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1. INTRODUCTION

The NAVSTAR Globai Positioni 1g S.y’lgqn',t (GPS) is a joiht armed
services program that will be develope:' over the next ten years to provide
suitably equipped 'usera with three-dimenlic;nal i:ositiprg and velocity, and
system time on a worldwide basis. : GPS rep;eueﬁta a '"resource'' which
may be used by the FAA to provide the aui'véiﬁarice function for oceanic
air traffic control for an operational AEROSAT system. This report
presents operational 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 program including
descriptions of the space, ground, and user equipment segments. Particular
emphasis is ‘placed on the Phase I user equipment which will be used for
system concept and cost evaluation in Phase I testing. A functional desc ription
of three receiver classes which represent a range of operational GPS
receivers is given. In addition, the performance requirements, physical
characteristics, and software requirements of these receiver classes

are presented.

Section 3 describes the GPS signal structure including RF charac-
teristics, navigation code design and generation, and system data format.

Section 4 describes the GPS navigation technique which is employed
¢o convert processed GPS signal measurements into navigational data,

Section 5 presents a description of a generic GPS receiver operating
in the acquisition and tracking modes to illustrate receiver design con-
cepts. A typical implementation of this design concept is given. The
hardware requirements of this implementation are described and the

characteristics of the major receiver components are given.
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Section 6 discusses the operational concepts which may be employed
to use GPS in the AEROSAT program. Three options are preoenfed which
embody these operational concepts and represent varying degreel.of
integration of GPS user equipment and AEROSAT avionics. The impact
of these options on the AEROSAT avionics is also discussed in this section.

Section 7 presents the GPS system performance for Phage II and III
operations. The User Equivalent Ranging Error is defined and the range
measurement error sources are described. The geometric performance of
the Phase II and III systems is presented in terms of satellite coverage maps

and Geometrical Dilution of Precision data.

Section 8 gives a summary of the report and presents recommendations
for the use of GPS in the AEROSAT Test and Evaluation Program.
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2.  GPS PROGRAM SUMMARY

The NAVSTAR Global Positioning System (GPS) is a satellite-
based nuiigution system that will provide worldwide three -dimensional
position, velocity, and ti ne 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 l'l the U.S, Defense
Mapping Agency. GPS provides a mcans 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 evolutionary program that will lead to a globa.i operational system
of 24 satellites. The GPS program schedule is lhc;wn in Figure 1. The
GPS system consists of three segmentn: a .lptce' legment. a ground
segment, and a user equipment segment which are described in ti\e fol -

lowing sections.
2.1 SPACE SEGMENT

The space segment for Phase I consists of six satellites. The first
satellite will be a Navy navigation technology satellite (NTS-2) to be
launched in 1976. In 1977, five navigation development satellites (NDS)
built by Rockwell International will be launched. The six satellites will
be placed in orbits with orbital periods of one half a sideral day (''twelve
hour orbit''), The satellites will be deployed in two orbit planes and phased
to rendezvous over the test range at Yuma, Arizona, to allow daily tuﬂrig
of the system over the continental United States. The Phase I development
and tests will validate prolected GPS costs and provide .'nm basis for
proceeding into the next phase.

The navigation subsystem of the navigation development satellites,
shown in Figurs 2, consists of the following major assembles: Pseudo
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Random Noise Signal Assembly (PRNSA), DC/DC converter, clock assembly
and antenna iuombly. The navigation system provides an L-band carrier,
L. modulated by a composite waveform made up a pr.éi.mn, P, signal

and a clear/acquisition, C/A, signal. The system also provides a second
L-band carrier, LZ’ 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 advintage of the

excess solar array power. This provides an extra 2 dB in the Ll C/A signal,

For Phase 1I, the constellation consists of nine to eleven satellites,
which will provide a worldwide two-dimensional navigation capsbility in
the early 1980's. Phase III, the operational phase, will have eight satel-

lites in each 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 8 minimum of four
monitor stations, a master control station and an upload station. Currently,
the monitor‘.tatiom will be located at Guam; Wahiawa, Hawaii; Elmendorf
AFB, Alaska; and Vandenberg AFB, California. The monitor stations
determine the range to the satellites using the same navigation signals as
conventional GPS users. This data will be provided to the master control
station for processing. The master control station will solve the 'inverse GPS
problem'' to compute 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,
The master control station will provide data used by the satellites for
navigation signal generation and updating of ephemeris and clock data to
the co-located upload station for transmission to the satellites. General
Dynamics has the responsibility for ground segment development.

