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1. INTRODUCTION ~~~. 
-

The NAVSTAR Global Positioni ig System (GPS ) is a joint arme d
services program that will be develope. over the next ten years to provide
suitably equipped users with three-dimensional position and velocity, and
system time on a worldwide basis. GPS represents a “resource” which
may be used by the FAA to provide the suIvei]lance function for oceanic
air traffic control for an ope rational AEROSAT syitem. Thia report
presents ope rational concepts and representative options which may be
evaluated as a part of the AEROSAT Test and Evaluation Program. This
evaluation will provide operational experience and data which may be used
to assess the role of GPS in an operational AEROSAT system.

Section 2 presents a summary of the GPS progran~ including
descri ptions of the space , ground, and user equipment eegments. Particular
emphasis is placed on the Phase I user equipment which will be used for
system concept and cost evaluatio n in Phase I testing . A functional descrip tion
of three receive r classes which represent a range of operat ional GPS
receivers is given. In addition , the pe rformance requir ement s, physical
cha racte ristics , and software requirements of these receiver classes
are pr esented.

Section 3 describes the GPS signal structure Including RF charac-
teristics navigation code desi gn and gene ration , and system data fo rmat.

Section 4 describ es the GPS navigation technique which is employed
to convert processed GPS signal measurements Into navigational data ,

Section 5 presents a descri ption of a gene ric GPS receive r operating
in the acquisition and tracking mode s to illustrate receive r design con-
c.pts. A typical Implementation of this design concept is given. The
hardware requirements of thi s implementation are described and the
chasa ct. r istics of the major receiver compo nents ar e given. 4
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Section 6 discusses the operational concepts which may be employed
to use GPS in the AER OSAT program. Three options are pr esented which
embody these operational concepts and represent va rying degr ees of
integr ation of GPS user equipment and AERO SAT avionics. The impact
of these options on the AERO SAT avionic, is also discussed in this section.

S ction 7 presents the GPS system performance for Phase U and III
ope rations. The User Equival ent Ran ging Erro r Is defined and the range
measureme nt erro r sources are descr ibed. The geometric performance of
the Phase II and III systems is present ed in terms of sate llite cove rage m aps
and Geometrical Dilution of Precision data.

Section 8 gives a summary of the report and presents recommendations
for the use of OPS in the AE ROSAT Test and Eva luation Progr am.

a

5$
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2. GPS PROGRAM SUMMARY

The NAVSTAR Global Positioning System (GPS) is a satellite -

based na’~igat~on system that will provide worldwide three -dimeneional

position, velocity, and ti ~. to users equipped with GPS receivers. It

is a joint armed services program designed to meet the varied navigation

£ requirements of all branches of the military as well as the U.S. Defense

Mapping Agency. GPS provides a rri ans for reversing the trend withIn

the Department of Defense of proliferation of positioning and navigation

equipment and systems. These payoffs are potentially available to the

civil community.

The system will be developed over the next ten years in a three-

phase evolutiona ry program that will lead to a global operational system

of 24 sate llites. The GPS program schedule is shown in Figure 1. The

GPS system consists of three segmente: a space segment, a ground

segment, and a user equipment segment which are described in the fol-
• lowing sections.

2.1 SPACE SEGMENT

The space segment for Phase I consists of six satellites. The first

satellite will be a Navy navigatio n technology satellite ( NTS-2) to be

launched in 1976. In 1977 , f ive navigation developme nt satellite s (NDS)

built by Rockwell International will be launched. The six satellites will :J
be placed In orbits with orbital periods of one half a sideral day (“twelve

hour orbit”). Th. satellites will be deployed in two orbit plane. and phased

to r•ndesvons over th. test range at Yuxna, Arisona, to allow daily testing

of the system over th. continental United States. The Phase I development

and tests will validate pro~.cted OPS costs and provi de a fi rm basIs for

proceeding Into the next phase.

The navigation subsystem of th. navigation development satellite..

shown in Figure 2 , consists of the following major assembles: Pseudo

4
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Random Noise Signal Assembly (PRN SA), DC/DC conve rte r , clock assembly
and antenna assembly. The navigation system provide s an L-band carrier,

modulated by a composite waveform ma de up a precisi on, P. signal
and a clear /acquisition , C/A . signal . The system also provide s a second
L-band carrier , L2, modulated by either the P or C/A signal. The signal
structure will be discussed in greater detail in the next section. The antenna
assembly is a 12-element helix array which produces a shaped beam to
equalize the power received on the ground. The system can be operated in
a high power mode during the first two years by taking advantage of the
excess solar array power. This provides an extra 2 dB in the C/A signal.

For Phase II, the constellation consists of nine to eleven satellites,
which will provide a worldwide two-dimensional navigation capability In

the early 1980’s. Phtse UI, the operational phase , will ~ave eight sat .l-
lites in eaclz of three orbit planes to provide three-dimensional position,
velocity and time on a worldwide basis.

2.2 GROUND SEGMENT

The ground segment for Phase I consists of a minimum of four
monitor stations , a maste r cont rol station and an upload station. Currently,
the monitor stations will be located at Guam; Walmiawa, Hawaii; Elmendorf
AFB, Alaska ; and Vandenberg AFB , California. The monitor stations

- • - 

determine the range to the satellite s using the same navigation signals as
conventional GPS users. This data will be provide d to the maste r control
station for processing. The maste r control station will solve the “inverse GPS
problem” to compote satellite ephemerides, ionospheric propagation and
satellite clock bias errors using range measurements from four stations
of known location. The master control station will be located at Vandenberg.

Th. master control station will provide data used by the sate llites for
navigation signal gene ration and updating of ephemeris and clock data to
the co-locate d upload station for transmission to the sate llites. General

f Dynamics has the responsibili ty for ground segment development.

t



The ground control segment will be supported by the Air Force

ate llite Control Facili ty (AFSCF) network. The AFSCF netwo rk will

I e used to provide the telemetry and command functions necessary for

satellite “housekeeping” chores such as maintaining satellite health and

• any required orbital and attitude corrections.

2. 3 USER EQUIPME NT SEGMENT

The GPS user equipment con8ists of , in general, an antenna,

receive r , data processor , and a control/position indication. The design

and performance of the user equipment is a function of the intended appli-

cation. The services have initially identified several classes of user

equipment with varying qualitative functional requirements. These classes

are summarized in Table I as a function of accuracy~ user dynamics, and

jamming inimunity requirements. It should be noted that these classes

are only conceptual and final determination of receiver classes for the
operational system will be the result of program evolution and Phase I results.

• To limit the number of receiver classes for Phase I testing, a

smaller set of receive r classes will be used for concept validation.

• The re will be essentially three generic types of receivers developed

for Phase I which diffe r primarily in the number of signals processed

simultaneously and the codes (C/A and/or P) used. The qualitative
• characteristics of these three type s are summarized in Table II.

2.3. 1 PHASE I USER EQUIPMENT DESCRIPTION

User equipment for GPS Phase I testing is being developed
prim ar ily by Magnavox and Texas Instruments, Ma gna vox ii developing
th re e classes of receiver s which are classified as type X, Y and Z. Texa s
Instrument. is developing a high dynamics receiver , which is functionally

• similar to the X-receive r , and a manpack receiver. In addition, Collins
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TABLE I

• GPS USER EQUIPMENT CLASSES

_ _  • _ _ __ _ __ _ _  

•

CLASS TYPICAL USER ACCURACY 
DY NAMICS IMMUNITY •

A Strate gic High Medium High 
•

B Tactical • 
High High Medium

C Low Cost Medium Medium Low

D Surface (Mobile) High Low Nigh
•E Suiface (Troops) High Low High

F Submarines High Low 
• 

Medium

I

? 
•
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Radio is developing a high anti -jam receive r unde r ~ pro gram sponsored
by the Air Force Avionics Laboratory. This receive r is a longe r range

• development aimed at demonstrat ing maximum resistance to jam ming by
a receive r Integrat ed with an aircraft ’ s ine rtial navigation system. • 

•

Brief functional descriptions of the X, Y, and Z class receivers are
given below to illustrate the salient differences between the receive r

types being developed for Phase I.

The X-r eceiver , shown in Figure 3, is capable of accept ing two
L1/L2 GPS RF inputs from two indep endent antenna assemblies . The
major operating modes consist of search and track . Prior to, and daring
the search mode, aiding information such as user position, dynamics
and time , along with satellite ephemeride s is ente re d into the processor
via the control display unit and /or othe r data processor inte rfaces. The
processed information supplied to the receive r from the data proc essor
is utilized to search for four satellite signals in either the normal- or
direct-acquisition modes. In the normal-acquisition mode, the ieceiver
first acquires the C/A code and then acquires the P code. In the dirsct-
acquisition mode , the receiver directly acquir.s the P code. During the
track mode , the X-receive r has the capability to simultaneously track

-. •• any 4-of-32 NAVSTAR GPS signals for any combination of P and C/A
signals at the L1 frequency, and P-signal s at the I..~ 

frequency, and

perform one L1 minus L2 differential-del ay ionospheric measure ments. •

Aiding information received from the data processor during the track

mode is utilized to optimize r.ceiv r performance. During track , the

X-receiver demodulates navigation data and performs error det.ctl n,
measures pseudorange, delta -rang. , and ionospheric propa gation d~ lay.

U Th. data derived during th. track mode is .uppli.d to the data proc essor for
subsequent calcul ation of user position , velocity, acceler ation , and system-
time.
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The Y-receiver is similar to the X-receiver with the following
exceptions. The Y-receiver uses a single antenna assembly. During the
track mode, the Y-receiver sequentially, rather than simultaneousl y, tracks
any 4-of- 32 OPS signals for any combination of P and C/A signal s at the
frequency, the P signal at the L2 frequency, and sequentiall y per forms L1
minus L2 differential delay ionospheri c measurem ents.

The Z-receiver is a low-cost GPS receiver that will use only the
C/A code on frequency L

1 (1575. 42 MHz). The Z-receiver will sequentially

process four CPS signals in a time-share d manner similar to the Y-receiver.
Since this receiver will not have a dual frequency capability, L1 minus 12
ionospheric delay measurements cannot be performed. Ionospheric delay
correction will be obtained from satellite data transmitted on the navigation

signals. Since the Z-rece ive r uses only the C/A code and uses ionospheric
modelling rather than measurements, the navigation data provided will be
less accurate than the data provided by either the X- or Y-receivsr. The

primary emphasis of the Z-class receive r design is cost. Maguavox will be
developing 14 Z-set prototype s with a design to cost goal of $25,000 per set in-
cluding receiver , processor , control and display, and power supply. It is hoped
that a recurr ing cost of $1OK - $15K in lots of several hundred can be demon-

strated. The initial design of the receive r is underway with the preliminary
• design review scheduled for mid-1976. As a result design details on the Z-

• receive r are not available. Initial Information indicates that the design of the
Z-rec .iver may differ from the X- and Y-sets by the degree of hardware vs.
software implementation. The X- and Y-i.ts have a fain ’ high number of

• 
- functions implemented as software (e.g. , carrier tracki n* , code tracking, data

demodulation). The Z-receiv.r may have some of th.se &nction iznplementsd
as hardware. Due to the emphasis on cost, the Z-rsceiver design will dspeud

on hardware /software trade -off. to obtain the desired performance at a reasonable

• cost. In addition , unlike th. X- and Y-sets, the Z-recelver will not be designed)
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• to interface with auxiliary sensors such as inertial measureme nt units
and air data sets for performance augmentation.

2. 3. 2 PHASE I USER. EQUIPMENT PERFORMANCE

The navigational accuracy of the GPS X- and Y-receivers Is on 4
the orde r of 10 meters (lc). Since the X receiver processes four signals
simultaneously , it will provide high accuracy navigation data to high
dynamic users. The Y-receiver will provide high accuracy. navigation
data to medium dynamics users, since it processes the signals sequentially.
The Z-receiver is being designed to provide medium accuracy navigation
data to medium dynamics users. The navigation accuracy of the Z-class
receiver is on the orde r of 100 meters (10) . The user dynamics for
each set are shown in Table III. It should be noted that the navigational
accuracies state d above are orde r -of-magnitude numbers and are for the

• Phase III satellite configuration. Navigatio nal accuracy I. dependent on
many factors such as satellite ephemerides and propagation effects as

well as receiver errors and processing errors. The performance require-
ments of the Phase I X- , Y- , and Z-receivers are described below. The
performance of the total GPS system is described in greater detail in
Section 7 of’ this report.

2.3.2.1 TIME-TO-FIRS T FIX

The Time-To -First Fix (TTFF) is defined as the amount of

• time required to produce a single point navigation solution from the start
of the acquisition mode. The TTFF’s for the X- , Y- , and Z receivers
and the conditions unde r which the requirements are to be met are shown
in Table IV for both the normal and direct acquisition modes. The 3c
range measurement errors , including ionosphe ric and tro posphe ric
modeling/measurement errors and multipath errors , used to compute the
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TABLE III

USER DYNAMICS FOR X-, ~~-, AND Z RECEIVtR S

(FROM REFERiNCE 1)

Set

Dynamics X . Y Z

Velocity (rn/sec) 0-900 0-600 0-600

Acceleration (rn/eec2) 0-50 0—20 0—20

Jerk (m/seo3) 100 
• 

100 50

I

-

I

I ~~~~~~~~~~~~~~~~~~~~~~ - — — — I r
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TABLE IV

TTFF AND SIMULTANEOUS CONDITIONS
(FROM REFERENCE 1)

a) NORMA L ACQUISITION

Sit __ x• __ Y__ _ _ _ _ _

3/S Conditions 
• 

Poor Good Poor Good Poor Good

17FF (sec) 160 80 300 225 300 200
J/~ oondiUon (dB) 24.5 �19 25. 5 S19 25.6 S19
Probabllity of suaoess (%) • 90 90 90 ‘20 90 90
•5Pos1~oa Uncertainty (Km)(1I ) 660 650 175 175 175 175
•.%‘~~~ Lty Uncertainty (rn/sic) (ii) 160 150 30 30 30 30
Max. Vehicle Acceleration (rn/see2) 10 10 10 10 10 10

Max. Vehicle Jerk (rn/sea3) 100 100 100 100 50 60

‘Receiver Inpit Signal LeveL ~ -]~ 3 dBw tal not to exceed -130 dBw.
For a uniform distribution of position and velocity uncertainty, the specified
J/6 Increases by 2 dB.

