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FOREWORD

This is Part I, Volume C, of the GPS Definition Study Final Report,
submitted by Philco-Ford, in accordance with Sequence Number A001
of Exhibit A to Contract F04701-73-C-0296, The period of perform-
ance for the report submitted herein is from 23 June 1973 to

28 February 1974, The following figure identifies the structure of
the Final Report and the relationship of this volume to the other
volumes in this submittal.
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ABSTRACT

PHILCO-FORD WDL-TR5291 UNCLASSIFIED
GLOBAL POSITIONING SYSTEM FINAL REPORT

PART I, VOL. C

SYSTEM ANALYSIS REPORT FOR THE CONTROL  F04701-73-C-0296
SEGMENT

28 February 1974 283 Pages

This document provides a reference baseline description and
performance analysis summary for the control segment of the
Global Positioning System (GPS). Specifically included
herein are: (1) a summary of GPS system requirements and
their allocation to the control segment, (2) a functional
description of the control segment hardware and software
configurations, (3) operational setup and system calibra-
tion and testing concepts, and (4) analysis of various as-
pects of control segment performance structured to demon-
strate that the proposed control segment configuration meets

the allocated system requirements.

THIS UNCLASSIFIED ABSTRACT IS DESIGNEW FOR RETENTION IN

A STANDARD 3 BY-5CARD-SIZE FILE, IF DESIRED. WHERE THE

ABSTRACT COVERS MORE THAN ONE SIDE OF THE CARD, THE

ENTIRE RECTANGLE MAY BE CUT OUT AND FOLDED AT THE
) DOTTED CENTER LINE. (IF THE ABSTRACT IS CLASSIFIED,

HOWEVER, IT MUST NOT 8 REMOVED FROM THE DOCUMENT
iy IN WHICH IT IS INCLUDED.)
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SECTION 1

INTRODUCTION

This system analysis report (SAR) has been developed as a product of
the contract definition phase of the Global Positioning System (GPS)
development program, to document the configuration and cavnabilities of
the control segment of the GPS. This SAR combines a statement of
control segment requirements with the results of a number of trade
studies, system/subsystem design tasks and performance analyses
addressing these requirements to produce a consolidated baseline and
overview for the GPS ground segment.

1.1 REPORT STRUCTURE

The purpose of a SAR is to relate system (in this instance, the GPS
control segment) requirements, configuration and performance
{(measured, if the system exists; derived from analyses for a proposed
system) in a manner which validates the system design against the
system requirements or which exposes shortcomings in the design. To
achieve this purpose, the remainder of this report is structured into
the following sections:

Section 2, Control Segment Requirements, whicn identifies the overall
requirements to be satisfied by the GPS control segment. Further, in
this section, segment requirements are allocated to the several
elements of the control segment. In effect, this section addresses
the question: What's expected of the GPS control segment?

Section 3, Control Segment Hardware and Software Description, which
describes, using block diagrams with supporting narrative, the
proposed equipment baseline configuration for the GPS control segment,
and the software required to support the real-time operation and
navigation functions of the GPS control segment., Section 3 treats the
question: What is the GPS control segment?

Section U, Control Segment Operations, which provides the manning
requirzements, function timelines and allocatinmns, and an abbreviated
"instruction manual" for the control segment and addresses the
question: IHow is the GPS control segment to be configured and
operated in support of the overall GPS mission?

Section 5, Control Segment Testing, which includes a test hierarchy
(segment calioration and mission readiness tests down to equipment
verformance tests) that can serve as a guide for implementing a test

1-1
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program to validate and maintain control segment per formance. This
section answers the question: How shouldt GPS control segment
rerformance be measured and maintained?

Section 6, Ground Segment Performance, which documents the results of
a number of trade-off and performance analyses undertaken to evaluate
and/or optimize the ground segment hardware/software confiquration,
This section treats the question: What level of performance should be
expected from the control segment? and thereby "closes the loop" by
providing a comparison/validation of the segment's configuration
against its performance requirements.

