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ABSTRACT OF FINAL REPORT

Introduction

This document is a Final Repert which covers the Multipath Modulation
Study of the Tracking and Data Relay Satellite System, conducted by The

Magnavox Company's Advanced Systems Analysis Office for NASA Goddard.

The purpose of the study has been realized. The Magnavox Company
has evolved a system as a result of many tradeoff analyses which will
provide the users of Tracking and Data Relay Satellite Systems (TDRS) with
the foT1owing capabilities:

o

immunity to multipath

o

multiple access through a wideband satellite in the
presence of many other users

interference rejection capability

accurate range and range rate tracking by one or more
ground stations

simultaneous transfer of data and ranging information

simultaneous contact between a ground station and many
users

In addition to these gross capabilities, the approach provides for rapid
synchronization between a user and ground station, and provides for all
the required data rates and voice requirements. The system has built-in

margins to insure successful operation.

Report Summary

The report begins with a statement of the objectives of the study
and a complete ﬁequirement analysis. This requirement analysis sets the

ground rules and goals of the study.

i1



Prior to the technical discussions of the various candidate systems
with potential anti-multipath, multiple access, and anti-interference
capabilities wé present in detail the significant parameters which govern
the time varying channel between a user and the TDRS. These parameters
are defined so that their particular roles in subsequent system performance
evaluations are well understood. In addition to the propagation parameters
such as fading bandwidths, coherent bandwidths, direct path doppler, etc.,
we have also discussed antenna anamolies which exist for unmanned user

satellites as a result of its omni-directional pattern.

In order to provide tractable mathematical analyses and tradeoffs,
Magnavox selected a {imited but representative number of systems for
actual.analysis. This 11mitéd but representative number of candidate
systems totals eleven separate techniques; their selection was based
upon a signal design rationale which dictates that three generic approaches
can be taken to the multipath problem; and these eleven systems are members

of the three basic approéches.

Following the candidate sysiem selections we determine the required
bit error probability for a ﬁser to insure that the quantizing resolution
employed in the user spacecraft is maintained through the noisy channel.
Expressions are obtained and curves are presented which illustrate the
maximum allowable bit error probability which can be tolerated and stiil
maintain the desired A/D quantizing resolution. The analysis shows that
the required bit error probability is a function of the amplitude sta-

tistics associated with the analog data prior to digital conversion.
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Furthermore, the required bit error probability is a function of the
number of bits utilized in the PCM system. For example, we have shown

5 for a 7-bit

that the required bit error prp'babmty should be 10°
PCM system if the analog to digital conversion resclution of user space-
craft data is to be maintained. This analysis is considered essential
to the study since by establishing the minimum acceptable bit error

probability, the need for coding (e.g., forward error control) can be

determined from individual performance analysis of candidate systems.

After selecting the systems we proceed to analyze them for their
anti-muitipath and multipie access capabilities. We have excluded from
analysis, by direction from NASA, any system which requires time division
multiple access or the accurate knowledge of time so that respective
users can access the TDRS in a time coordinated fashion. The analyses
are general and can be readily extended to situations where the repeater
bandwidth and user power are not so restricted. We have emphasized the
YHF Tink between the unmanned user and the TDRS in most of our analyses
since this 1ink appears to be the most difficult to support. It is both
bandwidth and power starved. A1l of the analyses assumed worst case

conditions and adequate system margins.

Of particular interest to TDRS and to other future NASA programs,
is a section in this Final Report which discusses’ the corrélation properties
of pseudo-random codes which are known as Gold Codes. These codes are
utilized for pseudo-noise multiplexing of a large number of simultaneous
users through a common channel sugh as TDRS. This contribution is a

significant result of our study,for this analysis determines for the



Once synchronization has been -thoroughly ana]yied we present a
section on phase Tock Toop tracking for the efficient recovery of data
and voice signals for the TDRS. We evaluate the impact of doppler and
doppier rate on the ability of the user and G.S. to demodulate data at

the designed bit error probability of 1075,

For manned applications of TDRS, there is a requirement for
multipiexing voice and data. This requirement exists at S-band for the
normal mode and at VHF for an emergency voice mode. Magnavox has surveyed
various voice coding technigues to insure high quality voice, data multi-
plexing compatibility, and compatibility with various anti-multipath
multiple access techniques. As a result of the survey we have recommended
a voice coding technique for both the normal and emergency voice mode for
the manned users which is economical in.bandwidth, size, cost, and power,

but renders high performance and degrades gracefully in noise.

Unfortunately the'TDRS is plagued with RFI. Interference is seen
by the relay satellite as well as by the user on both the VHF channels.
Magnavox has devoted a complete section of this report to the evaluation
of the RFI and determination of its impact on the modulation techniques
investigated for the TDRS. We have included RFI data on a round the world

basis to project the RFI environment in the frequency band of interest.

The hardware complexity of the user equipment is of prime concern.
The hardware must be reliable, low power, cost effective, and lend jtself
to high density packaging. The various modulation techniques we have

investigated have been reduced to block diagram form and in many cases
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first time the expected number of users which can be supported by the
TDRS when each user is assigned a pseudo-noise Gold Code for the purpose

of multiple access and positive identification at the ground station.

To enhance the systems performance, independent of the modulation
technique, and to insure a greater system margin, we discuss in detail
the advantages of using a modest amount of forward error control for the
power Timited users of TDRS. We advocate the use of convolutional encoding
at the user and sequential decoding at the ground station to enhance
overall system performance. While forward error controk,~in the past,
has required complex circuitry, current circuit technology coupled with
this particular forward error control approach, makes forward error con-
trol an attractive way of increasing the TDRS capacity. and/or reliability

with a minimal addition of hardware at the ground station.

A significant section in this Final Report deals with range and
range rate considerations for TDRS. We discuss user position error in
terms of the inaccuracies in tracking the TDRS, inaccuracies in the ground
station position, and the tracking errors of a user by one or more tracking
data relay satellites. Of particular importance is the conclusion§ we
have reached that the ground stations can be located within a ten meter

SEP absolute error using existing TRANSIT technology.

We also present a thorough discussion of the synchronization of
various wideband and narrowband systems which were selected for their

anti-multipath properties.
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we have discussed the actual implementation of the various approaches in

terms of their reliability, cost, size, weight, and power.

As a result of the many analyses and tradeoffs which range from
gnti—mu]tipath performance to hardware designs, we present a recommended
system and {ts btock diagram design. The recommended approach is a
“compromise optimum" system iﬁ that it has been evolved through a step-
by-step evaluation process. In most instances the recommended approach
is the best approach in a particular evaluation category. Overall the

recommended system meets all of the goals of the study.

After recommending the final system we discussed impact of this
system on existing Goddard instrumentation such as STADAN and the Manned
Space Flight Network. We also discuss the similarity of the approach
recommended by this study with other Goddard techniques already in

existence.

We conclude our report with a set of recommendations. These
recommendations advocate continued study in various problem areas uncovered

as a result of our current study.

Recommendations

Based upon lengthy and detajled tradeoff analyses covering virtually
every problem area existing between a low power user satellite and the
Tracking and Data Relay Satellite, we have concluded that the pseudo-noise
(PN) wodulation system is the "best" compromise approach. We have shown
that the PN system can support 40 unmanned users under the most adverse

multipath conditions.
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Furthermore, it is shown in this report that the pseudo-noise
system will provide protection against muitipath even at very Tow alti-
tudes which are encountered during the initial Taunch phase of the
mission. Al1 other systems which were analyzed failed tc meet one or
more requirements with regard to protection of the signal in the presence

of multipath.

We recommend, as an anciliary to the pseudo-noise system., forward
error control of the convolutional encoding seguential decoding variety.
We have shown that with a modest amount of hardware located at the ground
station an improved system margin and/or capacity of 4 to 7 dB can be

obtained through the use of forward error control.

To strengthen our choice of the pseudo-noise syétem as the basic
approach for users of TDRS, we have shown that the pseudo-noise system can
provide an excellent range and range'rate tracking capability for these
users. Specifically, it is shown that the pseudo-noise system will pro-
vide a 3 meter, one way ranging instrumentation error in the presence of
40 users and worst case mu]tiﬁath. Furthermore, it has been shown that
the pseudo-noise system will provide a 4.5 meter accuracy for the ground
station to user 1ink. Range and range rate are virtualily a fall-out of
the instrumentation reguired to implement the pseudo-noise system, whereas
other techniques investigated require the addition of range and range rate
instrumentation to effect.tracking of the users. We propose a pseudo-
noise transponder at the user which provides a coherent turnaround doppler

for 2-way range rate extraction.
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The pseudo-noise system has been shown to synchronize with a
2-way sychronization probability of .9 and with worst case synchronization
time of 16 secs; the average synchronization time is 8 secs for the com-
plete 2-way link synchronization. The pseudo-noise s&stem will provide
unambiguous ranging between the user and the ground station out to the

limits of the expected mission geometry.

It is shown that the pseudo-noise system can adequately track the
doppler and doppler rate associated with the time-varying geometry between
a usér and the TDRS. The pseédo~noise system will provide accurate ranging
between ground station and TDRS and provide accurate tracking of the TDRS,
which is reguired in the final determination of the user's position.
Furthermore, the pseudo-noise system will provide doppler compensation
from the ground station to user Tlink to insure that the doppier contribution

from the motion of the TDRS will not degrade or bias the system's performance.

By using a pseudo-noise system in deference to other techniques
investigated, the command Tink between ground station and user requires
a single channel and all users in view of the TDRS can automatically
synchronize to this single channel and thus provide the ground station

continuous tracking of all users in view of a particular TDRS satellite.

A system margin of 6 dB has been included in all system calcula-
tions and the pseudo-noise system has been shown to provide the necessary
data rates at the required bit error probability for a user power level

of 2 watts. This power level includes the system margin of 6 dB.
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Pulse duration modulation digital voice encoding is recommended
for the manned space emergency and non-emergency modes. We have shown
that the pulse duration modulation technique can be easily multipiexed
with data and that it is very compatible with the pseudo-noise modulation
approach. Furthermore, the pulse duration modulation technique out-
performs both PCM, FM, and other modern voice encoding techniques in
the region of critical signal to noise ratios. The encoding and decoding
involved in the PDM modulation approach is extremely simple, low cost,
and Tow power. During the manned emergency mode, it has been shown that
pseudo-noise system combined with PDM voice and 4.8 kilobit multiplexed
data can provide a very reliable channel hetween the manned user and the
ground station. Furthermore, tracking the manned user during the emergency
made is effected.” While the VHF channels are plagued by the presence of
RFI from the earth, the pseudc-noise system is amenable to interference
reduction techniques at ground station, and we have shown that a modest
amount of interference reduction at ground station will compietely negate

the presence of the worst case of RFI.

With regard to hardware complexity the pseudo-noise system, because
of the integrated nature of the waveform, provides simultaneous functions
such as data transfer, range, etc. The pseudo-noise system is an integrated
system, whereas other abproaches which appear to be less complex with
regard to hardware for anti-multipath protection, in fact require additional
hardware to accomplish the range and range rate implementation. Thus we
conclude that the relative compliexity of the psuedo-noise system is low.

A recent in-house study conducted by Magnavox shows that a transponder of
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the type recommended in this report for a user (and ground station) can
be implemented in 12 cubic inches. This packaged size includes the RF
recejver at the user. Additional equipment at the ground station such

as error control decoding and rapid and precision instrumentation require

an additional 6 printed circuit boards per user.

The tracking concepts outlined in this report and the use of the
PN system minimize the complexity of the TDRS repeater. A "bent pipe"
repeater is shown to be quite feasible if PN is utilized with no forfeit

of range or range rate accuracies.

In conclusion, the pseudo-noise system meets all of the desired
goals of the multipath modulation study for the TDRS. Furthermore, the
principles involved in the pseudo-noise system represent current technology
now in use by NASA in the unified S-band system. These are khown techni-
ques and provide virtual hands' free operation between the user and the

ground station.
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1.0 MULTIPATH MODULATION STUDY FOR THE TRACKING AND DATA RELAY
SATELLITE SYSTEM TECHNICAL DISCUSSIONS

Section 1.0 is devoted entirely to technical discussions which
relate to the Tracking and Data Relay Satellite System, and specifically,
to the Multipath Modulation Study.

This document is a final report covering NASA Contract No. NAS5-10744,
submitted by the Magnavox Advanced Systems Analysis Office, Silver Spring,
Maryland.

This study addresses itself to several critical problem areas which
exist within the current Tracking and Data Relay Satellite System (TDRS)
objectives. The TDRS is an advanced concept, deveioped by NASA Goddard to

a) provide virtually real-time relay of up to forty unmanned
scientific satellite data to a small number of ground stations

b) provide ranging between a user and ground station so that the
user orbit or position can be determined

c) -support a Timited number of manned missions in real-time

The TDRS system capabilities should, from studies already conducted,
far exceed the present ground station compiex with regard to coverage,
reliability, cost, etc. 1In order to realize these advantages, however,
certain difficult problems must be solved and thjs report hopefully

solves some of these problems.


http:capabiliti.es

1.1 REQUIREMENTS AND STUDY OBJECTIVES

The objectives of this study are based upon the requirements
outiined by NASA which have been updated to include new requirements

which are reflected in this summary of study objectives.

The primary objective of this study is to devise modulation
techniques which can provide unmanned and manned users of the TDRS
‘simultaneous communications and tracking in the presence of severe
multipath and interference. Tﬁe study was originally aimed to support
ten unmanned users and two manned users. The unmanned users were
required to transmit at a nominal digital data rate of 1 kilobit per
second to the ground station (G.S.). The manned users must transmit
up to a 51 kilobit data rate and the capacity for one full duplex voice
channel. The study has ﬁow been expanded to support 40 unmanned users
which are located in more or less random orbits between 100 mi and a
1000 mi above the earth. The manned requirements have not changed
materially except except that an emergency voice mode has been included

at VHF with a simultaneous requirement for 4.8 k{lobit/sec data at VHF.

It is desirable for many reasons that the unmanned users utilize
the standard VHF transmission frequencies for the ground station to user
Tink as well as the user to ground station link. Specifically the user
to ground station (G.S.) Tink shall employ the 136-138 MHz band and the
ground station to user Tink will utilize the band between 148-149.9 MHz,

if feasible.



The unmanned user spacecraft power Tevels are to be maintainéd
at a minimum, that is, at average power levels between 1 watt and 10
watts. The antenna on board the unmanned user craft is omnidirectional,
and as a result of this lack of directivity, a severe multipath situation
is created between the unmanned user and the TDRS. The RFP specifies
(and has been shown theoretically through previous studies) that one can
expect a muftipath signal power equal to or less than the direct signal
power between user and the tracking and data relay satellite. Since the
ground station to user and user to ground station links are symmetrical
.for the unmanned user situation then it is obvious that multipath will
exist on both 1inks. The unmanned user's omni-antenna does not have a
perfect pattern. Actually deep nulls in the antenna pattern (18-25 dB)
have been observed for linear polarization. These antenna anamolies
have necessitated the use of polarization diversity in the existing

systen.

The ground station to user 1ink, referred to as the command and
control link, is used to command the unmanned missions and requires an
overall data rate of 400 bits per second.. At this rate each user should
receive a command once every 10 seconds. This refresh rate is considered
acceptable. Shown in Figure 1.1 is the projection of the requirements
for various command techniques through 1980. Note that PCM command requirements
increase rdpidly while the other techniques remain constant or decrease

with years.

Because the manned space flight vehicle is stabilized and uses a

directional antenna at S-band, the multipath problem is virtually nonexistent when
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the manned craft is functioning properly. In the case of emergencies
the manned craft will use YHF for one full duplex voice channel and
require a simultaneous 4.8 kilobit telemetry channel. During this mode,
the manned craft will have 100 watts average power avai]gb]e for trans-
mission. In the most dire circumstances, when the manned craft has lost
its attitude controls and is tumbling, an omnidirectional antenna is
assumed for the emergency voice and teTemetry channel. Thus, in these
circumstances, a multipath situation can be created. During emergency

sjtuations tracking of the -manned mission is essential!l

Because the VHF channel is power starved, bandwidth Timited, and
subject to intense interference, the primary emphasis of this study is
placed on the unmanned user satellite requirements for the VHF channel.

This does not mean we have neglected the manned requirements.

The pertinent requirements associated with the TDRS Multipath/

Modulation Study are summarized below.

Ground Station (GS)

System noise temperature - 150°K
Radiated power - 10 KW
Antenna gain - equivalent to 86' dish with efficiency of 0.7

Tracking and Data Relay Sateilite (TDRS)

System noise temperature (GS to TDRS 1ink) - 1200°K
Radiated power to GS - 10-20 W
Antenna gain (TDRS to GS 1ink) - equivalent to 20° beamwidth
with efficiency of 0.5

System noise temperature (TDRS/User Spacecraft Link) - 1200°K
Total Radiated power to User Spacecraft - 10-20W (S-band) 20W (VHF)
Antenna gain (TDRS to User) - equivalent to Earth coverage out-

to 1000 nmi (VHF) equivalent to .

8' dish with efficiency of 0.5 (S-band)



User Spacecraft

(i) VHF (up to 40 unmanned users)
Receiver noise figure - 5 dB
Transmitted power - 1/2 W to 10 W
Antenna gain - omnidirectional (unstabilized circular
polarized turnstile}

(ii) S-Band or K -band (2 manned users)
Receiver noise figure - 10 dB
Transmitted power - 10-100 W
Antenna gain - equivalent to a 3' to 10' dish with
efficiency of 0.5

Frequency Plan - Data Rates

GS to TDRS - 13725 - 14200 MHz

TDRS to GS - 14875 - 15350 MHz

TDRS to User Spacecraft (unmanned) - VHF (148-149.9 MHz) - 400 bit/sec

User Spacecraft to TDRS {unmanned) - VHF {136-138 MHz) - 1000 bit/sec

User Spacecraft to TDRS {manned) - S-band (14400-14875 MHz) - 51 KB -
voice full duplex

TDRS to User (manned) - S-band (13250-13725 MHz) - voice - data

VHE S-Band  K-Band
fT - DRS-User 148-149.9 2025-2120 13250-31725
f2 - User-DRS 316-138 ‘ 2200-2300 14400-14875
f3 - Gnd=DRS 13725-14200
f4 - DRS-Gnd 14875~-15350

At S and K Band:

fo _Ts_ a0
fT f4 2?1
At K Band:
_ 221
fy = f1 =215 (f4 = T5)

Emergency Mode

User (manned) to TDRS - VHF {136-138 MHz) Voice plus 4.8 KB/sec Data
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The two possible TDRS configurations are illustrated in Figure 1.2
for three and four satellite geometries. Assuming a total of 40 unmanned
users with each data relay satellite using an earth coverage plus 1000 mi
antenna, it is easy to show that on the average each data relay satellite
- will see approximately 4/7 of the total number of users. This is true if
the user satellites are randomly distributed between 100 miles and 1000
miles. We can expect the satellites to drift and in fact at some instances

in time all the users will be crowded together.

Shown* in Table 1.1(a) is the projected satellite population vs.
altitude for the years 1969 through 1980 and Table 1.1{(b) is a similar

projection of the inclination angles of the satellites in question.

Table 1.1(a) Satellite Population Projection
19569 70 71 72 73 74 75 76 78 80

Altitude
<3000 Km 54 48 52 57 53 56 54 54 50 45
3000-3600 24 30 27 27 28 26 23 23 18 1%

Synchronous 7 7 6 5 8 8 14 14 23 23
>Synchronous 15 15 15 11 11 10 ¢ 9 g 13

Note: eccentric satellites are accounted for above

Table 1.7(b) Satellite Inclination Projection
1969 70 71 72 73 74‘ 75 76 78 80

<30° 17 26 23 23 32 31 37 32 46 50
>30°,<60° 40 30 36 23 16 19 19 29 18 22
>60°,<90° 43 44 41 54 52 50 44 39 36 28

Note: the large number of low altitude (<3000 Km) and Tow inclination ]
angle (<30°) satellite can be attributed to projected TDRS activities.

* E. J. Habib, "1&DS Mission Mode and Projected Spacecraft Support
Requirement Through 1980", March 69, X-520-69-110
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It is evident from Figure 1.2 that there are a number of problems
associated with the TDRS which impact on the modulation system design.
First there is the handover problem which is in effect a command and
control problem. Secondiy, if the four satellite TDRS is employed,
three satellites can be within the field of view of a large number of
users at certain times, complicating the multiple access problem. Recently,
De1aney* has analyzed the 3 satellite TDRS vs. a G.S. complex such as
Stadan. Delaney concluded that for a typical TDRS geometry (16° E, 88° E,
180° E, zero inclination, stationary) that 95% of the time each TDRS would
be required to handle no more fhan 23 satellites from a total population
of 40 satellites. This conclusion is not valid for the 4 satellite TORS
geometry but does itlustrate the existence of a trade-off between the
numbeyr of TDRS's .employed and the system Toading. The modulation technique
chosen to provide anti-multipath/multiple access, anti-interference and
tracking must also be compatible with all three (or two) satellites in
view. In orde;_ga-provide accurate tracking during critical phases of
the mission it is necessary to have more than one TDRS to receive the

same signal from one user, thus the signal design of the user must be

compatible with any one or as many as three TDRS's simultaneously.

In addition to the multipath problem which exists between the
user and the TDRS, there exists a potentially more severe problem created
by the presence of unintentional interference sources Tocated on the earth
and found primarily within the VHF bands. 1In order to evaluate the.

potential problems associated with this interference we have solicited

*1.T.C. Proceeding, Vol. V, Sept. 1969
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the aid of representatives of NASA, utilized existing NASA reports; and
the services of ECAC to provide us with interference data covering CONUS.
In addition to the CONUS RFI data, we have estimated the RFI intensity
around the world from the International Telecommunications Union publi-
cation. If the four satellite TDRS geometry is empioyed CONUS based RFI
will be seen by as many as three of the satellites. Thus we must provide
modulation techniques which combat multipath and these techniques must
aiso reject or avoid the interference. This last statement assumes

that no other sujtable frequency bands for TDRS can be found for the

unmanned user applications.

The requirement for 40 unmanned users with simultaneous access
through any one of the data relay satellites imposes a unique problem
in that the user spacecraft and its equipment are to be of the Tow
complexity and minimum transmitter power. Furthermore, the data relay
satellite system itself is a restricted bandwidth repeater having a 2 Miz

bandwidth for the 136-138 MHz link and 1.9 MHz bandwidth for the 148 to
149.9 MHz command band.

Finally, the modulation techniques which exhibit antimultipath
propertieé, anti-interference properties and multiple access properties
must aiso provide accurate range and range rate capabilities. With regard
to user tracking, we discuss in this report the accuracy with which the
ground stations can be located with existing TRANSIT technology. We also
discuss the errors in locating and tracking a TDRS from the ground.
Finally, we discuss the user's position error in tight of instrumentation

errors, both range and range rate.
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In addition to tﬁe above goals NASA had authorized The Magnavox
Company to study only asynchronous multiplexing techniques; that fis, -
modulation techniques which do not require accurate knowledge of time by
each of the users in order to gain access to the satellite, e.g., time
division multiple accessing. Furthermore, we have been directed to assume
that the data relay satellite is a Tinear side-stepping repeater with

sufficient power to insure that the down link is essentially noiseless.
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1.2 MATHEMATICAL DESCRIPTION OF THE USER TO DATA RELAY SATELLITE
TRANSMISSION CHANNEL

Prior to any indepth analysis and selection of compromise antimultipath
and multiple actessing communication techniques for the users of the data
relay satellite system it is advisable to begin with a discussion of the
nature of the transmission channel which exists between the user and the
data relay satellite. Since the transmission 1ink between the data relay
satellite repeater and the ground station is a conventional
klrband'transmission Tink, we will not discuss in this section its charac-
teristics but will assume that the 1ink between the data relay satellite

to ground station represent essentially a noiseless communication path.

Shown in Figure 1.3 is a data relay satellite and a potential user.
Also shown are the direct paths between the user and the data teféy
satellite, the multipath created by the user, and the potential inter-
ference sources which reside on the earth and interfere wifh the data

relay satellite and the user spacecraft at the VHF frequencies.

The user spacecrafts are Tow orbiting craft with orbits between 100
and 1000 miles above the earth*. These non-synchronous orbits insure
that there will be a relative velocity of the spacecraft with respect to
the earth and to the data relay satellite. Thus, the path between the
user and the data relay satellite may be described in terms of a multi-
plicity of paraméters which govern both the direct path and the multipath

signal.

* L}
Note that users need not be in circular orbits, elliptic orbits can be
utilized. .
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First of all there is a direct path Doppler between the user and the
data relay satellite. We may consider the direct path to be a non-fading
signal path. Variations in signal strength along the direct path will
depend primarily on variations in distance between the user and the data
relay satellite system and imperfecﬁions in the user onmidirectional antenna
pattern. These variations in antenna patterns will be considered as addi-

tional margins, required by the system.

The indirect or multipath signal channel may be described in terms of
a multiplicity of parameters. These parameters will be discussed in some
detail in the following paragraphs and utilized in the following sections

of our analyses to determine the performance of antimultipath technicues.

The signal reflected off the earth is characterized by a time varying
process which is statistically nonstationary because of the changing veloci-
ties and geometry between a user and the DRS. The short-term statistics
of this Tlink can be considered stationary. If a CW signal is transmitted
from a user craft ﬁhis signal will be reflected off the earth and will
appear at the DRS as a %ading signal (see Figure 1.4). The reflected signal
can consist of a specular component and a diffuse component. The degree of
specularity and diffuseness associated with the reflected sional will in
turn depend uomon a muitiplicity of narameters, e.g., the grazing angle w,
the rouéhness o of the earth noar the point of reflection, and the correla-
tion Tength L across the surface of the earth. Roughness factor ¢ is a
measure of the RMS height vériations along the surface‘of the éérth and the

correlation Tenath L is a measure of the degree of correlation betwesn two
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points along the surface of the earth. In general the amount of reflected
specular energy can be expressed by the following equation.

S p2> D2|R0|25d eq.1.1

specular ~

dno )2
sin v
= e ( A

<p§> =

éd is the B{Eect power

A is the wavelength

g = rms he1ght of the reflecting surface

B is the average d1vergence factor assoc1ated with the spher1ca1 earth

i

[.ROI2 is the riean squared reflection coefficent and w is the graznng angle.
The amount of diffuse power can be expressed by the equation derived by
- .

Duranni andStarras and has the following form.

' = p2iR |2 .
%diffuse D2[R, |2F(¥>h)S eq.1.2

his thé-usér height above-the earth

Fy,h)<]

The dive}gence factor is shown in Figure 1.5(a) as a function of the grazing
angle for‘both a 100 mile orbit and a 1000 mile orbit. The relative expected
specular and diffuse reflected power are illustrated in Figure 1.5(b), as a
function of the grazing angle v for 136 mc and an average earth roughness and

correlation distance.

* RCA Review - March 1968 won. 77-105
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We see that for Tow-grazing angles the divergence factor serves to diminish
the multipath or reflected signal, while at high grazing angles the primary
reflected energy is diffuse. Figure 1.5(b) is plotted for & 136 MHz sianal.
We can state that for reasonable roughness factors and correlation lengths,
that the primary source of reflected power will be diffuse for grazing
angles -in.excess of 20°. This represents the majorjty of a mission

between a usér and a particutar TDRS.

The composite multipath or indirect signal power will normally be
egual to or less than the direct path signal at VHF and S band when reflection
coefficients of the earth are essentially unity and the grazing angles are

in excess of 20°. -

If we were able to separate the direct and the indirect‘signa1 paths
at the DRSS when a CW signal is transmitted from a user we would observe
that the envelope statistics associated with the indirect or reflected path
would be Rician. This is true since the specular and diffuse components
associated with the reflected path would constitute a fading signal con-
sisting of a CW component and a diffuse component, ‘thus the probability density

governing the envelope would be Rician and is given by the following eauation.

specular I (r '2Ssgec) eq. 1.3
diffuse 0\ Sgiffuse

( - (MS
p(r.. .. = E—————— aXD -
indirect Sdiffuse 25

where

Sscatter - Sdiffuse * Sspecu1ar
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As the grazing angle increases beyond 20° the specular component
diminishes rapidily and the probability density associated with the envelope

of the received signal from the indirect path is essentially RayTeigh*.

Indirect path is also characterized by a differential Doppler relative

to the direct path Doppler. The differential Doppler is illustrated in

Figure 1.4.

In addition to differential Doppler the indirect signal when reflected
R the garth“s surface will fade. The fading bandwidth B is a function
of the velocity of the user spacecraft relative to the earth, the ratio o/L,
gnd the grazing angle. This*re]ationsh%p is given in equation 1.4, and
illustrated in Figure 1.4.

Ve

oo
I

sin P eq. 1.4

-
<
i<

v is the velocity of the user craft

We see that the fading bandwidth is maximized when the grazing angle is 90%5 when
the-user is below the data relay satellite. At this point the reflected

energy is completely diffuse and the fadiné bandwidth is maximum.

Another parameter which is of importance in the evaluation of anti-
multipath systems is the coherent bandwidth of the user to data relay
sate1lite 1ink. The coherent bandwidth can be defined in a number of ways,

but two preferred methods are illustrated in Figures 1.6(a) and 1.6(b).

* This result has been observed experimentally by K. L. Jordan, Measurement
of Multipath Effects in a Satellite-Aircraft UHF Link - Proc IEEE June 67.
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In Figure 1.6(a) we indicate that two transmitted carriers separated in
frequency by AF are received at the TDRS from a user craft via the direct
and the indirect paths. If the normalized correlation coefficient between
the two received carriers arriving via the reflected path is computed then
the correlation coefficient of % then the value of AF which is needed to
produce this correlation value of %, is defined as the coherent bandwidth BC'
This definition is independent of the direct path received signals. Defini-
tion of coherent bandwidths based on the transmission of two CW signals
separated in frequency is an accepted definition in the Titerature and is
a measure of the coherent bandwidth of a fading channel. In the case of
the TDRS Be does not necessarily limit the data capacity of the .transmission
Tink. The coherent bandwidth can be a limiting factor in the transfer of
data over dispersive channels such as the HF radio or tropospheric scatter

T1inks.

If a pulse is_transmitted by a user it will be received after some time
via the direct path at the data relay satellite. At some time later the Td
multipath signal will arrive as illustrated in Figure 1.6(b). The multipath
signal will be varying with time and wiil be characterized by an average
‘multipath time spread. The coherent bandwidth or inverse of the multipath
time spread associated with the indirect signal path has been derived by
Durrani and Starras* and in their formulation is completely independent of
the carrier frequency and primarily dependent on the separation -AF of two

CW components (Fig. 1.6{a)). Their result infers that the coherent bandwidth

* 3
Op Cit
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at S band is the same at UHF! On the other hand, frequency scaling

from S band to VHF to obtain reduced values of BC does not_appear justified

at all. From purely optical arguments, however, we conclude that the co-

herent bandwidth at VHF does not differ materially (order of magnitude)

from the value at S band.

The onset of the multipath signal which arrives after the s%gna]
associated with the direct path constitutes the shortest differential time
detay. This reflected energy comes essentially from the specular po{nt on
the earth. The remaining multipath signal which continues or persists after
the specular point reflection signal arrival will, in most cases, be diffuse.
Fuﬁthekmore, for grazing angles in excess of 20° the entire multipath signal
will prbbab]y be varying in timé and show little or no specular components,

even at VHF.

In summary, Table 1.2 lists the various parameters discussed above for

the 136-138 MHz and 148-154 MHz 1inks.

Table 1.2 Time Vanﬁing Parameter Governing 136-138 MHz Band

1. T4 - time delay between direct and indirect signals = .2 msec (100 mi
orbit) to 10 msec (1000 mi orbit}

2. B; - coherent bandwidth similar to S-band 5-30 KHz

3. Direct path Doppler ~ 0 - 3.75 KHz maximum for 100 mi orbit
4,  TDifferential Doppler ~ 0 - 2 KHz

5. Fading bandwidth ~.0 - 2 KHz

6. Ratio of direct path power to indirect power 1 with indirect power
primarily diffuse for ¢ > 20°, (except when user antenna anamolies
are considered)

Shown in Fig. 1.7 are the various parameters defined previously, which
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govern the user to TDRS channel, and illustrates their dependence on the

grazing angle .

In addition to the propagation parameters, there is another parameter
which must be taken into account during subsequent evaluations. This is the
variation in the user's antenna pattern at VHF. The users are not stabilized
and can tumble during the mission. Deep nulls (17-25 dB) have been observed
in these patterns when viewed by 1inearly polarized receiving antennas.
Retent* work indicates that omni-pattern with as 1ittle as 3 dB ripple can

be obtained if arrays are employed with element spacing of .8 wavelength.

The large antenna pattern variation have reguired the use of polari-
zation divgrsity reception in STADAN. These variations can also serve to
enﬁance the multipath while decreasing the desire signal of the user in the
TDRS. Shown in Fig. 1.8 is the effect of a 3 dB ripple in the user’s antenna
pattern on the expected multipath to signal ratio (dB) for various user

altitudes (calm sea at VHF grazing angle 90°).

1.3  SYSTEM SELECTION RATIONALE

In the previous section we have discussed briefly the nature of the
transmission channel which exists between a user spacecraft and the satellite
repeater. In that discussion we established that the channel was time
variant, having parameters of differential Doppler, average multipath delay
between the direct and indirect signal, a spread in muitipath associated
with the indirect sigﬁa1, and that this spread in the indirect signal would
be time varying, i.e., a function of the geometry between the user and repeater
satellites, and the earth. Based on the previous discussion regarding the

nature of the channel, Tet us now attempt to catalog various antimultipath

*Cockrell, C.R., NASA TN D2105, Oct. 1964
Croswell and Knop, I.E.E.E., Trans. Ants. & Prop., May 1966



Multipath Signal Level with Respect to Direct

Signal Level (dB)

i
—r
™o

3
—
w

-18

\\\\\\ enhanced multipath

decreased signal

ex;::;ga

ratio

enhanced signal \\\\\\
decreased multipath \\\\\

AN

100 200 400 800 1600 3200
Orbital Altitude of User Satellite (Miles)

Fig. 1.8 -~ Multipath/Direct Signal Ratio as a Function of Orbital Altitude

..LZ..