| -‘rm'“}-—- ———
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The ground control segment will be supported by the Air Force
.‘atellite Control Facility (AFSCF') network. The AFSCF network will

1 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 EQUIPMENT SEGMENT

The GPS user equipment consists of, in general, an antenna,
receiver, 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 requiremen!:s. These classes
are summarized in Table I as a function of lccﬁfacy,\ user dynamics, and
jamming imimunity 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 receiver classes will be used for concept validation.
There will be essentially three generic types of receivers developed
for Phase I which differ primarily in the number of signals processed
simult#neously and the codes (C/A and/or P) used. The qualitative

characteristics of these three types are summarized in Table IL

2,3,1 PHASE I USER EQUIPMENT DESCRIPTION

User equipment for GPS Phase I testing is being developed
primarily by Magnavox and Texas Instruments. Magnavox is developing
three classes of receivors which are classified as type X, Y and Z. Texas
Instruments is developing a high dynamics receiver, which is functionally

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

GPS USER EQUIPMENT CLASSES

-~ ——

SR —

CLASS TYPICAL USER ACCURACY [ _ USER i’m&
A Strategic High Medium High
B Tactical High High Medium
C Low Cost Medium Medium Low
D Surface (Mobile) High Low High
‘E Surface (Troops) High Low High
F. Submarines High Low Medium
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Radio is developing a high anti-jam receiver under a program sponsored
by the Air Force Avionics Laboratory. This receiver is a longer range
development aimed at demonstrating maximum resistance to jamming by
a receiver integrated with an aircraft's inertial navigation system.

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

types being developed for Phase 1.

The X-receiver, shown in Figure 3, is capable of accepting two
LIIL2 GPS RF inputs from two independent antenna assemblies. The
major operating modes consist of search and track. Prior to, and during
the search mode, aiding information such as user position, dynamics
and time, along with satellite ephemerides is entered into the processor
via the control display unit and/or other data processor interfaces. The
processed information supplied to the receiver from the data processor
is utilized to search for four satellite signals in either the normal- or
direct-acquisition modes. In the normal-acquisition mode, the receiver
first acquires the C/A code and then acquires the P code. In the direct-
acquinition mode, the receiver directly acquires the P code. During the
track mode, the X-receiver has the capability to simultaneously track
any 4-0f-32 NAVSTAR GPS signals for any combination of P and C/A
signals at the l..l frequency, and P-signals at the l’.,z frequency, and

perform one L. minus Lz differential -delay ionospheric measurements.

Aiding informaltion received from the data processor during the track

mode is utilized to optimize receiver performance. During track, the
X-receiver demodulates navigation data and performs error detectisn,
measures pseudorange, delta-range, and ionospheric propagation dilay.
The data derived during the track mode is supplied to the data processor for
subsequent calculation of user position, velocity, acceleration, 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 simultaneously, tracks
any 4-of-32 GPS signals for any combination of P and C/A signals at the L
frequency, the P gignal at the I..2 frequency, and sequentially performs L

1
1
minus L2 differential delay ionospheric measurements.