1.2 GPS OVERVIEW

The GPS is defined as, "... a space-based radio navigation system
which, when combined with accurately positioned ground stations, will
provide GPS ecuipped users the capability to precisely determine
three-dimensional position, velocity, and reference time information,
globally."! To provide this global navigation service the GPS
assembles, and coordinates the operations of, four system segments,
viz:

a. the satellite segment

b. the user segment

c. the control segment

d.  the navigation technology segment

The role of the navigation technology segment (NTS) is to support the
development of special items of hardware and software needed in the
advanced phases of the GPS implementation. In this role the NTS is
not involved in the day-to-day operations of the GPS. Therefore,
insofar as this SAR deals primarily with the operational GPS, the NTS
is given no further attention.

Before continuing with a description of the three operational GPS
segments the implementation of the overall GPS is examined since it
affects the configurations of the segments,

The GPS is to be implemented in three phases. Phase I is the concept
validation phase during which the GPS concept and hardware/software
designs will be validated, system costs will be defined and the
military value of the GPS will be demonstrated., The phase 1II
objectives will be to expand and optimize the GPS so that it can
provide limited operational capability; ie, worldwide, continuous,

! §8=GPS-101A: System Specification for the Global Positioning
System,
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two-dimensional navigation capability for a limited group of users.,
The phase III objectives shall e to expand to a worldwide three-
dimensional capability. This SAR addresses the capabilities and
configuration of the GPS control segment during phase I only,

Figqure 1-1 provides an overview of the GPS showing the relationship of
the system segments. Referring to the figure, the satellite seament
consists of four satellites (this number grows to 24 in phase III}
deployed as shown in Table 1-1., An artist's conception of the GPS
space vehicles is provided in Figure 1-2,

TABLE 1-1
Satellite No. 1 2 3 4
Longitude of the Ascending Nofe (Deg) 195 195 75 75
Eccentric Anomaly (Degq) 41 81 64 124
Orbit Inclination (Deg) 63 63 63 63
Period (Hrs) 12 12 12 12

The particular orbit configuration shown in the table provides
approximately two and one-half hours of test time (ie, the time during
which all four satellites are simultaneously in view) per day at
White Sands Missile RAnge, the phase I test area, while maintaining
good satellite visibility from all the elements of the control
segment.

The function of the spacecraft in the satellite segment is to receive
RF signals, at S-band frequencies (specifizally, 1750 MHz to 1850 MHz)
transmitted from the control segment; process these signals to extracti
the navigation data (satellite ephemerides, sateliite clock correction
factors, etc); modulate the data, after reformatting, and an
internally-generated pseudorandom range code onto two lL-band carriers
(L1, nominally 1575 MHz; and L2, nominally 1250 MHz) and bronadcast the
resulting spread spectrum navigation signals to the user and control
segments., The user "navigates" with the signals (see Appendix A for a
"thumbnail®” description of the navigation procedure). The control
segment uses the signals to 1) verify proper receipt, by the
spacecraft, of the navigation data transmitted by the control segment
to the satellite segment and z) to "track" the spacecraft in order to
determine their precise orbits, Two L-band signals are broadcast so
that the user and control segments can correct for ionospheric
refraction of the RF signals (given range measurements made at two
widely separated carrier frequencies, and a simple model of the
ionosphere, a correction for refractior can be readily computed).

The GPS user segment is defined as, "the tctal complement of
equipment, software and procedures required for the reception and
nassive use of the GPS signals." Specifically, & single user
equipment set consists of an omnidirectional receiving antenna

1-3
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Figure 1-2 Artist’s Concept of GPS Space Vehicle
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(tailored to the service environment; ie, man-pack, airborne, etc), a
receiver (designed to accept the navigation signals from each
satellite and process them into digital data), and a computer
(designed to accept data from the receiver and perform the data
processing functions required for display of wuser position and
velocity). Figure 1-3 shows a typical user set.