-28.
modulation techniques, and further to select a limited number of these

technigues for further study.

It is obvious from purely practical reasoning that we have three
alternatives to the muitipath problem. These are, first devise a system
which can utilize to the Best possible extent, both the direct and the in-
diregt paths, thus enhancing the detection reliability. Secondly, we can
.design a system which completely negates or circumvents .the reflected signal,
thus the entire system performance will be based upon the direct path alone.

Finally, we can design systems which live with the reflected signal.

The theory of optimum antimuitipath modulation techniques have been
developed by Ka]aith,* Price** and Seibert.*** However, the theory applies
only-to rather. restricted and somewhat oversimplified models. For example,

.the, theory of optimum antimultipath systems provided by Kalaith assumes a
Gaussian'mu[tip]ica%ive'channe] which is unrealistic for the TDRS in that

the:direct path is a non-fading line of.sight channel.

In the absence of theory wh%ch defines the optimum antimultipath
system for a channel with a direc£ nonfading path and multiplicity of

.1n&1rect fading paths, we can hypothesize that the best system combines

the direct and indirect path optimally to minimize the probability of
error.. Because of the limitation in the amount of power contained in

the indirect path relative to the direct path, and the fact that it fades,

make it doubtful that ;uch an approach woufd show a significant increase

in system performance over the direct path alone.

*T. Kalaith - ch 6 Lectures on Comm. System Theory McG.H. 1961
*R. Price - Trans IRE 1956 IT-2

*
* MIT Summer School Lecture Notes on Detection and Estimation Theory, June '63
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The work of Barrow* has direct application to the question of the
gains one can achieve when combining a non-fading direct channel with a
fading indirect channel of equal average power. He has shown that the |

resultant bit error probability PE for such a combination (assume maximal

ratio combining) is P = (2P - P ). If we choose a reasonable
€ Fdirect  Findirect
value for E/N_ = 10 dB P_ ~ 107 for APSK for the direct path and
direct
P v 10_] Therefore 1ittle can be gained by combining the direct

©indirect
and indirect channels.

An alternate approach to the problem 6f multipath would be to design
a transmitting waveform in cooperation with a receiver which rejects
totally the presence of the multipath and does not attempt to use the
multipath to enhance the detection probability. There are a number of
signaling waveforms which of course satisfies this condition. For example,
the frequency agile pulse system wherein data.is transmitted by hopping
the carrier over ﬁn ensemble of frequencies, programmed not to return to
a specific frequency until the multipath signals have discontinued or died
out. In effect, this type of transmission requires a coordinated activity
between the transmitter and receiver. This type of transmission is optimdm
from a signal design point of view in that if we consider the multipath
signal as noise or interference occupying essentially the same band as the
transmission it can be shown that in order to enhance detection we designed
the signal so as to minimize the effect.of noise; that is, where noise is
present in substantial amounts we minimize the signal powef and in those
regions where the noise is minimum we maximize the signal power density.
Thus the theoretical point of view of signal design, a system which com-

pletely rejects the deleterious effects of multipath is optimum. It is not,

* ) .
B. B. Barrow, "Error Probabilities for Data Transmission Over Fading
~ Radio Paths" Assen 1962 (Doctoral Thesis) Van Gorcum & Comp.
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however, optimum in the sense of utilizing intelligentiy the energy con-
tained in the multipath, as was pointed out in the previous paragraphs,
where a system with optimum combining to minimize the probability of error

for binary transmission was discussed.

Finally, there are a multiplicity of signaling schemes which 1ive with
the multipath but in some sense reducad its efféct in the receiver through
signal design or diversity. Perhaps the best knﬁﬁn are those which utilize
almost orthogonal sequences such ‘as PN sequences which when observed over
the dufation-of the data interval are almost orthogonal and because of this
near orthogonal property discriminate against the multipath while introducing
a small self noise through the correlation process. Qther notable techniques
which 1iv§ With the multipath are frequency diversity systems, pseudo-
random time hopped signals, pseudo-random frequency hopped signals and
hybrid techniques such as freguency-time coded transmissions or random

access discrete address signals.

1.4 SELECTION OF THE CANDIDATE ANTIMULTIPATH SYSTEMS FOR FUTHER STUDY

Thus far we have presented various antimultipath techniques ranging
from the optimum approach to less optimum{but perhaps more practical approaches), all
of which operate under constraint that the indirect path contains a total amount
*
of power equal to or less than the power contained in the direct path,
and that the indirect path will probabiy be a fading channel, depending

upon the grazing angle, and other reflection parameters.

*

This constraint is relaxed in Tater sections to include the case
where the multipath signal exceeds the direct path signal as a re-
sult of user antenna anamolies.
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We ‘have argued that the optimum antimultipath system consists of a
signaling format which is a pulsed signal design followed by an optimum
combining system using correlation techniques to-determine the optimum
weighting associated with the various branches in the combiner. This
approach to optimum antimuitipath signaling has been shown to provide
T1ittle improvement over the direct path, and to the best of our know-

Tedge, never been implemented or seriously attempted.

We have also argued that another approach to antimultipath systems
would be to design the signaling waveform in cooperation with a receiver
which would avoid the multipath upon reception; that is, by
frequency agile or time hopping techniques. Such'approaches are well

within the state-of-the-art of the communications designers.

Finally we have suggested Tess optimum approaphes to the multipath
probiem which include frequency diversity techniques and a variety of
large time bandwidth product correlation techniques which reduce the

effects of multipath in the receiver.
Based on our previous discussions we have chosen the following

antimultipath techniques for more detailed analyses.

1. Frequency Diversity System

2. Pseudo-Random Time Hopped Signal
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3. Random Access Discrete Address
a) Small Address System (FH/TH Hybrid)
b) Large Address System
4. Pseudo Noise Modulation
a) Narrowband Pseudo Noise (Possible Frequency Agile)
55 Wideband Pseudo Noise (Using Entire 2 MHz Repeater Bandwidth)
5. Programmed Systems
a)- Time Hopped Programﬁed System and Adaptive System
b) Frequency Hopped Programred System and Adative System
-¢) Frequency Hopped/Time Hopped Programmed System for
all Orbits and all Data Relay Satellites
-The above.systems will be ana]yéed for the 136-138 MHz user to TDRS 1ink.‘
It+is-valid to assume, at-Teast with regard to multipath, that those
technigues- found suitable for the user to TDRS 1ink will be-quite suitable

for the TDRS to_user command 1ink 148~149.9 MHz.
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1.5 DETERMINATION OF THE REQUIRED BIT ERROR PROBABILITY VERSUS THE
DESIRED QUANTIZATION RESOLUTION FOR TELEMETRY DATA

Prior to launching into detailed multipath analyses it is essential
that we establish the(required bit error probability for the user to TBRS
Tink. This requirement will impact directly on the requirement for forward

error correction, user power, etc.

Telemetry information from the unmanned users in the TDRS system is
converted from an analog waveform to a digital waveform via conventional
analog to digital conversion techniques. The digital stream is then
transmitted from a user through the TDRS to a ground station utilizing
an ‘appropriate anfimﬁltipath muitiple access and anti-interference niodula-
tion scheme. The binary data rate is assumed to be 1 kilobit per second.
Furthermore, %t is assumed that the guantization resolution can range -
between 5 and 9 bits per sample. The following analyses is directed
toward the determination of the maximum allowable bit error probability
which does not degrade the quantization resolution for the telemetry data.
This analysis will assume that the initial telemetry analog wavefofm can
be either Gaussian or is uniformly distributed over the Timits of the PCM
coder. We have selected these two ampiitude probability densities since
they should represent upper and Tower bounds on the amplitude statistics
normally associated with telemetry analog information. It will be shown
that there are two sources of degradation in PCM systems. First, coder
overload noise can occuyr when the waveform exceeds the coder Timits.

Second, noise contribution results from random errors in the telemetry
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data stream. Graphs will be presented at the end of this section which
show the required bit error probability to maintain the desired signal to
quantizing resolution. It is understood that the data modulation systems
have been appropriately comBined with an antimu]tipath}anti—interference/
multiple accessing moduTation scheme and therefore the required signal

té noise into the final demodulator will be a function of the antimultipath

etc. technique empioyed.

"It is assumed that the PCM codér has a dynamic rande extending from +A.
to -A-velts, @ total range of 2A volts. Given that there is an n'bit des-
ertption provided by the PCM system, the number of possible levels between
-A and +A is 2". If each quantum step or separation between adjacent levels
has a value q, then it follows that the guantizing noise N is given by
Q /]2. Furthermore, if we define the signal power as o2 1t follows that
the signal to quantizing noise ratio is given by 3. o210 (c/2)}2. The ratid
(o/R) is identified as a crest factor and represents a measure of how well

the coder is loaded.

If the waveform to be coded is a sine wave then it follows that

2 .
& = 3/2 x 2*" eq. 1.5
Q

If the waveform to be coded is uniformly distributed between the
Timits of A and -A, then it follows that the signal to auantizing noise

is simply

eq. 1.6
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Furthermore, if we are coding a noise-1ike waveform to its 4o values,
then the resulting signal-to-noise ratio is given by: L

= $-x 22 eq. 1.7

=%

Q

In the previous paragraph we have considered the behavior of the signal
to quantizing noise as a function of the ﬁoading of the PCM coder for various
waveforms. What we have not considered as yet is the contribuf?on to the
noise if the coder is overloaded. What follows is-an analysis to determine
the overload noise when the signal encoded is Gaussian in ampiitude. The

mean squared error resulting from overload is calculated in the following

© .equations:
overload -[A; (x - A)2 p(x)dx + j:m (-x -A)2 p(x)dx
Where : _ x2]
gexp [ ‘2"&-‘2'
P(X) = d"‘“‘z_z,n,o,
) : (a2
o _ A 2 (A 20
Noise overload' 2 (E) e (Z) - E'(E) & eq. 1.8
Where

® 2
@(Z)=%—T-r-j; exp - %———dz

al|x
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Again we see that the crest factor plays an important role in the
determination of the signal to overload noise. It is assumed that the

contribution to the total noise power can be represented as follows:

g2 1

N total NQ T N overioad eq.7.9
o2 o2 .

When the above noise-to-signal ratjos are plotted as a function of
the crest factor, we find that there exists a minimum in the total noise-to-

signal ratio as indicated in Figurel.9.

In a recent paper by Nhelan*, PCM decoding in the presence .of digital

_ errors is considered. A vesultant output signal-to-noise ratio (S/N)R
consisting of contributions to the noise power from quantizing as well as
diéfta1 errors, was derived. Whelan found that the signaT—to—no%Se‘ratio

-+ ~due’ to’errors is given by:

(%)E - Eé%%%;}i_ (PCM) ) eq.1.10

P = Prob of error

I one considers that the contribution to the total output signal-to-
noise ratio is an additive process, that is, the noise due to errors,

the noise due to quantizing, and overload noise are additive. we have

s) 1
3y - 1 eq. 1.11
(NR (N_)+E 9

S/E

5 toté]

* Whetan, P:G.C.T. June, 1966
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Figure1.10 illustrates the resultant or total signal-to-noise ratio
for PCM systems as a function of the predetection signal-to-noise ratio. The
number of bits per sample or the number of bits per PCM code word, for both

the optimum PSK and differentially coded PSK are given.

From FigureT.10 we conc{ude that the desired bit error probability for
a practical .PSK system (PE =2 PcPSK) shouTld be on the or&er of 107° so as
not to degraqé the gﬁantizing resoTution for a 7 bit PCM telemetry system.
This value of P_  corresponds to a predetection (S/N) of 10 dB. In analyses
to éo]]pw a 10"5 bit error will be used as the target error probabi]it} for

all théwéandidate systems.
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1.6 ANTIMULTIPATH SYSTEMS ANALYSES

1.6.71 Frequency Diversity System

In accordance with the program specifications it is highly
desirable to obtain retiable communications for the 136-138 MHz band and
support simultaneously up to 40 users, with a minimum of uéer equipment
complexity. Furthermore, the system should operaﬁe reliably within the
constraints of 2 MHz total repeater RF bandwidth and within the power
Timitations imposed on the user satellite. We are obliged to consider
the use of diversity techniques in order to obtain a reasonably simplified

system for the 136-138 MHz 1ink.

In a previous section we have argued that the major contri-
bution to the multipath should result from the diffuse component and that
this diffuse component can be appreciable for grazing angles in excess of
20°. For a11_;;;ética1 purposes the diffuse component can be consideféd maximum
for grazing angies above 40° and the po@er in the diffuse component may equal

the power in the direct path signal under worse case multipath conditions. (Multi-

path power can actually exceed the desired signal power at low orbits as a result
of user antenna variations).

A single channel APSK transmission in the presence of diffuse
multipath, the power of which is equal to the desired signal power, will
experience a bit error probability of .18*. Furthermore, this value is
approached at reasonably low input signal to Gaussian noise ratios (10 dB).

In order to obtain diversity action it is necessary to transmit the same

CPSK(see Appendix I)

* This result is obtained for a £, = 10 dB and a 4PSK P = 2P
NO
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information on a number of independent carriers. The frequency separation
of these carriers for proper diversity action must exceed the coherent
bandwidth (otherwise the fading is correlated}. For the TDRS satellite
geometry the coherent bandwidth should be between 5 KHz and 30 KHz depending

upont the height of the user vehicle above the earth.

For the time being we will not consider the effects of inter-
ference or the requirements for emergency voice forthe manned missions at
VHF, rather confine our attention to the performance of a diversity system
in the presénce\of muitipath. We assume that there are 40 users, a data rate/
user of 1 KBit/séc, a.repeater bandwidth of 2 MHz between 136-138 MHz and
that the users are transmitting on independent frequencies located within
the 2. MHz spectrum. A four-frequency system which illustrates the frequency
locations.of various users is shown in Figure 1.11. The carriers associated
with one user are separated sufficiently in frequency so as to be in excess
of the  largest expected coherent bandwidth. Furthermore, the-frequency
bands which are allocated to a particular user are sufficient to accommodate
Dopp]er and differential Doppler and frequency uncertainties in theTDRS.
system. It is assumed that forward error control can be applied simultane-
ously to the redundant data transmission system of a user. Furthermore, the
poher which is divided among the carriers is assumed to be divided equally.
We have ai]ocated 12.5 KHz to each frequency or subcarrier associated with
~each user. Such an allocation imposes a maximum number of independent
carriers for each user; that is, we find that the total bandwidth of 2 MHz
can support a four-freguency diversity system for each user, assuming 40

users and 12.5 KHz for each carrier per user.
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Table 1.3 indicates the power budget and 1link calculations
required to determine system performance for various user power levels per

diversity channel.

Table 1.3 User to TDRS Link (Ideal)

Required S/N_ 40 d3 Hz P =107

System Margin 10 dB antenna and system 1osses
Ny -167.8 dbm T, = 1200°K

P, Required at Satellite ~117.8 dbm

6, = User Antenna Gain 0 dB

6, = TORS Antenna Gaif 16 dB
Lp = Path-loss . - .. . 167.8 dB

Pt = User Power ‘ 34 dbm = 2.5 watts”

* if 6 dB system margin is used then Pt = 1 watt

Assuming that the average signal-to-noise ratios are equal in
all four diversity branches and that maximal ratio combining is empioyed in
the ground station, we find that the expected.raw bit error probability is
4 X 10"3 for the four-frequency optimum diversity system, when the signal-to-
multipath power ratio is unity. Furthermore., we find that this bit error
probability can be obtained at a power level per diversity channel of
between 1 to 2.5 watts or a total user power of 4 to 10 wat£s, depending on

the assumed system margin 6-10 dB.
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Further increase in the amount of user power in the presence of
multipath does not improve system performance for this particular approach.
The raw bit error probability of 4 X 1073 is not acceptable for most cases,
since it has been shown that a bit error probability of 10'5 is normally
required to preserve the quantizing resolution of the telemetered data.
This result infers that forward error control techniques must be appiied
in arder to further reduce the raw bit error probability to an acceptable
level of 107°. The encoding techniques are usually simpie. The decoders
are at the ground station where additional compTexit& can be tolerated.
Using convolutional encoding and sequential decoding a raw bit error proba-

bility of.OOS can be readily reduced to 10'5*. Forward error control

is discussed in detail in Section 1.7 of this report.

In summary, we have shown that it is feasibie to operate a
four-freguency diversity system to obtain a desired bit error probability 10"5
-when forward error control techniques are employed in conjunction with the
divers%ty system. The upper 1imit on the number of diversity frequencies
is four and this is predicated on 40 users, 12.5 KHz per diversity channel
allocated to each user. Furthermore, it assumes that the diversity channel
frequencies are separated in excess of the coherent bandwidth in order to.
obtain full diversity action in the receiver. No attempt has been made to
evaluate the diversity system in the pressnce of interference. The 12.5.KHz
channel bandwidth is probably a bit optimistic and should probably be

increased to about 16 KHz which in turn will reduce the order of diversity

to three instead of four. However, even at an order of diversity of three

*
(based on a rate % convolutional encoder/sequential decoder and,
reasonable constraint lengths, and storage.)
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2

the resultant error probability will be 1.2 X 10" which can still be reduced

5

to ‘107> by forward error correction, if large constraint lengths are employed.

1.6.2 Multipath Model for Large Time Bandwidth Product Signals

In several following sub-sections we will analyze large time
bandwidth signal designs for their antimultipath properties. In order to

do this an accurate multipath wodel is required.

~ The multipath properties of the user/TDRS channel have been discussed
jn seétioﬁ ]-2-‘There it was ghown that the reflected signal would have
average time delays re]at%ve to the direct path betﬁeen 200 usec to and 10
msec depending on the'ﬁeight of the user's orbit. Actually these delays
will range between 1 msec to 10 msec for most cases. Since the large time
bandwidth "$ignals to be ahalyzed will operate at 1 Kbit/sec frame rate,
which corresponds to the 1 Kbit/sec user rate, it is reascnable to treat
the multipath signal as another user signal which after 1 msec is uncorrelated
with its direct signal. For large TW signals the chip durations (symbol
durations) will be such to overshadow the fading bandwidths, Doppler and
differential Doppler. The multipath signal generated by a large TW product
signal can cause symbol errors in other user signais as well as its own
direct signal during subsequent data frames, and it is easy to show that
specular or diffuse multipath cause equal symbol error probabilities when

the signal to multipath ratio is unity.

The failing‘feature of this multipath model 1s that it does not
allow for time spread effects and thus represents a conservative model rather

than an optimistic model.
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Based on the above arguments, the multipath analyses of Targe
TW product signals which follow will assume that the signal to multipath
ratio is unity and that the multipath effectively increases the number of
simultaneous users by a factor of 222; Thus these analyses will also cover
the multipie accessing of large TW product signals through a common linear

repeater of bandwidth 2 MHz for the user to TDRS Tink.

1.6.3 Pseudo-random Time Hop System {PRTH)

A potential candidate for the DRSS is a pseudo-random time hop
system. The primary advantages of such an approach is that it requires no
net synchronization and the 1mp1ementat{on és quite simple. Furthermore,
it can provide (with complex instrumentation) range and range rate between
user and ground station. The pseudo-random time hop system employs RF
pulses with an extremely low duty factor. We assume that there is perfect
synchronization between the transmitter and receiver and that there are a
number of users equal to K, Furthermore, the duty factor is given by o
where o is much less than unity. We will further assume that the effects
of multipath are accurately represented by doubling the number of users
through the Tinear repeating satellite. The various users are not coordi-
nated in time and the emissions of pulsed carriers from each user are random.
Furthermore, on the average the time hop pulse 1is pseudo-randomly time
hopped over an information interval T%such that o is given by the duration
of the pulse divided by the frame time. This system has been proposed by
Cahn*for multiple access through repeating satellites. The PRTH waveform is

illustrated in Figure 1.12. Cahn has shown that the worst case bit error

< i
J. M. Aein etal, Multiple Access to a Comm. Sat, with a Hard Limiting
Repeater Vol. I1 April 65 AD465-789
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probability is given by eq. 1.12.
K- K-1
P = (T-a)} - Pipsk Y[1-(‘1—c:) ] eq.1.12
JA8<y<k . v=% worst case

P psy 1S the bit evror probability resulting from noise

The above equation assumes that when a pulse is .received in the presence

of another interfering user pulse or multipath whose strength is equal to
that of the desired signal we obtain a bit error probability of %. Further-
more, when a pulse is received without the presence of multipath or another
user, we obtain a bit error probability given by the theoretically largest

value obtainéd via APSK.modUTation.

When applied to the TDRS system wherein the 136-138 MHz band is
confined to a 2 MHz RF bandwidth then it follows that the duty factor o has
a minimum va1ﬂg4ﬁhich is regulated by this RF bandwidth and by the minimum
binary‘data rate. For a data raté of 1 kilobit per second it foliows that

the value of « must be equal to or greater than .5 X 10-3.

The bit error probability given in equation 1.12 can be minimized
by properly choosing the duty factor within the constraints of the DRSS channel.
This is, in general, a difficult task to accomplish. However, we can obtain
an approximation to the bit error probability assuming that the duty factor
is small, and that the two parts of equation 1.12 are egual.

PE = a(K-1) \ eq. 1.12

& 4 X 1072 for the TDRS
(multipath + users = 80 users)
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We can solve the aboveajuation under the constraints of the 136-138 MHz

TDRS channel and the desired bit error probability which has been determined
to be on the order of 10-5. We find that it is impossible to obtain a bit
error probability under the constrainté of the duty factor a« which can be

obtained through the TDRS, and the number of required users equal to 40.

Thus it can be concluded that while the pseudo-random time hop
system is indeed attractive from an implementation point of view, it
will not in'general provide the desired bit error probability for the number

of users required.

Again, as with the diversity system previously analyzed, forward
error correction can be relied upon to reduce the bit error rate to 107% ¢

large constraint length convolutional ericoding/sequential decoding is employed.

‘Note that the Gaussian noise contribution to the error probability

need only be on the order P = .02 which corresponds to a symbol or

cGaussian
chip.E/N0 = 4,2 dB. Assuming a system margin of 10 dB this corresponds to

an average user power = .6 watts and a peak power of 1200 watts!

1.6.4 Hybrid Frequency Hopped/Time Hopped Signal Scheme

As 1ﬁ the previoug sub-section, we assume that each user's
multipath appears as another user. In this context, the multipath analysis
reduces to a muitip]e access problem. We therefore focus attention on a
multiple access communication'system: a hybrid frequency/time hopping (FH/TH)
scheme which is actually a generalization of the PRTH system. The system

relies basically on the division.of the time-fraquency plane into MN cells


http:division.of
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as indicated in Figure 1,13 each cell represents a chip, with some speci-
fied combination of chips representing a symbol from the alphabet being
used to encode the data (in the binary case, this could be 0 and 1, or mark
and space}. An important constaint is that during any time frame (of fixed
duration TF), the same number of chips is transmitted. These may be dis-

tributed in any chosen manner in the corresponding time-frequency plane.

In the frequency/tiﬁe—hop system each user sends to exactly one ground
station (GS) although the latter may be able to receive from more than one
user. User and GS are synchronized in the sense that the GS khows which
arrangement of cells in the time-frequency plane corresponds to a mark and
which to a space {or more generally, to any symbol of an m-ary alphabet).
The GS then "Tooks" only in the appropriate cells. Such a sigﬁa1ing scheme

* wk
has been analyzed by Wittman and Reiffen ., among others.

Wittman's analysis includes the effects of unequal signal amplitudes
and RF phase cancelTation at the GS as well as noise in both the user-to-
TDRS ("up") and TDRS-to-GS ("down") 1inks. He assumes a perfectly linear,
frequency-translating satellite with bandwidth ws. ‘Both up- and down-link
noise is additive, white, and Gaussian. The transmission media have no
" other effect on the signals. A typical user transmits at data rate R bits/sec,
where R is some sub-multiple of the maximum system data rate. The user (and

synchronized GS) independently and pseudorandomly selects a chip configuration

*
Wittman, John H., "Analysis of a Hybrid Frequency-Time Hopping Random-Access
Satellite Communication System," IEEE Trans., COM-16, no. 2, April 1968,
pp. 303-310. -

ok
Reiffen, Barney, "On the Use of Non-Coharent Pulse-Address Modulation for
Multiple Access to a Hard-Limiting Satellite Repeater,” App. VA in
Aein, J.M., et al., Multiple Access to a Communication Satellite with a
Hard-Limiting Repeater, v. II, IDA Rept. R-108 (AD 465-789}, April 1965.
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for a mark by se1ecting‘b distinct cells from each of n successive time
frames, along with another, non-overlapping set of nb cells for a space.
Each chip then consists of a constant-amplitude pulsed sinusoid which is
matched-filter envelope detected*. The decision as to mark or space
(i.e., data bit = 0 or 1) is then wade on the basis of nb mark VS space
chip decisions at the receiver, with the bit decision based simply on a
majority of the chip decisions. Thus, the probability of a bit error is
just the probability that more than nb/2 chip errors have been made. The
two factors contributing to chip error in this model are noise and inter-
ference from up to K-1 other users of the samé cell. Under the assumption
that the number of cells per frame is very much less than the total number
of cells in the time-frequency plane (i.e., b/MN<<1), individual chip
decisions can be taken as independent. With marks and spaced assumed
equally probable a priori, one can view the‘chip decisions as successive
outputs of a birary symmeiric channel operating at cgpacity. The bit
error probability Pe is then related to the chip error probability Pe
th}ough the familiar binomial expansion

nb
= nb _.. ynb-4
Pe = A=[ng)2](a) pg (1 pe) gq.1.13

Here [x] denotes the smaliest integer larger than x.

Reiffen's model is almost identical to Wittman's, the only
significant difference being the assumption of a hard-limiting instead of

a linear satellite.
W

Mote that for this analysis we have dropped the APSK signaling technique,
but this is necessary to make the analysis tenable. The results will still
illustrate the performance of the system and will not be dramatically
different from the APSK system.
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In both analyses, evaluation of the relevant expressions for
bit error probability Teads to the conclusion that the FH/TH .scheme is
inadequate as an antimultipath technique unless used in csnjunction with
some form of forward error control (elg., with sequential decoding using
a- fairly short, rate & convolutional code, a raw Pe of .005 can be conyerted’
to an output Re of 10-5). ‘In particular, Table 1.4 gives t;éﬁe—offs obtained
from Wittman's results. Using Reiffen's model and analysis, similar results .

are obtained.
Table 1.4 FH/TH Trade-0ffs

MN=1000, uiszzm 0® 1z

" Ribps) K ab E;1/Ny»db Pe(raw)
1000 | 15 2 14 >1073
300 | 80 7 19.4 107
1000 | 10 4 23 107

Note: K=2X (actual no. of users), in our multipath model

In the next section, we shall discuss a mu]iiple access scheme

5 for 80 users,

which does achieve the required bit error probability Pe = 10"
an information rate per user of 1000 bps, and total bandwidth of 2 MHz.
This is accomplished, however, at the price of increased complexity {(i.e.,

m~ary coding with large m).
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1.6.5 RADA System

A random access, discrete address (RADA) system differs from the
hybrid time-hop/frequency-hop system described in the previous section mainly
in the way in which a user/ground station pair (i.e., transmitter and receiver)
is determined and communication established between them. Specifically, any .
user and ground station (GS) can communicate. This is accomplished by having
the user send out an address uniquely to a particular 6S. This address is
determined by a combination of k cells from the MN-cell time-frequency plane

and is detected at the GS as a k-fold coincidence (see Figure1.14}.

In the RADA system to be described, we consider an extension of
this technique to the case in which each 6S has not one but m addresses, all
unique with respect to the other GS's in fhe system. Note that a separate
coincidence.circuit is required for each address which is not a time trans-
lation of another_address for that GS. .A unique feature of this system is
that each address serves also as an alphabet symbol for the GS. This m-ary
alphabet may be viewed as a kind of error correction technique because of
the distance it provides between éymboTs when the Tatter are viewed on a

chip-by-chip basis.

*
Furthermore, noise will be neglected , and interference will
appear as a false k-fold coincidence but not as pulse cancellations. (This

model and the analysis which follows are due to Ches]er**.) In view of
*

This assumption is justified by virtue of the often-used rule of thumb
that equal contributions to the total bit error probability are made by
pulse interference and multipath on the one hand and by noise on the other.
As in the preceding section, we account for muitipath by considering twice
the number of actual users. Then the error probabilities obtained here
should be roughly doubled to account for effects of noise.

> Chesler, David, "Performance of a Multiple Address RADA System," IEEE
Trans., COM-14, no. 4, August 1966, pp. 369-372.
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these assumptions, it is natural to evaluate performance in ‘terms of the
probability P of a false k-fold coincidence of at Teast one of the m
addresses of a given GS. The two parameters of prime interesi are the
channel uti]izat%oq F and the size MN of the time-fregquency plane, where
F is defined by F = ﬁ]ws, with R being the average total information rate

and us the channel bandwidth defined in the previous sub-section.

Without loss of generality, we can assume that only one time

frame (which Chesler calls a matrix period) is necessary to transmit an

addvess. It will be stated without further discussion that whether oé

n;t user and GS are 1nitia11y synchronized, there is the same probability
of error per decision as to which, if.any, of the GS's addresses was trans-
mitted. We.wish to point out that some of the qpproximations\ma@g,inlthe
‘ana1ysis which follow are definitely restrictedhin their validity by fhe
size of certain quantities, particularly exponents. We wi1i not enter
into a discussion of these points, however, since we consider the final

results as adequate guidelines for our own conclusions.

Let P(k|K) be the probability that K users will cause a false
k-fold coincidence of at Teast one of the ﬁ addresses of a particular GS.
We calculate P(k[K) as follows. Assuming that the k pulses which determine
an aﬁdress are chosen at random from the time-frequency plane of MN cells,

the probability that a particular interfering user has a pulse in any cell is

Py = K/MN. . eq. 1.14
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Then the probability that none of K users has a pulse in that cell is

K
P, = (1-p;) ea. 1.15

and the probability of a coincidence of all k puises of a particular add-

ress is approximately
_ k
p3 = (1‘132) eq. 1.16
Finally, Since the probability of no coincidence at any of m addresses is
(l-pé)m, we have
- mo_ _ K-k
p{k|K) = 1-(1—p3)‘ ~m p3~m[1—(1-k/MN) ] _ eq. 1.17
Now we assume that the active status of a user-i¢ an event
independent of a1l other- users. Then the number K of active users will
have a Poisson distribution
_ K 3 o A '
P(Kl_:L(K) e. /Ki K=0,1,2,... eq. 1.18
Thus, P, the average probability of error per decision, is given by

F = KZ: P(k|K)P(K) = E m[1-(]—k/MN)K]k(K)Ke"R_/K! eq. 1.19
=0 K=0 - :

This result is-of T1ittle use to us unless we can relate it to
the parameters F.and MN defined earlier. This we will now do. As already

nofeq, F =_§7HS, while MN = W T, where T is the length of a time siot. Now

~ the average information rate, in bits per second, is the information per
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symbol (=address) times the average number of users divided by the length

of a time slot; i.e.,

R = R(1log,m)/T eq. 1.20
Thus the channel utilization is

‘F ='K(]ogzm)/MN | eq. 1.21

Solving 7.21 for K and substituting in 1.19 gives

£0

F = Zm[]-(]-k/.MN)K;Ik(F HN/Tog,m) < (1/K1)exp(-FNATog,m)
- eq. 1.22
This expression is gquite unwieldy, so that in order to obtain a
measure of the performance of a‘muTtip?éJEddresé RADA system, we argue as

follows. From 1.21 we get
K-=-FMN/Tog,m, o .. eq. 1.23

from which it is clear that the average number of users is ﬁroportional to
MNs thus for fixed F and‘m, K’becomes-]arge with MN. Since tﬁe standard

deviation of the Poisson distribution (1.18) is~fﬁz it can be argued that
the relative variation in K approaches zero as Ksww, so that for very large MN,
we let K=K. This eliminates the need for averaging over K in {1.79) and

permits us to use (1.17) dirvectly for calculating P:

P = m[]-(]—k/MN)K]k eq. 1.24
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A further approximation from (I.24) can be obtained by noting that for

k/MN<<T, (T-k/m) K e KK o that

'sz_m('i—e_kK/MN)k eq. 1.25

Now k may be chosen to minimize P in (1.25). 1t turns out that this optimum

KK/MN

value of k satisfies e =2, giving

T -1og2m[(zn2)/F-1]
= _ _.=MN{(gn _
Popt_ m2 =2 eq. 1.26

from which we see that P can be made arbitrarily small by increasing the

opt
number of addresses m per receiver, as long as channel utilization F is less

than about 70% {(¢nh2=0.69).

Figure 1.15 {due to Chesler) represents the optimum performance
.of a multiple access RADA system as a function of MN with F as a parameter.
(The dashed ]1ne approximate for n=.04, corresponding to our K of 80.)
- Here performance P has been optimized with respect-to both k, the number of
pulses per address, and'a]phabet size m. The relation between MN and the
approgimate optimizing value of m i§ given in Tabie1.5. Thege values have
“ been used in obtaining Fiéure].]ﬁ, which is a necessary step in compiling

Table 1.5.

To relate the expressions developed in the foregoing analysis
of the multiple access RADA system to our multiple access {alias multipath)
_model, we must note several important facts. Our data rate of 1000 bps is

for each user, so that

R = 1000 X (no. of users)
1000 K

1000 K, for large MN eq. 1.27

1]



TABLE 1.5

OPTIMUM VALUES OF ALPHABET SIZE AS A FUNCTION
OF MATRIX SIZE

Approx.
l Optimum
Matrix Size : Values of
50 4
100 . ‘ 6
500 N Lz

1000 - C20
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On the other hand, all users are pushing data through the same 2 MHz

channel, so
- - 6y . v -3
F=1000 K/(2 x 107) = 0.5 KX 10 eq. 1.28
The value of the optimum k is found from 1.23:

= MN 2n2/K eq. 1.28

Table 1.6 was obtained in the following manner. We set P = 1070

and_eﬁtéygd_figﬁre 1L15-t0 get pairs of vaﬁues-of'MN and F. Values of log,m
were obtained from Figure 1.16 while K was obtained. from 1.28. Finally,

1.29 giveé the éof%equﬁd%qg k.