The Z-receiver is a low-cost GPS receiver that will use only the
C/A code on frequency Ll (1575. 42 MHz). The Z-receiver will sequentially
process four GPS signals in a time-shared manner similar to the Y -receiver.
Since this receiver will not have a dual frequency capability, Ll minus I..z
ionospheric delay measurements cannot be performed. lonospheric delay
correction will be obtained from satellite data truumitted. on the navigation
signdl. Since the Z-receiver 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-receiver. The
primary emphasis of the Z-class receiver design is cost. Magnavox will be
developing 14 Z -set prototypes 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 recurring cost of $10K - $15K in lots of several hundred can be demon-
strated. The initial design of the receiver is underway with the preliminary
design review scheduled for mid-1976. As & result design details on the Z-
receiver are not available. Initial information indicates that the design of the
Z-receiver may differ from the X- and Y-gets by the degree of hardware vs.
software implementation. The X- and Y-sets have a fairl r high number of
functions implemented as software (e.g., carrier tracking, code tracking, data
demodulation). The Z-receiver may have some of these function implemented
as hardware. Due to the emphasis on cost, the Z-receiver design will depend
on hardware/software trade -offs to obtain the desired performance at a reasonable
cost. In addition, unlike the X- and Y -gsets, the Z-receiver will not be designed




to interface with auxiliary sensors such as inertial measurement units

and air data sets for performance augmentation,

2.3.2 PHASE I USER EQUIPMENT PﬁRFORMANCE

The navigational accuracy of the GPS X- and Y-receivers is on
the order of 10 meters (19). 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 order of 100 meters (16). The user dynamics for
each set are shown in Table III. It should be noted that the navigational
accuracies stated above are order-of-magnitude numbers and are for the
Phase III satellite configuration. Navigational accuracy is 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 [ 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.

z. 302.1 TIME'TO'FIRST le

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 under which the requirements are to be met are shown
in Table IV for both the normal and direct acquisition modes. The 30
range measurement errors, including ionospheric and tropospheric

modeling/measurement errors and multipath errors, used to compute the

el . MBI~ Sd 2 o W
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TABLE III

USER DYNAMICS FOR X., Y-, AND Z RECEIVERS

( FROM REFERENCE 1)

5

Set
Dynamics X Y 2

Velocity (m/-oc) 0-900 0-600 0-600 J

Acceleration (m/sec’) -850 0-20 0-20

Jerk (m/sec’) 100 | 100 80
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TABLE IV
TTFF AND SIMULTANEOUS CONDITIONS

(FROM REFERENCE 1)
a) NORMAL ACQUISITION

Set : X Y z i
J/8 Conditions Poor] Good| Poor | Good | Poor Good [
TTFF (sec) 180 | 80 300 | 225 | 300 200 |
J/8 condition* (dB) 24.8 | s19 25.5 |S19 26.5 |19
Probability of success (%) | 90 90 920 - 90 90 20
*+ Position Uncertainty (Km)(1¢) 850 650 178 | 178 | 1718 | 178
**Velocity Uncertainty (m/sec)(19) | 150 150 30 | 30 30 30
Max. Vehicle Acceleration (m/sec?)| 10 10 10 |20 |0 10
Max. Vehicle Jerk (m/sec’) 100 100 100 | 100 | s0 50

Wmahw But not to exceed -1 w.
§ /osr ’:c m:::‘ :;n;r;l;;tion of position and velocity uncertainty, the specified

*sFor a Gaussian distribution,

b) DIRECT ACQUISITION

Set X Y
Available Time Reference Internal |External***| Internnl |[Extcrnal®e*
TTFF (sec) - 200| 100] 120] 100| 600 250| 480 | 250
J/8 condltlon_(dB)‘ 34| 27| 34} 27| 34 27 34 27

Max, Time Between Resetting Time | 0.1 | 0.1 1 1] 0.1 o.1 1 1
Reference (Days)****

User Clock Uncertataty (use)1or**| 10| 10| 10 {10 16 |10 |10 | 10
Probability of Success (%) 90| 90| 0] 90| so| so| eo] 90
Position Uncertainty (m) **(1o) 19260 |9260] 9260 |9260 | 9260/ 9260 | 9260 [9260
Velocity Uncertainty (m/sec)**1e) | 30| 30| so| 30| 18] 15| 18| 18
Max, Vehicle Acceleration (m/m’) 10| 10| 10| 10| 10| 10| 10| 10

Max, Vehicle Jerk (m/m ) 100] 1 100 | 100] 100/ 100/ 100 | 100
:u’um Clock Uncertainty (usec)** s 8 8 6 5 5 S
L 4

