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T FOREWORD

: This document is Volume III of a four volume report.
g ‘ The four volume report is titled '"NAVSTAR Global
“ Positioning Systems Special Studies and Engineering

Program”. Volume III presents the results of two

: T ctudies: On2 titled, ""Divect Acquisition Study"
b ’ previously submitted on 11 July 1975 at STI-TR 7115-2;
| 1 the other titled "Manpack Study" previcusly submitted
o

on 11 July 1975 as STI-TR 7115-3.
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GPS SPECIAL STUDIES AND ENGINEERING PROGRAM

TASK 11 - DIRECT ACQUISITION STUDY

1.0 INTRODUCTION

The purpose of the direct acquisition is to determine the
feasibility of a user acquiring a P signal directly (i.e.
without the aid of the C/A signal) in the presence of
jamming.

This investigation was approached in the followi .g manner:

(1) Determine direct acquisition performance
based on presently anticipated system elements
including the constellation selection program,
satellite oscillators as specified, reasonable
user oscillators, etc.

(2) Conduct parametric investigations to determine
requirements on critical system elements for
acceptable direct acquisition performance.

This work was completed during August, 1974 and reported in
STI memos GPS-008, 6PS-014, and GPS-018, from which this
- report is derived.




1.1 Conclusions and Recommendations

° The receiver local oscillator is the limiting

i . factor in performing direct acquisition. A

= receiver local oscillator with overall stability
. of 1072 or better appears to be required.

° The capability to remotely update the user clock
in phase and frequency is required. This appears
feasible.

° Direct acquisition appears feasible for the user

with velocity uncertainty <5 MPH and with an
oscillator which meets the requirements stated

above. The low velocity uncertainty user
employing a parallel receiver with oscillator
stability <10 ° is expected to acquire all four
signals within about 300 seconds with probability
.9 twenty-four hours after clock synchronization.
Direct acquisition is considerably more difficult
for the user with velocity uncertainty as great
as 60 MPH. 1In this case, an oscillator with
stability on the order of 10710 ¢ required if
direct acquisition is to be practical twenty-
four hours after clock synchronization.

Direct acquisition within 25 hours of an accurate
clock update appears tc be feasible for the manpack
receiver. However, the oscillator requirements and
addition receiver complexity composed are such that
this mode of operation is not recommended for the
manpack user equipment to be developed in the near
future.

1-2
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2.0 User Baseline and Parameters

Since the acquisition time results are dependent on both

the assumed system and scenario, it is important that baselines
be defined. It seems that direct acquisition would be desirable
in two representative situations:

(1) The user is not navigating and wishes to enter
the system in the presence of jamming

(2) The user is navigating but wishes to acquire
a P signal in the presence of jamming due to
satellite handover, monentary lost-of-lock, etc.

Obviously the user in the second situation has much more current
and accurate system information than the user in the first
situation and consequently a much less difficult reacquisition
problem, The second situation will, for the moment, be
considered as a specicl case of the first situation and not

be discussed further at thiec time., We will treat the case

where the user is not navigating but wishes to enter the system
in the following material.

2.1 Direct Acquisition Procedure

The user does not know the exact code phase of the received
signal and must therefore perform a code search by stepping
the phase of the reference code with respect to the incoming
code until correlation is achieved. This search process

is relatively slow in the presence of jamming (<10 chips/sec
for significant jamming levels), requiring that the initial
code phase uncertainty be held to a minimum for reasonable
acquisition times. For example, a 3000 chip uncertainty,
corresponding to an uncertainty of +150 us in code timing

o

B
%
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searched at 10 chips/sec, would yield a maximum acquisition
time of 300 sec. This time uncertainty probably represents
an upper bound on what is acceptable. The user experiences
uncertainty in code arrival time due to uncertainties in:

system time
satellite time
satellite/user range

ionospheric delay

It is obvious from the above discussion that the user must
have a fairly accurate estimate of system time (probably
with an error somewhat less than 150 us). Thus we may assume
that the user will require a synchronized clock as well as
some means for estimating satellite/user range.

