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ABSTRACT 

This report presents the results of several 
analytical studies related to Space Shuttle naviga- 
tion. It is divided into two Volumes, the first 
dealing with studies related to the addition of 
NAVSTAR Global Positioning System user equipment to 
the Shuttle avionics suite, and the second dealing 
with studies of the baseline avionics suite without 
GPS. The GPS studies center about navigation accu- 
racy covariance analyses for both developmental and 
operational phases of GPS, as well as for various 
Orbiter mission phases. , The baseline navigation 
system studies include a covariance analysis of the 
Inertial Measurement Unit calibration and alignment 
procedures, postflight LMU error recovery for the 
Approach and Landing Phases, on-orbit calibration of 
IMU instrument biases, and a covariance analysis of 
entry and prelaunch navigation system performance. 
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1. INTRODUCTION 

For the past six years TASC has participated in the 
development and evaluation of the navigation software for the 
Space Shuttle. The earliest studies, summarized in Refs. 1 
and 2, involved development of error models for a variety of 
navigation aids and generation of detailed performance projec- 
tions for candidate navigation systems for the entry and landing 
mission phases. Studies that followed, summarized in Refs. 3 
and 4, expanded on the earlier studies to encompass navigation 
performance analyses for hangar and preflight phases (LMU Cali- 
bration and alignment), for the ascent phase, and for the land- 
ing phases (from the termination of entry through touchdown). 
In the current study, TASC has revised its assessment of pre- 
flight IMU calibration and alignment to keep pace with changes 
in the software procedures, and has expanded the scope of its 
analytic support to encompass baseline navigation performance 
analysis for 

0 Post flight IMU error recovery for XLT 

0 On orbit calibration of LMU accelerometer 
and gyroscope biases 

0 Entry and preland baseline navigation. 

As a major addition to these baseline navigation system 
studies, much of the current effort has focused on consideration 
of the NAVSTAR Global Positioning System (GPS) as a Space Shuttle 
navigation aid. This work grew out of the ascent studies re- 
ported in Ref. 4, and now includes on-orbit and deorbit/entry 
mission phases as well. The principal objective of the GPS 
study effort was to support the Mission Planning and Analysis 
Department (MPAD) in its work with the Space Shtttle/GPS Panel. 

1-1 
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This involved numerous Panel and working group mcethgs to 
prepare for the generation of procurement specifications for 
GPS user equipment hardware and software and to prepare in- 
terface specifications between the GPS user equipment and the 
General Purpose Computer (GPC) of the Space Shuttle. One out- 
put of this effort was a series of working papers and recom- 
mendations of an informal nature impacting the Panel studies. 
Another output was the formal, connected performance studies 
presented in Volume I of this report. 

1.1 OVERVIEW 

The various studies contained in this report all re- 
late to Space Shuttle navigation during the several Orbiter 
mission phases, either with the equipmcct o t  the baseline nav- 
igation system, or with the addition of GPS user equipment to 
the Orbiter. Figure 1.1-1 summarizes these studies. Most of 
them were previously reported in Quarterly Progress Reports 
(Refs. 5 to 16), but they have, in some cases, been updated, 
reworked, and combined for this final report. 

1.1.1 GPS as a Space Shuttle Navigation Aid 

While it is not part of the baseline navigation sys- 

tem, GPS user equipment (consisting of antennas, preamplifiers, 
cabling, receivers, and associated interface equipment) is 
currently being planned for addition to the Orbiter avionics 
suite. GPS will have a major impact on Shuttle navigation 
performance. Once GPS itself is fully operational (Phase 111) 
the passive system aboard the Orbiter will provide a semi- 
autonomous source of highly accurate navigation data at almost 
all times, depecrding on acceptable antenna coverage. The only 
outages in coverage will come during reentry blackout and during 

1-2 
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Figure 1.1-1 Summary of TASC Studies Relative to 
Space Shuttle Navigation (1976-1979) 

ascent, where the external fuel tank may block antenna coverage. 
During the GPS Phases I and 11, satellite coverage will be 
quite limited, but will still support accurate Orbiter naviga- 
tion on orbit and at times of good satellite visibility during 
deorbi t . 

The GPS user equipment differs from the baseline nav- 
igatior! equipment in that it will incorporate an extensive 
amount of internal software in the receiver/processor assembly 
(R/PA) and will interface on a computer-to-computer basis with 
the Shuttle General Purpose Computers. A multiplicity of is- 
sues related to software and to navigation system performance 
need resolution as part of the planning process to incorporate 
GPS user equipment aboard the Orbiter. Many of these were 
addressed during the course of this study. 

1-3 
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Since the initial utilization of GPS as a Shuttle 
navigation aid is expected to occur before GPS is fully opera- 
tional, an extensive study of navigation during GPS Phases I 
and I1 was performed. That study features signal coverage 
analysis as well as covariance analysis of integrated naviga- 
tion system performance. To look at a limiting case, a situ- 
ation was examined with only one GPS satellite assumed to be 
available. 
was estimated for this condition. 

The on-orbit navigation performance of the Shuttle 

Since navigation performance with Phase 111 GPS is 
expected to be very good at almost all times, the study here 
focuses on the exceptional circumstances associated with re- 
entry blackout, when the GPS signals will not be available. 
The other situation with potentially limited GPS signal avail- 
ability during GPS Phase 111 is Shuttle ascent, when the es- 
ternal fuel tank may block receiving antennas. A study was 
performed to see if the satellite constellation could be use- 
fully augmented with gromd-based GPS transmitters for the 
ascent and post-blackout mission phases. 

There is a considerable connection between the R/PA 

software and the hardware signal tracking loops. To shed 
further light on this interaction and on the performance po- 
tential of the tracking loops, a study of one mechanization of 
the tracking loops was performed. That mechanization is asso- 
ciated with the GPSPAC receiver (being developed for space 
applications by Magnavox) which was an early candidate for a 
place aboard the Orbiter. 

Finally, two special topics related to Orbiter use of 
GPS were studied. One is the relativistic effects on the Or- 
biter clock used in the receiver to make GPS measurements. 
Due to the very large changes in velocity and gravitational 

1-4 
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potential experienced by the Shuttle, the relativistic effects 
are much larger than they would be for earth-based users. 
Since an atomic time standard is being considered for Shuttle 
R/PA application, :t may be desirable to explicitly account 
for these effects in the R/PA software. The other special 
topic addressed is geometric dilution of precision (GDOP). 
GDOP is not so meaningful for Shuttle operations as it is for 
other applications, since the anticipated receiver configura- 
tion for the Orbiter is a two-channel sequential set, since 
four GPS satellites may not always be available during the 
initial usage of GPS on the Orbiter, and since the potential 
exists for use of an atomic time standard in the receiver. 
Nonetheless, it is useful as a measure of relative navigation 
performance potential. 

1.1.2 Baseline Svstcm Navigation Studies 

In addition to the GPS studies, several of the studies 
summarized in this report address the baseline navigation sys- 
tem. Four specific areas are addressed; three of them involve 
calibration of the IMU, while the fourth centers on navigation 
performance. 

Preflight calibration and alignment of the IMU's has 
been studied in prior contracts, but this report contains the 
first (final) report on covariance analysis of the current 
cal/align procedure. 
techniques to generate an overall performance projection for 
the Approach ar,d Landing Tests (ALT) and to identify potential 
risk areas. The current effort uses covariance techniques to 
develop a detailed error budget for the Orbital Flight Tests 
(OFT'S, now called Space Transportation System, or STS, mis- 
sions) and to identify the major error mechanisms that limit 
calibration and alignment performance. 

The previous efforts utilized monte carlo 
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The ALT's provided NASA's first opportunity to cval- 
uatc both the navigation performance achievable with the IMU 
and the true calibration and alignment uncertainties in a 
flight environment. TASC's study of postflight IMU error 
recovery provided a preliminary assessment of the potential 
accuracy of recovering IMU errors from ALT's. 

After lengthy periods on-orbit, the IMU gyros and ac- 
celerometers will need recalibration of their only observable 
characteristics in the weightless environment: their biases. 
The study of just how to best perform such a calibration recom- 
mends procedures, timings, and analytical techniques based on 
laboratory models of the instruments. 

The final baseline navigation topic is the assessment 
of navigation performance during entry, prior to the landing 
phase. This work, too, was begun under the previous contract, 
but is substantially revised here, based on more recent asskip- 
tions of initial errors and sensor performance. 
baseline navigation filter is examined in detail. 

A candidate, 

1.2 ORGANIZATION OF THE REPORT 

This report is divided into two volumes. Volume I 
contains all the GPS-associated studies, while Volume I1 pre- 
sents those studies addressing the baseline system, 

In Volume I, Chapter 2 summarizes results pertaining 
to Shuttle navigation with Phase I and 11 GPS, the test con- 
stellations of navigation satellites. Chapter 3 is a study of 
Shuttle navigation on orbit with a single GPS satellite. 
Chapter 4 discusses post-blackout navigation w i t h  the fully 
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operational, Phase 111 CPS constellation. Chapter 5 considers 
possible augmentation of the GPS satellite constellation with 
GPS ground transmitters for the ascent and post-blackout mis- 
sion phases. 
version of a CPS receiver, the GPSPAC receiver, discussing 
tracking loop performance in the Shuttle environment. Chapter 
7 summarizes the most significant conclusions of Volume I. 
Appendix A considers the relativistic effects on the Space 
Shuttle GPS clock that must be part of the GPS user equipment. 
Appendix B is a tutorial discussion of the subject of dilution 
of precision as it applies to GPS. 

Chapter 6 contains an analysis of a particular 

In Volume 11;Chapter 2 reports the final results of 
the revised IMU calibration and alignment covariance analysis. 
Chapter 3 considers postflight IMU error recovery for ALT. 
Chapter 4 summarizes the study of on orbit calibration of LMU 
accelerometer and gyroscope biases. Chapter 5 discusses the. 
baseline entry and preland navigation performance. 
Chapter 6 summarizes the most significant conclusions of 
Volume 11. 

Finally, 
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2 .  NAVIGATION WITH PHASE I AND I1 GPS 

This chapter considers the problem of navigating the 
Space Shuttle with the developmental satellites of the Phase 1 
and 11 GPS constellation. During the time in which much of the 
analysis was being done (Refs. 5 through 81, the concept of using 
GPS aboard the Space Shuttle was evolving rapidly, and the ana- 
lytical baseline was changing in parallel. Those study results 
still relevant to the Space Shuttle program are presented in 
this chapter, accompanied by some partly outdated, isolated 
segments believed to still have current, if limited, value. 

Section 2.1 provides a brief introduction to the remain- 
der of the Chapter. 
satellite visibility with the Phase I and I1 GPS constella- 
tions. Sections 2.3 and 2.4 summarize navigation performance 
results for the deorbit and on-orbit Shuttle mission phases. 

Section.2.2 is a lengthy summary of GPS 

2.1 INTRODUCTION 

Both the plans for the GPS itself and for its use aboard 
the Space Shuttle have been evolving over the three year period 
encompassed by this report. It is still expected that there 
will be a period, possibly of several years duration, in which 
the GPS user equipment will be aboard the Orbiter, but the 
fully operational GPS satellite constellation of Phase 111 
will not be in place. The ability of the Shuttle to navigate 
during this period with GPS is open to considerable question, 
as there will generally be fewer satellites available than are 
sufficient to support accurate navigation. 
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This chapter assesses the navigation performance 
achievable before the Phase 111 GPS constellation is avail- 
able. Since the navigation performance depends so much on the 
limited GPS signal availability, that issue -- satellite visi- 
bility -- is treated at some length. Visibility results for 
an example of the deorbit and on-orbit mission phases are used 
as inputs to statistical simulations of navigation performance. 
In addition, the effects of antennas on the visibility situ- 
ation are examined (although the antennas considered here do 
not match those currently planned for the Orbiter), and a 
parametric study of orbital visibility is made covering the 
constellation options for GPS Phase 11. 

The navigation performance studies posit navigation 
filter algorithms for the Shuttle GPS receiver and evaluate 
those algorithms via a filter-model-versus-truth-model co- 
variance analysis approach. Sensitivity studies are done on 
some key assumptions. Both the deorbit and on-oL.bit flight 
phases are considered. 

A previous report (Ref. 4 )  considered GPS-aided navi- 
gation in the ascent phase, but without regard to GPS receiv- 
ing antenna blockage by the external fuel tank of the Orbiter. 
The presence of the tank makes the use of GPS durliig ascent 
more difficult. Chapter 5 of this report considers ,-.c~m. :;ng 
the satellite constellation with ground GPS transr.t:ers to 
support the Shuttle ascent phase. 

2 . 2  PHASE I AND I1 GPS SATELLITE VISIBILITY 

GPS transmitting antennas are pointed at the earth 
and have beamwidths adequate to cover the entire earth and 
near-earth region, including the outer limits of Space Shuttle 
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travel. The L-band GPS signals have wavelengths of about 20 cm, 
long enought to penetrate almost all weather conditions, but 
short enough so that signal transmission is largely a line-of- 
sight matter. To users with full, spherical, receiving antenna 
coverage, signal availability is a simple matter of satellite 
visibility. If a satellite is visible from the user's antenna 
position, then its signal is available to the user's receiver. 
The only reason the satellite might not be visible is that the 
earth or some other body is blocking the signal path. 

The ability of GPS to aid in Space Shuttle navigation 
depends strongly on the number of signals available to the re- 
ceiver. Having four signals available implies good navigation, 
except for situations of singular or nearly-singular geometry. 
Having more than four signals available increases the likelihood 
of finding a suitable subset of four. When fewer than four sat- 
ellites are available;however, the situation is more complex. 

* 

When fewer than four GPS signals are available to the 
Shuttle receiver, the quality of navigation will depend on 

0 The past history of signal availability 

0 The quality of the clock (oscillator) in 
the receiver 

0 The magnitude of the unaccountable portion 
of disturbing accelerations on the Orbiter 
(due primarily to venting on orbit or to 
IMU errors during dynamic flight phases) 

0 The degree to which the satellite-to-Orbiter 
geometry has varied in the recent past 

0 The type of navigation filter in the GPS 
receiver. 

*See Appendix B for a discussion of such situations. 
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Since navigation performance depends so strongly on 
signal availability, visibility studies are an important pral- 
ude and accompaniment to navigation performance studies. Such 
signal alailability studies are all termed here "visibility" 
studies, although they sometimes go beyond the simple concept 
of line-of-sight visibility into signal availability, and even 
into signal usability, if necessary. The main factors in the 
visibility analyses arc: 

For line-of-sight visibility 

The positions of the GPS satellites 

Tke position of the Orbiter 

The location of the earth and other sig- 
nal blocks such as the vehicle structure, 
the external fuel tanks, and the reentry 
plasma sheath. 

When antenna effects are considered 

The lacations of the antennas on the 
Ozbiter 

The attitude of the Orbiter 

The gain patterns of the antennas. 

When signal dynamics are considered 

The capability of the receiver tracking 
loops 

The ability to switch from one antenna 
to another. 

2.2.1 GPS Satellite Positions 

The GPS is undergoing a phased development. In the 
final, operational, Phase 111, there are to be 24 satellites* 

*A proposed program restructuring would reduce the number of 
satellites to 18. 
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"evenly" distributed in a constellation that will provide good 
signal coverage everywhere on the earth's surface at all times. 
Once this constellation is achieved, any limitations on satel- 
lite visibility from the Space Shuttle will come from less 
than full coverage by tha receiving antennas, or from antenna 
blockage by the external fuel tank during ascent or by the 
plasma sheath during reentry blackout. 

Schedules for GPS development and for Shuttle GPS 
user equipment development are still in flux, but it is expec- 
ted that there may be a considerable period of operation of 
GPS user equipment aboard the Orbiter before the operational 
constellation is achieved. During GPS developmental Phases I 
and 11 (Phase I1 began in 1979) there will be from four to six 
satellites "bunched together" so that four or more are visible 
at certain times and places, while fewer or none may be visible 
at other times and places. Generally speaking, good visibil- . 
ity will be obtained from four broad areas of the earth (one 
of which is the Yuma, Arizona GPS testing grounds) for periods 
of a few hours each day. 

GPS satellite orbits are all nominally circular with 
radius somewhat over four earth radii, selected so that the 
satellite period is almost exactly one half of a sidereal day. 
Each sidereal day, the satellites make two complete revolutions 
while the earth completes one rotation on its axis, so the 
ground tracks of the satellites repeat. In fact, the orbital 
periods are adjusted so that the satellite ground tracks do 
repeat, taking into consideration a small retrograde movement 
of the satellite orbital planes brought about by the oblateness 
of the earth. Each ordinary, solar, day each satellite will 
appear over any given point on its repeating ground track just 
4 min, 3 . 4  sec earlier than it did the day before. Viewed from 
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any point on the earth, the time when the Phase I1 satellites 
bunch together for multiple signal availability steadily gets 
earlier each day, taking a little over a year to come full 
cycle through a complete solar day. 

For most of the visibility studies reported here, the 
trajectory of the Space Shuttle is related to features fixed 
to the earth, but the time and date of the mission are com- 
pletely unknown. It is impossible to predict, then, what the 
visibility situation will be, even approximately. A complete 
range of visibility situations must be examined, parameterized 
on the time connection between the Shuttle and GPS satellite 
orbits. This time connection is termed "offset time" and runs 
through one full day before the visibility situation approx- 
imately repeats. That is, if the "starting time" of a mission 
under consideration were to vary over a span o f  one day, then 
a range of visibility situations would be encountered, with 
offset time being related directly to the mission starting 
time. Another useful interpretation of offset time is this: 
if the mission starting time is a fixed time of day, but the 
date of the mission were to vary over the span of one year, 
then the same range of visibility situations would be encoun- 
tered, with offset time now corresponding to the mission date 
in an obvious, if indirect, manner. The initialization of the 
parameter "offset time" for the studies reported here iz gen- 
erally based on a nominal mission starting time and a satel- 
lite constellation epoch time that are no longer meaningful. 
No importance is ever attached to results for such arbitrary 
times; rather, the range of results is considered for vari- 
ations. 

All of the satellite orbits have the same nominal 
inclination angle to the earth's equztor. Initially, this 
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inclination angle was planned to be 63 deg, and the satellites 
of the Phase I & I1 constellation have (or will have) this 
nominal inclination. Plany of the results reported in Chap- 
ter 4 for the Phase 111 constellation also assume a 63 deg 
inclination. Recent planning for Phase 111, however, calls 
for a 55 deg inclination angle to improve visibility from mid- 
dle latitudes while sacrificing some visibility from polar 
regions. Only minor differences in visibility are observable 
between these two inclination angles. 

The Phase 111 constellation has its 24 satellites 
arrayed as eight satellites in each of three orbit planes. 
The eight satellites are equally spaced, 45 deg from one to 
the nzxt,  in an orbit plane. The three planes are equally 
spaced, 120 deg from one to the next, in right ascension from 
the vernal equinox. The relative positions of the eight satel- 
lites in oRe plane, compared to those in another, are offset 
by 15 deg, so that each satellite has a unique ground track on 
the earth, although there are only three orbital planes in 
inertial space. Table 2.2-1 shows the initial right ascen- 
sions and initial anomalies of the 24 Phase I11 satellites. 
Both the initial epoch (the time at which the values the table 
are valid) and the reference point for the right ascensioils 
are regerded as arbitrary for purposes here. 

The plans during Phase I were to array six satellites 
as three in each of two orbit planes. The three satellites in 
each plane were to be separated by 40 deg, the right ascensions 
of the planes were to be separated by 120 deg, and the relative 
positions of satellite anomalies in one plane versus those in 
the next \.ere to be 40 deg different. Table 2.2-2 summarizes 
this situation, and is the constellation assumed in this report 
whenever Phase 1 is referenced without qualific-tion. 
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ORBIT PUNE 1 * 
0 den 

RIGHT ASCENSION 

TABLE 2.2-1 
RIGHT ASCENSIONS AND INITIAL ANOMALIES 

FOR THE PHASE 111 CONSTELLATION 

ORBIT P M E  2 
RIGHT ASCENSION 

120 dcg 

xmw I SATELLITE 
AEJ<mALY , Numa 

0 9 

45 

90 11 

135 12 

13 

225 1 16 

270 15 

315 16 

SATELLITE 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

- INITIAL 
A N W Y  

15 

60 

105 

150 

195 

260 

285 

330 

19 

20 

21 

22 

23 

26 

. ORBITPLANE 3 
RICKT ASCEUSIOEI 

260 dag 

120 

165 

210 

255 

300 

365 

SATELLITE 
NUMBER 

*Arbitrarily chosen reference point, not necessarily referenced 
to the vernal equinox. 

INITIAL SATELLITE INITIAL 
ANOMALY NUMBER ANOMALS 

TABLE 2.2-2 
RIGHT ASCENSIONS ANi! INITIAL ANOMALIES 

OF THE PHASE I CONSTELLATION 
(BASED ON 1978 PROJECTIONS) 

ORBIT PLANE 1, 
RIGHT. ASCENSION 

-130 deg 

ORBIT PLANE 2 
RIGHT ASCENSION 

+110 deg 

0 
40 
80 

4 
5 
6 

4s 
80 

120 

*Referenced to the location of Lhe Greenwich 
Meridian a t  2 hours GMT on 26 August 1977. 
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Figure 2.2-1 illustrates the ground tracks of the 
Phase I satellites. The circles on the ground tracks corre- 
spond to the satellite positions at the beginning of the 
Orbiter deorbit trajectory segment considered in the next 
section. 

A -2 1404 

Figure 2.2-1 Ground Tracks of the Phase I 
GPS Satellites 

The tolerances on the orbital parameters of the GPS 
satellites at the Phase I epoch are shown in Table 2 . 2 - 3 .  The 
variation in the orbital period is especially important. During 
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TABLE 2.2-3 
TOLERANCES ON THE GPS PHASE I 
CONSTELLATION AT EPOCH (Ref. 6)  

Period i2 see 

Inclination 22 deg 

Eccentricity 0.02 

22 dcg Longitude of the 
Ascending Mode 

25 deg Angle Between Any I Two Satellites 

the approximately 580 days from the GPS Phase I epoch to the 
nominal missios dates considered in the following sections, 
the orbital period variations could cause satellite mean anom- 
aly variations of over 19 deg. 

GPS program plans were revised before all of the satel- 
lites were launched. Table 2 .2 -4  summarizes the revised Phase 
I constellation, having 42 and 43 deg separations between satel- 
lites in one orbit plane and a 47 deg difference in relative 
anomalies from satellites in one plane to those in the other. 
The initial anomalies of the table apply at the epoch time of 
midnight GMT on 21 March 1977. At this time the right ascen- 
sion of the Greenwich meridian was 178.4 deg. 

The four satellites actually launched to date were to 
nominal positions corresponding to those characteristic of 
Table 2 . 2 - 4 ,  and they are identified by the "NS" numbers in 
parentheses in the table. Where only four satellites are con- 
sidered as a constellation in this chapter, it is these four. 
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TABLE 2 . 2 - 4  
RIGHT ASCENSIONS AND INITIAL ANOMALIES 
FOR THE REVISED PHASE I CONSTELLATION 

*Referenced to  t h e  mean v e r n a l  equinos of 1950.0. 

2 .2 .2  Phase I Deorbi t  V i s i b i l i t y  

S a t e l l i t e  v i s i b i l i t y  du r ing  t h e  d e o r b i t  segment 
Space S h u t t l e  t r a j e c t o r y  is  considered i n  t h i s  s e c t i o n .  

of a 
Only 

one t r a j e c t o r y  is used for a n a l y s i s ,  and t h a t  is t o  a temporary 
landing s i t e ,  but  t h e  r e s u l t s  should be i n d i c a t i v e  of perform- 
ance on most d e o r b i t  t ra jector ies  from similar o r b i t a l  i n c l i n a -  
t i o n s .  Using only one t r a j e c t o r y  has  t h e  advantage t h a t  d i r ec t  
comparisons of r e s u l t s  ob ta ined  under a v a r i e t y  of assumptions 
is not f u r t h e r  complicated by t r a j e c t o r y  d i f f e r e n c e s .  Naviga- 
t i o n  performance a s soc ia t ed  w i t h  these v i s i b i l . i t y  resu l t s  is 
repor ted  i n  Sec t ion  2.3.  

Deorbit  T ra j ec to ry  - A s i n g l e ,  s imulated O r b i t e r  t ra -  
j e c t o r y  generated a t  JSC is used throughout t h i s  r e p o r t  f o r  
a l l  s t u d i e s  of d e o r b i t  nav iga t ion .  This t r a j e c t o r y  Kas gen- 
e r a t e d  as a candida te  f o r  an OFT-1 (STS-I)  m i s s i o n  segment, 
and covers  t h e  span from j u s t  p r i o r  t o  t h e  d e o r b i t  burn a t  655 
kft of  a l t i t u d e ,  through touchdown a t  Edwards AFB runway 1 7 .  
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The trajectory ground track is plotted on a world map in Fig. 
2.2-2, beginning in Australia end continuing to California. 
Also plotted are the nominal ground tracks of the  Phase I GPS 
satellites over the  same period. Figure 2.2-3 is a plot of 
Orbiter altitude versus time. Both figures show a nominal 
span labeled "blackout" referring to an assumed loss of L-band 
(GPS and T A W )  signals during reentry. Additional information 
relevant to this trajectory is found in Chapters 4 and 5 of 
this volume, in Chapter 5 of Volume 2, and in Refs. 1 through 
4, and 17 through 19. 

R-27417 

Figure 2.2-2 Ground Tracks of the Shuttle Deorbit 
Trajectory and Phase I GPS Satellites 
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Figure 2.2-3 Altitude versus Elapsed Time 
for the Deorbit Trajectory 

The specific epoch assigned to this trajectory is 16 
March 1979 at 19:16:40.4 GMT, and this epoch is used for the 
Phase I and I1 visibility studies of this chapter. While the 
trajectory continues down to a landing, it is soretimes trun- 
cated at 20 kft of altitude in this report when the landing 
phase is not of interest. Besides including Orbiter position, 
velocity, and sensed acceleration as functions of time, the 
trajectory tape contains a time history of Orbiter attitude 
(and numerous other quantities) useful in assessments of visi- 
bility with specific antenna locations. 

Deorbit Visibility Results - In the visibility re- 
sults presented in this section, a satellite is assumed visible 
from the Orbiter if it is more than 10 deg above the Orbiter's 
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horizon. No antenna limitations are considered. The figure 
of 10 deg, called the visibility mask angle or the earth mask 
angle, is somewhat arbitrary; values from 5 deg to 15 dcg are 
reasonable, depending on such factors as antenna gain and at- 
mospheric attenuation of the GPS signals. An approximation to 
the ellipsoidal earth was used which yields horizon angle com- 
putation accuracy of 0.1 deg or better. 

Figure 2.2-4 shows how many satellites were visible 
at each minute from the deorbit epoch down to touchdown on 
runway 17 at Edwards M B ,  assuming the nominal epoch times for 
the trajectory segment and for the Phase I constellation. As 
illustrated later, the touchdown time selected for the trajec- 
tory tape corresponds to a period of extremely poor GPS satel- 
lite visibility along the approach path. 

ELAPSED TIME DURING DEORBIT (min) 

Figure 2.2-4 Satellite Visibility During the 
Deorbit Phase at Nominal Epochs 

During a portion of the deorbit phase of the test, 
there may be a blackout of radio communications, meaning that 
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measurements to the GPS satellites are not possible, whatever 
the geometry for visibility, The blackout portion of the test 
is indicated in Fig. 2 . 2 - 4 ,  based on the assumption of blackout 
conditions between 300,000 ft and 130,000 ft of altitude during 
deorbit. 

If the mission timeline were advanced so that the de- 
orbit epoch and touchdown occurred at some later time than the 
one given, then the satellite positions in inertial space would 
be different, as the satellites advance in their orbits. Also, 
the Orbiter position in inertial space (given on the trajectory 
tape) would have to be rotated with the earth so that the Or- 
biter would still land at Edwards AFB. Precisely these calcu- 
lations were carried out for a sequence of possible offset times, 
a sequence spanning one day in steps of 30 min. The calculations 
leading to the visibility plot of Fig. 2 . 2 - 4  were repeated for 
each offset time to examine satellite visibility as a function 
of deorbit epoch. Figure 2 . 2 - 5  presents all these results. 

A vertical line in Figure 2 . 2 - 5  shows how many satel- 
lites would be visible to the Orbiter as a function of elapsed 
time since the deorbit epoch, for one particular deorbit epoch. 
The leftmost vertical line corresponds t o  the originally quoted 
epoch, and thus reproduces the data of Fig. 2 . 2 - 4 .  Each succeed- 
ing vertical line corresponds to a 30 min offset of the epoch. 
As the figure shows, if the deorbit epoch were chosen to maxi- 
mize GPS satellite visibility, it would be about 16 hours later 
than the time quoted. Figure 2 . 2 - 6  shows the visibility f o r  
the deorbit phase if the deorbit epoch were offset 16 hours, 
and the figure includes a bar plot showing which satellites 
are visible at which times. Figure 2 . 2 - 7  is a second such 
plot showing reduced satellite visibility for  an offset time 
of 21 hr 43 min. 
duced visibility segment are used in the deorbit navigation 
studies of Section 2.3. 

Both the good visibility segment and the re- 
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Figure 2 . 2 - 5  S a t e l l i t e  V i s i b i l i t y  During the Deorbit 
Phase as a Function of Offset Time 
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Figure 2 . 2 - 7  Reduced S a t e l l i t e  ' r i s i b i l i t y  During Deorbit 
for a 21 hr 43 m,n Offset Time 
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Instead of considering the offset time as an advance 
in the Orbiter epoch, it is equally valid to consider it as a 
regression of the GPS Phase I epoch, or as a combination of 
the two. Because the Satellite constellation at epoch was 
described in earth relative terms, the visibility results are 
quite the same if the Orbiter is late as they are if the sat- 
ellites are early; it is only the elapsed time from the sat- 
ellite epoch to the Orbiter epoch that determines satellite 
visibility. 

2.2.3 Phase I Orbital Visibility 

Visibility results for the Shuttle on orbit are re- 
ported in this section in a manner similar to that used for 
the deorbit results of the previous section. One orbital tra- 
jectory is baselined for visibility results that are later 
input to navigation performance analyses. Visibility results 
for the Shuttle over a range of other orbits, considering an- 
tenna effects explicitly, are presented in Sections 2.2.4 and 
2.2.5. 

Orbital Trajectory - The orbital trajectory used in 
the study of orbital navigation is extrapolated from a set of 
initial conditions (position and velocity) by assuming a simple 
earth gravity model (the same one used for GPS satellite orbit 
propagation) with no sensed acceleration. Table 2.2-5 sum- 
marizes the orbital initial conditions, while Fig. 2.2-8 plots 
a 90 min segment of the orbit ground track on a world map. 

Orbital Visibility Results - Figure 2.2-9 shows how 
many satellites were visible at 5 min intervals over the 12 
hour (8 orbit) period commencing at orbital epoch. Since the 
GPS satellites have periods of almost exactly 12 hours, which 
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TABLE 2.2-5 
ORBITAL TRAJECTORY PARAMETERS 

T-115k 
ORBIT DATA 30 March 1979 

INITIAL TIME 13:15:38,8 GMT 

INITIAL POSITION* 

INITIAL :ELOCITY* 

(-2081432, 20009848, - 8433118) ft 
(-22116, -7323, -12066) f p s  

ALTITUDE AT APOGEE 155.3 n mi 

ALTITUDE AT PERIGEE 149.9 n mi 

ORBITAL INCLINATION 37.9 deg 

*With respect to Aries-Mean-of-1950 coordinates. 

Figure 2.2-8 Shuttle Orbital Trajectory 
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A 4 6 1 4 0  

FLIGHT TIME SINCE ORBITAL EPOCH (hours) 

Figure 2 . 2 - 9  Satellite Visibility During 
the Orbital Phase 

also corresponds to an integral number of Orbiter revolutions, 
the visibility patterns should almost repeat every 12 hours. 
The figure indicates that, in most instances, four or more 
satellites are simultaneously visible at some time during each 
orbit. Three or m r e  satellites are visible about 50% of the 
time. 

As was done for the deorbit phase, the orbital re- 
sults were recomputed for a 24 hour sequence of offset times 
at 30 min intervals to assess visibiiity if the orbital epoch 
or the GPS Phase I epoch should change. Figure 2.2-10 (2 pages) 
presents these orbital visibility results in the same form 
that Fig. 2 . 2 - 5  used for the deorbit phase. 

Visibility on orbit, while it depends in detail on 
the offset time, is usually good for a sLgnificant portion of 
each orbit whatever offset time is chosen. In order to make 
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Figure 2.2-10 Satellite Visibility During the Orbital 
Phase as a Function of Offset Time 
(See key on Fig. 2.2-5) 
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use of the  r e s u l t s  of a d e t a i l e d  s t a t i s t i c a l  s imula t ion  of t h e  
GPS s a t e l l i t e  ephemeris and c lock  errors done for t h e  d e o r b i t  
naviga t ion  s tudy  i t  Kas necessary t o  assume an of fse t  time o f  
16  5 8  58.4 ( n o t  p l o t t e d  i n  Fig.  2.2-10) f o r  use i n  t h e  o r b i t a l  
naviga t ion  s tudy .  For t he  most p a r t ,  t h i s  assumption has  l i t t l e  
e f f e c t  on the  s i g n i f i c a n t  f e a t u r e s  of o r b i t a l  xaviga t ion .  The 
\ . i s i b i l i t p  s i t u a t i o n  for t h e  above offset  t i m e  i s  i l l u s t r a t e d  
i n  Fig.  2.2-11. The lower h a l f  of t h e  f i g u r e  shows which sa t -  
e l l i t e s  are  a v a i l a b l e  a t  which times and also i n d i c a t e s ,  by 
the  t i c  marks, a measurement schedule  used i n  t h e  o r b i t a l  nav- 
i g a t i o n  s tudy  of Sec t ion  2.4. 

h m s  

p, 
I 

I 
I 
I I 
I 1 

0 10 10 

F i g u r e  2 .2 -11  Orbi ta l  S a t e l l i t e  i ' i s i b i l i t y  and 
Measurement Schedule 

2 . 2 . 4  Antenna E f f e c t s  on Phase I O r b i t a l  V i s i b i l i t y  

During the  e i7olu t ion  of t h e  concept of Space S h u t t l e  
naviga t ion  us ing  GPS, there  was an esperimental  stage consid-  
e red  a s  a p a r t  of a phased deLVelopment p lan .  That phased plan 
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was later dropped, as was the esperiment. Some of the visi- 
bility results developed for the experiment are reported here 
for their general insight into orbital visibility considering 
antenna effects. These results are isolated to this section, 
and do not form the basis for further analysis in this volume. 

Experimental Antenna Types and Locations - Two types 
of GPS antennas were considered for experimental use aboard 
the Orbiter. One type is an antenna being constructed by APL 
for use with the GPSPAC receiver under development by NASA 
Goddard and the DMA for use in satellites. The gain pattern 
of this antenna is shown in Fig. 2.2-12 for right hand cir- 
cularly polarized signals at the L2 GPS frequency. (Since L2 
signals were originally planned to be weaker than L1 signals, 
the L2 performance was deemed more critAcal than the L1 per- 
formance.) The coverage of this antenna may be approximated 
by the specification, which calls for a conical zone of cover- 
age with half-cone angle of 100 deg. 
to be located in the payload bay of the Orbiter or be deployed 
from the bay on a boom. 

This antenna would have 

The second type of antenna considered is a stripline 
antenna that would be mounted on the inside of a window into 
the crew area. The coverage zone of such an antenna is uncer- 
tain without testing. It is modeled here as having a conical 
coverage zone with a 45 to 75 deg half-cone angle. 