*Receiver Input Signal Level > -163 dBw but not to exceed ~130 dBw.
For a uniform distribution of position and velocity uncertainty, the specified J/8

increases by 4 dB,

“rouommm

s*Using 5um0Mom«hm.Ar/r-leo (v-luc)anduuglm
m.-u:o per month, TTFF for Sets X, and Y shall not exceed 120 sec and

480 sec respectively,
ssesFrom external standard accurate to 1 s in GPS time or a four (4) satellite fix
by the set iteelf,

1
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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-receiver.

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-receivers perform routine signal
tracking terminations since processing is done sequentially, The condi-

tions for sequential recovery of synchronization are given in Table V.b.

2.3.2.3 JAMMING IMMUNITY

The receivers are required to perform the functions listed
in Table VI under the indicated jamming signal-to-navigation signal
received power (J/S) conditions. All J/S conditions are-ta sed on non-

coherent CW interference.
2,3.2.4 PSEUDO RANGE AND PSEUDO RANGE RATE MEASUREMENT

The receivers are required to me asure pseudo range and
pseudo range rate to a accuracy which meets or exceeds the values
specified in Table VII, Pseudo range is the distance equivalent of the
time of propagation of the navigation signal from the satellite to the
receiver ahd. hence, is not equivalent to the geometrical range. Pseudo
range rate is a measure of the change of pseudo range over a specified
integration interval,

2.3.2.5 IONOSPHERIC DELAY ERROR

The X- and Y-receivers i re capable of using dual frequency
measurements to determine ionosg heric delay. The required measurement
accuracy is better than 5 meters (17) under the nominal navigation
signal levels and the J/S condition specified in Table VI, All receivers
have the capability of compensating for ionospheric propagation signal
delay by using modelling techniques and satellite data. The 19 values of
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TABLE V.

REACQUISITION CONDITIONS

( FROM REFERENCE 1)

a) ABNORMAL SIGNAL LOSS

Set X z |
Signal P C/A P C/A C/A-J
Loss Period (sec) 10 10 10 10 10
Reacquisition time (sec) 10 10 10 10 10
Probability of reacquisition «95 .95 «95 «95 «95
Position uncertainty* (m) (1) 305. | 3056 | 305 | 305 |305
Velocity uncertainty* (m/sec) (17} 15 18 15 15 15
::coleutlon uncertainty* (m/sec?) 3 3 3 3 3
Jerk uncertainties* (m/sec’) (17) 10 10 10 1 10
J/8 condition (dB)** 40 30 30 30 30
‘sFor a Gaussian distribution
*sReceiver Input Signal Level > - 163 dBw but nat to exceed ~130 dBw.
b) NORMAL SIGNAL LOSS
8ot R z
Signal P C/A C/A

'm of m—m‘ ) a9 99

/8 condition (dB)* 40 30 0

Vehicle Veloctty (m/sec) 0-600 0-800 0-600

Vehiola Accelerstion (m/sec? 0-10 0-10 0-10

Jerk (m/secd) 100 100 50

*Receiver Input Signal Level > -163 dBw but not to exceed -130 dBw,
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TABLE VI

—r N w e oy g

=

PSEUDO RANGE AND PSEUDO RANGE-RATE MEASUREMENT ACCURACY

( FROM REFERENCE 1)

X z
Set
P C/A P C/A C/A
Error (1o level) Signal Signal Signal Signal Signal
Range (meters) 1.8 18 1.5 15 16
*Range Rate (meters) . 006 . 008 . 008 . .008 .008

*Integration Time > 0,1 sec.

o~

A
SR e——
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ranging errors resulting from the modelling techniques shall be no greater
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 30 range measurement errors including dual frequency
ionospheric correction, tropospheric correction, and multipath errors are
specified to be less than 16 meters for either Sets X or Y. The error in
range measurement due to biases between receiver channels, receiver
channel delay calibration, and systematic receiver channel delay variation
is specified to be less than 1 meter. The total 30 range measurement |
error for Set Z shall be less than 100 meters.

