types of RF signals (or optical) to perform 

both ranging and communication functions.  It also consolidates the digital signal processing 

requirements of these functions into a single box.   

In recent years there has been some interest in miniaturization of GPS hardware 

components for space applications.  Clearly, many of the proposed missions in Table 1.1 

calling for constellations of nanosatellites will not be able to accommodate an instrument the 

size of a conventional GPS receiver.  In some of these cases the proposed satellite is smaller 

than many existing GPS receivers.  GPS related hardware components are likely to continue 

to shrink in size driven by the desire to integrate the technology with cellular phones, 

watches, etc.  Future spacecraft will not necessarily use the smallest GPS hardware 

components; however, the integration of navigation functions discussed above may 

eventually consolidate many of the spacecraft functions into a single “box” not significantly 

larger than the size of a current spaceborne GPS receivers, that contains all communications 

and navigation functions for the spacecraft, and serves as the spacecraft computer.   
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