Figure 2.2-13 shows five locations considered for 
placement of the experimental antennas. Locations I and I1 
are on pallets in the payload bay, appropriate for the APL 
antenna. Locations I11 and IV are alternate positions of a 
boom extending from the payload bay, also for the APL antenna. 
Location V is a window into the crew area, appropriate f o r  the 
stripline antenna. 
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Figure 2.2-12 .4pL Antenna Pattern (RHC Gain for L2) 

Figure 2.2-13 Alternate Experimental GPS Antenna Locations 
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The locations I and I1 in the payload bay suffer from 
masking caused by the Orbiter structure. 
2.2-15 show the antenna masking by the Orbiter for the APL 
antenna in locations I and 11. Any direction from the antenna 
may be described by two angles termed "look angles." Refer- 
ring to the standard Orbiter body coordinate system with its x 
axis out the nose, the y axis out the right wing, and the z 
axis out the bottom, the look angles are defined as: pitch 
- look is the elevation angle of the antenna look direction above 
the xy body plane; yaw look is the angle the projection of the 
look direction from the antenna onto the xy plane is rotated 
about the positive z axis from the x axis toward the y axis. 
The figures consider all possible directions from the antenna 
and show which are masked by the vehicle itself (the hatched 
region at the bottom of the figure) and which, although not 
masked, are outside the 100 deg half cone angle limit for the 
APL antenna (the shaded region below -10 deg of pitch look 
angle). The Orbiter tail is evident in the figures on the left 
hand side; it is not symmetrically located about the 180 deg 
yaw lbok angle because the antenna locations are slightly to 
the right of the Orbiter centerline (i.e., have +y components 
of location in body coordinates). The figures were prepared 
from equivalent data in a different form (Ref. 20). 

Figures 2 .2 -14  and 

Experimental Orbiter Trajectories - The missions assumed 
for the Shuttle GPS experiment were denoted as OFT-5 and OFT-6. 
OFT-5 was to have been a Skplab revisit launched on 3 February 
1980. Even as this work was progressing, the mission plans were 
changing. Originally the OFT-5 mission was to contain lengthy 
segments with the Orbiter in a bottom-down, earth oriented at- 
titude, and some of the results reported here assume such an 
attitude. The plans changed so that during most of OFT-5 the 
Orbiter would be stabilized in inertial space with its wing 
toward the sun or with its tail toward the sun. At this point, 
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Figure 2.2-14 APL Antenna Masking Due to 
the Orbiter - -  Location I 
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Figure 2.2-15 APL Antenna Masking Due to 
the Orbiter 0 -  Location XI 

interest vas expressed in OFT-6, since it was t o  have lengthy 
segments of the desirable, bottom-down, attitude stabilization 
that improves satellite visibility from topside antennas. Table 
2 . 2 - 6  shows the basic orbital parameters f o r  the two missions. 
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TABLE 2.2-6 
ORBITAL PARAMETERS FOR OFT-5 AND OFT-6 

Eccentricity 
Inclination 

Experimental Orbital Visibility Results - Figure 2.2-16 
shows the nominal satellite visibility from the Orbiter for OFT-5 
without regard to antenna considerations. The only visibility 
criteria is a 10 deg earth mask angle. To see how such full 
coverage visibility changes with offset t i m e ,  Fig. 2.2-17 is a 

visibility density plot showing the number of satellites 
ible as functions of both time on orbit and offset time. 

le EARTH MASK ANGLE 
n n 

vis- 

I-* 

ELAPSED TIME ON ORBfT (ha) 

Figure 2.2-16 GPS Phase I Satellite Visibility 
During OFT-5 Orbit 
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Figure 2 . 2 - 1 7  GPS Phase I V i s i b i l i t y  from OFT-5 
on Orbit a s  a Function of Elapsed 
Time and Offset Time 
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To confirm that important orbital visibility con- 
clusions are largely independent of offset time, some average 
visibility results were prepared. Figure 2.2-18 shows the 
average number of satellites visible (averaged over time on 
orbit) as a function of offset time. Figure 2.2-19 shows what 
percentage of time on orbit three or four satellites are vis- 
ible as a function of offset time. The relatively small vari- 
ations in these plots confirm that while visibility is a 
detailed function of offset time, the averages are much less 
sensitive to offset time. 

le EARTH MASK ANGLE 

Figure 2.2-18 Average Visibility for OFT-5 as Function 
of Offset Time 
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Figure 2 . 2 - 1 9  Percentage Visibility for OFT-5 as 
Function of Offset Time 

Figures 2 . 2 - 2 0  and 2.2-21  show example visibility 
penalities associated with the APL antenna placed in locations 
I and 11. These figures were prepared when the baseline for 
OFT-5 was a bottom-down attitude. The "top side" of the plot 
is the same in both figures and is identical to I'ig. 2 . 2 - 1 6 ,  
for it represents full coverage visibility considering only 
earth masking with the l o o  mask angle above the Orbiter's 
horizon. The shaded portions of the figures represent sat- 
ellites "lost" to the two antenna placements due to Orbiter 
masking (the antenna beam pattern was never a factor). Both 
locations offer nearly full coverage, with placement I being 
slightly superior as it is farther from the tail and suffers 
less from tail masking. 
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APL ANTENNA PLACEMENT I 

Figure 2.2-20 

2 3 4 S 6 7 
ELAPSED TIME ON ORBIi' (ha) 

i BLACK REGION IS VlSlBlUTv LOST FROM FULL COVERAGE I 

Example of Orbiter Masking Visibility 
Penalty for Bottom-down Attitude - -  
Location I 

APL ANTENNA PLACEMENT II 
4 
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( BLACK REGION I S  VlSlBlLlTY LOST FROM FULL COVERAOE I 

Figure 2.2-21 Example of Orbiter Masking Visibility 
Penalty for Bottom-down Attitude -- 
Location I1 
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Table 2.2-7 compares full coverage visibility with 

This 
that from locations I and 11 and from a location V window 
antenna of three possible different half-cone angles. 
table still assumes that the OFT-5 mission would be flown 
bottom-down. 

TABLE 2.2-7 
ANTENNA EFFECTIVENESS COMPARISON FOR PRIOR 

OFT-5 BASELINE (BOTTOM-DOWN) 

HCA - HALF-CONE-ANGLE WINDOW ANTENNA (V) 

Before proceeding with visibility results, the re- 
lated matter of kinematic ranges should be discussed. Any GPS 
receiver will have limitations on the signal dynamics that it 
can handle. These limits may usually be expressed in terms of 
the range from the receiver to the satellite and the first 
three derivatives of this range: range-rate, range-accelera- 
tion, and range-jerk. Table 2.2-8 gives the extreme values of 
range (and its first three derivatives) from the Orbiter to 
the visible satellites for a 12 hr segment of the OFT-5 orbit. 
The effect of vehicle maneuvers are not incauded in the values 
given in the table. Due to unbalanced attitude thrusting or 
to high attitude rates, the range jerk might, for very short 
periods of time, be significantly larger than the tabulated 
values, but the other variables should be largely unaffected. 
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Range Jerk ( l o o 3  ft/sec3) 

TABLE 2.2-8 
KINEMATIC RANGES 

-49.9 1 49.8 

KINEMATIC VARIABLE 

4 , -  2 I 
0 I 

1 Range Rate (IO3 ft/sec) 

I 

I 1 

I -25.9 I 26.0 I 
2 1 Range Acceleration (ft/sec ) I -5.3 I 41 .2  I 

Figures 2.2-22 through 2 . 2 - 2 4  show what nominal visi- 
bility may be expected on the OFT-5 orbit with the stripline 
window antenna in location V. Various values for the antenna 
half-cone angle are considered. These figures shculd be! com- 
pared wich Fig. 2.2-16 showing visibility for the same orbital 

45' HALF-CONE-ANGLE ANTENNA 

Figure 2 . 2 - 2 2  GPS Phase I Satellite Visibility from OFT-5 
Orbit with a 45' Half-Cone Window -4ntenna 
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Figure 2.2-23 
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Figure 2.2-24 GPS Phase I Satellite Visibility from OFT-5 
Orbit with a 75" Half-Cone Window Antenna 
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segment without regard to antenna limitations. Again, a bottom- 
down attitude of the Orbiter is assumed. Note that no more than 
two satellites can ever be seen at once with a 45 deg half-cme- 
angle antenna, and that 70% of the time none are visible. 

Figure 2.2-25 shows a six hour segment of visibility 
on orbit for OFT-6 as a function of both elapsed time and off- 
set tim. Omitting some of the detailed results, Table 2.2-9 
summarizes visibility for OFT-5 and OFT-6 for antenna loca- 
tions I and 11, now assuming that the Orbiter attitude on 
OFT-5 will be space stable while on OFT-6 it will be earth 
stabilized bottom-down. The conclusion to be drawn is that 
the space stable attitudes cut average visibiiity by 50% and 
reduce the amount of time 4 or more GPS satellites are visible 
by a factor of 3 to 4 ,  so that bottom-down, earth stabilized 
attitude is desirable for a GPS demonstration. 

2 . 2 . 5  Phase I1 Orbital Visibility 

This section summarizes the results of a parametric 
look at GPS satellite visibility from the Space Shuttle on 
orbit. The satellite constellation used is an approximation 
to the GPS Phase I1 constellation of six satellites, with re- 
sults also for a four satellite subset t o  illustrate a mirrimum 
visibility situation. Full coverage antennas are assumed for 
the Orbiter, and a 5 deg earth mask angle is used. This study 
is separate from the other results of this chapter in that 
these particular visibility results were not used to generate 
navigation performance results. 

A conceptually straightforward way to organize a study 
of orbital \?isibility would be to fis a satellite constellation 
and then vary the orbit of the Space Shuttle. In general, 
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Figure 2.2-25 GPS Phase I Visibility from OFT-6 
On Orbit as a Function of Elapsed 
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TABLE 2.2-9 
VISIBILITY COMPARISON FOR CURRENT 

OFT-5 AND OFT-6 HLSSIONS 
(FOR NOMINAL ORBITS OF 12 HR DURATION) 

HISSION 
(ATTITUDE 1 

OFT- 5 

Wing to 
S U I  

Tail to 
SUn 

OFT-6 

Bottom t o  
Earth 

ANTENNA I AVERAGE NO. I ZTIME 
LOCATION SATS vxsxau NONE v m a u  

Ideal 2.5 12 

I 1.2 41 
11 1.2 42 

I 1.3 39 
I1 1.2 40 

Ideal 2 . 1  11 

I 2.5 13 
If 2.3 16 

'k TIME 
3 OR MORE 

51 

21 
20 

22 
23, 

53 

50 
46 

T- 1478 
' *,TIHE : I OR MORE 

26 

8 
6 

8 
7 

30 

28 
23 

there are six parameters necessary to describe the Shuttle 
orbit, far too many to consider in this study. That number may 
be reduced by two by considering only circular Shuttle orbits, 
thus eliminating orbital eccentricity and argument of perigee 
from consideration. additional parameter may be removed by 
fixing the orbit altitude at the typical value of 150 nm, as 
altitude does not strongly affect visibility. Orbital inclina- 
tion is a significant factor in the Visibility patterns, so it 
must be retained as a variable parameter. Similarly, the right 
ascension of the Space Shuttle orbit with respect to the  GPS 
satellite orbits is quite significant and must be retained as 
a variable. 

The initial anomaly of the Shuttle in its orbit is a 
significant factor in the visibility. When visibility is also 
parameterized as a function of time in orbit, however, and that 
time is carried over several complete revolutions of the Orbiter, 
then the resulting visibility patterns are nearly cyclical. 
The general pattern features under these conditions are not 
strongly dependent on the initial Shuttle anomaly, so it may 
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be removed as a free parameter. Thus, only two free parameters, 
inclination and right ascension, remain besides the independent 
variable of time in orbit. 

The Phase 11 visibility results were generated in a 
manner similar to that discussed above, but are organized dif- 
ferently. 
orbits at 150 nm altitude was assumed. Shuttle orbital in- 
clination was varied over the discrete values of 0, 30, 45, 
60, and 90 deg. The initial anomaly of the Shuttle orbit was 
fixed at 0 deg., so the Orbiter is always crossing the equator 
from south to north at time zero. 

The concept of restriction to circular Shuttle 

The aosolute right ascension of the Orbiter was not 
varied, always being assumed to be 0 deg with respect to the 
Greenwich meridian at time zero. In order to vary the Shuttle 
orbit right ascension with respect to the GPS satellite orbit 
right ascensions, the concept of "offset time," previously 
built into the software, was used. By specifying the initial 
longitudes of the ascending nodes of the GPS satellite orbits 
with respect to the Greenwich meridian, the right ascensions 
with respect to the vernal equinox vary with the satellite 
epoch time. Offset time is the span from the satellite epoch 
time to the time zero of the "time-on-orbit" parameter, so a 
positive offset time implies that the satellite epoch precedes 
the time zero. 

Table 2.2-10 gives the satellite constellation ini- 
tial longitudes of the ascending nodes and initial anomalies 
at the satellite epoch time. This constellation of six satel- 
lites is unique to this section; it approximates the Phase 11 

, constellation. The satellite inclinations are assumed to be 
63 deg. A reduced constellation of four satellites, omitting 
satellites 2 and 4 ,  is used to simulate a possible reduction 
of the Phase 11 constellation. 
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TABLE 2.2-10 
SATELLITE CONSTELLATION FOR SAMPLE ORBITAL VISIBILITY RESULTS 

INITIAL LONGITUDE 
OF THE ASCENDING NODE SATELLITE 

NUMBER (wrt GREENWICH, deg) 

1 

2* 

4* 

3 

5 

6 

0 

I 0 

0 

240 

240 

240 

INITIAL 
ANOMALY 
(deg) 

0 

45 

90 

30 

75 

120 

*These satellites are omitted for the four 
satellite version of this constellation. 

When the offset time parameter of the results is zero, 
the Shuttle begins its orbital travel directly beneath the 
Number 1 GPS satellite. As the offset time varies through 24 
hours (less 4 min, 3 . 4  sec), the right ascension of the Shuttle 
orbit varies through 360 deg with respect to that of the number 
1 GPS satellite. The cffset time parameter also affects the 
time zero anomalies of the GPS satellites with respect to that 
of the Shuttle, but as previously noted, this variation has 
little effect on the general properties of the results. 

Figures 2 .2 -26  through 2.2-35 are visibility density 
plots for the orbital visibility studies. The title of each 
figure specifies the number of GPS satellites assumed to be in 
the constellation and the orbital inclination of the Space 
Shuttle. The vertical axes are time on orbit, from 0 to 3 
hours, spanning two complete Shuttle orbits. The horizontal 
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1 1 1 1 1 1 1 1 ~ ) 3 3 3 4 4 4 ~ ~ 4 @ 4 3 3 3  3333322 1 1 I 1 
313mB221 I 1  1 I I I 1 I I I I I i I 2222244144444333 _ _ _ _  
3JJ3333322222111111 trriiiiiiirZuH23s3i~4333 
333333333222221 11 I I I 
33333333333333221 11 I I 

1 I I I11 1 11 1 1122223333333433 
I 1  111 111 11 111 1 a 1223333433 , 

333333333333333221111 11 1 1 11 1 A 1222333344 
444409e333333332221 I I I 1 I 1 1 I 1 1 122 2333-4 
4444444333333332221lll 11 I l l 1  1122233344 
49444~4933333333221111 11 11 I1 111 2233334 
44444444333333333221 I l l  11111111 1122222 
2333333~1333333333~2221111r 1 11111111 11'2222 
22333333433333333333222221 I1 1 11 1 1 1  I1 111 1 1 - A222 
1 122333334333333333 333333221 I 1 1 1 1 I I 1 1 I 1 1 1 1 1 I 1 1 
1 122233334433333333331333221 11 1 1 111 111 . 1 I12233~~4U4444333333332a21111 11111 
111222333344499444433331393221111 l l l l l  
11 11223JJ34444444443333~3332221111 11111 
11 I l l 1  122224U4444e333339J333211 I 1  I l l 1  
11111112222239333W43u33333333~2222211111 1111 i i i i  i i i i222223333~~~~333u3~222221 I i ii I I 11 I 
1 1 I1  11 I 11 11 1 122333304333333133333333321 11 1 I 1 1 

111111111223333443333333333333~~221111 
1 11 11 I 1122233339e4444o933333U3a221 I 1 I 

Figure 2 . 2 - 2 6  Orbital Visibility, 0 Deg Inclination, 
4 Satellites 
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I I I I1 1 I221 12222222333345555~85544454444432222211 
2222 21 I 122 1 1 2222223 3333444444454 44 54444 44 4 333 332 

1221 11 111 I1 1 U 2 2 3 3 3 ~ ~ 9 * 4 4 S S S b S S 5 ~ 4 ~ 4 3 2 2 ~ 2 1  I 
111 1 I I I ~ ~ ~ Z ~ ~ ~ ~ ~ * S S ~ ~ ~ ~ S S S ~ S ~ ~ ~ ~ ~ ~ ~ ~ Z Z I  
I1 1 I1 I 1 2 2 2 2 3 3 u ~ 4 s s s % ~ 5 s 5 5 ~ 4 # 3 3 2 2 1  
1111 l1llt2~233*~4555556665S55+4~33~222 
I 1 I I I1 I 11 I21 112U23330*44SSS5S59Se~4~4~33~~2 
2 1 1 1 1 1 1 1 1 1 2 2 1 1 2 2 2 2 2 2 2 ~ 3 3 3 ~ S S ~ 5 5 S ~ 4 5 4 4 4 4 4 3 2 ~ 2  
332222221 1 I221 1 2 2 2 2 2 2 ~ 3 3 3 3 4 4 4 4 4 4 5 ~ 4 4 5 4 4 0 4 ~ 4 4 ~  
33322222a112211 I I 1  1 lAI23333*4*o444S1445~4~333 
444332222211221 I I 1 I I I 1 1 2 2 2 2 2 3 3 4 4 ~ 4 5 4 4 4 9 ~ S S 5 5 S S 4  

444433322221 1 I 111 122223334444S55~66655555 
444433322221 I I1 1 I I 12222~44~4~58856666555S 
541443322221 I I I I I I 1 I121 1 1222233344bS6955S55S445 
S444~332222 I I 1  I I I I I b222I 122222~3333SS~5555444 
4 5 4 4 4 4 4 4 3 3 3 3 1 2 2 1 a 2 2 1 1 1 2 2 1 1 2 2 2 ~ 2 2 ~ ~ ~ 4 ~ S 4 4 4  
45s4044~3333322f222112~2111111111~334444444544 
45SS5555S54644332222211~1 I11 I l l 1  112222334444S44 

55~66655954444333222211 I I 1 I I 11 222333444455 
5S566665555044433322221111 1 1 112222333444SS 
5s5555554445444433~2~ll1ll111112111~2~3~445 
5 9 S 5 5 5 5 5 9 4 4 5 ~ 4 6 4 3 3 2 2 ~ 1 1 1 1 1 1 1 1 1 1 2 2 1 1 2 2 ~ 2 2 ~ ~ 3  
3 4 ~ 4 4 4 5 S 4 4 4 ~ 4 4 ~ 4 4 4 3 3 3 3 3 2 2 1 1 1 2 2 1 1 2 2 2 2 2 2 ~ 3 3 3  
334444 9 ~ 5 4 4 0 ~ 5 ~ ~ ~ ~ 4 ~ ~ 3 3 ~ 3 2 2 2 2 ~ 2 ~ 1  1221 I I 11 I I I I 233 
2 2 3 3 ~ 4 4 4 4 5 4 ~ 4 5 5 J S 5 5 S 5 4 4 ~ 4 3 3 ~ ~ 2 1 1 2 2 1  I I11 1 I11 122 
22333444959445555s5555444~~2~22111 111 122 
2223344*94S5S5666655S54444333~221111 11 112 
2223334Oe455SSS66665S~~444433~2211111 11 112 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s s s s s s ~ s s ~ ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I I I I I I I I I ~ I I ~  
22a222233335sSs~55544e4444~4~2221 I I I i I I I I1221 I 
122222233333444444454#5~4~4~33333222221 I1221 I 
I I I1 I1 11333334444445444S5444~4433333222~2211221 
I I I I I I I I 1 2 2 t ~ 3 ~ * e 4 ~ ~ ~ ~ s s ~ s ~ ~ s ~ a 4 ~ ~ 2 ~ 2 2 1  I 121 

1 I AI 122t23344445So455~95~s54~4a3332~221 I1 1 
111122223334444~55~6~65559444433ttP21111 

I llll222233344445SSSS6666SS5S444433322~llll 

46433322221 I I1 I i 11 1 2 2 ; u ~ ~ 4 ~ a 4 s * ~ s s s s 5 5 5 ~ 5 4  

4J55955555s444433222211 I I I I i I 122223334444s~ 

Figure 2 .2 -27  Orbital Visibility, 0 Deg Inclination, 
6 Satellites 
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44333333332222221 I 1 I I I i I 21 1 1 a 1 I i I I I ti 12222333334 
44433333332L22221222211 12111 1 1 1 1 1 I 1  1 111 2233334 
4444433~32222232222~11~21111 11 1 1 1 1223334 
4444444332221233222222212221 11 11 1123334 

I 111 I122334 

444444422112223322222223222221 111 1112222 
3344422222122233222222433222222 11 1112222 
233322222221223332223443332222211 11 I 111222 
2211222222322233333444433333221111 1 1  111 122 
11112222223222333444444333333311111 11 11 1 
111112222233~4444444~~3333321111 11 1 
1111112a22333+~~44444~333333~2ll11 11 
11111112233334444444443333~3~221111 1 
11111111122234444444443333333~2221111 1 
1 I1 I 11 1 1122223444333332333333322233222221 

4444444431 I222332222222321221 1 I 1 1 I a 12234 

1111111122222332222332233333333333322222111 
1111111222222222222322233333~4~3~2~111  

9 1 I 1122221 1 i 222222122233323444443333322& 1 1 
112221 1 I 1222222 122222233444443333332211 
12222111222222122213~~44444333332211 
1222211122222211112234444444333333221 

2222221 11222221 22222244444443333332222 
1222322211 112221 1122222334444433333332221 1 

1 1222221221111lll . 11112223334444433333322221 
23222221 1121 11 11 1 1 I1 11 1123333444433333332222 
33322221131 11 11 11 11 1 12333344444433333333 
33322221111 11 11 1 A 1 12233334444444433333 
33332221 1 I 1 1 1 11 1 1 1 12233334444444443333 
333332211 1 I 11 11 I I1 12223333444944994333 
3333333 1 1 I 111 11 I 1  122222222224444444433 
3333332222 1 11211 11 111 1221 1 I22222334444433 
33333322221 1 112222233444443 1221 1221 I I I I1 I 11 
433333222111 2222221222111111 I i 122223346444 
443333222111222222222221111 I 11 1 1223344444 
444433221 1233222222222221 11 1 11 11 822334444 
44444221122332222222222111~ 11111122334444 
49 4442 I I 2223322222222 1222 I I 111 I 1  12224444 
444422122233332222223222221 I 1 1 1  112222344 
432222 322233 33222 23 33322222 1 1 1 1 1 I 1 1222234 
2222223322333333333333322221 1 1 1 1 1 1 1 1 1 122222 
122222332233333333333333331111l 1 11 11 1111 11 1 

i i i i  
1111122334444444332233333222222112221 11 1 
11 1 11222244444322322233332222223222222 I 1  
1 1 1 1  122233443222222222333222Z33332222211 1 
111112223332222222122213222234444333222211 

11 122231 122222221 2223222344444333332211 
112221 I 11222222 12221233444444333333221 1 
11221 1 11222222 12212333444444333333221 1 
222111122222212222233444444333333322 I 

11 1221 1 I I122222 I 12~226444444333~33332~2 
I1i11211111L1111 I112222233344443333333322221 

1111111111111111111111222~~33443333333332222221 
22 2 1 I 1 I 1 I 1 I 1 I 1 1 1 1 1 1 1 I 1 1 1 2333 334433333333 3322 332 
222111 I 1 1 1  1111 1122333349333333333333333 

Figure 2 . 2 - 2 8  Orbital Visibility, 30 Deg Inclination, 
4 Satellites 

2 - 4 3  
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5 5 4 5 S S 5 4 4 4 3 3 3 3 3 3 2 2 2 1 ~ 2 3 2 ~ 2 ~ 2 2 1 1 1 1 1 3 ~ 3 4 ~ 4 4 4 5  
555555555S33333323333222322222211 111122334444S 
5ss665ssss44333433333322332222 I1 1121334445 
555466655444223323333~~3~111  1 I 1 1223444s 
SS566666543222332333339233322211 1 1 I1 2233445 
55866666522U~3233~~433432~1111 Illl2Z3345 
55566663322332332333333444433211111 1111223933 
445563333323329321333365544333311 I 1 1 I I I 113333 
34443333333333333333S66SSS43333221111 111111333 
3322333~~33133936666S5~S43~22Alll 11111123 
222233333 S 4 3 ~ 4 4 ~ ~ 6 6 S 5 5 5 4 4 4 2 a a a 2 1 1 1  11111 
1222233~3~4455556~~5SS4444322221111  111 
1122223333444~5555566~S5~44443322221111 11 
lll~2u34444ss5ss55s~445444~332~2lllllllllli 
lllla22~33345ssssss5~444444~333~22lllllllll2 
21111222233334S55444~43444~4~~443~333211~1111 
11111112233333443333443~3~4~445S5433U2221111 
1 1 I11 1113333333333334~333334~~5555~3322211 I 1  
I I 1  1 12233222333333233333325666665S54433222111 
I 11222333333332323322224466666S55S443322111 
1 12234 3333333332322 1344 SS46666sS5443322 I 1 I 
1 1333333333333321 1 A23*4$Sb5666SSSS44~111 
1 333333333333332 22U33S55S556SSS~4333311 
1 2333233333323332 112233344SS556SSSS54433322 
212333332332233222 I 1  12333444SS55695555S33332 

444333322221 221 11 1122223~446555665$S55~4 
444333322221 1 I 1  111122229944448555~66SSSS4 
444433322221 I I I 1 1 1 1 2 2 2 2 ~ ~ 4 4 4 S 5 5 5 5 6 6 6 S S S 5  
544443322221 I 1  1 I122 12u223334444555ssssss*5s 
554444422211111l111l222232223993333333ssssssss45 
55544433331 I 1 1 1  112223222322223322123333445SSSSS 
sss5543333221 I1 2332233223322221 1123333445ssss5 
6555554 33222 233333233323332 1 11133334455956 
665555443211223333333332331 1 1 1223344SSS56 
666655443 1233233333333363221 11 1 12233415556 
6666644222233233333 333332221 1 1 I 1 12233445955 
6666632233233233333 332433221 1 11 111122333ssss 
566S33233333333333334443332111111 1111223333455 
s4333343334333333345s5433332111111 1313122333348 
33333344330433444555SS~3333222111 lillltll1133333 
23333344334e44s5§5~5sss444222~1111 111111111222 
2233334~9044566655SS~4443~~2llll 1111122 
2223344445SS566666SSSS444433322221111 I1  112 
222234444S55S666665SS5444433332222111 I 1112 
2222244445595666654444344433332222211&111 I 1 1 1  
1222233445555S55443344~~43333~2233321111111 I l l  
11 12233~55~5S433*333433~3333~44~3~111111 11 
11112333445543333331323333333s~ss44333221111~ 1 
11111233444333333323323322346666SSS3333221111 

11 1223433433333323323222566666SSS543322 I 11 1 
1122233333333332332l234S6666655S544332~111 

3433333222322223 1 i I i ~ ~ ~ ~ ~ ~ ~ ~ ~ s s s s s s s s s s s ~ ~ ~  

11 33333333333323212444S556665S!3S~~33221111 

12~33%33a~33~3:r~~~:t3~%s%s%88%~$40335gf  f 1 1 
I2222232223222222 1 1 12333344455S54555~4433332 1 1 1 
22222222222121111111123334~44s844~sss5~3~3~2  
333222212221ll11l1l1~~223444~5S4~5§~§S55S33443 
3332222 11 1 1 1 I1 1122223344445S44SS5S5SS554444 

Figure 2.2-29  Orbital Visibility, 30 Deg Inclination, 
6 Satellites 
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443333333322221 1 11 1 1121 11 1 11 1 1 1 1A112ZZ2233344 
444333333222211 2222212221111111 1 1 122233344 
444443333222111 22222222222~1221 11112223304 
444444332211A11 12222223322212111 111 1222344 
4444444221 11 112122O222332P33L 11 1 1 1 1 1222244 
44+044331111122122222~333322111 11 1122234 
444443321 11 112222~22233343322211 11 1 122233 
344433222111222~2223344442Z2~1 1 1 122233 - 33432222211122222223344443322222 1 1  112223 
331222222212222222334444333332211 1 112223 
11 11222222222~3344444443~33~32A 11 11111 
11 11 1222223333444444444333~~3~1111 111 
111111222233334444444443331333~2~111 11 
11111112213334444444443333333~221111 1 
1l11l111123334444444443333~3~2221111 
1 1 11 11 1 12222344444333ZZ23333322222S22222 

111 

1111111222234443222222223332~ 9333222221 
11 1 1222236442222221222332222 1 44433222221 

D 1112223336322222111222222233444433322221 
1222333322222221 11221 123334444433332221 
2233332222222 11 1121 1 133334444443332222 

1 1333322122222 1 11 1 
122333222122221 1 1 122Z23344444433332222 1 
122223322212222 1 L 12222244444443333322211 

1 b2233344444433332221 

1 1222222222111221 11 1222233444444333322211 1 
3322222212221 1 1 1 1 11 1 1  12i?333444444333322221 
332222221 11211 11111113333344444443333333 
3332222 11 11 1 1 1 A 1 11 1 2333344444444433333 - 333322211 1 1 1111111122333344440*4443333 
331332 1 1 1 1 llllll1122223333444444444333 
3353332111 111111112222232222344444433 
333333222 11 1221 11 11222221 122222244444443 
3333322221 122232221 1122221 222222 4444444 
433332221 1 1 122223322212221 11 1 12222 3444444 
44332221 11 1 1122222332222221 1 1 1 1 12222444444 
4443221 11 112 122222333223321 A 1 1111222244444 
4443211 1112212222233333331111 11 1222244444 
444321 1 1  1222222222333432221 11 11 1122234444 
443222 1 11 2222222223344222221 I1 1122223344 
432222iiz2233222239e43322222i 1 1 1 11 2223334 
222222222223332234493333222111 1 11 11 1222222 
1222223322333333444333333321111 11111111111 
11222233333333444433333333321111 1111111 
111223333449444444333333332221111 11 111 
11 11233334444444433333333322221 1 1 1 1111 
111113339444~44~33333333222221111 11 A 
1 1 1 12223444444444 12223333222222212221 1 111 
111122234444443221122233222222333222211 11 
111122233444432221112222222233344322222 f 
1112223333433222211122222223334443322222 
1122233333322~2211122122233344443332222 
12233332322222111l211133334444433332222 
12333322f22222111111123333444443~~32~ 
1233 322; 122222 1 1 1 
2223222.11122221 

1222 33444444 33333222 2 
2222 2444 44 4 4 333 33 322 2 1 1 

122221221 1 1 1  1121 112222233409~433333332211 
2222111211111111 11111122333344443333333322212 
2221 11 1 1 1  1 1 11 111 11 11 11 11 23333U433333333S322332 
2221111 11 1 11 1 1 1 1 22333344333333333333333 

Figure 2 . 2 - 3 0  Orbital Visibility, 4 5  Deg Inclination, 
4 Satellites 
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33Z33333333333335666555S3332221111 111111233333 
233333443344~45§666SS55444322221111 1 111 11 11222 
223333444444446666555554444322221111 1111122 - 2223344445555666665555444433322221111 1A 112 
222234444§9556666SS55544443333222i?lI11 1 1 1 2  
22222444555566666S4443334333333222211All 11 1 
122233345555666652933333333333332333221111 111 
11 123334S55666S3322332~32333334S544~3221111 11 
1 1 1 133 344566654332222222223A44566 544333 1 1 A 1 1 
1 I 122344456554333222222222245S666SS433331111 

11222445595443332212212223S56666S5543331111 
l2233154544333222121llS344666~6~55533~31il 
12344S443443332211111234445666655SS4~~31111 

233433333333332 &3 Sb5 ses6%18%$:#31: f 
2333323323332232 1 A 233334455555598955U3322 11 
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I, 

- i2e443443e4333221 i 2344585666 

333222212221 i i  1 i i t i  i - 33322221 1 1  1 1 11 i t 2 2 2 2 3 3 4 4 4 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ 5 5 5 9 0 0 o 0  

44454444433222211111111112211~222~~335SS5555S 

55455554443333211122222232223~22211112~3S4~4SS 
5965555551333221 3333323332333221 11 133344455 
SS666SSJS431221 2233333313433431 11 1 1333449s 

544554444e333331ii I i2a2rt2aa2222222~333~34*sss 

I 566665542222 1222229334SS65544322111 11 1133344 
4 ~ 6 6 5 5 4 9 3 2 ~ 2 ~ ~ 2 2 2 2 3 4 ~ 6 6 6 4 4 4 ~ 2 1 1 1 1  1 I123344 
4s654ii333i22~22224~&6&6S543333i i i i i i i i i u e  
4534333333233222224S66665SSS43322 11 t 1 11 12224 

11111 Oo5 t 222233313333~331566~655544~22~~ 11 1 

Sso4&i3ZZiiiii 11222232223~s3433334SSSSSSS55 
9554443331 1 1  1 2223323332333332 122233355S5S565 
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Figure 2.2-31 Orbital Visibility, 45 Deg Inclination, 
6 Satellites 
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I I I I I I 

333333333221111 1 11 1 11 1 1 1 12222244446444 
43333333332222 1 1 1 1 1 1 1 1 1 1 1 1 1 122222 2334444 
4433333332222 1 11 11 22 1 1 11 11222 1 1 112ZZ22J3444 
444333333222 11 222222221 11 2222 1 1 1222223444 
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Figure 2.2-32 Orbital Visibility, 60 Deg Inclination, 
4 Satellites 
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Figure 2.2-33 Orbital Visibilicy, 60 Deg Inclination, 
6 Satellites 
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Figure 2 . 2 - 3 4  Orbital Visibility, 90 Deg Inclination, 
4 Satellites 

2 a 4 9  



THE ANALYTIC SCIENCES CORPORATION 

OFFSET TIME (hr) R-507s7 

0 4 8 12 16 20 24 
I I I I I 1 

0.0 

0.5 

1 .o 
1 

2 
t 
a 

- 
m 
0 

$ 
: lS5 

5 

F 
u1 
A 
I- 

r 
u) 

2.0 

2.5 

3.0 

13443 
2333233 33 33 3223 344 5 f S  5565 SSS4 4433221 I I 332 
22222233334443355555sssss5s44#422221111 1122 

1 1222444S5655543222 1322344S66666554331111 
2 12223 3485555543222 11123334556466654332111 
232233334434943221 I I I1122334555666665432212 
3333333332222121 1 I 1 I 11222344SSSS6666654233 
3443333322221 1 I I1 l l 1 l ~ 2 2 ~ 4 4 S S 5 9 B 6 6 4 6 5 5 ~ 3  - 446433322221 1 I I 11112222934444555~566665555 
94444322221 1 1 1  111122U333344*4555556666S55 
5S444322211 i I 1122332313333333~94555666655 
~ 5 5 9 3 3 3 2 ~  I i 1 2 3 4 * 9 4 3 4 ~ 3 ~ 2 2 2 1 1 2 3 4 4 5 ~ 6 6 6 5  

65 44332 21 12333SSS5S5443222 1 1 11 123a4466666 
65444222 122335556655.*32211 I12334456666 
6 544 32 2 1 11233455666955333All 111234456666 
5553331 11 1112334S66666S4432i?I 1 1233455666 
554432111 13233455666664442222 A233455566 
554422211 111334656666654833221 1223355565 
S443322211li1234~4666665S5~33111 22234Ss4S 
443333222221 23344666665SS533321 I I 1 12235843 
23333333333224456666655544432221 I 11 11111333 
22333334444SS5566666SS5~4443222211 I1 1 I1 1 122 
222~3344455555666655S~444333~22 1 I I 1 111112 
2223444455556666555 SS8484333332222 11 11 1 1 1 2  
2 2 2 3 4 4 4 5 5 5 5 6 6 6 6 5 5 ~ 4 4 ~ 3 3 3 ~ 3 ~ 2 3 3 2 2 1 1 1  1 1 1  
I233345555666655443 1 1122233333433448322 11 I 
1233349556666654432 11 I1 122333#444S54322 I 1  . 1923485566666648331 1 I 11223444S555S43321 1 
2223464666666493321 1 112234455665553322 1 
12239996666654432111 Lll333SSS666SS433211 1 
1 13336 § S666554332 1 1 1 12334456666S54332 1 1 1 

I 2 34456666664433 11 11  
1 I ~ J 3 3 ~ 9 ~ ~ 6 ~ 6 6 6 ~ 0 4 3 f l I I  11 

1824445555554332 1 
2. 33000!u550332 I 

5553333 1 1 I . 12334554544433221 1111133446643666 

12338555665553321 I 22294466666654432 I i i I 

33 3 322 222 2 22 I 11 122224444555S66555SS5~44443 
3332222 1 I 11 111112222334444S54455555~5~~4444 

Figure 2.2-35 Orbital Visibility, 90 Deg Inclination, 
6 Satellites 
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ases are offset time, spanning a complete 24 hrs. The numbers 
in the figures show how many satellites are visible for the 
particular time on orbit and offset time. Zeros, indicating 
no satellites visible, have been replaced by blanks. Visibil- 
ity patterns observed by the Orbiter are given in the vertical 
columns, a different pattern for each offset time. 