The GPS control segment consists of a master control station, three
monitor stations, an upload :tation, and a remote computing facility.
The role of the control segment is threefold: it generates the
navigation signals and transmits them to the satellite segment, it
utilizes the downlink navigation signals to accurately compute the
satellites' ephemeris (because this ephemeris information becomes part
of the navigation signal) and it monitors the downlink much like a
user, to evaluate system performance. The ground segment does not,
however, include the telemetry, tracking and command (TT€C) functions
performed by the Air Force Satellite Control Facility (AFSCF) in
support of satellite operations (eg, orbit maintenance, satellite
"health"). Figure 1-4 shows the geographical arrangement of the CS
elements and its supporting facilities.

1.3 CONTROL SEGMENT DEFINITION

Since the subject of this SAR is the GPS control seament, this segment
is discussed below in somewhat more detail than the other two

segments.,

1.3.1 GPS Master Control Station

The GPS Master Control Station (MCS) is an aggregation of
communications, timiang and . data processing equipment. The
communications equipment serves to 1link the MCS with all the other
elements of the control segment. The timing equipment, built around
atomic time standards, provides the GPS time reference. And, the data
processing equipment supports the orbit determination, space vehicle
data base update generation and segment operations control functions

of the MCS.

The MCS will be located within existing facilities at Vandenberg Air
Force Base, California. Specifically, the MCS will be housed in
building 22104, formerly an active AFSCF site, Figure 1-5 is an .
aerial view of the MCS. -

1.3.2 GPS Monitor Stations

The GPS monitor stations (MS) will be located within currently
existing MNaval Astronautics Group (NAG) facilities at Wahiawa, 0ahu,
llawaii and at Elmendorf Air Force Base, Alaska. In addition, one
complete set of !llonitor Station equipments will be provided for
location at a designated location in the Southwestern United States.

1-6
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Physically, a MS is two racks of equipment plus a tower-mounted L-band
antenna/preamplifier package and a meteorological monitoring package.
The role of a MS is to receive the L1/L2 navigation signals from the
GPS satellites and process the signals to extract pseudorange and
nseudorange~rate data to be sent via land-line communication links to
the MCS. In addition, the MS will assemble meteorological measurement
data and forward this to the MCS along with the navigation data, The
MSs will ~perate unattended and, therefore, will incorporate; in
addition to their L-band receiving, data processing and communications
equipment; automatic built-in test equipment to detect, and "advise"
the MCS of station malfunctions.

1.3.3 GPS Unload Station

Tne GPS upload station (US) will be collocated with the MCS at
Vandenberg Air Force Base, California. The US comprises the most
diversified group of equipment of any of the control segment elements.,
To support its satellite upload function it incorporates
communications equipment, 1linking it to the MCS; data processing
equipment for upload message formatting and antenna pointing; a one
kilowatt, S=-band transmitter and a 15-foot diameter parabolic
(directional) antenna (in the radome to the left in Figure 1-5). To
verify that the satellite uploading has been satisfactorily
accomplished the US includes L-band receiving equipment, duplicating
that used at a MS, to receive an "upload accept/reject" signal from
the satellite(s). When the receiving equipment is not being used for
upload verification it serves to implement a fourth MS. In addition,
the US collects meteorological data.

1.3.4 CS Telecommunications Network

The telecommunications element is an assemblage of wire-line modems
and land-line communications circuits which serves to implement the
long~distance, ground-based inter- and intra-segment interfaces.

1.3.5 Support Facilities

1.3.5.1 Remote Computing Facility

The GPS remote computing facility (RCF) will be the computational
facility currently installed at the Naval Weapons Laboratory (NWL),
Dahlgren, Virginia. The role of the RCF is to refine tracking data,
received periodically (nominally, once per week) from the MCS, into
precise reference ephemeris data for the GPS satellites. This
reference data is then returned to the MCS to serve as the basis for
its near-real-time orbit determination processing. {(Aprendix D
wrovides, for reference, the MNIJL equipment configurations.)
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1.3.5.2 AFSCF

The CS 1is supported by the Air Force Satellite Control Facility
(AFSCF) and existing communications to provide emergency backup for
uploading the navigational satellite,
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SECTION 2