__ft is é@p]y c1eqr;thgt %hg requiréd bit error p#obability, viewed
now as probability of error per m-ary symbol, is easily aﬁhievéd with the

allotted bandwidth, but only at the price of a 64-symbol alphabet. The time-
frequency plane-contains a modest 100 cells. It is interesting to note that

only 1 pulse per address optimizes P for a wide range of numbers of user pairs.

Table i:ﬁ‘_RADA System.Parameters_

System parameters giving P = 10"5 (Ns = 2 MHz, Ruser= 1000 bps}
optimized over m and k.

F MN Tog,m m K k

.2 730 | ..14.7 26,700 400 1.27

N 240 8.8 440 200 0.83

.04 100 6 64 0.87

.02 50 4 16 40 0.87
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1.6.6- PN SYSTEMS FOR TDRS

Up to this point in the report we have considered only systems
which operate in the presence of multipath and do not attempt to avoid
it. We will now analyze the last technique which “l1ives” with the multi-
path. This system can take on various configurations but basically uses
pseudonoise (PN) coding to combat multipath, decrease the effects of
interference, provide multiple access through the TDRS, provide user

addressing, and accurate range and range rate data.

The PN analyses to follow will emphasize:

(1) PN multiplexing

(2} repeater considerations

(3) multipath performance

(4) maximizing the processing gain for the TDRS

The effects of interference on the performance and choice of the

PN approach is discussed in section 1.12 (RFI Considerations for the TDRS).

1.6.6.1 PN Multiplexing Techniques for'the Data Relay Satellite
Systenm

Binary sequences.forh the basis for PN communicatioh systems
which have antimultipath, anti-inferference, and muitiple access capa-
bilities. Specificé]ﬂy, the maximal length linear sequence generator
has been the primary source of control for such communication systems in
the past because of its almost jdeal autocorreTatidn properties. The
autocorrelation properties of a maximal length linear sequence consisting

of n stages is defined by eq.1.30.
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Ry, (z) = agreements - disagreements
11'T/ 7 agreements + disagreements

eq. 1.30

t > 1 chip

The autocorrelation function of a mhkimal‘length code is two-valued and
the residual autocorrelation coefficient t > J chip 1is s1ightly negative,

having a value of - ——
2N

There are a number of ways of providing unambiguous multiplexing on
a non-coordinated basis for:{hé'TDRS syétem.' Non-coordination means the
simultaneous presence of a number of signals in'éhe TDRS‘passband with no
synchronous time division agcgssing.

(1) Each user is assigned a different Gold sequence from
a family of equal length sequences.

(2) * Users afe{ass{gnedpdiFfErenf-maximal Tength sequences
of_different lengths.

(3) ATl users utilize the same maximal length code but use
frequency offsets in each user carrier to allow user
“discrimination in the receiver Tocated at the ground
station.*

(4) Users are assigned equal length codes, from a very
limited number of codes (e.g., eight codes) and are
frequency multiplexed as in (3) (e.g., five frequéncies),
such that the product of codes X frequency slots equal
forty.

(5) Because of the interference problem and the range and
range rate: requirement another approach to PN multiplex-
ing is to use separate non-overlapping channels for each
user and allow each user to utilize the same PN code.

The PN code rate would be high enough to protect a user
against his own multipath and -provide the required range
and range rate now obtained with the present GRARR 20 KHz
side tone system.

S
This technique has been proposed by the Jet Propulsion Labs.
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At this time there is very little known about the cross-correlation
properties of maximal length codes of different lengths. Therefore,
technique number 2 for PN multiplexing will not be discussed in this

study. This section will emphasize technique (1) and a comparison of the variou
techniques will be given in section 1.6.6.6.
Consider technique (1), the use of different-codes of equal length

for the TDRS to user link. Given that each user employs a shift register
of Tength n , there are @N/n maximal length sequences of period 2"-1
which can be generated from the n-state register. oy is the number of
positive integers less than n ‘and.relatively primed to n . This number,
the Euler number, is well approximated hy 2“-1/n for reasonably Tlarge
values of n . It is obvious that for n large (>10) there are an
adequate number of maximal length codes of length '2"-1 which are available

for the expected number of users "in the TDRS.

It is necessary to minimize the cfoss;éorre]ation values between
user codes to prevent false synchronization anq provide maximum processing
gain, -Gold* has shown that it is possible to seiect pairs of maximal
length codes which are generated froﬁ a n-stage régigter which have the

following cross-correlation properties.

. 1 ’
[Ry5()] < Ny n even

1
FS ; o~ /2+1 n pdq eq. 1.31

*R. Gold, Trans, I.T. Oct. 67
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The selection of their pairs result in minimum cross-correlation between
code pairs. Other codes selected from the family of maximals can pro-

duce very high cross-correlation values. .

Gold has a{so devised a technique ¥of generatjng large numbers of
these minimum cross-correlation codes utilizing linear sequence geﬁe;ators.
The procedure for generating these families is given through the following
theorem. Let FI. and F2 be preferred pairs of primative polynomiais of
degree n whose corresponding shift registers generate maximal linear
sequences ‘of period 2" and, whose cross-correlation function satisfies

the. inequality.

1
. .|~R]2(T)| ES 2 .n+2 /2+] - .n even

1
< > T /2+1 n odd eq. 1.32

Then the shift register cofrespoﬁﬂing to the product po]&nbnﬁai
F1-F2 will generate 2"™+1 different sequences each of period 2"-1 ,
such that the crbss-corre?ation function of any pair of such seguences
satisfies the above inequality. The autocoﬁrelation function of any of
the.aboye non-maximal codes, however, is no longer ideal but has the

following form

R]-l(O):] T=0

|Ryq ()] < Erﬁ;%yﬁzgf n even

: _
N /2, n odd eq. 1.33
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We can state that the generation of such code sequences with
minimum cross-correlation coefficients still produce an upper bound on
ihe maximum obtainable processinﬁ gain for a PN multiplex system. For
example, one must choose a value of n sufficiénf1y Targe such that the
cross-correlation coefficient between the desired code and another user
code is not high enough to produce false synchronization. On the other
hand, it can be shown that for the same length sequences even purely random
" code words will produce higher cross-correlation properties than those
obtained through the encoding technique just QQspribed. Thus we may con-

'sider this particular approach to generating large families of essentially

orthogonal code words as being near otpﬁmum,‘jf one averages over the code
length. The above discussions are based on averaging over the entire code
length; however, when averaging over an interval equal to a data bit dura-
tion, the partial correlation ﬁroperties of‘thg_Go]d codes enter into the
final multiplexing_performance an§1§sis. Specifically for low data users
of the TDRS who employ PN for anti-multigatha tracking, multiple access,
etc.; that might use chip rates as high as 2 mega chips/sec and PN code
lengths of 8191 or 16383 chips, it is obvious that the integration time

for each bit decision is 1 msec. At a 2 mega chipysec code rate the code
will repeat every 4" msec or'8+ msec dependiné on the Eﬁde length 8191
chips or 16364 chips. The receiver integrates for only 1/4 of the code length
for each binary decision (1006 bps, 8191 code length, 2 mega chips/sec code

rate). The later case is of pérticular interest to the TDRS, i.e., the
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40 or more unmanned users (if PN is the choice system) would transmit

at 1000 bps, use code rates close fo'z mega chip/sec at VHF, and use

code Tengths 1ike 8191 or 16383 chip., The ability to multiplex simul-
taneously 40 or more TDRS ugers through a common 2 megahertz channet

at VHF is primarily governed by the cross correlation properties of .
the PN Gold codes employed by the users. The Tength of the integration
time for each data bit (e.g., 1 msec) spans a number of PN, chips and this

number is referred to as the window size w in the following analyses.

].élG.].] Partial Correlation Function of Pseudo Random Codes

In this section we discuss various statisfica1 mbdels for "
use in the déterminétfon of the pért1a1 correlation function of Tinhear
pseudo random codes. The ultimate objective is the determination of the
distribution function of thé partial correlation function of pseudo random
codes and in particular the Gold Codes. We approach this goal in this
document insofar-—as we present a model for the partial correlation
function with known distribution function whose sécond order moments are

equal to those of the unknown distribution.

In 1.6.6.1.2 we review the binomial model for. the partial correlation
function and apply this to balanced and unpa]anced binary codes. This
model becomes poor for increasing_corre1ation window_1ength_ w since_the
variance of thg actual random variap1e approaches zero while the variance
of the binomial model increases with iﬁcreasing correlation window. In
1.6.6.1.5-6 we compute the second order moments of the unknown distribution

function of maximal linear codes and for the family of Gold codes. The



~70-

‘ hypergeometric distribution is shown to have second‘order moments equal
to these of the 11near codes and hence to be an improved mode] for the
unknown partial correlation distribution function. These second order
moments equal to these of the Tinear codes and hence-to be-an improved
model for the unknown partial correlation distribution function. These
seeond order moments are derived in 1.6.6.1.7 together with a normal

approximation to the hypergeometric distribution.

1.6.6.1.2 Binomial Model for Partial Correlation Function

General Binomial Formu1a

We now derive an express1on for the d1str1but1on function
of the partial correlation functipn based on a binomial model. In parti-

cular we show

prob []e] <‘§]~N'- ) N — {eq. 1.34

8 = correlation coefficient

In the above express1on
'

N = Gauss 5 d1str1but1on

w = Tlength of correlation window.
p = number of ones/sequence length
q = 1-p '

proof: . prob [}e] < %—J YT kg w



~71-

w-2n]

k ' I
| <& ] ny = number of ones in

prob []
. . - corretation window

w.

prob [[w-2n] < k ]f

prob [<k < w - 2n, ¢ k]

prob [-w -k <.-2n; < -w + k]

prob‘[w -.5 < 2n]'<_w +.k]

proi; ['—”2—-%- :_< n, < ‘:é"-+ %]

p-r‘ob [g-— w p'-—.lg< ny —wp <V2-'i:-_,w p +12(—]

1 N_k 1. k
G-9)-k movr ohe)d
Ywpgq  JYwpg - /wWpg

prob

1. 3.k 1. _£.
mN(w(z p)+2)-1}1(w 1) -2 )'Q‘ED eq. 1.34

rxl W g

g @ balanced code we have p ~ %— and hence

S kq ok _k
prob [Jo] < &1 N(—~) - N(—) aqic1:35
_ )\ W :

W YW
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1.6.6.1.3 Application of Binomial. Model to Go1d Code

In this section we apply the binomial'model to an un-
balanced Gold Code: The number of ones in-such a codé is given by

m'zn"1 +2 ol “where 2"-1 s the 1éngth of the -code. Thus, the’

2
probability of selecting a one is given by ~ %—+ —E%T' . Using the
) ‘ 2

binomial model for the distribution function of the partial correlation

function we find

2.

Kk -k [ MK
prob[[e] >=1=1-N — + ——*) *'Fl( — - —-) eq. 1.36
W on 1 W _2" T w
]

. t
1 i
‘ A

.

RN

3
¢
x

Computation: prob[|e] > %—]

L
2
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1.6.6.1-4 Approximate Difference Formiia for Balanced and
Unbalanced Codes ]

The difference in the. probability distributions of,the,

unbalanced Gold code and a pa]anced code may be approximated by:

. bli. i . k_ L ‘.. e,
prob[|e| -> W deo1d code = PP Llol > & o ranced Code

- - R - k2‘ . - - .
N 2;___2_‘/% e " W . ea. 1.37
— L3 - S
Computation: prob []el > & Jaota Code prob []e] > & Jp1anced Code
[-n(z ) (-2 [ron(s) +o(2)
20 MS 2Ty A M a

2 7
k2
2 _ 1w
2 "L Vo
_k?
1 W w
25.”.'.2_ E ¢
2
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1.6.6.1.5 Moments of Distribution Functions

In this section we derive the second order moments of the unknown distribution function
g : .

of the pariial correlaiion function of lincar codes,

Maximal Linear Codes

We show that the mean and variance for maximal linear sequences are given respeclively

by the formulas:

. C L 2 :
'é":—-% andv(9)='w [1-——-——‘. "[‘—‘] eq. 1.38

The number of agreements minus the number of disagreements in a correlation window

of length w, starting at the nth term of the maximal linear sequence a is given by:

S w~1
Bn = E a (n +1i) where the sequence is represented by = 1's eq. 1.39
i=o

averaging this quantity over all starting positions we have

n-1 T on-17 w-l
8 = 1 E 6 = L E E a{n +1)
n n n
=0 n=o iro

w-1 w-1

._.1‘
= 1-11- Z i a{n i % E - - -
n o

~ir @ i-o

e

eq. 1.40
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We next establish the above formula for the variance of 8. The second conirol mom-

ent 92 of Bn is 'givcn by:

B s =R B I

-3

W

W

w

=
I}
[}

n=o

+
=

-+
=

w-1

z.\

i=o

w-1

2.

i=0

w + z am+i) a{n+j)

it]

itj

w1

z a (n +j) by squaring

1
afm+i) a (n+)

using the definition of 8 n

a2 m+i) + E a(m+i) ainti)

z {-1) Since a is maximal linear sequence.

. 1.41
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The second control moment 62 of Bn is then given by

62 =W[1-—E—I-:—j—“—]zmd - eq. 1.41

'v.(e); W[l_— w-l ]—[%’]2 eq. 1.42

n

Gold Codes
We next compute 8 and v (&) for the family of Gold codes. The averages are iaken

here over all possible starting positions and over all possible codes. We show that

g = - - 2‘:; where 2™-1 is the period of the code and that v (0) =w |1 - V;;l - —211\::—
271 | 2°-1] |21
w-1
welet 8 = = z a_ {n+1i). Then
nim m . .
i=o
v S
- 1 N -
g 2n 2 z 9n m
— 27 -1 . —
m=0 D=
2" 22 w-1
= -1 z N a_ (n+i) '
22y o

eq. 1.43

B
aW]
:jl--‘
Nk
i
=
——
1
L2
1t
| aa—
(W)
M1
=
| I———

The second control moment 6 of 8 taken over all windows of the family of gold codes

is given by: oh oN_g
2 1 Z z 2
g5 = @ . )
] 920 _; _ : nm
m-o n o
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ot oty w-1 ) 2
.1 |- , X
= ; 2n_1 z - Z z a n'1i
m-o n-o io
) - 9" 22 w1 9
1 . . z o .
—-—-—22an z - 2 a,m m i) A & ‘Lm (n-+i) . (1143)-
m=o n=o i-o =)
. oft ol o
- 1 . .9 . . . LY o - N E
(22n_1) (w) (2 -1) : 2 z Z a_ (i) ()
; id]j m=0. n=o0 .
; PLVS .
w ot z Z Qm (1-1? eq. 1.44.
itj m=o

We now use the following property of Gold Codes: If we take the autocorrelation

sequence of cach gold code for a fixed phase shift then the result is the same set of

Golci Codes. Thus we have

r-1 -
= W {1 i—\}zn—] eq. 1.45
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1.6.6,1.7 Hypergeometric Model for Partial Correlation
' Functjon

In this section we use a hypergeometric model for‘ the parii 111_ correlalion process. The
second order statistics of this modcl are idenfical with those of the unknown distribution
function for maximal linear cod;,s. Hence, this model should give improved performance

cver that of the binomial model discussed in Section II in the estimation of the partial

correlation function. We show below that for the hypergeometric model = E (6)

‘where 1 is the sequence period -

ny is the number of ones in the sequence

n 4 is the number of minus ones in the sequence

w is the length of the correlation Wincfow.

1

E@©) = .

w=-1

S el

173

w-1

= Z E@@)

j=o
w-1 !

= z 'l[prol;) a (i) =1] ! (—1)' prob [a d) = —1]

jmo



~79-

w1

z e
n .
=0
‘R, —-1n . n- - n :
ALY (___1_11—-:.—1——.) At a wh(.‘]’_'c a (—';L“"'E'-"'-:‘]"“") R eq- ‘1 -46

We next obtain the formula for variance of 8

I PR _owei)
Var 8 = w (1 o )(1 n—l)

proof:  Var (8)

w-1 -
Var z a ()
L 1o
w-1 X w-lr, - .
Y var @@y bz Y la®.am -am . 2@
izo—_ ‘ i‘1j L ) . -

i<

T

Now: ‘
2
Vara (i) = az i - [u (i)] = 1 - [a (i)] -1 ~a'2
Also ' ) . !
a (i) xa () - prob (a (i) a(.j) = 1) —prob[a(i)a G) = _1]
n1 - 1y -1 (n_“:l (n_l—l) 2 n_y ny

™ -0 " Tma-0 W m-D
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‘(n1 ~n_ -n

m m-1)

I (22 -1
n

V(6)

w-=1 w-1 9
2 no--1 2
z (1-0% 12 z ( ~ =t g )

ico iljro
i<j
2 no 2 -1 2
wl-oa") + (w) (w-1) I 44
2 w-1 ' '
w (1l - o )(1-— "H:l"') . T : ' eq. 1.47

Using these values of mean and variance, the hypergeometrie distribution can be approx-

imated lﬁy a normal distributiion for different values of & determined by the unbalance of

the codes used. Specifically we drew that prob [ 8} < B] =

ﬁ_’-! 4’4 ¥ B}
(10?) -5

-.ﬁ‘(oyB) '_' N
) -3

prob[lel 'CB} B>0

fw~2n1t_ el e W=211
prob[[————-*w l B] @ defined as EREr—
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prob [ -Bw<w -2 ny < f3w]
prob (-w - Bw < - 2 n o< wh - w]

prob {(w - Bw) < 2 n, < (W Bw)]

prob [( JB\") < < (g + %ﬁ)]

Now -
V{g} J- vi-a J1 —iﬂ

prop CA) @rB) L CrTh - N (a-m

B I I LN (s e

.,N ~~W__{a-8) | .kﬂ N N _@+h) eq. 1.48
Jang) ey -
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From the preceding math (eq. 1.45) we have arrived at an extremely
important result which allows us to predict the performance of PN multi-
plexing for TDRS at VHF for the unmanned users. With Gold multiplexing
of K users through a TDRS (2 MHz bandwidth), we have a single user

output (S/N) in the presence of K o¢ther users as given by

P [P.G.] -

S N

(N). = 5 L W eq. 1.49

ith user Tu (K-1) 1- W
2 .

Where N = code Tlength 21, Pu user power seen at the satellite, P.G. =

processing gain or the ratio of chip rate to bit rate, and w = chip rate

X data bit duration. For most TDRS unmanned application ﬂﬁ} << 1.

The effects of thermal noise, multipath, and R.F.1. will be included
as we proceed through subsequent sections. Tﬁe main result obtained in -
this section is that by using Gold coding (one unique code assigned to each
user) we have shown that interference noise seen by one user from the other

users (K-1) is

P
(K=1) w=1
_%. 3 [ 1- ﬁZ"'] . eq. 1.50

This result says that Gold Coding results in 3 dB less noise than would
be experienced by a user if the user were interfered with by (K-1) C.W.

signals each of power Pu .
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1.6.6.2 Repeater Considerations for PN Multiplexing

The data relay satellite must accomodate up to 40
simultaneous users, employing one of the multipiexing schemes discussed
in 1.6.6.1. The data relay satellite is assumed to be a linear repeater
having an average power limitation; in other words, a slow-acting automatic
gain control is assumed for the repeater and this gain control maintains

the linear operation of the repeater.

Assuming that the up-link power for each user is given by Pu

measured at the satellite, then the amount of power measured at the ground
th user is given by Pi = Psat(ﬁg )where
tot

PSat is the total satellite power measured at the ground station and

station ‘which is available to the i

p =KPU + NSNU + I, where

tot
I = total interference
ws = repeater bandwidth . '
Nu = uplink noise measured at the input to the TDRS satellite
K= # of users
If the PN signal occupies the entire bandwidth (WS) of the

th

repeater, then the output signal to noise for the i~ receiver at the ground

station is given by the following equation

(§) i (Proc. Gain) Peat (Pu/Ptot) cq. 1.5
N ith wsNr * Psat(] - Pu/ptot)

Nr = noise density at GS

) i DRS )
(N)ith P.G.(Pu/Ptotfor a noiseless T to GS link
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The above eqguation should be modified when the PN signals
entering the data relay satellite are frequency division multiplex in con-
tiguous bands or in frequency bands where interference does not exist.

Under these assumptions, the above equation becomes:

(S) PuP.G.' :
=1 = ~—=————  TDRS to GS noiseless eq. 1.52
Mt - NPy

Where P.G.' is the processing gain of the PN/FDM system W' is the spread
bandwidth of one of the PN/FDM signals.

1.6.6.3 PN Correlation Receiver Output in the Presence
of Multipath

- Since much of the analysis to follow depends
upon an accurate knowledge of the output noise components of a correlation

system, we will spend a few moments discussion these noise components.

The input to a correlation receiver of the type used in a PN
system can consist of a variety of 1nterférence sources. These include
Gaussian background noise, unintentional interference from earth Tocated
sources, as well as self noise or multipath generated from reflected signals

off the earth's surface.

We will consider for the purpose of analysis that the output of
a correlation receiver, having some processing gain (PG) or an equivalent

time bandwidth product TW, in response to Gaussian noise and uncorrelated
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interference is essentially Gaussian, or in other words, the input noise
and interference is suppressed by the P.G. of the receiver and this amount
of noise represents the Gaussian noise which contributes to the degradation

of the system.

In addition to the Gaussian noise, multipath can produce non-
Gaussian noise at the output of the correlator. For example, if the multipath
signal is essentially specular and the differential time delay between the
direct and the indirect signal path is less than the duration of PN chip, the
output of the correlation receiver will consist of two components one of
which is Gaussian and the other is non-Gaussian. That portion of the reflected
signal which is within the time correlation aperture {PN chip duration) will
produce a randomly phased component which can be represented as a constant
envelope term whose power 1is proportional to the square of the correlation
coefficient between paths times the power in the reflected path. That portion
of the reflected signal which remains outside the correlation aperture produces
essentially Gaussian noise which is suppressed by the P.G. of the receiver
and this noise can be added directly to the Gaussian noise resulting from

ambient noise and interference.

Since a differential Doppler between the direct and indirect path
 exists for the user to TDRS 1ink, the postulation that the non-Gaussian com-
ponent at the output of the correlation receiver will be a randomly phased

constant envelope component for the specular reflection is reinforced.

When the reflection from the earth's surface is completely diffuse

and the differential time delay between the direct and indirect path is less
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than the correlation aperture (PN chip duration). the output components of
a correlation receiver will be all Gaussian. The ambient noise and jnter-
ference will be reduced by the P.G. of the receiver as will the Gaussian
noise produced by the refliected signal which 1ies outside the correlation
aperture. That portion of the reflected signal which Ties inside the cor-
relation aperture will produce a Gaussian noise component whose power is
proportional to the square of the correlation coefficient between the direct
and indirect signal paths times the amount of power in the indirect path and

“this term will not be diminished by the P.G. of the receiver.

1.6.6.4 The Effects of Multipath on PN Systems

When we consider the indirect path to be a
perfect refiection, we.are able to approach a reasonably accurate solution

to the degradations imposed on PN systems by multipath.

*
For the purpose of analysis Tet us assume that the data is PSK
and that the system is a four-phase PN coded system. The amount of noise

power which will be found in the post-correlation filter is given by the

following terms.

C.W. t
Noise in (12 erm
) . 1-p4)S.
Post correlation = gjg_ + P,é?d + p2 Sind eq. 1.53
. T e
filter

g2 = Gaussian noise term

S is the power in the indirect path

ind

*
as stated previously, the APSK signal is the more practical approach and

the bit error probability for aPSK = 2Ppc (1-Ppe,) where P is the error
probability for coherent PSK PSK*" " PSK PSK


http:Nn+(l-p2)S.in
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The noise power is seen to consist of the ambient Gaussian
noise reduced by the processing gain plus a Gaussian noise resu]tiﬁg from
partial decorrelation with the reflected path diminished by the processing
gain and finally a constant envelope term which represents the parfia]
correlation of the direct and indirect path. The factor p is a number
which Ties between 0 and 1 and the amount of energy in the indiréct path

is a function of polarization, ground conductivity, grazing angle, etc.

After a few algebraic manipulations a conditional binary error

probability is obtained with the foliowing form.

Vi VTS sinawe
1 d ind 2

P (8) = E-erfc 1+ T | cos ¢ eq. 1.54
€ V2o J?§E' bury

$=6 - A%I-, 6 is a random phase angle

JZSd = signal strength of the direct path

stind = signal strength of the indirect path

T = duration of the binary symbol

Aw = differential Doppler radian frequency

Under the assumpt%on that the phase angle associated with the
specular multipath interference is a random variable we are free to deter-
mine the average binary error probability by averaging the conditional

density over a uniform density in phase. This results in

F = L "] erfc —g'(1+-§cos é) | do - eq. 1.55
£ 27 o 62 )

™|
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The average bit error probability vs p is i]]ustrateq in Figure 117, under

the assumption that the direct and indirect signal path ratio is unity,

the input signal to Gaussian noise is unity, and the P.G. is 12 dB. Note

that the Gaussian noise power from the interfering path changes as a function
of p, that is, the Gaussian noise contribution resuiting from partial correl-
ation approaches zero as correlation improves, whereas the constant envelope
interference component increases as the correlation between direct and indirect
path increases. Keep in mind that ¢ is the product of the ratio of direct

and indirect signal strength times the path correlation coefficient p.

At the other extreme the multipath. signal is completely diffuse,
and to evaluate its effects on a PN system we assume that the diffuse
-reflected energy can be broken down into discrete paths. Each path is
assumed to fade according to a Rayleigh amplitude statistic and each path

will be uncorreiated.

The total time spread in the indirect path is assumed either
equal to the duration of T PN chip or the time spread is assumed to be
much greater than the duration of 1 chip. Furthermore, it is assumed
that the paths comprising the total indirect path contains equal power
and that the sum of the powers associated with the separate paths equal
the total power contained in the reflected signal. With these assumptions
it is possible to determine the performance of a PN system in diffuse

multipath interference.

Case 1 - The time spread in the indirect path is assumed to be such that

confined to the original correlation function of the PN sequence and the
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indirect signal is diffuse. Under these circumstances the amount of noise
power produced at the correlator output and seen by a detector (PSK) is

given by eq.1.56 .

; . 1-p2)S.
Noise _ Nin (10 ind ,
Total ~ P.G. © ~P.G. *0%Sind eq. 1.56
B e

all Gaussian noise terms
p = degree of correlation or signal overiap, O<p<]

S, = aﬁount of power in the indirect path

ind

We see that as the indirect and the direct path becomes more correlated,
the amount of noise power which confronts a binary decision increases as
the square of the correlation coefficient and the noise will be essenti-
a]]y'Gaussian since the diffuse path is fading according to a Rayleigh
statistic. The amount of interference due to the reflected enefgy associ-
ated with the indivect path which remains uncorrelated is suppressed by
P.G. of the system as is the input noise which is always associated with.
the system. The post-correlation or predetection signal-to-noise ratio,

therefore, will in effect approach-0 dB when the correlation coefficient

is 1 and the direct and indirect paths are equal.

The resulting binary error probability (PSK) is given by

1 S direct
P =+ erfc T eq.7.57
e 2 Nin  (1-p2)S. 2
o ViE Fe e F0%5 g

diffuse (no time spreading)
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Case II - Now Tet us assume that the multipath signal is time spread such
that the total reflected signal is distributed over a spread in time which,
is Targe compared with the correlation aperture (chip duration) s of the
binary sequence. We can expect that a fraction of the reflected power

will be contributed directly to the Gaussian noise in the recejver, the
rest will remain uncorrelated and suppressed by P.G. Thus, as a function
of the correlation coefficient we have ﬁoise terms which have the following

form.

N

h .
. 1-p2-)5-
Nin . ( T/7ind | pzsiﬁd (T“_Qm_,) eq. 1.58

total P.G. P.G. spread

Without further formalism we can state that time spreading in
the multipath signal is a benefit since time spregding forces more eneréy
outside the correlation aperture and therefore this energy is subject to

suppression by the P.G.

Perhaps we have over analyzed the effects of multipath for the
PN system for the TDRS application, in that the multipath signal delay
relative to the direct path signal is between .2 msec and 10 msec. The
minimum differential delay of .2 msec however establishes the Tower bound
on the required chip rate for a PN system so as-to avoid rapid degradations
resuiting from correlated noise in the receiver when the user satellite is
at its lowest orbital altitude. When the user js in the Taunch phase of
the mission very short different%a] time delays can be expected ~ 20 usec

requiring at Teast 40-50 kilochip/sec PN rates.


http:eq.lT.58
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When the chip rate is in excess of 40-50 kilochips/sec tﬁen a
users signal and multipath can be considered uncorrelated since the
minimum signal delay for taunch is 20 usec. When large processing
gain are employed thg differential Doppler etc. are of no concern and

the.PSK error propabilities given in 1.54 and 1.57 are identical, i.e.,

S, (P.G.)
1 direct
P =—erfc4 : eq. 1.59
2 (Nin + Sindirect)

Equation 1.59 is an exact equation for the performance of an opt%mum
‘PSK/PN signal in noise and its own multipath. The more practical aPSK
error probability is approximately ZPEPSK- It is evident that if P.G.
is sufficiently large Pg can be made quite small.

Before we can compare the PN/FDM system with the PN system
which uses the entire TDRS repeater bandwidth {or a large portion such
as the JPL approach, i.e., chip‘rates 400 K chips/sec) we must determine

the maximum P.G. obtainable through thei2 MHz TDRS channel.



1.6.6.5 Determination of the Maximum Processing Gain Obtainable
through the DRSS 2 MHz Band-Limited Repeater

It is of interest to determine, for a fixed 1 kilobit
data rate, the maximum processing gain that can be expected through the
user to ground station 2 megacycle band-Timited channel. In the analysis
that follows we consider this chamnel as a 2 MHz rectangular filter. This
assump%ggﬁ is justified-ﬁince restrictive filters must be utilized to remove
inte}ference sources which are immediately adjacent to the 136 and 138 MHz
band. The solution to the problem is obtained by detérmining the 6ptimum
chip rate for the 2 megacycle bgnd-1imited.channe1 which in turn provides
the maximum ayai]abie processing gain. As mentioned above, the data rate

is assumed to be 1 kiiobit per second and the PN carrier will be located in

the center of the 2 MHz bandwidth channel, i.e., 137 MHz.

The system model is illustrated in Figure 71,18 of this. section
and the mathematics required to determine the correlation function at the
output of the receiver described by Figure 1.18 follows. It should be
pointed out that a reference filter is employed in thekreceiver in order
to maximize the processing gain. This is done because match filtér
reﬁeivers require references .which are identical to the s%gna1
applied to the receiver and since the PN signal has been processed through
the band-limited channel then the reference in the receiver should be

identically band Timitad.
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S(t)coswot Vf(t)COSth

e H1 (w-—wo) '—>®—————-

i 4\
INPUT FILTER

V. (t+) cosw, (t+r)

"

Hz(w““ozj REFERENCE

FILTER

S(t'l"r)COSmo(t'i"r)

Figure 1.18 System Model

The cross correlation function can be determined by using an
_equivaient Tow pass model for analysis then using the shifting theorem to
yield the results for the bandpass case. The signal due to the pseudorandom
moduTlation can be represented by the inverse Fourier‘tr‘ansform of its ampli-
tude spectral density function.

s(t) = %;H— f S(w) sty eq. 1.60

The signal at the output of.the input filter is

velt) = = _[m Hy (0)S(a) e9*%d eq. 1.61°

In the same manner the output of the reference filter is

Zn

v,.(¢) = ! f Hy ()S(w) eJuty, eq. 1.62
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Their cross-correlation function is,

I

Rfr(r) - vf(fjvr(t+fT
T
= 1im —z—}- -[T vf(t)vr(tﬁ)dt eq.1.63
T
e 1 T 1 © Jut
= Tim 5T .[T 1z Im S(m)H-I(m)e dm]
T
Um S(p)Hz(p)ejp(t+T)dp:| dt eq. 1.64
Re(7) = lim i [jw f‘” S{w)S{p K- (w)H (D)ejpwadp]
fr - 2m . 1 2
[2.“.2'[ - ej (Ul+p ) tdt]
1 et
but 5T .[T e Clt'——bﬁ(w'l'p).
then erle) = g [ SISl (oHy(o)o(wts)e™ Tdod

2 [ Stlst-oll Hy-a)e eq. 1.65

Since the reference filter, Hz(m), and the amplitude spectrum, S(w), are

symmetrical, the above equation becomes

Rfr(T) ]

[ (s oty oty (o eq. 1.66
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It can be shown by use of the shjfting theorem théf for the bandpass systiem
LI ' - ! o0 * - 'k o(+ )
Rfr(ﬁ) =2 n:f ,SI@)S (m)H1(m)H2—(m)éJ W Ty eq. 1.67

The cross correlation function can be determined from equation .-

1,65 assuming rectangular fi]ters.fpr’Hq(m) and Hz(w).

H](,_,-,) =1, mim-‘
)l : X \
2 0 elsewhere
Hz(m) = _T.’ WElg

s, s Taaa . :n +

. -
0 elsewhere

1)

The power spectral density of a pseudorandom signal is
' 4 { . f . N ) .
© . wl/2

Y S
where T—= chip, width eq. 1.68

3

Deleting for now the COSw T term, the cross correlation is

e e e . L.y i . e . ..
v o Lo ::-[ H i ‘ 2 -
1 sineT/2 Jjur
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eq. 1.69

The cross correlation function was plotted versus the delay .