The only criterion for visibility used in this study 
was that to be visible, a satellite must have been above 5 deg 
above the Orbiter's horizon. (At 150 run of altitude, the 
Orbiter's horizon is about 16.5 deg below the local horizontal 
plane.) No limitations of the Shuttle GPS receiving antennas 
were assumed, thus removing antenna considerations and Orbiter 
attitude considerations from the study. Actual visibility 
with less than full coverage antencas will often be reduced 
from the values given in the figures, but by adjusting the 
attitude of the Orbiter, if necessary, all the satellites in- 
dicated in the figures may be seen by the Orbiter antennas. 

Tables 2.2-11 and 2.2-12 summarize some statistics 
relating to the orbital visibility study. They show percent- 
ages of the time that a given number of satellites are vis- 
ible. The percentages represent averages over both time on 
orbit and o\ver offset time. They may not apply on any par- 
ticular orbit, but the doubly periodic nature of the visi- 
bility density figures implies that they should be nearly 
correct for any orbit at the given inclination. The time 
percentage visibility figures are generally smoothly varying 
with orbital inclination, except that the 0 deg orbit shows 
some sharp changes that may be real or may be an accident of 
the discrete and limited nature of the simulations. These 
summary tables show that three or more satellites are avail- 
able significantly more often than are four or more, especially 
with the reduced, four satellite constellations. 
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SHUTTLE 
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INCLINATION 
(de81 

0 

TABLE 2.2-11 
TIME AVERAGE ORBITAL VISIBILITY, 4 SATELLITES 

NUMBER OF SATELLITES VISIBLE 

3 OR . I OR 
I H O E  H O E  

1 2 3 4 5 

14 31 13 31 10 41 10 

I TIHE PERCENTAGES FOR ORBITAL GPS SATELLITE VISIBILITY 

(CONSTELLATION OF 4 PHASE I GPS SATELLITES, 5 de8 MASK ANGLE) 
(SHUTTLE ORBITS ARE CIRCULAR AT 150 nm ALTITUDE) 

30 15 

AS 16 

60 17 

90 17 

25 27 21 12 33 12 

22 28 20 13 33 13 

23 25 20 14 35 14 

25 20 23 15 38 I5 

TABLE 2.2-12 
TIYE AVERAGE ORBITAL VISIBILITY, 6 SATELLITES 
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TIME PERCENTAGES FOR ORBITAL GPS SATELLITE VISIBILITY 

NUMBER OF SATELLITES VISIBLE 
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4 20 13 23 16 2 55 41 

4 59 32 

58 36 

I 

I!  16 17 1 I8  I5 15 6 1  a 56 39 
13 16 15 I 17 14 15 10 56 40 

(CONSTELUTION OF 6 PHASE I GPS SATELLITES, 5 deg MASK ANGLE) 
(SHUTTLE ORBITS ARE CIRCULAR AT 150 om ALTITUDE) 
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2.3 DEORBIT NAVIGATION 

2.3.1 Introduction 

The Performance levels to be expected in using Phase 
I GPS for deorbit navigation are given in this section. It 
first examines the issues of GPS satellite uploading and clock 
quality, thc receiver measurement schedule, the receiver navi- 
gation filter, and the "truth model" used to assess filter 
performance. Nominal results are then presented, followed by 
sensitivity studies considering effects on performance due to 
the duration of blackout, to having IMU platform misalignment 
states in the navigation filter, and to adding drag update and 
baro-altimeter measurements. Conclusions are summarized in 
Subsection 2.3.11. 

The deorbit visibility results of Section 2.2.2 are 
used here as input to a navigation performance study of the 
deorbit mission phase. The Phase I GPS satellite constella- 
tion and the Shuttle deorbit trajectory have already been pre- 
sented along with the visibility results. The method used to 
generate performance predictions is one of covariance analy- 
sis. A reasonable navigation filter consistent with flight 
software limitations is postulated, and its statirtics are 
simulated. A much more comprehensive "truth model" is then 
statistically simulated to provide an assessment of filter 
performance considering all important error sources, including 
many not acknowledged by the filter itself. Finally, key 
assumptiow (including filter design) are varied to assess 
their impact on the results in a sensitivity study. A similar 
approach has been used in the past for studies of the integra- 
ted landing navigation system of Refs. l through 4 .  
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2.3.2 GPS Satellite Uploading 

Four ground cracking stations track all of the GPS 
satellites, and current best estimates of the satellite ephem- 
erides and clock states are maintained on the ground. As each 
satellite makes its closest approach to Vandenberg AFB (once 
per day) the ground estimate of ephemeris and clock errors for 
that satellite are uploaded to the satellite. For the next 24 
hours, the satellite then broadcasts this estimate as part of 
its GPS signal. 

Because the Phase I satellites are intentionally 
bunched, they are all uploaded during a five hour period each 
day. Since the satellite ground tracks move from west to east 
and the deorbit trajectory is west of Vandenberg, the period 
of good visibility selected in Section 2.2.2 takes place prior 
to the five hour uploading interval (with one exception), while 
the period of reduced visibility takes place after the upload- 
ing interval. 

2.3.3 Phase I Satellite Clock Quality 

Depending primarily upon the quality of the satellite 
clocks, the GPS measurements may degrade rapidly with time 
since uploading. Phase I GPS will utilize rubidium clocks, 
while in Phase I11 more accurate cesium clocks are planned. 
The specified accuracy of the Phase I rubidium clocks, the 
accuracy of a 5-state model used in this study to simulate 
them, and some current data from laboratory tests of the ru- 
bidium clocks are all presented in Fig. 2.3-1 for comparison. 
As the figure shows, the test data is significantly better 
than either the specification or the assumed math model. 
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PHASE I RUBIDIUM CLOCK 
SPECIF CATION vs MODEL vs DATA 

GPS SPECIF CATION 4 1 JAN 74 
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TEST RECENT', I 
DATA -L - 4 

Figure 2.3-1 Phase I Rubidium Clock Model vs 
Specification and Test Data 

From the mathematically modeled clock performance it 
is possible to extract a good approximation to the satellite 
clock contribution to pseudo range measurement error. A graph 
of that contribution for a typical satellite, as a function of 
the time since uploading, is given in Fig. 2.3-2. It should 
be noted that the value of about 130 ft of error at the end of 
one day since uploading is not all due to clock inaccuracy 
accumulated during the day. Part of the error is due to an 
inability of the ground network to accurately calibrate the 
clock frequency at the beginning of the day. This inability, 
itself, is partly related to clock quaiity, and accounts for 
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Figure 2.3-2 Satellite Clock Contribution 
to Range Error 

about as much of the error as does the clock error buildup 
since uploading. Also included in Fig. 2.3-2 is a similar 
graph applying to a 3-state model used to represent the Phase 
I11 cesium clocks. The current rubidium clock test data is 
closer to the performance of the modeled cesium clocks than it 
is to that of the modeled rubidium clocks. 

* 

With the modeled clock performance, the accuracy of the 
GPS measurements varies considerably with time since uploading, 
and the two segments of satellite visibility postulated earlier, 

*Ground test data circa 1978. 
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coming just before (good visibility) and just after (reduced 
visibility) the uploading interval, represent the extremes of 
such accuracy variation. 

2 . 3 . 4  GPS Measurement Schedule 

A GPS receiver that makes sequential pseudo range and 
pseudo range-rate measurements to single GPS satellites is 
assumed in this study. The receiver makes measurements at a 
constant rate (one every 12 sec) by cycling among the set of 
visible satellites. Measurement intervals ranging between one 
sec and one min 3re discussed in planned receiver designs, but 
for a user with an inertial system of the quality of that planned 
for the Orbiter, the measureme..; rate makes very little differ- 
ence within these limits, provided that initial transient error 
reduction using GPS (for the first 8 measurements or so) is 
considered on a ttnumber-of-measurements" basis and not on a 
time basis. That is, after the fifth measurement, say, re- 
sults are likely to be very similar whether the five measure- 
ments took five sec or five min. Considered on a time basis, 
a higher measurement rate is always better. 

2 . 1 . 5  Deorbit Navigation Filter 

The filter chosen for GPS-aided deorbit navigation is 
an 11-state Kalman filter containing 3 positions states, 3 
velocity states, 3 platform alignment states (all in inertial 
coordinates), and 2 clock states (phase and frequency). Table 
2.3-1 summarizes the initial state standard deviations and the 
process noise densities for the filter. 

Measurement noise values for GPS measurements are 
shown in Table 2.3-2. Note that there are two sets of values, 
one appropriate for use prior to updating and another set with 
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PRIOR TO 
UPLOADING 

TABLE 2.3-1 

I AFTER 
UPLOAD I NG 

DEOSi3IT NAVIGATION FILTER INITIAL CONDITIONS 
AND PROCESS NOISES 

T-1138 
I 

INITIAL 
RMS 
ERROR 

PROCESS 
NOISE 
SPECTRAL 
DENSITY 

INITIAL 
W S  
CLOCK 
ERROR 

CLOCK 
PROCESS 
NOISE 
SPECTRAL 
DENSITY 

I AXIS 

Velocity (fps) 
A 1  ignmen t ( S ~ C  ) 

3 . 3  3.3 
729 729 

Posi t ion  (ftZ/sec) -- -- 
Velocity ( f p d / s e c )  0.1076 0.1076 
Alignment (s?c2/sec) 4.41 4.41 

Phase ( f t )  l200+ 

R 
2500 
26.3'f 

729 

-- 
0.1076 
4.41 

Frequency (fys) 0 .25  f 

I 0 .1  
I 

Phase (f t2/sec) 

I Frequency ( f p s z / s e c )  3 .  O x d  

*Referenced t o  iner t ia l  ve loc i ty .  
t I n i t i a l  downrange pos i t i on  and r a d i a l  ve loc i ty  e r r o r s  a r e  

+ I n i t i a l  clock p h s s e  and frequency e r r o r s  a r e  +50% 
-90% cor re l a t ed  

co r re l a t ed .  

TABLE 2.3-2 
DEORBIT FILTER MEASUREMEKT NOISE 

RMS 
MEASUREMENT 

ERROR 

Pseudo Range (ft) 100 

I Pseudo Range-Rate (fps) 1 0.05 

12 I 0 . 0 5  
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a much reduced pseudo range error appropriate for use after 
updating. These variations are an attempt to account for the 
unmodeled (in the filter) effect of satellite states on pseudo 
range measurements as discussed in Section 2.3.3. 

The deorbit filter incorporates underweighting as 
discussed in Section 2.3 of Ref. 4 .  Underweighting reduces 
the possibility of filter divergence due to nonlinear effects 
and also reduces the sensitivity of the filter to a single bad 
measurement. It slows convergence when all is well, however. 
An underweighting factor of 1.2 is used until the root sum of 
the three position variances falls to less than 3281 ft (1000 
meters), at which point the underweighting is turned off. Due 
to the error growth during the blackout zone of deorbit, the 
underweighting is turned back on subsequently, and then, final- 
ly, turned off again if and when the position error falls back 
below the limit 'above. 

When drag updating and baro-altimeter aids are added 
to GPS aiding, the filter includes an additional state. This 
state represents either drag aititude error or barometric alti- 
tude error, depending on whichever aid is currently being used, 
since the time periods when the two additional aids are being 
used does not overlap. Numerical values appropriate to this 
filter are those discussed in Chapter 5 of Volume 2. 

2.3.6 Deorbit Navigation Truth Model 

The truth model used to evaluate deorbit navigation 
with GPS aiding alone is similar to that described in Section 
2.4.1 of Ref. 4 .  In particular, the 20-state model f o r  the 
inertial measurement unit (IMU) and the 6-state model for the 
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* 
master timing unit (MTU, also called the Orbiter clock) are 
identical. The gravity model error section of the earlier 
study is not exercised here due to the negligible effect of 
gravity errors in past studies at lower altitudes where such 
errors would be even larger. The satellite states in the truth 
model are changed because a 5-state rubidium clock model is 
used here for Phase I GPS instead of tae 3-state cesium model 
used for Phase I11 GPS in the earlier study, and because there 
are only 6 Phase I satellites considered here. Thus, there 
are a total of 78 satellite states (6 satellites x 13 states 
per satellite). Including the 11 filter states, the current 
truth model contains 115 states. 

The data base for the current truth model reflects 
the likely initial values for the filter states and fo r  the 
MTU for deorbit navigation, assuming GPS had not been used for 
the two hours preceding deorbit. The LMU values are identical 
to those assumed in Table 4.2-2 of Volume 2. The GPS satel- 
lite state numerical values are used in the NESA program (de- 
scribed in Section 2.2 of Ref. 4 )  and are appropriate to Phase 
I GPS. Tablc 2 . 3 - 3  summarizes the data base for the deorbit 
navigation truth model. 

When drag updating and baro-altimeter measurements 
are taken along with the GPS measurements, the truth model 
necessarily becomes more complex. The additional models are 
described in Sections 4.3-1  and 4.3-2 of Ref. 4 .  The truth 
model data base for these additional states includes all drag 
and baro-related error sources as presented in Ref. 4 and used 
in generating the baseline error budgets of that report. Table 
4 .3 -4  and a portion of Table 4.3-5 of Ref. 4 summarize the 
added data base. 

*When this study was done, it was thought that the ilTU would 
serve as the GPS receiver clock. This is no longer the case. 
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TABLE 2.3-3 
DATA BASE FOR DEORBIT NAVIGATION TRUTH MODEL 

ERROR SOURCE 

0. Oncorrelated GPS Receiver 
Measurement Ezrorr 
Pseudo Elange 
Pseudo Range-RPte 

Posit ion 
Veloc it J 
Alignment 

2. Ibm Error8 
Accelerometer 
Bia6eS 
Scale Factors 
Asymmetries 
Nonorthogonalities 

Bias Drifts 
lass Unbalances 

5 .  Shu t t l e  lfTU Errors 
Initial Phase 
Init ial  Prequency 
Aging 
Random Frequency 
Random Frequency Rate 
Acceleration Sensitivlt y 

1. Init ial  Fi l ter  State Errors 

Gyro 

4. GPS Satel l i te  Errors 

STANDARD DEVIATION 

12 it 
0.05 ips 

(11205, 866, 1038) it' 
(1.086, 0.942, 12.468 )ips' 
284 sec each of 3 axes 

50 ug e'ach of 3 axe8 
100 ppm each of 3 axes 
100 ppm each of 3 axes 

15 sec each of 3 axes 
0.039 degjht each of 3 axes 
0.025 deg/hr/g each of 5 components 

1130 itf 
0.142 i p s  
3.86 x 10-6 ftfsec2 
20.2 ips# 
1.37 ft/se 
0.1 f t l s ec  f g  
See Text 

!i2" 

'Given i n  downrange-crossrange-radlal coordinates referenced 
t o  inertial velocity; significant cross correlations exist  
among rn i t i a l  positfoa and velocity errors 

*Correlations among i n i t i a l  clock errors exist;  also. clock 
process noises exist as given in Sectior. 2 .4 .1  for Ref. 2 

#Clock fl icker noise is attenuated by a factor of 100 before 
combining w i t h  ordinary frequency error 

2 . 3 . 7  Results of GPS Aidinp Alone 

Position and velocity error  results of a truth model 
evaluation of GPS aiding during deorbit, assuming good visibil- 
ity prior to satellite uploading, are presented in Figs. 2 . 3 - 3  
and 2 . 3 - 4 .  Similar results for a period of reduced visibility 
after satellite uploading are presented in Figs. 2.3-5 and 
2.3-6. The figures are largely self-explanatory, but because 
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1D 

€LAPSED TIME f a 4  

Figure 2 . 3 - 3  RMS Position Error versus Time for 

I 

GPS-Aided 
Deorbit Navigation with Good Visibility Prior 
to Satellite Uploading 

4s 
ELAPSED TIM€ 4minl 

Figure 2 . 3 - 4  RMS Velocity Error versus Time for GPS-Aided 
Deorbit Navigation with Good Visibility Prior 
to Satellite Uploading 
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Figure 2.3-5 RMS Position Error versus Time for GPS-Aided 
Deorbit Piavigation with Reduced Visibility 
After Satellite Uploading 
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Figure 2.3-6 RMS Velocity Error versus Time for GPS-Aided 
Deorbit Navigation ..ith Reduced Visibility 
After Satellite Uploading 
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of the scales necessary t o  present all of the results on a 
linear graph they tend to obscure some details of the tran- 
sient error reductions, both the initial reductions and the 
reductions following the blackout period. Figures 2.3-7 and 
2.3-8 show these initial reductions of position errors on a 
logarithmic scale and on a number-of-measurements basis rather 
than a time basis. It should be pointed out that during the 
initial portion of deorbit with good visibility there are only 
three satellites visible, fewer than are needed for complete 
position determination based on GPS alone. 

‘OD0 1 2  3 4 5 6 7 8 
NUMIR OF YEASUREYEITS 

AFTER INltlALIZAllON 

WDLIIIE#WTING 
NA1IEO OFF 

\ RAOIAL 

Z O D -  ‘. 
L- CAOSAAWSE ---- 

1 W I  a L 1 . 
0 1 2 3 4 5 6 7 8  

NUWBEI OF MMIREYENTS 
A m l  BUCKOUT 

Figure 2.3-7 Initial Error Reduction with GPS (Based on 
Good Visibility Prior t o  Uploading) 

Tables 2.3-’4 thru 2 . 3 - 6  contain error budgets prior 
to blackout, after blackout, and at the terminal 20 kft of 
altitude points, both for the good visibility situation and 
the reduced visibility situation. After blackout, the results 
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NEDUCED 
VISIBILITY 
AFTER 
UP LOAD I NC 

"I 1 m 0 1 2 3 4 5 L 7 s  

NUllllER OF UEAEUREP4EYElltS 
*nER INlTlALUATlON 

Figure  2 . 3 - 8  I n i t i a l  Error 
Reduceci V i s i b i  

INERTIAL MEASUREMENT UNIT 962 53 48 1 . 2 1  0 .22  0 . 3 0  

ORBITER CLOCK 442 1039 652 0 . 4 0  0 . 3 7  0 . 1 3  

SATELLITE STATES - - - - - - 

19, "I 200 

'Oo8 1 2  3 4 I 6  7 8 
lW8ER OF UEYSUREMENTs 

N T E R  BUCKOUT 

Reduction with GPS (Based on 
l i tg  After Uploading)  

TABLE 2 . 3 - 4  
GPS-AIDED DEORBIT NAVIGATION ERROR BUDGETS PRIOR TO BUCKOUT 

T4 3 01 

ML4SUREHENT NOISE 

INERTIAL MEASUREMENT UNIT 

ORBITER CLOCK 
VISIBILITY 

I MEASUREMENT NOISE 8 141 0.07 0 . 1 0  0 .22  
BASED ON 

I 

RSS 1189 1046 659 1.40 0.47 0 . 4 2  - 
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* 

TABLE 2.3-5 
GPS-AIDED DEORBIT NAVIGATION ERROR BUDGETS AFTER BLACKOUT 

ERROR GROUP I RMS POSITION RUS VELQCITI' 

DR CR R CH R 
ERROR (FT) I DR 

ERROR (FT) 

INITIAL CONDITIONS 12916 9088 11915 

BASED ON 
GOOD 
VISIBILITY 
PRIOR TO 
C'PLOADI NG 

MEASDREUENT NOISE 

INERTIAL MEASUREMENT UNIT 

ORBITER CLQCK 

58 42 83 

1329 1950 2619 

195 132 338 

SATELLITE STATES 410. 210. 827* 

RSS 3292 9299 12233 

I 

14.35 24.43 34.M 

0.05 0.04 0.17 

4.46 5.78 8.15 

0.19 0.12 0.67 

0.16 0.17 1.62 

15.02 25.11 35.84 

BASED ON 
REDUCED 
YISIBILITY 
AFTER 
UPLOADING 

INITIAL CONDITIOlOS 

NEASUREMENT NOISE 

INERTIAL NEASURENENT UNIT 

ORBITER cu)cIi 

2965 9109 11942 

154 133 194 

1475 1968 3654 

1013 343 1552 

14.59 24.49 35.08 

0.12 0.11 0.39 

4.73 5-77 9.24 

0.31 1.25 2.40 - - - - - - SATELLITE STATFS 

RSS 3467 9326 12586 15.34 25.19 36.36 

'SATELLITE CLOCKS CORSISTENT ZITH RECENT TEST DATA WOULD YIELD POSITION 
ERROR COXTRIBUTIONS 10-20 TIMES SMALLER. 

are about the same in either case, as the errors are dominantly 
due to initial platform misalignments with a lesser amount due 
to the IMU. Beceuse there is very little sensed acceleration 
prior to blackout, the initial platform alignments are not 
Dbservable and thus cannot be estimated during this time in- 
terval from thc GPS measurements. The IMU errors &re not 
estimated by the filter, so their concribution during blackout 
cannot be reduced by GPS measurements prior to blackout. 

Platform alignment errors grow somewhat from their 
initial values up to the end of the blackout Deriod, dr;e t o  

gyro drift contributions. After blackout, the filter begins 
to estimate the alignments and to reduce the rms alignment 
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1267 317 1143 
265 71 171 

2474 678 1364 

1617 1945 3811 - - - 
3226 2085 4209 

TABLE 2.3-6 
GPS-AIDED DEORBIT NAVIGATION ERROR BUDGETS 

AT 20,000 FT ALTITUDE 

1.44 0.36 1.44 
0.13 0.09 0.32 
2.85 0.68 2.56 

4.01 1-04 3.79 - - 
5.12 1.30 4.00 

GOOD 
VISIBILITY 
PRIOR TO 
UPLOAD I NG 

REDUCED 
VISIBILITY 
AFTER 
UPLOADING 

ERROR GROUP 

INITIAL CONDITIONS 
LIEASURIWENT NOISE 
INERTIAL MEASuREsbENT UNIT 
ORBITER CLOCK 
SATELLITE STATES 

.3SS 

INITXAL CONDITIONS 
MEASUREMENT NOISE 
INERTIAL UEASUREMENT UNIT 
ORBITER CLOCK 
SATEUITE STATES 

RSS 

DR CR R 

1 1 0 
11 10 14 
2 2 0 

18 22 35 
314. 329. 425' 

314 330 427 

DR CR R 

0.07 0 . O G  0.06 
0.08 0.07 0.05 
0.07 0.13 0.07 
0.18 0.16 0.24 

0.05 0.02 0.30 
~ ~~ 

0.22 0.23 0.39 

*SATX,L,ITE CLOCKS CONSISTEST WITH RECENT TEST DATA WOULD YIELD POSITION ERROR 
CONTRIBUTIONS 10-20 TINES SMALLER 

e r r o r  , a s  Table 2 . 3 - 7  shows. Sensed acce lera t ion  during and 
a f t e r  blackout i s  la rge ly  i n  the downra.lge d i r e c t i o n ,  with a 
l e s s e r  amount i n  the r ad ia l  d i r e c t i o n ,  and very l i t t l e  ' n  t h e  
crossrange d i r ec t ion ,  so alignment observabi l i ty  is bes t  i n  
the crossrange d i r ec t ion  and worst i n  t h e  downrange d i r e c t i o n ,  
which the tab le  confirms. 

2 . 3 . 8  Effect of the Duration of Blackout 

Previous Figs. 2 . 3 - 3  through 2 . 3 - 6  show the e r r o r  
growth during the blackout period a s  a function of time. An 
e a r l i e r  emergence from blackout would cause e r r o r s  t o  peak a t  
the lower values p lo t ted  f o r  times before 3 7 . 3  m i n .  Time and 

2-67 



THE ANALYTIC SCIENCES CORPORATION 

TABLE 2.3-7 
PLATFORM ALIGNMENT ERRORS FOR GPS-AIDED 

DEORBIT NAVIGATION 

Goo VISIBILITY PRIOft REDUCED VISIBILITY AFTER I TO SATELLITE UPLOADING I SATELLITE UPLOADING 

EWENT 

INITIAL CONDITIONS 284 284 284 284 284 284 

291 292 292 293 294 PRIOR M FIBST NEASURELIGNT 
AFTER BLACXOUT 

EIGHT MEASUREMENTS AFTER 
BUQ(0uT 1l2 46 77 131 31 130 

38 53 39 I 47 
AT 20 KFT ALTITUDE 

altitude are related in a nonlinear way during blackout, how- 
ever, so it is not directly obvious from the previous figures 
how error growth would be reduced if the altitude (nominally 
145 kit) assumed for the end of blackout were raised. 

T3e other way in which the blackout interval could be 
reduced, by lowering the altitude (nominally 300 kft) assumed 
for the onset of blackout, would have a less obvious effect on 
the error growth. A separate investigation is necessary to 
examine each variation in the altitude for the onset of black- 
out. Figures 2.3-9 and 2.3-10 show how errors grow during 
blackout as a function of altitude, so that the effect of end- 
ing blackout at a higher altitude is easily assessed, and how 
the errors at the end of blackout (the nominal 145 kft) reduce 
if blackout begins at altitudes lower than 300 kft. A general 
conclusion is that an early emerffence from blackout would clear- 
ly reduce errors, but that a delay in the onset of blackout 
would be helpful only if the delay were to an altitude below 
240 kft. 
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EFFECT OF A DELAY IN THE 0- OF 
ERROR G R O W  DURING BLACKOUT BLACKOUT ON ERRORS AT THE END OF BLACKOUT 
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Figure 2.3-9 Sensitivity of Aided Navigation Results to - 
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ERROR GROWTH DURING BLACKOUT 
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Figure 2.3-10 Sensitivity 

- 
of Blackout - -  Position Errors 

01 I 
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of Aided Navigation Results to - 
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2.3.9 Effect of Misalignment States in the Filter 

A possible simplification of the deorbit navigation 
filter would be to omit the three platform alignment states. 
These states cannot possibly be estimated until after black- 
out, because before blackout there is inadequace sensed 
acceleration to have platform misalignment cause any effect, 
and during blackout there are no measurements. The misalign- 
ment states are useful, however, in quickly reducing the nav- 
igation errors after blackout, as Fig. 2.3-11 shows. The 
reason 'for this behavior is that with alignment states pres- 
ent, the filter correctly accounts for the cross correlations 
in positim and velocity error components that build up during 
blackout, making subsequent identification of errors an easier 
process. 

15 

12 

3 

0 

MISALIGNMENT 

MISAL16NMENT 

0 1 2 3 4 S 6  
NUMBER OF MEASUREMENTS 

AFTER BLACKOUT 

MISALIGNMENT 

0 1 2 3 4 5 6  
NUMBER OF MEAUlREMEMS 

AFTER BLACKOUT 

Figure 2.3-11 Effect of Misalignment States in the Filter 
(Based on Good I'isibility Prior to Uploading) 
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2.3.10 Effect of Adding Drag Updates and a Baro-Altimeter 

One way to control the error buildup during blackout 
and to assist in recovery after blackout in a reduced visibil- 
ity situation is to add drag updating and baro-altimeter meas- 
urements. Both of these aids are useful in reducing errors in 
the plane of motion, especially in the radial direction. 

Drag updating begins around 282 kft of altitude, just 
after blackout begins, and continues past the nouinal end of 
blackout down to 100 kft of altitude. One update is assumed 
each 3.6 seconds in this analysis. Baro-altimeter measure- 
ments do not begin until 31 kft of altitude is reached, and 
continue to the 20 kft point at which this study stops. 
Baro-altitude measurements are also assumed at 3.6 second 
intervals. Because these additional aids are most useful 
under reduced visibility conditions, such conditions are 
assumed to exist. Reduced visibility conditions here follow 
satellite uploading, so that questions of satellite clock qual- 
i ty are -obviated. 

* 

Figure 2.3-12 shows the error growth during blackout 
when drcg updating is used, while Fig. 2.1-18 shows tne init- 
ial error reduction following thd blackout period. Table 2.3-8 
gives error bkdgets after blackout and at 20 k f t  of altitude 
when drag dpdates and baro-altimeter measurements are used. 
Note especiallv the reductions in radial position and velocity 
errors when the additional aids are used in conjunction witn 
even reduced vi sibj litj GPS measurements. 

$:After the init.'al series of Shuttle test flights, the air 
data system will be sufficientlv well calixated to p2rm.r. 
operation at higher altitude&, possibly up to 85-100 k f t .  
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38- 

-27 

ERROR GROWTH DURING BLACKOUT 

- 12[ a 

Figure 2.3-12 GPS + Drag Update + Baro-Altimeter Aided 
Deorbit Navigation (Error Growth During 
Blackout 1 

2.3.11 Deorbit Navigation Conclusions 

An important aspect of deorbit navigation concerns 
visibility coverage for the deorbit mission with Phase I GPS. 
It is shown in section 2.2.2 that good visibility is obtained 
only about five hours each day, with reduced visibility obtained 
for a 12-16 hour interval each day. 
hours each day, satellite visibility during deorbit is poor to 
nonexistent. This study shows that GPS aiding alone produces 
8;ood deorbit navigation results during periods of good visibil- 
ity, while acceptable results with reduced visibility may be 
obtained by adding drag updating and baro-altimeter aids. 

For the remaining 8-12 

2-72  



THE ANALYTIC SCIENCES CORPORATION 

TABLE 2.3-8 
GPS + DRAG + BARO-ALTIMETER AIDED NAVIGATION ERROR BUDGETS 

(BASED ON REDUCED VISIBILITY .CTER UPLOADING) 

AFTER 
BLACKOUT 

AT 
20,000 FT 
ALTITUDE 

ERROR GROUP 

INITIAL CONDITIONS 
GPS MEASUREMENT NOISE 
INERTIAL MEASUREMENT UNIT 
ORBITER CLOCK 
DRAG UPDATE STATES 
BARO-ALTIMETER STATES 

RSS 

INITIAL CONDITIONS 
GPS MEASUREMENT NOISE 
INERTIAL MEASURENENT UNIT 
ORBITER CLOCK 
DRAG UPDATE STATES 
BARO-ALTIMETER STATES 

RSS 

RMS POSITION 
ERROR (PY) 

DR CR R 

1366 7897 1661 
83 180 110 
621 1890 874 
124 279 1477 
343 459 1153 - - - 
1547 8140 2654 

358 64 293 
126 19 56 
1249 188 245 
2144 382 401 

76 11 29 
678 55 640 

2601 434 849 

T-1036 
RMS VELOCITY 
ERROR ( FFS) 

DR CR R 

4.12 21.98 6.72 
0.06 0.22 0.18 
1.63 5.57 2.78 
0.16 2.96 1.13 
1.08 1.24 2.50 - - - 
4.56 22.91 7.78 

0.42 0.06 0.98 
0.15 0.08 0.18 
1.65 0.18 1.15 
0.32 0.15 0.63 
0.09 0.01 0.07 
0.72 0.06 0.77 

1.88 0.26 1.55 

Provided the time between measurements is on the order 
of one min or less, a sequential receiver cycling among vis- 
ible GPS satellites is adequate. The navigation results are 
insensitive to the actual time between measurements, if tran- 
sient error reduction is considered on a "number-of-measure- 
ments" basis rather than on a time basis. 

Error buildup during the blackout period is severe 
with GPS aiding alofie. It may be reduced either by shortening 
the blackout interval or by adding drag updating. 
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1197S46 

INITlAL ERROR REDUCTlON AFTER BLACKOUT 
(based on reduced visibility after uploading) 

UNO ERWEl OHTl NO 
REMAINS ON 

- - 
MEASUREMENT NUMBER AFTER BLACKOUT 

Figure 2.3-13 GPS + Drag Update + Baro-Altimeter Aided 
Deorbit Navigation (Post Blackout Error 
Reduction 1 

With good satellite visibility prior to satellite 
ephemeris uploading, and assuming the modeled S-state rubidium 
satellite clock accuracy, "steady-state" errors are dominated 
by satellite ephemeris errors. With reduced visibility a f t e r  
uploading, "steady-state" errors are much larger and are dom- 
inated by the Orbiter clock and IMU. 
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Platform alignment states in the deorbit navigation 
filter are of limited utility in the early stages of deorbit, 
but help in rapid transient error reduction following blackout. 
The addition of drag updates and baro-altimeter measurements 
to the GPS measurements substantially reduces errors at low 
altitudes, especially in the radial direction. 

2.4 ORBITAL hAVIGATLON 

2.4.1 Introduction 

Orbital navigation performance with Phase I GPS is 
treated in this section in a manner similar to that used for 
deorbit navigation in the previous section. There are key 
differences. No IMU information is utilized on orbit, as 
sensed acceleration levels are generally below the IMU thresh- 
old. Instead, low-level venting thrusts are the dynamical 
error drivers and must be modeled, The satellite constel- 
lation and orbital trajectory are discussed along with the 
visibility results in previous Section 2.2.3. In this section, 
the orbital navigation filter in the GPS receiver is discussed, 
as is the truth model used to evaluate the filter performance. 
The nominal results are presented, followed by a set of re- 
sults for a situation slightly modified to assess error build- 
up during periods of no satellite visibility. Finally, con- 
clusions are summarized. 

2.4.2 Orbital Navigation Filter 

There are fundamental differences between orbital and 
deorbit navigation that ca-.1 for changes in the navigation 
filter. The filter for orbital navigation remains an 11-state 
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Kalman filter with underweighting, but the three platform align- 
ment states used during deorbit are not useful on orbit. Vehicle 
dynamics on orbit, besides those due to the accurately prrdict- 
able earth gravitational field, are primarily due to venting 
effects, and these are below the threshold of the IMU. In 
place of the three platform alignments states, the orbital 
filter has three thrust acceleration states, modeled as first- 
order Markov processes in downrange-crossrange-radial coordi- 
nates. 
of Ref. 21. 