•~For a Gaussian distrtb *ion~,

b) DIR ECT ACQUISIT ION -

• Set X V
Avalisbi. Time Reference Internal EXternal ’~ Internnl l xternal ’

TTTF (sic) ‘ ‘ 
- 

200 100 120 100 600 250 480 250 
—

J/S condition (dB)5 34 27 34 27 34 27 34 27

M*x. Time Betwean R.settirg Time 0.1 0.1 1 1 0.1 0.1 1 1
Reference (Dsys)~~~~
User Clock Uncertainty (usec)(1oy~* 10 10 10 10 1C 10 10 10
Probablllty of 8uccess (%) 90 90 90 90 90 90 90 90

• Position Uncertainty (m) ~~(lo ) p260 9260 9260 9260 9260 9260 9260 9260

Velocity Uncertainty (rn /uc)**(1,) 30 30 30 30 15 15 15 15
Max. Vehicle Accelerat ion (rn/eec2) 10 10 10 10 10 10 10 10
Max. Vehicle Jerk (~ /s.c~) 100 100 100 100 100 100 100 100
IsteHlte Clock Uncertalnty (usec)** 5 5 5 5 5 5 5

_11.) — — — — —‘R.celver bçtd Signal L.vel > -163 dBw but not to exceed -130 dBw. -
For a~~~~f(~I’~~ distribution ofposttlon and velocity uncertainty, the specified 3/8
Increase. by 4 dl,
Vor a Gaussian ~ strt~~tcs. 11•*stJ~~~~an .ra,1tIrn.refer.fJoebavth1*A7/P 5x10 (i-1sec) and aflagU~
rat. a 1 x 10 1”psr month, TTPT for Soti X, and Y h11 ~~t exceed 120 sec sad

c riipsitivily.
•~* 1is~~ ~~ii’asl itsa~~rd accurate to 1 ~s In OPS time or a four (4) satellIte fix

Wth. sst ltsilf.
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• - first single point navigational fix Is specified to be less than 16 meters
for the X.. and Y-receivers and less than 100 meters for the Z-r.ceiver .

2.3.2. 2 SIGNAL REACQUISITION

The requirements for signal reacquisition upon loss of signal

are given in Table V.a. The Y- and Z-rece ivers pe rfo rm routine signal
tracking terminations since processing is done sequentia lly. The condi-

tions for sequential recove ry of synchroniz ation are given in Table V. b.•

2.3. 2. 3 JAMMING IMMU NITY

The receivers are required to perform the functions listed
In Table VI unde r the indicated Jamming signal to-navigation signal
received power (J/S ) conditions. All J/S conditions are ba sed on non-

coherent CW interference .

2, 3.2.4 PSEUDO RANGE AND PSEUDO RANGE RATE MEASUREMENT

The receivers are required to us asi~re pseudo range and
pseudo range rate to a accuracy ‘*bich meets or exceeds the values

• specifie d in Table VII. Pseudo range is the distance equivalent of the

time of propa gation of the navigation signal from the satellite to the
receive r and , hence , Is not equivalent to the geometrical range . Pseudo

rang e rate is a measure of the change of pseudo range over a specifie d I ~integration interval.

2.3.2.5 IONOSPHERIC DELAY ERROR

The X- and Y -receivers i re capable of using dual frequency
measurements to determin lonosr t~er ic delay. The require d n*asurems nt
accuracy is better than 5 meters (lv )  under the nominal navigation
signal levels and the IT /S condition specified in Table VI. All receivers
have the capability of compensating for ionospheric propagation signal

P delay by using modelling techn iques and satellite data . The l~ values of

) .
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‘I TABLE V

REACQUISITION CONDITIONS

• ( FROM REFERENCE 1 )

a) ABNOR MA L SIGNA L LOSS
Set x 

•

Signal P C/A P C/A C/A

Loss Period (sic) 10 10 10 10 10

Reacquisition time (sec) 10 10 10 10 10

Probability of reacquisIt ion .95 • 95 .95 .95 .95

Position uncertall*y* (m) (1 a )  305 305 305 305 305

Velocity uncertaInty~ (rn/sic) ( 1V )  15 15 15 15 15

Acceleration uncertalnty (rn/see2) 3 3 3 3 3
1a

Jerk uncertalntles (rn/sic3) (l a ) 10 1.0 1.0 1.0 10

J/~ condition (dl)’5 • 40 30 30 30 30

• - 

~~~~ a Gaussian distribution
•0ReoeIv.r Input Signal Level ~ - 163 dlw but net to exceed -130 dBw.

b) NOR MALSIGNA L LOSS

1st 
_ _ _ _  ______ Z

I~M1 P C/A C/A
— -_ —

• Probabllliv ol lvach— 90 • 00 90
!ent.ntIss *sssverv ~ l

J/*ooii1t1ns (dlI~ 40 30 *0

VebI.le Velocity (rn/sic) 0-600 0-600 0-600

VebI~iI. Acceleration (rn/sic1) 0-10 0-10 010

Jerk (m/sec3) 100 J On 50

•Recelver Input Signal Level > -113 dBw but not to exceed -130 dEw.
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TABLE VII

PSEUDO RANG E AND PSEUDO RANGE-RATE ME ASUREM EN T ACCURACY

( FROM REFERENCE 1 )

P C/A P c/A C/A
error (Is- level) Signal Signal Signal Signal Signal

Raige (meters) 1.5 15 1.5 15 15

Bug. Rate (meters) • 006 • 006 • 006 • • 006 • 008

‘Integration time ~ 0.1 sec.

. _ /~~~~~ _ 

~ i
• •

0
•

- .
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ranging errors resulting from the modelling techniqu es shall be no greate r
than 6 meters for Sets X and Y , and 15 meters for Set Z.

2. 3. 2. 6 RANGING AND RANGE RATE ERROR

The total 3a range measur ement errors including dual freque ncy
ionospheri c correction , tropospheric correcti on , and multipath errors are
specified to be less than 16 meters for either Sets X or Y. The error in
range measureme nt due to biases between receiver channels , receiver

channel delay calibration , and systematic receive r channel delay va riation
is specified to be less than 1 meter . The total 3c range measurement
error for Set Z shall be less than 100 meters.

Range rate is a measure of the change in range ove r a define d
interval of time, T, in which the interval T immediately precede s the
demand for the measurement . The total la range rate measurement
errors are requi red to be les, than 0. 006 mete r for T~0. 1 second.

• These requ irement s apply unde r nominal signal levels, IT/S con-
ditions upecif led in Table VI , and the dynamics in Table III.

2. 3. 2. 7 EQUIPMENT STAB ILIZATI ON PERIOD

The Equipment Stabi lisation Period (ESP) is the time from equip-
ment turn-on until the lc pseudo range and pseudo range rate measurement

- •  •• accuracie s given in Tabl e VII ar e achieved. The requirement s on ESP as
a function of ambient temperature for the receivers is shown In Figure 4.
Tb. “poor ” and “good” IT/S conditions refe r to the levels given in Table IV.

2. 3. 3 PHASE I USER EQUIPMENT PHYSICAL CHARAC TERISTICS

The design goals for the Phase I user equipments Sets X, Y. and
Z are given i~ - Table VIII. All sets are designed to operat. on 115 VAC,
400 H., three phase , as well as +28 VDC , Catego ry C. Sets X and Y are
required to have backup power to maintain set operation for not 1.5. than

7 seconds in the event of prime power interrupt. In addition , batte ry
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I
power is required in the Set X or Y rocei’v ~r to preserve the data require d
for direct acquisition for not less than 30 iinutes in the event of prtrñe

power inte r rupt. -
.

2.3. 4 PHASE I USER EQUIPMENT SOFTWARE FUNCTIONS •

The software of the Sets X, Y, and Z will be designe d to pe rform

the following functions :

(1) Executive control

(2) Software initialization •

- 

(3) GPS satellite selection

(4) AuxIliary sensor monitor and control (X and Y only)

(5) Receive r measureme nt processing

(6) Navigati on
(7) Control/display
(8) Self-test

The navigation function (item 6 above) refers to the processing of measure-

meat data to optimally estimate user position, velocity, and system time.
In addition , application software will also be provided to allow waypoi nt
navigation. - Up to eight waypo int coordinates are allowed. By inputtIng
the desired track to the selected waypoint , the following Items can be
computed and displayed:

(1) Pr esent position in latitude and longitude
• (2) Position of selected waypoint in latitude and longitude

(3) Bearing to selected waypoint with reference to true North

(4) Distance to selected waypoint and time-to-go to cnrr.nt

waypoint
(5) Ground Speed
(6) Ground track with respect to tru North
(7) Cross track erro r
(8) Time -of-day
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By inputt ing magnetic heading, magnetic variation, and true air speed,
the applications software will comp~áá the following:

(1) Bearing to selected waypoint relative to magnetic North
(2) Drift angle 

-

(3) Ground track relati ve to magnetic North
(4) Wind speed and wind direction
(5) North and East velocity

By inputting the desired altitude for each waypoint and vertical
approach angle for current waypoint, the applic&tions software will corn-
put. the following: 

-

(1) Present alti tude
(2) Vertical velocity
(3) Vertical error

In addition , the application software will determine the mrnber of
satellites being tracke d and the 3c uncertainty in navigatio n performance
to provide information on data quality to the user.

L - -
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3. - GPS S~ONAL STRUCTURE

3.1 RT CHARAC TERISTIC~

The GPS satellite s tran emit navigation signals on two L.~btnd
carriers. The primary navigatiun signals are transmitted on carrier

which is at 1575.42 MH z. The second carrier , L2, is at 1227. 6 MHz.
The carrier is bi-phas e shift key (BPSK) modulated by two pseudo

random sequences; a precision (P) navigation signal , and a clear /acqui-

sition (C/A) navigation signal. The P and C/A carrier component s are
in phase quadrature. The L2 carrier is BPSK modulated by the sarn c P or C/A

signal which is used to modulate L 1. Note that L2 doe s not contain the P and CIA
sigiali lilnultaneously. The transmission of the P or C/A navigation signal
is: sel.ctab le by ground command. The primary use of the I.~ signal is to obtain
a correction for ionospheric propagation delay by dual frequency measurements .
Ir~ addition, the L2 signal provides a backup signal in th r event of • ta ilurea

The minimum received signal levels on the ea rth ’s surface when

the, satellite is above an elevation of 5 degrees are given in Table IX. The

received levels are specified relative to the output of a 3dB linearly p0-
larized receiving antenna. The transmitted signals are Right -Hand
Circularly Polarized (RHCP) so, in effect. the levels specified in Tab le DC
are relative to a 0 dB gain RHCP receiving antenna. The C/A navigation
signal on L1 may be operate d in a high power mode by taking advantage
of the excess solar array power during the first 2 years to provide and
extra 2dB in the L1 CIA si5flhl .

The P navigatIon signal is the modulo 2 sum of the P code and
system data. The C/A navigation signal I. the module 2 sum of the
C/A code and the same system data. The primary military use of the

• C/A signal is to aid in the acquisition of the P signal. The P code, C/A
code , and system data ~re described in the following sections.

• 
. -_____
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TABLE IX

MINIMUM RECEIVE D SIGNAL LEVELS

_ _ _ _ _ _ _ _ _  

- 
• 

-

CARR ~~ R CODE

C/A 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- l60dBW Normal Mode
L - 163 dBW

1 - 158 dBW High Power
________ Mode _ _ _ _ _ _ _ _ _ _ _

• L2 - I66 dBW - 166 dBW

Note : All levels relative to ou~~ at of 3dB lInearly po~~rIz.d
antenna .



- - •— —~--— - - • - -  ______

• -27.

3.2 PCODE

V 
• The P code 1; a pseudo noise (PN) sequence with a chipping

rate of 10. 23 MBp.. ~he P code ii generated by the modulo 2 sum of

two PN codes X1(t) and X2(t+n1T), where T equals the period of one
P-code chip. The composite code X1(t) ~ X2(t+n~T) is selected to have
a period of approximately 267 days to accommodate 32 different initiaL
code phases, each displaced by a minimum of seven days. Each satellite

delays the X2 code by a unique amount (n chips) to give each of 32

satellites a unique seven day portion of the 267 day code. At the end of

each seven day week the code generators are reset to their initial state.

The Xl code is itself generated by the modulo 2 sum of the out-
put of two 12-stage registers, X1A m d  X1B, which have been short cycled to

4092 and 4093 chips , respecti vely. Whe n 3750 X1A short cycles have - 

-

been counted, both the X1A and X1B gene rators are reset and the Xl
epoch is gene rated. The Xl epoch occurs each 1. 5 seconds, after

15, 345, 000 chip s of the Xl patte rn.

The X2 code Is similarly generate d by the modulo 2 sum of the

output of two 12-stage registers, XZA and XZB , which have been short
cycled to 4092 and 4093 chips, respectively. When 3750 X2A short

cycles have been counted, both X2A and XZB are held in their final

state for 37 more of the 10. 23 MHz clock pulses before beginning again.

- - 
The resulting period of X2 is 15, 345, 037 chips. The long composite

code is obtained by the modulo 2 sum of the Xl and X2 codes which have
nearly equal periods. -

3.3 C/A CODE -

The C/A codes are Gold code s of length 1023 bit s at a chipping

rate of 1.023 Mbps. As a result the C/A codes are 1 mIllisecond in length.
The epochs of the Gold codes are synchronized with the Xl epoch
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of the P code. -Each sate llite is assigned a unique C/A code to provide
code division n~&ultip1sx accessing of the satellites.

- The C/A code itself is the modufo 2 sum of two 1023 bit linear
sequences G1 and G21 gener ated by 10-sta ge shift registers. The
generation of the C/A codes is Illustrate d in Tiger. 5. The unique C/A
code s are selected by the modulo 2 addition of the contents of a pair
of stages of the G2 shift register to form G21 which is then module 2 adde d
to Gi.

Gold codes are used to minimise the cross-correlation between 
- 

-

codes from diffe rent satellites and, henc e, provide good discrimination
between sate llites. Th. un-normalized correlation properties of codes in
a Gold code family can be shown to be the following:

for n odd

• C (i.)=ij 
_ i _ z ~

L for ?~~0

- 

C1~(r) for 1’,.Ø

for n even and not divisible b~ 4- -

• — l -

• C (i)-. _ 1+ 2 f42
- ij

~1. 2—,.. 
-

L for ~.Q 
• 

--

C~ (1~~for 700
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where
n = number of stage s
L -Z~ -l = code length

= cross correlation between codes I and 3
Ri(r) = autocorrelation of code i

Hence, the auto correlation function of Gold codes is four-valued , whereas
the auto correlation function of a maximal length sequence is two-valued
(L and -1). The following example Illustrates the advantage of using Gold
codes over maximal length sequences for this application. For a 13 stage
generator , there are pair s of maximal sequences with cross correlation
peaks as high as 703 (un-normalized). The use of 13-stage Gold codes re-
sults in a maximum cross correlation value of 129 (un-normalized).

3.4 SYSTEM DATA

The transmitted system data provides to the user satellite ephe-

— 
merides, satellite clock data, ionospheric correction data, system status
message. and C/A to P signal handover information. The data is common 

V

to both the P and C/A signals on both L1 and L2. The data is differentli.lly
encoded, non-return to zero, at a 50 bps rate . The data fra me is currently
1500 bits long . Each fra me is made up of 5 subframe s, each subframe
being 300 bits long. Each subframe contains 10 words , each 30 bits long.
The current data fram e structure is shown in Figure 6. 

•

The telemetry word (TLM) is 30 bits long, occurs every six seconds
in the data f rame, and is the fir st word in each subframe . The TLM word
indicates the status of the data uploading operation while it is in progress.

a 
The handover word (HOW ) is also 30 bits long and is the second word In
each subframe immediat ely following the TLM word. The HOW contains
the “Z- count ” which is related to the numbe r of Xl code epochs that have
occurred since the end of the previous week . This information is a e d
to aid in the acquisit ion of the P code .

I
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Data Block I provides corrections to the satellite clock such
as clock offset and drift errors. This data includes relativistic effects.

This data block also contains data for ionospheric delay correction.

Data Block II contains satellite ephemeris data which define the satellite

orbit for a certain interval of time (nominally one hour). Data Block LU
contains almanac data for the othe r GPS satellites. This data is a subset of
the parame ters in Data Blocks I and U (e. g., clock errors, ephemerides)
with reduced precision. The almanac data also includes information about
the health and status of the other OPS satellites. The Message Block which

is part of subfranie 4 will be used to transmit special messages to GPS

users. The cur rent Message Block provides space for 23 8-bIt ANSCII

characters.

a
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4. GPS NAVIGATION TECHNIQUE

To determine position and velocity, a user cross-correla te s
pseudorand om codes which are locally generated in the receive r with
the code-division multiplexed navi gation signal s tr ansmitted from the
satellites. The relative phase or equivalent time displacement between
the local code and the incom ing signals is measured allowing dete xmlnation
of the relative range. In general , the user is not synchronized to uystem
time, so that the range measurements obtained are not equ ivalent to the
geometrical ranges to the satellites. In addition the range measu rements
are corrupted by satellite clock errors , propagation effects , and er rors

in the measurement process. As a result the measurements are te rmed
paeudoranges . Each receive r pseudorange measu ren-ent can be expressed
as:

- 

5n ~~~~ + c(b -b ) + A L  + o~

where 4
= pseudorange measurement to n th satellite

-~IRI geome tric range to n th satellite

c speed of light
user clock error

= clock error of n th satellite

= propagation link errors j
= receiver measurement error j

The system data which is transmitted on the navigation signals will prov ide

estimates of satellite clock errors and ionosphe ric effects. For receiver

configuration s with a dual frequency cap ability , the ionospheric dela y may
be measured. Propa gat ion effects which are not frequency dependent may

_ _ _  _______ a ~~~~~~~- - ~~~



—34..

be modelled to provide estimates of their effects. Using the satellite
data and modelling the pseudorange measurements may be corrected
by on boa rd processing. The resulting corrected pseudoranges , P,~.
may be exp ressed as:

= + cb~ +

whe re

p = çseudorange corrected by estimated error effects ;.

= erro r due to incom plete modelling or measurement errors .

If it is assumed that the measurements and modelling techniques are
sufficiently acc u rate , then

= 