CONTROL SEGMENT REQUIREMENTS

The overall mission of the GPS is to, "...provide the capability to
perform a wide range of position determining navigation functions
including terminal and enroute nautical and aeronautical, all-weather,
civilian and military navigation, midcourse guidance, weapon delivery,
precise field artillery and shore bombardment, photomapping and
phototargeting, cn-board satellite position determination, relative
time of arrival (TOA) targeting, precision rendezvous, blind landing,
fleet ballistic missile inertial updating, unmanned reconnaissance and
bombing, geodesy and survey, and time distribution..."! The role of
the €S, in supporting the mission of the GPS, is to establish
interfaces with the GPS space vehicles and with the AFSCF for the
prime purpose of maintaining the space vehicles' navigation data
bases. In addition to its operational role, the CS must contribute to
the validation of the GPS concept by providing the meens for
validating CS hardware/software designs and for defining CS costs.

This section is an abridgement of the several specifications
comprising the CS configuration baseline shown: in Figure 2-1. It
presents the general requirements to be met by the CS, in service to
the GPS, and it documents the allocation of chese requirements to
hardware, software, and personnel within each of the CS elements.

2.1 CONTROL SEGMENT FUNCTIONAL REQUIREMENTS

The prime function of the CS is to provide periodic updating of the
navigation parameters stored in the navigation subsystem of each GPS
space vehicle, Not only must the CS perform the upload function but
the parameters supplied by the CS must not degrade the level of user
navigation accuracy by more than 12 feet. That is, the navigation
parameters (principally satellite ephemerides and satellite clock
correction factors) provided by the CS must contribute no more than 12
feet (one sigma) to the User Equivalent Range Error (UERE)2 Dbudget.

1 $s-GPS-101: System Specification for the Global Positioning System

2 The reader is referred to Part II, vVolume A of this technical report
for a detailed discussion of UEKE.
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Figure 2-1 GPS Control Segment Configuration Baseline
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Updating of the space vehicles' navication subsystems with navigation
parameters having the required accuracy will be accomplished by the CS
through its performance of the following top~level functions:

o Exercise of CS operations control

. Navigation data collection

° Navigation data processing

o Space vehicle navigation subsystem control
. System test/calikration/maintenance

{Before proceeding, the term "navigation data" requires clarification.
To a GPS user, navigation data is the data he extracts from the
signals he receives from the GPS space vehicles and uses to
navigateslocate himself. In the context of ¢S functions, navigation
data is the sum total of information derived from satellite tracking,
meteorological monitoring, etc, that is convolved to determine precise
satellite ephemerides and clock corrections which, in turn, constitute
the update message to the space vehicles.)

Figure 2-2 is a top-level functional flow block diagram (FFBD) for the
CS showing the relationship of'rthe five functions shown above to the
balance of functions involved in the implementation and operation of
the CS. Figures 2-3 to 2-7 are first-level FFBDs for each of the
mission-related, top-level functions., Each of the top and first-lzavel
functions pictured in the figures are described briefly below. The
descriptions are paraphrased directly from the Control Segme-.L
specification in order to convey the diversity of requirements 1levied
on the ¢S ¢i:d which must - be satisfied by the hardware/scftware
configurations documented in this Systems Analysis Report,

2.1.1 control Segment Operatjions

The Control Segment shall be designed to be operated under normal
conditions by 15 personnel at the MCS and 2 personnel at the US,
Monitor stations shall Dbe designed for unattended operations.
Operational schedules, operator control and display, ground
ccmmunications, segment status monitoring, and ~egment initialization
and recovery shall be provided in support of this 1tunction.

. Segment Initialization and Recovery. The ¢S shall be

designed to permit initiation from a cold start or recovery
from a fault condition within 60 minutes.