This approach is similar to that used in Section 3.3 

Discussions with JSC (Ref. 22) related that the Shuttle 
venting details are not yet firm, but that rms values in the 0.5 
to 1.0 lb of thrust range (1 lb of thrust is S p g ' s  of acceler- 
ation on a 200,000 lb vehicle) are probable. Venting thrusts 
will probably be dominately along the Orbiter body forward-aft 
'and "vertical" axes with a smaller amount in the port-starboard 
direction. Expecting that the forward-aft body axis will be 
near the orbital plane more often that not, and using some 
conserJation in filter design, the rms thrust values used in 
the filter are those of Table 2.4-1. Venting thrusts may be 
highly correlated in Orbiter body cocrdinates, but they will 
be less so in the orbital coordinates of downrange-crossrange- 
radial. The first-order Markov process time constants assumed 
for thrust in Table 2.4-1 reflect that fact. 

- 2 . 4 . 3  Orbital Navigation Truth Model 

The truth model for GPS-aided orbital navigation is 
similar to that used for deorbit navigation with a few excep- 
tions. Due to the very low level of sensed acceleration on 
orbit, the IYU states are not important. Hence, the 20 IYU 
states are removed from the truth model. For the same reason, 
one of the MTU states, an acceleration sensitive clock state, 
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RMS Iaftial Thrust 
(lb) 

Intensity ( l b / E )  
Thrust proc@ss Noise 

. -  

TABLE 2.4-1 
THRUST PROCESS PARMETER VALUES USED IN 

THE ORBITAL NAVIGATION FILTER 

1.5 0 . 3  

0.0866 0.0408 

. 

THRUST 
PROCESS 
PARUEXEB 

. ~- ~ 

Time Constant (sec )  I 600 I 300 600 

1.5 

0.0866 

is removed, reducing the  M"U model to  f i v e  states. 
course,  the  11 f i l t e r  states i n  the  t r u t h  model correspond to  
those j u s t  discussed, incorporating the  th ree  t h r u s t  states i n  
place of t h e  th ree  platform alignment states used for deorb i t  
s tud ies .  

And of  

The data base f o r  the o r b i t a l  navigation t r u t h  model, 
where the t w o  models have corresponding states, is  e n t i r e l y  
the  same as t h a t  used for deorbit and summarized i n  Table 2.3-3 
The t r u t h  model values f o r  the t h r u s t  states are shown i n  Table 
2.4-2. Thr th rus t  state t i m e  constants  used i n  the  f i l t e r  a r e  
kept,  but the i n i t i a l  rms state values and the  corresponding 
process noises  are reduced by 1/3. 

2.4.4 Orbit<: Navigation Results 

Posi t ion and ve loc i ty  error r e s u l t s  of a t r u t h  model 
evaluation of GPS aiding on o r b i t ,  assuming a recent  s a t e l l i t e  
uploading, a r e  presented i n  Figs.  2.4-1 and 2.4-2. As the  
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DR CR 

600 300 

1.0 0.33 

TABLE 2.4-2 
THRUST PROCESS PARMETER VALUES USED IN 
THE ORBITAL NAVIGATION TRUTH MODEL 

R 

600 

1.0 

T-1156 

Time Constant (sec) 

Rlds I n i t i a l  Thrust 
(W 

Figure 2 .4 -1  Orbital Kavigation: RMS Position Error 
Versus Time 
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A 

Figure 2 . 4 - 2  Orb i t a l  Navigation: RMS Velocity Error 
Versus  Time 

f igures  show, i r . i t i a1  errors are reduced during the  f i r s t  10 
min segment of fading satel l i te  v i s i b i l i t y .  The errors grow 
during the next 20 min segment of no v i s i b i l i t y ,  and then they 
f a l l  again as v i s i b i l i t y  improves. 
is presented i n  Table 2.4-3. A f t e r  more than one o r b i t ,  er- 
rors prior to a segment of no v i s i b i l i t y  would be smaller than  
those a t  10 min of F igs .  2.4-1 and 2 . 4 - 2 .  I n  t h e  f igu res ,  t h e  
e f f e c t  of the  l a rge  i n i t i a l  errors was not yet overcome before 
t h e  20 min segment of no v i s i b i l i t y  was encountered. 

An error budget a t  89 min 

2 . 4 . 5  R e s u l t s  f o r  a Modified Measurement Schedule 

To see how la rge  o r b i t a l  navigation errors would be- 
come during a typ ica l  period of no s a t e l l i t e  v i s i b i l i t y  a f t e r  
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1 INITIAL CONDITIONS 
1 MEASURELIEN" NOISE 

THRUST PROCESS 
1 
1 c1xl8; , 
1 SATELLITE ERROIIS 

RSS 

VECTOR BSS 

TABLE 2 . 4 - 3  
ORBITAL NAVIGATION ERROR BUDGET 

(89 MINUTES) 

POSITION 68808 - 
DR 

0 

21 

7 

27 

59 

68 

- - 

- 
- 

CR 

0 

16 

7 

16 

38 

45 

93 

- - 

- 
- 

VELDCITY ERROR -- 
DR 

0 

.04 

.03 

. 09 

.02 

- - 

.10 

m 
CR 

0 

.02 

.02 

.03 

.w  

.04 

0.16 

- 
P 

- 
- 

- 
R - 
0 

.04 

. os 

.10 

.04 

.12 

T-1026 
CLOCK ERROR 

PHASE 
(Fr) 

0 

21 

8 

23 

63 

69 

FREQUENCY 
(ITS) 

0 

- 04 

.02 

. OB 

* 02 

.OB 

first stabilizing during a period of good visibility, the or- 
bital navigation results were redone after adjusting the pre- 
vious measurement schedule so it simulates such a situation. 
Figure 2.4-3 shows the adjusted visibility pattern and meas- 
urement schedule shifted from that in Section 2.2 "end-around" 
by 50 min. 

Position and velocity error results of a truth model 
evaluation of GPS aiding for this visibility situation on or- 
bit, assuming, as before, recent satellite uploadings, are 
presented in Figs. 2.4-4 and 2 . 4 - 5 .  The figures show that 
position errors are reduced to reasonably stable low values 
after about 10 min, while velocity errors require about 20 
min. Note from Fig. 2.4-3 that 4 satellites do not become 
visible until about 10 min of elapsed time, largely explaining 
the initial error behavior. 
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Figure 2.4-3 Revised Orbital Satellite Visibility and 
Measurement Schedule 

Downrange position error and radial velocity error grow 
most rapidly during periods of no visibility. In the results 
previously reported, rms downrange position error grew to 1200 
ft and rms radial velocity error grew to 1.82 fps during the 
20 min period of no visibility. Here, as Figs. 2.4-4 and 2.4-5 
show, rms downrange position error grows to 870 ft while rms 
radial velocity error grows to 1.34 fps during the 20 min pe- 
riod of no visibility that occurs after GPS aiding has had time 
to overcome the effect of the large initial navigation errors. 
The present results are expected to be typical of error growth 
during periods of no visibility on orbit using Phase I GPS. 

2 . 4 . 6  Orbital Navigation Conclusions 

GPS appears particularly well suited to Shuttle orbital 
navigation. Even Phase I GPS with its limited coverage should 
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Figure 2.4-4 Orbital Navigation: RMS Position Error 
Versus Time 

provide good satellite visibility over some segment of almost 
every orbit, whatever the orbital inclination. During periods 
of good visibility subsequent to a satellite uploading inter- 
val, nns orbital navigation errors should reduce to less than 
100 ft in position and 0 . 2  fps in velocity. 
no visibility followinpc a period of good visibility, rms nav- 
igation errors should grow into the 600-900 ft range in posi- 
tion and be less than 1.5 fps in velocity. 

After 20 min of 

' A n  additional conclusion evident in the detailed exam- 
ination of the truth model results is that while the filter 
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Figure 2.4-5 Orbital Navigation: RMS Velocity Error 
Versus Time 

does n o t  do well in estimating the thrust states, it  uses the 
thrust states to compensate for correlated frequency noise in 
t h e  Orbiter YTU, making for a slight improvement in velocity 
estimation. 
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3 .  SLXGLE SATELLITE CPS ORBITAL NAVIGATION 

3.1 IXTRODUCTION 

This chapter presents results of a study of orbital 
Space Shuttle navigation using a single GPS satellite. The 
study meets several practical objectives. It demonstrates the 
minimum capability of GPS for Shuttle navigation in a worst 
case situation. tjhile the current schedule for GPS satellite 
launches calls for several satellites to be available in the 
time frame projected for GPS user equipment implementation 
aboard the Shuttle, schedule changes or satellite failures 
could conceivably result in only one or two operational satel- 
lites during some Shuttle flights with a GPS receiver. This 
study provides a valuable preliminary examination necessary 
for guiding decisions on the use of GPS for orbital navigation 
with an incomplete satellite system. Even if several satel- 
lites are always available, this study still is useful for the 
insights it provides. The results from a single satellite 
study bring out fundamental relationships in the satellite 
navigation system, thus leading to a better understanding of 
the comples interactions of the multisatellite navigation 
system. 

3 . 2  METHOD0 LOGY 

In a l l  of the results reported here, the single GPS 
satellite was assumed to be in a typical GPS circular orbit of 
63 deg inclination a t  a radius of approsimately 4.164 earth 
radii. The Shuttle was also assumed to be in a circular orbit, 
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always at 150 nul altitude (1.044 earth radii), sometimes at a 

38 deg inclination typical of some early missions, and some- 
times at a 63 deg inclination, matching that of the GPS sat- 
ellite, to consider estreme Shuttle-GPS geometry. 
ascension and mean anomaly of the Shuttle orbit relative to 
the GPS Satellite orbit were varied. 

Right 

4 preparatory satellite visibility study indicated 
that typical visibility periods of 45 minutes and gaps of 55 
minutes could be expected. Variations in initial mean anom- 
alies made little difference when 12 hour periods were con- 
sidered. Variations in right ascensions, however, could cause 
gaps as large as 104 minutes and visibility periods as short 
as 6 minutes in estreme cases. This preliminary analysis 
helped establish the reasonable Shuttle-GPS satellite orbital 
relationships for the navigation performance study. 

An 8-state suboptimal GPS navigation filter and a 14- 
state truth model are used f o r  error analysis. The states of 
the filter and of  the truth model are presented in Table 3.2-1. 
Detailed development of the models and state variables is con- 
tained in Refs. 3 and 4 ,  and in Chapter 2. A 14-state truth 
model is sufficient for the present analysis because only one 
satellite is considered; some small error contributing factors 
are not modeled. 

Xany simplifications are possible in this single sat- 
ellite study since simulation of a particular mission is not 
being attempted. Circular orbits are assumed with no maneu- 
vering on orbit, and no gravity errors per se are included. 
Satellice ephemeris and clock errors are also absent, as they 
are minor contributors (Ref .  4 )  and are reasonably difficult 
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TABLE 3.2-1 
FILTER AND TRLTH MODEL STATES 

S h u t t l e  Filter 

Posit ion 
V e l o c i t y  
Clock 

Phase 
Frequency 

Tot a1 8 

-~ ~ ~ 

Truth Modal 

P o s i t i o n  3 
V e l o c i t y  3 
Thrust 3 
Clock 
Phase 1 
Frequency 1 
Aging 1 
Random Frequency 1 
Random Frequency Rate 1 

Total 14 

P o s i t i o n  and v e l o c i t y  are i n  ECI ( e a r t h  c e n t e r e d  
i n e r t i a l )  c o o r d i n a t e s  i n  b o t h  t h e  F i l t e r  and t h e  
Truth ?4odel. 

to model over 12 hour periods, especially when uploading is 
considered. 

* 

The truth model contains three thrust states to 
account for venting and other unmodeled acceleration effects. 
The navigation filter has velocity white noise added to pre- 
vent i t  from being overly optimistic, since it has no thrust 
state error contributions. 

*Satellite ephemeris and clock errors are minor for the single 
satellite study, but  would be significant contributors for a 
multiple satellite study where greater navigation accuracy 
was possible. 

3 - 3  



THE ANALYTIC SCIENCES CORPORATION 

3 . 3  PROCEDLJE 

Three situations of varying Shuttle-to-GPS-satellite 
geometry are used in producing the navigation resuts reported 
here. These three situations are termed Cases 1, 2, and 3. 
-4s is mentioned above, in all cases the GPS satellite is in a 
circular, 63 deg inclination orbit at the appropriate radius 
to yield a 12 hr orbital period. The Shuttle orbit is also 
circular in all cases, at an altitude of 150 nm, so that it 
has a period of 90 min. In each case, a 12 hr span of GPS- 
aided navigation is simulated, with measurements at 2 min in- 
tervals whenever the satellite is visible. (The satellite is 
assumed \yisibile if it is at least 10 deg above the Shuttle 
horizon.) The initial conditions in each case have the Shuttle 
and the GPS satellite at their respective ascending nodes cross- 
ing the earth’s equatorial plane. In Cases 1 and 2, the Shuttle 
is in a 38 deg inclination orbit. In Case 1, the Shuttle right 
ascension is initialized to be equal to the initial right ascen- 
sion of the GPS satellite, so that the Shutcle starts directly 
beneath the satellite. In Case 2 ,  the Shuttle right ascension 
is moved by 60 deg, so it does n o t  start directly beneath the 
GPS satellite. Case 3 is selected to make the orbit planes 
for the Shuttle and the GPS satellite coincide, so that cross- 
range information is not present in the GPS measurements. 
Thus, in Case 3, the Shuttle orbit has a 6 3  deg inclination, 
and. as in Case 1, the Shuttle starts directly beneath the 
satellite. Table 3.3-1 summarizes the geometry for these 
three cases. 

Data bases used for the naLTigation filter and f o r  the 
associated truth model are sumnrarized in Tables 3 . 3 - 2  and 3.3-3. 
These \.slues halye a l l  been used in prior GPS-aided Shuttle 
navigation studies. and the tables gi1T.e references to their 
prior usage. 
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1 

ERROR SOURCE 

TABLE 3.3-1 
SHUTTLE-GPS SATELLITE GEOMETRY COMPARISON BY CASE 

DATA SOURCE STANDARD 
DEVIATION 

CASE 1 SPACECRAFT ORBIT 
PARAMETER 1 1  2 1  3 

TSP e 

Shuttle Inclination 
(deg 1 

Data Radial Downrange Crossrange Source 
i 

Initial Right 
Ascension 

(dee) Satellite 0 0 

Position (ft) 
Velocity (fps) 

TABLE. 3 . 3 - 2  
FILTER DATA BASE 

3 . 3  25000 i 2500 
26.3 

12 ft 
0.05 fps 

Clock Process Noise 
Phase 
F re qu e n c y 

Veloci ti? White Noise 

Ref. 2 

0.1 ft 
~ . O X ~ O - ~  fps  
2 . 8 9 ~  IOo3 fps 

I RMS ERRORS FOLLOWING INITIALIZATION (no measurements) 

2500 
3 . 3  

1 I I 

RMS Clock Errors 

Phase 1200 ft 

Frequency 0.25 fps 
i 
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TABLE 3 . 3 - 3  
TRUTH MODEL DATA BASE 

ERROR SOURCE 

bleasurement Noise 

Pseudo Range 

Pseudo Rmge-Rate 

Clock Process Errors  

I n i t i a l  Phase 

I n i t i a l  Frequency 

Aging 

Random Frequency 

Random Frequency-Rate 

STAND.4RD DEVIAT IOH 

1 2  f t  

0 .95  fps 

1130 f t  

0.142 f p s  

3.86~10-~ 

2 0 . 2  fps  

2 f t /sec 

n 

Axial Parameter Values 

Radial I Down Range I Cross Range 
Thrust 
Process 

Time Constant 
( sec  ) 

1 RYS I n i t i a l  
T h r u s t  ( l b )  

600 

1.0 

600 

1.0 

I I 
I 

I I 
I i 

Process - ru’oise I ,0578 ‘ , 0 5 7 8  
( lb/G sec ) 

300 

33 

.0272 

I R?lS I n i t i a l  i 
Conditions 4 

1 I 

Posi t ior ,  ( f t )  i 1040  I 11300 

veloc i ty  ( f p s j j  12.5 i 1.09 

866 

.094 

DATA 
SOURCE 

I 
j R e f *  

Refs. 3 
and 4 and 
Chapter 2 

Chapter 2 

I 
f 4 
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3 . 4  RESULTS AND A!!ALYSIS 

Large initial errors are assumed at the start of ob- 
servation for all cases under consideration. Truth modal nns 
position errors are assumed to be approximately 1000 ft radial, 
11.000 ft downrange, and 900 ft crossrange at initialization. 
Figure 3.4-1 displays error development for all three cases 
during the initial phase of the simulations. In all cases, 
the position errors have stabilized within 200 min (i.e., by 
the third visibility period). For Cases I and 3 where the 
first \visibility period is short (18 min), rms downrange posi- 
tion errors grow to about 20,000 ft during the first visibility 
gap. The longer (36 min) initial visibility in Case 2 prevents 
nus downrange error from reaching 10,000 ft in the first gap. 

Steady state stabilized position errors for the three 
cases are presented in Fig. 3.4-2. R!!S downrange position 
errors predominate and have maximum values, near 4,000 ft. at 
the end of the nonvisibility propaga.tion phase. 
errors are less than 900 ft and actually begin to decline after 
ibout 45 min (me-half an orbit) of nonvisibility. Radial and 
downrange errors fall below 500 ft rms in all cases at some 
point within the satellite visibility periods. Crossrange rms 
position error remains consistently below 500 ft for the first 
and second cases. with oscillations at a period of one helf 
the orbital period. In Case 3, where the orbital geometry is 
such that the Shuttle orbit is always in plane Kith the single 
satellite orbit, no crossrange information is obtained. Cross- 
range rws error therefore demonstrates a slow but steady growth 
doe to thrusting, in addition to its oscillation. 

W.S radial 

* 

-Xrossrange error has a period equal to the orbital period. 
The graphs demonstrate a frequency doubling effect because 
they concern rms statistics on the error and not actual 
error values. 
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( a )  Case 1 

t 
5 -  

(b) Case 2 ( c ?  Case 3 

Figure 3 . 4 - 1  lnitial Phase R?IS Position Errors  
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I 

I LEoBIlo I 

5 !  I 
i 

(b) Case 2 ( c )  Case 3 

Figure 3 . 4 - 2  "Steady S t a t e "  RhiS Position Errors 
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Initial phase and steady state rms velocity errors 
for Case 1 appear in Fig. 3 . 4 - 3 .  The shape of these graphs 
xhen compared with Case 1 position errors in Figs. 3.4-la and 
3.4-2a illustrates important relationships between velocity 
and position error growth. Radial velocity and downrange posi- 
tion error curves display almost identical development. This 
correspondence is also hservable when comparing the downrange 
velocity with radial position error curves. It can be noted 
that the major rms radial velocity errors peak at about 4 . 5  
fps and all velocity errors drop to below 0 . 5  fps during part 
of the lTisibility segment. 

Clock rms phase and frequency errors for Case 1 are 
presented in Figs. 3 . 4 - 4  and 3 . 4 - 5 ,  respectively. The phase 
errors increase slowly t o  the 1300 ft rms range when the sat- 
ellite is not visible and decrease to about 300 ft nus during 
risihiliiy periods. Frequency error graphs demonstrate a quick 
rise to 0 . 3 4  fps rms when visibility is lost. and lower values 
of 0.2 fps rms during visibility. Some of the abruptness of 
changes in frequency error as indicated by the truth model may 
be caused by the differences between the simplistic Shuttle 
filter ~ W O  state clock and the truth model five state clock. 

An important consideration of the single satellite 
navigation results is the source of the errors. Error budgets 
for Case 1 at a time near masimum error, and at a time during 
good \.isibility, identify che important error sources. Table 
3.4-1  presents these error budgets. As can be seen, initial 
conditions contribute little to velocity or position errors at 
this stage, about 1(! hours after initiation of the GPS filter. 
?leasurenient errors are  also a minor consideration during both 
visibility and nom7isibility time periods. A t  590 min. when 
propagated  errors in posirion and velocity a re  large, the 
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a )  I n i t i a l  Phase b) Steady S t a t e  

Figure 3 . 4 - 3  RMS V e l o c i t y  Errors (Case 1 )  

predominant i n f l u e n c e  i s  t h r u s t .  When the s a t e l l i t e  is  v i s i b l e  
(610  m i n ) ,  t h r u s t  errors remain a major c o n s i d e r a t i o n .  but clock 
errors become a dominant error c o n t r i b u t o r .  An improvement in 
c l o c k  accuracy would cause  a major improvement in p o s i t i o n  and 
\ve loc i ty  errors o n l y  during v i s i b i l i t y  per iods  when accuracy 
i s  a lready  f a i r l y  good.  
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F i g u r e  3.4-rC Clock Phase Errors (Case 1 )  
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3.5 CONCLUS lONS 

The key to accurate orbital navigation with a single 
GPS satellite is controlling error growth when the satellite 
is not visible. To some extent., this error growth can be con- 
trolled by limiting the duration of the \visibility gaps them- 
selves. through constraints on the vehicle orbit. A second 
method for controlling error growth is t o  reduce the size of 
Shuttle vehicle thrust errors due to venting, t o  gralvitational 
modeling errors, and to other unmodeled or incorrectly modeled 
acceleration sources. Any other system improvement - -  in GPS 
receiver clock quality or in measurement accuracy 0 -  would do 
very litcle to reduce peak na\?igation errors during visibility 
gaps ' 

When a single GPS satellite is l-isible, navigation 
errors are reduced to levels comparable to TDRSS natTigation 
errors as reported in Ref. 23. Visibility gaps with the two 
satellite TDRSS are relatively small, and no error growth 
characteristics comparable to those reported here are e\*ident 
in the TDRSS results. Howe\Ter, it is not clear from the ref- 
erence that the assumed level of unmodeled vehicle acceleration 
is as high in the TDRSS simulation results as is assumed in 
this GPS study. 

in summary. a venting Shuttle \yehicle may be navigated 
on orbit with only a single GPS satellite to useable accuracy 
pro\*ided that: i l )  t h e  orbit plane of the Shuttle does not 
coincide with that of the GPS satellite. and ( 2 )  esceptionally 
long visibility gaps. possible for some orbital geometries. 
sre avoided. 
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4. POST BLACKOL.. PU’AYIGATION KITH PHASE 111 GPS 

A major benefit of carrying GPS user equipment aboard 
the Space Shuttle is the timely provision of accurate naviga- 
tion data following reentry blackout. Chapter 2 of this re- 
p o r t  presents  navigation accuracy results for Shuttle deorbit 
with the Phase I GPS constellation of six satellites that pro- 
\.ides coverage for deorbit for about a sis hour period each 
day. This chapter considers navigation following reentry 
blackout with the Phase IIL GPS constellation of 24 satellites 
Comparable accuracy would be anticipated if the Phase I11 GPS 
constellation were reduced to as few as 18 satellites. 

There are three additional changes from the scenario 
assumed for Chapter 2 .  First a new Shuttle GPS antenna cover- 
age pattern (provided by Rockwell International for the Space 
Shuttle GPS panel) is used here. Second, the effect on navi- 
gation accuracv of incorporating a ground GPS transmitter to 
augment the satellite constellation is evaluated. (Chapter 5 
treats ground transmitters in considerably more detail.) Third 
this study assesses the effect on navigation accuracy of three 
user clock (oscillator) types: the standard quartz clock, a 

quartz cloc’k compensated for acceleration sensitivity, and a 
rubidium clock. 

-’ 

-’ 

Section 4.1 documents a variety of background ele- 
ments concerning deorbit navigation, principally those that 
are treated here in the same way as they were in past studies. 
The deorbit trajectory, the initial conditions on the na1Tiga- 
tion system, the quality of the I M U ,  the duration of reentry 
blackout, and the details of the navigation filter are all 
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discussed .  Sec t ion  4.2 t r e a t s  t h e  i s s u e  of v i s i b i l i t y ,  i n -  
co rpora t ing  t h e  new antenna p a t t e r n s ,  t h e  Phase 111 GPS con- 
s t e l l a t i o n ,  and t h e  matter o f  measurement schedul ing.  Sec t ion  
4 .3  d e a l s  wi th  t h e  t h r e e  u s e r  c lock  types  included i n  t h e  s tudy ,  
and Sec t ion  4.4 p r e s e n t s  t h e  naviga t ion  r e s u l t s  and conclusions.  

4.1 BACKGROUND 

Many of t h e  elements used i n  t h i s  s tudy of d e o r b i t  
naviga t ion  were introduced and documented i n  Chapter 2 and i n  
ea r l i e r  uork. Capsule d e s c r i p t i o n s  of t h e s e  elements a r e  given 
he re ,  and r e fe rences  t o  t h e  e a r l i e r  s t u d i e s  a r e  provided. 

The. o v e r a l l  methodology of eva lua t ing  a ided  naviga- 
t i o n  errors i s  discussed i n  Chapter 4 of  Ref. 3.  I n  capsu le ,  
a covariance s imula t ion  o f  a suboptimal naviga t ion  f i l t e r  i s  
performed us ing  a r e fe rence  t r a j e c t o r y  and an assumed meas- 
urement schedule .  The f i l t e r  ga ins  are s t o r e d  and used as 
input  t o  a more comprehensive " t r u t h  model" covariance analy-  
s i s  program t h a t  produces t h e  navigaLion accuracy r e s u l t s .  

The S h u t t l e  t r a j e c t o r y  used here  i s  taken from a JSC- 
suppl ied t r a j e c t o r y  tape  and i s  an OFT-1 t r a j e c t o r y  with a 
landing a t  Edwards AFB runway 17. I t  is  d iscussed  i n  Chapter 
2 .  The same ~ o n s e r \ ~ a t i v e  assumptions about t h e  du ra t ion  of 
r een t ry  blackout a r e  made here, blackout  being assumed from 
300 k f t  t o  145 k f t  of a l t i t u d e ,  a per iod  of nea r ly  15 min. 
During t h i s  segment, no GPS measurements a r e  assumed p o s s i b l e .  

The  na\*igation f i l t e r  i s  an  e i g h t - s t a t e  f i l t e r  incor -  
po ra t ing  t h r e e  p o s i t i o n  e r r o r  s ta tes ,  t h r e e  v e l o c i t y  e r r o r  
s t a t e s ,  one clock phase e r r o r  s t a t e .  and one c l o c k  frequency 
e r r o r  s t a t e .  Th i s  f i l t e r  is t h e  minimum necessary t o  process  
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GPS pseudo range and pseudo range-rate measurements. The cur- 
rent Shuttle GPS Panel baseline navigation filter adds either 
three platform misalignments or three acceleration error states. 

The IMU error model data base used in the truth model 
is the same as was used in the previous deorbit navigation 
studies, and corresponds to the IML' specifications for a pe- 
riod of time greater than 15 hrs since the last calibrAtion. 
GPS measurement noises in both the navigation filter and in 
the truth model analysis program are 12 ft for pseudo range 
and 0.05 fps f o r  pseudo range-rate. 

* 

Since the Phase 111 GPS constellation offers general- 
ly escellent orb.;tal visibility that results in escellent or- 
bital navigation, the initial navigation errors in position, 
velocity and the clock upon entry into reentry blackout are 
assumed to be negligibly small. The initial IMU platform mis- 
alignments, however, are not small. As in past studies, these 
misalignments, observable on orbit only by comparison with 
star tracker outputs, are assumed to be 284 seconds of arc 
(lo) about each of the three, space stable platform ases. 

The GPS satellite ephemeris and clock errors treated 
by the NESA program (Ref. 3) in some previous studies are not 
included in the truth model analysis of this study. Phase 111 
GPS satellites are assumed to carry cesium clocks resulting in 
uploaded ephemeris errors that produce pseudo range errors of 
five feet or less (lo) to the user. These errors are negli- 
gible in the contest of the current study. 

*A pseudo range-rate accuracy of 0.05 fps assumes a doppler 
count of approximately one second. 
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4 . 2  VISIBILITY 

There are three nrajor issues affecting GPS satellite 
v:sibility from the shuttle during deorbit: 1) the receiving 
antenna gain pattern, 2) the GPS satellite constellation, and 
3 )  the time relationship between the deorbit trajectory and 
the satellite constellation. 

At the time this analysis was performed, the baseline 
the antenna configuration consisted of two antennas, one top- 
side with its maximum gain or symmetry axis pointing "straight 
up" in Shuttle body coordinates, the other a bottom antenna 
with its symmetry axis pointing straight down. The bottom an- 
tenna has a conical gain pattern; that is, antenna gain is a 
function only of the angle between the direction to the signal 
source and the direction of the antenna symmetry axis. For 
visibility purposes. such an antenna is treated as it if can 
receive all signals originating from directions within a cir- 
cular cone about the symmetry axis. The topside antenna is 
more comples. It has an elliptical visibility pattern in 
Shuttle coordinates. It is assumed t o  receive all signals 
originating inside of an elliptical cone about its symmetry 
axis. 

Table 4.2-1 contains the limits of visibility f o r  
these two antennas in terms of half-cone angles for two differ- 
ing sig-nal strength criteria. The primary zone, within which 
antenna gain'viil always exceed -1 dBiC (decibels :ith respect 
to an isotropic antenna for right hand circularly po1i;rized 
signals), is the zone in which usable signal reception is con- 
fidently assumed. In the larger secondary zone, usable signals 
m i g h t  we31 be received, but the confidence is lower. - The  pri- 
mars zone is used in all of the results in this study. 
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ANTENNA 

Topside 

Bottom 

TABLE 4.2-1 
BASELINE ANTENKA VISIBILITS LIMITS 

(HALF-CONE ANGLES IN DEGREES ) 

PRIMARY ZONE SECONDARY ZONE 
-1 dBiC POINT -4 dBiC POINT 

FORE-AFT L4TERAL FORE-AFT LATERAL 

80' 63' 8 9 O  7 5 O  

83' 83" 8? O 87 O 

, 

(See Figure 5 . 2 - 2 ,  showing a slight variant of these 
specifications, for a better visualization). 

The Phase 111 GPS satellite constellation of 24 satel- 
lites has eight satellites uniformly spaced 45 deg apart in 
each of three orbital planes inclined at 63 deg to the equator 
and separated by 120 deg in right ascension. The satellites 
are in circular orbits at about four earth radii so they com- 
plete one orbit in just under 12 hrs and repeat their ground 
tracks once every sidereal day. Table 4 . 2 - 2  gives a set of 
right ascension and anomaly values for the 24 satellites at 
one instant. 

* 

Missing from Table 4.2-2 is the "satellite epoch,'' 
the  absolute time at which given orbital elements are valid. 
While there are baseline values for  this epoch, they mean 
little to the present study. Rather, Khat is important is the 
time relationship between the satellite constellation and the 
deorbit trajectory. As part of the preliminary visibility 
studies, this time relationship was varied in a search for the 

$yRecent changes put the inclination f o r  Phase LII at 5 5  deg 
and reduced the number of satellites to 18. Only minor d i f -  
ferences in visibility, mostly improvement for this study, 
w i l i  result from the change in i n c l i n a t i o n .  
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ORBIT PLANE 1 1 ORBXT PLANE 2 
RIGHT ASCENSION RIGHT ASCENSION 

0 deg 120 deg 

SATELLITE ANO?L4LS I NUMBER SATELLITE 
NUMBER 

1 0 9 15 
2 45 10 60 
3 90 11 105 
4 135 12 150 
5 180 13 195 
6 225 14 240 
7 270 15 285 
8 315 16 330 

TABLE 4 . 2 - 2  
PHASE 111 GPS SATELLITE CONSTELLATION RIGHT ASCENSIONS 

AND Ih’ITLhL AISO.ULIES 

ORBIT PLANE 3 
RIGHT ASCENSION 

240 deg 

SATELLITE MomLy 

1 7  30 
18 7s 
19 120 
20 165 
21 210 
22 255 
23 300 
24 345 

NUMBER 

poores t  \ y i s i , b i l i t y  fol lowing r e e n t r y  b lackbut .  V i s i b i l i t y  
wi th  the  24 s a t e l l i t e s  of t h e  Phase 111 c o n s t e l l a t i o n  is gen-’  
e r a l l y  e x c e l l e n t ,  and naviga t ion  accuracy given e s c e l l e n t  v i s -  
i b i l i t y  i s  q u i t e  adequate for any O r b i t e r  v e h i c l e  (as opposed 
t o  payload) naviga t ion  purpose. 

Figure 4 .2-1  i l l u s t r a t e s  t he  worst  case  d e o r b i t  \Tisio 
b i l i t y  encountered. As t h e  key  t o  t h e  f i g u r e s  i n d i c a t e s ,  t h e  
t h i c k  l i n e  impl ies  t h a t  a s a t e l l i t e  is v i s i b l e  t o  the  tops ide  
antenna ( b - i t h i n  the  -1 dBiC gain p a t t e r n  l i m i t )  whire t h e  t h i n  
l i n e  impl ies  \ v i s i b i l i t y  t o  the  bottomside antenna. Following 
the ind ica t ed  blackout segment of the  d e o r b i t  t r a j e c t o r y .  o n l y  
t h ree  S a t e l l i t e s ,  Sumbers 3 ,  4 .  and 1 5 ,  a r e  v i s i b l e  to  the  
Space S h u t t l e .  A l i t t l e  more than two m.:nutes a f t e r  t he  b l a c k -  
o u t ,  s e v e r a l  o t h e r  s a t e l l i t e s  become \ * i s i b i l e ,  due t o  an a t t i -  
t u d e  change of the  O r b i t e r .  

An important f a c t  i l l u s t r a t e d  by F i g .  4 . 2 - 1  i s  t h a t  
- almost a l l  of the  s a t e l l i t e s  \ T i s i b l e  a f t e r  blackout - ( w i t h  t h e  
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rn PHASE 111 GPS CONSTELLATION. SITUATIOW SELECTED FOR POOR p o s ~ ~ ~ ~ ~ c t c o u ~  vuciei~ltv 
M l C K  -LID LINE FOR TOPSlOE ANTENNA. THIN SOLI0 LINE FOR ~~ ANTENNA 
tBASEL8NE ANTENNASI 

Figure 4.2-1 Worst Case Deorbit Visibility 
Following Blackout 

esception in this case of Satellite 23) are visible for some 
time segment prior to blackout. This means that if the GPS 
receiver/processor has storage space for the precision ephem- 
eris data on all 24 satellites (or a large enough subset of 
them), then precision GPS measurements may be taken after 
blackout without spenditrg tire 30 seconds on each satellite 
necessary to acquire the ephemeris data (see Chapter 6). This 
pre-acquisition of ephemeris data will require special consid- 
eration in the sltellite selection algorithm, but will reduce 
the critical time-to-first f i s  following, blackout by 60 sec for 
a two channel receiver, assuming four sa:.ell_.tes are required 
€or the fis. 

4-7 
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3 -  

4 

Froiii the iPisibility results shown in Fig. 4 . 2 - 1 ,  a 

iiieasurement schedule vas prepared that takes into account the 
tiirre LO acquire and track the signal from each satellite. omit- 
ting the 30 sec epheuieris data acquisition time. Figure 4.2-2 
shows this measurement schedule in terms of satellite asaila- 
bility. ?leasureiilents were scheduled at 6 sec intenTals t o  the 
available satellites. 

t 
A 
-I 

c Ly 10- 

21 - 5 

22 - 

15-- 

GT - 
I I I 1 I I 1 
38 39 40 41 42 43 45 

MlSSfON TIME (mml 

Figure 4 . 2 - 2  ?leasurrn;ent Schedule After Blackout 
(Worst Case Visibility ) 

To evaluate perforniance sensiti\.itp to Shuttle antenna 
coi-erage.  satellite availabilities for a reduced antenna cm’er- 
age situation are a l s o  used t o  generate performance results. 
r i g u r c  4 . 2 - 3  sho~7.s these reduced cm’erage availabiiities, rhich 
c o r r e s p o n d  to antennas with conical i-iewing limitc o f  5 5  deg 

h ~ l f  angles. With reduced  cmVernge. only two satellites a r e  
a iTa i  1at:le immediatels f o l  lo\,-ing blackout. 
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I 

Figure 4.2-3 Reduced Coverage Satellite hvailability 
After Blackout (Including Ground 
Transmitter) 

Because of the lou coverage with reduced LTisibility, 
the possibility of using a ground GPS transmitter is considered 
in some cases. Figure 4 . 2 - 3  also shows when the ground trans- 
mitter (assumed located under the Orbiter trajectory at San 
Simeon) would be available. No antenna limitations on ground 
transmitter visibiliry are assumed, due to the potentially 
high power of the ground transmitter; only line of sight lim- 
itations front the transmitter t o  the Orbiter are taken. 