~~~~~~ 
cb

L n u

The user  clock e r ror , b~ , is unknown and will be determ ined in the solution
of the final equations along with use r position.

• The geometry between the usc r and the satellites may be written as:

fl

whe re

vecto r from n th satellite to the user
= u ser position vector from cente r of ea rth

• 
= satellite position vector from cente r of earth

a - -
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The geometlical range from user to the satellite is, therefore

= I~~- ~~l 
-

The data transmitted on the navigation signals wiU provide satellite orbital

data sufficient to determine the satellite position vector 
~~~~~

• Using the

above expression and the corrected pseudorange the system to be solved is

- = p -cb 
- -

-

-~ -‘Expressing P and E in component from
- 

x ij~~~ Xn

Y ~~~~~~~ = Y
- n n

z zn

the above expression becomes
- 

2 2 2 2 
-

( X - X ) + ( Y - Y )  + ( Z - Z ) =

There are fou r unknowns (X, Y, ~~~, b~) so that a minimum of fou r satellite
pseudorange measurements are required. It should be noted that the satel-
lite position vectors are functions of system time (and, hence, a function - Iof b )  so that, in general an iterative scheme is used to solve for user
position (X , Y , Z), and user clock error which provides system tIme. 3

The formulation for velocity detsrmination is similar to the
position determination formulation. The user measures navigation signal
doppler to obtain pseudorang e rate and determines sate llite velocities
from ephemeris data. The equations In terms of the corrected pseudorange
rate P to be solved aren

~~~~~ “ P  - c 1  n = l , 4n n u 4

- 

-

~ 
where = user velocity vector. j
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5. UPS USER EQUIPMEN’r OPERATION

— The general function of the UPS user equipment is to receive
and process UPS navigation signals and provide three dimensional position
and velocity and system time to the user. Specifically, the UPS user equip-
ment performs the following functions (Refe rence I):

• a) Detect and acquire the navigation signals generated
by the UPS transmitters.

b) Track the acquired signals.

c) Discriminate against rnultipath signals.

d) Provide immunity against j amming and spoofing - 

-
.

e) Perform cor rec tions for ionospheric signal delay,

either by mathematical modeling or through RF
signal measurement techniques .

- f) Extract the data contained in the received navigation

signals.
g) Accomplish the pseudo-range and pseudo-range-rate

measurements as required.

h) Compute and output the user’s three-dimensional posi-
tion and velocity and system time in the required format.

i) For User Equipme nt Sets X and Y augmented with Auv41lary

Sensor- Sets, accept position, velocity, attitude and /or
timing data from external sensors or sources for the pur-
pose of providing refinement to the navigational solution!

or to increase jamming and spoofing immunity.

The above functions may be grouped into the two operating
modes of the UPS user equipment: acqu isition and trackin g. The function
of the acquisi tion m ode is to perform item a). The tracl ing mode includes
Ite ms b), c) 1), g), and h). He re the tracking mode i. t iken to mean all

—
-

signal tracking, measurements, and computatloni required to obtain
navigational data. Items c), d), and i) have certa in implicat ions on

equipment design and implementation and apply to both the acquisit ion and
• tr acking mode a.
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This section wIll describe the acquisition and tracking modes
of the UPS user equipment. The discussion will be based on a generic

UPS receiver, and not on a specific receiver design. The purpose of the
discussion is to indicate design concepts rather than design details.
The UPS user equipment sets that are being developed are designed to

evaluate system performance and costs for various classes of users.

The specific requirements of any UPS equipment used in the AEROSAT
Test and Evaluation Program may or may not conform to one of these

designs. In general, UPS equipment used in the AEROSAT program may be

of the following types: 1) “as-designed” GPS user equipment; 2) partially

re-designed UPS equipment which is modified for the AEROSAT applica-

tion; or , 3) totally re-designed UPS equipment to ful fill &EROSAT unique

requirements. Once the application of UPS to the AEROSAT program is

defined and the required performance is established, the appropriate type

(as-design, re-designed, etc.) of UPS equipment may be selected and

implemented.

To illustrate the hardware requirements of a typical GPS user

equipment set,- the major components are listed and briefly described in

this section. The design and component characteristics are representa-

tive of a UPS X- or Y-set being developed by Magnavox. As will be shown,
many of the receiver functi ons are implemented as software. The degree

• of software implementation for other receiver design (e. g. the Z -class
receiver) may vary depending on receive r per forrra. nce and cost requirements.

5.1 AQULSITION

The UPS system enables the system users to navigate in near
real time by calculation of position and velocity based upon pseudor ange
and pseudorange-rate Measurements from each of four sate llites in view.
A user entering the system must first determine which satellites are
visible in order to start the UPS signal acquisitio n process. However , j
depending on use r location and time , as many as eleven satellites may
be visible for the Phas e 111 configuration. The number of combinations



-38-

of 11 satellites taken four at a time is 330. Each combination will result
in varying navigation accuracie s due to the differing geometries. Hence,

L - before the signal acquisition process is initiated the UPS receiver must

first determine which set of four sate llites (codes) will be used in the
correlation process. This section will briefly discuss procedures for

satellite selection. This discussion will illustrate one of the additional
processing duties of -the UPS data processor which Is in addition to the
normal navigational computations. Afte r the set of four satellites is
selected, the signal acquisition procedure may begin. This section will

describe the signal acquisition process including a functional description
of the code and carrier synchroni~atlon methods to initiate code and carrier
tracking. Once the loops a~~ tracking, pseudo range and pseudo range-rate may
be m~ sured and satellite data can be demodulated to determine the user
state vector and provide navigation data. - 

-

5.1.1 SATELLITE SELECTION PROCEDURES

The user ’s ability to navigate depends not only on the availability
- of four satellites but also on the relative positions between the user and the

satellites. Errors in pseudoranging are magnified and the navigation pre-
cision is diluted as a function of the user-satellite geometry. This dilution
of range measurement precisio n is generally expressed by the performance
index UDOP (Geometric Dilution of Precision). GDOP is the ratio of the
position error statistics to the pseudoranging error standard deviation
under the stipulation that all satellite rangi ng measurement er rors are
expressed as uncorrelated errors with equal standard deviations .

After determining the population of visible satellites based on a

rough estimate of user position and time , the ~PS receiver may determine
the set of four sate llite s which minimizes GDC P. The computational process
Involve s the evaluation of the covarlance matr 1~ of the user position and
time bias errors for each combination of N visible satellites take n four at
a time; i.e.

,
•.1
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• As many as 11 satellites may be visible to a user which results in 330
different combinations. The determination of the optimum set of four

• sate llites out of ‘the possible 330 combinations can result in a lengthy
computation process.

An alterna te algorithm for satellite selection is based on the fact
that there is an extremely high correlation between thà volume of a tetra-
hedron formed by the four user-to-satellite unit vectors and UDOP. The
minimum GDOP (corre sponding to the maximum tetrahedron volume) may
be established by selecting the highest satellite in the sky and the three
visible satellites which maximize the volume of the tetradedron. The
GDOP may be computed only for this optimum combination and displayed to
the user as an indication of position determination accuracy. Implementa-
tion of this algorithm is described below.