Range rate is a measure of the change in range over a defined
interval of time, T, in which the interval T immediately precedes the
demand for the measurement. The total 10 range rate measurement

errors are required to be less than 0. 006 meter for T20.1 second.

These requirements apply under nominal signal levels, J/S con-
ditions specified in Table VI, and the dynamics in Table III,

2,3.2,7 EQUIPMENT STABILIZATION PERIOD

The Equipment Stabilization Period (ESP) is the time from equip-
ment turn-on until the lo pseudo range and pseudo range rate measurement
accuracies given in Table VII are achieved. The requirements on ESP as
a function of ambient temperature for the receivers is shown in Figure 4.
The ''poor' and '"good" J/S conditions refer to the levels given in Table 1V,

2.3.3 PHASE 1 USER EQUIPMENT PHYSICAL CHARACTERISTICS

The design goals for the Phase Y user equipments Sets X, Y, and
Z are given i: Table VIII. All sets are designed to operate on 115 VAC,
400 He, three phase, as well as +28 VDC, Category C. Sets X and Y are
required to have backup power to maintain set operation for not less than
7 seconds in the event of prime power interrupt. In addition, battery

-
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FIGURE 4. ESP VS AMBIENT TEMPERATURE

- ( FROM REFERENGE 1)
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v

{ power is required in the Set X or Y receiv 3 to preserve the dlh réquired
for direct acquisition for not less than 30: ainutes in the event of prime
power interrupt.:

2.3.4 PHASE I USER EQUIPMENT SOFTWARE FUNCTIONS

i The software of the Sets X, Y, and Z will be designed to perform
the following functions:

(1) Executive control
(2) Software initialization
I " (3) GPS satellite selection
| (4) Auxiliary sensor monitor and control (X and Y only)
(5) Receiver measurement processing
(6) Navigation
(7) Control/display
(8) Self-test

The navigation function (item 6 above) refers to the procélsing of mea.nu."e-
-ment data to optimally estimate user pouition. 'velocity, and system time.
In addition, application software will also be provided to allow waypoint
navigation. Up to eight waypoint coordinates are allowed. By inputting

the desired track to the selected waypoint, the following items can be
computed and displayed:

(1)  Present position in latitude and longitude

(2) Position of selected waypoint in latitude and longitude

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

(4) Distance to nloeud waypoint and time-to-go to current
waypoint

(5) Ground Speed

(6) Ground track with respect to true North

(7) Cross track error

(8) Time-of-day




.z’-

By inputting magnetic heading, magnetic variation, and true air speed,
the applications goftware will computé the following:

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

(3) Ground track relative 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 .ppllepaoni software will com-
pute the following: '

(1) Present altitude
(2) Vertical velocity
(3) Vertical error

In addition, the application software will determine the number of
satellites being tracked and the 3¢ uncertainty in navigation performance
to provide information on data quality to the user.
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3. GPS SIGNAL STRUCTURE

3.1 RF CHARACTERISTIC.}

The GPS satellites tran imit navigation signals on two L -band
carriers. The primary navigation signals are transmitted on carrier Li
which is at 1575.42 MHz. The second carrier, LZ’ is at 1227, 6 MHz.
The Ll carrier is bi-phase shift key (BPSK) modulated by two pseudo
random sequences; a precision (P) navagation signal, and a clear/acqui-
sition (C/A) navigation signal. The P and C/A carrier components are
in phase quadrature. The l..z carrier is BPSK modulated b} the saimmc Por C/A

signal which is used to modulate L. Note that L, does not contain the P and C/A
signals ‘simultaneously. The transmission of the P or C/A navigation signal

is selectable by ground command. The primary use of the L2 signal is to obtain
a :cqx,':'_ection for ionospheric propagation delay by dual frequency measurements.