Further, the code search may be carried out with only a
relatively small uncertainty in carrier frequency (around

100 or 200 Hz). Larger uncertainties require parallel
correlators or additional search time. Thus the user is
required to estimate satellite/user doppler. The user also
requires an accurate estimate of received code frequency
(within 1 or 2 Hz) in order to achieve the desired code
search rate. This estimate is derived along with the carrier
fr- nency estimate,

The discussion that follows will assume the baseline:

° The user must incorporate a clock which requires
synchronization
° Some time elapses between clock synchronization

and the direct signal acquisition attempt
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The user employs his constellation selection
program to estimate satellite/user range and
range-rate

The satellite clock performance is consistent
with the present satellite specification

The user employs a single noncoherent correlator
with input bandwidth B;.

2-3
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3.0 CLOCK SYNCHRONIZATION

Two types of user clock synchronization may be considered. The
first is '"direct" synchronization from a local standard,

such as a cessium beam clock located at an equipment depot,
airport, on board ship, etc. The synchronization, in this case,
is readily accomplished to within the accruacy of the local
standard and requires very little complexity on the part of the
user.

Unfortunately, direct synchronization at relatively frequent
intervals may be inconvenient or impossible for many users.

The user, when navigating, may perform 'remote' synchronization
of his clock as follows:

° The user receives satellite time from the
P signal data corresponding to code time
ticks every 1.5 sec.

° Since the user knows his own position and the
satellite orbit, he may compute propagation
delay time.

° The user also receives satellite clock phase
correction coefficients to allow calibration

with system time.

Thus the navigating user may set his clock to within a few

ns of correct system time using the signal from any satellite.
Further, he may make a frequency correction by synchronizing
with the received carrier, correcting for user/satellite doppler,
and correcting for satellite clock frequency error (received on
the P signal data). A block diagram of the clock synchroniza-
tion is shown in Figure 1.

3-1
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The above synchronization procedure can actually be accom-
plished when only one satellite signal is being received,
however the synchronization accuracy is degraded due to the
uncertainty in user position and velocity,

In summary, remote snychronization when the user is navigating

can be very accurate, with negligible error in phase, and
frequency error limited primarily by the accuracy with which
the user oscillator may be set.
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4,0 SIGNAL ACQUISITION

Let us assume that after clock synchronization, the user
receiver is turned off, except the clock, for some period

of time and the user then attempts direct P signal acquisi-
tion. The user must first estimate received code phase based
on estimates of

° system time
° satellite/user range.

The code phase estimate will be in error due to:

error in satellite position estimate
error in user position estimate
error in user estimate of system time

error in satellite clock with respect
to system time

o ionospheric delay

These error sources are discussed below.

4.1 Satellite Position Estimate

Let us assume that the user relies on his initial orbit
determination model for a satellite position estimate. The
accuracy of such a model, employing the Kepler two-body
equations, is discussed in Reference (l1). The use of average
values for orbit elements appears to be the best approach,
gince it gives a relatively stable value of maximum satellite
position error for 12 to 16 days after element up-date. The
in-track position error varies from about 40,000 feet to
70,000 feet over a sixteen day period. The change in satellite/
user range due to in-track satellite position errors may be
computed by employing the equations (Ref. (1)).

(1) R.E. Orr, TRW, DNSDP - RED-155
4-1

——— hegaal R RS Tl B N

Gt ke iaa P PR T A




o s keGSO o R e e ,;,‘,-.‘,M, -
rl = re2 + rs2 - Zrers coSs a (1)
and da= 8P (2)
r
s
where
rg 1s the satellite geocentric radius, 87.2 x 10% ft
r, is the earth's radius, 20.9 x 10% £t
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r 1is the range from user to satellite

0P 1is the variation in satellite position along
the direction of motion.

N
) \\ satellite

Differentiation Eq (1) with respect to a gives

rr
dr . "e’s

Te 5 sina

and substituting Eq (2) yields

r_AP
g sin o

AR =
Substituting numerical values,

AR = .23AP when a = */2

4-2
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Thus we anticipate errors in the range estimate on the order
of %14,000 ft, based on an error of *60,000 ft in the

satellite position computation (i.e. a time uncertainty of
+14 us).

4.2 System Time Estimate

The user clock will be in error due to

initial time synchronization errors
initial frequency synchronization errors
° user clock drift.

The initial time synchronization errors are expected to be
negligible as discussed in Sec. 3.