The UPS user is required to have crude ephemerides of all satel-
lites in the UPS system and an estimate of his position and time. With this
data the user may calculate his estimated position vector and the position
and velocity vector s of all UPS satellites The user /satellite geometry is
illustrated in Figure 7. The user then calculate s the unit vectors along
the user-to -satellite lines of sight , satellite elevations, and elevation rates .
Now the user can identify th. candidate population of satellites which are
above a given elevation angl. and remain above this criterion for some spe-
cified length of thus. If the criterion is a minimum elevation angle of five
degrees , and c repre sents satellite elevation and ~t represents the length
of tim. over which the criterion must be satisfied, then the condition for
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—___________

a satellite to be a candidate may be stated as

~~+ aA t ~~~ 5 deg.
• The next step Is to Identify the highest satellite in the sky and all comAdna-

tions of four satellites using the highest satellite and the remaining popula-
tion taken three at a time. Then for each combination the volume and
volume rate of change of the tetrahedron formed by the fou r unit vectors
to each satellite may be dete rmined. The mean geometric volume of all

3 combination may be calculated based on the present time and some future

• time of Inte rest. After checking all combinations to eliminate those corn-
binations which have zero volume transitions during the time inte rval of
inte rest , the combination which produce maximum mean volume may be
selected. This coxnlnation will result in the best navigation performance
over the time Inte rval. After identifying the optimum set of four satellites
the appropriate C/A signal code s may be selected to begin the signal acqui- 

-

sition process. This satellite selection process is sum marized in Figure 8.

I
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5.1.2 SIGNAL ACQUISITION -
The general form of the signal receiv ed by a GPS receiver may

be expressed as

S(t)=~~ S1(t )~~~~~J T ij  d~(t) c~(t)cos(~ 1t+,~)

The composite signal consists of the signal to be acquired, denoted by
the -Index “0”, and a collection of N similarly constructed but
undersired signals. In the above equation the variables are defined as
follows:

average received power of S. t 1

d (t) system data modulo 2 added to c U)
i 1

PN code sequence

carrie r frequency

-~ Carrie r phase

The dlscussion here w ill be limited to the normal acquisition mode where
c At) is a Gold code sequence.

The signal detection process involves the correlation of a locally
gene rated replica of the code to be acquired with the rei eivvd signal. In

general , the local code will not be in synch ronism with the incoming code ,
so that the amplitude of the correlated signal depends on the prope rties of
the qua ntity

( c1
( t )  C . ( t + T p  )

The ;orrelatlon prope rties of Gold codes are given in~~ectlon 3.3 of this
report. For the UPS C/A code the normalized correlatLon prope rties are

1’- 
~tO. 06 

• 

(or 1’ / 0

C13
(r ) < .0. 06 

- 

- 

~~~•
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where 1’ is the code phase offset between local and incoming code s and
the auto - and cross-correlation functions are defined as in Section 3.3.
As a result , the first step in the signal acquisition process is to achieve
code synchronization. This process must take place before ioop tracking

and data demodulation can be initiated.

Since the UPS recei ver moves relative to the transmitte r (satel-
• lite), the carrie r frequency is subject to Doppler shifts , while both code

epoch time and carrie r phase depend on the distance between the receive r
and the transmitter. In general, the receiver knows neither the exact
velocity or distance relative to the transmitter. Hence, the re ceiver

does not know carrier frequency, code epoch time, or carrier phase.

However , the receive r can place some bounds on its position and velocity
• so that it knows that the carrie r frequency is In some range fl~ and the

code epoch is in some range ; . Thus, the initial synchronism problem
is one of searching for the signal in a rect angula r (frequency vs. time ) grid
of total area Of 7 .

Because of the frequency uncertainty of the received carrier as
well as the lack of knowledge of its phase, a non-coherent detection search
throughout a bounded time uncertainty region is used. This detection
scheme is based on the assumption that nar rowly bounded frequency uncer-
tainities allow a search in time only. Successive incre mental step retar da-
tions of the locally generated refe rence PN code will ultimately result In a
uccessM code correlation and the re fore code synchroni sation. A block

diagram of the synchronization search scheme is shown in Figure -9. - 
-

Two detection techniques may be used to determine signal presence.
- - 

The first met iod is a fixed interval integ~ation technique. This technique

is based On specifying an inte rval , t5, over which the waveform conta”4ng

a possible signal is integrated and threshold sampled. The threshold value
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is based on the probability of false sync . This scheme Is Illustrated in

Figure b a .  Note that this method uses a fixed time to decision for eithe r

a valid or invalid signal. An alternate method is a sequential detection

scheme Illustrated in Figure lOb . This method is based on a time linear

Inc rease of th reshold up to a trunc ation time t .  If the detector falls below 4

threshold before time t Is reached, the signal ii invalidated and the coder

is stepped to search the next time slot. The selection of t is based on the

-desired value for a low probability of false sync. It is important to note

that the determination of a signal being invalid is made generally after much

lower times than those in the fixed interval integration detector. This lowers

the overall acquisition time for the detector since invalid time slots are

stepped through at a much faster rate. The signal is validated when sync is

achieve d at one of the several samp ling points In the vicinity of the corre- •
lation peak.

Once successful code correl ation is esta blishe d a frequency dis-

criminator process provides the initial conditions for the velocity terms In

the tracking loops. With reduced frequency bounds it now becomes possible

to narrow the bandpass filter preceding the discrim inato r to increase the

effective signal-to -noise at the input to the discriminator. Following velocity

initialization, the loops are closed and an automatic frequenc y control (AFC )

circuit advances the velocity term in the tracking loops . This action causes

further frequenc y erro r reductions until the error falls within the track ing

loop bandwidth. At this point phase lock is achieved and the AFC function

is inhibited since a valid frequency erro r now exists In the tracking loops.

TRACKING

The operation of a get eric UPS receiver In the signal tracking mode - I I
is shown conceptu ally in FIgure 11. There are two major types of tracking
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loops employed. A Costas loop Is employed to track the suppressed

carrier signal to obtain sateltite/user relative velocity information. In
addition, the Costas loop pro ride s a cohe rent frequency reference for the 

-

code trscking ‘toop and data ds modulation. The code tracking loop ii im-
plemented as a delay locked ioop. Thi code tracking loop keeps the locally
generated re fe rence code in pha le or bit synchronism with the received code.
Thf basic operation of these two types of tracking loops will be brie fly
discussed to indicate the function and Interdependence of the ioops. The -
de scri ption of the loop will be based on an idealistic , simplified analysis

of Costas and delay locked loop operation. - 
•

Consider a signal input to the Costas loop of the form (see Figure 11), -

S1(t) = Ad(t) c (t) cos (wt+4) -

- - • = Ad(t) c(t) cos e tu
where

A = signal amplitude
d(t) data sequence of (+1, -1)
c (t) code sequence of (+1, -1)

= carrier frequency
+ = carrie r phase

w t  ~~
This signal is correlated with a locally generated replica of the incoming data
code. For the purposes here , it is assuaned that this “prompt” code is

in sync with the incoming code so that

S2(t) = S1(t) c(t)

= Ad(t) coseu)

Hence the code has been strippe d off the signal. The signal is split and , In
the upp er arm of the ioop, is multiplied by cos S It) , where ö ( t I  is the
estimated signal phase.. Hence -
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S3
(t) = 1/2 A d(t) cos 0(t) cos ê(t)

p 
~ 

= 1/4 A d(t) 1 cos (- 0 (t) - § (t)) 4 cos (0 Ct) 4 ~ (t ))]

The frequency of the term 0 (t) 4 ~ (t) is of the orde r 2 0, and if it is
assume d that this component is not passed by the low pass filter , the
resulting filte r output is

S4(t) = 1/4 A d( t) cos

where

o = 0 ( t ) -~~ (t) -

e

Sim ilarly, the lowe r arm of the loop is multiplied by sin ~ (t) so that-

5
3 Ct) = 1/2 A d(t) cos 9(t) sin § (t)

- = 1/4 A d(t) ( sin ( 9  t) + ê (t)) — sin (0 (t) — ~(t))J -
-

Again assuming that the double frequency te rm is not passed , the output

of th~ low pass filter is

f S’
4 (t) = - 1 /4 A d(t) sin 0e

The res~ilting Input to the loop filter is

- 

S5(t) = S4(t) . S~ (t)

= - 1 / 3 6 A
2 cos O~~

sin 9

-1/32 A2 
sin 2 9

p 

loT small er r ors
sin 20~ — 2e~

so that

S5(t) ( - 1 /16A 2
) 9  - •

4

—‘p
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Hence, the input to the ioop filte r is a signal proportional to the VCO error.
Controlling the VCO according to the error signal will cause the loop to track
the frequency of the incoming signal. Doppler shifts , which are indicative
of relative velocity between the satellite and user , may be measured
by monitoring the VCO. It can also be noted that for small errors

S4(t)~~~l/4 A d(t)

so that data demodulation has been performed in the tracking process. The
detailed analysis of the performance of Costas loops in the presence of
noise may be found in References 3 and 4.

The delay locked loop (DLL) tracks the code, c (t) , to provide a
synchronized reference code for correlation in the Costas. loop. In addition ,
by monitoring the voltage controlled clock (VCC) which controls the code
generator, the pseudorange between the user and satellite can be measured . 

-

• The DLL achieves code tracking by correlating the input signal with early
and late versions of the reference code. Referring to Figure 11, for the early

j  

channel

S6(t) = 1/2 S~ . c (t -
= 1/2 A d(t) c(t) c(f -~~) cos 0 (t)

where

= estimated system time -;

A =- tixne width of one code chip

• This signal is then multiplied by cos 8 (t) which I, derived by the Costa,
ioop. For the purposes here , it is assume d that cos 8 (t)  ~ cog 9 (t) so
that

S7(t) 1/2 A d(t) c(t) c(t - 
~) cog 2 

~ (t)

~ 1/4 A d(t) c(t) c(t — 2) [1 + cog 2 9 (t)]
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If it is assumed that the double frequency term is not passed, the output
of the low pass filte r is

S8(t) = 1/4 A d(t) c(t) c(l-

Since d(t) is just a (+1 , -1) sequence, the magnitude of S (t) depends on
the prop erties of c(t) c(l - ~). Representing I as

where

t 
e time estimate error

the quantity
c(t) c(t + e _ t )

corresponds to the autocorrelation function

- R ( e — t )
The autocorrelation function of an ideal PN sequence is shown in Figure lZa.
The autocorrelation function of the early channel, R ( - ~) , shown In

Figure 12b is a shifted version of the correlation function in Figure 12a. A

similar development leads to

S~ (t) = 1/4 A d(t) c(t) c(t +t)
where the correlation has been performed with a late version of the reference

code . The corresp onding autocorre lat ion function R (s  + ~ ) is also shown
in Figure 12b. The DLL discriminator cha racteristic is obtained by subtracting
the earl y and late channels. The result is shown in Figure 12c. This DLL
characte ristic produces a linear tracking region (- t, t) which provides an
error voltage proportional to the phase error between the local and Incoming
codes. This error signal Is Input to the loop filter which controls the VCC
to provide code synchronisation. The detailed analysis of the performance
of delay locked loops in the presence of noise may be found in References
5, 6, and 7.~~

ft
.4 1
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It should be stressed that the above description of receiver

operation is conceptual and the design shown in Figures L i  is onl y an

L aid to that discussion. A receive r block diagram whic h is more repre-
sentative of the implementated design of the X- and Y- sets is shown in - -

Figure 1 3. The carrier channel is roughly equivalent to the Costa s

loop and the code channel is roughly equivalent to the delay locked loop.

These two channels will be described briefly below.

The input to the carrie r channel is multi plied with a prom),t
version of the locally generated codt~. This process is a cc,mbined

correl ation and down conversion. Alter fu rther down conversion , the

signal is split and multiplied by in-phase anti quadrathre-phas ’ esti mates
of the sig nal f r t -~quency. These si gnal s arc then pr octssecl  through
integrate-and-dump (I ~ D) fi lt e r ,  which are  subsequentl y sampled ,
ana1og—tn ~ di~’i1a1 (AID ) conve rted anti input to the process c ont ro])t’ r tPC) .
The in-phase (I) and quadrature-phase (Q) samples are used by the
process c ont roller to dete rnt int ’ the error bel ween th e ]oi all y ge ~~ rated
f requency and the incoming f requen cy.  The gene raled er ro r signal is

used by the process cont roller to cont rol the carrie r rate mult i plier
IRM) and Inc rernenta] phetst ~ modulator ~1PM). Th’ carrie r RM/11’M

functions as the VCO in a conventiona] Costas loop. The funct ion of the

ca r r i e r  channel is to tra ck the suppressed tarri er signal t ransmitted

• by the satellites anti provide a t oherent frequency refe rent -c for the

code channel. In addition , the I and Q samples may be procv~ si•c1 to obtain system

dat a. 
j

The t od,’ channel implcrnc.nlaflon is simila r to the t a  rrii ’r

channel. The majo r difference is the processing of the I and Q samples

• obtained by the code channel . lhc’ ca r r i e r  channel provides In the c ode

channel an ear ’y version of the PN code which Is delayed by a programmable

- , • —
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-
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delay line which has a range of 0-8 bit In 1/2 bit increments. The
signal input to the code channel is alternately correlated with early and

• late versions of the locally generated code in a dithering scheme similar

to the method described in Reference 8. The code used for correlation
is early and late relative to the code which is used for correlation In the
carrier channel. The processing afte r this corr elation is similar to
the carrier channel. The I and 0 channels are processed to obtain the
phase error between the local code and the incoming code. The error signals
are used to control the code RM/IPM in the carrier channel. The code
RM/IPM functions as the VCC in a conventional delay locked loop.

The diagram shown In Figure 13 is representative at the Phase I
Y-set user equipment. The carrier and code channels operate in a

time shared manner with four GPS satellite signals. For the X-.et there
are four carrier channels which continuously track four GPS satellite
signals. The X-set uses a single code channel which is time shared
among the carrier channels to znaintain code synchronization.

It should be noted that the implementation of the tracking functions
of the X- and Y-set. as Costa. loop, and delay locked loops is accomplished
to a large degree in software. The carrier and code channels produce
I and Q samples which must be proc essed by the process controller to
obtain error signals, Doppler data , system data, and pseudo-range measurements
which are required for proper receiver control and operation. The degree of
hardware vs. software implementation of receiver functions Is a design
factor which is dependent on performance and cost requirements. The
receive r design Illustrated in Figure 13 is presente d to indicate one method -

of Implementation. The design of other types of GPS recóivers (e. 9., th
Z-clas. receiver , a FAA GPS receiver) may be significantly diffe rent
from this Im1.mentation.

5.3 X-SET AND Y -SET MAJOR COMPONENT CHARACTERISTICS

A function block diagram of the X-rec eivsr major components is

J shown in Figure 14 The Y-receiver is similar but will have osly one

L~_ L  - 
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~

• 
antenna/preamp assembly and a single carrie r channel. To illustrate the
hardware requireme nt s of these receive r types, the characteristics of
the major components will be described below. -

•

5.3.1 ANTENNA

Several different types of antennas are being developed for the
Phase I X- and Y-set user equipment . The X-set will have dual element
conformal antennas (annular shot and crossed slot) for airbo rne applica-
tions (except helicopters). The annular slot antenna provides low
angle coverage from 5 to 30 degrees elevation . This antenna wIll be
linearly polarized and have a main lobe gain of greater than 1.0dB with - 

-

respect to a Right Hand Circular Polarized (RHCP) source. The crossed

t slot antenna provides high angle coverage from 30 degr ee through Zenith .
This antenna will be RHCP and have a main lob, gain of 4.0 dB at Zenith and -a
minimum of 0 dB gain from 30 to 90 degrees with respect to a RHCP source.

The Y-set will use a bent torustile antenna for airborne applica-
tions and a volute antenna for helicopters and land mobile/sur fac. ship
applications. Both antenna s will be RHC P and have a minimum gain of 0 dB
from 5 to 90 degrees elevation relativ e to a RHCP source.

• All ant enna s describe d above will be designed to operate in both
and L2 frequency bands.

5. 3. 2 PRE AMPLIFIE R

The preamp lifier filters the receive d signal to provide for
L 1 IL 2 signal selection and out-of-band interference rejection and then - 

•~ 
-

amplifies the selected signal. The L1 and L2 bandwidth .ele ~tivity is from
±12 to ± 17-MH z relative to the center frequencies at the -3d~% points. The
preamp pro~id.s a nominal gain of 27 dB at the center fr.que~ cy and has a s
maxiunun noise figure of 3.5 dB. -.
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5.3.3 RF CONVERTER

- 
The RF converter accepts the RF input(s) from the preamplifier(s),

bandpass filters the signal(s), and downconverts the signals (both L1 and
L2 to a frequency of 184. 14 MHz. -

5.3.4 FREQUENCY SYNTHESIZER

The frequency synthesizer generates the required frequencies
for all receiver local oscillators and user timing. All frequencies are

derived from the reference oscillator Input at 5.115 MHz(~ ’). The syz~-
thesized frequencies are 2 F, 4F, 7F, 17F, Z1F, 34F~ 204F, 272F, and

2?4F. In addition, the frequency synthesizer can phase-lock the receiver
oscillator to an external oscillator source. 

-

5. 3. 5 REFERENCE OSCILLATOR

The reference oscillator is the frequency source from which all
receiver LO frequencies and timing are synthesized. The nominal output
frequency is 5. 115 MHz. The following are the fractional stability (~J.)
requirement s of the reference oscillator.

Total deviation over temperature 
9range (-ZO to +60 °C) < l x l O

Short term < 1 x 10 10
/ sec,

Aging rate < - l x l O 9 124 hr.

5. 3. 6 CARRIE R CHANNEL

The carrie r ch&nn.l gene rate s any one of the unique PN code
sequences for the P and C/A signals , The locally generated code replica
is cross-correlated with the Input signal. The results of this correlation
process are suj~plied to the process cont roller .

5. 3, 7 CODEtCHANNEL,

The code channel accepts earl y phase v•rsions of the locally
generated code replica and cross-correlate, early and late versions of
this code with the input signal. The results of this correlation process
are supplied to th. process controller. • 

- -

— - 
• -
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5. 3. 8 PROCESS CONTROLLER

The process controlle r perform. the following receiver control
and signal processing functions:

a) Initialization & Calibration
b) Sequential Search
c) Costas Loop Tracking

d) Code Tracking

e) RM , 1PM & PN Coder Management

f) Data Demodulation and E rror Detection

g) Selection of Discrete Loop Bandwidths
(Code and Carrier)

Ii) UT Clock Management

i) Automatic Gain Control

j) Measurements (Pseudorange/Delta Range/L1-L2
)

h) Monitor Functions (Signal Quality/AFI)

The process controller is a microprocessor that is being developed by

Magnavox for the X- and Y-sets to interface with the receive r channels
and the data processor. The process controller obtains I and Q samples

from the receiver channels and processes these samples to control the
operation of the receiver and measure pseudorange. The pseudorange

measurements are sent to the data processor which performs the naviga-

tional computations. The data processor provide , estimates of pseud orange
and pseudora nge rate to the process controller for loop aiding. A more
complete description of the Information flow between the receive channels ,
process controller, and data processor is sh .wn In Figure 15.

5. 3. 9 DATA PROCESSOR

- The data processor is a com mercIal unit manufactured by Hewlett
Packard (HP 2 1MX). A. shown In Figur. 15, the data pro cessor receive .

H
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I ps.udorange measurements fro m the process controlle r and performs
F the necessary calculation to obtain user position and velocity. The data

processor also c.ntalns the application. software to perform the functions

•6escrlbed In Section 2. 3.4. The data processor also performs executive
functions -such as initialization and monitoring receiver heath, and
provides position and velocity estimates for &iding of the carrier and

I code channels.

I
d

I 
- -
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• 6. USE OF GPS IN THE AER OSAT PROGRAM

This section will discuss the operational concepts. which may be

• employed In the use of GPS in the AEROSAT Test and Evaluation Program.
Three options will be presente d which embody these operational concepts
and represent varying degrees of integraticn of GPS user equipment and the
AEROSAT avionic s. These options are not exhaustive but represent a range
of approaches which may be taken to utilize the GPS ‘ resource ’ as part of
the A T