4 . 3  CLOCK QC'ALITS 

Three different clock types are included in this study. 
Figure h.3-1 illustrates the qua1i:y of two of them - -  the ordi- 
nary (uncompensated) quartz clock and the rubidium clock - -  in 
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an unaccelerated environmevt. Clock modeling is discussed in 
Chapter 4 of Ref. 3 .  The same five-state clock model (with 
different data bases) is used t o  simulate both t h e  quartz and 
the rubidium oscillators. 

An additional source of clock error arises from accel- 
eration sensitivity. Ref. 6 discusses such sensitivity. A 

quartz crystal has an axis of sensitivity t o  non-gravi tational 
acceleration, and the frequency error produced by the oscilla- 

9 tor is typically 1 part in 10 per g of acceleration along the 
sensitive asis. Accelerations normal to t h e  sensiti\*e axis 
produce little or no effect. 

Rubidium clocks depend for long term ( 1 0  sec and u p )  

stability on the atoaiic rubidium standard. but they  use a q u a r t z  

crystal oscillator for short term il s e c  and less? stability. 

4-10 
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The rubidium cell is put into an outer loop about the quartz 
crystal, and the time constant of this loop (from 1 to 10 scc)  
detemines the intermediate term stabiliity. The rubidium cell 
is not subject to appreciable acceleration sensitivity, being 
at least two orders of magnitude less sensitive than is the 
quartz crystal. TrackinB stability of the GPS receiver depends 
upon short term stability of the oscillator, so quartz and 
rubidium clocks are equal in this respect. But the ability of 
a sequential receiver to "tie together" measurements at differ- 
ent times depends on the long term stability of the oscillator, 
so rubidium oscillators provide an improvement over quartz 
oscillators in this respect. In particular, a rubidium oscil- 
lator can maintain a good time reference through the blackout 
period of 15 min, so that only three satellites are necessary 
to obtain a good "fis" after blackout. 

Much of the error that a quartz'crystal clock would 
acquire during the blackout period would arise from the accel- 
eration sensitivity. As Ref. 24 points out, this sensitivity 
may be calibrated and accounted for by mounting an accelerom- 
eter with the crystal and building a compensation control sys- 
tem about the oscillator. Figure 4.3-2 diagrams such a control 
system. Alternately, for the Space Shuttle, acceleration com- 
pensation could be accomplished in the GPS receiver/processor 
software using acceleration and attitude inputs from the X!K*s. 

The quality of such compensation is potentially quite 
good. Figure 4 . 3 - 3  shows esperimental results reported in Ref. 
24, while Figure 4 . 3 - 4  indicates the range of frequencies o\.er 
which the compensation is valid (the primary limitation being 
the accelerometer and not the math model). For navigation pur- 
p o s t s ,  as previously remarked, it is the long terni (low fre- 
quency) stability that is important. Because of this potential 
for impro\ving the quartz clock, the third type of clock con- 
sidered here is an acceleration compensated quartz oscillator. 

4-11 
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I 
I 

CRYSTAL I OSCILLATOR 

I PAW(AGE 

OSCILLATOR 

Figure 4.3-2 Acceleration Compensated Quartz Oscillator 

C O F  ! O  1.5 7 0  23 30  3.5 
VIBRATION AMPLITUDE (0) 

Figure 4 . 3 - 3  Acceleration Cornyensation Test Result (Ref .  2 4 )  
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Figure 4.3-4 Accelerat ion Compensation Frequency 
Dependence (Ref.  24)  

.?\ frequency e r r o r  of one p a r t  i n  lo9 is equiva len t  t o  
a pseudo range- ra te  e r r o r  of about 1 f t / s e c  ( s i n c e  t h e  speed 
of l i g h t  is  about lo9 f t / s e c ) .  Since a c c e l e r a t i o n  l e v e l s  on 
the  O r b i t e r  during d e o r b i t  a r e  l imi t ed  t o  t h r e e  g ' s  o r  l e s s .  
and s ince  compensation is good t o  2%, the  remaining a c c e l e r -  
a t i o n  s e n s i t i v i t y  of a compensated qua r t z  o r  rubidium o s c i l l a -  
t o r  for nalTigation purposes may be ignored. 

4 .4  POST BLACKOUT NAI'IGATION RESULTS 

The combination f i l t e r  covar iance / t ru th  model covar i -  
a c e  a n a l y s i s  programs were r u n  on seve ra l  d i f f e r e n t  post-black-  
out scenar ios  varying the post-blackout  GPS t r a n s m i t t e r  a v a i l a -  
b i l i t y  and t h e  u s e r  c lock type. Fo r tuna te ly ,  the r e s u l t s  may 
be  summarized without having t o  look i n  d e t a i l  a t  the case con- 
d i t i o n s  and output  co\-ariances versus  time f o r  each scena r io .  
A s e r i e s  of t a b l e s  w i l l  s u f f i c e .  

Table 4 . 4 - 1  shows the clock e r r o r s  a f t e r  blackout .  
These e r r o r s  change \.cry l i t t l e  i n  the  time period following 
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QUARTZ WlS CLOCK 
ERROR 

PIUSE (FT) 900 

FREQUENCY (FT/SEC 1 1.3 

( 4 0 )  

( 0 . 2 5 )  

TABLE 4 . 4 - 1  
POST-BLACKOUT CLOCK ERRORS* 

Rb COMPENSATED 
QUARTZ 

125 8 
(30 )  

( 0 . 2 0 )  
0 . 2 5  0 .005 

blackout until the fourth emitter (satellite or ground trans- 
mitter) is acquired, whereupon the filter obtains the informa- 
tion necessary to correct the relatively large errors of the 
quartz oscillators, and the values in parentheses are obtained. 
This table shows that the dominant portion of the quartz clock 
errors accumulated during the blackout are due to acceleration 
sensitivity of the clock, for the only difference between the 
quartz clock and the compensated quartz clock is the accelera- 
tion sensitivity. 

Table 4.4-2 is an error budget for Shuttle position 
and velocity errors following the blackout period before any 
GPS measurements are taken. The budget assumes that an ordi- 
nary quartz oscillator is used in taking GPS measurements prior 
to the blackout period. If a compensated quartz or rubidium 
oscillator were used prior to blackout, the budget line items 
f o r  the clock and for the clock acceleration term would change 
to smaller \values, but the totals would be unaffected, since 
clock errors do not contribute significantly to post-blackout 
nalTigation error until after GPS measurements are processed by 
the filter. 
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TABLE 4.4-2 
POST-BLACKOUT ERROR BUDGET PRIOR TO MEASUREMENTS 

* 
Measurement Noise 

Platform Alignment t 

IML’ 

Clock+ 
* 

Clock Acceleration 

RSS 

Vector RSS 

POSITION (FT) 

DR CR R 

366 25 2 670 

3018 9073 12030 

1305 1933 2600 

103 104 319 

10 10 30 

3310 9280 12330 

15790 

VELOCITY (FPS) 

DR CR R 

0.33 0.12 1.28 

14.60 24.58 35.28 

4.41 5.74 8.11 

0.11 0.07 0.59 

0.01 0.01 0.06 

15.26 25.24 36.19 

46.69 

“These errors have propagated from pre-blackout conditions. 

?Platform alignment error i s  i n i t i a l  value. 
blackout i s  included in  IMU error group. 

Subsequent growth during 

In fact, the only significant contributors to post- 
blackout navigation errors (before GPS measurements are taken) 
are the initial IMU platform alignments going into blackout and 
the IMU component (gyro and accelerometer) errors accumulated 
during; blackout. Gyro errors during blackout increase the IMU 
platform misalignment errors, but th.e budgeted navigation errors 
due to platform misalignments refer to those errors due only 
to the initial values of the misalignments, with the errors 
due to subsequent growth being lumped into the LHU entry. 

Tables 4 . 4 - 3  and 4 . 4 - 4  show how navigation errors de- 
crease after the acquisition of independent emitters following 
blackout. In this general scenario, the navigation error is 
not a strong function of time, per se, or of t he  number of 
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RMS VFXTOR 
ERROR 

Position ( f t )  

Velocity (ft/sec) 

TABLE 4 . 4 - 3  
POST-BLACKOUT NAVIGATION ERRORS AFTER 
ACQUISITION OF 1ST AND 2SD EMITTERS 

AFTER AFTER 
MEASUREMENTS TO PEASUREMENTS TO 

1 EMITTER 2 EMITTERS 
BEFORE 

ME ASURENENT 

16,000 13,000 5,000 

O f  40 14 

CLOCK 
TPPE 

TABLE 4.4-4 
POST-BLACKOUT NAVIGATION ERRORS AFTER 
ACQUISITIOK OF 3RD AND 4TH EMITTERS 

AFTER AFTER 
NEASUREMENTS TO PEASUREYENTS TO WlS VECTOR 

ERROR 

Position ( f t )  

Velocity (ft/sec) 

Position (ft) 

Velocity (ft/sec) 

QUARTZ 

COMPENSATED 
QUARTZ 

1500 60 

2.0 1.5 

180 40 

1.3 1.3 

Position (ft) 

Velocity (ft/sec) 
Rb 

30 

1 .o 

25 

1 .o 

measurements (several measurements to one emitter being pos- 
sible), but is primarily a function of the number of different 
- emitters to which measurements have been made. The results 
from which Table 4 . 4 - 3  was compiled show, by implication, that 
there is no substantial \?ariation in na\-igation error with user 
clock type when only one or two emitters have been acquired. 
In Table 4 . 4 - 4 ,  on the other hand, the clock type is esplicit. 
ana 17ariations in na\,igation error are noted. The clock type 
is especially important when three emitters have been acquired. 
This is to be espected. Without accurate time information 
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(the "normal" case) it takes four GPS satellites to determine 
a user fis. With accurate time information, three satellites 
suffice. 

The only time (in this limited study) when an accurate 
user clock is important is when only three emitters are avail- 
able following blackout. In the same contest, the only time a 
ground GPS transmitter is useful is when three satellites are 
a\?ailable and an uncompensated quartz oscillator is used, or 
when two satellites are available and a compensated quartz o r  
rubidium oscillator is used. 

Table 4.4-5 is an error budget following acquisition 
of the third GPS emitter. It shows the dominance of the clock 
errors when an uncompensated quartz clcck is used. Table 4 . 4 - 6  
is an error budget following acquisition of the fourth emitter. 
After the fourth emitter has been acquired, position errors 
are reduced to small values, but velocity errors are not cor- 
respondingly small. The dominant source of the velocity er- 
rors is platform misalignment. (The LMU entry is also mostly 
platform misalignment growth during blackout.) The eight- 
state baseline navigation filter does not recognize platform 
alignment errors and thus can do little to mitigate their 
effects. A significant reduction in post-blackout velocity 
errors would require the addition of three platform misalign- 

R 
ment states to t.he navigation filter. Additionally, a com- 
pensated quartz or rubidium clock would help. Measurement 
noise contributions to velocity errors will fall as the number 
of measurements increases, while the other error contributions 
will not. 

$?These niisal ignment states have subsequently been incorporated 
into the baseline filter design. 
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ERROR GROUP 

Measurement Noise 

Platform Alignment 

IMU 

Clock 

Clock Acceleration 

TABLE 4.4-5 
ERROR BUDGET FOLLOVING ACQUISITION OF THE 3RD EMITTER 

(UNCOMPENSATED QUARTZ OSCILWTOR) 

POSITION (FT) VELOCITY (FPS ) 

DR CR R DR CR R 
25 29 39 0 .41 0 . 5 5  0 . 2 5  

3 2 1 0 . 4 0  0 . 3 2  0 .06  

1 0 0 0.13 0 .10  0 . 0 3  

83 100 139 0.15 0.15 0 . 2 3  

I 

633 769 1065' 0 . 8 0  0 . 7 6  1.41 

I RMS ERRORS i 

639 766 1074 

1470 

~ ~~ ~~ ~~ ~ 

1.00 1.01 1.45 

2.04 

RSS 

Vector Rss 

ERROR GROUP 

Yeasurement Noise 

Platform Alignment 

IMt? 

Clock 

Clock Acceleration , 

~ 

RMS ERRORS 

POSITION (FT) VELOCITY (FPS ) 

DR CR R DR CR R 

3 Q  11 29 0 . 6 0  0.11 0.34 

8 3 15 0.84 0.39 0.25 

2 1 0 0.24 0.11 0.08 

3 1 6 0.16 0.12 0 . 2 4  

9 3 44 0 . 4 9  0 . 3 7  0.54  

TABLE 4 . 4 - 6  
ERROR BUDGET FOLLOWING ACQUISITION OF THE 4TH EMITTER 

(UNCOMPENSATED QUARTZ OSCILLATOR) 

22 12 53 

58 

1.19 0.58 0 . 7 3  

1.51 

RSS 

Vector RSS 
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5 .  GPS GROUKD TRLYSMITTERS FOR SPACE SHUTTLE SUPPORT 

During ascent and entry of the Space Shuttle, GPS sat- 
ellite \*isibility may be inadequate to support accurate naviga- 
tion. Depending upon the type of clc-k used in the GPS receiver, 
either three satellites (for an atomic clock) or four satellites 
(for a quartz crystal clock) must be in view of the Orbiter 
antennas to accurately navigate during these dynamic flight 
phases. Before tne Phase 111 GPS constellation reaches initial 
operational capability (18 satellites) in 1986* there will at 
most times be fewer than three satellites visible to the Orbiter. 
Even after the Phase 111 constellation is complete, the external 
fuel tank will block the downward GPS antennas on the Orbicer 
during ascent. Since the Orbiter flies "upside down'' during 
ascent, the fuel tank may severely impact satellite visibility. 

This chapter examines some of the issues involved in 
using GPS groimd transmitters to augment the satellite constell- 
ation and support Shuttle navigation during ascent and entry. 
Section 5.1 briefly examines some of the issues involved, while 
Sections 5.2 and 5.3 present results for the entry and ascent 
phases, respectively. Section 5.4 contains a summary of con- 
clusions regarding the use of ground transmitters. 

5 . 1  GROUND TRANSMITTER ISSUES 

A wide range of design, performance, and support issues 
would need resolution to establish the feasibility of GPS ground 

+:Restructuring of the GPS program may result in a final Phase 
I l l  constellation of 18 satellites, to be operational in 1987. 
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transmitters as an aid to the Space Shuttle during ascent and 
entry. This report addresses a subset of those issues regard- 
ing the use of the satellite signals, a subset that comes gener- 
ally under the headings of signal availability, signal usability, 
and navigation accuracy. In particular, the following questions 
are examined: 

0 How many ground transmitters would be 
required, and where would they best be 
placed? 

e What demands would ground transmitters 
place on the antenna management and track- 
ing loop functions of the Orbiter GPS 
receiver processor assembly (R/PA)? 

What Orbiter navigation accuracy could 
be expected to result from the use of 
ground transmitters? 

0 

The first question, that of number and placement of 
ground transmitters, depends, in turn, on a range of further 
issues, including: 

0 rixed versus mobile transmitters 

0 the range (variety) of ascent or entry 
trajectories to be accommodated 

0 the type and quality of the R/PA clock 

0 the GPS antenna coverage of the Orbiter 

0 the interim GPS satellite constellation(s) 

0 the attitude dynamics of the Orbiter 

The number of transmitters required might also be expected t o  
be related to the navigation accuracy demanded of the system, 
but the actual relationship here is a simple one: depending 
on the type of clock in the R/PA, if three or four signals are 
available, navigation accuracy will be good: if fewer than three 
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or four signals are available, then (SPS-based) navigation 
accuracy will be less than adequate unless the navigation system 
Kalman filter can take advantage of changing transmitter-to- 
Orbiter geometry. 
ground transmitters generally is resolved on matters of signal 
availability (visibility) alone. 

So the question of number and placement of 

The second question, that of the demands a ground 
transmitter signal places on the receiver, is partly a matter 
of visibility -- Is the signal available to one antenna long 
enough to be acquired and tracked? -- is partly a matter of 
signal dynamics -- Can the tracking loops follow the signal 
dynamics, especially the geometrical range acceleration arising 
f-om high Orbiter velocities relative to nearby ground transmit- 
ters? - -  and is partly a matter of signal strength relationships - -  
Can the ground transmitter signal strength be selected so as 
to be usable over the large relative variation in range to the 
Orbiter and yet not interfere with other ground transmitters 
or with the satellite signals? These questions may be answered 
with visibility charts, range dynamics computations, .and range 
ratio computations. 

The third question, that of expected accuracy, is not 
addressable with just the visibility analysis tools useful for 
the other issues considered here. The source of the GPS signals 
has far less impact on Shuttle accuracy than does the number 
of such signals, so previous results for post-blackout entry 
accuracy will give a good idea of the accuracy to be expected 
in this flight phase if GPS ground transmitters were substituted 
for satellites. Only limited performance analysis has been 
done for the ascent phase, so no comparable accuracy estimates 
are presented here for that phase. 
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5 . 2  ENTRS 

I n  i n v e s t i g a t i n g  t t e  use of ground t r a n s m i t t e r s  t o  
support  e n t r y ,  i t  would be d e s i r a b l e  t o  have a f u l l  range of 
en t ry  t r a j e c t o r i e s  a v a i l a b l e  so t h a t  v a r i a t i o n s  i n  s i g n a l  
a v a i l a b i l i t y  could be considered. Unfortunately,  only one 
en t ry  t r a j e c t o r y  t a p e ,  f o r  a landing a t  Edwards A i r  Force Base 
(EAFB) ( t h e  tape used i n  a l l  previous d e o r b i t  s t u d i e s  and d i s -  
cussed i n  Sec t ion  2 . 2 . 2 ) ,  was a v a i l a b l e  for t h i s  s tudy.  The 
problem of s i g n a l  a v a i l a b i l i t y  is determined by the  r e l a t i v e  
loca t ions  of t he  ground t r a n s m i t t e r s  t o  the  t r a j e c t o r y ,  so by 
assuming numerous ground transmitter si tes,  one t r a j e c t o r y  can 
be made t o  show a wide v a r i e t y  of s i t u a t i o n s .  Figure 5.2-1 is 

Figure 5.2-1 Deorbit Ground Transmitter Locatims 
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a niap showing the ground track of the trajectory utilized for 
this study and the locations of the 14 ground transmitter 
sites simulated. The numbers labeling the tic marks along the 
trajectory ground track are minutes to touchdom. 

Due t o  the mountainous terrain in the wide vicinity 
of the landing site, high elevation locations'were often 
chosen for the ground transmitters to avoid the question of 
terrain blockage of visibility. Some of the exact locations 
assumed might not be practical, but equivalent, practical lo- 
cations are almost surely available. In all cases in this 
entry study it is assumed that the Orbiter is visible to the 
ground transmitter if the Orbiter is over five degrees above 
the local horizon at the transmitter. This does not, hovever, 
necessarily imply signal availability. In addition to the 
Orbiter being visible to the ground transmitter, the ground 
transmitter must be within the beamwidth of the Orbiter GPS 
antennas in order for the signal to be received. 

Figure 5.2-2 illustrates the antenna coverage assumed 
for  the Orbiter for the entry study (Ref. 25). This is appros- 
imatelp the same coverage assumed for the deorbit analysis in 
Chapter 4 .  (The ascent study, done later, uses different an- 
tenna patterns resulting from model tests at JSC. Test re- 
sults were not available when the entxy study was done.) For 
ground transmitter visibility during entry, it' is the bottom 
antenna that is of primary importance. Note that the bottom 
antenna pattern assumed is an axisymmetrical "conical" pattern, 
while the top antenna pattern is an asymmetrical "elliptical" 
pattern. 

The masimurn range of visibility from a ground trans- 
mitter to the Orbiter is about 240 nm? and Fig 5 . 2 - 1  illus- 
trates the point of first contact for three of the ground 
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I 
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I 
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I 

BOTTOM AN~ENNA ;urs 
I 

TOP ANTENNA "ELUPTICAL" 
BOTTOM ANTENNA %ONICAL" 

Figure 5.2-2 Antenna Coverage Assumed for Entry 
(-1 dBi Gain Limits) 

transmitters. This point occurs following the (assumed) exit 
of down-looking L-band communications blackout. (GPS signals 
as well as TACAK signals are in the L-band.) Only the final 
12 min or so of the trajectory prior to landing need be con- 
sidered for ground transmitter aiding. 

Figure 5.2-3 summarizes the visibility sitvation for 
all 14 ground transmitter sites. As the key describes, the 
narrow lines indicate periods when the Orbiter is below the 
five deg elevation minimum to be visible from the ground trans- 
mitter. During the wide portions of the lines, the Orbiter is 
visible to the ground transmitter, but the ground transmitter 
is not always visible to the Or3iter GPS antennas. During the 
unshaded portions of the wide lines. the ground transmitter is 
not visible to either Orbiter GPS antenna. During the solid 
portions of the vide lines, the ground transmitter is visible 
to the bottom antenna, and during the cross hatched portions 
of t h e  line, it is lTisible to the top antenna. 
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Figure 5 . 2 - 3  Entry Visibility of Ground Transmitters 

In preparation for landing, the Orbiter undergoes twc 
sharp attitude changes, noted in Fig. 5.2-3, that produce numer- 
ous simultaneous changes in the ground transmitter visibilities. 
In general, these attitude changes arc: not totally predictable 
as to timing or amount, but the figure illustrates the type of 
unpredictable visibility situation that must be dealt with 
during a typical entry. 

~ 1 1  of the 14 ground transmitters could not be needed 
to support enLry, as only three or four signals are necessary 
for accurate na\Tigation. I f  no signals were available from 
the GPS satellite constellation, then three to five ground 
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transmitters would be necessary for the specific trajectory 
studied, depending on the receiver clock and on the period of 
coverage desired. Generally speaking, a period of about two 
minutes of simultaneous availability of three signals as early 
in the trajectory as possible would provide most of the poten- 
tial benefit to be derived front ground transmitters (assuming 
an atomic clock in the R/PA). The sites at Cone Peak, Edwards, 
and Magic Mountain would provide such signal availability. 

If a range of entry trajectories were to be consid- 
ered. and fixed ground transmitters were to be used, then, of 
course, more than three would be required. If the entry tra- 
e iectory were known sufficiently in advance, the use of mobile 
ground transmitters could be considered, There are two ways 
to use mobile transmitters. One involves locating the mobile 
transmitter and synchronizing its clock by reference to the 
GPS satellite system. During CPS Phase XI, this might take 
the better part of a day to accomplish, as the six (or fewer) 
satellites are not visible to ground locations except for a 
period of a few hours a day. A second way to s e t  up mobile 
transmitters would be to locate them at previously surveyed 
sites and depend on atomic time standard accuracy to maintain 
clock synchronization to each other (and to the satellite sys- 

tem, if necessary). In this mode, mobile transmitters might 
be set up in a period of a few hours. In either case, mobile 
transmitters might not be able to support contingency entries. 

A second \?antage point on ground transmitter visibil- 
i t y  is proltided in Table 5.2-1. This table ignores the effect 
of the Orbiter antennas in limiting visibility of the ground 
transmitters and assumes the transmitters are visible if the 
Orbiter is abo\ye fi\.e degrees elevation when \.iewed from the 
transmitter. The duration of the visibility period is noted 
for each of the 14 ground transmitter sites. as is the peak 
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VISIBILIW PEAK 
DURATION ELEVATLON 

(MIN) ( DEC 1 

3 .2 8.0 
6.0 11.5 
4 . 4  7 . 0  

5 . 2  20.8 
5.5 25.2 
5 . 0  11.9 
7.4 28.5 
8.4  27.4 
5.8 9.0 
6.5 30.1 
1.3 5 .2  
6 . 9  19.6 
4 . 6  7 . 8  
2.9 6 . 0  

TABLE 5 .2 -1  
GROUND TRANSMITTER VISIBILITY RaGES 

(.ANTENNA EFFECTS NOT INCLUDED) 

AZIMUTH 
VARIKrlON 

( DEC 1 

64 
103 
443 

124 
127 
49 

156 
96 
13 

170 
6 

7 7  
38 
27 

GROUND TRANSHlrCER 
NO. LOCATION I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 3  
14 

LLCK OBSERVATORY 
VLSALlA 
m r w m  PEAti 
CONE PEAK 
ALDER PEAK 
CllltJA LAKE 
BAKEHSFIELD 
EDWAHUS 
B A H s n l W  
VANDENBEHC 
WENTYM I NE PALMS 
HAClC HOUNTAlN 
R 1 VEHS IDE 
PENDLETON 

elevation of the Orbiter, and its variation in azimuth as viewed 
from the transmitter. The elevation and azimuth variation 
values are related to navigation accuracy. In particular, 
accuracy in the vertical direction depends on the elevation 
angles, higher angles producing better accuracy. 

Variations in azimuth during the viewing period can 
improve o\-erall accuracy. Since the ground transmitter ob- 

servations are assumed to be processed by a Kalman filter that 
has access to IMU-sensed velocity information. the cumulative 
effect of two measurements in different directions is much 
stronger than two measurements in a single direction. That 
is, one ground transmitter \yiewed from two different direc- 
tions during the trajectory has about the same effect as two 
independent ground transmitters in different directions. This 
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R?lS LECTOR 
ERROR 

aspect of navigation accuracy with ground transmitters was not 
srudied esplicitly, but it might be concluded that even fewer 
than three ground transmitters could support navigation during 
entry. Fewer than three transmitters would not support ac- 
curate navigation at the earliest opportunity, however, for to 
be effective with less than three transmitters requires wait- 
ing until substantial changes in the Orbiter-to-transmitter 
geometry have occurred. 

AFTER AFTER I NEASUREMEhTS TO rmsm.mrrs TO BEFORE 
YEASUREMEIT I 1 EPlITTER 2 EMITTERS 

Accuracy results from the Chapter 4 study on this 
same trajectory are appropriate for the first establishment of 
accurate navigation following entry blackout. Table 5.2-2  (a 
repeat of Table 4 . 4 - 3  and 4.4-4) summarizes these results. 
Following the blackout , typical navigation errors would be 
16,000 ft. and 47 ft/sec. Regardless of the type of clock used 
in the RJPA, these errors will be reduced when the first two 
(independent) GPS signals are processed, as the first part of 
the table shows. The results after processing the third and 
fourth independent GPS signals depend on the type of clock in 
the R/PA, as the second part of the table shows. The accel- 
eration-compensated quartz clock refers to a quartz crystal 
oscillator vhich is compensated by special added hardware (or 

TABLE 5.2-2 
POST-BLACKOUT KAVIGATIOK ERRORS 

FOLLOVING -4CQUISITION OF 
FIRST .hYD SECOND EMITTERS 

I i I 1 t 
Position ( f t )  I 16,000 

Velocity ift/sec) I L7 

13,000 

40 

5.000 

14 
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CLOCK RMS VECTOR AFTER 
TYPE ERROR HEASUREMENTS TO 

3 EMITTERS 

POSITION (FT) 1500 

VELOCITY (FT/SEC) 2.0 
QUAFtTZ 

TABLE 5 . 2 - 2  (Cont.) 
(THIRD AND FOURTH EMITTERS) 

AFTER 
MEASURLVENTS TO 

4 EMITTERS 

60 

1.5 

I Rb 
I POSITION (FT) 

QUA*TZ+ I VELOCITS (FT/SEC) 

POSXTIOX < FT ) 30 25 I 
VELOCITY (FT/SEC) 1.0 1.0 

, 
180 

I 

I 1.3 

40 

1.3 
I I 1 I 

i I I I 

through R/PA software) so as to reduce its acceleration sensi- 
tivity by about an order of magnitude. The "Rb" heading refers 
to a rubidium time standard. Such an atomic clock has a negli- 
gible acceleration sensitivity for navigation purposes. This 
table illustrates that accurate navigation will be achieved 
when the third or fourth independent signal is processed, d e -  
pending on the type of clock in the R/PA. 

One more result of the entry ground transmitter study 

is given in Table 5.2-3, where the ratios of the minimum and 
maximum ranges from the Orbiter to the \*arious ground transniit- 
ters during the periods of potential visibility are espressed 
in terms of an equivalent power ratio ( 2 0  loglo rmas/rmin). 
The various C/.4 codes used for GPS signals can interfere w i t h  
each other if they do not have the proper signal power r e l a -  
tionships. The peak cross correlation of one (7.4 code t o  

another is -21.6 dB (Ref.  26), which means that if one s ignal  
is close to 21.6 dB stronger than another, it will interfere 
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GROUND TRANSMITTER 

NO. LOCATlON 

1 LICK OBSERVATORY 
2 VlSALlA 
3 HATUHANGO PEAK 
4 CONE PEAK 
5 ALDER PULI 
6 CHINA LAKE 
7 BAKERSFIELD 
8 EDWARDS 
9 BARSTOW 
10 VANDENBERG 
11 TWENTYNlNE PAWS 

1 12 MAGIC MOUNTAIN 

~ 13 
K I VERS 1UE 

!4 PENOLEI'OI 
I 

TABLE 5.2-3  
GROUND TRANSMZTTER SLANT RANGE VARIATIONS 

SULNT RANGE 
ABOVE 5 DOC ELEVATlOL 

MAX 
(Ml) 

2 30 
230 
186 
242 
242 
210 
232 
21 2 
196 

. 240 
152 
220 
192 
185 

180 
97 
a2 
65 
55 
52  
35 

3 

51 

42 
124 

48 
8 4  

124  - 

2.1 
7.5 
7.1 
11.4 
i2.9 
12.1 
16.4 

11.7 
15.1 
1.1 
13.2 
7.2 
3.5 

PEAK C/A CODE CROSS COkREJArlON (WITH DOPPIPR SHIFT) = -21.6 dll 

with the acquisition process for the other code. As long as 
the power racio of the minimum and maximum ranges for a single 
transmitter is safely below this figure, it would be possible 
t o  select a noninterfering transmitter power level that is 
constant. When the power ratio climbs to within a few dB of 
21.6 dB, however, such a power level setting is not possible, 
and either: 

0 the transmitter power level must be dy-  
namically adjusted in response to range 
to the Orbiter during entry. 

0 the transmitter power lelvel may be kept 
constant but will be inadequate for 
acquisition at maximum range. 
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0 the transmitter power level may be kept 
constant but will interfere with other 
signals at minimum range. 

As the table shows, only the transmitter located at the land- 
ing site poses any interference problems. 

4 

One final issue of signal usability was not investi- 
gated as part of the entry study. It cmcerns the dynamics of 
the signals from the ground transmitters and the stress they 
place on the receiver tracking loops. This stress is consid- 
erable and would substantially affect the receiver design, as 
is shown in the next Section, where it is considered for the 
ascent phase. 

5.3 ASCENT 

Figure 5.3-1 (Ref. 27) illustrates the range of allow- 
able launch azimuths from the Kennedy Space Center. Three 
ascent trajectories (Ref. 28) bere available for this study 
that reasonably span the range of those allotv.able. Two are 
termed northward launches, one to a nearly limiting 55 deg 
orbital inclination, and another to a more normal 4 0 . 5  deg 
orbital inclination (sometimes referred to as 40 deg incli- 
nation). A third trajectory is eastward, to a 28 deg orbital 
inclination. This eastward ascent exhibits about the poorest 
ground transmitter visibility of all launches due to the scar- 
city of locations for ground transmitters in this direction. 

A total of 17 ground transmitter sites were selected 
for study although only 14 were used at any one time. Figure 
5.3-2 maps the three ascent trajectory ground tracks and shows 
the ground transmitter locations, although it omits the names 
of the ground transmitters. The length of the trajectory ground 
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CONGlfUOE 

Figure 5.3-1 Allowable Orbit Inclinations 

'w 

and Launch 
Azimuths from Kennedy Space Center 

Figure  5 . 3 - 2  Map of Ascent Trajectory Ground Tracks And 
GPS Ground Transmitter Study Locations 
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tracks is indicative of how much of the trajectory was avail- 
able for study. In the 40 .5  deg inclination case, only that 
portion of the trajectory prior to Orbiter main engine cutoff 
(MECO) was available. Post-MECO data was available for the 
other two trajectories. 

To correlate the locations of the ground transmitters 
with the names of the ground transmitter sites given in the 
sequel, it should be noted that the transmitters are always 
listed from north-most to south-most, and Bermuda is an 
obvious reference point included in all lists. Bermuda is just 
slightly north of Savanna Beach, Georgia, which appears at an 
equal latitude in the figure. Cape Kennedy and Patrick AFB 
are so close to one another as to be indistinguishable on the 
map in the figure, where two arrows point to the same location. 

There are no terrain visibility restrictions for any 
of these ground transmitter sites, and so the visibility cri- 
terion used in the entry study was slightly relaxed here - -  
during ascent the Orbiter must be above three degrees above 
the horizon at the ground transmitter to be visible to the 
ground transmitter. Of course, the ground transmitter must 
also be within the receiving antenna beamwidth of the Orbiter 
for signal reception. Figure 5.3-3 illustrates the visibility 
situation for ground transmitters during ascent. Note that the 
antenna pattern has also been altered from that used in the 
entry study. Now an 80 deg half-cone angle, conical antenna 
is assumed as nominal (Ref. 2 9 ) ,  while a full hemispherical 
coverage, 90 deg half-cone angle antenna is used as an alter- 
nate to study the sensitivity of the visibility results to 
antenna coverage. 

Ground transmitters were studied for entry primarily 
to assist during GPS Phase I1 when no satellites are available 
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Figure 5.3-3 GPS Ground Transmitter Visibility Geometry 

During Ascent 

for significant portions of each day. 
the external fuel tank will block satellite visibility to the 
downward antenna even during GPS Phase I11 when satellites are 
constantly available. But satellites are sometimes visible to 
the upt;ard antenna during ascent, so the contribution of the 
satellites to the ascent signal availability must be examined. 
The visibility criteria for satellite signals are illustrated 
in Fig. 5.3-4. Because satellite signals have limited strength 
t h e  horizon mask angles a r e  more conservative for satellites 
than for ground .transmitters. 

For the ascent study, 

Figures 5.3-5 through 5 . 3 - 7  summarize the ground trans- 
mitter Lyisibility situations for the three ascent trajectories. 
T h e  key to these figures is almost the same as that for Fig. 
5 . 2 - 3 .  except t h a t  three deg ele\'ation is now the LTisibility 
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/ 

Figure 5 . 3 - 4  GPS Satellite Visibility Geometry During Ascent 
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Figure 5.3-5 Ground Transmitter Visibility For KSC Ascent 
(55 Deg Inclination Orbit) 
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Figure 5.3-6 Ground Transmitter Yisibility For KSC Ascent 
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Figure 5 . 3 - 7  Ground Transmitter Visibility For KSC Xscen: 
(28 Deg Inclination Orbit) 
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criteria, and the roles of the top and bottom antennas have 
been interchanged, since the Orbiter flies "upside down" dur- 
ing ascent. The solid portions of the side bars thus imply 
visibility to the top antenna. The cross hatched portions of 
the vide bars imply visibility to the bottom antenna without 
regard for blockage by the esternal fuel tank. Thus, these 
cross hatched segments should be regarded as periods of no 

since the tank does block the bottom antenna. 