The PN chip width 1is normalized to one

T=1

wqT
_ ]
¢ = oy
-
2n

which defines the portion of the PN power speétrum which is filtered. As an

example with o=1, the power between the first nu]lsiof'—sgjr«

: 2
ST X g passed.,
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In Figure 1.19 we have plotted the receiver cross-correlation
function for various values of «. At =0, the maximum processing gain is

Rfr(o)‘

The above analysis has served to determine the maximum P.G.
for a band-Timited PN system. The peak of the cross-correlation function
for =0 represents the reduction in the processing gain for a PN systenm,
thus a plot of this reduction vs the ratio of the chip rate to 2 MHz
represents the amount of band-limited Toss to PN system for the TDRS
channel. ~This is shown in Figure 1.20. Also shown in Fiéu}e 1.21 is a
plot of the maximum processing gain that one céh’expect usipg a PN system
through the 2 MHZ band-iimited TDRS.user to ground terminal channel. This
is based upon a comparison between thelfnf%ﬁife bandwidth channel and the
2 MHz channel. It is seen'that a cth rate 0%'app?oximate1y:2 megachips
will realize a theo;etica} maximUmgusabie“process{ng'gain of 32 dB when a
1 kilobit per second data rate'is-utiiizedu Chip rates in excess of 2 MHz
do not provide any increase in processing gain. Chip rates below this

factor reduce the avajlable processing gain,
1.6.6.6 Comparison of PN Multiplexing Techniques -

In section 1.6.6.5 we obtained a theoretical
maximum P.G. for a PN system which uses the entire TDRS 2 MHz repeater
bandwidth. The theoretical maximum P.G. is 32 dB for a 1 kiTlobit/sec

user data rate.
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In fhis section we compare the performance of the multiplexing PN

techniques put forth in section 1.6.6.5. FOP_RUFPQSE of analysis

we assume that the wideband system can attain the 32 dé processing gain

and that the chip rate for the narrowband channelized PN system is 40Kchip/sec
and the carriers are spaced by 50 KHz to avoid Doppler overlap. Thus each
narrowband PN signal has a processing gain of 15dB. We assume that each
user can radiate .5, 1, 2, 4, or 8 watts. The receiver (TDRS) is assumed
to have an operating temperature of 1200°K. In Table 1.7 the 1ink para-
.meters are summarized. Forty users are assumed with each user's multipath
equal to his signal power. The user's mu]tipath'signa]s are noise Tike and
can be added directly to the gaussian noise at the repeater. The additionatl
noise resulting from the other 39 users direct path signals, however, has

been shown to produce a noise at the output of the ith user's correlation

P
receiver of approximately -~ 59- (K-1) when the users employ Gold codes.

Thus the wideband PN system performance is governed by
(%

Nu input noise to the satellite and X 1is the number of user. The narrowband

P, PG P P.G.
) = D n —Y 3 eq. 1.70
WBPN N +P K + ,2_2 (K-1} N+ 5PK

[ 7]

PNhsystgm is confronted by its own multipath and ambient noise NG but no

other users and no other users multipath, thus

( ) P P.G!
= | < eq. 1.71
NEPN P * Ny

The wideband and narrowband PN systems performance under worst case muitipath

and noise are summarized in Table 1.7(c).
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Table 1.7(a) Wideband PN Parameters

Received‘51gna] at TDRS (one user) Power Noise (2 mc) Users + Multipath

(watts)
-124 dbm 5 ~105 dbm ~106 dbm
-121 dbm 1 -105 dbm -103 dbm
. =118 dbm 2 -105 dbm =100 dbm
-=115 dbm 4 -105 dbm - 97 dbm
=112 dbm 8 -105 dbm - 34 dbm
Table 1.7(b) - Narrowband PN Parameters
Received Signal at TDRS (one usér) User Power Noise (40 KHz) Multipath
: (Watts) - '
~124-dbm - .5 -122 dbm ~124 dbm
~121 dbm 1 =122 dbm -121 dbm
~118 dbm 2 ~-122 dbm -118 dbm
~115 dbm 4 -122 dbm -115 dbm
8 -122 dbm ~-112 dbm

~112 dbm

Table 1.7(c) Wide PN vs Narrowband PN Performance

Power (watts) (S/N,,)uBPN dB (S/N,INBPN dB

.5 ' 9.5 ' SN &
1 1.5 - 12.5
2 12.5 ‘ 13.75
P 13 ' 14.5
8 13.5 . -a14.75
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Table 1.7(c} indicates that both s&stems operate equaily well
for a user output power >1 watt. Furthermore, both systems. .rapidiy
become user limited for Pt>1 watt. The wideband system appears..to operate
with .5 watts for each user with no system margin. If-a 10 dB margin is
incfuded, then both systems will perform well if the Pt = 5 watts..
Correspondingly, if a system margin of 6 dB is required, then the user

power is Qn]y-Z watts.

If user spacecraft output power cannot exceed 1 watt for practical
reasons, then a PE = 10'5 can still be obta1ned if COHVO]UtTOHa] encoding
and sequential decoding are employed. The encoder is extremely simple
(several IC's) and Magnavox éan now fabric&fe the comﬁ]ete sequential
decoder, at the G.S., on two 4"x6" PC boards using TZL logic. The benefits
which can be achieved by forward error control are discussed in a later

section of this report, but as an example of these benefits the wideband

PN user power can be further reduced in the above table to .8 watts while

maintaining 6 dB system margin if forward errcr control is used.

It would appear from the above comparison that wideband PN muitiplex
using Gold codes with good cross-correlation properties will support 40
TDRS users and that a user power level between .8 to 5 watts will provide
6 to 10 dB of system margin depending on whether or not forward error contrcl
is employed. The narrowband PN/FDM technique will also work at the above
power level and all users can use the same PN code and are identified by

their carrier frequencies.

The JPL multiplexing scheme uses wideband PN with each user carrier

separate by 10 KHz. A17 users use the same PN code at a rate of 40 Kchipé/sec.
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The JPL processing gain is 6 dB less than the theoretical maximum and in
our opinion the JPL chip rates could easily be increased 1 mchip/sec.

At this increased chip rate and thé addition of forward error control,
the JPL system should operate in a manner comparabie to the PN systems
compared above. A higher chip rate for the JPL system than the one now
contemplated make both wideband PN techniques attractive. The narrowband
PN system on the other hand is susceptible to interference and is subject
to degradations resulting in variations in the user's antenna pattern.
Thus the choice of approach to the TDRS problem now seems to hinge on

interference effects and overall ranging performance requirements.
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1.6.7 Programmed and Adaptive Antimultipath Systems

The objective of this section is to’ana1&ze various multiple
access techniques which comb1e£e1y avoid ‘the multipath and to determine
the bandwidth, data rate, and data stbrége requirements necessary for’
their implementation. The techniques presented herein will be of the

following generic types:
® Pre-programmed - whereby user satellite timing and data
rates are preset to a fixed value prior to launch to com-
pensate for the maximum and minimum differential time
delays imposed by the selected satellite orbital altitude.

(=]

- Adaptive - having -the user satellite timing and data rates
controlled remotely by the ground station. The franing
intervals,. storage, etc., are continuously adjusted in
accordance with the satellite's ‘position relative to the

.DRSS, thereby providing for an optimal Tevel of signal
energy. ) T .

The modes of signal transmission under consideration will be
Time Hop (TH), Frequency Hop (FH), and Tiine Hop/Frequéncy Hop (TH/FHY.

" Such transmission will be constrained by a multipath signal delay ranging
from 0.2 msec to 10 msec for circular orbital heights of 100°mi to 1000 wi
respectively and grazing angles of 16° to 90°; furthermore, the presence
of a differential Doppler of 0 to 2 KHz, a direct path Doppler of 0°to 3.75 KHz,
and a fading bandwidth of 0 Hz to 2 kHz, must be taken into consideration,

and an average data rate of 1 kb/s must be mainta}ned; in addition, crystal

7 shall bé assumed in all calculations. In

oscillator stability of 1 X 10°
- the sections that follow, the various accessing techniques will be evaluated
Jdn Tight of the aforementioned constraints and performance requirements.

For the purpose of this report it will be.assumed that sfstem syncﬁronization

has been established; those systems employing the "pre-programmed" mode of
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transmission will be analyzed only in a "worst case" sense. It should
be noted that the 136-138 MHz link is treated exclusively. 1In addition,
synchronization and tracking, and hardware 1imitations will nct be dis-

cussed here but will be deferred to a later section.

1.6.7.1 Programmed Time Hop

For a time hopping system to achieve an average data
rate of 1 kb/s while providing multipath protection for a .2 to 10 msec
duratjpn, the following data format might be imposed. For the 100 mi
orbit with muTtipath delays on the order of 200 usec to 1 msec, the system
is permitted to transmit for 200 usec and then is "quiet" for 1 msec.
Referring to Figures 1.22 and 1.23, 7t can be seen that tc maintain
the required data rate, two pulses must be sent during a 200 nsec time
interval which-is followed by 1.8 msec of no transmission, then twp more
pulses and the same process is repeated. If it is assumed that the maxi-*
mum duration of each pulse is 100 psec the minimum transmission bandwidth
required for one user is 10 KHz. Allowing 4 KHz for direct path Doppler
and 2 KHz for fading per ﬁser, the bandwidth needed for 20 users (assuming
they are all in a 100 mi orbit) is a minimum of 320 KHz (likewise, a 646 KHz

bandwidth is needed for 40 users).

The "worst case" condition for TH transmission occurs when
the user satellite is at the 1000 mi altitude. Differential time detays
arising from such an orbit range from 1 to 10 msec (grazing angie 16° to 90°).
To maintain an average data rate of 1 kb/s the user must transmit 12 bits

of data in 1 msec.
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Fig. 1.22  TYPICAL BINARY SEQUENCE

TWO PULSES OF 100 pPSEC ~

DURATION EACH :
00 00 "o

T ol 00 o ol 10 10
Ai‘ﬂ.—‘ #-m; _m_ m‘ '-.—. .m—.m mm ) m -“—m —m
L ! "I T 1 - 1 T 1 1 I
0 2 4 8 8 10_ 12 |4_ 16 I8 20 22 24
TIME, mSEC

Fig. 1.23 PRE-PROGRAMMED TH FOR A 100 MI CIRCULAR ORBIT
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~ Fig.1.24  PRE-PROGRAMMED TH FOR A 1000 MI CIRCULAR ORBIT
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As an illustrative example of the technique consider the diagram of
Figure 1.24 1in which twelve bits of binary information are transmitted
.during 2 1 msed‘interva1 .and repeated again every 12 msec. Fach dala

bit is 83.5 usec in Tength and the resu1t1ng s1gna] bandw1dth is 12 KHz
per user A110w1ng for a 3 KHz d1rect Doppler per user and 2 KHz each
for differential Doppler and fading the total repeater bandwidth requ1red

for 20 users {in a 1000 mi orb1t) is 380 KHz (760 KHz for ﬂO users)

It should be emphasized here that for the systems described

herein the orbits of the user spacecraft are assumed circular. If the

satellites were; to be put into e11iptical orbits (at Teast 15 are p%edicted

.to be Taunched in the 1970+1980° time per1od) the fol]ow1ng cons1derat10ns
‘must be g1ven to the signaling . format:- oot T . ’?;

1. For the. programmed system. the transm1tted s1gna1 format -
must be’changed. to comply. with. the minimum.and makimum
multipath, delays encountered in such an.orbit. For a
TDRS stationed over the equator and a user in’an elliptical

__polar orbit with the plane of the e111pse be1ng normal to
the 1line between:the TDRS and the major axis of the ellipse;
the minimum and maximum time delays are 200 usec and 10 msec,
respectively. In this case, to avoid the multipath, the
user must transmit 12-16.7 usec data pulses every 12 msec.

2. If more than one (say three) TDRS is in use by a single
user satellite, then the signaling format considered to
by optimum (in that it negates the effect of multipath
and minimizes the signal bandwidth requirement for ‘one
user) would not, because of the relative position 6f the -
‘a11iptical p1ane and the'othey TDRS's,. nécessarily- -be
opt1mum .for the remaining user-TDRS Tinks. ro

3. Similarly. the adaptive signaling system operates with
- ~the -same disadvantage-.as the programmed system. . A user ~
satellite -which, upon. command from a ground stat1on changées
the duration of its ‘transmitted signal to maintain the
most desirable communication with the TDRS, has by the
very nature of this signal design rendered its Tink with
any other TORS non-desirable.

4. As the duty factor jis varied ito-accommodate’ the multipath
time deTay variation the peak power must be changed to
maintain a constant average power.

*T8DS Mission Model and Projected Spacecraft Support requirements
through 1980, E.J.Habib, Study Manager, March 1969. X~520-69-110.
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1.6.7.2 Adaptive Time Hop
Adaptive time hopping requires the duration and the

repetition period of the transmitted signal to vary in accordance with
the 'relative position between the user satellite (at some fixed altitude)
gnd the TDRS. For the 1000 mi orbit the user transmits (at Tow grazing
angles) continuously at a.500 Hz rate a 1 msec pulse; as the grazing angie
increases towards its maximum the duration of the transmission increases.
Conversely, the signaling rate cecreases allowing a 50% duty cycle to be
maintained. The technique is illustrated in the timing diagram of Figures
]:25 to 1.28 where a typical digital sequence is shown along with the user
sateliite data transmission formdts for 1; 5, and 10 msec differential '
detays in Figdres 1.26, 1.27, and 1.28 respectively. The maximum bandwidth
required per user for this type of signaling is 8 KHz (1 KHz signal bandwidth,
3 KHz direct Doppler and 2 KHz each for differential Doppler and fading).
The 50% duty factor can be maintained at orbital altitudes below 1000 mi;
however, the signal power level must continually be changed to maintain a

constant average energy per data bit.

The adaptive TH system is essentially a store and forward technique;
therefore, the user satellite must have the capability of continuous storage

of up to 20 binary data bits.

1.6.7.3 Pre-programmed Frequency Hop
For a user satellite at a 100 mi altitude sufficient pro-
tgctjpn from the deleterious effects of mu1t1pqth propagation will be
achieved by transmitting a 200 usec data bit at a 1 kb/s rate with the
carrier switching between two preset fréquénqies on alternate data pulses.

The bandwidth required for reception 10 KHz (two RF channels each of which
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Allowing an additional 4 KHz per user to provide for the maximum direct
path Doppler and 4 KHz for fading, the total system bandwidth required
for 20 users is 360 KHz (720 KHz for forty users). The frequency-time

chart of Figure 1.29 illustrates the pre—brogrammed FH system.
1.6.7.4 Adaptive Frequency Hop

In the adaptive ffequency hop system the duration of
each transmitted signal and the interval between them are adjusted to be
optimum for the differential time delay imposed upon the user-to-DRSS link.
For a user satellite in a 100 mi orbit the éigna} duration and the interval
between signals wiTl vary continuously from 200 ﬁseczgfor grazing angTeé o%.
apph@ximate}y 15°) to a maximum of 1 msec (and a 90° grazina angle).. In t
the presence of 200 ysec muitipath time deTay the user will transmit 200 usec
" signal at alternate frequencies every 200 ysec. The neﬁ effecf'ig}fo brov;de
a 50% duty cycle in both ch%nne]s. The maximum bandwidth requirement is on
the order of 18 KHz per user. At an altitude of 1000 mi the psec spacecraft
will transmit at alternate frequencies for signal durations of from 1 to 10
msec. Presented in Figures 1.30,1.31 ., and T1.32 are the frequency time
diagrams for the 0.2, 1, and 10 msec multipath delays respectively. It
should be noted that the maximum bandwidth per user for thg 1000 mi orbit
is approximately 10 KHz (4 KHz signal bandwidth + 2 KHz fading + 2 KHz .
differential Doppler + direct Doppler)}. The adaptive FH system must have
(as in the adaptive TH system) the capability of storing.continuously a

maximum of 10 data bits.
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TIME, m SEC

a) Typical Binary Sequence

TIME, mSEC

b) Timina For a 100 Mi Circular Orbit
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¢) Timing For a 1000 Mi Circular Orbit

Fig. 1.29- PRE-PROGRAMMED FH TIMING DIAGRAMS
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1.6.7.5 Time Hop/Frequency Hop (TH/FH)

Multipath protection can be achieved by the use of a
time gated, frequency hopping system in which a signal, (SI); is trans-
mitted for a periad of time equal to the minimum differential time delay
(200 ysec in this case); at the end of that transmission the carrier
(at say fT) is shifted to an adjacent frequency (fz) and another 200 usec
signal (52) is transmitted. The operation continues with each successive
‘pulse (S32545-+.55,) transmitted at adjacent frequency (namely, Tq,fpae.esf)
for & period equivalent to the maximum path delays to be encountered then
the carrier is recycled so that the next transmission is again at f1. The
frequency v% time generating function is a staircase-sawtooth function
(see Figure 1.33) which is recycled every 11 msec. The bandwidth required
per user for a 200 usec pulse transmittéd in the manner described herein
is approxihate]y 77 KHz ((5 KHz signal BW + 2 KHz differential Doppler) X 11

frequency chénne]s). For 20 and 40 users the required repeater bandwidth is

1.54 MHz and 3.1 MHz respectively.

1.6.7.6 Link Calcutations for the Various Antimultipath Techniques

1.6.7.6.1 Ideal System
The ideal system as defined here is one in
which multipath does not significantly degrade the performance of the system.
With the TDRS at an altitude of 22,300 mi and.the user satellite maintained
in a fixed orb%t ranging from 100 mi to 1000 mi, the distance of the user-
- TDRS 1ink varies from 21,300 mi to 26,750 mi. The down 1ink frequency is

approximately 136 MHz; therefore, the maximum and minimum free space path
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length Tosses are 165.8 dB and 167.8 dB respectively. For an equivalent

noise temperature of 1200°K (30.8 dB-°K) at the receiver the inpugdnoise

power spectral density (kT) is - 167.8 dbm/Hz, (k = -198.6 dbm-sec/°K}.

To achieve a bit error probability, Pe’ ofu]O'S with A-PSK signaling,

where Pe =2 - Pe (1 - Pe ), the required energy per bit to noise
A-PSK PSK PSK

density ratio, E/NO, is on the order of 10 dB; hence, the carrier to noise

density ratio, C/NO (= Eﬁl) for a bit length, T of 1 msec (for a 1 kb/s

0
data rate) is
C E
7 = 10 Tog 55—~ 10 Tog T
No No
=10 + 30
= 40 dB - Hz

The power requirements for the user-TDRS is summarized in Table 1.8,

For the purposes of this presentation the minimum power requirements

will be treated exclusively.
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Table 1.8
Power Requirements For
User-TDRS Link (aA-PSK)
Carrier frequency = 136 MHz
Pescription ! Max. } Min Remarks
c ; | 5
N~ Desired (dB-Hz} ) 40.0 . 40.0 For Pe=10— and
° i T =1 msec
Margin Needed (dB) i 10 % 6 Including:
. "l Polarization,
: Equipment Loss
! and others.
N, = Noise Spectral Density g%%{ -167.8 , -167.8 | To = 1200°K
?
C = Carrier Power Required (dbm); -117.8 | -121.8
G, = User Antenna Gain (dB) } 0 . 0
6, = DRSS Antenna Gain (dB) . 16 16
; |
L, = Path Loss (dB) . 167.8 ° 165.8
N : !
P, = Transmitter Power Required : { i
(dbm)} * 34.0 ¢ 28.0 Pt = C+LP—G
‘ 1
(watts) i 2.5 i .630
i :
i !
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. 1.6.7.6.2 Comparison of Systems Which Avoid Multipath

In this gection Tink caleculations will -~

be performed for those antimultipath techniques analyzed in Section 1.6.7.
A typicél calculation is as follows. Consider a preprogrammed TH system
_for a sate}]ite in low orbjt (]OQ mi), where it was determined that the
signal duration should be 100 ﬁéec and the interpulse period 2 msec. The
carrier-to-noise density ratio for this case is on the ordef of 50 dB-Hz
(= 10 dB - 10 Tog 10'4) and the required transmitter power computed in a
manner similar to Table 1.8 is 40 dbm or 10w. Bearing in mind that two
adjacént 100 usec pulses are itransmitted every 2 msec, the average signal
power 1is \

6
3

200 x 10

P = P
avg 2 x 10°

t

fi

(0.1) Py

it

1T watt (30 dbm)

A‘comparison of the selected antimuitipath schemes in terms of the reguired
bandwidth, carrier to noise density ratio, peak and average user power
requirements 1s presented in Table 1.9.

We have summarized in the Abstract of the report the good and bad
features of the anti-multipath techniques just discussed. Then we also present
a summary 6f the ability of each system to meet all the basic TDRS/user
requirements. Of particular concern to us is the ability to avoid multipath
using the narrowband system just discussed when the altitude of the user is
very Tow, such as in the case of the launch phase. During this critical phase,
if communication is to be established between the G.S. and a user via a TDRS,

the techniques just discussed are hard pressed to avoid the multipath.



Table 1.9 Comparison of Link Requirements for Various Antimultipath Techniques

{

Antimultipath Required C/No P P Remarks
. . =D pK avd
Technique Bandwidth/user for Pe —PSK_]O dbi W | dbm W
Ideal T KHz 40dB-Hz 28 .630] 28 .630
Time Hop: '
a) Adaptive 7 KHz 43dB~Hz 33 2 30 T Multipath greater
than T ms
b) Pre-programmed 18 KHz 50dB-Hz 40 10} 30 1 100 mi orbit
Frequency Hop
a) Adaptive 18 KHz 43dB-Hz
b} Pre-programmed 13 KHz 47.2dB-Hz 33 2 30 1 Worst-Case (Low
: Orbit)
Time Hop/Freq. Hop 77 KHz 47dB-Hz 37 5 30 1

Programmed for
all orbital alti-
tudes
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1.7-  FORWARD ERROR CONTROL

In this report we have discussed various systems which combat
multipath while simultaneously providing a multiple-access capability.
We made frequent reference to the use of forward error control to
enable a particular system to achieve the required performance levels
or to provide additional system margins or increased user capacity.

In particular, forward error control was shown to be a ﬁositive
necessity for the fdur—frequenéy diVngfty, pseudo~-random time hop,
and frequency hbb/tihé hoﬁ hybrid systems under the worst case assump-
tions, i.e.l tﬁe‘multipéth anﬁ‘&esireﬁ signal were of equal strength
and that all users were in low Brbits which produce the greatest

multipath.

Thus it appeafs tihe]y 0 introduce forward error control con-
cepts at this point in the reﬁort ahd to show the significant benefits
that can be obtained with a modest amount of hardware located at the

G.3.
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1.7.1 Convolutional Encoding/Sequential Decoding

In this treatment of convolutional encoding and
sequential decoding, we shall restrict our attention to rate - 1/2 and
systematic codes. The physical channel which is assumed is the white
Gaussian noise channel with equally 1ike binary inputs, With hard
decisions (i.e., no quantization or weighting) at the receiver, and the
assumption of independent errors, the overall channel model is the fami-

Tiar-binary symmetric channel.

In convolutional_encoding, we can think of the check digits
being computed as the information digits slide past a code generator
(i.e., a parity-computing network) and being inserted, as they are com-

puted, into the transmitted sequence between information symbols.

Because encoding for convolutional codes proceeds in this manner,
decoding must be done in the same way, i.e., one information bit at a
time. For this reason, the concept of block length for block codes gives
way to that of code constraint Tength, which is the maximum nuﬁber of
consecutive channel symbols (information and check digits) which can be

related for a given code generator length.

‘For a binary convolutional code, Figure 1.34 shows schematically
the encoding operation for rate R = 1/2 bit/binit and constraint length
n = 10. For the encoder shown, the codé is systematic, i.e., each infof;
mation digit is transmitted unaltered, followed by a check digit. Each

of the latter is computed by digital convolution in which information



Generator G(])

1lo 0' 1 - Transmitted information
‘and’ check: symbo1s out

Information
sequence inNem—p ... 010 1

Figure 1.34

Binary Convoiutional Encoding

-€¢1i-
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digits and generator digits are muitipiied position by position and the
resulting products are added modulo 2. For the situation shown in

Fig. 1.34 convolution with G gives (starting at the left)

11+ 1.0+ 0-1+01+1-1=0 (mod 2). Thus, the sequence 10, the
right-most information digit and a Eheck digit, would be transmitted.
The information sequence then shifts one position to the right and the

entire operation is repeated.

It is instructive to uyse Huffman's delay operator notation and
write input, generator, and output sequences as polynomials in the delay

operator D:

24 ..

1(D) io + il D+ 12 D

G(ﬁ)

2t m
99 * 9 D+ g, D.‘+ cee t g D

. : : 2 L, :
T(J)(D) = tO(J).+ t-](J)D + tZ(J) D +.... J = -’:2 eq. 1-72

Here Du'represents a delay of u time units relative to the time origin
chosen; thus iu enters the encoder at time u, and if the code is systematic,
T(])(D) = I(D), while each digit of the other transmitted sequence (the

check sequence) is a Tinear combination of digits of I(D):

20y = g(p)-1(D)

where
(2) _
t0 9 1o
(2) _
t] =9, 11 T 9 To
L (2)

2 9o 1+ 9y 1y + 95 1,
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and in general

u
tu(z) = 2’220 g, T,.qs Mod 2 . eq. 1.73
where
u=0,1,2,... 3
and

gy = 0 for o>m.

This operation is digital convelution as described above. The polynomial
G(D) is a code-generating polynomial. The quantity m is the degree of G.
Thhé, m + 1 represents the maximum number of time units over which any
' information digit can affect the encoder output. A detailed example is
“shown in Fig. 1.35 with the encoder shift register and tap connections

. for check digit calculation appearing in Fig. 1.36.

* The set of sequences generated by all possible choices of the
information(diéggg_can be represented as a tree. Referring to Fig. 1.37
' we see that torresbqnding to each new information digit, there is & node
in the message tres; from this.node, two branches emanate, one correspond-
ing to a value of 0 and one to a value of 1 for the new bit. For a
syétematic code, proceeding from oldest to newest digits in a Teft-to-
right direction in the tree, gives an information digit followed by a
check digit on each branﬁh. Each check digit was cdmputed by encoding
the current %gforﬁh;ion-digit and all other information digits encountered
in tracing the mosf direﬁt pafh back through the tree to its base. Adding

another branch to a path through the tree corresponds to supplying a new

information digit to the encoder of Figs. 1.35 and 1.36.
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the first six time units

Time unit
unaltered infor-

mation sequence out

check
sequence out

Encoder for rate 1/2, showing output and deTay;opeﬁator computations for
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1Jolifol]r _ Encoder containing

m+ 1 =5 digits

of information
<o sequence .

Figure 1.36

Tap connections for the encoder of Figure 1.35, showing

check-digit computation at time unit 4.
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The virtue of the tree is that it displays all possible encoded
sequences of any length equal to or less than the maximum Tength included
in the tree. Although the tree may be regarded as extending infinitely

far to the right, it is usually truncated at the constraint length of

the code.

Sequential decoding differs fundamentally from decoding schemes
developed for block codes and from other algorithms developed for convo-
lutional codes in being probabilistic rather than deterministic. The basic
task in sequential decoding involves finding an information sequence whose
encaoded version (information and check digits) most closely matches in’
some sense the corrupted received sequence. The notion of "closely matching"
sequences involves the concept of a decoding metric, the simplest of which
ié the well known Hamming distance. Other functions which may be used as
decoding metrics in a hard-decision algorithm include the mutual infor-
mation of a particular trial sequence (often referred to as a set of bit
hypotheses) and the received. sequence; and a simpiification of this in
which one of two fixed values m1>0 and ~Mit,<0 is assigned to each hypothe-
sized binit according to whether it agrees or disagrees with the corresponding
received binit. Note that with Hamming distance ore would seek to minimize

the metric while with the other two examples one wants to maximize it.

As stated earlier, we shall consider decoding in which hard decisions
(not necessarily correct) have already been made on-the binits input to

the decoder. Although this procedure destroys information (e.g., there is
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no way of knowing the degree of confidence with which a 0 or 1 value
was assigned to a channel output waveform) the resulting decreases in
decoder storage and computational complexity more than make up for this.
The metric chosen must therefore be one which is defined for sequences

of binary digits.

The sequence of hypothesized binit§ is generated 2 digits (i.e.,
one .information bif) at a time. As each new set of 2 digits is added
to the existing sequence, the total distance of the new hypothesized
sequence from the corresponding portion of the recejved sequence is
computed. This distance is compared with a threshold or reject criterion,
which is, in general, a function of the length of the trial sequence and
{as we shall soon see) of the number and lengths of paths in the message
- tree which have already been tried and rejected. This threshold is, in
fact, one value in a family of thresholds for the present degree of
strictness. There are m + 1 values in each family (one for each possible
Tength of the trial sequence) and some afbitrahy number of families.
Initially, the trial sequence is generated starting at the first node
in the‘tree and terminating at the constraint Tength, at which time a
decision is made as to whether the first hypothesized ‘information bit

was a 0 or a 1.

The decoder begins by selecting the first branch of the tree
(10=0 or 1) and the corresponding check digit. Whenever possible, the
chosen branch is nearer than the other one to the corresponding digits

of the received sequence. In any case, the distance between the trial
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anq received branch is compared with a threshold value for that length.
If the trial and received branches are close enough as determined by

the threshold, the trial branch is accepted. If it is rejected, the
other initial branch is tried. f; i%, too, is rejected, a.new family

of thkeshold§ is‘adobtéd which a]ToW; acceptance of greater distances
between trial and received séqﬁénées. Wﬁeﬁ‘th{s first trial branch is
acbépted;”the dééodéf fovés to the hext node and the process is repeated,
always téétiﬁg'tdfil distdnce between trial a;&-%eceiveépsequences.

This time, however; and at all nodes other than the initial node in the
tree, rejeétion“of Bath £r5él Sfénchésl}esu1fsnnof {n re]aidtion of the
threshold but in going back toward the ih{%ié1 nédé of the tree just far
. enough, to reach. a npdgrfor-whjph the other branch is untried_for the
-qurreptkﬁhreshol@,f@mj1y§ If the total distance between trial and
réqgiyeg sequences.at this point is acceptable according to the corres-
poﬁdjngfﬁhre§hg1ﬂ,,ﬁhgﬁnew trial branch is accepted. If it, too, is
rejecéed, the process of backing up in the. message tree-is repeated.

If this process results in reaching the base of the tree, the threshold
is relaxed again.* Eventuaily‘fi.e;; with probability 1 for a properly
chosen set of thresholds) a squence is accepted at the constraint

Tength and the first'informat%on digitrés decoded.
For continuing from this point, current versions of the algorithm
proceed by vétaining al1 but the initial branch of the trial sequence

just accepted, merely génerating a néw términal trial branch and moving

*In the Fano a]gorifhm, back-searches of more than the constraint
length are permitted, as long as the number of received binits is great
enough at that point.
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out one node in the tree. Only the distance between the sequences at

the constraint length is tested against the threshold.

If the only changes in threshold were those just described as
being necessary for‘accepting some trial sequence, the threshold would
eventually become so loose as to allow acceptance of increasingly incorrect
trial sequences, especially at times when the.channe1 is causing very few
errors in the received binits. For this reason, there is built into any
sequential decoding algorithm a periodic tightening of the threshold.
The details of the threshold tightening scheme mhy vary, and we shall not

become any more specific here.

The sequential decoder to be described later differs some-
what from this description in that it utilizes a sequence called the
syndrome as the basis for its operation. The syndrome is computed from
the received hinits and is ultimately a function of the channel noise

alone. Ve can write, for j = 1,2:

and

REMD) = rl8) 4 (0D py p{3) p2 4 eq. 1.74
E(j)(D) = eéj) + e%j) D+ eéj) D% + ... eq. 1.75

where R and E are the received and channel npise sequences, respectively.

The first thing which the decoder's encoder does is to compute

so) = Ry - 6oy + R(Z ) eq. 1.76
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In view of eqs. 1.74 and 1.75 and the fact that addition is.

mod 2, eq. 1.76 reduces.to

S'(D-)’Q‘E(])(.Q)’ . g(0) + £ (p) eq. 1.76

Thus, calculating S(D) by processing the received binits turns out to
be identical to operating in exactly the same way on the channel noise

digits.

The way in which sequential decoding defeats both the storage
and the computation problems should now be apparent. The former is
minimized because the decoder generates and considers only one trial

n/2

sequence at a time, compared with a possible maximum of 2 for con-

straint length n f_2(m+]). Thug active storage need only be provided
_for n received digits{ n tp{a1 digits, roughly 2n bits for bookkeeping
fbr_phe various paths trjed in the message tree, and for a muitiple of
m + 1 values of threshold. In-addition there must be some buffer

storage to hold in-coming binits while decoding is taking place.

. . * .

" The average number of computations per information bit can be
shown to be bounded by a poﬁer of n for the binary symmetric channel.
This ‘bound is made possﬁb1e by the fact that rejection of a frial sequence

at some Tength m1<m+] information digits means that 2m+1—m

1 sequences of
length n are removed from consideratiqn for that family of thresholds.

Unfortunately, this is a bound.on the average number of computations;

*A computation is defined as consisting of the following operations:
computing: a branch <in the message tree, computing its distance from the
received branch, testing against the threshoid, and deciding on which
direction to move from there.
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that is, there will be times when a particulariy noisy received sequence
will cause a search deep into the message tree, with the input buffer
fi1ling up in the meantime. If this search is long enough, the buffer
will fi11 completely and subsequent binits will be lost-unTess measures
are taken to prevent buffer overflow (e.g., by terminating a search if

the input buffer becomes full).

1.7.2 Gains Realizable Through Sequential Decoding

To obtain an idea of the improvement possible through the
use of forward error controf in general and sequential decoding in parti-
cular, consider first the data presented in FiQ. 1.38. The curve
labeled REF OPTIMUM BINARY gjves the calculated ‘probability of a bit error
as a function of the ratio of received signal energy per information bit
to noise spectral density for antipodal (coherent binary PSK) signaling
waveforms. Similarly, the (24,12) Block curve has been calculated for
the augmented (23,12} optimum BCH code, which corrects all triple errors
and detects all combinations of an odd number of errors. The curve
Tabeled Sequential Decoder was obtained by computer simulation of a
sequential decoder having constraint length n = 2K = 64 binits and a
random-access memory size of L = 512 words. This is a very modest size,

as later detailis will show.