~~~~. 5AT Program. Experiments with CPS will allow the FAA to obtain
operat~~~al experience with GPS, and allow the collection of data which may

be used to assess the impact of GPS on an operational AEROSAT system.
This section will discuss some of the technical considerations including
pe rformance requirements and the impact on the AEROSAT avionics design.

6.1 OPERATIONAL CONCEPTS

Two operational concepts may be employed in the use of GPS in the
AEROSAT Program. The primary difference between these concept s is
where the signal processing is pe rformed.

In the first operational concept, the GPS signals are received and
processed by equipment located in the aircraft .  To p rovide surveillance,
the pilot could periodically repo rt his position to air traffi c control in a
manner simila r to current oceanic ope ration. An AER OSAT return voice

or data channel could be used for this position repo rting. Alte rnately, the

reporting of navigation data could be automated using one of two methods.
The navigation data coul d be requested by polling e a - h airc raft using a
forward AEROSAT channel with the navigation data necessa ry for surveillance
automatically transmitted to air tra fCic control via an AE R OSAT return
channel. For this method , the timing of surveillance reporting is controlled
by the ground. The alternate automatic reporting method is  to utilize the
system time which is obtained In the solution of thc navigational equations.

— _ _
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Since all aircraft in the system are synchronized with syitem time (within a

- certain accuracy), each aircraft could be assigned ni unique time slot in
which to transmit the surveillance data. The advantage of this method ii

that it ~nay eliminate the need for one forward channel which is dedicate d to
aircraft polling.

This ope rational concept is essentially an air-derived dependent

surveillance technique. This requires the aircraft to have the receiver

hardware and computer resources necessary to perform signal processing
and navigational computations. Depending on the implementation, it may be

possible to use a common RF front end and computer for both AEROSAT and

GPS operation. This would eliminate equipment duplication. An advantage

of this operational concept is that it also provides navigation data to the

• 
pilot. The navigation data could be used to drive a cockpit display or be

used In conjunction with other navigation equipment. For example, inertial

navigation systems (INS) drift and, as a result , have an accuracy on the

order of one nautical mile per hour. The GPS navigation data could be used

to provide periodic updates to the INS for drift correction. The INS could

provide position and velocity estimates to the GPS equipment to aid GPS

signal acquisition/re-acquisition operations.

In the second operational concept, the OPS signals are received by
the aircraft and transpo nded unprocessed via AEROSAT to the ASET and ASCC
for processing. This concept Is similar to the AEROSAT independent sur -
veillance technique where the received ranging signals aie transponded by
the avionics via AEROSAT to the ground for processing. The differences

I 
- between the normal AEROSAT : anging and OPS signal turnaround schemes

are Illustrated in Figure 16.

The AERO SAT ranging t. chnique requires two AEROSATS, two ASETS,
a minimum of three ETS , and communic ations between the various ground
stations. In addition , the aircraft is required to supp ly altitude data to the
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! f ASET to obtain a positional fix. Although good GDOP values (3-4) are
L obtained in the North Atlantic, very large ODOP values (~ 3O) are obtained

for areas close to the equator for the AEROSAT orbital geometry. The GPS
signal turnaround technique requires only a single AEROSAT and does not

require aircraft input of altitude data. Although still dependent on orbital

F geometry , the GPS Phase Ill orbital configuration produces GDOP less
than 4.5 , 99.9% of the time for all latitudes.

The received GPS signals could be transmitted to the .ASET for
- - processing when a polling signal is received by the aircraft. For this opera -

- tional concept, a GPS-type receive r would be located at the ASET . The

ASET would sequentially poll each airc raft , receive the transponded signals

for some length of time, and perform the necessary processing and compu-

-~ tation. The two critical parameters for this technique are the quality of the
signal received at the ASET and the length of time which a signal from an - 

-

I aircraft must be receive d to obtain a navigation fix. The latter parameter
- defines the rate at which aircraft can be polled and, hence, the surveillance

data update rate .

The second operational concept is essentially a ground-derived

independent surveillance technique. This concept requires less hardware
on-board the aircraft since the processing is done in the ASET for a number

- 
of aircraft. However, the potential accuracy of the GPS system is degraded
by transmissions through the svionics and AEROSAT prior to processing.

— In addition, a wideband AEROSAT channel is required to transpond the OPS

1 signais to the ASET.

6.2 RE PRESE? ‘TATIVE OPTIO?~
I 

This •.ctlo ~ presents thre. options wh~ cb cbaracte rise the two

operational concepi s previously described and illustrate degrees of OPS and
AEROSAT avionics implementation co~I~IY enality. The three Options are

- 

-
~ depicted in Figure 17 and are described below.
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6.2.1 USE OF “AS-DESIGNED” GPS USER EQUIPMENT

An obviou s way to use CI’S In the AEROSAT prog ram Is to simply

In stall an “as-designed ” GPS ~iser set in a test aircraft. This system would
operate independently of the AEROSAT avionics. The CI’S compute r would

F I nterface with the Data Management Subsystem ( DM5) and suppl y navigation

data to the DM5. To the DM5 the CI’S equipment would appear as an auxilary

sensor similar to an INS unit. The DMS woul d receive a polling request

from air traffic cont rol and supply the CI’S navigation data to the avionics 
-

- 

-

for transmission via AEROSAT to the ASET. As discussed previously,

since the GPS equipment provides system time, the G}’S navigation data

could be automatically transmitted to arrive at the AEROSAT in a specified

time slot which is assigned to the airc raft . This would reguire some rela -

tively simple software in the DMS to dete rmine the time of transmission

such that the signals arrive at the AER OSAT at the prope r time.

This option does not test new communications techn iques or hardwa re

j~j  but does test an ope rational concept . A potential application of this up-

tion in an ope rational AEROSA T system would be to use the CI’S system

satellites and receivers) to provide navigation data to the airc raft , and use the

AEROSAT system as a normal c ommunications link and to relay the naviga-
tion data to air t raf f ic  control to pruvidt~ the surveillance function. Using

AEROSAT as strictl y a communications saft ilite would simplify the satellite

design and may reduce the requ i red number of satel lites. An ope rational

AERO SAT system that provIdes a survei llance capability requi res a minimum
of two satellites for two dimensiona l surveil lan ce. If the su rveil lance func - -

tion Is t ,  be backed-up, a thi rd un -orbit spa re satellite Is requI re~ . If

AE R OS) T were stri ctly a communl- -at ion sate llite , only two Satellites would
be requt ed; one ope rational and ont backup. In addition , the use of GPS

for su rveillance reduces the number of ground stations ETSi required for

system ope ration.
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This option has the least impact on th~ AEROSAT te st avionics design

since only a computer to computer inte rface is required.. This option would

represent the most expedient way to obtain operational experience and test

data with CI’S. However, it probably represents the costliest approach of

the three options for an operational system. Since the AEROSAT and CI’S

j . avionics operate in parallel, duplication of equipment (RF front ends and

computers) occurs. The second option discussed below addresses the
development of a CI’S signal processor which uses a PS front end and computer

which is common with the AEROSAT equipment.

This option for use of CI’S in the AEROSAT program is similar to

the way in which GPS will be used in the MARISAT program. RCA Globecorn

will be procuring CI’S terminals for the MARAD. These terminals will be

placed on ships to provide a navigation capability. This data will then

be relayed via MARL$AT for surveillance.