. system _Scheduling. The CS shall schedule segment resources
for all system functions. The schedule shall be generated
weekly, updated daily, and shall contain all data required by
testing, operations, and maintenance personnel to plan their
activities, The system schedule shall support the segment

Sl s e e i
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Figure 2-4 Navigation Data Collection




PHILCO

Philco-Ford C

Waestern Development Laboratories L

W DL-TR5291

avol

Buissasoiyg p4pg uo1jobiaoN G- ainbi 4

NOtLI10ZHd
%3010

31VHINID

NOILDIO3Hd
SIHIWIHII |
31vd3INID

J9VSSIN
WILSASANs
NOILVIIAVN
EISEELER]

€.

oY

9t
viva

SIHANINLT
Eal =LEEELS
JAVHINIS

Lt

vivo
DNIFIVEL
5530064

vivQa
AVN

EIALELER]
1331709

IVNVHNIV
JLVHINID

V1VQ NOILVOIAVN SS300Hd

0t

2=-7



€
1o
H
3
e
o
Q
3
S
L
o
=
3
a

¢
Qo
3
p o
18

o
o
['s ]
[+4
[

]
-l
(=]
=

£
3

40

|013u0 ) wajsAsqng uoipBIADN 3]o1YaA 8o0dg -7 24nbiy

§S3J04d
avoldn
T0HLNOD
i’y
39VSSIn J9VSSIN 39VYSSIN
avoldn avoldn avoidn
Adid3A LINSNVHL 1VaITvA
€Y oy

W3ILSASANS NOILYIIAVN T0HINOD

vivo
NOLLYOIAYN
8353004

184

2-8




PHILCO €

WOL-TR5291

€
°
H
8
15
T
]
<
o
2
=
LY

uopBIADN /uOLIRIqQI|DD)/153 | wayshg  z-Z @4nbig

1HO4dNS
21181907
301A08d

85

SiS3L
NOILYATIVAI
1NIND3S
T081NOD
LUDELED]

s

09 oM

4]

S1S31
SSINIOVIY
ANIN93S

1041NOD
LLELES]

95

AN3ING013A30
IHYML40S

1804dNS

85

ALIIYND TYNDIS

373IHIA 30VdS
I1vHENvYd

14

JINVYABO3HId

NOILYJIAVN
HOLINON

€S

viva

2/

14 IHISONOL
1331103

(4]

JINVNILNIVI/NOILYHEITYD/153L WILSAS 30IA0K4

$3svie
ANINOIS
TOHLNOD
31vHeiIvd

t5

31IAD GO

0%




BN, Sioss b

WDL-1R5291 PHILCO «» 1
Philco-Ford Corporstion A

L Dlvision ' k-

:\

control function in scheduling SV tracking data collection, :

SV navigation subsystem control, anrdi navigation message ! p
generation. 7

o communications _Functiop. The commur.ications function shall g

be capable of controlling and implementing all data ) g
communications Letween the master control station and the :
following remote stations: :

i a. Munitor stations . ;

b. Upload stations 4

C. Satellite Control Facility
] d. Remote computing facility

This function shall include the establishment and maintenance
; of communications control between the remote stations and
1 MCS, the transrission of data messages from the MCS to the
1 remote stations, and the reception of data messages at the
1 MCS frrom the remote stations. The communications function
shall oe capable of supporting synchronous data transmission
in support of a minimum of five full duplex 2400 bps
commercial data lines between the master control station ani
the monitor and upload stations and the AFSCF. The ’
commun’.cations interface between the remote computing E
facility and the master control station shall be via half the ]

duplex dial-up commercial voice frequency lines. All ;
operational data transmissions shall include error protection s
to ensure an undetected error rate of 10-10 per day over 2

unconditioned 1lines. In support of the segment maintenanc:2 3
function, the communication function shall provide for E:
alternate voice order-wire and administrative text ;
transmission between CS operating locations and personnel. ‘

. Risplay and cControl Fupction. The CS shall be designed to ;
provide efficient interaction between operations personnel, .
computer progrars and segment elements. Control and display i
functions shall be implemented through the use of 3
commercially available computer peripheral eguipment. To the
largest degree possible, control of +the system shall be
effected Dby operator celection of displayed control
alrernatives. .