To obtain the desired bit error probability of 1072

,» we note that
sequential decoding gives an improvement in Eb/Nd of abput 2.2 dB over
the BCH code and 4.3 dB over the optimum (uncoded) binary. Looked at

another way, sequential decoding at rate 1/2 and length 64 enables us to
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Figure 1.38: Performance of BCH and Sequential Decoders
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convert a raw (i.e., uncoded) bit error probability of about 5 X 1073

to the desired PE of 10"5. Since PE decreases exponentially with con-

5 could be made orders of magnitude

straint Tength, the value of 10~
smaller, or the raw PE made larger for any given decoded P_s with only

a modest increase in decoder size.

As a further comparison, consider Fig. 1.39 , which gives n, the
ratio of total energy per bit for coded to uncoded systems, as a function
of §, the ratio of system data rate (bps) to carrier-tracking loop band-
width, all for a bit error probabj1ity P8 = 10'5. In this case, there
is a clear-cut {2.0-2.5 dB) advaﬁtage over the 8-bit biorthogonal code

even for rate R = 1/2 sequential decoding.

The biorthogonal coding scheme provides error protection by repre-
senting each block of n consecutive bits of information by a sequence

H
n-1 binits. These code words have the property that any

(code word) of 2
two distinct words are either crthogonal (i.e., agree in as many places
as they disagree) or are complements of each other. For example, for

n =3, the code has the 8 words

0000 T111
0011 11700
0101 1010
0110 1001

Since 2n-1 chips must be transmitted for every n bits, there is a bandwidth
expansion factor of 2”’1/n, which increases nearly exponentially as n

becomes Targe. In addition to this penalty in bandwidth, equipment complexity
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at the recejver also increases exponentially with n since 2 correlators

are required for decoding.

Contrasting with the bandwidth expgnsion behavior for biorthogonal

codes is the expansion for sequential decoding by the factor T/R.

1.7.3 Sequential Decoder fmp]ementation

In this section we draw heavily on unclassified results
recently reported by Magnavox Research Laboratories as part of a
classified study*. Implementation was studied for the particular
sequential decoder which has been discussed in the preceding sections:

rate 1/2, systematic code, hard decisions on binits entering the decoder.

In gross form, the sequential decoder appears as in Fig. 1.40.
Shown in detail_j§ the replica of the transmitter's encoder whose
function is the calculation of the syndrome, which is the key input to
the decoder via the random-access memory (RAM). The decoding algorithm
is similar to the Fano algorithm as far as its tree-searching strategy
is concerned, but it differs from the Fano or other sequential decoding
algorithms in its expioitation of the syndrome as the key to error

correction.

*
USC-{ ) Study Report (Secret), 15 June 1969, prepared by
Magnavox Research Laboratories, Torrance, California, for U.S. Army
Satellite Communication Agency, Ft. Monmouth, N.J.. under contract
no. DAAB0O7-68-C-0263.
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A decoder of the size under consideration requires the use of
semiconductor memory, since the decoder is not large enough to realize
the economies of scale for core memories. One feature of the refined
algorithm is that it allows specialization of the memory. The received
information bits are shifted into an encoder that is a duplicate of
the encoder used in the transmitter. The Eheck bits generated by this
encoder are mod 2 added to the received check bits. The result, the
syndrome, contains all of the information required by the decoder to
detect errors in the received information bits. The syndrome is then
entered into the RAM. The information bits, which are not used directly
in tﬁe decoding process, are delayed by an amount equal to the delay
throﬁgh the RAM. The output of the RAM, which contains 1's in the errof
locations, is mod 2 added to the delayed information bits, thus accomplish-

ing the correction of errors.

* 1n general, constraint length m+l would require I}ogz (H%?-]
delays, where [x] represents the smallest integer >x.
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The syndrome is buffered into the random-access memory. The
error-corrected syndrome is buffered out of the RAM and mod 2 added to
the delayed dirty information bits producing clean bits for output.
The RAM is organized into L 2-bit words. Four 2-bit words are read in
and out in_parallel to provide an effective speed-up of four in memory
access time.. The memory.address is selected from one of two counters.
One counter contains the address of the input-output, while the other

contains the address of the decoder.

The delay 1ine may be implemented with MOS shift registers which
offer. considerably lower cost and higher density than fast random-access
semiconductor memories. . For examﬁ]e; dual .100-bit MOS shift registers
are priced at $30 or 15 cents/bit, while 16-bit RAM's in Motorola MECL II
logic are -priced at $12 or 75:cents/bit. Thus, this decoder organization
provides both a significant cost reduction and a significant package
court reduction. The algorithm is a]so.designed to accomplish a maximum
amount of comﬁuéation each cioék cjc]e in order to obtain a greater effec-
tive'speed factor 1ﬁ the'decodef. ‘This is another of the refinements

mentionéed above.

The I-0 counter is incremented by one every fourth information bit,
and a I-0 read-write cycle is stolen from the decoder. The decoder counter
is an up-down counter that is incremented by one each time the decoder

moves ahead or. behind four nodes.

.There fs a two¥1eve1 buffer on the decoder side of the RAM. This is

to enable the decoder to proceed at max imum speed in either direction or
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reverse itself at any time without having to wait for an extra memory
cycle. The second tevel buffer:is also a right-left shift register.
The syndrome in this buffer is shifted into an encoder. The decoder
logic determines the presence of errors and inserts a "one" in the
hypothesis register when errors. are located. The -decoder logic also
computes the new value of the metric, the tilted distance function,
and stores this in the metric register. This logic also decides
whether to search forward or backward and raises and lowers the thres-

hold when needed.

It should be noted -that there is.no separate back-up buffer;
it has-been included. in the RAM. This was done because the RAM, which
is constructed of MECL II circuits,.is sufficiently fast that a separate

back-up buffer is unnecessary, thus resuiting in fewer packages.

It'%é_égﬁjmated fhat thé decoder logic and control together with
the metric register can be implemented in about 40 flat pécks of Motorola
MECL II and MECL IIT, the latter being a newer family of Togic which is
éboﬁt 5 times faster than MECL II. This figure is independent of buffer
size and encoder constraint Tength. Al1 the encoders are estimated at 3
flat packs per information bit of constraint length. For a constraint
length of 10, this would amount to.30 flat packs. The RAM reguires about
50 flat packs for 64 nodes of storage, including associated buffers and
address counters. This adds up to a total of 120 fTat packs or about the
equivalent parts count of a BCH (24, 12) decoder. If the number of flat
packs is 1ncrgased to abput 250, thelconstraint length can be increased

to 32 and thé memory size to 512 nodes.
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It is estimated that the above decoder can be operated at a clock
rate of 50 MHz. A1l speed critical circuits can be implemented with
MECL III, while the less critical circuits and the memory use MECL II.
The MECL III family provides logic delays of 1 nanosecond, while MECL II

. provides_delays from 4-6 nanoseconds.

-

A computer program has been written at Magnavox Research Labora-
tories to simulate this decoder in order to evaluate its performance.
Preliminary results have been obtained for the 250 flat pack decoder

(K =32, L = 512); they wefe shown iﬁ'Figure '

These rasults include both undetected errors and buffer overflows.
Error rates.of.TO'S.are obtained at E /N of 5.3 dB. This is a result
of great interest since nearly ail of the possible sequential decoding
gain for rate 1/2 with hard decisions has been achieved with a small

"amount of hardware compared to previous designs.

Magnavox -Research Laboratories has conducted a detailed trade-off
-study for 5 megabit and 50 megabit/sec sequential decoders operating
as just described. Clearly the speed requirements of that study exceeded

those for TDRS by several orders of magnitude.

1.7.4 Summary

We have documented the superiority, in terms of achievable
bit error rates and ease of fmplementation, of sequential decoding operating
at dimensionless rate 1/2 with a systematic code and hard decisions on
received binits, when compared with either a (24,12} optimum BCH bTock

decoder or a hiorthogonal code up to the (128.8) Tevel.



144~

We have also demonstrated the ease of implementation of such a
sequential decoder using state-of-the-art technology. At the decoder
operating speeds currently possible, the problem of input-buffer over-
flow, which usually is the chief operational difficulty, will be negiigible
if not non-existent at TDRS data rates. Specifically, an improvement, at
P_ = 10_5, of better than 4 dB (a factor of Z.Sj in‘Eb/N0 is possible
using convolutional encoding/sequential decoding instead of uncoded
coherent binéry PSK. fhis improvément is obfained at a‘cost of tw5
mu]tillayer PC boards Tlocated ét the ground station using TTL, which
implements decoder memory, logic, and control for a constraint length of
64 .digits (information and check) and a backsearch capability of 96 nodes.

Note that the.encoder on board the user craft requires an insignificant

amount of digital circuitry.

The 4 dB 1mproveﬁent overban uncoded binary signal can be used to
increase the system's capacity or Tower the fequiréﬁ user power levels,
Still further improvement is. possible with larger constraint lengths,
as may bé seen from-the curve for the rate.- %—(96, 48) sequential decoder

in Fig. 1.38.
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1.8 TDRS POSITION LOCATION AND RANGE AND RANGE RATE CONSIDERATIONS
FOR USER TRACKING

The following sub-sections are devoted to
a) determination of the position accuracy of a single TDRS

b) range and range rate implementations for the purpose of
tracking TDRS user

c} comments on the position location of a TDRS user.

As outlined in the requirements Section 1.1 a user of the TDRS must
be capable of being tracked by a G.S.'s via the TDRS. To do this the

G.S. {or in some cases a small number of G.S.;s) must track a user through
one or two TDRS's (perhaps three in rare instances). Multiple TDRS track-
ing of a user can be accomplished through the TDRS inter satellite reiay
or by observing two TDRS's separately at one G.S. via two antennas.

The useg's ségg;fic mission will dictate whether or not tracking is required
during various phases, e.g., launch, insertion, or during critical portions

of the orbit. Shown in figure 1.41 1is the expected number of satellites

vs years to 1980 which will require precise orbit determination.

. Regardless of whether one or two TDRS's participate in the process
of locating a user, orbit determination procedure must be used over several
hours or even days if precise user position is to be obtained. This
pprtﬁon of the document does not address itself to the non-real-time data
acquisition and smoothing required in orbit determination. It is beyond

the scope of this study to attempt a user position error analysis that
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includes these considerations; furthermore, NASA has already developed
computer programs which estimate the user's position error when tracked
by synchronous satellites and a repetition of the existing analysis is

unnecessary.

What is appropriate, in this final report, is to document those
errors which must be known by NASA in order to obtain the user's position
error via the existing computer programs. These errors result from range
and range rate instrumentation errors, R & R errors resulting from noise
and interference, and the lack of precise knowledge of the Tlocation of
the one or more TDRS's participating in the tracking of a user. The last
error source is in turn dependent on the inherent errors in position
location of the G.S. or G.S.'s and the instrumentation used to track the

TDRS from the G.S.'s.

For  purpose of ana]ysié only, Madnavox has chosen to track,and thus
determine, the position Toéétion of a TDRS by a 3 range difference scheme
which involves 4 G.S.'s to tracking and position locate (in virtually
real-time) the TDRS. There is nothing sacred about this approach, and
it is recognized thét‘a 3 station tri-Tateration technique would represent
a valid alternative. The approach does illustrate that the TDRS position
location accuracy may become sensitive to the choice of Tocation for the
Q.S.‘s involved., Note that while we are not necessarily promoting the
3 AR technigue, the 4 G.S.'s need not be complicated and can easily use

ranging instrumentation like GRARR to accomplish the 3 AR measurements.

The geometry for tracking the TDRS by 4 G.S.'s is illustrated

in figure 1.42 . The absolute position error of each G.S. is described
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Fig. 1.42 G.S./TDRS Geometry for 3AR Measurement
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by a spherical error probability (SEP) of 10 meters. We realize that

a 10 m SEP absolute is not a currently. accepted figure for the position
location of S.G.'s, however, over the past year Magnavox has accumulated
substantial data from its TRANSIT receiver/computer equipment which show
conclusively that.a 10 m SEP absolube error can be readily achieved by
observing 12 usable passes (24 hrs.) of the TRANSIT Satellite. Measure-

ments have been made over most of the wot1d and the repeatabiliity of the
avefagéd data is withiﬁ 2 meters. A deséription of the current instrumentation
“used in position %ixing witﬁ TRANSIT 1is proviﬁed in Appendix IT of this

report.

We have been familiarized with the NASA computer program which calculates
the SEP of a TDRS when tracked by precise ranging instrumentation (Laser)
from two G.S.'s e.g., Rosman and Mojave.. After a 24 hr tracking period the
SEP has dimensions of 10m-30m-100m when the station pesition location error

is a 10m SEP.

The TDRS position location error based on a 3AR measurement procedure
is discussed.in the next subsection, where various satellite-station
geometries are considered and representative error magnitudes are derived.
For cémbarison purposes, we have included in Appendix 5 the analogous TDRS
posﬁtién error analysis béséd on a 3-range $easurement procedure, again
considering various geometries. The refative performance of the two measure-

ment procedures in question is aiso discussed in the Appendix 5.

In the following subsections. we discuss various aspects of range
and range rate implementations for the TDRS and the unique R & R problems

associated with the system. For purpose of analysis we often use the PN
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code system as an example. We are justified in this favoritism since
the PN system is shown in this report to have the following advantages:
a. provides precise ranging between one or more G.S.'s and a user
via one or more TDRS's during the entire user mission,
b. provides coherent transponding at the user spacecraft which

insures an accurate range rate signal for tracking the user.

The pseudorandom time hop sigﬁal has been shown, Section 1.6.3, to
have the desired properties of a good range and range rate system. However,
the PRTH signal requires excessively high peak power Tevels to guarantee
adequate communications and R & ﬁ signal margin. High peak power Tlevels
present a serious problem for the user craft transmitters and can result in
instantaneous satellite overloading. For this reason the PRTH 1is not a

serious contender for theTDRS system.

Likewise the FH/TH or RADA signals, while theoretically capable of
providing the required R & R accuracy, also require complex phase continuous
frequency synthesizer to effect this accuracy. This requirement places the

FH/TH or RADA signal in the doubtful category for applications to TDRS.

Adaptive time hop (ATH), discussed in Section 1.6.7, can be used in
conjunction with narrowband (10KC side tone syétem) to accomplish range and
range rate tracking of one user from one G.S., assuming that the proper timing
and gating (50% duty factor with a changing signaling format vs grazing
angle ¥ or altitude} is employed by the G.S. and user. At very Tow altitudes
which are representative of the initial launch phase, the signaling format

cannot be arranged to avoid the multipath. In addition to this difficulty.
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the ATH system's signal format (timing) which is appropriate to avoid the
multipath between a user and a speci%ic TDRS at normal orbital altitudes may
not be appropriate (usable) -by a second TDRS which is participating in the
joint tracking of a user. Since the ATH system relies upon a changing signail
structure to avoid the multipath, a similar signal structure must be used by
the G.S. and the user being tracked. This dedication of the G.S.'s R & ﬁ
signals to one user mean that simultaneousg tracking of more than one user

by the S.G. cgnnot bée accomplished uﬁ]ess more than one G.S. to TBRS

channel 1is émp1oyed {one for each user). To track a user with an ATH/side
tone system by two TDRS's also presents a minor problem at the G.S.

- observing the two TDRS's since the siénals from each TDRS are on the same
frequency. Antenna discrimination must be relied upon to separate the

" ranging signals at the G.S.

Pre-programmed time hop or ffequéncy hop signals, Section‘].6.7,
avoid the multipath for all values of grazing angle 16°< ¢ < 90°for a fixed
circular orbit and require sigral duty factor changes only for elliptical
orbits. While the pre-programmed systems‘do not suffer the joint TDR§
malady of the ATH system, it does suffer from the inability to protect
against multipath at Tow altitudes and does impose the dedicated channel

inflexibility required by the ATH system during tracking.
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1.8.7 TDRS ?osition Error Analysis: 3 Range D{fferences

The purpose of this note- is to derive a position .error formulation
for the case where a TDRS position is established from the range differ-
ences between four stations. The interest.is to relate position error

to range-measurement errors and station-location errors.

If the vehicle coordinates are denoted by x; (i=1,2,3) and the
j-th stat10n coord1nates are denoted by p(J) (i=1,2, 3) then the range
between the J th station and the veh1c]e is given by

(3)2 %
re={ Z [x=pso /1502 - - oeq. 1.77
J N 1 71
i=1

and the range difference between the j-th and ﬁj+1)~th station is given by

d. = puoep. . = X - (J)] - { % [~ (j+1)]2 }%

LS T a T iPi T L TR

(§=1.2,3) eq. 1.78

If we denofe the directional EOsines of the j-th station by a5 53 i.e.,

()

then the incremental equation to be used for small-error analysis is given by

3 3 .
e osp- = - . (J) (3+1)
89 = argergn = L (e g )0, Z] 1,49 % L og 5416y
(3=1,2,3) eq. 1.79

or

3

= §d. + 8E. -8u. -
Z1a 3% adJ 8¢5 Su5 (j=1,2,3)

i
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where

3,5 7 %.] +T
§d. = 6rJ - arj¥1

- (3)
885 Z 12153

3 ] )

- ‘ (3+1)

Suj = 8844 1.E-I"‘"i,,]‘~!-]6p'|

‘and the results of Eq. 1.79can be written in matrix form as follows

A~ 8x = - ad +  8E v =--6p-

- - - - eq. 1.80
3x3  3x1 3x1 3x1 3«1 )

If the vehicle-stations geometry is such that the matrix A s

nonsinguiar, the position error can then be expressed explicitly as

sx =& (sdrsg-on) . . eq. 1.81

The f1rst term represents a range- measurement error contr1but1on while
the second and third terms represent stat1on Tocat1on error contr1but1ons
These last two terms are fixed bias errors for a g1ven vehicle- stat1on
geometry (i.e., for given. ai’j).' Another bias error could be contributed
by the range-measurement term 6d itself, e.g., if bias systematic errors

exist.

If we assume a common Tocation error sp(J) = &p for all coordinates
i and stations j, then the bias pos1t1on error. caused by this effect is

given by
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(éf)k,station B Z (A )ka(6g 5“)
Tocation 9°1

3
sp )
J:

i)

3

it

sp _X](A'A Dip eq. 1.82
i= :

where the T stands for the transpose operation.

The var1ance of the p051t10n error caused by the range-measurement
errors is now evaluated assum1ng a zero mean va1ue due to this effect, i.e.,
the position error mean is assumed to be the station-Tocation error
contribution. Under these conditions, the covariance ﬁatrix of the position

error is given by.

K(sx) = EL(A"sd) (A "sd) ]

A-1E[(§Ei)(§EI)T](A,'1)T- - 'A*K,(@(A”)T eq. 1.83

where K(ad) is the covar1ance matrix of the ranqe d1fference errors.

The elements of this last matr1x are g1ven by

[K(gg)]ij =_E(5ﬂi6dj)‘=.E[(ar1~6r1¥13(5rj-6rj+12]
-= E(ar ar )+ E(ar 16r3+1) E(sr. arJH) E(ar 151“ )
2(sr.) + 2(5 ) §F =] eq. 1.84
Ky s o {8req) TF A=) - L

-cz(aéj) TR

-02(6P1) iF §=i4]

o if [i-| =
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or

0% + og 05 0
Ksd) = |-op gty o . 1.85
b 'Gg 0%*‘0%{_

2
where ‘af & 02(551) for simplicity in notation. In the derivation, the:
range-measurement errors from different stations have been assumed to be

statistically independent; otherwise, .correlation terms will have to be

included in Eq. 1.85.

.~ The TDRS position error covarﬁanhe matrix-is thus specified by the
matrices A aﬁagk(gg) through Eq. 1.83. The matrix A refiects the system
geometry in question, and the matrix K(Qg) reflects the ranging error
contributions. An analogous formulation and interpretation exists in the
case whe;e the "TDRS position is established from 3 range measurements: it
is shgwn in Appendix 5 thaﬁ the matrices C and K(ér) respectively play the
role pf A and K(Qg). The main distinction is that K(iﬂ) is non-diagonal
even if statistically independent rangeé measurements are assumed; while

_K(ar) is diagonal under such conditions.

The position-error covariance matrix of Egq. 1.83 can now be evaluated.

Its general element is given by
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: E (), k(A']) p[KGsd) ], eq. 1.86
o1

[K($x)1;5 =

~
|| ntes F OV}

so the individual coordinate-error variances represented by the diagonal

elements are

it

cz(éx.)

$ = Ky

? Lt 1% ) -2 ] (A1) (A1) 02, ea. 1.87
ik °k k+] &1 ik i k+1%+1 €9 -

or written in terms of the range-measurement-error variances of the

individual stations:

o*(oxg) = L) o + [Ty, - (A‘1)321

+ [(ATT)J.2 - LA'])jBJ?cg + [(A")j3]zc§ eq. 1.88
Example 1
X(0,0,h+R)
5,(0,0,R) d? = p?
'S, {0,R/VZ,R/VZ) d% = p?
53(0 D-R/‘/é—s R/‘/Z—) dg = D2
p 29
S,(R1{2,0,R/ 2) dy =D

Directional Cosines: (h+R)2 /_R(h+R) + R?



0,0,1)

51
S

2
S

34

Evaluation of A and A-]

wle o aryvaD
L 2BR/vZD

0
= D/ V2R
2D/v2R

Evaluation of 62(

ij) :
2 _ 1 2, 2y.

P2 2. 20

2
o (8x,) = oy * 5
2 2RZ 1 2

(
(

3(0,R/VZD, (htR-R/¥Z)/D)
(~R/v2D,0,(h+R-R/¥Z)/D)
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matrices: B 21 - hiﬁéﬂifz
0 R/YZD
-2R/V2D - R/Y2D
0 0
0 o RY?
-BRYZD - RP/20?
0 0
0 1/B
-D/ /2R 1/28
0 0
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20?

2
o7 (6%,) - (o5+05)
Numerical Results: h = 22375 miles, R = 3985 miles
D = 23710 miles, B = 0.00717

o Gy
62(6X]) = ].9><104(a§+04)

o?(6x,) @ 17.7 o*+71c5 + 5450 o5 + 4850 o
2,
i

02(6}(3) = 71 (c-+cr§)

Example 2
X(0,0,h+R)
2 _ 2
51(0,R/2,3R/2) dj = D
s,(0.RAZ.R7E)  d5 = 0
sy0,-RER) =0
sgRIORIE) = o

Directional Cosines: p? & (h+R)2 - V?R(h+R)+R2
12 & (htR)2 - JBR(H+R)+RE

5, (0,-R/20" ;(heR-v3R/2)/D))
sz(o,-R/vib;(h+ﬁ-R/¢§)/D)
54(0,R//2D, (h+R-R/YZ)/D)
84(-R/J§D,O,(h+R—R/¢§)/p)

g1 & htR-/3R/2 _ h+R-R/VZ -

D] D

Evaluation of A and At matrices:
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R/ V2D
A= R/V2D-R/2D! ~2R/ V3D R/YZD
1
L 0 0
_BIR?
|Al = =5~
D
0 0 RZ/D?
2
Al oe —%L—- B'R//2D -8R/ /2D -RZ7202-R% /2 /20D
. B'R o
~ 28'R/V2D 0 0
0 T 1781
= | o//aR ~D/V2R 1728'-p/2/70'8!
20//7R 0 0
Evaluation of o (6xj) :
cz(sx]) = —%3? (03 + Ui)
B
2 2 _ 1 .2 12
Fog =By f0 (2t ol Y el f
2R R 2R 2B 2/2B 28 2/28
2
2
o (8x5) = £3- (of+a))

Numerical Results: h

D

Bl = 0.00343

22375 miles, R = 3985 miles
23710 miles, D' = 22995 miles.
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02(6X-|] = 8.5x]04(u§+dz)
2 2
2, 2
o?(5x5) = 71(d5+d5)
Exampie 3

X(0,0,h+R)
S](0,0,R)

=1

2 ~ 2 2

g (sz)r' 17.7 o] + 71 a5 + 1910 o5 + 1560 ag
52(0,/§R/2,R/2)

33(0,“/§R/2,R/2)

- 82
= h2 i
- pl1@ €f§ s
2 —
= pl1
5, (/3R/2,0,R/2) - pl .

. 3
Directional Cosines: D11% 2 (h+R)% - R(h+R) + R® . z 5

5;(0,0,1)

(= Q. [=H
SR PIWMN NN — N

52(0,—/§R/2D1],(h+R—R/2)/D]])
53(0,¢§R/2D1],(h+R-R/2)/D1])

54(-¢§R/ZD]T,0,(h+R-R/2)/D1])

Evaluation of A and A"' matrices: B'! &1 - h+$12
D
0 0 /3R/20' ]
A= /aR/2p!! -/3R/p!] /a2l
Al . o
_ 38"
Al = =%

ZD]T



"0
-1 291]2 11 ,,,11
AT = V3RB' ' /2D
1.2
3B R /3811 /p11
0
o'/ /3R
20!1//3R
Evaluation of 02(6xj) :
2 2
o?(5x]) = s (o5taq)
!l
2
2 ol - oap!!
o™ (8%)) = =5= 0y + —5
3R 3R
2 .
11%. _
2 -
02(5X3) = §§§—-(u]+cg)

Mumerical Results:

D]

- 2
02(6x1)f']04 (o§+04)

cz(axz): 12.7 cﬁ + 50.8 cg +2869 o + 2500 ol

2,72
UZ'( 6)(3) ~ 50.8 ('c] +02)

oo, 1
o m)°
v3R 2B )

;
/s 1/2p!!
0

'R

11

h = 22375 miles, R = 3985 miles

T . 24615 miles, B!

B" = 0.01

2

,  -161-
3r%/2p1"

3R /ap’

]/311

172811
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1.8.1.1 Discussion of Examples

If we assume a common rms range error o for all stations, the
corresponding rms position errors of the TDRS for the three examples

presented are as follows

o, [o g, /o o, /o
X1 Xo X3
Example 1 200 101 12
Example 2 400 60 12
Example 3 141 74 10

It is evident from this simple case that the vehicle-stations geometry

plays an fmportant role in specifying the vehicle position error, and

that no definite conclusions should be drawn from particular examples

which may or may not represent actual operatiogal conditions. Moreover,

the previous analysis was based on a single-measurement error (ensemble-
averaged over the random error contribution); as time elapses the vehicle-
stations geometry varies and consecutive single-measurement rms errors may
exhibit a relevant variation due to the changing geometry. Needless to

say, smoothing of consecutive range measurement samples (say, using least-
square error curve-fitting procedures) and/or the actual orbital determination
techniques being used will affect the effective vehicle position error and
should be included for a proper perspective under the circumstances. Still,
an interesting feature exhibited by the three examples considered above is
that: (a) when going from EX. 1 to Ex. 2 the only effect was moving the
first station closer to the second, and the Tocation error was somewhat
degraded by the doubling of the first-coordinate rms error (though 9y

was reduced), (b) when going from Ex. 1 to Ex. 3 the second, third and
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fourth stations were separated further from the first one and from each
other, and the Tocation error was somewhat = reduced in all three -
coordinates. Whether or not this is representative of a pattern Tinked
to station separation considerations, and if so then whether or not the
pattern is strongly linked to the use of range-difference methods, seem
to be important questions that merit further examination in the future
since perhaps statipn Tocation principles and recommendations could arise

from such.a study.

With reference to the error contribution due to station location
uncertainty, the formulation of Eq. 1.82 yields the following results for
the case where a common location error &_ (say, 10m) is assumed for all

p
coordinates and all stations:

8 s /8
| le/ép 5X2/ " x3/ b
Example 1 33 18 1
Example 2 69 10 0.3
Example 3 28 15 1

Again the results illustrate the strong dependence on the particular system
geometry assumed. Also, the same error-variation pattern previously noticed
in the nms range-error contribution tabulation can now be observed, which

further suggests that attention be given to the station locations.

1.8.1.2 User Position Location Considerations

In general, we can consider two possible cases regarding the user
pesition-location principles: (a) there are 3 relay satellites in real-

time contact with the user, or (b) there are only 1 or 2 TDRS's participating.
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The other case of more than 3 satellites is not expected to occur.

In the first case, the user position can be established from conventional
triTateration techniques (3 real-time, independent, range measurements).

In the second-case, a non-real-time procedure is to be used if independent
measurements are to be preserved, e.g., range and range rate measurements
from a common satellite are not independent measurements (the errors

. themselves may be statistically independent as when deriving range infor-
mation from a sidetone or PN code and range rate information from a carrier
doppler, since different noise bands enter into the probiem, but the range

and range rate are related through the orbit inﬁo]ved).

. . The formutation and notation for the case where 3 satellites are
involved is summarized in Table 1.10, where it has been assumed for simplicity
that each satellite is also tracked by a trilateration procedure (2

satellite tracking procedure based on 3 range differences from 4 stations

only requires a re-interpretation of the B-matrices and the q—ﬁarameters).

The basic results-are Egs. 1.89 and 1.96 of the table, which-give an explicit
user position error in terms of user and satellite ranging errors and

ground station location errors. A covariance error analysis analogous to

that présented for the satellite location problem now becomes extremely

complex due to the multiple geometries involved.

It is understood that the case where only 1 or 2 satellites are in
real-time contact with a given user will probably characterize most of
the practical situations. 1In this case the use of non-real-time data
processing is recommended for a more efficient orbital determination.
Under such conditions, the interest is not to consider a pbsition error

analysis based on ensemble-averaging over a single measurement, but to
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account for the non-real-time smoothing and speéific orbital determination
procedure to be employed. It should be evident that this represents a

complex problem which merits further investigation.

1.8.13 Conclusion

In Section 1.8, we have presented a TDRS positive-location error
analysis for the case where the TDRS coordinates are determined from three
range differences involving four stations. In Appendix 5, we also present
the analogous formulation and results for the case where three range measure-
ments from three stations are used to determine the TDRS location. In both
cases, expressions and numerical results have been derived for the single-
measurement error contributions due to station Tocation uncertainties and
Ems'range measurement errors. For the specific examples considered, the
resultant TDRS location errors corresponding to the range-differences
procedure exhibited greater magnitudes than their counterparts on a 3-range
procedure, as well as a stronger dependence on tﬁe particular stations-
satellite geometry assumed. It should be understood these comments refer to
single-measurement Tocation errors, and should be revised for a given data

smoothing or orbital determination principlée actually used.

~ With reference to the user position Tocation errors, the Timitation
of only 1 or 2 TDRS's being in real-time contact with a user (which is
the expected operational situation) suggests a position error analysis based
on more than one single measurement, and this introduces the need to account
for the aforesaid non-real-time smoothing operations and orbital determination

procedures employed, which is beyond the scope of the present report.
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Formulation
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3 ' .
- _enld)
8Ty 'Z Aij[6xi 8ps ]
i=1
8%, = § (A']) [sr, + g A, .8 (j)] eq. 1.89
kK~ Ll k3LOF5 T L, P93Py nl
j=1 i=1
el o @ [k ) (@), eq. 1.90
Py L ie 2 L0 Tme m T
%=1 m=1
Notation
Xy = i-th coordinate of user
pgj) = j-th coordinate of j-th satellite
rj = yser range measurement by j-th satellite
A.. = i-th directional cosine of user with respect to j-th satellite

1]

me
g2=th station

SgJ) = j-th satellite range measurement by g-th station

B(J) = m-th directional cosine of j-th satellite with respect to

qéj)(ﬂ) = m-th coordinate error of j-th satellite due to t-th

station location error
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1.8.2 General Ranging System Considerations

The ranging operation involves measurement of the round-trip
delay of the ranging event (e.g., sidetone zero crossing, PN code structure,
r-f pulse edges} along the twd propagation paths illustrated in Fig. 1.43
The GS-TDRS-GS path (P-1) provides direct ranging of the TDRS, while the
GS-TDRS-user-TDRS-GS path (P-II} provides‘indirect ranging of the user.

The path P-I is assumed to be free from channel disturbances {multipath,
’iﬁ£er?erence) other than additive noise, while the path P-II suffers from
such disturbances in the TDRS-usepr-TDRS transmission Tink, plus has the
added constraint of susfaining an asynchronous variable-loading, muitiple-

access, communication Tink.

1.8.2.1 Side-Stepping Repeater Characteristics

The simplest form of TDRS processor to be used in paths P-I
and P-II consists of a side-stepping repeater that heterodynes the received
signals with its own incoherent local oscillator. Such a repeater is com~-
patible with a multiple-access operation and minimizes the TDRS system
complexity. Also, such a repeater is compatible with wideband PN, PRTH,

or adaptive time hop (side tone) ranging.

1.8.2.2 PN Code Range Rate Considerations

If the range rate is to be derived from the ranging signal
itself, i.e., from the time-varying fluctuations of the PN-code round-trip
delay, then again a side-stepping TDRS repeater is applicable and no
carrier coherence is required from the TDRS or user transponders as a
processing constraint; only the coherent code interchange {GS code by

specific user code) is required at the user transponder. However, if
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Fig. 1-43 Rancing Signal Proragation Paths
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the range rate extraction is to be based on carrier doppler technigues,
then the simple side-stepping configuration is somewhat limited in its

performance capability, as is now made evident.

To illustrate the issues, consider the effective carrier processing
that occurs when employing a side-stepping repeater configuration for the
TDRS processing of both the GS and user signals. 1If the user is assumed
to act as a coherent (phase-Tocked) transponder for the carrier as well,
thén the effective system procéssing is that indicated in Figure 1.44

where the net éarrier processing is presented and the corresponding modu-
']ation processing is omitted for simplicity. The(x,symbol is used to
indicate that either of the two signs can be used in the analysis. For

example, consider the case where the GS received carrier is given by

Nf

o KUMff) = D, - K IMO20)-(2D 2001 eq. 1.1
. ~ / W — s
TDRS-GS carrier path P-II doppler effect

(down-Tink) {neglecting 2nd-order effects)

Note that the pertinent carrier frequencies are specified by fc for the

_b}%(Mfo-fc)

the'qser-TDRS transmission, and Nfo— ;ngo'fc) for the TDRS-GS transmission.