6. 2. 2 DEVELOPMENT OF CI’S SIGNAL PROCESSOR

The second option for use of CI ’S in the AEROSAT program 10 to

develop a CI’S signal processor. The -GPS user equipment consists of a RF

front end (antennas, preamps, and downconver ters), a signal processing
section (carrier and cods tracking ioops, process controller) and a data

proce ssor. ConceptuaIl~ it Ii feasible to use the RF front end of the AEROSAT
avionics to receive and dow’nconvert the CII’S signal and to use a portion of

the avionics data management subsystem (DM5) as the data processor. This
configu ration would be functionally similar to the first option but would

eliminate the need for two RF front ends and data proce ssors.

A block diagram Of a typical confi guration Is shown in Figure 18.

For the moment it Is assumed that the antennas and othe r AEROSAT avio~ics
equipment are compatibl. with the CI’S signal. The CI’S signal processor
Interfaces with the AEROSAT wideband channel second IF (70 MN.). It is
&ssumed that the second IF local oscillator Is tuned such that the CI’S carrier

-

~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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frequency is translated to 70 MHz. The CI’S signal processor performs
the functions of carrier and code tra cking, data demodula tion, and pseudo
range measurement. The processed GPS signalá would be input to the

DMS for navigation computations. When an aircraft is polled using an AEROSAT

forward channel, the DM5 could provide the GPS navigation data to the

avionics data modem for transmission to the ASET via an AEROSAT return
channel to provide the surveillance function. As with Option 1, the sur-
veillance data could be transmitted automatically if the timing information
provi ded by GPS is utilized. 

-

The GFS signal processor shown in Figure 18 has a carrier channel,
a code channel, and a pr oces. controll er similar to the de sign of the X- and

Y-sets described previously. However, the implementatl~n and method

of signal processing may diffe r for the AEROSAT application depending on the . -

requirements for acquisition time-, accuracy, etc. The input IF frequency

to the carrier and code channels for the X- and Y-receivers is 184. 14 MHz

so that it may not be possible to use the processing sections of the GPS receivers
directly. The Z-class receiver is- just in the initial design stages and the
IF and processing design for this class of receiver Is unknown. Once the

performance- requi rements of the CI’S processor are defined and the designs

of the AEROSAT avionic s and the GPS sets that are unde r development are

• analysed, the optimum processing method and implementation technique may
be determined for the AEROSAT application.

• Compared with Option 1, this option represents a more cost effective
approach to a combined AEROSAT/GPS avionics package. This is due to

the elimination of functionally simila r pieces of equipment (RF front ends
and general purpose computers). However, this does place certain re-

strictions of the design of the avionics to ensure compatibility between CI’S
and the AEROSAT system. Section 6.3 wIll discuss some of the design

implication, of a combined CPS/AEROSAT avionics set.
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6.2. 3 CPS SIGNAL TURNAROUND

The third option for use of CI’S in the AEROSAT pr ogram is to
transpond the CI’S signal through the AEROSAT avionics and transmit
the unprocessed signal via the AEROSAT wideband channel to the ASET for pro-
cessing. This technique was illustrate d in Figure 16b. This configu ration
would be similar to the Trident tracking tests which will be conducted by the

Navy. For these tests, the CPS signal are receive d by a Trident and

transponded to a tracking ship for processing.

i I - To determine the feasibility of this option, link calculations were made

to determine the received C/N at the ASET. The results are shown in
• 0 - *

Table X for the AEROSAT reference avionics, the satellite characteristics
given in Refe rence 9, and the propagation margins specified in the Memorandum

• of Understanding. Thi~ resulting C/N of 16. 8 dB-Hz is not sufficient for -

CI’S receiver operation. The approxim ate threshol d for carrier tracking from
the CI’S receiver Costas Loop 1. 25 dB-Hz. The link quality is dominated
by the aircraft to AEROSAT return link. Most of the aircraft total EIR P is

noise with only 7. 6 dBW signal power.

Table XI gives the link calculations for a 6 dB Increase in the aircraft

avionics C/T and ETRP. The resulting C/N0 of 28. 8 dB-Hz Is marginal hut

should provide adequat4 quali ty for system operation. For example. Referenc e 7
gives the normalized delay locked loop t racking erro r for phase coherent ~- ~~

F correlation as

where 
-

a = standa rd devia tion of track ing erro r
A ~ range equiva lent of one chip

= 300 meters foç the C/A code
loop noise bandwidth -

— -
~~~~
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TABLE X

CI’S TURNAROUND LINK BUDGET

REFERENCE AVIONICS AND MARGINS

CI’S TO AIRCRAFT -

GPS Power at Earth Surface - 160 dBW (0dB antenna)
Aircraft C/T - 26 dB/° K
Received C /N0 42. 6 dB-Hz
Received C/N - - 27. 4 dB

AIRCRAFT TO AEROSA T -

Signal EIRP (Total EIRP = 23 dBW) - 4.4 CIBW
( C/N =~~ 27.4dB )

Path Loss - 189 dB

Propagation Margin - 5 dB
- Polarization Loss - 0.6 dB

Satellite C/T - 11.3

Received C/N 18. 3 d3-Hz0
Received C/N - 51.7dB

AEROSAT TO ASET

Signal EIRP ( Total £IRP = 16. 7 dBW) - 35 dBW •• ( C / N = -  51. 7 d B  )
- ( C/I = l4 dB )

Path Loss - 199 dB
Propagation Margin - - 2 dB
Polarization Loss - 0.3 dB
ASET C/T 30 dB/°K
Received C/N0 22. 3 dB-H z

TOTAL
C/N0 

- 
16. 8 dB-Hi
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I TABLE XI

- ;  CI’S TURNAROUND LINK BUDGET
- - :  6 DB INCREASE IN AIRCRAFT CIT AND EIRP

GPS TO AIRCRAFT

GPS Power at Earth Surface - 160 dBW (0dB antenna) -
Aircraft C/T - 20 dB/ °K
Received C/N0 48. 4 dB-Hz

• Received C/N - 21.4 dB

AIRCRAFT TO AEROSA T

Signal EIRP (Total EIRP = 29 dBW ) 7.6 dBW( C/N = - 2 14  dB)
Path Loss - 189dB

Propagation Margin • 5 dB
Polarization Loss - 0.6 dB
Satellite 0/7’ - 11. 3 dB/°K
Received C/N 30. 3 dB-Hz
Received C/N - 39. 7 dB

AEROSAT TO ASET

:: Signal EIRP (Total EIRP = 16. 7 dBW) - 23 dBW
( C/N = - 39. 7 dB )
( C/I = 14 dB )

Path Loss - 199 dB
Propagation Margin - - - 2 dB
Polarization Loss ,

- 

- 
- 0.3 dE

ASET CIT 30 dB/ °K
Received C/N0 34. 3 dB-Hg

- -
TOTAL

C/N0 - 

28. 8 dB-H~
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For a typical loop n~ise bandwidth of 1 Hz , the resulting tracking erro r

is 
-

for C/N0 
= 28. 8 dB-Hz . This tracking error should be viewed as only an

order of magnitude estimate of receiver tracking error for an ideal case.

The actual error depends on a detailed analysis to determine the effect of

signal distortion caused by the transponding of the received CI’S signals

through the avionics and AEROSAT.

A total link quality in the range of 25-30 dB-Hz is marginal
for receiver acquisition and track ing . Once AEROSAT avionics and
satellite designs are known in greater detail and surveillance accuracy

requirements are known , a more quantitative analysis of system feasibility

and perfo rmanc e can be made . If system performa nce is such that data

demodulation and decoding canno t reliably be performed from the signal
received at the ASET, a possibl e alternative is to obtain the satellite data

directly from the master control station via a land line . The system data

contained in the navigation signals consists of satellite ephemeris , clock

errors , and ionospheric data which is uploaded to the satellite . Since the

ASCC would perfo rm the navigation processing for all aircraft , the system

data could be obtained directly from the CI’S master control station to avoid

the necessity of demodulating this data from transponde d signals.

A critical system parameter for this option Is the time -to-fi r~t-fix
(TTFfl. The time -to-first-fix Is defined as the amount of time required

to produce a single -point navigation solution from start of the navigation

signal acqui sition mod.. In the normal operation of a CI’S receiver, the

receive r acquires the signals in the TTFF time and then tracks the signal s

making the navigation information available essentially continuously (a
function of update rate ). For the CPS signal turnaround option, the ASET
would poll an aircraft and process the receive d CI’S signal which has been
traneponded through AEROSAT. If no a priori information on aircraft
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position is avaIlable, the problem presented to the GPS receiver locate d in
the ASET Is a time-to-first-fix problem. As shown in Table IV, the TTFF
Is a function of receiver Implementation, interference levels, and vehicle

state uncertainties. The TTFF times range from approximately 100 to 300
seconds. A large portion of this time is due to the demodulation of the
system data which is transmitted at 50 bps. For the current data frame length
of 1500 bits, this results in 30 seconds per channel. Receivers which pro-
cess signals simultaneously require 30 seconds to obtain a full data frame,
whereas receivers which process signals sequentially require 120 seconds 

-

(4 x 30) to obtain complete data frames. As previously stated, system da ta
could be obtained directly from the CI’S m&ste r control station and the require- -

ment and time for data demodulation could be eliminated.

Most of the rest of the TTFF time i~ associated with signal acqui-
•ition requirements due to satellite and aircraft dynamics. A priori infor- 

-

inatlon of aircraft and satellite positions and velocities may be used to
speed up the signal acquisition pr ocess and, hence , reduce the time to obtain
an aircraft position fix. For example, based on the last aircr aft position
and velocity fix, the atate vector of the aircraft may be estimated at the
next surveillance interval and used as the initial conditions for the acquisi-
tion process. The resulting time to signal acquisition Is a function of previous
state vector dete rmination errors , aircraft dynamics between updates, and the
sophistication of the software employed to provide aircraft state vector
predic tions. -

If the time !to obtain a surve illa nce fix is on the orde r of a few seconds .

the GPS signal turnaround option would be operationally viable. However,
this option~r.quire’s an improved aircraft avionics design (e.g. , increased

C/T and EIRP), a wideba nd channel In AEROSAT, and does complicate ASET
and ASCC design.

- •
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6.3 IMPACT OF OPTIONS

- 

- This section discusses the impact of the options present~ d in

Section 6.2 for the use of GPS in-the AEROSAT Test and Evaluation Program.
* 

- The first option, using an “as-designed” CI’S receiver , requires only
minor hardware development for the AEROSAT T&E program. No modi fication
of the AEROSAT avionics is required since the two systems would operate
independently. The only interface requi red is between the GPS data processor
and the AEROSAT data management subsystem ( DMS). The DMS would
format and transmit the surveillance data via an AEROSAT return channel.

Options 2 and 3 require AEROSAT avionics modification. Both options
use the RF front end of the AEROSAT avionics and, hence, .the design of
the avionics must be sufficiently broadband to receive both GPS and AEROSAT

frequency bands. The frequency plans for AER OSAT, MARISAT, and GPS

are shown in Figure 19. As shown in the figure , the AEROSAT fo rward link

frequency band doe s not overlap the GPS L
1 frequency band. Since it is

common practice to design bandwidth limiting elements such as diplexers
and filters to receive only the transmitted band to avoid Interference, the

CI’S signals may be outside the normal receiption band of the avionics. The

alternative is to require the design of the AEROSAT avionics RF front end

to uiclude the CI’S signals. To receive the CI’S C/A signal on L1 the uppe r
limit of the AEROSAT forward link band would have to be extended by thout

S~~~4s.

A .cond area of avionics modification involves the polarization of - 
-

I~~~~~~~AT s.d 0P8 .ignals. The AEROSAT L-band forward link is currently left
et,c~~ar ~~~~~~~~ the GPS signals are right hand circular. Figure 20

a~~ j-.~~ s~pei .~ ImpI.m.nfation to receive both signals. The first
- —~-r -- reaMa s .1 broadband summing the AEROSAT and CPS

,__ ,  ~~
,• ~~~~~~~~~~ rss.lts In a 3 dE losi in both the AEROSAT and - 

—

r~~~ mØ.m.~~ation shows the capability to switch out the -

, 
--
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a) CONFIGURATION 1

AEROSAT
P ECEIVE/ GPS
TRANSMIT RECEIVE -

: 
_ _ _ _ _ _ _ _  

PREAMP

FROM TRANSMITTER

b) CONFIGURATION 2

AEROSAT AERCSAT/GPS
TRANSMIT RECEIVEy 

_ _/ \ RHC RF- 

/ 
~~ PREAMP [LHC

FROM TRANSMITTER

c) CONFIGURATION 3
AEROSAT

RECEIVE/ CI’S
TRANSMIT RECEIVE

MULTI-

.J ~~IPL EXER 1 - 

COUPLER 

[
~~~~~~~~~~~~ M~~~~~

’

_ _ _ _ _ _  FROM TRANS MI TTER

FIGURE 20. CONFIGURATIONS TO RECEIVE CROSS-POLARIZED 
- 

-

AEROSAT AND CI’S SIGNALS
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summer to avoid the 3 dB loss when CI’S reception is not required. The

second implementation assumes that the avionics is designed with an antenna

which can switch polariz ations. In this implementation, AEROSAT cannot

be receive d simult aneousl y with GPS signals. The third implementation

uses a multicoupler to combine the AEROSAT and (a’S signals. When CI’S

reception is not required the multicoupler is switched out and the AEROSAT

signals are input to the preamp. When CI’S reception is desired the multi-

coupler is switched in to filte r out the AEROSAT channels and combine them

with the GPS signals for input to the preamp. Depending on the frequency

separation between the wideband channel and the GPS signals, it may not

be possible to simultaneousl y receive the experimental channel and GPS

for this mode.