An initial frequency synchronziation error may exist due to
errors 1in the doppler and satellite oscillator correction,

as well as an error in setting the oscillator. The doppler
estimate and satellite frequency corrections should introduce
a maximum combined error of about *2 x 10-10, based on the
requirement for range-rate accuracy of .06M/sec for the Class
X and Y user (the Class Z user accuracy is not yet specified).
An oscillator setting accuracy of ilO'lo will be assumed (See
Appendix A). ‘

Once the user oscillator has been set, there will be frequency
variations (for quartz crystal oscillators) generally categorized
as being due to temperature variation, voltage variation, load
variation, short term instability, and aging.
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For the purpose of our investigation, let us assume that the
user oscillator frequency is given by

fu’fo'l'Af + at

where
£, = nominal system standard frequency

Af = a constart user frequency bias
o = frequency aging rate.

The frequency bias, Af, will be considered to be a Gaussian
random variable with standard deviation

. 2 2 2 2
o= £, \/6,1, +oy" 4 8%+ bone b

where
6T = temperature stability

6v = voltage stability

bL = load stability

6STS = short term stability
§, = setability

A discussion of parameters assumed for the above error sources is
presented in Appendix A. Three baseline reference oscillators
are considered for this investigation:

1. A low power crystal oscillator (LP0O) with fast

warmup and proportional oven temperature control

for which oa - oa -
-f;£-6x109and-f;'1109/day.

4-4
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2. An ultra stable crystal oscillator (USO), with
a double proportional control oven, for which

LN - -
225 = 1.4 x 10710 and 3 = + 1070/day.

o o
3. An atomic standard (AS) with accuracy of 10-13.

These baseline oscillators are discussed in more detail in
Appendix A.

4.3 User Position Estimate

The error in the user position estimate will depend on individual
circumstances. Position uncertainty, for present purposes, will
be considered to be a circle with 5 n.mi radius, consistent with
Table II of the User System Segment Specification, SS-US-10lA.
This will yield a worst case timing uncertainty of approximately
+ 30 us.

4.4 Satellite Clock Error

The error in the satellite clock will be less than + 10 us,
according to present system specifications.

4.5 Ionospheric Delay .

The ionospheric delay is a few chips at most and will therefore
be neglected.

4.6 Iime Uncertainty Summary

The anticipated time uncertainties are summarized in Table 1.
There is some question as to how these time uncertainties should
be combined to give the most meaningful results. For present
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purposes, let us assume that each error is a Gaussian random
variable with 2¢ value equal to the maximum value shown in Table 1
(with the exception of the user clock error). The total time
uncertainty will also be considered to be Gaussian with standard
deviation

e VT BT oo

where sz(UC) is the variance of the appropriste user clock.

Using the numerical values of Table 1, we have

2
o " \/;99 + op”(UC)

This quantity is plotted vs time in Figure 2 for the different
user oscillators.
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4.7 Carrier Frequency Estimate

The rate the user can search the received code timing uncertainty,
depends partly on the accuracy with which the signal carrier
frequency is known. The received carrier frequency may be off
nominal due to satellite oscillator frequency offset and satellite/
| user doppler. Further, frequency error in the user oscillator

L) will also appear as a signal offset. The problem of estimating
signal carrier frequency is essentially the same as that encountered
| for C/A signal acquisition and is discussed in Reference (2).

. These estimates, presented in Reference (2), may be used when

5 considering direct signal acquisition, except that the error due

E - to the user oscillator is anticipated to be reduced by the

b | synchronization process as described previously.

A summary of estimated frequency errors for the direct acquisi-
tion problem is shown in Table 2. These error sources will be
handled in the same fashion as the time error sources, i.e. the
errors will be assumed Gaussian with a 2¢ value equal to the
.. maximum value shown. The standard deviation of the frequency
li error will be expressed as

af

cer Ve () (38 e

Using the values in Table 2 gives

I L e
Ay "

nTEse

2
o = \/r6864 + .7 (UC) dynamic user

- \/464 + OEZ(UC) stationary user

where af(UC) is the one sigma frequency error of the user clock.

(Z)GPS Final Report, Part II, Philco-Ford, February 1974.
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4.8 Code Frequency Estimate

The rate at which the user searches the received code may be
controlled only to within the accuracy with which the received
and nominal code rates are known, l1.e. the user must reduce
the nominal search rate below the desired maximum search rate

~ by the amount of uncertainty in the code frequency estimate.

The factors involved in estimating code frequency are the same
as those discussed in commection with estimating carrier
frequency. The accuracy of the code frequency estimate may be
determined by multiplying the carrier frequency uncertainty by
the ratio of the code to carrier frequencies, T%E" Thus we
expect a maximum error in the code frequency astimate of

about + .5 Hz.