Figure 5.3-6 shows the excellent ground transmitter 
coverage for ascent to a 40 deg inclination orbit. Figures 
5.3-5 and 5.3-7 show that coverage reduces for estreme 
launches, especially for the eastward launch. Generally speak- 
ing, to support accurate navigation vhen it is needed during 
ascent would require three signals available during roughly 
the five to seven min period following liftoff. The Montauk 
Point, Cape Hatteras, Bermuda, and Abaco Island sites would 
probably cover all launch azimuths with marginal capability 
(assuming no satellite visibility). 

The eastward launch suffers the poorest ground trans- 
mitter coverage. 
dramatically improve if the receiving antenna beamwidth could 
be enlarged to full hemispherical coverage. 

Figure 5.3-8 shows how this coverage would 

Figures 5.3-9 and 5.3-10 show what GPS satellite visi- 
bility might be available to the 40 and 28 deg inclination 
ascents with the 24 satellite, Phase I11 constellation. Unlike 
the case with ground transmitters, satellite visibility \*aries 
depending on the time of day, being roughly similar in each 
eight hour period. (It takes the earth eight hours to rotate 
the 120 deg separation between the three GPS satellite orbital 
planes.) Thus, the figures give two time variables, one for 
time since liftoff in minutes, and m e  for time of day (called 
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Figure 5.3-8 Ground Transmi t te r  V i s i b i l i t y  For KSC Ascent 
(28 Deg I n c l i n a t i o n  O r b i t )  
(90 Deg Half-Cone Antennas) 

o f f s e t  t ime) i n  hour s .  The f i g u r e s  show t h e  number of s a t e l -  
l i t e s  v i s i b l e  t o  the (80 deg ha l f -conej  top antenna during 
a s c e n t ,  w i t h  a blank space i n d i c a t i n g  no s a t e l l i t e s  v i s i b l e .  

Figure 5.3-9 shows t h a t  for a northward launch t o  a 
40 deg o r b i t a l  i n c l i n a t i o n  no s a t e l l i t e s  a r e  ever  v i s i b l e  a f t e r  
about four  m i n  a f t e r  launch. S a t e l l i t e  v i s i b i l i t y  for a more 
northward launch would be even worse; t h u s ,  the  55 deg resul ts  
a r e  not shown. C l e a r l y ,  no s a t e l l i t e  v i s i b i l i t y  can be expected 
i n  the c r i t i c a l  f i v e  t o  seven minute period following launch. 
Figure 5.3-10 shows an improving s i t u a t i o n  for an eastward 
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launch. S t i l l ,  t he re  a r e  s i g n i f i c a n t  po r t ions  of each day 
when no s a t e l l i t e s  may be seen during t h e  c r i t i c a l  pe r iod ,  
even though one o r  two a r e  o f t e n  a v a i l a b l e .  

T rave l l i ng  a t  high speed c l o s e  t o  a ground t r a n s m i t t e r  
s i t e  produces a l a r g e  range a c c e l e r a t i o n  t h a t  pu t s  severe  de- 
mands on the  r ece ive r  t r ack ing  loops.  Figure 5.3-11 shows a 
time h i s t o r y  of range a c c e l e r a t i o n  for  the  ascent  t r a j e c t o r y  
t o  t h e  5 5  deg o r b i t a l  i n c l i n a t i o n  and t h e  Wallops I s l and  ground 
t r a n s m i t t e r  s i te .  The curve peaks ou t  a t  over  13 g ' s  and spends 
most of t h e  per iod of v i s i b i l i t y  higher  than t h r e e  g ' s .  The 
r ece ive r  t racking  loops w i l l  have t o  accomodate three g ' s  t o  
account f o r  O r b i t e r  acce le ra t ion  l e v e l s ,  but  i t  vould s t rong ly  
a f f e c t  r ece ive r  design t o  demand higher  l e v e l s .  
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Figure 5.3-11 Example P l o t  of Range Accelerat ion During 
Ascent 
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5.4 CONCLUS 1ONS OF THE GROUND TRANSMITTER STUDY 

Several conclusions summarize the results of the two 
ground transmitter studies for ascent and entry. They are: 

Satellite Visibility 

During entry, satellite visibility will be ade- 
quate once the full Phase ILL GPS constellation is estab- 
lished. Substantial periods of no visibility will exist 
during Phase 11. During ascent, northward launches can ex- 
pect no satellites visible to the baseline antenna system 
even after the Phase 111 constellation is in place. Eastward 
launches mag occasionally have one or two satellites in view. 

Ground Transmitter Visibility 

Three ground transmitters would be adequate to 
support any particular entry trajectory, with four or five 
being necessary to support a range of trajectories to one 
landing site. An additional ground transmitter would be 
required if a quartz crystal clock were used in the R/PA 
instead of an atomic clock. Four ground transmitters 
would provide adequate support for ascents from Kennedy 
Space Center. 

Ground Transmitter Power Levels 

In general, it would not be a problem to select 
constant power levels for ground transmitters that would 
not interfere with other GFS signal sources for the Space 
Shuttle during either ascent or entry. 
have to be used with a transmitter at the landing site for 
entry. Signal interference to other (aircraft) users of 
GPS is a possibility. 

Some care would 

Ground Transmitter Signal Dynamics 

Signal dynamics for ground transmitter signals 
during either ascent or entry are severe. Receivers de- 
signed for the baseline three g's of signal acceleration 
would generally be unable to use ground transmitter signals. 
Design of receiver track123 loops not aided by I?lU informa- 
tion and capable of tracking at the log's and higher levels 
necessary is very difficult and would have a major program 
impact . 
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Alternatives to Ground Transmitters 

During entry, there appears to be no alternative 
to ground transmitters other than to "give up" on GPS 
navigation until the Phase 111 constellation is suffi- 
ciently established to provide adequate satellite vis- 
ibility, probably in 1986 or 1987. During ascent, there 
are likewise no alternatives until Phase 111 is established. 
Once the satellites are in place, alternatives to ground 
transmitters include widening the topside antenna field 
view, mounting a ZPS antenna on the external fuel tank, 
or changing the attitude profile of the Orbiter so the 
satellites become visible to the unshaded topside antenna. 
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6 .  GPS RECEIVER SUBSYSTEN MALYSIS 

The objective of GPS is navigation. but its methods 
are those of communication, and there are several GPS user 
equipment communication issues that impact navigation capabil- 
ity. The user equipment communication issues may be broken 
into two general areas: signal acquisition/reacquisition and 
signa: tracking. Each of these areas is treated in this chapter. 

6.1 GPS SIGNAL ACQUISITION/REACQUISITION 

This section discusses the issues involved in acquiring/ 
reacquiring a GPS signal and the time required to establish a 
navigation fix. The discussion includes an esplanation of the 
need for an indirect method of acquiring the P-code, as well 
as the functional dependence of time-to-acquire/reacquire on 
signal-to-noise density, C/No, and on residual line-of-sight 
dynamics. The nature and complesity of the GPS acquisition 
process results from the GPS signal structure. The relevant 
properties of the signal structure are discussed in the nest 
section, followed by a discussion of the actual acquisition/ 
reacquisition process including navigation fix times. 

6.1.1 GPS Signal Structure 

The Global Positioning System (GPS) Navigational Sig- 
nal is a composite Kaveform consisting of a Protected ( P i  Sig- 
nal and a Clear/Acquisition (C /A)  Signal transmitted in phase 
quadrature. The C/A-signal is designed for commercial and 
other users not requiring the highest accuracy and desiring to 
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use low cost equipment. From a military standpoint, its pri- 
mary function is in providing a method of acquiring the pro- 
tecred code. The protected code is designed for both the 
highest navigation accuracy and for high anti-jam protection. 
The C/A-signal, by design, 'is easy to acquire but is highly 
susceptible t o  jamming. On the other hand, the P-signal, 
having been designed to resist jamming , is nearly impossible 
to acquire directly without 6 priori range information; hence, 
the need for an indirect acquisition procedure. 

f; 

Each signal transmitted by a given satellite (P and 
C/A) consists of a carrier wave modulated by both 50 Hz data 
and a bi-phase digital ranging code. The data consists of 
space vehicle ephemerides, system time-of-day, C/A to P hand- 
o\7er information', etc. 
rived from a class of digital codes known as pseudo-random 
noise sequences (PRN sequences). The spread spectrum nature 
of the codes makes them ideal for highly accurate ranging while 
providing high anti-jam (A/J) protection. 

The bi-phase digital codes are de- 

The PRN sequence used f o r  the C/.4 ranging code is 
composed of =lo00 nsec (300m) chips with a code repetition 
period (i.e., code length) of 1023 chips (1 msec). Whereas, 
the PRN sequence for the P-code is composed of 2100 nsec (?Om) 
chips with a code repetition period of 6x1Ol2 chips ( 7  craps). 
The narrower chip width gives the P-code a factor of ten im- 
provement in ranging accuracy over the C/A code. The longer 
code period gives the P-code added protection against jamming 
while denying its use to unauthorized users. The sequences 

*The P-code has a se\'en day period which, while making direct 
acquisition quite difficult, is the very feature which gives 
the P-code its anti-jam resistance. 

?The Handover information enables acquisition of the P-signal 
Kith a minimum of search time. 
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are similar in that they have very sharp autocorrelation func- 
tions: i.e., if a PRN sequence is correlated with a replica of 
itself that differs by more than a chip, then the resulting 
signal has essentially zero power. Thus, for a GPS receiver 
to detect a GPS RF signal, it must correlate the incoming sig- 
nal with a replica of the code delayed by less than a chip. 
Otherwise, the effective signal-to-noise ratio, SNR, is Z-30dB 
for the P-code (-20 dB for the C/A-code). This compares with 
a SNR as great as 40 dB for perfect correlation. Therefore, a 
transmitted signal modulated by a PRN sequence is inherently 
nonobservable to a receiver that does not know the repetition 
time of the PRN sequence. 

6.1.2 GPS Signal Acquisition and Reacquisition 

The term acquisition denotes the synchronization of 
carrier and code phases of the user GPS receiver with the sat- 
ellite transmitted P-code. The acquisition procedure is there- 
fore the first step in establishing a navigation fix. The 
user must demodulate the GPS data after closed loop tracking 
is achieved. This demodulated data is then decoded and com- 
bined with pseudo range and pseudo- delta range measurements in 
an appropriate algorithm before computing a navigation fix. 
The time required to perform this entire operation is called 
the time-to-first-fix, TTFF, and is composed of the acquisi- 
tion time, the data demodLlation time, tracking time, and the 
navigation fix time 

The structure of the GPS signal is such that two dis- 
tinct methods of acquiring it are available to the user: direct 
and normal. For the direct method, 6 priori information is 
utilized to define a time-frequency uncertainty region for the 
P-signal. This region is then searched to determine the sig- 
nal's code position and carrier frequency so that tracking may 
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be initiated. Because the P-signal is designed to be secure, 
direct acquisition map require unsatisfactorily long acquisi- 
tion times unless accurate 6 priori information is available 
to the user. 

For the normal method, d priori information is em- 
ployed to define a time-frequency uncertainty region for the 
C/A-signal. This region is then searched to determine the 
code position and carrier frequency so that tracking can begin. 
The tracking operation (for the C/A-signal) and associated 
data demodulation continues until the handover word (which is 
present in the data signal) is recovered - -  handover words are 
present in the GPS data every six seconds. This word provides 
the information required to acquire the P-signal directly in a 
reasonable length of time. A brief, direct acquisition 0: the 
P-signal is the final step in the normal method. When t t k  d 
priori information available to the user is not extremely 
accurate, the ,- m a 1  method will provide substantially better 
acquisition times than the direct method. 

There are several factors which affect the acquisi- 
tion time of a receiver. An obvious factor is the quality of 
the B priori information about range delay and doppler shift 
of the GPS signal. This factor is determined by uncertainties 
in the position and velocity of the user relative to the sat- 
ellite, and by uncertainties in the time and frequency of the 
user's clock. Other factors influencing acquisition time in- 
clude the received SNR, the desired probability of a correct 
acquisition, the search pattern used to check each cell in the 
time-frequency uncertainty region, and the structure of the 
acquisition receiver. 

The 6 priori range-velocity uncertainty defines a code 
position-frequency uncertainty region which must be searched 
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by the receiver*. 
testirg a code position and a doppler frequency. This test is 
accomplished by replicati3g the received signal as it would 
exist under the assumption that the test parameters are cor- 
rect. In the simplest case, this signal is then correlated 
with the actual received signal, bandpass filtered, and then 
signal power detected. If the assumed doppler frequency is 
incorrect, the mixed signal will not pass the bandpass filter. 
Similarly, if the assumed code position is incorrect by more 
than a chip, the SNR will be -20dB for the C/A-code (-30 dB 
for the P-code), If the test parameters are close to the cor- 
rect values, the SNR will be as great as 40 dB. If the cross- 
correlation of the received signal and the locally-generated 
signal estimate (with the assumed code position and doppler 
frequency) do not pass a predetermined energy threshold, those 
signal parameters are rejected, and the local signal estimate 
is sequentially stepped through 'the uncertanty region until 
the energy exceeds the threshold. %hen the threshold is ex- 
ceeded, operation is switched to the tracking mode. 

The acquisition procedurc is initiated by 

Assuming a low cost GPS set in which all tests must 
be performed seriallyi, Fig. 6.1-1 depirrs tbe time to acquire 
a C/A-signal for a 300 meter range uncertainty as a function 
of doppler uncertainty and C/No, i.e., GPS signal strength zt 
the receiver input. The results assume probability of detec- 
tion, PD=0.9, and probability of false alarm, PF=10-4. 
curve within the family of 5 curl-es is composed of three regions 
designated by a solid curve, a dashed curve, and a dotted curve. 

Each 

*If previous receiver operation has not provided GPS system 
time, then an additional range uncertainty equal to the time 
error must be included. This is typically small compared 
with the range uncertainty. 

*This assumes there are not multiple channels available which 
could be employed to perform testing in parallel. 
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Figure 6.1-1 Time to Acquireneacquire the C/A-Code as a 
Function of C/Ko, ar.+ Position and Velocity 
Uncertainties 

The dashed and dotted curves employ slight variations of the 
acquisition procedure defined above in order to optimize acqui- 
sition performance under weak signal conditions . For a 600 
meter uncertainty, the times indicated in the table double, 

.k 

*The solid curve assumes only a single doppler frequency is 
searched. As C/N decreas i,  a sequence of independent samples 
at ;he output of ?he derectc-r are required as the basis for 
detection, (dashed curve). The number of samples available 
depends on how long the doppler accuracy will keep the test 
code within a half chip of the received code. A further de- 
crease in C/N requires multiple doppler regions t o  be searched 
in addition t 8  multiple code position, (dotted curve). 
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ecc .  It should be noted that, in the worst case, no i5 priori 
range information is required fo r  C/A acquisition; i.e., since 
the signal is periodic, the time uncertainty is limited to the 
code period, 1023 msec. Thus, with no i5 priori range informa- 
tion a masimum 1023 chips must be tested (and typically codes 
are tested every 1/2 chip) for a total number of 2C46 t e s t s .  

In Fig. 6.1-1 a scale has been added for the total acquisition 
time (right hand side) fo r  one C/A channel as a function of 
C/So assuming no 8 priori range information. 

Figure 6.1-2 is analogous to Fig. 6.1-1; it depicts 

0.001 ' t 

15 20 25 30 35 a 45 50 
C'M, ~ ~ B - H z I  

Figure 6 .1 -2  Time to Xcquire/Reacquire t he  P-Code as a 
Function of C/'So. and PosiCion and Velocity 
Unc e r t a in t i es 
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the time to acquire a P-signal for a 300 meter range uncer- 
tainty as a function of doppler uncertainty and C/N,. Again, 
the times double for a 600 meter uncertainty. Since the P- 
code has a 7-day period, there is no corresponding right hand 
scale depicting acquisition time if no d priori range infor- 
mation is known: i.e., the time would be prohibitive. 

These acquisition times can be combined with the data 
demodulation time, tracking time, and the navigation fis time 
to provide the time-to-first-fix (both normal and direct). 
The data demodulation time is the time required to demodulate 
the entire data block (1500 bits) in order to recover the 
necessary satellite data for utilization in the navigation 
algorithm. Since the data is transmitted at a 50 Hz rate, 
this operation requires esactly 30 seconds following bit syn- 
chronization ( < l  sec). The tracking time governs the accuracy 
of pseudo range and pseudo delta range measurements. Its value 
depends on the receiver bandwidths; values of 2 to 6 seconds 
are reasonable. Finally, the navigation fix time, which de- 
pends upon the user?s computation capabilities and the f i x  
algorithm, vi11 typically require approximately 1 second. 

Table 6.1-1 lists the times associated with the indi- 
vidual factors that make up the time-to-first-fix for the 
P-signal. Several points should be noted: 

0 If the range-doppler uncertainty is 
small enough to allow P-code acquisition 
in less than =8 seconds (see Fig. 6.1-2), 
then direct acquisition is faster than 
normal acquisition 

0 The time required to demodulate the data 
block (30 seconds) can make up the major 
portion of time-to-first-fis, TTFF 
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TIME 6.1-1 
TIME-TO-FIRST-FIX FOR THE P-SIGNAL 

ACQUISITION PHASE 

Acquire Car r i e r  and CIA-Code 
Phase (Depends on Pos i t ion  and 
Velocity Uncer ta in t ies )  

Obtain B i t  Synch and Frame Synch 

Demodulate and Decode Handover 
Word 

Acquire P-Code 

Demodulate Data Block 
(1500 Bits @ 50 Hz) 

Derive Pseudo Range and Pseudo 
Delta Range Measurements 

N O R M ,  ACQUISITION 

TC/A, ACQ 
(Fig. 6.1-1) 

< 1.0 Sec 

6 .0  Sec 

< 1.0 Sec 

30 Sec 

I TSUB 
Sum of Previous Times 

TSUB N=4 i n  Low Cost Sequent ia l  Se t  
(N=l i n  4 Channel S e t )  

Perform Navigation Fix (Depends 
on User Computer and Fix 
A 1  go ri thm) 

5 1 See 

DIRECT ACQUISITION 

TP, ACQ 
(Fig. 6.1-2) 

30 Sec 

' TTrackingt 

TSUB 

TSL% * 

1 Sec 

Governs the  Accuracy of the  Corre la t ion  Process and Therefore 

Reasonable). 
'TTracking the  Neasurement Accuracy (Values of 2 Sec t o  6 Sec a r e  

e A low cost sequential set (1 channel 
set) affects TTFF by introducing a 
f a c t o r  of fou r  increase in TTFF* rel- 
ative to a f o u r  channel set. 

*Less the time required to perform the navigation fix. 
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An example u r y  help to clarify the discussion. Assume the 
signal-to-noise density (C/No) is 30 dB-Hz, the total velocity 
Uncertainty is tlSOm/sec, the total range uncertainty is 3000 
meters (-2 - miles), and the user has a single channel receiver. 
Then, assuming also 4 seconds to derive pseudo range and pseudo 
delta range, both normal and direct acquisition would take ~ 1 6 9  
seconds; 120 seconds of which are required to demodulate the data 
block. 
if doppier uncertainty and/or range uncertainty decreased. 

The direct approach would be faster if C/No increased or 

The term reacquisition denotes the resynchronization 
of carrier and code phases of the user GPS receiver with the 
satellite transmitted P-code that must be accomplished whenever 
the tracking loops lose lock. Because closed loop tracking 
has already been achieved, demodulated GPS data is a-?ailable 
to the user attempting reacquisition. Since GPS data changes 
slowly, this available data may be employed in the navigation 
algorithm once closed loop tracking has been re-established. 
Consequently, when the outage is brief, the normal reacqui- 
sition-fix-time would be the acquisition time of the P-signal 
(Fig. 6.1-2) plus - -4 sec to derive pseudo range and pseudo 
delta range measurements, plus the navigation fix time. (This 
value is multiplied by four if a sequential single channel set 
is used.) Reacquisition-fix-time is naturally shorter than 
the time-to-first-fis since the necessity of data demodulation 
has been eliminated and since the position and velocity uncer- 
tainties are small. When outage is sufficiently long, faster 
reacquisition can be accomplished by first locking-up the C/A- 
signal and then reacquiring the P-code by the handover word; 
this is referred to as the indirect reacquisition method. 
Table 6.1-2 lists the times associated with the factors that 
make up the reacquisition-fis-time for the P-signal for both 
the normal and indirect reacquisition methods. This table 
differs from Table 6.1-2 primarily in there being no time re- 
quired to demodulate the data block. 
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TABLE 6.1-2 
REACQUISITION-FIX-TIME FOR THE P-SIGNAL 

REACQUISITION PHASE 

Acquire Carrier and CIA-Code Phase 
(Depends on Position and Velocity 
Uncertainties) 

Obtain Bit Synch and Frame Synch 

Demodulate and Decode Handover Word 

Acquire P-Code 

Derive Pseudo Range and Pseudo Delta 
Range Measurements (Depends on Receiver 
Bandwidths) 

Sum of Previous Times 
~~ ~~ ~ 

S=4 in Low Cost Sequential Set 
( N = l  in 4 Channel Set) 

Perform Navigation Fix (Depends on 
; User Computer and Fix Algorithm) 

NORMAL 

m 

'P, ACQ 
(Fig. 6.1-2) 

TTra c king? 

R 

'SUB 

TSUB * 
c 1 Sec 

INDIRECT 
REACQUISITION 

TC/A, ACQ 
(Fig. 6.1-1) 

< 1 Sec 

6 Sec 

< 1 Sec 

TSUB 
TSm x N 

.\, 1 Sec 

Governs the Accuracy of the Correlation Process ana Therefore 

Rea sonab le 1 
tTTracking the Measurement Accuracy (Values of 2 to 6 Seconds are 

6.1.3 Acquisition/Reacquisition Summary 

The complexity of the acquisition/reacquisition proc- 
ess results from the structure of the GPS signal: namely, un- 
less both the  pseudo-random code modulating the GPS signal as 
well as the time when the code repeats are known to a receiver, 
the GPS signal is inherently non-observable: i.e., buried in 
the noise. To account for the GPS signal structure, there are 
two methods a\7ailable for performing both acquisition and re- 
acquisition: the normal and inclirect method for reacquisition. 
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The time required to first establish a navigation fix 
is referred to as time-to-first-fix, TTFF. TTFF for the 
P-signal is tabulated in Table 6.1-1 fol: both the normal and 
direct methods of acquisition. The normal method requires 
acquisition of the C/A signal; the acquisition time is shown 
in Fig. 6.1-1 in terms of C/No and position and velocity un- 
certainties. The direct method of acquisition requires acqui- 
sition of the P-signal; this acquisition time is shown in Fig. 
6.1-2. 

When the GPS receiver loses lock, resynchronization 
of the carrier and code phases Kith the transmitter P-signal 
must be accomplished before the next navigation fix can be 
obtained. The time required to obtain the navigation fix is 
referred to as reacquisition-fix-time. Reacquisition-fis-time 
for the P-signal is tabulated in Table 6.1-2 for both the nor- 
mal and indirect methods of reacquisition. The normal method 
requires reacquisition of the P-signal; this time is given in 
Fig. 6.1-2 as a function of C/No and position and velocity 
uncertainties. The indirect method of reacquisition requires 
reacquisition of the C/A-signal; this time is given in Fig. 
6.1-1. 

The method used to acquire/reacquire a GPS signal 
will depend on the range and velocity uncertainties as well as 
on the signal-to-noise density, C/No. 
tainties and C/N, are such that the P-code can be acquired 
within 6-8 seconds, then the direct acquisition process will 
be faster than the normal method. Similarly, if the P-code 
can be reacquired within 6-8 seconds, then the normal reacqui- 
sition process will be faster than the indirect method. 

IF particular, if uncer- 

U 
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6 . 2  GPS SIGX'AL TRACKING &'XLSSIS 

The analysis reported in this chapter was done when 
the phased approach to putting GPS aboard the Shuttle vas being 
considered. The most attractive candidate for a receiver for 
the experimental phase is called GPSPAC, under development by 
Magnavos for use in satellites. While the phased development 
approach and the experiment plan have been abandoned, the re- 
ceiver analysis results of this chapter are presented because 
they are still relevant. In fact, it is possible that a deriv- 
ative of the GPSPAC could still be a candidate for the Shuttle 
GPS receiver. 

The baseline navigation system for the Space Shuttle 
will require measurements from a variety of navigation aids in 
order to maintain accurate position and velocity estimates, 
including navigation updates from a ground tracking system 
during orbital operations. One of the greatest potential bene- 
fits of GPS to the Space Shuttle is the possibility of obtain- 
ing accurate, autonomous navigation across the entire flight 
regime from a single navigation aid. Unfortunately, none of 
the GPS user equipment under development is versatile enough 
to fulfill all potential Space Shuttle navigation requirements 
withovt either software or hardware modifications. However, 
the GPSPAC receiver being developed by Magnavox is sufficient- 
ly attractive in terms of both its operational flight envelope 
and its potential availability to warrant a more detailed eval- 
uation. The results of a preliminary analysis of the GPSPAC 
receiver design are presented in this chapter with emphasis on 
the changes required to meet the Space Shuttle navigation 
requirements. 

The fivc modules present in most user equipment de-  
signs are identified in Fig. 6.2-1. The heart of the equipment 
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R. 25364 

MANlMACHlNE 
INIERFACE 

Figure 6.2-1 Major Elements of GPS User Equipment 

is the receiver subsystem which tracks the GPS signal and gen- 
erates range and range-rate measurements. In addition to the 
measurements, the receiver subsystem outputs system data trans- 
mitted by the satellites. In a high dynamics environment, the 
receiver tracking loops are generally rate-aided with processed 
LMU outputs generated by the data processor. The data proces- 
- SC- also incorporates the GPS measurements into the navigation 
solution. In most user equipment designs, this is accompiished 
with a Kalman filter which is also capable of processing meas- 
urements from auxiliary sensors such as an altimeter or I M U .  

The GPSPAC receiver is a two channel, space-rated set 
designed for a low dynamics environment. Measurements from f o u r  
different satellites are obtained by sequencing between the sat- 
ellites a t  well-defined intervals. The performance specifica- 
tions require the receiver subsystem to maintain signal lock 
a t  orbital \velocities and in the presence of accelerations as 

6-14  



THE ANALYTIC SCIENCES CORPORATION 

2 large as 16 m/sec . Rate-aiding would not be possible without 
a softvare modification. The general processor uses a Kalman 
filter, but IHU data could not be incorporated into the navi- 
gation solution without a software mcdification. 

It is apparent that the GPSPAC receiver subsystem as 
presently designed could operate satisfactorily during orbital 
operations for the Space Shuttle. The remainder of this chap- 
ter investigates potential receiver performance during re-entry. 

6.2.1 Receiver Subsystem 

Much of the nature and complexity of GPS receiver 
structures derives from the nature of the GPS signal. General- 
ly, the satellite signals consist of RF carrier waves bi-phase 
modulated (+goo) with pseudo-random codes and 50 baud (bit-per- 
seco3d) data. The carrier is tracked for user-to-satellite 
relative velocity information. The codes are tracked to pro- 
vide user-to-satellite pseudo ranges (i.e., actual range plus 
user clock bias error). The 50 baud data has information con- 
cerning satellite ephemerides, etc. 

Although there can be substantial variation in the 
design of an appropriate receiver, some essential elements are 
common to most proposed designs. Noncoherent delay-locked 
loops are used for locking to Lhe pseudo-random code trans- 
mitted by each satellite, and Costas carrier tracking loops 
are used for locking to the doppler-shifted suppressed carrier. 
The pseudo ranges obtained from the code tracking provide the 
positional f i x ,  while the range-rate estimates obtained from 
the Costas loop provide the velocity fix. The carrier phase 
reference obtained from the Costas loop is also used in the 
data demodulation, which is accomplished using 20 msec inte- 
grate-and-dump circuits. 
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The proposed GPSPAC receiver (Ref. 3 0 )  utilizes a 
single IF (Intermediate Frequency) and VCO (Voltage Controlled 
Oscillator) which is conunon t o  both the carrier and code 
tracking loops. Figure 6 . 2 - 2  provides a block diagram of the 
receiver subsystem. The common IF design is accomplished by 
time multiplesing the two tracking loops. In particular, the 
pseudo-noise (PN) demodulator (1 in the figure) is time shared 
between two distinct modes. Ln mode 1, the PN demodulator 
mixes an on-time version of the locally generated P-code with 
the incoming IF signal. This, in effect, provides a recon- 
structed carrier which is utilized by the Costas loop for 
phase tracking . In mode 2 ,  the Ph’ demodulator alternately 
mixes the input signal with an early and late version of the 
P-code. This results in a code phasing error signal which is 
used by the delay-locked loop for code phase alignment. The - 
common IF design eliminates dedicated code channel hardware. 
However, as will be discussed, dynamic errors can result while 
the PN demodulator is in mode 2 and the Costas loop is coasting. 

* 

The VCO ( 3  in the figure) is used in a Costas-type 
phase-locked loop to track the carrier signal phase. The code 
loop clock is also derived ( 4  in the figure) from the same 
carrier tracking VCO. The common VCO design eliminates the 
effect of vehicle dynamics on the code loop; i.e., when the 
Costas loop is tracking the carrier (mode 1) the code clock is 
inherently locked in frequency to the received code. However, 
it remains to align the code phase (mode 2 )  to derive the range 
measurement . 

;kln actuality, the carrier is still suppressed by the data; 
however, the data is removed by subsequent inphase/quadra- 
ture multiplication ( 2  in the figure). 
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The r e c e i v e r  mode of ope ra t ion  is f i r s t  t o  e s t a b l i s h  
c a r r i e r  t r ack ing  while  t h e  PN demodulator is i n  mode 1. Having 
locked t o  the  received c a r r i e r  s i g n a l ,  t h e  Pru’ demodulator t h e n  
switches t o  mode 2 dur ing  which time code phase alignment i s  
accomplished. (The Costas loop c o a s t s  v i a  a p r e d i c t i o n  of t h e  
c a r r i e r  s i g n a l  dur ing  t h i s  p e r i o d . )  Once a l i g n e d ,  t h e  PN de- 
modulator may switch back t o  Costas loop ope ra t ion  (mode l )  t o  
remove any c a r r i e r  t r ack ing  errors (due t o  v e h i c l e  dynamics) 
which may have occurred while i n  mode 2. 

A model f o r  the  Costas 1002 is shown i n  t he  upper 
h a l f  of  F ig .  6.2-3. The loop provides  t h e  coherent  phase r e f -  
erence for d a t a  demodulation and range- ra te  de te rmina t ion .  
Because of i t s  improved a c q u i s i t f o n  performance compared w i t h  
t h a t  of a th i rd -o rde r  loop,  t he  Costas loop employs a second- 
order loop (35 Hz bandwidth, 0.707 damping c o e f f i c i e n t ) .  
However, use of a second-order loop can result i n  s i z e a b l e  
phase tracking; e r r o r s  during a c c e l e r a t i o n  u n l e s s  some form of 
r a t e - a i d i n g  is employed. (See Sec t ion  6.2.2) 

A model f o r  t h e  code loop is shown i n  t he  lower h a l f  
of Figure 6 . 2 - 3 .  The loop provides  code phase alignment f o r  
range de termina t ion .  The code loop clock i s  der ived  from the  
c a r r i e r  t r ack ing  VCO by d iv id ing  the VCO output  ( c o n s i s t i n g  of 
some IF frequency p l u s  c a r r i e r  lcop doppler )  by the  code/ 
c a r r i e r  ratio (154) t o  o b t a i n  the  dopp le r - sh i f t ed  code fre- 
quency. T h i s  s i g n a l  i s  then mi,,ed w i t h  a r e fe rence  to .produce  
t h e  1 0 . 2 3  MHz P-code c lock  which i n  t u r n  i s  used dur ing  mode 2 .  

During mode 2 a code phase e r r o r  s i g n a l  is derived by 
a l t e r n a t e l y  modulating t h e  input  s i g n a l  w i t h  an e a r l y  and l a t e  
\version o f  the P-code. This  technique is  r e f e r r e d  t o  as T -  

d i t h e r i n g  and has  t h e  major advantage over t he  e a r l y - l a t e  
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delay-locked loop approach that it employs only one correlation 
channel. Thus, this implementation minimizes hardware, while 
eliminating the problems associated with two channel gain im- 
balances. However, the time sharing of the early and late 
channels does result in an approximate 3 dB degradation in the 
code loop signal-to-noise ratio. In so much as the system 
need not consider ultra low signal-to-noise operation (i.e., 
high anti-jam operation), this seems to be a reasonable trade- 
o f f .  The code phase error signal consists of an amplitude 
modulation of the: carrier occurring at the dithering rate (25 
Hz). The amplitude difference of the two components (early 
and late) is propoltional to the code phase error; whereas, 
the siEn of the twc components (relative to the r-dither ref- 
erence signal) contains the polarity of the code phase error. 

The code phase error signal is detected by the code 
loop during mor?e 2. The baseband envelope detected signal is 
passed through an up/down integrator which is controlled by 
the r-dither reference. The polarity of the integrator output 
indicates whether a positive or  negative phase adjustment to 
the code loop clock is required. The magnitude of the inte- 
grator output is input to a VFC (Voltage to Frequency Converter). 
The VFC output provides a phase correction to the code loop 
clock. This correction is applied at a fixed rate; the rdte 
d e f i n e s  the code loop bandwidth. 

6.2.2 Error Ana! ysis 

The essent'al elements which make up the GPS receiver 
are a Costas carrier tracking loop used for locking to the 
doppler shifted carrier. and a noncoherent delay-locked loop 
for locking to tne pseudo random code transmitted by each sat- 
ellite. The perfcrmance of eacb loop can be specified in terms 
of nns phase and deiay jitter, respectively. In turn, each is 
a function of two components, input noise and user dynamics. 
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The phase-iocked loop requires a higher signal-to- 
noise density ratio, S/No, than the delay-locked loop to main- 
tain lock. Thus, one need only investigate the performance of 
the phase-locked loop to determine the minimum S/No of the 
receiver. (This assumes that a phase-locked loop is needed to 
provide a coherent reference for data demodulation. Otherwise, 
if data demodulation is not required, the .FC frequency acqui- 
sition function of the GPSPAC receiver -- which can operate in 
a lower S/No than the Costas loop 0 -  =ill dictate the minimum 
s/No. ) 

With regard to uzer dynanics, the receiver configura- 
tion has eliminated the effect of vehicle dynamics on code 
loop performance by employing a common VCO design. Thus, user 
dynamics impact the performance of the GPS receiver by affect- 
ing the Costas loop. Coupled with the previous obsersation on 
minimum S/No, this suggests that preliminary analysis need 
only be concerned with the performance characteristics of the 
Costas loop. A complete, rigorous investigation into the yer- 
formance of the receiver should be performed at a later time. 

The total allowable m s  phase error of the Costas loop 
depends on the receiver function under consideration. A pre- 
defined range-rate accuracy will define a maximum rms phase er- 
ror; this allowable error is referred to as the track tkeshold. 
However, independent of the track threshold, the loss-of-lock 
threshold deEines an inherent upper bound on the nus phase er- 
ror; loss-of-lock threshold is reached at an ms phase error 
of u6 = 0.25 radians. (The Costas loop implementation tracks 
a douLle frequency carrier which would then have a 0.5 radian 
rnis error; 0.5 rad;an is considered the loss-of-lock threshold 
€or a phase-locked loop.) 
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The total rms error of the Costas loop is composed of 
The first, uo , is a result of input noise, and two terms. 

n 
the second, u , is due to use? dynamics. The total rms error 

@d 
is given by 

1/2 

= (6.2-1) 

As is shown in the following section, for a fixed S/No narrow- 
ir.g the loop bandwidth vi11 tend to impro-re tracking perfom- 
ance by decreasing the effective noise. However, the useable 
bandwidth is bounded from below by the user's dynamic motion; 
this is discussed in Section 6.2-2. 