It should be noted that all three implementations to receive the cross-

polarized CI’S and AEROSAT signal s require two antennas. An alternative

approach is to change the AEROSAT links to a polarization sense which is

compatible with CI’S which would simplify the avionics design . This

- 

- would result in a link with the same polarization as MARISAT, howeve r ,

and potential interference between the MARISAT and AEROSAT systems

must be considered. It should be noted that only the AERO SAT-to -aircraft

link need be changed to right band circular for CPS compatibility. The

aircraft-to -AEROSAT link eould remain left hand circular pnlarized. to

provide protection to the AEROSAT satellite from the MARISAT ship terminals.

In addition , a right hand circular forward link and a left hand circular ~eturn
link should result in increas 3d isolation between received and transthit
portions of both the AER OSA T satellite and the avionics. If the pola rization

of the L-ba nd forward link c. nnot be changed for the Test and Evaluation
Program , such a change should be conside red for an ope rational system
if CI’S operation is required. The remainde r of this section assume s that
the RI ’ portions of the avion ics could be made to be compatible with CI’S by
one of the approache s given above . - 

-
I
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The impact of the CI’S signal pi ocessor (Option 2) on the avionics
design below the 70 MHz IF is dependeit on the method of implementation
and, hence, cannot be fully specified here. In general, the signal processor
will contain processing loops to track CI’S signal carriers and codes. The
operation of the loops and the measurement of pseudo range would probably
be controlled by a microprocessor which interfaces with the DMS. The DMS
would perform the navigational computations based on Input from the CI’S

- signal processor and control the transmission of surveillance data to air
traffic control via AEROSAT. The computer resources and software required (
in the DMS cannot be specified at this time. A current estimate of the com-
puter memory requirements for the data processor of the GPS Z-class
receiver is 8 K of 16 bit words.

An improved avionics design is required to make Option 3 (CI’S
signal turnaround ) feasible . The AEROSAT reference avionics do not
provide sufficient link quality for CPS receiver oper ation. The typical Im-
provement required is a 6 dB increase in both avionics C/T and EIRI’. This
improved avionics performance and RI ’ front end commonality requirement
necessitates a major avionics re -design at best and may require a totally
new avionics design. The required avionics design and resulting impact to
the AEROSAT program are beyond the scope of this report. As a result ,
the evaluation of Option 3 as a part of the AEROSAT T&E Program was not
considered further.

‘V 

-

.
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7. GPS SYSTE M PERFORMANCE - 
-

The position determination performance of the Global Position 
- 

- 
- - 

-

System is a function of satellite location errors , sat ellite-to-user -

- 

-

range measureme nt errors includin g both receiver measurement and - 
- -

propagation errors , and satellites/user geometry . The combine d effect
of all errors are , in general, lumped into two performance parameters; 

-

User Equivalent Ranging Error (UE RE), and Geometrical Dilution of
Precision (CDOP). UERE is the combination of all system range measure-
ment errors. This quantity includes satellite position error which, 

-

although not strictly a ranging error , is treated as such. CDOP Is a -

. 
- 

-

measure of the geometrical performance of the system and is defined - 
- 

- 
-

such that when GDOP is multiplied by UERE the position determination 
-

accuracy is obtained. Formally, CDOP is the resultant La error in user
position for a given satellite configuration , assuming perfect knowledge 

- -

.

of satellite position and uncorrelated unity Ia errors in each of the four 
- 

-

pseudo-range measurements. 
- -

This section will discuss the error sources which constitute the
UERE and present estimates of their magnitudes. For errors which

are dependent on receiver implementation, a Clear Signal Set is assumed.
He re a Clear Signal Set Is defined as a generic GPS receive r which uses
only the C/A navigation signal on L1. Although a specific design is not 

-

given, the Clear Signal Set would be functionally similar to the Z-class
GPS receiver. - 

-

t

This section also present s a technique for synchronizing ASETs -to 
- 

- 

-

• system time provided by CI’S. Two methods of time synchronization are
r described and th ~ timing performanc e is indicated. -

The final portion of the section addresses the coverage and GDOP
values of the CI’S system. Since the AEROSAT Progra m spans both the
Phase II and Phase III CI’S orbital configurations , both cases are presented .
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The GDOP factors which are used to describe the geometrical performance
of the system are defined ase

HDOP = Horizontal Dilution of Precision
VDOP = Vertical Dilution of Precision
TDOP = Time Dilution of Precision

The factors are define d such that, when multiplied by UERE , the resultant
is the accuracy in the horizontal plane, vertical direction, and timing,
respectively.

7.1 USER EQUIVALENT RANGING ERROR (UERE)

The parameters which constitute the UERE are the satellite -

ephemeris error , the atmospheric effects on the ranging signal, the
satellite timing error, the receiver noise and resolution irrors in
measuring tjme-of-arr iva l, and the receiver multipath Induced error. The -

uncorrelated portion of these errors are root-sum-squared to form UERE. ~~~,.

While the satellite position errors are not, strictly speaking, a ranging
erro r , it is found convenient to treat them as such. The resultant arti-
fact of combining all system measurement errors into one quantity, which
is then multiplied by a GDOP facto r, has been termed a “Use r Equivalent
Ranging Error. ”

Satellite ephermeris error is the difference in actual satellite
position compared to the position computed by the User using the provided
System-Data . There are many sources for this error , including incomplete
modeling of the earth’s force field , staleness of the data sent to the User ,
truncation of that data format , etc . For CI’S Phases II and III, the statis-
tic that has been derive d o”ver time-space for this component of UERE Is 

- -

5 ft. (la) (Ref. 2). 
- 

-

Atmospheric erro;s include the effects of the ionosphere and tropo-
sphere, with the fo rmer being the prime contributor. Delays of EM waves
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through the ionosphere can be very large , sometimes exceeding 300 nsecs

at 1600 MHz during daylight hours. This translate s directly into an

error in time-of-arrival and is equivalent to. an apparent range error.

The CI’S usually employs two ways to compensate for this error. In the

first , anothe r synchronized EM wave is transmitted at a different frequency

and the difference in time-of-arrival noted. A straightforward calculation

then allows determination of the ionospheric delay. In the second technique,

the ionospheric delay is modeled as a function of approximate User loca-

tion, time-of-day, season, etc. The first method is very accurate , but

expensive. The second is less expensive but requires- update of the model

coefficients with data received on the 50 bps data stream. In the interest

of economy, both in hardware and software , the Clear Signal Sets will not

utilize either technique to correct for ionospheric delay, but rather will

use a fixed correction. In addition , a simple and accurate model for 
- 

-

troposheric error correction is included. The resultant net error for this

category is conservatively estimated at 20 ft (lo) (Ref. 10).

The term “Satellite Timing Error ” is applied to the uncertainty in
signal delay due to both the satellite unmodeled clock drift and an uncall-

brated portion of the receiver channel. A value of 3 ft (la) for this error

is supported by numerous CI’S equipment tests. -

As mentioned earlier , the receiver -“ ranging” process is really a

time-of-arrival measureme nt . The jitte r in this observation caused by
receiver terminal noise, for a nominal clear-signal C/N0 of 35 db-Hz

and a delay-lock loop bandwi dth (BL) of 1.0 Hz is approximatel y

CR ~~~ JBLNp
V z c
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where

= range equivalent of one C/A code chip

~~ 1OO0 ft.

- 
- The resolution of the readout is specified at 1/64 of a chip or about 16 ft.,

producing a standard deviation of -

Cp = 4. 6 ft. 
‘

-

The RSS of these two quantities results in a receiver measurement error
of 13. 8 ft. (l o) .

The last erro r of interest is that induced by receiver multipath
effects. It is well known that spread spectrum signals conside rably miti-
gate this phenomenon, since PN receivers do not respond to signals delayed
by more than 1.5 chips. For the GPS Clear-Signal of nominally 1 MHz - 

-

chipping-rate, this corresponds to 1500 f t .  An aircraft receiving a signal
at 5 elevation angle (the worst case) could not experience multipath off
the ground or water delayed by less than 1500 ft. unless he were at an al-
titude of 9000 ft. or less. Since for most cases of interest (over-ocean
fli ghts) altitude s will greatl y exceed this , gro*md-multipath erro r is not
included here In UERE.

Multipath may also be caused by reflections off the airc raft. How-
- 

. 
- ever , If the antenna is mounted on the fuselage surfa ce , as postulated in

this study, reflections can only be reasonably expected off the tail. Since
the combined probab ilities of corr ect satsUite orientation , exact ray geo-
znetry, appreci able reflected power , and significant antenna gain rule
against many occurrences of inultipath for that case , loc .lized multipath - -~~

error is also discounted. ~~~~
— 

- 

-

Table XII summarizes the component errors of UERE. The RSS - 
-

total is the value used in this report for all Phase III analysis of the CP S 
-- 

~
‘

Clear-Si gnal Set performance.
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Table XII. GPS Phase III Equivalent Error

Satellite Ephemeris Error 5 (ft)

Atmospheric Error 20

Satellite Timing Error 3
Receive i Measurement Error  13.8 

-

Multipath Error nil_
UERE (RSS) 

— 

25 ft (Ia)

(NOTE: Above values applicabl e only to
- AEROSAT Clear-Signal app lication)

7.2 ASET TIME TRANSFER ERROR

- An ASET may be time synchronized in two ways. In Phase II a
Clear-Signal User Set may be used to pseudo-range to one satellite, which,
with knowledge of satellite position and surveye d ASET location , allows
determination of GPS time. In Phase III that User Set may be used to track
four satellites in the normal way leading directly to synchronization of
local time. As shown below, the accuracies of these two techniques are
roughly the same . The assumption made in both cases is that moderately
directive antennas are employed in tracking the satellite s to avoid multipath
errors .

In the single satellite measurement , the total error In determining

local time is the error in measuring time -of-arrival adde d to the err or In
- I knowledge of range to the satellit e. (The equivalence of 1 ft. = 1 nsec is

used here in referring to range error. ) Since uncertainty in satellite posi-
tion has already been folded into UERE, the only additional error is ASET
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location uncertainty. A conservative estimate of that survey error is 31 ft. —

(99 % confidence) (Ref. 11). The Phase II time transfe r error , then, con-
sists of appr oximately a 31 nsec ABET location bias and a 25 nsec (ir) random

• component due to CI’S measurements.

In the multiple satellite measurement technique , the total erro r is
simply the UERE multiplied by the TDOP applicable at the time of measure -
ment. As shown in the next section, TDOP will not exceed approximately
2.4 in the Phase III configuration. The time transfer error , then, never - 

-

exceeds about 60 nsec ( is-). -

t

3
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7.3 PHASE II PER FORMANCE

7.3. 1 PHASE II SATELLITE COVF~RACE

The geographical area addressed in this study is the Atlantic Region,
defined as that area from 40° East to 90° West longitude., and from 40°

South to 70° North latitudes. It includes all of Europe , half of the U.S. ,

and nearly all of Africa and South America.

The orbital parameters of the CI’S Phase II deployment that were

used in the analyses are listed in Table XIII. Because -satellite geometries;

as seen from any point on the earth, repeat at eight hour intervals, it is

only necessary to examine that limited span of time when generating availa-

bility or GDOP statistics.

Figures 21 through 24, as examples of Phase U cove rage , indicate

those regions in the stated area of interest where three or more satellites

are in view at arbitrarily defined times, t = 0, 2 , 4, and 6 hours. Figure 25

is a computer printout showing the exact number of satellites visible to any

point at t = 0. Note the very limited region where fou r satellites are visible.

This scarcity of four satellite coverage is true at all times in Phase II.

Averaged over all time and all points in the region of interest, the availability

of four satellites is only 5%.

Of more interest is the availability of at least three satellites in the

region of interest , since three satellit e coverage togethe r with altimeter
data allows the solution for User location and time synchronization.

Figure 26 shows the availability of at least thre e sate llites as a functior ~ of

latitutde. Tl~e average in the region of interest is 58%.

- I Figure 21 through 26 are based on a minimum user elevation angle

of 100.
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V t
TABLE XIII. GPS PHASE U - 3 x 3 ORBITA L CHARACTERISTICS

Satellite Ecc Inc A of P RA PER MA
Ident (e) (i) 

— 

(w) (0) (T) (M)

1 0 63 0 0 12 0

2.  0 63 0 0 12 120

- 3 0 63 0 0 12 240

4 0 63 0 120 12 0

5 0 63 0 120 12 120

6 0 63 0 120 12 240

7- 0 63 0 240 12 0

8 0 63 0 240 12 120

9 0 63 0 240 12 240

-4
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7.3.2 PHASE U GDOP’S

The OPS Phase II deployment, with only three satellites in view

most of the time, will require the use of aircraft altimeter data in order

to calculate position and time. The error In this measurement wUl result •

in additional aircraft position and time synchronization errors , which are

functions of satellite geometry much like the GDOP effects on GPS ranging

errors.

Though geometrie s that are favo rable with respect to ranging errors
are also favorabl e to altimete r errors , the GDOP multipliers are not the

same . Thus the alti mete r error cannot be convenientl y combined with
UERE. Two GDOP factors are define d for this case. The subscript “A”
refers to altimeter errors and the subscript “R” refers to ranging errors.