In addition, the L, signal provides a backup signal in the event of L fatlure,

1

L RS §

- - diacas et
ot a1 B ety 0 e =

: The minimﬁm received signal levels on the earth'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 po-
lo;fni“ged receiving antenna. The transmitted signals are Right-Hand
Circularly Polarized (RHC.?) 80, in effect. the levels specified in Table IX
are relative to a 0 dB gain RHCP receiving antenna. The C/A navigation

signal on Ll' may be operated 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 Ll C/A signal,

The P navigation signal is the modulo 2 sum of the P code and
system data, The C/A navigation signal is the modulo 2 sum of the
C/A code and the same -yotQm 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 are described in the following sections.

LT e B AR e 2
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TABLE IX

MINIMUM RECEIVED SIGNAL LEVELS

CARRIER ooy
C/A P
- 160 dABW Normal Mode
O - 163 dBW
1 - 158 dBW High Power
Mode _
1“2 - 166 dABW - 166 dBW

Note: All levels relative to output of 3dB linearly polarised
antenna.,
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3.2 P CODE 3
, : i
- : The P code i a pseudo noise (PN) sequence with a chipping :

rate of 10.23 MBps. “he P code is generated by the modulo 2 sum of
two PN codes XI(t) and XZ(t-l-niT), where T equals the period of one
P-code chip. The composite code X1(t) ® XZ(t+niT) is selected to have
k| a period of approximately 267 days to accommodate 32 different initiad
code phases, each displaced by a minimum of seven days. Each satellite
delays the X2 code by a unique amount (ni 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 fheir initial state.

The X1 code is itself generated by the modulo 2 sum of the out-
put of two 12-stage registers, X1A and X1B, which have been short cycled to
4092 and 4093 chips, respectively. When 3750 X1A short cycles have
been counted, both the X1A and X1B generators are reset and the X1
epdch is generated. The X1 epoch occurs each 1.5 seconds, after
15.345,.000 chips of the X1 pattern.

The X2 code is similarly generated by the modulo 2 sum of the
output of two 12-stage registers, X2A and X2B, which have been short
cycled to 4092 and 4093 chips, respectively. When 3750 X2A short
cycles have been counted, both X2A and X2B 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 X1 and X2 codes which have
nearly equal periods,

3.3 C/A CODE

The C/A codes are Gold codes of length 1023 bits at a chipping
rate of 1.023 Mbps. As a result the C/A codes are 1 millisecond in length. F

The epochs of the Gold codes are synchronized with the X1 epoch




of the P code. Each satellite is assigned a unique C/A code to provide
code division multiplex accessing of the satellites.

' The C/A code itself is the modulo 2 sum of two 1023 bit linear
sequences Gl and G2, generated by 10-stage shift registers. The
generation of the C/A codes is illustrated in Figure 5, The unique C/A
codes are selected by the modulo 2 addition of the contents of a pai;
of stages of the G2 shift register to form (32i which is then modulo 2 added
to Gl1.

Gold codes are used to minimisze the cross-correlation between
codes from different satellites and, hence, provide good discrimination
between satellites. The un-normalised correlation properties of codes in
a Gold code family can be shown to be the following:

for n odd r
-1
ci (1) = { -1+ z”*l
J
1 -2%
L for T=0
Ri('r) = A
for n even and not divisible by 4.
: -1
Cyim= {14 z"i:
.1 - 2%
| )
L for T=(Q
R‘(‘l') = )
C Twu0
| “(‘l’) for

e T p—
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~ p—

where

n = number of stages
L =2" -1 = code length

Cij('r) = cross correlation between codes i and j

N e ey ————

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 pairs of maximal sequences with cross correlation
peaks as high as 703 (un-normalized). The use of l3-|ta._ge 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
messages and C/A to P signal handover information. The data is common
to both the P and C/A signals on both L, and Lz‘ The data is differentially
encoded, non-return to zero, at a 50 bps rate. The data frame is currently
1500 bits long. Each frame is made up of 5 subframes, each subframe
being 300 bits long. Each subframe contains 10 words, each 30 bits long.
The current data frame structure is shown in Figure 6.