. Status__Monitorin Fupction. The CS shall be designed to
provide on-.ine monitoring of the status of all critical ’
segment functions and elements. Current status information q
shall be summarized and displayed ¢to segment operators. {
Abnormal status conditions shall also be displayed to the
segment operators. Detailed status data shall be available J
upon operator reguest.,
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2.1.2 Navigatj Dat ollection, The CS shall collect and maintain
in a central data base all data required to support CS ogperations,
navigation processing, SV navigation subsystem control, and system
testing. The CS data bhase shall support segment operations, personnel
and computer programs. Data to be collected and maintained is defined
in the following:

J System calibration Data. The CS shall provide for storage,

retrieval and processing of system calibration Jdata. This
data shall be generated off-line, periodically updated, and
snall include station locations, station range biases,; spece
vehicle transmitter biases, geopotential coefficients, etc.

. Space_ Ve e rackin . The CS shall be capab.e of
collecting and processing tracking data from up to twelve
(12) srpace vehicles and from its own ground environment,
Data to be collected shall include as a minimum:

a. L1, P-channel pseudo-range data
b. L2, p-channel pseudo-range data
ch Meteorological data

Each monitor station shall be capable of collecting and time tagging
data from at least four (4) SVs concurrently at sampling rates up to
one sample per 15 seconds.

U System Time Standard. The CS shall maintain the GPS system
time synchronized to within 100 microseconds of international
time as maintained by the Naval Observatory. Monitor station
and space vehicle clocks shall be synchronized to GPS system
time at all times by means of bias corrections maintained at
the master control station. The CS shall be capable of
physically resetting all system <clocks to within 10
nanoseconds of the system time standard.

° Space Vehjcle Health and Status__Data. The CS shall be

capable of analyzing SV health and status data by means of
data and support computer programs,

. Space Vehicle cess ey. The €S shall be capable of
storage, retrieval, and processing of a minimum of 20 access
keys for each active sV, CS design shall provide for
handling the SV key as classified material. Key material
shall be generated and provided by the AFSCF.

2.1.3 Navigatjon Data Processing. The navigation data processing
function shall generate ephemeris, clock, almanac, and SV navigation
subsystem control data. This function shall operate on the L-band
tracking data acquired by the monitor stations, and the reference

2-11
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ephemeris data provided by the RCF tc produce the update data
messages. This process shall include the subfunctions defined below.

. Trackipg Data__Preprocessing. Raw tracking data shall be

processed to provide a minimum to 50 pseudorange data points
per orbit per £V with an expected one sigma uncertainty of
1.5 meters. This data shall be used in the ephemeris
correction process and shall also be provided to NWL once
every 7 days in support ot the reference ephemeris generation
functior.

B

. Reference Ephemeris Generation. Reference ephemerides shall
be generated for each SV by the Naval Weapons Laboratory,
Dahlgren, Vixginia. This function shall satisfy the
following reguirements:

a. Data for up to 12 SVs shall be maintained.
; b. The ¢S shall provide to NWL accumulated tracking data
% once every 7 days.

c. NWL shall update and return reference ephemerides to the
CS within 3 days of receipt of current tracking data.

d. Each set of reference ephemerides shall be valid for 15
days.

. SV__Ephemeris Prediction. The €S shall generate refined
ephemeris predictions using preprocessed tracking data for
storage in each sV with' the following performance
~haracteristics:

a. Number of SV: U to twelve
b. Period of prediction: Two days minimum

C. Response time: Oone hour from receipt of last valid
tracking data sample.

° SV__clock Predicticn. The CS shall generate SV clock state
predictinns to ke stored in the navigation payload and
transmicc:d to users as part of the users'! navigation data.
Clock st~.e predictions shall include relativity effects.

J Almanac__ata Generation. The CS shall gererate and maintain
a data base containing almanac data for all active SVs. [Uses ¥

of this data shall irclude:

a, Scheduling SV upload functions and generating antenna "
pointing data in support of these functions.

b. Scheduling SV tracking functions and generating the
receiver acquisition data in support of 