Oscillator instability errors have also been investi- 
gated, and, for the nominal Costas loop bandwidth, the rms 
phase error was found to be on the order of 1 mrad. With re- 
gard to vibration-induced fluctuations, these need not be a 

serious problem in the system under consiaeration. Note, in 
particular, that the Costas loop noise bandwidth is rather 
wide (a, = 35 Hz) and phase fluctuations below the loop cutoff 
are tracked OUT by the loop. If necessary, it would be a rela- 
tively simple matter to provide damping and isolation to a 
small oscillator for mechanical 1-ibration frequencies above, 
say. 10 Hz. 

h'oise Error - The Costas loop error variance is of 
the form 
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where BL is cfosed-loop single-sided bandwidth, S/No is the 
equivalent signal-to-noise density assuming all correlation 
losses and other factors, and SL is defined to be the squaring 
loss associated with a squaring type phase-locked loop (such 
as a Costas loop). The squaring loss would be equal to unity 
for the common phase-locked loop. However the GPS data modu- 
lation results in a suppressed carrier which can only be tracked 
by a squaring-loop method. 

The squaring loss is defined by 

( 6 . 2 - 3 )  

where KL is a function of the type of low-pass filter employed 
(see Fig. 6 . 2 - 3 )  and BLP is the 3 dB single-sided bandwidth of 
the low-pass filter. KL is equal to 5 / 6  assuming the low-pass 
filters are third-order Butterworth. Thus, the noise variance 
is given by 

( 6 . 2 - 4 )  

The value for BLp is constrained by the presence of 
the 50 baud \j:.ta. Given that 

and 

u unlock = 0.25 radians Q 
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eq. 6 . 2 - 4  can be solved for the minimum equivalent signal-to- 
noise density in the absence of other disturbances. This is 
roughly (S/N, )min = 28 dB-Hz; Fig. 6 . 2 - 4  plots u 

Thus, the minimum signal-to-noise density at the receiver in- 
put* S f l o  input' (allowing €or such factors as cable losses) 
is somewhere in the vicinity of 30 dB-Hz. In the presence of 
dynamic errors, larger values of S/K0 are required to maintain 
lock; this is discussed in the following section. 

versus S/L, .  
@n 

* 

0.3 

0.2 - 
5 
j - 
s' 
0 

0.1 

0 

Figure 6 . 2 - 4  R?IS Phase Error Versus Signal-to-Koise Density 

Dynamic Errors - The phase error f o r  a phase-locked 
loop (in tne  frequency domain) is given by t h e  expression, 

*Given a 35 Hz filter bandwidtn, these values can be converted 
to t h e  more familiar signal-to-noise ratio by subtractin& 
1 5 . 5  dB. 

6-24 



THE ANALYTIC SCIENCES CORPORATION 

(6.2-5)  

where F ( s )  is t h e  c a r r i e r  loop f i l t e r  (F ig .  6.1-2), Kd is t h e  
phase d e t e c t o r  g a i n ,  KO is t h e  VCO gain cons t an t ,  and e i ( s )  i s  
t h e  Laplace t ransform of t h e  input  phase. 

I f  the  input  is a s t e p  change i n  frequency of magni- 
tude OW (equiva len t  t o  a s t e p  change i n  v e l o c i t y ) ,  then e i ( s )  
is a phase ramp; i . c . ,  O i ( 5 )  = hw/s  . The s t e a d y - s t a t e  e r r o r  
is given by t h e  f i n a l  value theorem of Laplace t ransforms,  

2 

l i m  y ( t )  = l i m  s Y(s) 
t'a s+ 0 

Thus, 

(6.2-6) 

( 6 . 2 - 7 )  

Where K, is  t h e  dc loop ga in  and i s  given by t he  expression 

K, = KoKdF(0) (6 .2-8)  

The r e s u l t i n g  e r r o r  is the s teady s t a t e  v e l o c i t y  e r r o r ,  o . 
@\- 

For an a c t i v e  f i l t e r  i n  a second-order loop, F(0) = A ,  where A 

is t h e  dc gain of an opera t iona l  ampl i f i e r .  

When t h e  e r r o r  is  due t o  a doppler  s h i f t  (and not  to  
an ac tua l  d i f f e r e n c e  between t r a n s m i t t e r  and r ece ive r  frequen- 
c i e s ) .  o i s  given by 

@ v  
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2nfc 
$V c K,. 

(J = - -  radians (6 .2 -9)  

where k is the relative range-rate along the line-of-sight and 
c is the speed of light. The loop gain, KV, has not been spe-  
cified; however, it can be shown that a reasonable choice for 
the loop gain is on the order of l o 4  to 10 . 5 

4 Assuming a value of K, = 5 x 10 , Fig. 6.2-5 shows 
the linear relationship between o an? i. (For different 

values of Kv the slope scales inversely with K,.) 
velocity uncertainty before the loop unlocks is cbviously a 
function of S/No (see Eqs. 6.2-1, 6 .2 -2 ) .  
is shown in Fig. 6 . 2 - 6 .  
unlocks due to noise alone; i.e., independent of velocity un- 
certainty. The steady state analysis would indicate that as 

the signal level increases larger velocity errors can be tol- 
erated - 0  up to a maximum of 373 m/sec for the high S/No case. 
(This result is conditioned on there being no other dynamics 
involved and on a loop gain of 5 x 10 ) .  Since velocity er- 
rors are expected to be on the order of 10 m/sec, Fig. 6.2-6  
implies that the velocity uncertainty has negligible impact on 
defining (S/No)min. However, it should be noted that if such 
a large velocity step were applied, the loop would actually 
skip cycles for a while following the input transient, before 
locking up again. While the carrier loop is cycle slipping. 
velocity measurements are meaningless. The maximum velocity 
step which can be tolerated without cycle slipping is propor- 
tional to the carrier loop bmdwidth; f o r  a bandwidth of 35 
Hz, tire velocity step must be less than -7 m/sec. 

9, 
The maximum 

This relationship 
For S/No less than -28 dB-Hz the loop 

4 
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Figure 6 . 2 - 6  Maximum Velocity Uncertainty Before 
Loop Unlocks Versus S/No 
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For s u f f i c i e n t l y  l a r g e  gain t h e  s teady  s ta te  v e l o c i t y  
error can be made q u i t e  small. However, a second-order loop ,  
w i l l  produce a s teady  s t a t e  phase error due t o  a c c e l e r a t i o n  
even f o r  i n f i n i t e  ga in .  I n  p a r t i c u l a r ,  f o r  i n f i n i t e  g a i n  t h e  
phase error (def ined  by Eq. 6.2-5) i n  a second-order loop can 
be w r i t t e n  i n  t h e  form 

2 s e i w  
e e w  = 

s2 + 2 &ilns + s n 2  
(6.2-10) 

where wn i s  the  n a t u r a l  frequency of t h e  loop and 5 is  the  
damping c o e f f i c i e n t .  I f  t he  inpu t  frequency is changing l i n e a r -  
l y  a t  a r a t e  i\w rad/sec2 due t o  an a c c e l e r a t i o n ,  then t h e  i n -  
put  phase is e i (s)  = h / s  . 
a c c e l e r a t i o n  error ,  

3 This  l e a d s  t o  t h e  s teady  s t a t e  

, 

i \W u = l i m  e e ( t )  = l i m  
‘?a t- s+o s2 + 25sns + w n z  

(6 .2-11)  

The natr i ra l  frequency, w n ,  can be r e l a t e d  to  t h e  b tndvid th  of 
t h e  loop by t h e  expression 

(5 .2-12)  

where the  damping c o e f f i c i e n t  i s  given a s  = 0 .707 .  T h u s ,  
s u b s t i t u t i n g  th,s e sp res s ion  i n t o  Eq. ( 6 . 2 - 1 1 )  
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radians 0 = -  2nfc 9 f 
'Pa 

(6.2-13) 

where f is relative acceleration along the line-of-sight. 

Assuming a bandwidth of 35 Hz, Fig. 6 .2 -7  shows the 
linear relationship between u and it. (The slope scales in- 

$a 
versely with B t )  . Again, the maximum allowable acceleratim 
uncertainty before the loop unlocks is a function of S/No. 
This relationship is shown in Fig. 6.2-8.  Notice that even 
f o r  infinite S/N, the maximum acceleration uncertainty must be 
less than 32.5 m/sec2 (assuming no additional phase error due 
to velocity errors). The acceleration tolerance of the Costas 
loop can be increased beyond those values indicated by Fig. 
6.2-8 by either: 

0 Rate-aiding the receiver 

0 Increasing the loop bandwidth, BL 

0 Replacing the second-order loop with a 
third-order loop. 

The phase error due to acceleration decreases with 
2 increasing BL since u 

vantage of an increased BL is primarily a decrease in noise 
tolerance. A BL of 4 3  Hz seems to be a reasonable compromise. 
This would provide marginally acceptable loss-of-lock perform- 
ance in a 5 g environment. The advantage of a third-order 
loop is that it has zero steady state phase error due to un- 
compensated acceleration errors. However, the pull-in behav- 
ior when the K O  is tlot initally tracking the signal is less 
stable than that of a second-order loop. This disadvantage 
could potentiaily be offset by the AFC acquisition circuitry 
in the receiver (Fig. 6 . 2 - 2 ) .  

is proportional to l/BL . The disad- 
@a 
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6.2.3 Summary 

The proposed GPSPAC receiver utilizes a single IF and 
VCO which is c o m m  to both the carrier and code tracking loops. 
The common IF design is accomplished by time-sharing the two 
tracking loops. Further hardware is eliminated by generating 
the code phasing error signal using r-dithering. The advan- 
tages of this implementation are: 

0 The common VCO design eliminates vehicle 
dynamics from the loop as well as mini- 
mizing hardware 

0 r-dithering minimizes hardware while 
eliminating the problems associated with 
tWo channel gain imbalances. 

The disadvantages are: 

0 The common IF design can result in errors 
due to vehicle dynamics during the time 
interval dedicated to the code loop 

0 There is a 3 dB degradation in the code 
loop signal-to-noise due to 1-dithering. 

The Shuttle performance specifications require sub- 
system operation in a 5 g environment. The dynamic error analy- 
sis presented in Section 6.2.2 indicates the acceleration tol- 
erance of the GPSPAC in this environment is, at best, marginal. 
The acceleration tolerance can be increased by either: 

e Rate-aiding the receiver 

e Increasing the loop  bandwidth 

0 Replacing the second-order loop with a 
third-order loop. 
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Increasing the loop bandwidth to 4 3  Hz would keep the 
Costas loop in lock for acceleration uncertainties as great as 
5 g while raising the minimum usable signal-to-noise by only 1 
dB. A third-order loop has zero steady states phase error'due 
to acceleration; however, its pull-in behavior is not as stable 
as that of a second-order loop. Further analysis is required 
to determine the most desirable alternative. 
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7. SUMMARY AND CONCLUSIONS 

This report addresses a number of system implementa- 

While each 
tion and performance issues associated with the possible use 
of GPS as a navigation aid for the Space Shuttle. 
of the preceding seven chapters has a separate conclusions 
section, the more important results and conclusions of this 
study are summarized here for convenience. 

7.1 NAVIGATION WITH PHASE I AND I1 GPS 

Depending upon the final schedules for both the Or- 
biter and for the GPS system, there may be a period of several 
years when GPS user equipment is aboard the Shuttle but the 
fully operational, Phase 111 GPS constellation of satellites 
is not yet in place. 
Phase I1 GPS constellation of six (or perhaps even fewer) sat- 
ellites places some serious limitations on the ability of the 
Shuttle to navigate with GPS. The visibility (satellite sig- 
nal availability) studfes presented in this report are an im- 
portant prelude t:, the navigation accuracy studies. Visibility 
patterns depend upon receivingeantenna coverage, as well as on 
masking by the earth, and vary considerably with Shuttle flight 
phase and, f o r  the incomplete Phase I and I1 constellatioc3, 
with "time of day." 

The reduced coverage provided by the 

Figure 7.1-1 shows a typical visibility product for 
the reentry phase, assuming a six satellite constellation. 
The vertical axis is time during the flight phase, while the 
horizontal axis is essentially "time-of-day. '' Since three or 
four satellites are necessary for reasonable navigation during 

7.*1 
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Figure 7.1-1 Satellite Visibility During the 
Deorbit Phase as a Function of 
Offset Time 

a dynamic flight phase, the figure illustrates that the early 
GPS constellations will be capable of supporting reentry onlx 
during a short portion of each day. 

c. -' -7 7 - 2  
I 
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On-orbit visibility patterns demonstrate e periodicity 
roughly comparable to the orbital period. Figure 7.1-2 shows 
a statistical summary for a particular orbit (at one time 
slated for mission OFT-5) with a six satellite constellation. 
Three or more satellites (which will provide hiBh accuracy 
orbital navigation) are available more than half of the time. 
Possible changes to the Phase 11 constellation to reduce it to 
four satellites would reduce the three-satellite visibility t o  
about one third of the time. 

.- 

Figure 7.1-2 Percentage Visibility for Typical Orbit 
as Function of Offset Time 

Given one of the good visibility situations possible 
during reentry, the simulation results in Chapter 2 indicate 
that reasonable navigation accuracy is achievable. Figure 
7.1-3 shows a typical result, with errors growing to about 
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Figure 7.1-3 RMS Position Error versus Time for GPS- 
Aided Deorbit Navigation with Good 
Visibility Prior to Satellite Uploading 

13000 ft (lo) during the reentry blackout period during which 
no GPS signals are assumed available, but being well controlled 
at other times. Yarious navigation filter mechanizations were 
evaluated in this study, with an eleven state filter (incorpo- 
rating IMU platform misalignments along with the usual vehicle 
vector position and velocity and the clock phase and frequency 
states) pro\*ing adequate. Drag update measurements (part of 
the current Shuttle baseline) could control the error buildup 
during blackout. 
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Orbital navigation perfonsence, on the other hand, i s  
generally quite good at a11 times, even with only a oix setel- 
lite eonstellation. 
Here too, errors grow during periods when no satellite signals 
are available, but they grc'r3 much more slowly and typically 
peak at less than 1000 ft (lo). Low level thrusting on orbit 
due to venting of liquids and to attitude jet usage is the 
dominant contributor to this error growth. During periods of 
good visibility (three or more satellites in view) orbital 
navigation errors are in the area of 100 ft (lo) in position 
and 0.2 ft/sec (lo) in velocity. 

Figure 7.1-4 shows a typical result. 

a 
0 = 
0 
YI 

L 
0 r- 
g" 
P e 

IOOU 

5W 

c t i  

0 10 20 30 40 50 W 70 Ell 9U 
ELAPSED TIME (nuit) 

Figure 7 . 1 - 4  Orbital Navigation: RMS Position 
Error Versus Time 
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Surprisingly, even a sinale GPS satellite could pro- 
vide useful navigation information t o  the Space Shuttle on - orbit. Figure 7,105 illustrates a typical situation. During 
periods when the satellite is visible, denoted by the solid 
bar beneath the time scale, position errors are reduced to the 
300-600 ft (lo) level. During periods of no visibility, down- 
range position errors climb to 4500 ftb The situation when 
the Shuttle orbit is coplanar with the GPS satellite orbit is a 
singular one, not typical, wherein crossrange errors would not 
be controlled. Velocity errors in the typical case range from 
about 0.5 ft/sec during periods of visibility to 4 .5  ft/sec 
when the satellite is out of view. 

I LEGEND Q I - VlSlSlLlW PEPIOOS 

RkS POSITION EPRORS 

- DOWNRANGE 

-0- RADIAL 

- - - CROSSRANGE 

Figure 7.1-5 Typical Single Satellite Navigation Errors 

7-6  



n 

THE ANALYTIC SCIENCES CORPORATION 

7.2 POST-BLACKOUT NAVIGATION WITH PHASE 111 GPS 

The post-blackout period during Shuttle reentry is 
one of the most severe for GPS user equipment end may drive 
many of the ultimate specifications for the antenna/preamp/ 
receiver/processor equipments. Even with a 24 satellite, 
Phase I11 constellation, only three GPS satellites may be vis- 
ible to the Orbiter GPS antennas following blackout. Further, 
it is undesirable to wait 30 or 60 extra seconds while a one 
or two channel sequential receiver demodulates navigation data 
from four satellites. The performance results presented in 
Chapter 4 verified that an atomic time standard will substi- 
tute for one satellite, in terms of visibility, while processor 
storage for navigation data from all 24 satellites will clsually 
solve the data gathering time problem. Table 7.2-1 summarizes 
typical post-blackout navigation performance after each of the 
first four GPS measurements (to different satellites) are proc- 
essed by a sequential (single channel) receiver, and parameter- 
izes on the clock type. Beyond the conclusions already noted, 
it was also discovered that the post-blackout velocity errors 
cannot be further reduced below the 1.0 ft/sec level unless 
IMU platform misalignments are modeled in the navigation filter, 

7.3 GPS GROUND TRANSMITTERS FOR SPACE SHUTTLE SUPPORT 

Before the full GPS constellation of satellites is 
available, there will rarely be enough coverage to provide GPS 
navigation during reentry. Even with the full constellation, 
antenna blockage by the main fuel tank will hamper GPS use 
during ascent. Ground GPS transmitters to augment the satel- 
lite constellation would be a way of filling these coverage 
gaps. Several transmitters would be required to support either 
ascent or reentry, use of transmitters might interfere with the 
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TABLE 7.2-1 
POST-BLACKOUT NAVIGATION PERFORMANCE 

CLOCK 
TPPE - 

Quartz 

Rubidium 

13000 5000 Position 
(ft) 

Velocity 
(ft/sec) I 40 I ..14 

3 
SATELLITES - 

1500 

2 

I 

SATELLITES -1 
13000 5000 30 25 Posit ion 

(ft) 

Velocity 
(ft /sec) 40 I4 1 .o 1 .o 

0 

satellite signals to the Orbiter or to other GPS users, would 
impose severe design restraints in the Orbiter receiver due to 
the high signal dynamics associated with nearby signal sources. 
Other alternatives (such as varying the Orbiter ztcitude pro- 
file) may be available to solve the ascent problem, and the 
reentry problem is a temporary one. For all these reasons, 
pround transmitters do not appear desirable for Shuttle support. 

7.4 GPS RECEIVER SUBSYSTEM ANALYSIS 

GPS signal acquisition and reacquisition processes 
may be time consuming for a sequential receiver with only one 
or two channels. The time required to establish a navigation 
f i x  is referred to as the time-to-first-fix (TTFF), and may 

depend on the u s e r s  8 priori knowledpe of position end time as 
well as on the signal-to-noise density ratio.  Figure  7 , 4 0 1  
summarizes one important component of TTFF, the time required  
to acquire  the C/A code. 
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Figure 7 . 4 - 1  Time to Acquire/Reacquire the C/A-Code as a 
Function of C/No, and Position and Velocity 
Uncertainties 

To the C/A acquisition time must be added about 10 
sec to process the C/A signal sufficiently to acquire the pre- 
cise P-code and to track the P-code for a navigation measure- 
ment. An additional 30 sec is required if the navigation data 
message superimposed on the codes must be interpreted. It 
must be remembered that four such measurements are typically 
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required for a navigation fix,  but that the receiver mag hawe 
mor@ then on@ channel Wrkhg a r t  Q time. 

The receiver sigpal tracking: procers was addressed by 

That receiver 
considering a specific design, that of the GPSPAC receiver 
currently being designed for apace application. 
utilizes a single IF and VCQ common to both &e carrier and 
code tracking loops, time sharing the two loops. This design 
minhizar hardware and eliminates vehicle dynamics from the 
loop, but it allows vehicle dynamics to upset the carriekoop 
while the code loop is occupying the common IF stage, and it 
results in a 3 dB degradation in the code loop signal-to-noise. 
The dynamic analysis indicates that the loops are, at best, 
marginal for the Orbiter acceleration environment. They may 
be improved by rate-aiding the receiver (by using LMtS outputs), 
by increasing the loop bandwidth, or by going to a third-order 
loop instead of the second-order loop currently envisioned. 
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MPEXDXX A 
RELATIVISTIC EFFECTS ON THE SPACE SHUTTLE GPS CLOCK 

This  chap te r  d e s c r i b e s  t h e  r e l a t i v i s t i c  e f f e c t s  on 
t h e  rubidium time s tandard being considered f o r  i nco rpora t ion  
i n t o  the Space S h u t t l e  GPS use r  equipment set .  The r e l a t i v -  
i s t i c  e f f e c t s  a r e  reviewed and t h e n  numerical ly  e\valuated f o r  
a s c e n t ,  r een t ry  b lackout ,  and e l l i p t i c a l  o r b i t  f l i g h t  segments. 
While t h e  r e l a t i v i s t i c  e f f e c t s  a r e  gene ra l ly  small extough to 
ignore for purposes of nav iga t ing  t h e  O r b i t e r ,  under c e r t a i n  
cond i t ions  t h e y  a r e  l a r g e  enough t o  be t h e  dominant source of 
clock e r r o r  i f  uncompensated. A t  these t imes ,  scme adjustment 
should be made i n  t h e  ope ra t ion  of t h e  GPS-aided nav iga t ion  
algori thm. The s i m p l e s t  approach is t o  proper ly  compensate 
f o r  t he  r e l a t i v i s t i c  e f f e c t s  a t  a l l  times i n  t h e  s t a t e  propa- 
ga t ion  r o u t i n e s .  I t  should be noted t h a t  t h e  e f f e c t s  t r e a t e d  
here a r e  w i t h  r e fe rence  t o  a ground-based observer  a t  t h e  no r th  
pc le  and a r e  not  adequate t o  compensate t h e  S h u t t l e  r e c e i v e r  
c lock r e l a t i v e  t o  t h e  va r ious  GPS s a t e l l i t e  c locks .  

A . l  RELATIVISTIC EFFECTS ON CLOCKS 

An atomic time s tandard  is a "proper clock" t o  an 
observer  t h a t  t r a v e l s  w i t h  t h e  c lock .  For t h a t  obse rve r ,  t h e  
c lock r u n s  a t  a cons tan t  frequency w i t h i n  i t s  s t a t i s t i c a l  l i m i t s  
of s t a b i l i t y .  To an o u t s i d e  obse rve r ,  however, there  a r e  two 
r e l a t i v i s t i c  e f f e c t s  t h a t  produce de te rn t in i sc ic  d e v i a t i o c s  
from constancy i n  t h e  c lock frequency.. One e f f e c t  is  known a s  
"time d i l a t a t i o n "  or a s  "second-order Doppler e f f e c t "  and i s  
r e l a t e d  t o  t h e  v e l o c i t y  of the  clock w i t h  respec t  to  t h e  ob- 
ser i ' e r .  A moving c lock  appears t o  r u n  more slowly than a 
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clock a t  rest w i t h  respec t  t o  the observer .  The second e f f e c t  
i s  known as " g r a v i t a t i o n a l  r e d s h i f t "  and is  r e l a t e d  t o  t h e  
d i f f e r e n c e  i n  g r a v i t a t i o n a l  p o t e n t i a l  between t h e  clock and 
t h e  observer .  A clock a t  a lower g r a v i t a t i o n a l  p o t e n t i a l  t h a n  
the  observer ("downhillt1 from the  observer )  appears t o  run 
more s l o w l y  than a c lock a t  t h e  o b s e r v e r ' s  p o t e n t i a l .  

The normalized frequency o f f s e t  observed f o r  the  clock 
due t o  the  above e f f e c t s  is given approximately by (Ref. 31) 

(A .  1 -11  

I n  t h i s  espress ion  AU i s  the  d i f f e r e n c e  i n  g r a v i t a t i o n a l  po- 
t e n t i a l  between the  clock and t h e  observer ,  v i s  the  magnitude 
of the v e l o c i t y  of t h e  c lock r e l a t i v e  t o  the  observer ,  and c 
i s  the  v e l o c i t y  of l i g h t  ( i n  vacuo) .  

One i n t e r e s t i n g  r e s u l t  c f  Eq. A . l - 1  is  t h a t  a l l  c locks  
f i s e d  on the geoid appear t o  r u n  a t  the same r a t e  when viewed 
from t h e  north pole .  On the  geoid ,  t h e  g r a v i t a t i o n a l  poten- 
t i a l  changes w i t h  l a t i t u d e ,  but so does the  v e l o c i t y  imparted 
by the e a r t h ' s  r o t a t i o n ,  and the e f f e c t s  on clock frequency 
cance l .  

For purposes of eva lua t ing  the r e l a t i \ * i s t i c  e f f e c t s  
on a GPS user clock i t  is useful t o  s c a l e  the  normalized f r e -  
quency o f f s e t  i n t o  u n i t s  of v e l o c i t y  (pseudo r ange - ra t e )  by 
mult iplying E q .  A . 1 - 1  by the  speed of l i g h t .  The i n t e g r a l  of 
the  s c a l e d ,  normalized frequency o f f s e t  i s  the "accumulated 
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phase offset" to be denoted by 6 and measured i n  units of dis- 
tance (pseudo range). Thus: * 

2 
- %  ( A . 1 - 2 )  

T,,e deri\*ative * @/dt, is referrec to as the "p,,ase rate offset." 

Since a GPS user clock is synchronized in phase and 
frequency to GPS system time through the GPS measurements, 
nominal differences between the user clock and system time are 
not important. It is only changes in the clock behavior rela- 
tive to GPS system time (during periods when GPS sateliite 
signal availability is inadequate to maintain clock synchro- 
nization) that are important. For the Space Shuttle there are 
three different periods in which significant relativistic ef- 
f e c t s  could potentially accrue. 

One such period is the segment from launch to main 
engine cutoff (MECO). Because the external tank will obstruct 
the bottoinside GPS antenna, and because the Shuttle flies upside- 
down during this period, no satellite sigcals may be available 
to either GPS antenna. The Orbiter gravitational potential 
and Orbiter velocity change markedly during launch, of course. 

A second such period may occur during reentry when 
radio blackout will deny GPS signals to the antennas. Again, 
Orbiter gravitational potential and Orbiter velocity are chang- 
ing rapidly at this time. 

*Since the speed of light is roughly one foot per nanosecond, 
a one foot phase offset corresponds to a one nanosecond time 
offset, and a phase rate offset of one foot per second cor- 
responds to a frequency offset of one part in 10 . 9 
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The t h i r d  per iod p o t e n t i a l l y  impacted by r e l a t i v i s t i c  
e f f e c t s  on t h e  CPS clock is  a segment of bin e l l i p t i c  o r b i t  
w i t h  l i t t l e  o r  no s a t e l l i t e  v i s i b i l i t y .  Since GPS user equip- 
ment i s  expected t o  be aboard the  S h u t t l e  i n  midel981 when 
only s i x  GPS s a t e l l i t e s  w i l l  be i n  p l a c e ,  there w i l l  be s i g -  
n i f i c a n t  v i s i b i l i t y  gaps on o r b i t .  
of one-half  an o r b i t  (about 45 minutes) w i l l  be poss ib l e .  
a c i r c u l a r  o r b i t ,  both t h e  g r a v i t a t i o n a l  p o t e n t i a l  and the  
Orb i t e r  v e l o c i t y  a r e  conscant ,  so there is  no r e l a t i v i s t i c  
f lGctuat ion i n  t h e  clocl frequency. E l l i p t i c  o r b i t s  do, how- 
e v e r ,  produce r e l a t i v i s t i c  f l u c t u a t i o n s .  

A complete v i s i b i l i t y  gap 
For 

A.2 SPACE SHUTTLE ASCENT AND REENTRY BLACKOUT 

To eva lua te  rhe r e l a t i v i s t i c  e f f e c t s  on the  clock 
during ascent  and r een t ry  blackout ,  i t  is  necessary to have, 
i n  add i t ion  t o  Eq. A . 1 - 2 ,  an expression f o r  the  g r a v i t a t i o n a l  
p o t e n t i a l  i n  the  v i c i n i t y  of the e a r t h  and r e l evan t  t r a j e c t o r y  
c h a r a c t e r i s t i c s  of t h e  o r b i t e r  during these  per iods .  The g rav i -  
t a t i o n a l  p o t e n t i a l  i s  given approximately by 

( A . 2 - 1 )  

where IJ is the  e a r t h ' s  g r a v i t a t i o n a l  cons t an t ,  and r i s  the  
r a d i a l  d i s t ance  from the  cen te r  of t h e  e a r t h  t o  the point  i n  
ques t ion .  

Calcu la t ion  shows t h a t  the  g r a v i t a t i o n a l  r e d s h i f t  of 
the  clock i s  of l i t t l e  importance during ascent  and r e e n t r y  
blackout.  Table A . 2 - 1  summarizes these  r e s u l t s .  

An OFT-1 simulated t r a j e c t o r y  (Ref. 32)  was used f o r  
the ascent  segment. Total  elapsed time from launch t o  MECO 
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PERIOD 

ASCELXT 

REENTRS 
B LiCKObT 

TABLE A . 2 - 1  
GRAYITATIONAL REDSHIFT DURING SCENT AYD REEKTRT BLACKObT 

RADIAL PHASE RATE 

( f t )  ( f t/sec 1 
EVENT DISTANCE ( r )  OFFSET (db/dt)  

LAUNCH 2 . 0 9 0 9 9 ~ 1 0 ~  0. oooojc 
MECO 2 . 1 2 9 0 3 ~ 1 0 ~  0.0122 

ENTER 2 . 1 2 0 9 7 ~ 1 0 ~  0. oooo* 
ESIT I 2 . 1 0 4 8 0 ~ 1 0 ~  I -0.0052 

+Assumed point  of clock c a l i b r a t i o n .  

for t h i s  t r a j e c t o r y  is  527 sec .  The peak r e d s h i f t  phase r a t e  
o f f s e t  i s  0.0125 f t / s e c ,  occur r ing  a t  about 370 sec  a f t e r  launch. 
when the  t r a j e c t o r y  i s  a t  i ts  masimum a l t i t u d e  f o r  t h i s  segmenr. 
A l t i t ude  decreases  somewhat before  YECO, l ead ing  t o  t h e  smal le r  
offset value reported i n  Table A.2-1. The accumulated phase 
e r r o r  from launch t o  MECO due to  the  r e d s h i f t  is  less than 
5 f t .  

The standard deorb i t  t r a j e c t o r y  f i r s t  discussed i n  
Section 2 . 2 . 2  was a l s o  used f o r  t h e  r e e n t r y  blackout  ca l cu la -  
t i ons .  I t  is riot c e r t a i n  j u s t  when the  blackout w i l l  occur ,  
so a conservat ive assumption wits made t h a t  blackout. will begin 
a t  300 k f t  of  a l t i t u d e  and end a t  145 k f t  of a l t i t u d e .  A pe- 
riod of 890 sec e lapses  between these cwo a l t i t u d e s .  The peak 
r edsh i f t  occurs a t  e x i t  from blackout and is  noted i n  Table 
. j . 2 - 1 .  The accumulated phase  o f f s e t  during blackout due t o  
the r e d s h i f t  would be less than 3 f t .  

The second-order Doppler s h i f t  e f f e c t s  during ascent  
and reentry blackout a r e  not so small .  Figure 4 . 2 - 1  p l o t s  Lhe 
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Figure A.2-1 Velocity versus Time for Ascent and 
Reentry Blackout 

inertial velocity magnitude during these two flight segments. 
Because esit from blackout is uncertain. various terminal alti- 
tudes are noted on t h i s  and subsequent figures. (The initial 
altitude for blackout is still taken as 300 kft). Figure A . 2 - 2  
shows the resulting clock frequency offset due to the second- 
order Doppler shift. and Fig. A . 2 - 3  plots the integrated clock 
phase offset. For both these latter figures the sign of the 
offsets during ascent is negative. 

For purposes of comparison, the statistical phase 
error is plotted in Fig. A . 2 - 4  f o r  a typical rubidium clock 
calibrated to GPS system time aboard the Orbiter. Only one 
hour of elapsed time is shown in Fig. A . 2 - 4 .  as longer tinre 
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-I- 

I / 

Figure A . 2 - 2  Clock  Phase Rate Offset  Due t o  Second-Order qoppler 
S h i f t  €or Ascent and Reentry Blackout 

5 

0 1w hk sa au (Qo gr) w)  m *p 

T I U I  t m t  

Figure A . 2 - 3  Accumulated C l o c k  Pha5;e Offset  Due t o  S e c o n d - 3 r d ~ - I -  
Doppler S h i f t  for  Ascent and Heentry HlAk-kout 
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Figure A.2-4 Statistical Performance of a Rubidium 
Oscillator Calibrated to GPS Time 
Aboard the Orbiter 

periods are generally not of interest for Orbiter na\Tigation 
purposes. Over this short time period the statistical stabil- 
ity of the clocl; is much better than F i g .  A . 2 - 4  would indicate. 
The (lo) clock errors shocn are almost totally the result of 
errors i r ?  the initial calibration of the clock to GPS system 
time. Excellent satellite \visibility and geometry, use of 
both the Ll and L, satellite signals f o r  ionospheric delay 
compensation. and use of Phase 111 GPS satellites should allow 
a user clock calibration on orbit to about 4 ft in phase and 
about 0 . 0 0 4 6  ft/sec in frequency (lo). These values, along 
wtth a f ive state stochastic model of typical rubidium oscii- 
lator performance, were used to generate Fig. A . 2 - 4 .  

L 

Clearly the relativistic clock effects during ascent 
and reentry blackout are larger than the espected errors due 
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to clock instability and calibraLion error. The subject of 
what to do about the relativistic effects is postponsd until 
the effects on an elliptic orbit are examined. 

A .  3 RELATISISTIC EFFECTS ASSOCIATED KITH ELLIPTIC ORBITS 

The gravitational redshift is not important compared 
tc the second-order Doppler shift dcring ascent and reentry 
blackout. On orbit, however, the two effects are of equal 
importance. 

The square of the total velocity of a spacecraft in 
an elliptical earth orbit is given approximately by 

(A.3-1) 

where "a" is the semimajor axis of the orbit. Since the clock 
is t o  be calibrated in orbit, it is only variations in the' 
square of the velocity that  produce second-order Doppler s h i f t  
effects. These variations are inversely proportional to the 
radial distance of the orbiter, as Eq. A . 3 - 1  states. The 
variations in the graidtational redshift are also inversely 
proportional to the radial distance, as Eqs. A.1-2 and A . 2 - 1  
jointly state. Inserting Eqs. A.2-1 and A . 3 - 1  into expression 
A.l-2 for  the total phase rate offset, it is apparent that the 
total effect is the sum of equal amounts of redshift and second- 
order Doppler shift, and the resultant effect is given by 

(A.3-2, 

In this espression, ro is the radial distance to the spacecraft 
at the time of clock calibration, and the explicit dependence 
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of the  radial distance t o  the spacecraft upon time has been 
noted.  

It would be convenient to have a closed form espres- 
sion for the dependence of the phase rate offset upon time. 
Equation A . 3 - 2  does not provide such an espression because 
there is no closed form espression for the radial distance t o  

a body in an elliptical orbit as a function of time. Equation 
A . 3 - 2  is the "nest best'' espression, involving only the radial 
distance. A similarly useful espression is derived for the 
phase offset in the remainder of this section. 

Clearly. the phase o f f s e t  is the integral of Eq. A . 3 - 2  

which ilia?. be rexrifter! as 

( A .  3 - 4 

For a body in an elliptical orbit of semimajor axis 
"a" and eccentricity " e " ,  

G h i c h  expresses  d r ' d t  in terms of r for use in Eq. A . 3 - 4 .  The 
upper' ( + )  sign h o l d s  f o r  that portion of the orbit from perigee 
t o  apogee. \:t..i:i- t h e  1oK.t.t- t - )  sign h o l d s  f o r  the remaining 
ha1 i .  
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The indicated integration in Eq. A . 3 - 4  may bo perfornred 
analytically by use of Eq. A.3-5. The result is 

T h i s  result is valid only over segments of an orbit wholly 
contained between apogee and perigee or vice versa. 