GS-TDRS transmission, Mfo-fc for the TDRS-user transmission, for
Also note the primed symbols in the doppier term represent doppler acquired
in the TDRS-user-TORS baseline propagation, while unprimed terms represent
path P-I doppler effects. In particular, the doppler effect may be decomposed

as
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Figure1.44: Carrier Processing over Path P-II using
a Side-Stepping TDRS and a Coherent User
Transponder
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eq. 1.92

whare the Ist term is approximately the 2-way GS carrier doppler arcund

the GS-TDRS baseTine, and the 2nd term is approximately the 2-way user

carrier-dopplier around the TDRS-user baseline.

For example, assuming

K(Mf f ). 221

the operational values f = 14 ghz, Mf -f = 148 mHz, 570 (148 mHz),
Nf, - K(Mf -f ) gﬁé (14 gHz), we have the doppler effect:
ND, - %(MDO_DC) + MK—DC M}é (2MD3-2D) g, 1.93
M -, J - o amaen

T-way dopp]er'on
TDRS-GS baseTine

T-way dopb1er on

GS-TDRS baseline
221

2-way dopplier on

user-TDRS baseline
221

at 221 114 gHz)

500 \ (14 gHz)

t 575 at g5 (150 mHz)

This composite doppler is first tracked by the GS receiver carrier
Toop, and then fed to the range rate extractor subsystem at the GS recejver.
If the TDRS orbital dynamics are such that the GS-TDRS baseline doppler
effects (at the GS carrier freguency) are negiigible relative to the
TDRS-user baseline doppler effects (at the user carrier frequency), then
the unprimed terms can be neglected and-the system processing of Fig. 1.44
will directly yield a useful measure of the TDRS-user baseline doppier.
However, if the TORS orbital dynamics are not negligible to this effect,
then one must consider the possible ways in which the available path P-I
measurement of 2DC can be incorporated to solve the problem; otherwise,

the simple side-stepping TDRS configuration of Fig.1.44 is not useful.
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The orbital dynamics of a TDRS will depend upon the angle of
inclination of the synchronous satellites. As stated in.our requirements
analysis section, there can be either a 3 or 4 satellite configuration
for a TDRS system and we can expect that inclination angles of 10°-20°
might be used to provide extended coverage and improved user position
error performance. Depending upon the ground station location relative
to the TDRS and the angle of inclination; e.g., 10°-20°, a TDRS's relative
motiop with respect to a ground station can produce significant doppler.
The up and down 1inks between a ground station and a TDRS are at Ku—band
and; while the velocity of the spacecraft is only 300 to 1000 meters per
second depending on angle of inclination, the motion can produce doppler
on the ground station to TDRS Tink of the order of 14 KHz. .It is obvious
that this one-way doppler frequency between the ground station and the TDRS
at Ku—band is significantly greater than the expegted one-way doppler

between the TDRS and the user at VHF. -

A possible approach is to use the available 2-way doppler measure-

ment on the path P-I carrier (say, 14 gHz) to compensate for the two

%%% (14 gHz) doppler terms. Thus the receiver would yield 2-way VHF
doppler on the user-TDRS baseline. Also, the doppler measurement avail-
able from path P-I can be used to aid the user acquisition process by
transmitting fc - DC instead of fc at the GS. The resultant doppler
conditions for a side-stepping TDRS and a coherent user are illustrated
in Fig.1.45 ; the DC term is now absent from the doppler effect appearing

at the user input, so only VHF doppler caused by user orbital dynamics

relative to the TDRS need be considered for user acquisition purposes.
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Figure 1.45 :  Carrier Processing over Path P-II using

a Side-Stepping TDRS and a Coherent User
Transponder, plus Path P-I Doppler Aid
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Also note that the GS receiver doppler effect only differs from that of

Eq.183 by the absence of the %-Dc term, so the interest now is to compen-

221

sate only one ?ﬁﬁ'(]4 gHz) doppler term with the available doppler

measurements from path P-I.

Another possible approach is to attempt the measurement of

2DC+ZDE from the received doppler term, since then the available ZDC data

from path P-I can be used to yield ZDE (the 2-way TDRS-user baseline

doppler at 14 gHz). The received doppler of Eq.1.93 can also be decomposed

as
r
ﬁ(2DC+ZDC)

-~

W

2-way doppler on
“path P-1I link of
TDRS-GS carrier

5o~ % 14 gHz)

_ K{MD_)
where ND0 =y O

2 KD& _ eq. 1.94

. - J
Al

Z2-way doppler on
TDRS-user baseline

of user-TDRS carrier

%%%-x 148 mHz)

was used in the derivation. It is evident that the

desired compensation of the Dé term will require propagation of an indepen-

dent TDRS-generated reference (derived from fo) through the TDRS-user

‘baseline, but such an additive signal would be unprotected to the channel

muTtipath and interference signals being added to its baseband, which

would hinder its extraction (regardless of its point of detection). One

could of course protect such a signal by modulating it with a TDRS-generated

PN code, or by sending it as an added modulation on the GND-originated
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carrier since the latter is PN-protected, but in neither case the simple
side-stepping TDRS configuration will be preserved and we might as well
consider the problem from scratch with a broader mind on the TDRS con-
figuration. This is done in section 1.8.3 to illustrate the system complexity
requirved if a feasible compensated extraction of the 2(Dc+Dé) term is

implemented.

1.8.3 Range Rate Considerations: Two-Way Carrier-Doppler Systems

Thé range rate information can be established from two-way
doppler measurements on a coherent carrier, or derived from the phase
fluctuations of the ranging event itself. The first approach has a greater
range rate resolution capability, and may be desirable if proven to be
feasible. To this effect, it is of interest fo consider the pertinent
signal-processing a1terna£ives at the TDRS and user transponder, and
through them investigate the various coherent-carrier reproduction approaches

and recognize their advantages and limitations.

The basic alternatives are illustrated in Fig. 1.46 , where the
modulation processing is again omitted for simplicity. In Case 1, we
have an incoherent transponder that merely heterodynes the received
carrier with a local oscillator to generate the output carrier. In Case 2,
the incoherent conversion is again present but now the oscillator signal
is also transmitted as an additive unmodulated reference at a convenient
frequency. In Case 3, the incoherent conversion generates a subcarrier
that is phase-modulated on a carrier derived from the Tocal oscillator
(i.e., GRARR transponder). In Case 4, we have a coherent transponder

based on phase-locked techniques.
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Figure 1.46: Transponder Pr‘ocessing Alternatives
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1.8.3.1 Doppler Extraction in Path P-I

We now consider the processing alternatives of Fig. 1.45 as the
TDRS processing of the GS turn around signal in path P-I. The Case 1 does
not permit a coherent two-way carrier reproduction, and is thus undesirable.
The Cases 2-4 are permissible, and their respective doppler extractions are
shown in Figs. 1.47-8-9 . The Cases 2 and 3 do not require acquisition and
loss-of~Tock search modes to be implemented at the TDRS; however, this
need not be considered a crucial advantage cver Case 4 since the sma11'TDRS
orbital dynamics and the corresponding small phase dynamics may- pe%;it
a narrowband Joop design and relax the acquisition-tracking vs. threshold
‘performance comproﬁise. ‘However, remodulation of a PN ranging code in the
;oherent1y extracted and converted carrier will involve some additional signal
processing in Case 4, but not in Cases 2-3. The path P-II signal processing
" exhibits more conceptual design constraints than that of path P-I, and it is
thus better to postpone any path P-II discussion and recommendation until
the path P-I alternatives are evaluated, in order to include interfacing

considerations.

1.8.3.2 Doppler Extraction in Path P-II

We next consider the processing alternatives of Fig. 1.46, first
as the TﬁRS processing of the GS-generated signal being retransmitted to
the user, then as the user processing of the TDRS-retransmitted signal be-
ing turneﬂ around back to the TDRS, and finally as the TDRS processing of the
user-generated signal being relayed back to GS. In all situations, we have
to recognize certain restrictions that were absent in the previous discussion

concerning the TDRS processing of the path P-I signal. These restrictions
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involve the existence of channel multipath and interference in the TDRS-
user and user-TDRS transmission links, the user demodulation of the TDRS-
retransmitted carrier to extract its message, and the multiple-access

capability of the user-TDRS-GS return link.

With reference to the TDRS processing of the GS signal for path
P-II, Case 1 is permissible but neither Case 2 or 3 are desirable since
the multipath or interference protection existing in the original signal
(PN code) will be absent in the Nfo component, and the eventual extraction
of the latter (whether-taking place at the user, TDRS or GS) will be
hindered by the aforesaid disturbances being added to its baseband. In
Case 2 the Nfo reference may become undetectable and we might as well use
Case 1. In Case 3 the picture is worse since now we have a protected
subcarrier on an unprotected carrier, which is undesirable. The processing
of Case 4 is permissible with the understanding that again the PN-code

protection is remodulated on the carrier sent to the user, a somewhat more

complex TDRS processing than in Case 1.

With reference to the user processing, again Case 1 is permissibie,
‘and again Cases 2 or 3 are undesirable since they respectively yield an
unprotected reference and carrier. Also Case 4 is again permissible, except
that now the phase-locked processing and signal remodulation are not a total
extra burden as in the TDRS processing since carrier demodulation, message
extraction, and PN-code synchronization and interchange is already taking

place at the user.
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With reference to the TDRS processing of the user-generated

signal, Cases 1 and 2 are permissable and remain relatively simple in a

multiple-access mode. -

In Case 3 the multiple-access introduces the

problem of maintaining the modulation indices at a proper value regardless

of the number of users, which could result in a complex format since

variable loading is possible. In Case 4 the situation is worse since a

muitiple acquisition and loss-of-lock search mode must also be incorporated

in the variable-Toading, multiple-access format.

It should be understood that in the last three paragraphs we have

evaluated the TDRS and user processing alternatives in path P-II only on

the basis of their compatibility to'a multiple-access operation in the

multipath and interference environment, without any consideration to their

potential to eventually yield a coherent carrier reproduction at the

GS receiver. The results of this preliminary evaluation are summarized

for reference purposes:

Case 1

Case 2

Case 3

Case 4

TDRS processing

of GS signal

1] ¢
minimum complexity

NO-
reference unprotected

NO- . .
carrier unprotécted

0K
some complexity to
process modulation

user processing
of TDRS signal

NO

OK

" no complexity

advantage since
user processes
modulation

RO
reference unprotected

carrier protected

0K
compatible with user
processing modulation

Processing of
user signals

0K
minimum complexity

0K
no complexity

OK-perhaps
loading complexities

NO
considerable
compiexity
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Next, the interest is to consider which combinations of.the
permissible processings can indeed yield a two-way carrier dopp]er'
reproduction. It shou]d be first noted that a non-phase-locked receiver
(Cases 1-3) is tq be used at the TDRS to process the user-generated signal.
For the GS~generated signal, the TDRS processing is still open regarding
the use of phase-lockgd techniques or not, and on this basis we will
desigﬁate the TDRS as either an incoherent transponder (no PLL's either
way) or a partially-coherent transponder (PLL for GS signal, no PLL for
user signal). Insofar as the user is c¢oncerned, it is evident that a
coherent’ transponder processing is the desired case, since a Case 1
transponder would suffer from the inability to eventually compensate for

the user-TDRS subpath doppler of the user Tocal oscillator.

Finally, one could also consider a variation of Cases 2 and 3 for
the TDRS processing of the GS signal and the user processing of the TDRS
signal, namely the Tocally-generated reference and carrier in guestion
are assumed to be protected by a Tocally-generated PN code so that they
become detectable. Some pertinent considgrations result from these new
alternatives and their discussion is postponed until the two-way carrier
doppler reproductidn is investigated for the four cases originally

tabulated.

1.8.3.3 Case of an Incoherent TDRS

We first assume Case 1 for the TDRS processing of the GS signal,

with a coherent user transponder. It was already illustrated in Fig. 1.44
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that the use of Case 1 for the TDRS processing of the user signal will

not permit compensation of the TDRS oscillator doppler by the GS receiver.
Moreover, the use of Case 2 fo} the TDRS processing of the user signal
W%1] not accomp]%sh the task either, since only the D0 terms will be
compensated while thé predominant 2KD$ doppler will remain. Finally,

the use of Case 3 for the TDRS processing of the user signal is not

acceptable either, as illustrated in Fig. 1.50, for the same reason.

1.8.3.4 Case of a Partially-Coherent TDRS

We now assume Case 4 for the TDRS processing of the GS signal,
with a coherent User transponder. It is clear that the use of Case 1 for
the.TDRS processing of the user signal will not yield doppler compensation
at the GS receiver, since the transmission will be characterized by a
common coherent carrier in the GS-TDRS-user-TBRS 1ink, plus an incoherent
oscillator added in the last (TDRS-GS) Tink with its uncompensated doppler
appearing onggﬁgireceived carrier. However, the use of Cases 2 or 3 for
the TDRS processing of the user signal can provide thé desired doppler
compensati_on as illustrated in Figs. 1.51 and 1.52. The use of Case 2 has a
complexity advantage over Case 3 since the latter could involve a complex
TDRS format to handle a variable-loading, multiple-access, assignment of
moduiation indices. In any case, the path P-I two-way doppler extraction
would be that indicated in Fig. 1.49, since a coherent TDRS transponder is

processing the GS-generated signal.
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Legend: fc = GS-TDRS 1ink carrier
DC = GS-TDRS 1ink doppler on fc
Dé = TDRS-User Tlink doppler on fc
fo = TDRS Tocal osciilator
D0 = GS-TDRS 1ink doppier fo

_Dé = TDRS-User Tink doppier on fo

Figure 1.50 : Extension of GRARR Technique to
the TDRS assuming a coherent User
and an incoherent TDRS
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1.8.3.5 Effect of Coded Reference and Larrier in Cases 2 and 3

We now consider the situation where Cases 2 and 3 are modified in
the foliowing way: the local reference or carrier now has a locally-
generated PN code phase-modulated on it to provide detection immunity.

In the TDRS, the transmission of an independent PN-protected reference
to the user involves some system compiexity to generate and modulate the
local code, but the complexity is comparable:to that of Case 4 (where re-
) modulation of the GS-generated code on fhe tracked carrier takes place),
.and Case 4 has been found to be the preférred method among those cases
previously considered to be used to retransmit the GS signal to the user
if two-way carrier doppler techniques are to be employed for range rate
extractions. The protected.reference generated at the TDRS can now be
detected at the user in a multipath and interference environment, and it
carries the TDRS-user link doppler of the TDRS 1oca1 oscillator (which
was the major ﬁﬁgahpensated term hindering the two-way carrier doppler
reproduction). This protected reference can be -used to generate a
coherent carrier with its proper doppler at the user for retransmission
purposes, as indicated in Fig.1.53. Then Case 2 processing {unmadified)
can take place at the TDRS for the retransmitted signal, and the doppler
compensation taking place at the GS receiver now involves only the GS-

TDRS 1ink doppler of the local TDRS oscillator, as shown in Fig. 1.53.

The Case 3 can be analogously modified in the TDRS processing of
the GS signal, and again the doppler compensation is derived between the

user and the G5 receivers, as illustrated in Fig. 1.54. The only difference
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between the processings of Figs. 1.53-and 1.54 Ties in reference modems vs.
subcarrier modems. .In the case of Fig.1.53 the path P-I processing would
be that of Fig.1.47, while in the case of Fig.1.54 it would be that of

Fig. 1.48.

It is not promising to consider the modified Cases 2 and 3 for the
user processing from various considerations: (a) the multiple-access
mode will produce 40 extra reference or carriers, (b).it is unnecessary
in Figs.1.51-1.54, and (c) it cannot resolve the basic limitation of the
uncompensated TDRS-user baseline doppler of an incoherent TDRS. It is
also evident that the modified Cases 2 and'3 need not be considered for
the TDRS processing of the user signals, since no special channel protec-

tion is required in the TDRS-GS Tink.

1.8.3.6 Summary and Comparative Evaluation of Two-Way Carrier Doppler
Extraction Technigues

If two-way carrier doppler techniques are desired, the preliminary
evaluation specified a coherent. (phase-Tocked) user to process the TDRS
signal, and a non-coherent (non—phasetlocked) TDRS to process the user signals.
A simple side-stepping TDRS processing of the GS and user signals was not
capable of providing for local-oscillator doppler compensation at the GS
receiver. Also, the inclusion of an uncoded local reference or GRARR-Tike
carrier at the TDRS for doppler compensation purposes was restricted to the
TDRS-GS transmission 1ink, since the TDRS-user link is hindered by channel
multipath and interference that would make such signals undetectable.
The net effect was lack of compensation of the TDRS-user baseline

doppler of the TDRS incoherent oscillator. In order to provide
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the desired compensation in path P-II, the following four techniqﬁes re-

sulted as potential TDRS-processing alternatives:

_(a) Fig. 1.51 - Phase-locked conversion {Case 4} of the GS signal
for transmission to the user, and side-stepping conversion of the user
signals with inclusion of a local independent reference (Case 2) for

transmission to the GS. The path P-I would use ‘the processing of Fig. 1.49.

{b) Fig. 1.52 - Phase-Tocked conversion (Case 4) of the &S
signal for transmission to the user, and GRARR-Tike conversion (Case 3)
of the user signals for transmission to GS. The path P-I would use the

processing of Fig.1.49.

(c) Fig. 1.53 - Side-stepping conversion of the GS signal with
inclusion of an 1ndependeﬁt310ca1]y—generated coded reference (Case 2 -
Modified) for transmission to'the user, and side-stepping conversion of
the user éignaTE‘WitH inclusion of the independent uncoded reference
(Case 2) for transmission to 6S. The path P-I would use the processing

of Fig. 1.47.

(d) Fig. 1.54 - GRARR-Tike conversion of the GS signal except
that a coded carrier is used (Case 3 - Modified) fofr transmission to the
user, and side—s%epping conversion of the user signals with inclusion of
the independent uncoded reference (Case‘Z).for fransmission to GS. The

path P-I would use the processing of Fig. 1.48.

The processing of Figs. .1.5%1 and 1.52 are fidentical in the GS-TDRS-user
lirk, and essentially differ only in the TDRS processing of the user signals.

The approach of Fig. 1.51 is preferred over that of Fig. 1.52 since the latter
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could involve a complex format to adjust the modulation level in a
variable-Toading, multiple-access mode. In turn, the processings of
Figs. 1.53 and 1.54are identical in the user~TDRS-GS Tink, where the
multiple-access mode appears, and their relative merits lie in the com-
pTekity of independent-reference modems (Fig.1.53) vs. subcarrier modems

(Fig.1.54 ).

With reference to Fig.1.57 vs., Figs.1.53-1.54, we note first that
their processings are similar in the user-TDRS-GS subpath. Next, for the
TDRS processing of the GS signal, Fi§.1.51 exhibits a coherent conversion
which is not réqbired'in Figs. 1.53-1.54, As previously mentioned, -such
coherent processing should not represent a fundamental Timitation for Fig. 1.51
because of the small TDRS orbital dynamics. Also, the ranging-code
remodulation required .in the Fig. 1.51 b TDRS is comparable to the Tocal
PN-code modulation in Figs. 1.53 b - 1.54 b from complexity considerations. Note
that in Figs. 1.53-1.54, the local PN-code inserted at the TDRS can be the
same for all satellites since its purpose is to protect the local refer-
ence (Fig.1.53) or carrier (Fig.1.54) introduced for doppler compensation
purposes. Hence, from a coding viewpoint, the use of Fig. 1.53 or 1.54
essentially means tﬁat we need one extra PN code besides the 40 codes
already assumed to identify the users, which is not a major requiremént.
From the user processing viewpoint, the use of Figs. 1.53-1.54 implies the
infroduction of the extra tracking circuitry required to coherently detect
the extra coded signal generated at the TDRS and to provide the doppler
compensation in question. Such extra equipment (one per user) should not

represent a major constraint from complexity considerations since the
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users are already involved in the coherent interchange of PN-ranging
codes and in the coherent processing of the carrier for range rate

extraction purposes.

In summary, no fundamental relative advantages can be assigned
to Fig.1.51 vs. Fig.1.53-1.54 regarding their respective signal processing
considerations. Thus, they represent logical system a1ternatives‘to be con-
sidered if two-way, carrier-doppler, techniques are of interest for range
rate extraction. In the case of Figs. 1.53=1.54, the available TDRS: power
for the GS-generated signal being retransmitted is divided'between the
_ ranging signal and the extra coded signal inserted for doppler compensation;
this would involve a compromise between range vs. range rate error performance
which must be verified to be satisfactory. Also, the separate coded pro-
tection of the GS and local signals in Figs. 1.53-1.54 represents a somewhat
redundant approach to the anti-multipath and anti-interference problem.
A slight edge may thus be assigned to the Fig. 1.51 system fromua\concepjua1

signaling efficiency viewpoint, as well as from user receiver complexity.

1.8.4 Range Rate System Selection Ratiocnale

In section 1.8.2.1 we first presented the capabilities and Timitations
of a side-stepping TDRS repeater insofar as range rate extraction over path

P-II is concerned. The main results were:

(a) Such a repeater is compatible with a range rate system based on
the ranging PN-code -doppler; the user need not process the carrier coherently

since only coherent code interchange is required.
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(b) Such a repeater is compatible with a range rate system based
on carrier doppler if dopp1er aid data is available from the path P-I
system; the user must maintain carrier coherence but its receiver can be
doppler-aided so that it need only acquire the TDRS-user baseline doppler

and not the GS-TDRS baseline doppler as well.

_(c) Such a repeater is not compatible with a range rate system

based on two-way carrier doppler over path P-II.

This last result then suggested an unrestricted considefation of
various TDRS configurations capable of providing a two-way carrier doppler
system over path P-II, and this was done in section 1.8.3. The resultant
systems compatible with a multiple~access operation over the multipath
and interference channel were then compared aﬁd the Togical choices were

narrowed to essentially two cases:

(1) The TDRS acts as a side-stepping repeater for the user signals
but as a coherent transponder for the GS signal, plus transmit$ an extra
locally-generated reference {coherent to the side-stepping oscillator)

down to the GS; the user acts as a coherent carrier transponder.

(2) The TDRS acts as a side-stepbing répeater for the user signals
and also transmits the extra Tocal reference back to the GS as before, but
now the coherent processing of the GS signal is repiaced by incoherent
processing with inclusion of a locally-coded extra signal being sent to
the user as an independent reference or as a new PM carrier {a 1a GRARR):
the user again acts as a coherent carrier transponder plus provides doppler
compensation of the incoherent TDRS oscillator effects prior to retransmission

to the TDRS. °
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The first case has the carrier processing summarized in Fig. 1.51
and its main Iimitﬁtions are the increased TDRS complexity for processing
the GS signhal, since a carrier tracking 1oop (a Costas-Tike structure to
extract the coded carrier) and PN-code remodulation circuitry will be
required. The second case has the processings of either Fig. 1.53 or 1.54;
it maintain§ the TDRS complexity since a locally-generated coded signal
is now introduced and multiplexed along with the GS signal towards the
user, plus also ;uffers from poor signaling efficiency since both the
GS ranging signal and the TDRS local signal inserted for doppler compen-
sation aré'separate1y coded for protection over the same channel. Both
cases thus have a common drawback in TDRS complexity, plus other individual
TDRS Timitations such as the need for se]f—acqyisition and loss-of-lock
search modes in Fig. 1.51(though path P-I doppler aid analogous to that
of Fig. 1.44can be considered) and the need for a Tocally-coded reference

insertion in Figs. 1.53-1.54.

The simplicity and reliability of the simple side-stepping TDRS
configuration represents a considerable advantage over the aforesaid two-
way carrier doppler systems, and the use of such a repeater with either
the PN-code doppler system or the dopp1er;aided carrier-doppler system
seems to represent a preferred solution. The choice between a PN-code
vs. a carrier doppler system for range rate extraction remains to be

discussed.

In general, the advantages of carrier doppler systems are based
on two issues: (a) the range rate resolution potential is greater than

that of a system where the range rate data is obtained from the ranging


http:1.53-1.54

-198-

event itself, (b) the carrigr doppler can be divided down to the ranging-
signal frequency and used. to rate-aid the ranging-signal tracking loop

to improve the range measuremént accuracy. The first issue refers to

the doppler measurement occurring at the garrier freguency rather than

at the ranging-signal frequency: The rms (sing1e—measurement) range

rate error is directly proportional to the square-root of the tracking

Toop bandwidth and inversely proportioned to the signal frequency whose
doppler effect 1is peing used. A Tower bound oﬁ the Toop bandwidth is
introduced by dynamic tracking error considerations; e.g., phase acceler-
ation errors are inversely proportioned to the loop bandwidth squared for
conventional 2nd-order loop structures under certain regularity conditions.
On this basis, é net degradation in rms range rate.grror when employing a
2 MHz éignal rather than a 149 MHz carrier may be measured by the factor
(J%QJ]—%1¥24. The second issue mentioned above involves the reduction

of the input phase dynamics to be tracked by the ranging signal loop,
which permitg a narrower loop bandwidth design and a greater baseband
phase-noise rejection with a corresponding improvement in the range error

performance; the actual improvement dependent on the rate aid accuracy.

While both mérit issues are representative of an independent carrier
doppler system vs. an independent rang%ng-signa1 doppler system, it should
be understood that our application in question requires the PN code %o
provide carrier extraction protection to the channel effects. In such a
case there will exist a code-carrier Toop interaction in the GS and user
receivers to some extent, and any major improvement claims of a carrier

doppler system vs. a code doppler system implicitly assumes that the code
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contribution is secondary from the reproduced doppler viewpoint yet
relevant from the carrier acquisition and protection viewpoints, which

may or may not be mutually exclusive conditions for a particular code-
carrier receiver realization and/or design. In any case, it should be‘
emphasized that a coherent carrier retransmissfon at the user transponder
(and coherent carrier detection at the GS receiver) should not represent

a major system requirementvsince coherent extraction of its phase-modulated
PN code is réquired for ranging purposes. Also, it should be noted that
the GS-TDRS doppler compensation at the user receiver with the aid of the
path P-1 doppler measurement (see Fig.1.45) can be employed regardless of

whether a carrier or code doppler system is used.

On this basis, it is thus recommended as a first choice that a side-
stepping TDRS transponder be used for both GS and user signals in path P-II,
that a coherent-carrier user transponder Be used, that doppler aid from path
P-I be employed to ease the user acquisition proéess, and that the detection-
tracking subsystems of the user and GS receivers‘be designed so as to produce
an optimum compromise that provides the necessary carvier protection by the
code but simulates a carrier doppler system insofar as possible. As a second
choice, we recommend a coherent TDRS transponder for the GS signal in path
P-1I, that a coherent-carrier user transponder be used, that a side-
stepping TDRS transponder that inserts an additive reference be used for
the user-TDRS-GS transmission, and that doppler aid from path P-I be used
fo ease the TDRS and user acquisition processes (in which case the pro-
cessing of Fig.1.51 applies except that fc is now received at the TDRS

from the GS, so that the doppler extracted at the GS receiver is DC+EDé
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so that one-way dopp1er compensation is now required from the path P-I
measurement to yield the TDRS-user Ewo-wa& d&ppler). Finally, the range
rate extraction in path P-I can be based on the jpéoherent §ys£ems of
either Figs.1.47 or 1.48 for‘our first choigé ?n path P-1I, or on the coher-

ent system of Fig.1.49 for our second choice in path P-II.
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1.8.5 Unambiguous Ranging Considerations

In tracking systems, the unambiguous ranging requirement imposes
a lower bound on the period of the ranging event. In sidetone ranging
systems it specifies the lowest sidetone frequency, and in PN ranging
systems it establishes the time duration of the PN code. In our appli-
cation, a distinction must be made when considering the ranging operations
over paths P-I and P-II, since the former provides direct ranging of a
TDRS, but the latter only represents an intermediate step in the measure-
ment of the TDRS-user baseline range. In either case, the available
information concerning the possible GS-TDRS and GS-TDRS-user geometries
should be exploited when establishing tHe required period of the ranging

event.

The pertinent geometry for the TDRS ranging by a GS is illustrated

in Fig.1.55. The minimum range is = h = 22375 miles as established

"in
from the TDRS synchronous orbit.” If one assumes a maximum station coverage

of + 6 degrees as indicated in the figure, the maximum range satisfies the

equation

2 _ 2, 2

(Rh) * Yoax " 2R ax

cos (w-8) - eq. 1.95

which pas the solution

2. 2

r =~ Rcos 8+ (R+h)% - R%sin‘o eq. 1.96

max

where the positive sign is the one of interest. The table that follows

jllustrates the dependence of the maximum range on the GS coverage angle.
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Since the minimum range is known, the ranging operation need only consider

the difference r _ -r

max ™ Cmin for ambiguity~resoiving purposes, and the

tabie shows that this distance is within 3700 miles for a GS coverage up

to + 90°. The.corresponding minimum period is also tabulated, and 0.04 sec

is shown to be satisfactory for a S coverage up to 90°.

8 max ~Tmax”"min I
ge 22375 miles. - - - Q 0
30° 20835 miles  460-miles 0.00494 sec
’ 45° 23550 miles 1015 miles 0.07C89 sec
60° 24140 miles ~ 1765 miies 0.01894 sec
3685 miles

80° .

distinguish between two cases:

r

r

T

26060 miTes

H
H
+
b

-t T v nA e e

W1th reference to unambiguous ranging over path P II

PR R

b

0.03954 sec

ok
¥

J.‘

one could |

ﬂ]) the user orbital determination procedure[*

iis based on separate unambiguous ranging over the P-I and P-II paths, (2)

the procedure permits the use of the path p-1 ranging operation to reiax the

ambiguity-resolving constraints over path P-II._

If one denotes the GS-TDRS

range by r and the TDRS- user range by r', then in the first case the distance

of interest for ambigu1ty-reso]v1ng purposes is given hy (r+r )

‘while in the second case it is given by r!

max

~(r+r')

min’

-r'. since any one can permit

max min

range ambiguity over the 2{r+r')} propagation path if it can be resolved

from the 2r ranging operation.

illustrated in Fig.

The principles of the second case are

1.56: the ranging over path P-II is ambiguous since the

received event R; may correspond to either the first or the second trans-

RIS

mitted events _(k} or. x;) , but the (synchronized) ranging over path p-I
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Figure 1.56: Unambiguous ranging over path P-II based on
ambiguity-resolution aiding from the path P-I
ranging operation
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permits to identify x} as the transmitted event upon reception of RT

prior to the occurrence of xé .’ It should be understood that the ranging
events over paths P-I and P-II need not be identical signal structures

(e.g., one could have a sidetone in P-I and a PN code in P-II), and that

the actual impiementation of the ambiguity-aid principles of Fig. 1.56 depends

on the range extraction sub-systems being used.

To establish maximum range conditions, we consider the system
geometry with the aid of Fig. 1.57. The minimum TDRS-user baseline range

. . 1 1
i1s given by Cin

= h-h’ , and corresponds to the case when the TDRS and
user are colinear with the center of the earth. This distance is 21375-
22275 miles as established by the TDRS synchronous orbit and the specified
user altitudes. The maximum TDRS-user range corresponds to the case
ilTustrated in Fig. 1.57 where the TDRS and user form a rectangular triangle
with the center of the earth, and is given by .r;ax
h] 1 1

= 1000 miles). LHencehmrmax = Pen S 4500 miltes, and the minimum period

= 26830 miles (for

for the ranging event over path P-II is Tp = 0.0483 sec if ambiguity—aid

is provided from path P-I as previously discussed.

With reference to the case where independent unambigious ranging
is required over path P-II, it is first evident from Fig. 1.57 that

(r+r])min:j 2[h+(h—h})] = 44950 miles, when the GS, TDRS and user are

(almost) colinear. In turn, the maximum range condition is essentially
that ilTustrated in Fig. 1.57 and depends on the GS coverage angie a. Notice

1 1
that (r+r )max Fax + rmax so we need only add 26830 miles to the

values of rmax(e) previously tabulated. The results of the table that

follows indicates that the pertinent distance for ambiguity-resolving

purposes in path P-II (when no aid is expected from the path P-I ranging)
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DRS
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3985 miTes
22375 miles

100-1000 miles

[(Ren)® + (R+h!)21/2 = 26830 mites for h! = 1000 miTes
h = h! = 21375-22275 miles for h! = 100-1000 miles

System Geomethy'for maximum propagation over path P-II
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is within 8000 miles for a GS coverage up to 90°, with a corresponding
period requirement of TII 0.09 sec. This value is within a factor

of two for the case where ambiguity-resolving aid is assumed. For most
cases a value of TII = ,064 sec is adequate. ‘

8 (r+r1)max (r+r])max"(r+r])min 1

0° 49205 miles 4255 miles - 0.0457 sec
30° 49665 miles 4715 miles 0.0506 sec
-45° 50220 miles 5270 miles 0.0566 sec
60° 50970 ‘miles. 6020 miles 0.0646 sec
0° EZéQO miles 7940 ‘miles 0.0852 sec

1.8.6 Range and Range Rate Accuracy for a TDRS PN Ranging System

In Appendix II, a one way range error analysis is presented for
various realizations of a PN ranging system. There, it is shown, that
one can expect {and has been verified by experimentation) a one way range

error given by eq. 1.97.

Cn T T, C )
¢ MR < —c eq. 1.97
104 /— 5 [ ’

VNOBL Y8,

s/NOB] = SNR in one sided Toop bandwidth BL

C 1is the velocity of light and TC = duration of the PN chip. -

The above eq. 1.97 is valid for S/NOBL > 10 db .
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The upper bound occurs for bandlimited channels while the lower

bound exists for an unlimited channel bandwidth.