GDOPA is formally define d as the resultant b error in a stated
dimension (eithe r horizont al position or time synchronization ) for a given
satellite configu ration , assuming error-free GPS ranging measurements ,
and a unity Ia’ altimete r error . The re are thus fou r Phase II GDOP quanti-
ties of interest: that associated with the ranging erro r effect on horizontal
position , HDOPR ; that associated with the ranging error effect on time ,
TDOPR ; and those associated with the altimeter erro r effects , HDOPA and
TDOPA. Total location and timing errors are then . . . •

•~~~~~* (HDOP
R

. O r
R

)
2

+ (HDOP
A

.C
A

)
2 

0

4 (TDOP~~~ a ) 2 + (TDOPA
O CA)

where C
R 

and C A represe nt the one-sigma UERE and altimete r errors .

Figures 27 through 30. as examples of Fess. II cov.rsg., indicate
thos. re gions in the stated ares of interest where RDOPA is less th&n 1.3
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at times 0, 2, 4 and 6 hours. Figure 31 then shows the cumulative proba-
bilities of GDOPA in the region of interest, averaged ove r time, given
the availability of at least three satellites. Note the significant uncertalnities
that will be caused by typical altimeter errors: only 5 % of the time is the
resultant location erro r less than 60 feet , assuming an altimeter erro r

• ~f 300 feet.

A similar analysis of GDOPR is summarized in Figure 32. Fifty
percent of the time , when at least th ree satellite s are in view , the resultant
location erro r due to a UE RE of 25 feet is less than 150 feet.

The conclusion to be drawn from these data is that Phase II location
and timing errors ar e almost completely controlled by altimeter errors.
Wheneve r three satellite s are visible , location accurac y is estimated
merely by multiplying the altimete r error by its associat ~ed GDOP. The
GPS UERE would have to inc rease by about a factor of five be fo re it begins -

to ha ve an appreci able effect.

7.4 PHASE Ill PERFORMANCE

7. 4. 1 PHASE LU SATELLITE COVERAGE

The 24 satellite configuration for Phase III results in a distrib ution
of satellites such that a user may determine his three dimensional position
and system time on a worldwide basi s without using an altime ter. The per-
cent probability that a given number of satellites Is simultaneously visible
to a user on a global basis Is shown in Figure 33. The users are uniformly
distributed ove r the surface of the earth and the observations are uniformly
distrib uted In time . The distribution include s all satell ite observations for
all user longitude and latitude positions throughout the orbit period. Becau se
the users are uniformly distribute d, the number at a given latitude decrease s
wIt1~ the cosine of the ls~ ude . It Is seen that the number of satell ite s ob-
served simultaneously is never less than 6 and neve r greate r than 11 £~r

IL 
_ _  _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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• ATLANTIC REGION OF I NTEREST
• >2 SATE LLITES IN VIEW
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j ALTIMETER GDOP FACTOR

Figure 31 Probability of Altimeter GDOP Factor Less
Than Abscissa Value (Phase II)
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‘Figure 32. Probability of Ranging ODOP FactorLess Than Abscissa Value (Phase II)
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a 5-deg masking (elevation) angle, and never less than 4 nor greate r
than 9 for a lO-deg angle. The percent cumulative distribution Indicate s
that the probability of observing 9 or more satellites is 44. 3 and 11.7 percent
for the 5- and lO-deg elevation angle s, respectively.

• The percent cumulative probability that a given number of
satellites will be observed simultaneously as a function of user latitude

• for all use r longitude positions ii shown In Figure 34. The distribution
Indicates that satellite visibility at highe r latitudes is better than at
other latitudes, and that at higher elevation angles the probability of a

high number of satellite sightings Ii reduced at all latitudes.

The orbital parameters of the Phase III deployment used here are
listed in Table XIV. These data along with the resultant Phase III satel-
lite coverage and GDOP data are taken from Refe rence 12. All GDOP

0data is based on a minimum GPS user elevation angle of 5 .

7.4. 2 PHASE III GDOP’S

With at least six satellites always in view at any point on the earth,
User location and time synchronization during Phase III will depend on
OPS UERE only (no altimeter input), snd will be about an order of mag-
nitude bette r than Phase II results. In replacing the altimeter, the . 

-

effects of UERE on the vertical dimension will be accounted for in this
section by Introduction of another parameter called VDOP. Similar to

• previous treatments , the vertical error Is the product of UERE and VDOP.

Figure 35 indicates the cumulative probabilities of these three
GDOP factors for all time-space, assuming a 5~ elevation angle. The
exact latitude dependence is indicsted in Figures 36 through 38. Based
on these data, and the UERE derived in Section 7.1, the worst-case
(99 percentile) horizontal, vertical, and time synchronisation lc
errors are expected to be 58 feet , 98 feet, and 55 ns.c respectively,
for the Aerosat applIcation.

-~ .
~~~~
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Figure 35. OPS Phase III Global Geometric Performance
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8. SUMMARY AND RECOMMENDATIONS

This report has presented a summary of the salient
characteristics of the major segments of the Global Positioning System
Program with particula r emphasis on the user equipment segment.
Descriptions of three classes of GPS equipment that are being developed
in Pha se I to evaluate system concept and cost have been presented. To
provide an understand ing of the functional requirements of a GPS receiv-
er , a description of the GPS signal structure and navigation teclmique
has been provided. The operation of a generic GPS receiver In the sig-
nal acquisition and tracking modes was discussed from both a conceptual
and typical implementation standpoint.

Based on the background Information , the application of

GPS to the AEROSA T Program was addressed. Two operational concepts
for the use of GPS to provide the surveillance function were presented.
For the air-derived operational concept the processing of the GPS sig-

P nals is done on-board the aircraft and the surveillance data is transmitted
to air traffic control via AEROSAT. Two options were presented for this
operational concept which differ In the degree of GPS recelver/AEROSAT
avionics commonallW. The first option uses an “as-design ed” OPS receiv-
em’ with a computer-to-computer interface with the avionics DM5. The
second option involves the development of a OPS signal processor which
uses the AEROSA T avionics RF front end for signal recep tion and the DM5

~
‘ 

~~~~~~~ ~ for navigational computations. The second operational concept is a ground-
derived su rveillance system stTr ilar to the AEROSAT surveillance technique.
For thi. concept the OPS signals are received by the avionics and transpond-
ed unprocessed via AEROSAT to the ASET/ASCC where signal processing
is performed.
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The impact of these three options on the AEROSAT Test

and Evaluation Program and an operational AEROSA T system was j l% eased.
Option 1 (use of “as-designed” GPS reviver) results in the minimum Im-
pact to the AEROSA T T&E avionics since the two systems operate in-
dependently with only a computer-to-computer Inte rface required. How-
ever, this option represents the maximum avionics cost for an operational
AEROSA T system, since two RF front ends and two general purpose com-
puters are required for the combined system. Option 2 (development of
a GPS processor) explores the possibility of using a common RF front end
and computer for both systems. For this option the design of the AEROSAT 

. 
-

L-band avionics RF front end must be sufficiently broadband to receive
both GPS and AEROSAT signals. In addition, since the AEROSAT forward
L-band and GPS signals are cross-polarized relative to each other , several
techniques for receiving both signals were described . AU of these tech-
niques require the use of two antennas. The altemative is to change the
polarization of the AEROSAT L-band forviard link to be compatible with GPS.
Option 3 (GPS signal tu rna round) has similar requi rements with regard to
the AEROSAT UP’ front end . In addition , Option 3 repmlres a substantial

improvement In avionics performance. The AEROSAT reference avionics

do not provide sufficient link quality for GPS receiver ope ration. An Increase

of approximately 6 dB in avionics G/T and EIR P are requi red for Option 3

• to be feasible. Due to the major impact on avionics design and system
performance limitations, Option 3 was not considered fu rther for evaluation

• during the AEROSAT TILE Program.

The position determination performance of GP& is a function
of satellite location errors , satel1Ite-to~user range measurement errors
including both receiver measurement and propagation errors , and sateiltte /

- - ‘ - •  r~’. - ~ -

I
’ 

— -  
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user geometry. The performance of the system is characterized by User

Equivalent Ranging Error (UERE) which combines all system range

measurement errors, and Geometrical Dilution of Precision (GDOP) which Is

a measure of the satellite /user geometry effects . Each of the error source.

which constitute UERE were discussed and estimated. For those errors

which depend on receiver Implementation, a generic GPS receiver which

uses only the CfA code on was assumed. For the AEROSAT application,

the UERE is estimated to be 25 feet (10) for a received C/N of 35 dB-HL
0

Since the AEROSAT Program spans both Phase II and III of the OPS program,

GDOP performance for both phases was presented. For the Phase II con-

figuration, three satellites are visible approximately 58% of the time on the
average in the area of interest In the Atlantic. With three satellites
ava ilable the use of altimeter data is required. The effects of
satellite /user geometry on horizontal location accuracy are described by

two Horizontal Dilution of Precision (HDOP) factors , HDOPA and HDOPR~
which apply to altimeter and ranging errors , respectively. Approximately
50% of the time, when 3 or more satellites are visible, HDOPA ~~ in the

less than 2.4 and HDOPR is less than 6. Since altimeter errors are on the

orde r of several hundred feet while ranging errors .re approximately 25

feet . altimete r errors will dominate the horizontal location accuracy for the

Phase II configuration . For an altimeter error of 300 feet and a ranging
error of 25 feet . the resulting horizontal accu racy will be less than 750
feet (230 meters), 10. The AEROSAT surve illance system results in errors 

•

which range from several hundred meters to several thousand meters for
airc raft close to the equator. The Phase UI GPS configuratio n provi des better
cove rage and GDOP perfo rmance. For this configuration a minimum of four
sste3llt s are visible on a worldwi de basis for a S degree minim~nn .levstion
angle, so that altimete r data is not requi red. The Phase Ifi system results In
HDOP values less than approximately 2.5 , 99. 9% of the time for all latitud es.
Vertical Dilution of Precision (VDOP) factors are less than approximately
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4, 99. 9% of the time for all latitude.. Assuming a UERE of 25 feet,
the Phase II! configurat ion results In 1 a errors better than -20 meters
and 30 meters in the horizontal plane and vertical directions, respec -~

tively, 99. 9% of the time for all latitudes.

The use of GPS to provide surveillance data result s In a
significant cost saving for an operational AER OSA T system. The AER OSAT
surveillance technique requires a minimum of two satellites , and ; for
an operational system three satellites may be required to back-up the - 

-

surveillance function in case of a satellite failure. - An operational AEROSAT
system which uses OPS to provide the surveillance function requires only
two satellites; one operational and one back-up. Since the cost of building
and launching an AEROSAT exceeds $25 M, the cost sa~ lng for such a
system are substantial. In addition. GPS provides better coverage and
performance for surveillance than currently envisioned for the AEROSAT
surveillance technique.

The cost savings and perfo rmance potential offered by GPS
to an operational AEROSAT system warrent the evaluation of GPS during
the AEROSA T test program. Since the two operational concepts for use of
GPS in the AEROSA T program represent different surv eillance philosophies,
both concepts should be tested and evaluated. The cost and performance
advantages of using GPS are applicable to both concepts. Testing and eva-

• luatlon of both concepts wlU allow the determination of the surveillance
philosophy which Is more desirable for an operational system . Specific
comments and recommendations on the three options which represent these
ccnc,pts are pr esented below. 

- 
- ‘-

~; - -

It is recommended that, as minimum, Option 1 (use of J
“as-designed ” GPS receiver) be implemented In the AEROSAT TILE Program.
The option will provide ope rational experience with GPS with minimum

‘- I

-
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I

modification of the AEROSAT L-band avionics design. The types of GPS re-

ceivers that will be availablC for Phase II and flI time frames is unknown

at this time and depends on the results of Phase I testing. However , it
is assumed that a receiver similar to the Z-class user equipment will be

available and should be adequate for oceanic surveillance operations.

The Z-set user equipment operates on the C/A code on L1 and processes

four GPS signals sequentially. For Phase I, 14 Z-sets are being produced .

at a recurring cost per set goal of $25K. Discussions with Magnavox indi-
cate that the recurring production cost per set is estimated to be $15K in

lots greater than 100. The Z-set includes antenna assembly, receiver , 0
and data processor.

Option 2 requires the modification of the AEROSAT avionics

and the development of a GPS processor. The design of ti- AEROSA T

avionics RF front end must be made compatible with the GPS signals. De- -

pending on the avionics design thi s may compromise the performance of

both the AEROSAT and GPS systems. This is primarily due to the polari-

zation diffe rences between AEROSA T and GPS signals which could be changed

for an ope rationa l system . In addition, thi s option require. a portion of
the DM5 and some software development . A cost/benefit analysis has not

been performed to ascerta in the advantages of using a common RF front
end and computer for both systems. If the predictions of $15K per unIt

for the Z-class set are realized , the savings due to equipment commonality 0
may not be appreciable. For the relatively small number of oceanic air-
craft this option may not b. cost effective especially in view of the GPS

processor hardware and software development costs. If this option is to be
pursued, the decision should be made promptly in order to influence avio-

nics desIgn sad begin development of the OPS signal processor.

-~ - —~ H
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The Global Positioning System represents a resource which
may be used by the FAA to provide the surveillAnce function for oceanic
air traffic control in a cost effective manner. The evaluation of GPS as a
part of the A.EROSAT TILE Program will, provide operational experience and 0

data which may be used to assess the role of OPS in an operational AEROSAT
• system. -
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