To see how large @(t) may grow in one half of an orbit, 
consider that the spacecraft is at apogee at time zero. That 
is 

= a(1 + e) ( A .  3 - 7 )  rO 

Then 

( A . 3 - 8 )  

One half of an orbital period, T/2, later. the spacecraft is 
at perigee where 

r ( T / 2 )  f a(1-e) ( A . 3 - 9 )  

and 

T = 2 n a G  
P 

Thus, at perigee 

( A .  3- 10) 
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( A . 3 - 1 2 )  

For a numerical example, cons ide r  a d e o r b i t  t r a j e c t o r y  
Ki th  an apogee a t  400 nm a l t i t u d e  and a per igee  at  t h e  e a r t h ' s  
su r f ace .  For t h i s  o r b i t  (an extreme e l l i p t i c a l  o rb i t  for t h e  
Space S h u t t l e )  

a = 2.214086 x l o7  f t ,  

e = 5.488599 x lo'? , 

T = 5517 s e e  ( 9 2  min) .  

and 

$(T/2) = -155.6 f t ,  
do -(T/2) = -0.1423 f t / s e c .  d t  

-4gain. comparison wi th  Fig.  A.2 -4  shows t h a t  t h e  r e l a -  
t i \ y i s t i c  e f f e c t s  a r e  larger by f a r  than t h e  l i k e l y  c lock  e r r o r s  
due to  i n s t a b i l i t y .  

.s . 4 CLOCK CO?lPENSATIOK FOR RELATIVISTIC EFFECTS 

Comparing t h e  r e l ac i \y i s t i c  c lock e f f e c t s  dur ing  a s c e n t .  
r een t ry  b lackout ,  o r  e l l i p t i c a l  o r b i t  w i t h  t h e  s t a t i s t i c a l  
c lock performance f i g u r e s .  i t  is  c l e a r  t h a t  t h e  inherent  s t a -  
b i l i t y  of t he  clock w i l l  not be achieved w i t h o u t  compensation 
for the  r e l a t i v i s t i c  e f f e c t s .  For purposes of O r b i t e r  naviga- 
t i o n ,  however, t he  r e l a t i \ T i s t i c  c lock o f f s e t s  should be t o l e r -  
a b l e  without compensation, even though l imi t ed  s a t e l l i t e  lTisi-  
b i l i t y  and poor geoiwtry can mul t ip ly  clock e r r o r s  by a f a c t o r  
of 10 or  more i n  producing na\-igation p o s i t i o n  and \ .elocity 
errors (Chapter 4 ) .  
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I f ,  as i s  a v i r t u a l  c e r t a i n t y ,  a Kalman ( o r  Kalnian- 
l i k e )  f i l t e r  i s  used t o  process  GPS measurements, then some 
account ing for t h e  r e l a t i v i s t i c  e f f e c t s  w i l l  be necessary f o r  
proper  f i l t e r  opera t ion .  The c lock  phase and frequency va r i -  
ances of t h e  navigat ion f i l t e r  w i l l  have t o  be s i zed  t o  accom- 
modate any uncompensated r e l a t i v i s t i c  e f f e c t s .  To do c therwise  
would be t o  produce u n r e a l i s t i c a l l y  small c lock var iance  e s t i -  
mates a t  c e r t a i n  t imes,  l ead ing  t o  improper f i l t e r  opera t ion  
and probably t o  t h e  r e j e c t i o n  of good measurement d a t a  a t  c r i -  
t i c a l  times. I t  is s impler  t o  incorpora te  d e t e r m i n i s t i c  com- 
pensat ion f o r  t h e  r e l a t i v i s t i c  e f f e c t s  than t o  ( improperly)  
ad jus t  the  f i l t e r  c lock var iances  on s p e c i a l  occasions.  

The equat ions f o r  compensating t h e  c lock  f o r  t h e  r e l a -  
t i v i s t i c  e f f e c t s  a r e  e a s i l y  der ived .  Using Q t o  represent  the 
clock phase (measured i n  u n i t s  of d i s t a n c e )  a s  be fo re ,  and 
using f here  t o  represent  the  clock phase r a t e  (measured i n  
u n i t s  of v e l o c i t y )  t h e n ,  c l e a r l y  

I n  d i s c r e t e  form 

i Q = f  , 
d t  

df d r  v dv . 
- =  dt  3 x - c i 3 Y  c r  

( A . 4 - 1 )  

( A .  4 -  2 ) 

( A . 4 - 4 )  

where o o F  fo a r e  the phase and phase r a t e  before the time s t e p  
A t ,  and 
s t e p .  The ne% terms A r  and Av r e f e r  t o  changes i n  the r a d i a l  
d i s t ance  and i n  the  t o t a l  i n e r t i a l  velocity during t h e  interval. 

fl a r e  the phase and phase r a t e  a f t e r  the time 

A - 1 3  
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The addition of these simple compensation equations 
to the CPS R/PA navigation state propagation algorithm will 
reduce relativistic effects to a negligible level and will 
preserve the inherent capability of the onboard atomic time 
standard. 
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APPENDIX B 
GPS DILUTION OF PSECTSXON -_1__- 

This chapter is a tutorial introduction to the subject of 
measures of dilution of precision (DOP) for the NAVFrAR Global 
Positioning System. Geometric (GDOP), position (PDOP), time 
(TDOP), horizontal (HDOP), and vertical (VDOP) dilutions of 
precision are discussed. After defining the DOP's for the 
normal case of measurements to four GPS satellites, the case 
of more than four measurements is treated. Coordinate invari- 
ance of GDOP, PDOP, and TDOP is demonstrated, and the singular 
situation when all satellites lie on a cone with apex at the 
user,is introduced. To obtain a quantitative feel for the 
DOP's, a particular one-parameter geometric situation is esam- 
ined in detail, and minimum values for the DOP's are established. 

Section B.l summarizes the motivation for perfoming 
DOP analysis. Section 8.2 defines several measures of dilution 
of precision and also reviews the manner in which the GPS re- 
ceiver generates and processes ranging measurements. Measure- 
ments to more than four satellites may be made, and Section 
B.3 addresses this issue. Some measures of dilution of pre- 
cision do not depend on the coordinate systems used to compute 
them. a fact demonstrated in Section B.4. Certain geometrical 
situations are singular - they do not yield enough information 
to a l l m  the user to solve for his position - -  and Section B.5 
identifies such situations. Section B.6 is devoted largely to 
an examination of one family of geometrical situations, a fam- 
ily with interesting properties for  minimization of dilution 
of precision. 
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B.1 IKTRODUCTIOE 

The NAVSTAR Global Positioning System (GPS) is a sat- 
ellite-based radio ranging navigation system scheduled to be 
operational in the mid-1980's. The transmitters are located 
in satellites in circular orbits of about four earth radii, 
having orbital periods of 12 hr and ground tracks that repeat 
once per day. Twenty-four satellites are planned for the oper- 
ational GPS constellation, with fewer (five or six) to be ini- 
tially available. Ranging signal transmission is in the L 
band, so signal reception is limited to "line-of-sight" visi- 
bility between user and satellite; (Clouds and weather uil' 
not block the signals, but the earth, the user's own vehicle, 
and other obstructions may.) 

GPS users will need to measure one-way range (offset 
by user clock errors) to four or more Satellites to determine 
their pcsition. Since generally more than four satellites 
will be \yisible, a choice of satellites usually must be made. 
This choice, and the user position and time errors that result 
from it, depends upon the geometry of the satellites with re- 
spect to the user. 'The effect of the geometry is generally to 
dilute the precision available in any single ranging measure- 
ment, producing amplified user pasition and time errors. Errors 
along particular spatial orientations may be reduced instead 
of amplified, but the effect is stili known as dilution of 
precisicn (DOP). 

B.2 DEFIKITIOX OF DILUTlOh' OF PRECISIOK 

A GPS receiver measures what are termed "pseudo ranges" 
to a number of GPS satellites (usually four. but possibly more) 
and then solves fo r  the receiver position and time. Errors in 
t h e  pseudo range measurements cause errors in the determined 
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position and time that are functions of the receiver-to-satel- 
lite geometry. Geometric dilution of precision (GDOP) and its 
relatives are scalar measures of the effect of measurement 
geometry in translating the pseudo range errors into receiver 
position and time errors. The dilution of precision values 
are useful because they reduce the effect of a complex geo- 
metric situation into a single number. The various DOP's have 
nothing to do, however, with the pseudo range measurement er- 
rors themselves, and they accurately describe the effect of 
measurement geometry only when certain restrictive assumptions 
concerning the statistics of the pseudo range errors are satis- 
fied. This chapter is a tutorial attempt to explain the DOP's 
and demonstrate some of their properties. 

A good place to begin this discussion is with an ex- 
planation of the measurement process itself. Figure 8 .2 -1  is 
a conceptual diagram of' the pseudo range measurement process. 
Each GPS satellite carries a clock that drives a signal gen- 
erator producing a unique, pre-determined function of time. 
The receiver also incorporates a clock that drives a signal 
generator capable of mimicking any of the satellite signal 
generators. A key conceptual difference between the receiver 
and the satellite is that the receiver is capable of retarding 
the signal generator output by a variable time difference, p .  

The retarded, self-generated signal is compared in the receiver 
to the received satellite signal, and the - time difference is 
continuously adjusted to keep the two signals in synchronism. 
4t any time when the two signals are sufficiently in synch, P 

measurement of pseudo range may be made by simultaneously not- 
ing both the time difference, p ,  and the receiver time, tr. 

The GPS pseudo range measurement is essentially a 
measure \jf the time difference between transmission (from the 
satellite) and receipt (by the user) of the GPS signal. The 
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Figure B.2-1 Conceptual Diagram of GPS Pseudo-Range 
Measurement Process  

measured time d i f f e r e n c e  i s  t h e  time i t  took t h e  s i g n a l  t o  
t r a v e l  from the  s a t e l l i t e  t o  the  r e c e i v e r ,  p l u s  any o f f s e t  i n  
t he  r e c e i v e r  c lock  with respec t  t o  the  s a t e l 1 i t . e  c lock ( p l u s  
any uncompensated s i g n a l  processing de lays  i n  e i t h e r  t he  t r a n s -  
m i t t e r  o r  the recei lver) .  Assuming t h a t  the  s i g n a l  t ra \ ' e l s  a t  
t he  cons tan t  speed of l i g h t  (making va r ious  c o r r e c t i o n s  for 
ionospheric  and t ropospher ic  e f f e c t s )  and t h a t  the  speed of 
l i g h t  has been used t o  s c a l e  time i n t e n - a l s  so they a r e  mea- 
s u r e d  i n  u n i t s  of d i s t a n c e  , then 

tt 

$:The speed of l i g h t  i s  near ly  one foot  per  nanosecond, so  a 
time i n t e r v a l  of one nanosecofid i s  measured as a pseudo- 
range of about one foot .  
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btri. (B.2-1) - 9 2 Pi - d(sr-x.)- 1 + (yr-yi) + (Zr-zi)Z + 

In this equation, p i  is the pseudo range to the ith satellite; 
(s yi, zi) are the position coordinates of the ith satellite i' 
at the time, tr-pi, the signal was "sent"; (s,, yr, 2,) are 
the position coordinates of the receiver at the time, tr, the 
signal was "received"); and 6tri is the offset of the receiver 
clock Kith respect to the ith satellite clock. 
term is, of course, the true range from the satellite to the 
receiver. 

The radical 

Information transmitted along with the satellite sig- 
nals allows the receilver to estimate both the position coordi- 
nates of any satellite at any time and the offset of any sat-  

ellite clock with respect to GPS system time. The satellite 
clock offsets may be used to adjust the measured pseudo ranges 
so that they reflect the offset cf the receiver clock from GPS 
system time, effectively removing the subscript i from btri in 
Eq. B.2-1. 

Equation B.2-1 thus contains four unknowns related only 
to the receiver position and clock offset: 
Simultaneous measurements of pseudo range to four satellites 
will then allow the receiver to solve for its position and 
clock offset, provided that the measurement geometry is such 
that the four measurements supply four independent pieces of 
in formation. 

(xr, yr, zr, bt,). 

The question remains: How are errors in the measured 
pseudo ranges related to errors in determined receiver position 
and clock o f f s e t ?  Differentiation of Eq. B.2-1 leads to an 
approsimate linear relationship for t h .  errors 
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-APi = u 3s + uiy A s r  + uiz bzr + A t , ,  i x  r (8.2-2) 

where b p i  is the error i n  t h e  ith pseudo range, (Ax,. Ay,, 
Azr) a re  t h e  coord ina tes  o f  t h e  r e s u l t a n t  error i n  receiver 
p o s i t i o n ,  and A t r  is  t h e  r e s u l t a n t  error i n  receiver c lock  
o f f s e t .  The new symbols, (uix. uip, uiz). of Eq. B.2-2 are 
t h e  components of t h e  u n i t  vector from t h e  receiver tovard the 
ith s a t e l l i t e  

(5 .2 -3)  

where 

(B.2-4) 

Clea r ly  

= l .  (B.2-5) 3 2 + uyp + uiz iiT fi = u .  2 
i i  1s 

The four  necessary equat ions  of the form of Eq. 6 . 2 - 2 ,  
corresponding t o  pseudo range measurements t o  four  s a t e l l i t e s .  
may be combined into ane matrix equat ion 

w h e r e  

&% f )  , 

(B.2-6) 

(B.2-7) 
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(8 .2-8)  

and 

1 12 U 1 5' u IS U 

A = (;2x u2y 122 ;) . (8 .2-9)  

3s u3p 32 

u4s u4y ulz 

(Sore t h e  inclusion of the minus signs i q  the definition of 
the \*ector of measurement errors, r p .  €or notational conveni- 
ence. ! 

The statement that the four pseudo range measurements 
arc? independent is equil-alent to the statement that the matrix 
A is invertible. Assuming such to be the case. the recei\*er 
errors are gi \wn by 

a -1  -5 
A S  = A J p  . (8 .  2-10) 

The discussion now becomes statistical. .assuming 
:hat the espected (or mean) values of the pseudo racge mea- 
surements are all zero. then the same is true of all elements 
of the receit-er error vector, 1s. Furthermore. the covariance 
of the  receiver errors is given bv 

where  C is the ensemble expectation operator. and is the 
trcinsposc of the inverse of .A. Assuming that the pseudo range 
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errors are independent of each o t h e r  and have a common a r i a n c e ,  
u-, or  

3 - 

(B.2-12) A T  E($ Ap 1 = a2 I 

(wi th  I t h e  4 x 4  i d e n t i t y  matris). then t h e  receiver error ea- 
var iance  m a t r i s  i s  given by 

2 T -1 P = o ( A A )  . (B.2-13) 

Assuming. f u r t h e r ,  t h a t  t h e  pseudo range errors are normalls  
d i s t r i b u t e d ,  then so are t h e  receiver p o s i t i o n  and t i m e  errors. 
and Eq. B.2-13 proLTides a complete s t a " i s t i c a 1  d e s c r i p t i o n  of 
t h e  r e s u l t a n t  receiver errors due t o  pseudo range errors. 

To focus on t h e  e f f e c t  o f  t h e  measurement geometry 
in s t ead  of on t h e  pseudo range errors, t h e  receiver error co- 
var iance  ma t r i s  w i l l  be normalized by r ep lac ing  t h e  pseudo 
range var iance .  02.  i n  Eq. B.2-13 by un i ty .  Thus, 

P = (ATA)-' . (B.2-14) 

To reduce f u r t h e r  t o  a s i n g l e  number, d e f i n e  rhe geometric 
d i l u t i o n  of prec i s ion  as 

w h e r e  t h e  symbol t r  s t a n d s  for t h e  trace of i ts  mat r i s  argu- 
ment, t h a t  i s ,  f o r  t h e  sum of t h e  diagonal  e n t r i e s .  G30P is 
t h u s  t h e  root sum square ( rss)  of t h e  errors i n  receiver posi- 
t i o n  (on a l l  th ree  a s e s )  and time offset, normalized t o  u n i t  
\*ariance pseudo range errors. 
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GDOP is a u s e f u l  descriptor of the geometric situa- 
tion when all four receiver errors are of importance. Often 
this is not the case, and related DOP's are more useful. tvihen 
only the three position errors are important, the useful de- 
scriptor is position dilution of precision 

PDOP = dPll + PZ2 + P33 , (8.2-16) 

which is the (normalized) rss radial position error. If only 
the time is of importance, then time dilution of precision is 
given by 

- 
TDOP = i P 4 4  , (B. 2-17) 

and is simply the (normalized) one-sigma clock offset error. 

To go further requires particularization of the cal- 
culations to a local coordinate system at the receiver. L f  
the coordinate system is chosen so that the z-asis is along 
the local vertical (putting the s- and y-ases in the horizon- 
tal plane), then horizontal and vertical dilutions of preci- 
sion are defined as - 

HDOP = ,/Pll + P22 , 
VDOP = q3 

B . 3  MORE TKW FOUR MEASUREMENTS 

(B.2-18) 

(B. 2-19) 

The discussion to this point has proceeded as i f  exact- 
ly four independent pseudo range measurements were always made. 
With fewer than four measurements, E q s .  B.2-2 cannot be soltped 
due to insufficient data. Conversely. with more than four 
measurements. there is no exact solution to the overdetermined 
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set of these equations. Kith any number of measurements, the 
equations map be put in the form of Eq. 8.2-6,  by altering 
Eqs. 8.2-5 and B.2-9 so that the number of rows of A and $ 
equals the number of measurements. With other than four meas- 
urements, the matrix A is not square. With fewer than four 
nieasurements, additional information of some sort is necessary. 
Vith more than four measurements, the standard procedure is to 
multiply Eq. B.2-6 by AT to obtain 

T a  ATA & = A Ap . (8.3-1) 

T The matrix A A is a 4 x 4 ,  and, if it is invertible (if the more 
than four measurements contain at least four independent ones), 
then Eq. B.3-1 may be "solved" to yield 

( B . 3 - 2 )  

This solution for the receilTer error vector will, in general, 
not satisfy any of the original equations, but it represents 
the uell-known "least squares" solution to the overdetermined 
set of equations, minimizing the sum of the squares of the 
amounts by which the equations are not satisfied. This least 
squares method of solving for the errors in determined posi- 
tion due to errors in pseudo-range measurements is only ap- 
propriate if the position estimate itself was obtained from 
the pseudo range measurements by the least squares process. 

Making the same statistical assumptions about the 
(now more than four) pseudo range errors as were previously 
made yields the same formal results; namely, that Eq. B.2-13 
and its normalized form Eq. B.2-14 are still valid, and the 
definitions of the DOP's are unchanged. Thus, the dilution of 
precision concept is useful in describing the situation in\.olv- 
ing more than four measurements, with the basic definitions 

\ v i  rtua 1 ly unchanged. 
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8.4 COORDINATE XIWARLAKE OF GDOP, PDOP, AND TDOP 

As was remarked earlier, in order to compute the hor- 
izontal or vertical dilutions of precision an appropriate co- 
ordinate system must be used. It might be expected that GDOP, 
PDOP, and TDOP do - not depend upon which coordinate system is 
chosen for the computations. This coordinate' invariance is 
demonstrated here. 

Assume that the computations have already been per- 
formed in one coordinate system with the notation previously 
given. Assume a second coordinate system related to the first 
by the orthonormal 3 x 3  rotation matrix M, so that the unit 
vectors from the receiver toward the satellites are given by 
0 in the new coordinates, where i 

G = M Q i ,  (8.4-1) i 

and M satisfies 

(B.4-2) T M-' = M . 

What was termed the A matrix in the original coordinates will 
become the B matrix in the new coordinates. Clearly 

\' 1s =I: nx 

v '  

v t  
1Y 

2Y 

v ' nY 

"1; 

v2;1 

VnL 

i) 9 

i 

( B . 4 - 3 )  

where the general case of measurements to n satellites is con- 
sidered. Reflection shows that 

B = A M 4 ,  T ( 8 . 4 - 4 )  
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\;here the neK, 4 x 4  matrix M4 is  given i n  partitioned form by 

L i k e  N, N4 is orthonormal and satisfies 

-1 T M4 = M4 . 

(B.4-5) 

(B.4-6) 

The normalized receiver error covariance matris in 
the new coordinates becomes Q, shere 

Q = ( ~ ~ ~ 1 - l  . (8.4-7) 

Clearly, 

I f  P is partitioned as 

then Q is gil-en as 

(B. &-8)  

(B.4-9) 

(B.4-10) 

-4s the 4 , 4  element of Q is identical to P44, i t  is 
clear that TDOP is the same when computed in the second coor- 
dinate system as i t  is when computed in the first. As f o r  
PDOP. in the first system 
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PDOP’ = t r ( p 3 )  , 

while in the second, 

PDOP’ = tr(M P3 M T ) 

The trace function has the general property that 

(B.4-11) 

(B. 4-12) 

for any matrices C and D whenever their dimensions give sense 
to both products. (1.e.. if C is nxm, then D must be mxn.) 
Thus 

(B .4-14) 

and PDOP is the same in both coordinate systems. 

The identical argument applied to the full 4x4 P ma- 
trix shows that GDOP is the same when computed i’n either system. 
Or, the fact that 

G D O P ~  = PDOP~ + TDOP~ , (B.4-15) 

combined with the invariance of PDOP and TDOP will demonstrate 
the coordinate invariance of GDOP. 

B . 5  SINGULAR FlEASUREMENT GEOMETRY 

It has been remarked that for certain geometrical 
conditions the pseudo range measurements might not yield four 
independent pieces of information. In this singular case, i t  
is not possible to solve E q s .  8.2-1 for the receiver position 
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and clock o f f s e t .  Also,  Eq. B.2-6 w i l l  not  be so lvab le  for  
the  r ece ive r  error vec to r  due t o  errors i n  t h e  pseudo range 
measurements. The A matr ix  w i l l  be of rank t h r e e  or l e s s ,  and 
A A w i l l  be s i n g u l a r  and have no inverse .  
ly four  measurements, A i t s e l f  w i l l  be s i n g u l a r .  The ques t ion  
is: For what geometries does t h i s  s i n g u l a r  condi t ion  occur? 

T I n  t h e  case  of exac t -  

The o f t en  heard answer is t h a t  i f  a l l  t h e  s a t e l l i t e s  
l i e  on any ( c i r c u l a r )  cone with apex a t  t he  r ece ive r  then t h e  
geometry is s i n g u l a r .  This  f a c t ,  and i t s  converse,  w i l l  be 
demonstrated here .  

I t  is  easy t o  show t h a t  i f  t h e  s a t e l l i t e s  a l l  l i e  on 
a cone with apes a t  t he  r e c e i v e r ,  then the  A matr ix  is of rank 
th ree  ( o r  l e s s ) ,  and A A is  s i n g u l a r .  By t h e  r e s u l t s  of the  
pre\vious s e c t i o n ,  i t  is c l e a r  t h a t  i t  makes no d i f f e r e n c e  what 
coordinate  system i s  used t o  express  the A matr ix ;  i f  i t  is  of 
rank three i n  one coordinate  system, then i t  is  of rank t h r e e  
i n  a l l  coordinate  systems. Supposing a l l  t h e  s a t e l l i t e s  t o  
l i e  on a cone w i t h  apex a t  t h e  r e c e i v e r ,  s e l e c t  t he  axis of 
the cone a s  the z -ax i s  of the  coordinate  sys tem.  Then t h e  
u n i t  vec to r s  from the  r ece ive r  toward t h e  s a t e l l i t e s  w i l l  a l l  
have i d e n t i c a l  z components equal t o  the  cos ine  of the  h a l f -  
cone ang le ,  LY. T h i s  geometry is  i l l u s t r a t e d  i n  F ig .  8 .5-1 .  
The A matris now looks l i k e  

T 

A =  

U 
1 X  1Y U cos a 1 

cos CY 1 2x u2g U 

mi U n Y U cos CY 1 

. (B.5-1)  

Clearly the  l a s t  two columns of A a r e  s c a l a r  mu l t ip l e s  of one 
ano the r ,  so A can be of rank t h r e e  a t  most, and A A must  be 
s ingu la r  . 

T 
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Figure B.5-1 Singular Geometry -- Satellites Lie on a Cone 
With Apex at the User 

The converse statement, that if A is of rank three 
(or less), then all the satellites lie 0 n . a  cone with apes at 
the receiver, is not much harder to show. If A is of rank 
three, only three of its  rows may be linearly independent. 
(The case when fewer than three rows are linearly independent 
Kill be an obvious estension.) As it makes no difference how 
the rows are numbered, move these three rows to the top. The 
remaining dependent row (or rows) may then be espressed as 
linear combinations of the top three rows. That is, for k = 
4 , .  . . ,n there are constants A k l ,  Ak2, and Ak3 such that 
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Esamination of the fou r th  component of t h i s  equation r evea l s  
t h a t  

'B.5-3) 

A n y  t h ree  v e c t o r s  must l i e  on a cone w i t h  apex a t  t h e  
o r i g i n .  (This i s  equiva len t  t o  t h e  statement t h a t  any th ree  
p o i n t s  on the  u n i t  sphere must l i e  on some small c i r c l e . )  So 
the  u n i t  vec to r s  t o  t h e  s a t e l l i t e s  involved i n  the  top th ree  
rows of the  A matrix must l i e  on some cone. Take t he  asis of 
t h i s  cone a s  t h e  z - a x i s  o f . t h e  coordinate  system, then the  z 
components of the  f i r s t  t h r e e  rows m u s t  equal the  cos ine  of 
the  ha l f  cone angle ,  o r  

(B.5-4) - u = u2= - u3z = cos 01 . lZ 

Equations B.5-2 and B.5-3 now show t h a t  t he  z compo- 
nents  of a l l  the  rows of A m u s t  be equa l ,  

= cos 0 (B.5-5) - 
A k l U l z  + hk2u2z + "k3'3.z - *kz 

hence a l l  the s a t e l l i t e s  musr l i e  on a cone w i t h  apex a t  the 
r e  c e i ve r . 

When the s a t e l l i t e s  do a l l  l i e  on a cone, t h e n  the  
var ious  D O P ' s  do n o t  e x i s t .  When the s a t e l l i t e s  a r e  near ly  on  
s u c h  a cone, t h e n  t h e  D O P ' s  e x i s t  b u t  w i l l ,  i n  g e n e r a l ,  be 
l a r g e .  I t  m i g h t  happen t h a t  VDOP, HDOP, o r  TDOP w i l l  be of 
reasonable s i z e  i n  t h i s  case, but GDOP and PDOP v i l i  be l a r g e .  
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B.6 ' W  IMPORTAYT EWlPLE SITEATIOK 

The reason for defining the various DOP's is to re- 
duce complex geometrical situations to a single number, or to 
a few numbers, with direct relevance to GPS navigation and 
time accuracy. Equations B.2-15 through B.2-19 defining the 
DOP's accomplish that objective. but they give no immediate 
insighL into the relationship between the DOP's and the 
geometry . 

One way to use the DOP's is to calculate them for 
every alternative geometry in a given situation and choose the 
satellites for tracking which yield the best DOP values. For 
example, if nine satellites are visible to a receiver but only 
four are to be used, the DOP's may be calculated for each of 
the 126 ways four satellites could be selected from the nine 
visible, and the set of four to be used could be taken as the 
one with the appropriate mirrimum DOP. No geometrical insight 
is needed for this exhaustive process. 

To decide the acceptability of a single DOP in a non- 
exhaustive situation, or to otherwise shorten the computation- 
ally burdensome process of exhaustively computing DOP's, it is 
useful to have a quantitative feel for the relationship between 
geometrical situations and the DOP's, and for the potential 
ranges of the DOP's. 

It would be ideal if there were some simply under- 
standable, closed-form expression for the DOP's in terms of 
obvious parameters describing the geometrical situation, with- 
out reference to unnecessary, complicating details such as the 
orientation of the coordinate system in which the DOP is coli)- 
puted. In the simplest case for which the DOP's esist, that 
of measurements to four satellites, there are eight independent 
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parameters necessary to describe the orientations of the unit 
vectors toward the satellites. If one is considering GDOP, 
PDOP, or TDOP, where the coordinates of computation are not 
relevant, then the number of independent parameters may be 
reduced to five. Describing a single unit vector by two inde- 
pendent parameters, however, is not simple; it involves either 
trigonometric functions of two angles or square roots of direc- 
tion corsine parameters. After inserting several of these ex- 
pressions into the matrix multiplication and inversion proc- 
esses used to compute DOP's, the results would be too complex 
to be easily understandable. So the process of gaining a quan- 
titatise feel of the relationship of the DOP's to the geometry 
will begin with the close analysis of a constrained geometrical 
situation having only one free parameter. 

This situation is most easily described with refer- 
ence LO a locally level coordinate system. Let one satellite, 
the first one, be directly overhead (along the z-axis). The 
other three satellites are separated from one another in azi- 
muth by 120 deg, and all have the same, unspecified coele\Ta- 
tion (which may vary from zero to 180 deg). The common co- 
elevation angle, 0 ,  of the three satellites is the only vari- 
able parameter of this situation. For completeness, assume 
that the l'ector from the receiver to the second satellite has 
an azimuth of zero, the third satellite has an azimuth of +120 
deg, and the fourth satellite has an azimuth of -120 deg. 
Figure B.6-1 illustrates this geometry. 

Of cwrse. the geometry need not be referenced to any 
local level frame to consider GDOP, PDOP, or TDOP. I t  may 
simply by described by saying that the vectors toward three of 
t h e  satellites are evenly spread around a cone of half-angle 
u. while the vectsr to\;ard the fourth satellite lies on the 
axis of t h e  cone (pointing either into or out  of the cone ) .  
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Figure B . 6 -  ngle Parameter Constra,neL) 
Geometry Situation 

The unit vectors toward the four satellites are given 

sin CY 

G1 
cos 01 

.3 (B.6-1) 

cos 01 cos a 
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The A matrix of E q .  8.2-9 becomes 

A =  

whereupon 

0 0 1 1 

s i n  a 0 cos a 1 

- (1/2)s in a (\13/2)sin a cos a 1 

- (1 /2)s in  a - (431’2 ) s i n  a cos (1 1 

0 

0 

0 

(B.6-2)  

0 0 0 

(3/2) sin’ nr 0 0 

2 0 l + 3 c o s  a 1 + 3 c o s a  

0 4 1 + 3 cos 0 

(B.6-3) 

1 t follows that  the normalized receiver error covariance rnacrix, 
the im-erse of A A ,  is  given by T 

P =  

3 
0 - 

2 3 s i n  a 

0 2 

3 s i n  a 2 

0 0 

0 0 

0 0 

0 0 

I + 3 cos u - -- 4 
3(1-cos a )  2 3(1-cos a )  

2 (1+3 cos CY)  1 + 3 cos a 

3(1-cos CY) 3(1-cos  CY)^ 

The various DOP’s are given by 
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-cos a (1 vM)P = 

(B.6-5) 

(B.6-6) 

TDOP = (B.6-8) 

1 9 + cos a + 3 cos2 u + 3 c0s3 a 
3(1+cos a )  GDOP = (1-cos a )  4 

(0.6-9) 

.An issue of immediate interest is the situation in 
vhich these DOP's are minimized and the minimum values thus 
obtained. It is readily apparent that HM)P is minimized when 
Q is 90 deg. putting three of the satellites in the horizontal 
plane. The values of the DOP's for this situation are 

HDOP = 2 4 : 1.1547, 
VDOP = 2 6 : 1.1547, 
PDOP = 2 4 Z 1.6330, 

TDOP = 4 : 0.5774, 

GDOP = vq t 1.7321. 

The situation in this constrained case which "minimizes" 
VDOP would have 01 be 180 deg, putting three satellites directly 
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b e l w  the receiver and one above. This situation is a singu- 
lar one, however, causing HBOP, PDOP, and G W P  to blow up. 

A single situation simultaneously minimizes PDoP, 
TDOP, and GDOP. It has o at about 109.47 deg (so that cos CY = 
-1/3), meaning that the three satellites are all about 20 deg 
below the hor5zon. In this situation the four unit vectors 
toward the satellites all terminate at the vertices of a regu- 
lar tetrahedron, illustrated in Fig. 8.6-2. This situatian is 
completely symmetric in that each unit vector makes the same 
angle. 109.47 deg, Kith each of the other unit vectors. While 
the minimization taking place in this esample is only that of 
selecting the single parameter in a constrained, one-parameter 
geometrical situation, the resultant minimum situation illus- 
trated in Fig. B.6-2 happens t J  be a global mininum for PDOP, 
TDOP, and GDOP. That is. no better values for these DOP's can 
be obtained by any other arrangement of - four satellites, a 
fact stated here without proof. The values of the DOP's in 
this situation are 

HDOP = 92 P 1.2247 

PDOP = 2 = 1.5000 

TDOP = 2 = 0.5000 

GDOP = 6 '+ 1.5811 

Abso 1 ut e 
minimum for 
4 satellites 

O f  course. t h i s  global minimum situation would be 

impossible to obtain near the surface of the earth. for tht 
earth itself would block lyisibility to the  three satellites 
below t h e  horizontal plane .  A better picture of how t h e  DOP's 
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Figure B . 6 - 2  Global Minimum for Four-Satellite GDOP, 
PDOP, and TDOP 

\vary with the coelevation angle is given in Fig. B.6-3  (a and 
b), which plots the DOP's versus the coelevation angle. 

Leaving, for a paragraph, the one-parameter geometry 
and taking up the topic of global minimums for the DOP's, a 
global minimum €or HDOP is approached as a singular limit of a 

situation where the unit vectors to the four satellites approach 
the plus and minus s and y ases in the horizontal plane. The 
iimit of HDOP in this situation is 1.0, but the limiting situa- 
tion is singular, so HDOP does not esist. Similarly, a global 
minimum for YDOP would be the limit of a singular situation 

-k 

:+The DOP's could be redefined using matris pseudo-im9erses in- 
stead of ordinarv inverses. Then, in some singular situations, 
certain of the DOP's would still be well defined. as would 
HDOP in the situation indicated. 
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Figure B.6-3(a) Variation of VDOP, HDOP. and PDOP with 
Coelevation Angle for a One-Parameter 
Geometrical Situation 

Figure B.6-3(b) Variation o f  TDOP. PDOP. and GDOP with 
Coelevation Angle f o r  a One-Parameter 
Geooie t r i c a l  S i  tua t ion 
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with two satellites along the positive vertical ( 2 )  axis and 
two along the negative vertical asis. The limit of VDOP in 
this situation is 0.5. 

Returning again to the one-parameter geometry, Fig. 
B.6-3(b) has utility beyond i ts  example purposes. It frequently 
happens that satellite visibility to a user is restricted t o  

some cone with apes at the user. This could be because the 
earth masks satellites, leaving the user with an 80 to 85 deg 
half-angle cone of visibility, corresponding to a 10 or 5 deg 
mask angle above the horizon. Or, it could be because the 
user has an antenna with a conical reception pattern, as, for 
esample, a hemispherical antenna. In any event, if the user 
is restricted to a cone of satellite visibility of half angle 
109.5O or less, then the best possible four satellite geometry 
is the single parameter geometry shown in Fig. B.6-1, and Fig. 
B.6-3(b) shows the best obtainable TDOP, P W P ,  and GDOP. The 
values quoted earlier for the half-cone angle of 90° are thus 
lower bounds for users on the surface of the earth, or w i t h  
hemispherical antennas, making measurements .to four satellites. 

* 

*This cone could be larger if the user were high above the 
earth, such as for the  Space Shuttle. 
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