The user to G.S. 1ink through the TDRS is bandlimited to 2mhz at
VHF while the G.S. to user link is 1imited to 1.9mhz at VHF.

fhe S/NOBL is determined by the use; power {user to G.S. 1ink)
the ambient noise level, the multipath intensity and the sum of the other
users signal power. - Tc is dependent on the clock rate used to drive
the PN coder on board the user craft. Tt has been shown that a 2mhz
- clock rate produces the maximum processing gain through the 2mhz TDRS

channel (user to G.S.). Thus we can expect to obtain a range error

contribution on this link given by

+2 S
pR= 3210 meters eq. 1.98

rﬁo_

where _
P 2 Py (P8)100n
NoBL LE:%JEE- + KPu + Nuw
gt e’ Sapion, v’ “—
other  multipath User to TDRS
users Tink noise

P. = user power at satellite

u
NUN = -105 dbm
(P'G')]oop = processing gain of the code tracking loop
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Interference is not considered in equation 1.98 but will be treated

in section 1.1.2. The P.G. of the code tracking loop can be made very
h@gh,limited only by the orbital dynamics but from a practical standpoint
the code -loop tracking will be set at10hz. Thus the expected on way
range error for the user-to G.S. link assuming worst case multipath and

39 other users is ARuser to
TDRS '
servative estimate for the assumed conditions and a user power level of

v 3 meter. This is believed to be a con-

1 watt. An additioma] 6 dB of system margin would dictate a 4 watt user

*
power to maintain 3 meter range error .

The 6.S. to user link 148-149.9 whz while c]bbbered by interference,
does-hot have to coﬁtend‘with other command signals and their mult%péth.
Tt hﬁsé contend with its own multipath however. Again the probfeﬁ of
intérference on the 148-149.9mz 1ink will be analyzed later. (:ons'i‘der'ing
only noise and its own multipath, the command link signal péth (TDRS to

User} range error contribution is

+2
AR = 3 =10 ~ for Tc = ]0'6 eq. 1.99
TRS to 10 f =
User NOBL
where

. 2 p, (P.G.) \

NoBL Pu + Nuw +——————-def1ne§ in eq.1.98
AR 1.5 meter at VHF  148-149.9mhz
TDRS to User _ for one watt out of TDRS

*However, if the range error is relaxed to 6-8 meters then the 1 watt
user power level is adequate for tracking.



~-210~

It has been recommended in this report that instead of using -
the 148, to 149.9 band because of interference that the 400 to 402 band
be considered for the command link. If this is accepted as a logical
‘alternative the-TDRS to user then an additional 10 dB of path loss is
sustained and the range error increase to 4.5 meter for a one watt TDRS
to-user power level. As pointed out in the requirements section the
TDRS to user link is expected to have a 10-20 watt power level. Thus a
10 watt poﬁer level TDRS to user would restore fhe 1.5 meter range error

LI

estimate at 400 MHz.

We realize that the above discussions have not included the effects
of interference which will be treated later. However, baséd upon our
analysis we are convinced that a PN codgd signal between user and G.S:'pan
provide a 10 to 15 meter 2 way range accuracy measurement at chip rates
commensurate with thg bandwidths of the VHF-TDRS channel while operatfng

in the presence of 40 users and their multipath.

One way range rate errors for the VHF channel can be estimated

by using eq.1.100.

C

AR = eg. 1.100
242 7 £ T S
¢ obs. NOBL
AR ~ 1 cm/sec
for BL = 10hz ‘ fc = 137whz Tobs. = 1 second

This estimate is valid for 40 users and their multipath. Thus the PN
coded signal is expected to provide an acceptable 2-way R error at VHF

for precise tracking of the user.
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. 1.8.7 Ground Station Range Readout Instrumentation

To accomplish an accurate round trip range measurement from a
G.S. to user to G.S. via a TDRS usiﬁg a PN coded system, a code comparison
is performed at the G.S. Assume for & moment that the range ambiguity
prob1eﬁ has been resolved (this difficu1t‘prob]em is discussed in the
Synchronization Section 1.9), the G.S. transmits to all users on code #1
and all users automatically search and synchronize to code #1. In turn
each user transmits to the G.S. on unique codes which have excellent cross
correfation properties (Gold Codes) and allows each user to be identified
at the G.S. unequivocally. This infers that the G.S. receiver searches
for aparticular user by correlation techniques whereby the G.S. generates
all the user codes and selects out the user signal by correlating the proper
user code with the composite incoming signa?s.- The common G.S. to user PN
coded signal and the user code at the 6.5. used to extract a particular
user giéqa] are derived from a common digital timing source and the round

trip range is computed by precise code comparison at the G.S.

The actual instrumentation required to effect the precise range
measurement has been developed by Magnavox and is referred to as Rapid
and Precise Ranging Equipment (RAPRE). The equipment has the ability to
readout {or compute) the roundtrip range measurement to an accuracy of
1/16-th of one PN chip. For TDRS applications, a two megachip/sec PN
coded signal can be resolved by RAPRE to 31+ nano sec. The hardware
required to realize RAPRE consists of four P.C. boards with Togic speeds

of 16-32 megabits/sec expected for TDRS applications.
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1.8.8 Recommended Range and Range Rate Use Transponder

In keeping with the above conclusions, "we iT1usfrate in Fig. 1.58
the block diagram of the recommended PN cohefént user transponder to
accomplish accurate trackihg of the user by the G.S. via precise range
and range rate extraction. The t?anspohder provides maxi mum range rate -
accuracy as well as a near optimum rangé tracking capability. The raﬁéé
accuracy of the PN transponder is summarized in section ].é.6 and is
thoroughly analyzed in Appendix‘fi of thié'report: In addition to its
ranging capabilitiés, the transponder thwarts'mu]tipath and interference
while providing simultaneous mu1t1p1e access of a TDRS satellite b& 40
or‘more users at VHF.' The exact codé rates and code lengths empToyed in
the transponder will be deferred to the section on synchronization; ‘

- Section 1.9, It {s suggested that a similar transponder be emﬁ]oyed in
‘the G.S. to track the TDRS (for position Tocation purposes) to a1ﬁow the
6.S. to extract the TDRS to G.S. range and doppler in order that the S
to user link can be dopb]er comﬁensated to insure unbiased TDRé¥usér '

range rate measurements.
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1.9 SYNCHRONIZATION OF WIDEBAND AND NARROWBAND SIGNALS FOR TDRS

In order to establish either voice or data communications through the
TDRS between a user and ground station and in order to effect accurate range
and range rate tracking of the user by the ground station, synchronization of .
the multiple access and anti-multipath signal used to convey data voice, range

and range rate must be accomplished by the user and the ground station.

Overall synchronization times are to be maintained at a minimum com-
mensurate with proper sync reliability, false alarm probability and requirement

to provide tracking within a realistic period of time after the onset of the

mission.

Existing systems such as the Goddard Range and Range Rate System require
" various synchronization times from a few seconds to 10's of seconds depending
upon the signal-to-noise ratio being experienced. HWe are led to conclude that
maximum 2-way synchronization time on the order of 30 seconds is required and

an average 2-way sync time of 15 seconds is desirable.

In this section we examine the synchronization performance of the wide-
band and narrowband signals which are under investigation for their multiple
access and anti-multipath properties for application to the TDRS. We performed
the analysis on the wideband system first under the assumption that noise and
multipath are present and that no doppler exists on the VHF Tinks. Using this
optimistic initial approéch, we are able to determine the best wideband
system from the synchronization point of view. After determining the best

wideband system, we concentrated our analysis on its synchronization performance
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in the presence of.doppler-on both the ground station to user 1ink and the

user to ground station 1ink at VHF.

Synchronization of the- system at S-band presents no difficulty as a
result of the absence of multipath and the large system margins which exist
at S-band and Ku;band. In other words, if the synchronization problem is. .

solved at VHF, synchronization at S- and Ku- bands is automatically resolved.

_.Prior to our analysis, we present some background material - the purpose
of which 1s to assist in clarifying terminology and techniques which have .

begn investigated for synchronization during this program.
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1.9.17 Synchronization Techniques

In the synchronization of wideband communications systems, the
synchronization mode need not be constrained by the modulation and
demodulation techniques employed in the transmission mode, for the goals
of the two modes are clearly separable. Therefore, the modulation and
demodulation techniques by which synchronization is accomplished may differ
from that employed in the data transmission mode, the acquisition time may
be greatly reduced over that possible using the data transmission modem

techniques.

Synchronization acquisition of a wideband signal such as PN, RADA
or the PRTH involves searching the initial time uncertainty, AT, and the
initial frequency uncertainty, aF. (This seafch through fhe uncerta{nty
region will be defined as a pass.) The initial time uncertainty, aT, js
due to the contributions of the pos;ib1e drift of the system clock over
the expected mission duration and the Tack of knowledge of range between
terminals. The inaccuracies of the freguency sources in the transmitter,
the satellite and the receiver contribute to fhe initial freguency uncer-
tainty, AF. The search model assumes quantization in time to At and in
frequency to af; these depend on the specific modulation and demodulation
processes. After synchronization has been accompiished and the search
terminated, the magnitude of these initial uncertainties is a function of
system parameters such as the degree to which ephemeris is used and amount

of clock stabilization available, and the ability to correct for doppler.
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While a classical search model considers moving the receiver's local
reference signal in discrete jumps of At and Af, practical implementation
approximates a continuous linear sweep of the time and frequency variables.
The final coherence of the search procedure is accomplished by automatic

time and phase tracking loops in the receiver.

The problem now remains to relate these initial time and frequency
uncertainties to the time required to synchronize as a function of a

synchronization model.

1.9.1.1 Serial Search

Serial search is the generic term which covers all the sliding cor-

relator forms of synchronization 1ncfuding the single mode, mu1timode_and
sequential detection. In genera],_however, to search the uncertainty ‘
aperture serially, one technique is to searcﬂ the timé uncertaﬁnty comp&ate]y
at each frequency (doppler) quantization level until the frequency uncertainty
has been searched. In the following, syhchronization time is given‘as a
synchronization time - initial time uncertainty ratio, where the initial

time uncertainty may be considered equal to the 6rigina1 time uncertainty
multipiied by the number of times it must be searched to satisfy the frequency
uncertainty. The factors that contribute to the time required for the
location of the correct cell (a cell is the quantization in time and frequency)
include.search rate, procedures for testing cells, ard the ériteria for

accepting and rejecting cells.
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Synchronizers using a fixed sample size (FSS) detection system are
most often encountered. It has the advantage of easy implementation, since
each cell 1s tested for the same length of time. In contrast, a detection

scheme using a variable test time for each cell, sequential detection, could

be used. In sequential detection, the cell is tested until its Tikelihood
of being the correct cell is greater than an upper threshold accepting the
cells as a correct or less than a lower threshold rejecting the cells as
incorrect. On the average, the sequential detection system is faster than
the FSS system but occasionally a cell will be tested an extremely long time.

In practice, the test is truncated to prevent excessive test periods.

The actual search process is compounded by the behavior of the tracking
loops which have their own statistical acquisftion properties, and must be
handled analytically with a combination of statistical servo loop behavior
and hypothesis testing. For exampie, the major effect on behavior noted
experimentally—is™ indicated by the acquisition probability, Pa’ of the-phase
locked Toop usually employed to obtain RF phase coherence in a sliding

correlator search application.

1.9.7.2 Single-Mode Acquisition Model

This model gives an approximation to the maximum search time based on
estimating the number of search cells multiplied by the average time (dwell
time) spent in each cell. The required time in each cell is computed as a
function of desired probability of correct detection, false alarm probabilities
and output signa1—£o—noise ratios. The search time, assuming a uniform a priori
distribution of the desired signal within the time frequency uncertainty region

is approximated by:



-219-

T. = number of search cells x dwell time per cell

AL AF

At at l

where EX] = greatest integer less than x+1
and
T, = Search (synchronization) time
AT = Total effective initial time uncertainty
AF = Total effective initial frequency uncertainty
af = Effective frequency error allowed by acquisition technique
* At = Effective time error allowed by acquisition technique
T = Dwell time or time required-for a decision at each Af, At.

Typical coherent and noncoherent systems are analyzed with this model
later in this section. In general, Af for the phase locked Tloop in a coherent
system has been measured to be 2.7b where b is the bandwidth re1a£ed to the
correlator integration time, T, by T =1 . Thus, the total probability of

2b
acquiring the signal when it is present, P'qN{A) is

P‘SN(A) =P_ x PSN(A) = over synchronization probabi]ify
where

Pa and PSN(A) are the phase 1ock'1oop acquisition probabilities

and the recejver acquisition probabilities respectively.
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It should be noted that Af in a noncoherent system is a function of
the predetection bandwidths only. The allowable time uncertainty, At, for
both coherent and noncoherent systems is determined from the transmitted

signal structure and the particular detection techniques employed.

1.9.1.3 Muiti-Mode Acquisition Model

While the simple acquisition model introduced above for a sliding
correlator has wide application when the initial uncertainties AT and AF
are relatively small, a saving in total synchronization time can result if
the time and freguency uncértaintﬁties are first broken up into cell sizes
larger than the cell size required by fhe final coherent tracking circuits,
then a sequence of synchronization modes is employed to reduce the cell size
to the final required value. An example would be synchronizing a PN system
between ground station-and user where doppler ambiguity must first be

resolved.

The multi-mode acquisition process basically follows the concept
presented above. That is, the search starts out with coarse time-frequency
cells and proceeds through a number of synchronization modes each successively
refining the time-frequency cell size until the final cell is reached.

Each mode has a search time, T_,, and the total search time is the sum for

si
all modes.

Thus, the. general form of the synchronization, or search, time for

multi-mode operation is

n n Fs .
= = . 1 1 1



where

BX]

:D.T_i
AF_i

At

n
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greatest integer less than X + 1

th

search time for 1~ mode

th

total effective time uncertainty for i~ mode

th

total effective frequency uncertainty for 1 mode

effective time error allowed by ith mode acquisition
technique

th

effective frequency error allowed by i“" mode acquisition

technique

number of para1]e1tBrocessors in reducing time
uncertainties in i~ mode

number of para11e1tﬁrocessors in reducing frequency
uncertainties in i~ mode :

th

Ls X Lr x-LD X LI is the total Tloss in the i~ mode

-

i i i
Toss in parallel time processor

—loss in parallel frequency processor

Toss in non-coherent detectors

<

other non-ideal implementation losses

th

dwell time required at each AtiAfi cell in i mode

Pa X PSN(A)

probability of phase -lock loop acgquisition

the conditional probability of detection in the last
mode after phase locked loop acquisition

the conditional probability of false alarm in ith mode

the equivalent output signal-to-noise ratio.
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The above model. assumes the receiver buried in thermal nojse, and a
uniform a priori distribution.of the signal over the total uncertainty
region. Deviation from these assumptions are generally not critical and
may be easily taken into account. In addition, it is assumed that (S/N)O
is sufficiently high so that the synchronization time is not appreciably
increased by the false alarm rate and the corresponding time required to
verify the false alarm. Practice has indicated (S/N)0 greater than 10 dB
is sufficiently high‘to_approximate the above, assumptions and give - an

operationaily usable system.

3.1.4" Example of Single-Mode, PN Coherent Search

One method of obtain%ng waveform acquisition is by active correlation
detection techniques. 1In this single-mode PN cbherent technique
the time domain is searched by a s1iding correlator while
the frequency domain is searched with a phase locked Toop following: the cor-
relation multiplier.—The phase locked loop also serves as a significant
part of the correlator integration process and, in fact, is a tracking filter.
Although the phase locked Toop might pessimistically be assumed to acquire
only in its information bandwidth, Bn= b, further integration usually follows
the phase locked loop so that the output signal-to-noise ratic at the
threshold decision is related to the signal-to-noise ratio from the phase

Tocked Toop by

B
(s/N), = -bﬂ(sm)o] eq. 1.102
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(§/N0).is the signal-to-noise ratio or the correlator
Bn is the double-sided noise bandwidth of the phase-Tocked loop

b is the equivalent bandwidth of the synchronization correiator
integrator

(S/N)0 is the phase-locked loop output signal-to-noise ratio.
1

1.9.1.5 Two-Mode Technique with PN Noncoherent Search, Then PN Coherent Search

This technique uses a noncoherent search in the initial mode to re- ~
duce the time uncertainties while removing the requirement for a stringent
frequency certainty. During the second mode the remaining frequency uncer- -
tainties are reduced by means of a coherent search. This method offers a
slight improvement only if the freguency uncertainties are too_]a?ée for

coherent acquisition such as in the case of TDRS user.

The synchronization time is expressed by the multi-mode model with
i =2 so that the-total time is the summation of synchronization times -

for each of two modes and is given by
2 2 aTi AFi

TS = ) TS = Z YV Z‘f_-'-'] eq. 1.103"
= = 1 -

where the parameters are again those defined in the previous models.

1.9.1.6 Short Code-Long Code Acquisition

This is a two step acquisition procedure. A short maximal length

linear code is used for initial acquisition using the sliding correlator
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technique. This step may be accomplished in either a single mode
PN or multimode PN manner. The performance of this portion of the

synchronization procedure has been covered in previous sections.

Once short code acquisition has been achieved, the system is
synchronously switched to long code to provide unambiguous ranging be-
tween a user and ground station. At this point, a code tracking Toop
maintains synchronization by introducing a time dither or an equivalent

early-late gate in the feedback loop.

.9.1.7 Sequential Detection

In the synchronization techniques presented to this point, the
time to test an uncertainty cell or "dwell time" was constant for a
given set of parameters. Sequential detection is a two-step synchronizer
using a short primary test to eliminate the uncorrelated ée1]s with‘1ow
noise -and a Tonger confirmation test to eliminate the uncorrelated cells
with high noise. 1In sequential detection the length of the test on an

uncorreiated cell is dependent on the amplitude of noise in the cell.

The output of the integrator, during integration, is sampied after
each bit. This sample is compared against two thresholds. If it exceeds
the upper threshold, the integration is stopped and the cell is accepted
as the correlated cell. If it does not exceed the Tower threshold, the
integration is stopped and the cell is rejected as being an uncorrelated
cell. If the sample exceeds the Tower threshold but not the upper thres-
hold, the integration is continued and another sample is taken. Thus,
only the number of samples necessary for rejecting or accepting the cell

are taken.
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For systems requiring an extremely Tow probability of false
alarm, the upper threshold can be eliminated which leads to a probability
of false alarm approaching. zero. With only a single threshold scheme,
a cell is never really accepted, and the cell is either rejected or the
cell continues to be tested. Thus the correlated cell 'will be continually
tested. In a communication system using a preamble for synchronization,
the length of time for synchronization is fixed. 'Hence, when the corre-
Tated cell is tested, the test continues until the end of the allowed
time for synchronization. At this point, the tracking Toop is engaged

on the last cell being tested, the correlated cell.

1.9.1.8 Parallel Search

The use of parallel search can substantially reduce synchronization
time. A parallel search can be used in the time uncertainty search, the
frequency uncerégggky, or both. A technique using parallel search for
the time uncertainty is with multiple correlators. A parallel frequency
search involves the use of doppler resolving filters, multiple use of
PLL/s, or the use of swept PLL's for frequency acquisition. The use of‘ n

parallel correlators in time will usually serve to reduce the sync time

by 1/n.
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1.9.1.9 Matched Filter Techniques

In the active acquisition processes described for the PN and the
frequency hopping, the time-frequency uncertainties were divided into
cells which were searched sequentially. Matched filter acquisition
techniques can reduce the serial search of a matched filter time of
active acquisition by effectively utilizing parallel processing. The

multiple taps or sections make the processing practically self-synchronizing.

Many possible schemes exist for utilizing large TW product matched
filters to provide synchronization. In a typical matched filter system,
when the transmitter desires to communicate with the receiver, a train of
pulses is used to excite the transmitting half of the matched filter.
After each pulse excites the filter, a pseudorandom sequence generator
is advanced and a new pseudorandom number is utilized to switch the
transmitting filter sections, so that by the time n pulses have been
utilized to switch the transmitting filter sections, so that by the
time n pulses have been utilized, the filter has produced noiselike

waveforms of bandwidth W and a duration nxT.

At the receiver a gate will be opened (preferably at a time determined
by the gross synchronization of the system and desirable operational pro-
cedures for a length of time equal to the time uncertainty). If the matched
filter output threshold is exceeded during this time, the filter is switched
to the sequence of possible numbers. The frequency uncertainties may then

be searched; or the filter designed with sufficient numbers.
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1.9.2 Synchronization of Wideband Systems

As discussed in section 1.4 there are a number of wideband
techniques which are candidates for the TDRS. In the previous section
1.8 we argued that the PN signal appeared to be the best choice-from
a range and range rate requirement point of view. In this section we
analyze the synchronization performance of the PRTH, RADA, and PN system
in the presence of noise and multipath. Since doppler does not uniquely
effect any of these approaches, we first select the best system without
doppler considerations; that done we copcentrate on the synchronization

performance of the best technique with doppler included as a parameter.

Before beginning the analyses we .should state the goals and

tradeoffs involved in the synchronization of these digital systenms.

a) overall two way sync time ~15 second
b) sync reliability 90% for one sync pass

c) the G.S. to user signal occupies one channel <1.9 mhz
and this single signal can be synchronized to by all
the users in view of a particular TDRS.

Obviously for the wideband techniques range and range rate tracking and
synchronization are inextricably entwined. That is, in order to meet

the sync time requirement while still providing unambiéﬁous ranging is

a serious problem. Overall sync reliability can. be improved with increased

sync time and these requirements are in opposition.

A11 of the factors which effect synchronization will be
discussed once the basic synchronization analyses have been performed

to select the best wideband signal from a synchronization point of view.
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1.9.3 Data Relay Satellite System Synchronization Performance

As a result of the studies presented in this report, three waveforms
appear to have the multiple access properties required by the TDRS. These
waveforms are Pseudo Random Time Hopping (PRTH}, Raﬁdom Access Discrete
Address by frequency-time hop, (RADA), and PN Gold Coding (PN). The
‘synchronization performance of these waveforms in the TDRS environment

is evaluated in the analysis which follows below.

Synchronization performance is dependent on the signal to noise
rgtio of the received signal to which one is attempting to synchroni;e to.
Consequently, the approach taken in the analysis has been to evaluate the
signal to noise ratio, or more precisely, the signal energy to noise density
ratio, of each of the waveforms after being Fe]ayed by TDRS. The ratios
obtained reflect both the affects of thermal noise and multiple access

intermodulation degradation.

Finally, the probability of acquisition, as based on the signal to
noise ratios, is found. However, since the signal to noise ratios 1in
general were Tow for the postulated transmitter power, a probability of
acquisition was specified, and the required transmitter power solved for.
The detection portion of the acquisition process was based on sequential

detection, in light of the superior performance of this technique.

It is important to note that the analysis and the performance comparison
of the three waveforms considers the severe TDRS multipath environment. The
multipath environment was accounted for by considering each multipath signal

to be another user.
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1.9.3.17 PRTH-Synchronization

_The pseudo random time hop (PRTH) modulation scheme utilizes Tow duty
factor rf pulses emitted by the users transmitters. The puises emanate
at pseudo randomly selected times, known to the ground station, i.e.,
transmitter/receiver pairﬁise synchronization. However, the forty user
transmitters all use independent time hopping programs. Thus, the pulses
from the forty user transmitters overlap on a rqndom basis, in accordance
with the duty factor o . Each pulse is modulated with binary data, using
biphase moduiation, so that either RF phase coherence of user-ground station
pairs of differential phase shift keying (DPSK) is utilized. In this scheme,
each pulse represents a data bit, so that the average pulse rate from a
user is equal to the data rate, 1000 bps. A block diagram of the transmitter
and the receiver is shown respectively in figﬁres].59 and 1.60 . The pseudo
random code generators and the pulse position generators in the transmitter
and receiver are identical. _Due to the Tow duty factor of the pu1§es the
code tracking loop and the carrier tracking loop are implemented as sampled
data tracking Toops. It should be noted that at the ground station there

are forty such correlation receivers, one for each user.

The synchronization process is a serial search in which the local
reference code is slewed until a threshold crossing indicating code coinci-
dence occurs. This may be done either at a fixed search rate using a fixed
interval search. Thus the synchronization performance of the PRTH waveform

will be evaluated for a sequential detection synchronization procedure.

Since the sequential detection procedure {or any other sync detector

for that matter) involves a threshold crossing détector, it is necessary to
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determine the signal energy to total noise density ratio for the PRTH

waveform. Since the bandwidtﬁ of the PRTH signal (2MHz) is equal to the
reciprocal 6f the bit width-the energy- to noise dengity ratio at the

output of the receiver correlator is equal to the ratio at the input to

the correlator times the effective processing gain. This ratio, as developed
by Cahn*, will be defined as the ratio of the mean to the variance of a chip
(instant) at the ground receiver input. Each chip is taken to be statistically
1ndepehdent of the other chips received. In the expressions developed below,

. the following notation is used:
a - duty factor of user (same for all 40 users).

K -~ number of users (80, fort& actual users'p]us forty
multipath signals)

P. - wuser transmitter power (peak referred to ground station)
N - noise spectral power density in the ground receiver

-W - system RF bandwidth (1/pulsewidth)

Ey - received energy for one pulse (data bit)

The statistics for each chip are as follows:
1. With probability (]-u)K—] » the carrier amplitude is 1/2Pr and the

interference power is Now.

2. With probability 1-(1—a)K'] ,» the carrier amplitude is zero and the

interference power is Pr + Now .

Computing the mean of this distribution yields

*
Op. Cit.
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Mean carrier amplitude = (1-o)f! V2P - eq. 1.104

To compute the variance, we first obtain the total mean square value of

a chip and then subtract the square of the mean, as follows

Pre-correlator noise power = (1—a)K'1 [2Pr+N0w] + []_(]_a)m—1]

[P N HT - [(1-a)* 0728 2%

1§

N+ [1+(1-a)f 210y 2K 1)y P eq. 1.105

This computation is based on use of the phjp'amplitude after product
detegtion with a coherent reference. In general, the result as developed
below is somewhat approximate because the noise power due to thg time
gating is not really independent of the desired carrier component. How- .
ever, making this assumption of independence, we may then write the sign§1

energy to noise density ratio as

P
5 o1-)2 (1) W
= 0
= (P‘G')PRTH = : eq. 1.706

1+ ﬁgﬁ-[T+(1-a)K~]~2(1-a)2FK—])]

The processing gain, P.G., is defined for the purpose of synchronization as

the ratio of RF bandwidth to search bandwidth

where T =.time to search one PN bit. Thus upon substitution of the



~234~

appropriate values of K= 80 and o = 5x10-4, as discussed in section 1.6.3,

equation 1.106 reduces to

p.T
(§>= 2.3 1074 Ha s eq. 1.107

R
N0(1+.1]3 ﬁ;ﬁ

=

1.9.3.2 RADA-Synchronization

The random access, discrete address system (RADA) differs from the
pseudo random time hop (PRTH) system in that the low duty factor pulses
are hopped both in carrier frequency and in time. In addition,the RADA
system considered for the TDRS utilizes an m-ary a1phabét to increase
efficiency and thus reduce errors. FEach character from the m-ary alpha-
bet consistg of a unique combination or" address of K time - frequency slots
chosen from the MN ¢ell time - frequency plane shown in figure 1.13. This
address is detected at the GS as a k-fold coincidence. The receiver for
such a system is readily impiemented as a digital matched filter as shown
in figure 1.61. The overwhelming advantage of the digital matched filter
is the elimination of the need for bit or slot synchronization. However,
frame or m-ary character synchronization is required. The GS receiver
must have m unigue sets of taps (k taps per m-ary symbol) for each user.

Since there are M users each having a unique m-ary alphabet, there are a

total of KmM taps and mM coincidence gates.

The derivation of the signal energy to noise density ratio for the

RADA signal is similar to that for the PRTH signal, with some exceptions. -



RF AMP

LO

COHERENT

DIGITAL DELAY LINE

COINCIDENCE
LOGIC

DEMODULATOR
—f  f
—  f
o) sum
. — iy
T )
. | EOINCIDENCE
L , LOGIC
F____J
|

B
|
1

Figure 1.61 RADA Receiver Diagram

} Yy v 1Y¢

BINARY DATA

-

Lo~

-GE¢-



-236-

1. With probability (1~ %NJK“],-the carrier amplitude is

2P, and the interference is N W -

2. With probébi]ity 1-(1- %NTK-] » the carrier amplitude is

L

Il

PN W , where K = number of users

Y

M = number .Of frequency slots

N

number of time siots per frame

Thus, following the same reasoning as used for the PRTH signal, we can

write for the RADA signal

1] a2(k-1) Pr
S (7.6.) MN MN NON
== (P.G.
N RADA P .. eq. 1.108
r o LK1 g 1y2(k-0)
1+ N [V + (- g™ -20= %) :

As with the PRTH waveform, the processing gain for synchronization is

given by
PG = WT
where T = time to search one PN bit.

Upon substitution of the optimum value of MN = 100, section 1.6.4,

equation

E = pa0 — " eq. 1.109
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1.9.3.3 PN-Synchronization

Pseudo random code modulation has been suggested as a means
of achieving the muitiple access communication for the forty TDRS users.
This technique allows each user to transmit continuously, and depends
on the orthogonality of the PN (pseudo noise) codes to discriminate between
users. To determine the synchronizatibn performance for the PN multiplex
system it is first necessary to derive the signal to noise ratio (signal
energy to noise density ratio) for the output of the correlation receiver
which is used to receive the PN signal. A simplified block diagram of the

PN transmitter is shown. in figure 1.62 and a block diagram of the correlation

receiver is shown in figure 1.63.

In the derivation of signal to noise ratio which follows below it
will be assumed that a coherent carrier reference is available for coherent
demodulation. This reference can take the form of a Costas Toop which is -

shown in block diagram form in figure 1.64.

A diagram of the mathematical mode] used to derive the signal to
noise ratio is shown in figure 1.65. The PN code of the desired signal
is denoted by S](t) and the PN'code of the undesired or interfering signal
is denoted by Si(t) so that the sum total of interfering PN‘codes and

carriers is denoted by

M

iZZ Si(t)cos(w]t+91) eg. 1.110

where 05 is uniformly distributed between 0 and 2%. As usual there is
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also thermal noise of one side density Nowatts/hz to contend with. Thus,

based on figure 165 , the output of the correlator is given by

M
V2P [ S](t)co_sw1t+ Z Si(t)cos(wjt-i-e].)]

i=2
+n(t)
@ f Vo (t)
S](t)cosw]t
Figure 1.65 - Mathematical Model of Correlation Process

M
v (t) = [/2P (5 (t)cosmyt + b 5, (t)cos (wyt+e,) ) +n(£)]1®

-

[S] (t)cosw]t]

M .
) i%E:S1(t)6© Spt) + izz 1%?5 $1(t) @ s, (t)cos o5n(t)

1 Cyjc0s 0,1 +n(t) eq. 1.111

1=

i=2

‘where ) denotes correlation and
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Cyq = autocorrelation of S](t)

[}
1l

19 = cross correlation between S](t) and Si(t)

user transmitter power referencéd to GS |

-
n

It should be noted that Cli is a random variable which is highly dependent
on the particular code structure utilized, the relative phase between §](t)
and Si(t) , and the correlation window or integration time. A1l of thege
parameters and their affects ‘'on ‘synchronization performance will be dis-

cussed a bit later.

The signal to noise ratio at the output of the correlator is defined
T T TR ) .

as

2 ey v el
v (t) %
= & eq. 1.112

)2 - Vo(t)z 0

=2{wn

Vo(t

.In caTcuTating-the averages we fird that

T "

K
TTET =2 e b T w1 B o
Yott) =5 Loy 4 "Gy cosey 1= 5= Gy,
and
L : 2
2 11 2P
V()" = —— ¢+ 122 a Cjjcos8,  + Np
2
PC K ——
PhH1 L 7
== +3 22 CIi + Np .eq. 1.113
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Thus
. 2
PC .
S 11 eq. 1.113
N P K —
2 Nt = C
p- 2 5= 11
whefe
NP = thermal noise power at output of correlator
= NOW
where
W =%%-= correl ator bandwidth
and
T = correlator integration time

Since K is fairly large, i.e., 40, {actually 80 when we consider multi-
path affects) we may apply the central 1imit thecrem to the interference.
Thus the affect of the Targe number of interfering signals is closely
ahproximated by Gaussian distributed noise with zero mean and variance

given by

so that equation 1.113 reduces to

PC]$
= 2( : eq. 1.114
", PeT(K-1
ZNP + 7

=
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The term _EgZ(K~1) may be referred to as the multiple access intermodulation
degradati;i. when.the incoming code Sl(t) is 1ined up (in phase) with the
receiver local reference code, C]] is equal to 1 (normalized). Furthermore,
it is necessary to consider that the TDRS repeater output power is shared -
by each of the users and the noise and 1nterference input to the repeater.

It is shown in this report that the received power at. the G.S.

available for any one user is

P
P =P KPUJ,NRN}I eq. 1.115
where

F% = -total repeater.output power. referenced to the ground station
Pu = user-uplink power referenced to- repeater satellite
wR_ = _.repeater noise bandwidth
Nu = upiink (user/repeater) noise density

I = ~total interference power

K -= number of users

SimiTarly, the thermal noise power at the output of the repeater is

given by

( NRNu )

Ny = Pef mosmer—ri < eq. 1.116
P. S KPU+WRNU+T

Thus, substituting equations 1.116 and 1.175 into equation 1.114; we:obtain

1

%’= P 7 eqg. ].-”7
) 2/( )PG + k1)~
u

NRN 2
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. P . .
The term, W—ﬁ—- is the signal to. thermal noise ratio for- one user,
’ R u :

(S/N)u , at the repeater input, and PG is the correlator processing gain.

1.9.3.4 Comparison of Synchronization Performance for Wideband Signals

Thus far, we have derived the signal energy to noise density ratio
for the PRTH, the RADA, and the #N waveforms for use with PRSS. This en-
ables us to now quantitively determine the Synchronization performance of
these waveforms. Before doing this, a qualitative description of the
‘synchronization process will be given to give perspective to the more

analytical treatment.