The telemetry word (TLM) is 30 bits long, occurs every six seconds
in the data frame, and is the first word in each subframe. The TLM word
indicates the status of the data uploading operation while it is in progress.
The handover word (HOW) is also 30 bits long and is the second word in
each subframe immediately following the TLM word. The HOW contains
the ''Z - count” which is related to the number of X1 code epochs that have
occurred since the end of the previous week. This information is used
to aid in the acquisition of the P code.
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Data Block I provides corrections to the nfellite 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 III
contains almanac data for the other GPS satellites. This data is a subset of
the parameters in Data Blocks I and II (e.g., clock errors, ephemerides)
with reduced precision. The almanac data also includes information about
the health and status of the other GPS satellites. The Message Block which
is part of subframe 4 will be used to transmit special messages to GPS
users. The current Message Block provides space for 23 8-bit ANSCII

characters.
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4. GPS NAVIGATION TECHNIQUE

To determine position and velocity, a user cross-correlates
pseudorandom codes which are locally generated in the receiver with
the code-division multiplexed navigation signals transmitted from the
satellites. The relative phase or equivalent time displacement between
the local code and the incoming signals is measured allowing dete rmination
of the relative range. In general, the user is not synchronized to system
time, so that the range measurements obtained are not equivalent to the
geometrical ranges to the satellites. In addition the range measurements
are corrupted by satellite clock errors, propagation effects, and errors
in the measurement process. As a result the measurements are termed
pseudoranges. Each receiver pseudorange measurenent can be expressed

as:

s, = |'R'n| te(b -b ) +AL_+4_

where

Sa = pseudorange measurement to n th satellite
[Rl = geome tric range to n th satellite
c = speed of light
by = user clock error
by, = clock error of n th satellite
AL~ = propagation link errors
3, = receiver measurement error

The system data which is transmitted on the navigation signals will provide
estimates of satellite clock errors and ionospheric effects. For receiver
configurations with a dual frequency capability, the ionospheric delay may

be measured. Propagation effects which are not frequency dependent may
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be modelled to provide estimates of their effects. Using the satellite
data and modelling the pseudorange measurements may be corrected
by on board processing. The resulting corrected Fseudoranges, P,
may be expressed as:

e e |§n| L il P
where
Pn = Fseudorange corrected by estimated error effects
i = error due to incomplete modelling or measurement errors.

If it is assumed that the measurements and modelling techniques are

sufficiently accurate, then

P = R |+ cb

The user clock error, b,, is unknown and will be determined in the solution

of the final equations along with user position.

The geometry between the user and the satellites may be written as:

R

n

B.E

where

= vector from n th satellite to the user

=

user position vector from center of earth

[ M
1]

3
[

= satellite position vector from center of earth

AP -
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The geometrical .range from user to the satellite is, therefore

1®) - 1B- 2

The data transmitted on the navigation signals will provide satellite orbital
data sufficient to determine the satellite position vector En' Using the

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

I8 - En' = posmh

Expressing B and ﬁ in component from

X X

n

B= |y VLR o
n n

z z

n

the above expression becomes

2 2 2 2
(X-X )" + (Y-Y)" + (Z-2))" = (B, -cb )

There are four unknowns (X, Y, Z, bu) so that a minimum of four satellite

pseudorange measurements are required. It should be noted that the satel -
lite position vectors En are functions of system time (and, hence, a function
of bu) 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.

The formulation for velocity determination is similar to the
position determination formulation. The user measures navigation signal
doppler to obtain pseudorange rate and determines satellite velocities Bn
from ephemeris data. The equations in terms of the corrected pseudorange

rate Pn to be solved are

I8 - B| =b - cb n= 1,4

where B = uger velocity vector.
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5. GPS USER EQUIPMENT OPERATION

The general function of the GPS user equipment is to receive
and process GPS navigation signals and provide three dﬁnenuional position
and velocity and system time to the user. Specifically, the GPS user equip-
ment performs the following functions (Reference 1):

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

b) Track the acqﬁired signals.

c) Discriminate against multipath signals.

d) Provide immunity against jamming and spoofing

e) Perform corrections 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 Equipment Sets X and Y augmented with Auxiliary
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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>