4-11




Clock Sychronization Sunmary

The user must have some means for synchronizing
an internal clock. It is feasible to perfrom
clock synchronization with negligible error
during navigation.

The user will have a lo timing error X17 us
(170 chips) in estimating receive code timing,

assuming no user clock error.

User induced doppler ie a major source of
frequency uncertainty.

4-12




5.0 ACQUISITION TIMES FOR DIRECT P-SEQUENCE ACQUISITION

Direct acquisition of the FP-sequency by a non-navigating GPS
¥ user is discussed in some detail in the preceeding sections.

The rate at which the received code, or time uncertainty,

may be searched is derived in App. B with probability of detec-
| tion (PD) IF bandwidth (BI)’ SNRy, and probability of false

1 alarm (PFA) as parameters. The correlation detector in Figure

e e e
e e e -y T A TR A U TP TIPS U TP SN - o St 7 g =

E o 3 is assumed.

A

r(t t t ¢) PINGLE POLE RC '
oM L ] e TS R
- FILTER
£;» B ’
g i’ "I

Figure 3 In-Lock Detector

5.1 Acquisition Time

The standard deviation of the received signal code time

uncertainty is shown in Figure 2 vs time from clock synch-

ronization for various user oscillator stabilities. Assuming

that the time error is a Guassian random variable, the search

= interval of ¥20,r will include the correct time position with
probability .977.

I
The race at which the code may be searched is plotted vs C/N'o
I with B; as a parameter, in Figure 4 for PD = .94 and PFA = ,005.
A correlator loss of 1 dB is assumed. The required IF bandwidth
I depends, of course, on the carrier frequency uncertainty (given
I

A Holli e TR e

by Eq. 2) and is taken to be B; = Aof in the results that follow.

-

e T AT T T A

5-1




The time to acquire one signal may now be determined for

a given C/No (or J/S) by finding the corresponding search
rate from Figure 3 where By is selected based on (Eq. 2),
and the time interval to be searched is given by Eq. 1.

In the results that follow, we choose a time search interval
of i,Zq&T, an IF bandwidth of + 20f, and a PD = .94, Thus
the probability of acquiring the signal in a single pass is
0.9. The results plotted are maximum acquisition time, i.e.
time to search the interval - ZQAT to + ZQAT (the increase in
acquisition time due to false alarms is assumed negligible).
The optimum search pattern would start at the middle of the
time uncertainty interval and spiral outwerd. Howeve., it is
considerably more straightforward to implement a search that
starts at one end of the uncertainty interval and searches in
one direction. In this case, the average acquisition is one-
half of the maximum time.

Maximum acquisition time, Tacq(max), is shown vs time from
clock synchronization in Figure 5 for a user with velocity
uncertainty < 5 MPH (corresponding to a large segment of the
manpack population). Oscillator stability is seen to be the
overriding factor in determining performance, with a stability
of 10"9 or better being required for acceptable performance.

Similar curves are shown in Figure 6 for the user with a

maximum uncorrected doppler of + 160 Hz (corresponding to a
velocity uncertainty of 30 m/sec horizontal and 6 m/sec

vertical or 60 MPH. The search rate of 5 chips/sec is
determined as follows. An IF bandwidth = 350 Hz is required to
accommodate the total frequency uncertainty. Interpolating
between the curves of Figure 4 we €ind a maximum search rate

of 7 chips/sec at J/s = 45 dB (C/N, = 27 dB-Hz). However, a
code frequency uncertainty = + 1 chip/sec exists due to the same
sources that cause an uncertainty in the carrier frequency.
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b =4 )

!

Thus the nominal search rate is reduced to 6 chips/sec to
ensure that the maximum search rate is not exceeded. The
results indicate that relatively large uncorrected doppler
causes a drastic increase in acquisition time (by a factor
R 2.8) and limits useful performance (Tacq153 min) to about
five hours from clock synchronization for an oscillator with
1077 stability.

5.2 Acquisition of Additional Signals

Certain user rece‘vers may attempt to acquire four satellites
in parallel, in which case the maximum time to acquire four
satellites is the same as the maximum time to acquire one
satellite (although the probability of acquiring all four on
the first attempt is only about 0.65).

In case the receiver does not acquire all four signals (or

if the user employs a sequential receiver) the acquisition of
a single satellite sigral allows the user to update his clock
as discussed in Section 3. The other user may still
experience a timing uncertainty o= 15 us, corresponding to
150 chips, due to position uncertainty (based on a maximum
position uncertainty of + 5 n mi). The clock update procedure
ray be expected to take a maximum of about 20 sec in order to
collect a complete frame of data and make the necessary
computations. The time to search the hth time uncertainty
=60 us will depend on the receiver in question, however a
maximum search time of about 43 seconds would be required

for the 14 chip/sec search rate quoted for the results of
Figure 5.




No further search time is required if the receiver attempts
to acquire the additional desired signals in parallel.

Thus the results of Figure 5 may be interpreted as follows.
The parallel receiver will acquire at least one signal in
Tacq(max) seconds with probability .999. Four signals may
be acquired within Tacq(max) + 63 .seconds with probability
= .9. In the case of the sequential receiver, the first
signal is acquired within Tacq(max) with probability =.9.

/. maximum of about twenty seconds is then required to
synchronize the clock, and a maximum of 43 seconds is
required to acquire each additional signal (with probability

=.9).

The results of Figure6 may be interpreted in a similar manner
except that about 100 seconds is required to acquire additional
signals (due to the 6 chip/sec search rate).

In the interest of clarity, we will for the moment concern
ourselves only with the parallel receiver which acquires
with probability =.9 in Tacq (max) + 63 seconds for the user
with velocity uncertainty <5 MPH and in T, cq(max) + 120
seconds for the user with velocity uncertainty <60 MPH.
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Our conclusions may be summarized as follows:

The receiver local oscillator is the limiting
factor in performing direct acquisition.

S o R kst R b S e

Direct acquisition appears feasible for the user
with velocity uncertainty <5 MPH and with a re-
ceiver local with cverall stability 510'9, Direct
acquisition is considerably more difficult for

the user with velocity uncertaiaty as great as

60 MPH. In this case, an oscillator with stability
on the order of 10710 is required if direct acquisi-
tion is to be practical twenty-four hours after
clock synchronization.,

e e e B B B
L]

R SPEMEYRY

° A parallel receiver significantly reduces the
time required to acquire four signals.

° The low velocity uncertainty user employing a
parallel receiver with oscillator stability
<1077 is expected to acquire all four signals
within about 300 seconds with probability x:.9
twenty-four hours after clock synchronization.




APPENDIX A
USER OSCILLATORS

The ¢haracteristics of the user local oscillator are an important
factor in the ability to perform direct acquisition. The quality
of the user oscillator will probably vary with intended applica-
tion since better performance generally implies increased size,
weight and power consumption. For the purposes of this investi-
gation, threz representative oscillator baselines will be con-
sidered:

1. A low power, fast warmup, proportional temperature
control, crystal oscillator

2. A high quality, double proportional control,
crystal oscillator

3. An atomic standard with 10-13 accuracy (based
on the User Segment direct acquisition
specification, Paragraph 3.2.1.6 and Table II).

[ —
[] 0

A.l Low Power Oscillator (LPQ) Characteristics

An Army sponsored program to prove feasibility of a low power,
fast warmup, microcircuit crystal reference oscillator was
conducted by Bendix Corporation and is reported in Reference (3).
Five test oscillators were built under this program with varying
degrees of success. This program gives an indication of what
one may expect in terms of oscillator characteristics for a

user that requires direct acquisition, but where size, weight,
and power consumption must be minimized. The program goals

and best results achieved are summarized in Table A-l. Character-
istics of a commercially available oscillator of conventional

design, employing a proportional control oven, are also included
for comparison. A baseline oscillator has been assumed with
- characteristics also shown in Table A-1. The baseline in most

—t ) Py

b=

—t

13)H.H. Greenhouse, et al, "Fast Warmup Quartz Reference Oscillator,
Final Report," ECOM-0265-F, Bandix Communications Div., June 1973.
A=1
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k.

instances assumes that performance will be at least as good as
the conventional oscillator, and that the best performance
achieved during the feasibility program will be repeated on a
mass production basis in the future.

For the purposes of our investigation, let us assume that the
user oscillator frequency is given by

fu'f°+Af+at
where

£, = nominal system standard frequency (Hz)

Af = a constant user frequency bias (Hz)
a = frequency aging rate (%%b)'

The frequency bias, Af, will be considered to be a Gaussian
random variable with standard deviation

2. .2 2 2
oneg ™ £ \/a + 8 + 4 & 2 %
of o T \') L + STS + ¢

where
‘T = t<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>