‘ The receivers.which have been described for the respective wave-
forms in the previous paragraphs all fall into the category of matched
filter receivers. In other words, they are thé'optimum receivers (in
the stochastic theory sense) for their respective waveforms. Furthermore,
the PRTH and PN-receivers are correlation receivers, i.e., a storeﬁ replica
of the incoming-waveform is multiplied times the incoming waveform and the

product is integrated for an appropriate time interval.

The process of synchronizing the PRTH and PN waveforms may be
considered to oécur in two steps; 1) search over the range/time uncertainty,
2) detection of the correlation peak which indicates code synchronism.

The search procedure involves slewing the replica code in phase with respect
to incoming code. This is generally accomplished by running the clock which
drives the replica coder at a slightly slower rate than the incomin§ code
clock. The detection step consists of recognizing that no correlation peak

éxists for non synchronized positions and detecting the peaks and stopping
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search for the synchronized position. This detection procedure may be
imp]emeﬁted either as a fixed integration interval/constant search rate
or as a sequential detection process. As the name implies, the fixed
integration interval means that both the signal plus noise or noise alone
is integrated for a fixed amount of time for each search position and
then threshold sampled. The thieshold value determines the probability of
false sync and probability of sync. The sequential detection process
integﬁétes the signal plys ﬁoise or noise alone, until either a lower thres-
hold indicating only ncise or an upper threshold indicafing signal plus
noise is crossed. "Crossing of the lower threshold causes the search to
continue to the next position,‘wh11e crossing of the upper threshold
indicates sync and stops the search. A diagramatic comparison between the
two types of detection is shown in figure 1.66 ., It is statistically
possible that integration could go on indefinitely without a crossing of
either threshold, thereby drastically reducing the search rate. This
‘condition-is avoided by stopping or truncating the test after a fixed
integration time and declaring sync.' In the sequentialrdetector the
integration time T required for‘detection of the éorre]ation peak is
‘approximately qug] to that required by the fixedﬁintegration time de-
~tector. The perforﬁancé advantége 6f the sequential detector lies in

the fact that on the average the decisiofn “noise only is present,” i.e.,
"jncorrect sync position,” is made in a mﬁch ghortef time than that of .

the %ixed integration time detector.

Synchronization of the RADA waveform is a slightly different

procedure than that described already due to the utilization of the digital
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matched filter. Frame synchronization rather than bit synchronization
is required. This means that the coincidence logic output is sampled
for a maximum time equal to a frame time. Once again, however, it is

expedient to utilize sequential detection procedures.

A detailed analytical study by Magnavox of the sequential detection
process as applied to PN code synchronization has been recently concluded.
In order to compare the synchronization performance of the three waveforms,

the appropriate results of this study will be used.

The synchronization performance of the respective waveforms,
PRTH,. RADA, PN'may be determined from the table 1.13.
This table gives the probability of synchronizétion on one pass as a
function of E/N0 . Before this table can be ﬁtilized to compare the
three waveforms, it is necessary to evaluate the respective expressions

for E/N0 which have been derived. These expressions are tabuiated in

table 1.71.
S .
Waveform N° E/N,
: P,T
PRTH ' 2.3-107% —2R
N {1+.113 ~—)
0
3 P.T
RADA 1x107° o
R
T+ o
( N W )
1
PN
! /(3] per(x-1)6
] u

Table 1.11 E/N0 for TDRS waveforms
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The time to search one bit, T, is taken'tq be 10'3 seconds, in accordanﬁe
with the data rate. This common search time T 1is not sacred but is
representative for these three techniques. A RADA bit js tenutimes longer
than either a PRTH or a PN'bit because pf the frequency hopping, conse-
quently, T for RADA is ten times longer. Thus table 1.11 reduces to

table 1.12.

2 for the PN codes used

_ The variance of the cross corre1qt{on g
must be calculated before the three waveforms may be further compared.
As poﬁnted out in section.1.6.6, a class of codes knoﬁn as Gold codes
possess the lowest values of o2. Gold has shown that the normalized

variance of the cross correlation.for a limited integration window is

given by
52 = %‘E 1- H;% 1= ?%+. [ 1- ﬁ%lij eq. 1.118
where -
w = integration window size (bits)
N = code Tength (bits) o
f: = code rate .

C

If a code rate of 2 megabit and-a 13 stage code generator (8191 bits) are

3 gives a window size of

— 2000 bits. Thus the variance is found to be 02 = =32 dB.

used, an average integration time of T = 10~



Wavaform E/N0
P
PRTH 1.441077 R
0
. P
RADA 6x107° N_E
(8]
PN - ___L_Z
{M-1o
Table 1.12 E/N0 for Widehand TDRS waveforms

Thus, the following E/N0

z‘m zlm

Zlm

n

1]

-249-

ratios are obtained for the three waveforms:

-12.5 db

-4 db

11.5 db

(PRTH), <

(RADA},

(PN).

-

T watt user

We conclude that the PN system has the ‘highest potential for reliability

synchronization of the three systems considered.

There are a number of methods which can be employed to accomplish

the serial synchronization and these techniques range from a uniform

search (coherent) to adaptations of sequential test%ng using coherent,

noncoherent, and costes loop implementations.
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Summary of Analyses and Simulations
of Synchronization Performance
Probability of Synchronization = 0.9 _
Uniform Sequential Sequential
Search Rate | Sequential | Sequential Optimized Differentially
Coherent Coherent [Noncoherent Costas Loop Coherent
No -Data No Data No Data No Data | Data No Data | Data
E/N, = 9.5 4.5 1.5° 11.5 13.5 | 9.3 db |10.7 db

The above table 1.13 contains the required S/N needed to provide .9

probability for synchronizing a wideband digital system (PRTH, RADA, PN).

This table results from a thorough study of serial search techniques per-

formed by the Magnavox Research Labs.

We have shown in this section (and

in section 1.6.6.6) that the PN system will provide these required S/N

at Tow user power Tevels(as TittTe as ~.5 watt)while PRTH and RADA required

high peak powers {600-1200 watts) to attain the desired performance.

From

tabie 7.12 we see that the sequential differentially coherent (no data) approach

requires a 9.3 db S/N to insure .9 sync probability for one pass.- The best

approach, sequential coherent (no data) is better however in practical for

TDRS applications.

Thus we conclude that the PN system can synchronize with

a probability of .9 at user power levels of .5 watts, excluding the effects

of doppler.and no regard for system margins.

include the effects of doppler and system margin on the .PN system.

In the next section we will

We will

also estimate sync times and sync reliability for both- the G.S. to user 1ink

and the user to G.S. link for the PN system.

We have taken the liberty to

assume in the above discussions that no data will be transmitted during the

synchronization process.
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1.9.4 G.S. to User PN Synchronization and Commanding

In order to provide commands to individual TDRS users a dependablie
coﬁmand channel must be prévided between the G.S. and the user. Current
TDRS concepts'dictate the desirability of a command channel which operates
on a single frequency and which can be easily synchronized to by those

users in view of the TDRS.

The G.S. to User link is cﬁaracterized by its 148-149.9 mhz bandwidth
and the 10-20 watts of avai]ab1é power from the TDRS to the user. In order
to command the users frequently, an overall data rate of 400 bit/sec is
'qntic{pated assuming that all 40 users are synchronized to the command

" channel, this data rate should provide commands every 10-sec to each user.

For the moment we neg]ect interference at the user from earth-based
RFI. Thus the command channe1 must contend with noise and its own

multipath.

A PN system conveying 400 bit/sec can easily contend with the ambient
noise and worst case multipath. The (S/N) performance of such a system

is given by

(P.G. )S ‘
( ) N WS - w+s . ) ‘ eg. 1.119

at user
NON is the noise power at the user in a band W

. . 2.5x107U S _ S
P.G. is the processing ga]n"h(ﬁ)use;= SETR . Based on .link calculation

presented in Appendix IV, a 500K chip/sec rate insure 27 db output (S/N)

in a 400 hz equivalent bandwidth.
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The TDRS to user 1ink is plagued with a peak doppier ~4 khz ,
which serves to degrade the systems performance dur1ng synchronwzat1on

Doppler does not, in th1s case degrade system performance (data detect1on)

once synchron1zat1on has occurred because of the re]at1ve]y 10w dopp]er

rate of change 4 hz/sec at VHF

We now analyze a worst synchronization model for the G.S. to User.
VYHF Tink. Th1s techn1que is the dopp]er filter synchron1zat1on (non-coherent)
by serial search. Th1s techn1que does not emp]oy sequent1a1 detection because

of the Targe (S/N) available at the user's correlator output.

wo~-First we assume the doppier filters are 1-khz wide so that eight_
- fi-iters are required at the user-to resolve the signal .into Tkhz slots.
The output from each filter is enve1ope detected on for each test period
T 10 -3 sec the outputs are compared the Targest f11ter compared to threshold and
if the threshold is exceeded the search is stopped and the s1gna1 is
identified with the filter which exceeded the threshold. The performance

curve for this crude system is shown in fig. 1.67.

"The false alarm number 2 1s-tne maximum number ot tests required to
synchronize times the probability that one *filter's envelope exceeds the threshold.
It is obvious from fig.1.67 that at (S/N) ~.17 db will insure .99 probability
of acquisition while insuring a false alarm nuﬁber z'= 1010 which in turn
guarantees a false alarm probability < 10'6 for most practical BN sequence
lengths. At the same time the:(S/N) in the 1 khz doppler filter is 23 db

(eq.- 1.119) providing a-6 db system margin_to insure this result. -
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Doppier Filter
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The probability of synchronization is at least .99 for the GS
to user 1ink for the technique just analyzed. The time required to
synchronize is another parameter of interest. The time to fully
synchronize TS is the sum of the code acquisition time Tacq plus the phase
Tock loop acquisition time required for frequency and phase lock. Since
the G.S. to user doppler has been resolved to 1 khz, the time to acquire
for a phase TPLL lock Toop is dependent on the frequency uncertainty +aw
and, the loop natural bandwidth. Thus the total time to acquire

Te =T, T

+
S acq
code

PLL

T ~ (2"-1)T oL worst case eq. 1.120

S

where 2"-1 = code length

If we assume that the test interval T is 1 msec and a code length of 8191

then the worst case TS —~ B8 sec since the TPLL is approximately a millisec.

If a phase lock Toop had been utilized instead of doppler filter
the result would have been better. Thus we can conclude that the G.S.
to user link is highly reliable and that the sync time is on the order

of 8 seconds for the code length used in the example.

1.9.5 User to Ground Station Synchronization

The user to G.S. Tink is power starved and user limited dictating
that more sophisticated synchronization techniques are required. We have

shown in section 1.9.3.4 that synchronization can be accomplished at a
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9.3 dB (ﬁpout at the G.S. in the presefice of noise, 40 users, and their
ﬁu]tipath. This result was obtained under the assumption that doppler was
not present. The probability of acquisition was found to be .9 under thel
above conditions. This means that the user to 6.S. 1ink can be easily
doppler compensated to insure this desirable condition. The doppler
compensation is needed only during code acquisition. Doppler compensation
" information is available at the user and can be employed to compensate the

user to G.S. Tink dyr{ng the expected code .acquisition interval.

“ . Thus we recommend that the sequential differential coherent
synchronization techniques be employed at the G.S. to insure the .9 sync ‘

probability for the user to G.S. Tink.

The overall sync probabitity for the 2 way 1ink is essentially .9
: sinée the G.S. to user 1inK probability is virtually unity, only if doppler
campéﬁsation is employed. If a link margin. of 6 dB is factored into the
power budget then a user power of 2 watts is required to meet the .9 sync .
proSabi]ity.

The doppler problem is not unique to PN, it-serves‘to degrade even
tﬁe adaptive or progfammed téchniques outlined in section 1.6.7. Tﬁus‘wé T
would recommend that &oppler compensation be empfoyed on the‘user to G.S.
1ink during the synchronization period to mafntain Tow user power 1evei§

regardfesg of the modulation technique.

1.9.6 Choice of Code Lengths, Code Rates and Total Synchron1zat1on Time
“for the 2 Way PN Link

It has been shown in previous sections that;

a) the G.S. to user Tink can be synchronized with a very high sync
probability >.99 for one pass )
’ b} the user to G.S. can be synchronized with a probability of .9
“for one pass with doppler compensation and a user bOWer tevel of 2 watts
which provides a 6 dB system margin. )
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c¢) the overall 1ink can be synchrﬁnized Qith a probabjiity of .9
for one pass.

d) to maximize the processing gain of the user to G.S. link one.
must use Gold Codes at code rates 0f-2‘me§achip/sec.

e) that we must provide unambiguous ranging of 10,000 mi. to

track a user.

The unambiguous ranging requirement and the maximizing of the pro-
cessing gain requirement are at odds since the 2 megachip/sec rate dictates
that very fong Gold sequences, are required to insure unambiguous ranging. -

For example,

Code Rate Code Length Repitition -  Required Ranging
on_1 Period i Time
—_— Unambiguous
2 megachip/sec - - n=13 4 msec 60 msec
2 megachip/sec n=15 16 msec ‘ 60 msec
2 megachip/sec — — n=17 64 msec 60 msec

We éee that a seventeen stage Gold sequence generator which produces a
sequence of length ~ 128,000 chips is required to provide unambiguous
ranging. If the chip rate is re&uced to 500 K chip/sec the code length
required to obtain unambiguous ranging is still 32,000 chips. Furéher )

. reduction in the chip rate to 125K chips per/sec would allow the uge of
a 8191 length code and would satisfy the uﬁambiguous.ranging requiﬁement.
The G.S. to user Tink has an .adequate 1link margin to insure-the desired
sync probability, bit error probability, etc., even at a chip rate of
125K chip/sec. However, the user to G.S. link require$ & 2 megachip/sec -
rate to provide the maximum procéssing gain tgla}]ow_féf thg'forfy ﬁé@rs,

their muitinath and noise.
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Let us assume that the 2 megachip/sec rate for the user to G.Sf
link is invariant; then it follows that there are two basic methods of
providiﬁg simultaneousiy multiple acéess for 40:u§ers, unambiguous rangihg,
sync t{me of approxim51e1y']5 sec, the desired upTink and down error
probability of ?0'5, and an overall sync probabiiity for the 2-way 1ink

of .9 for one pass. There are,

a) 6.S. to user 1ink at 125 K chip/sec and a linear maximal code

of length 8191 chips. The user to.G.S. Tink-uses 2 megachip/sec and a

Gold code length of 8191 for synchronization purposes. After synchronization
has occured at the G.S.; a command- signal from the G.S. is sent to the user
.craft which switches the user code to a length~~128,000 bits to provide
unambi guous rang1ng if it is des1red ‘Dur1ng non-ranging intervals, 2-

way range rate is st111 ava11ab1e, Data can be conveyed from the user to

the G.S.1in e1ther case. The overa]T sync time for the -system-is-approximately 16 sec.
The Gold Code of Tength 8191 from the user is synchroni;ed to the 8191 code
from the G.S. When unambiguous ranging is desired the 128,000 bit code is
generated from 17 stage Gold generator but is truncated (an -easy task for

a finite state.machine).so that the all one's condition of the 8191 G.S.

to user code starts the 128,000# chip sequence at the beginning of each

repetition.

b) A second approach is a.very simple concept. The G.S. to user
PN 1ink is a single signal as in case (a) and uses an 8191 length. code
but a high chip rate,.e.g., 500 K chip/sec to increase the processing
gain. With the additional processing gain range resolving data is dinter- -

leaved with the user commands in a manner very similar to the way Tow
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frequency ambiguity resolving tones are used in the GRARR side-tong
system. These digital patterns are "turned around” at the useé and
" returned t6 the G.S. undgr the protection of the PN sequence. The user
to G.é. PN éequencé is synchrqnized to the G.S. to dser sequence as {n

case (a}.

It is not clear which approach is optimal, however, both approaches

appear to be quite feasible and meet all the basic requirements.

Since the user to G.S. link is power starved already approach (b)
would burden.the 1ink with gdditiona] range resoiving data if simultaneous
~ data and ranging.is required. This fact Teads us to recommend approach {a)

over (b) even though some slight range resolution in (a) may be ihcurred. (e.g.,
the TDRS to user range error would increase to 4.5 m at 10 wétts from TDRS).
Both approaches are completely compatible with the emergency voice/data
‘‘mannéd operationf Note that if further reduction in sync times are required then
fppana11g1 correlator can be empioyed at a'very small increase in hardware.

1.9.7 Synchronization of Narrowband Signals and User Commanding

In section 1.6.7 we presented several narrowband signaling techni-
ques which completely avoid the multipath. In order to synchronize the
user with the G.S. and vice versa both ‘terminals should use the same
timing format, gating, duty factor, etc. The full (S/N) ratio is not
available for synchronizing, ranging, data transfer, etc., uniess this

mutual timing is observed.

This mutual: timing requirement means that synchronizing, commanding,’
ranging are dedicated operations, i.e., if a user-is to be commanded he

must first: be synchronized, then if another user is to receive a command
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he must be synchronized separately and so on. Thus synchronizing ranging
and commanding must be done sequentially and in a dedicated manner unless
multiple G.S. to user channels are employed. Multiple channels of course

remove the ahove criticisms.

The synchronization of the narrowband signals discussed in section

1.6.7 is greatly simplified if

a) the signals use fixed duty factors and spacecraft achieve the
desired orbit
b) adaptive duty factors are employed, good ephemeris data will

aid synchronization.

The worst synchronization problem that faces the narrowband systems
occurs when the G.S. and the user have no a priori knowledge of each others
timing, duty factor, etc. If the G.S. szhes to contact' the user the G.S.
must use a worst case duty factor that protects against the worst expected

multipath and the user must perform a duty factor or timing search.

By and large the remarks made about acquisition in the presence of

doppler for wideband signals hold for the narrowband signals.

Except for the worst case situations cited above, the narrowband
signal should be capable of 2-way synchronization in a matter of a few

seconds if proper procedures are to follow and ephemeris data is available.

We are concerned about the synchronization and commanding of the user
at very Tow aititudes since the narrowband approaches offer 1ittle or no

multipath protection at low altitudes during the Taunch phase.
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1.10  PHASE LOCK LOOP TRACKING-FOR EFFICIENT DETECTION OF DATA. AND VOICE

In the prev1ous sect1on we have d1scussed the general problem of
synchron1zat1on of W1deband modu]at1on systems which are under 1nvest1-
gat1on for the TDRS Once synchronlzat10n of the WTdeband system has been
accomp]1shed data or voice must then be recovered in an efficient manner.
This 1s usua1]y ach1eved through the use of convent1ona1 phase Tock loop
techn1ques,_and the traok1hg’error must be small in order to approach

performance predjcted for.the modulation coding structure.

In the.absence :of. phase or frequency jitter on the réceived signal,

. the track1ng 1oop cou]d have a very narrow bandW1dth However, to accom-

modate such 31tter, and in part1cu1ar a chang1ng Dopp]er in a moving terminal

"+

(e g » @ user), a 1ower bound is p1aced on the track1ng Toop bandwidth.
It 1is the goa] to max1m1ze the a]1owab1e bandw1dth cons1stent with a

spec1f1ed overa]] system performance degradat1on For examp1e, the expected

-peak Doppler and” peak for the TDRS Dopp]er rates are listed be10w

Doppler (peak) Doppler Rate ({peak)
VHF o © . 375 KHz© - ‘4.0 Hz/sec
5 Band - 60 . KHz ) 60 Hz/sec
'K, Band - " . 420 KHz a - 420 Hz/sec

The problem is further comp11cated by the data modu]at1on on the
received signal. The tracking Toop must be devised consistent with such
modulation. For example, with PSK the carrier is compietely suppressed
by the data modulation and for such a signal, there are three basic methods

for creating a carrier reference at the receiver. The first is to remove
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the information and extract the carrier from the remaining signal. Loops
which use this method are the squaring loop and the Costas Toop. Essen-
tially they squaré the received signal and track the double carrier
freduency signal. "Since the received signal is squared, the polarity of
the carrier is 1oét, introducing-a 180 degree ambiguity in the qarrier
recreated thereby. This ambiguity motivates consideration of the second
method wﬁiéh is to inject a reference carrier‘into,the transmitted infor;
mation s%ghal. Although ambiguity could have been reso1veq by using

. differential encoding, the performance of tﬁe system would have appfoached

that of a coherent system only at high s{gna1-to-noise ratios.

Thé third methﬁd ties decoding into the carrier trackin§ process. i
Eésent%al]y, when decoding is taking place correctly, thekdata modu1ation-
can be duplicated and removed from tﬁe received signal to recreate a
carrier for tracking. This decision directed technique can potentially
outberform a Costas loop; however, a practical restruction of impértance

is the decoding delay before the received modulation can be duplicated

correctly.

With the additive reference system, the received signai, after the
antimultipath/multiple access modulation has been removed, contains a
reference signal component and a data signal component. The reference
signal has power P;, the data signal contains power S, and the total

transmitted power, PT’ is constant such that PT =S+ PS.
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If the noise is assumed to be white and Gaussian with a single
sided spectral density of No (watts/Hz), then the signal-to-noise ratio

of the data signal is

where T = the digit interval, and the signal-to-noise ratio of the carrier

tracking loop is

Ps
= TR - carrier Toop SNR
oL

where BL = one~sided noise bandwidth of the carrier tracking Toop.

1.10.1 Performance of Binary PSK System with a Noisy Reference Carrier
The function of the carrier tracking loop for a PSK system is

to estimate the phase of the received signal. The estimate is made by

tracking the additive reference signal. . Because of noise interference,

the phase estimate will err by

~

=86 -0 eq. 1.127
where

6 = the transmitted phase angle

8 = estimate of the transmitted phase angle

If the carrier tracking Toop is assumed to be a first order Toop,

then the probability density function of the phase error is

C
p(s) = e’z(ng,%a)osﬂ 5 [o]<n ea. 1.122
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The assumption is valid since at signal-to-noise ratios where the
PLL normally operates, experimental evidence has shown that the phase

error distributions for first and second order loops are nearly equal.

Using the above assumption, Lindsey* has determined the probability
of a hard decision error for PSK with an additive carrier versus E/N0 with
o as a .parameter. The results are shown in Figure 1.68. Note that as
E/No incréases, there is a-point where the error rate no longer diminishes.
This effect occurs because as more energy is placed into the information
bearing signal, the ultimate performance of the system is governed by the
signal-to-noise raﬁio in the carrier tracking loop. Thus, the effects on
systeﬁ-ﬁerformance caused by'phase efroré are clearly manifested. Note
that as the Toop SNR approaches jnfinity, the system performance approaches

that of a coherent system.

Using -a continuous additive carrier is hot a particularly efficient
or easily implemented method of gehekating a reference. The precédiﬁg
results assumed that the data channel does not interfere with the sync
phanne]. The gated reference system eliminates possible interference in
the reference channel in a practical way. The system is implemented such
that at predetermined times, a portion of the unmodulated carrier signal
is diverted by means of a gate into the carrier tracking loop. The gated
reference contains only carrier information and does not transmit any
information. Thus there is the question of optimum allccation of power

between the carrier reference signal and the information signal.

*Lindsey, W.C., "Phase~Shift-Keyed Signal Detection with Noisy
Reference Signais," IEEE Trans. AES-2, No. 4, Ju!y T966.
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1.10.2 Suppressed Carrier Tracking Loop

The extraction of a carrier from a double sideband suppressed
carrier signal by using a squaring ltoop is suggested by the form of the

transmitted signal

y(t) = /25 m(t) cos (mot +8) eq. 1.123

where m(t) = +1. Squaring the signal yields
y2(t) = S{1 -[cos 2(m0t + 6)]} eq. 1.24

The carrier reference can then be extracted by a phase Tocked-loop
centered at the double carrier frequency. The squaring loop is mathemati-
cally eﬁuiva]ent to the Costas Toop, a more practical implementation of
extracting the carrier reference from a DSBC éignai, so that the results
that will be presented can be directly applied to analysis of the Costas

Tdop.

*
Lindsey has determined an expression for the probability of error

based on the following assumptions:

Lo}

The distribution of the phase error is approximately given
by the first order Toop statistics.

° The input bandpass filter (BW = W) passes the signal y(t)
undistorted.

° The ratio W/BLis sufficiently large such that the output of
the squaring device is very nearly Gaussian.

® The loop bandwidth, By, is small so that the spectrum within
the Toop is essentia]&y flat.

*Lindsey, op. cit.
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The results of the analysis are presented in Figure 1.69. The

parameter & is defined in the analysis as

-1
N W
1 0
§ = ‘B—L—.]r [(l +—§-*S-")] eq. 1.125

Note that the parameters of the loop should be adjusted so as to
maximize & for the loop to perform optimally. By observing Figure 1.69
it is seen that when § > 5 the loop operates within 1 dB of coherent
at PE = 0.1. A loop bandwidth BL =20.1/T appears to be required in order
" to-achieve this performance, in view of Equation 1.125 anq the indicated

loss of the squaring process. -

Since the squaring Toop operates on the total signal to generate
the carrief refereqce, it appears at first 106k that the quality of the
generated refé}ence W%TT be better than the reference generated by a
carrier tracking Yoop:which operates on a reference which is only a por-
tion of the received signal. VYet because of the squaring operation a
180'degree£phase émbiéuity is introduced, which must be resolved with
some loss. Furthermore, Equation 1.125 illustrates the fact that there is
an inherént loss fo} carrier tracking by a Costas Toop at low signal-to-
noise ratio. Since there are lower practical 1imits to loop bandwidth,

a tradeoff exists between the noniinear S/N loss of Equation 1.125 and the

power sharing loss of a transmitted reference system.

Usually the phase ambiguity in tracking a suppressed carrier signal
is overcome by differentially coding the data. As discussed above, the

loss of performance of such a system at Tow E/N0 suggests investigation
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.of alternate techniques. A possible method of phase ambiguit& resolution

is accomplished by the injection of a phase reference bit among the data
bits. The-phase reference bit is compared with the squaring loop reference
so that the phase ambiguity can be resolved. The question of optimization
of the reference bit injectéon séheme arises, e.g., how many bits of infor-
mation can bg transmitted per gynchronization bit. Note that this method
superficially resembles the gated reference system discussgd'above, although

the utilization of the reference is basically different.

Thé motivation for considering this scheme is qualitatively based
on the argument that the Costas loop enables the carrier phase to be tracked
‘using the entire received power. Then, reference bits need ‘be inserted only
commensurate with the probability of a ]oqp flip (180 degree phase reversal
due to noise). In principle, this technique offers promise of satisfactory

operation with only a small fraction of power in the reference.

Another approach toward achieving carrier tracking on the entire

iy sigpa} and e]iminating‘loss of a transmitted reference is tq reconstitute
phase using output data to remove the modulation. The phase of previous
received digits is stored and emp]oyed in a finité averaging (after removal
of modu1a§ion) to generate a refe%ence for demodulation of the next digit.

This has been studied by Gray* for its applicability to sequential decoding.

-Since Gray's phase reconstruction method is based on a recursion
relationship it is necessary to store the previous reference vectors. The

"most 1ikely manner would be to store the orthogonal components with respect

*Gray, R.M., "Simulation of Sequential Decoding with Decision
Directed Channel Measurement", M.S. Dissertation, MIT, June 1966.
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to the reference vector into two digital registers. To store the vectors
in the registers, they must be quantized. The smaller the intervals, the

larger the register size.

1.10.3 Compa?iSon of Methods for Carrier Tracking

To provide coherent detection in a practical communication,
1ink, the reference phase information must be extracted from the received
signal by the veceiver. ~Several means are available tovcircumvent this
problem of an inherent phase ambiguity. For the following discussion,
they can most easily be described in terms of systems that actually trans~
mit an unmodulated phase reference, those that'so1ve the ambiguity with

data encoding, and those that tolerate the ambiguity through data encoding.

We are interested in providing the reference carrier for coherent
demodulation schemes operating at very low ratios of energy per symbol to

noise power spectral density (E/NO).

Development of the performance of detection systems employing
references derived from the received signal have shown that the performance
is essentially equivalent to that of a cohereni system if the signal-to-
noise ratio in the tracking Toopvis greater than 10 to 13 dB. -From this
it can be seen that integration over a significant number of signaling
elements is required. Several factors limit the makimum aliowable inte-
gration time, however. These factors are manifested as phase modulation
on the carrier; they determine coherence time .of the carrier itself,
exclusive of the information. Oscillator phase instabilities and propaga-

tion variations are common to all terminals. Moving terminals have a
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further problem in that their relative motion produces effective carrier
modulation (DoppTer) that may Timit the coherence time. For Tow data

rates, these 1imitations on carrier coherence are extremely important.

When operating with Tow E/N, with significant memory in the phase
reference generator, the channel can no Tonger be adequately modeled as
memoryless. When large phase errors occur their effect will extend over
many bits so that a significant correlation will exist in the bit-to-bit

error probabitity.

The transmitted reference technigue involves essentially transmitting
two signals - the information and the carrier phase reference. One mechani-
zation of this is the gated reference. The phase information is multiplexed
with the data stream and the phase locked Toop input is gated to accept

only the reference signals.

Anothgr}T?chanism for transmitting the carrier phase is to leave a
continuous carrier component in the transmitted information. This amounts
to modulation by some angle less than zx/2. A drawback to this technique -
and a consideration in all continuous reference techniques - is that the
information power becomes a noise source, unless Manchester coding is
employed. Furthermore, the reference information must be transmitted at
the expense of the information power and this is a drawback. Another
consideration is that since the reference power is low - to Timit the
effect on the information - the high signal-to-noise ratio desired in

the tracking Toop bandwidth must be achieved by extending the integration

time in the phase locked Toop.
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An estimate of the tracking capability of the gated reference
technique can be derived simply, assuming-a second order phase locked
loop. It can be assumed .that it is desirable to have a signal-to-noise

ratio (o) of 13 dB, given that o is

- R;%%‘ . o _ eq. 1.126
oL )
wheré
Pr =}the referénce power
N0 = the one sided noise power spectral density
B, = the-loop noise bandwidth (one-sided) - -

" The average power in the reference is a fraction (e) of the total power (ﬁ).

Assuming o= 20, then

eP

_ - £
BL = 2o, = 2001-T /N .- . - eq. 27
where
T=1/R
R =.the basic signaling rate of symbols
E = the energy per symbol

From Viterbi's work, an optimum second order loop can track a maximum
Tinear rate of change in frequency of (doppler change)
p=32p>2 radians/sec? ‘
9 "L . . . eq. 1.128
therefore the abdve tracking loop can track a maximum rate of change of

frequency

. 32 £ o
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Equation 1.129 is plotted in Fig. 1.70 using a normalized parameter

DT2. The family of curves is generated by employing various values of e.

The problems associated with tracking on only a part of the power
can be alleviated if a Costas loop or a squaring loop is employed. These
Toops track on the total power (only modulation is sent)} but have an
associated 180 degree ambiguity. There is an additional problem with
these loops when operating in the region of interest, a signal-to-noise

ratio suppression results from nonlinear operations.

From Rice's development of the output of a square law device with

a sine wave plus noise input

5 Eo= 2 " .
N0 N0 W+ ZSN0 eq. 1.130

- 82
P =

where

N' = the one~sided nojse power spectral density at the second harmonid
W = the bandwidth of the noise input to the square law device

S = the input sine wave power

N = the one-sided noise power spectral density

P = the output power in the second harmonic

As before, defihing the signal-to-noise ratio in the tracking Toop

bandwidth as

P
o = FTRT eq. 1.131
NoBL
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the signal-to-noise ratio for the suppressed carrier tracking at the

doubled frequency becomes

(s2/2 S ( 1 )
G = 1] T = i eq. 1.132
2nd (N0 W+ ZSNO)BL 4NOBL 1+ NDW/ZS

For high &' the phase jitter in the second harmonic tracking 1oop
is 1/a'. At the carrier freguency, then, the rms phase jitter is one-
fourth that of the second harmonic. Assuming an input filter having a
bandwidth of 1/TS where TS is the digit length, the phase jitter at the

carrier frequency becomes

i 1 . § 1
o = T = i eq. 1.133
L ((1 T NO/ZE)) |

“rms

where E is the energy in a sing]e symbol.

If, as before; a signal-to-noise ratio of 13 dB is desired, the
required loop bandwidth (BL) and the maximum rate of change of frequency

that can be tracked (D') become

v E 1

B = 200, (T-e)T (1 ¥ N0/2E) eq. 1.134
32 ] 1 2

D" =5 [20(1—sz E/N, (1 ¥ NO/ZE)] eq. 1.135

Equation 1.135 is shown in Figure 171 along with some of the curves

from Fig. 1.70 dincluded as references.

Figure 1.71 shows that in the E/N0 regions of interest, the suppressed

carrier tracking outperforms the gated reference technique even when very
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Targe amounts of power are employed as references for both cases. It
should be noted that the total received power at any given data rate is
not constant in Figs. -1:70- and 1,71. Total power increasés as e is

increased since the energy per symbot is being held constant.

. Based upﬁn‘the foregoing disgussions we conclude that the Costas

tracking Toop is superior to that of the gated reference Toop and may |
be regar@ed ;s a near optimum approach to carrier recovery for both
djgitaT and Yoice signals of the double sideband suppress carrier variety.
‘Récent]y work has been carried out to furéher optimize the Costas Toop

of squaring ioop for purpose of carrier recovery, the most notable of
‘which is that due to Riter*. The-basic difference in Riter's approach

and that of the normal Costas 106p is that a ~noniinear hyperbolic tangent
characteristic function is used in one of the Costas Toop channels. The
perforniance “of thé improved Toop is essentially the same as a square law
or- Costas loop’ at Tow input signal-to-noise ratios but is 3 dB better than
the normal Costas loop at high input signal-to-noise ratios. Fortunately,
this improvement has little impact when the input signal-to-noise ratio

is high and theréfore the implementation due to Riter is of academic -
interest only in that the Costas loop performs in a near optimum manner

when the input signal-to-noise ratios are at Tow values.

. . The Costas loop is easily implemented for either narrowband or
‘wideband s%gna]ing techniques under investigation fof the TDRS and we will
not attempt to detail its implementation for each of the signaling methods
al;hough an imp]emgntation of the Costas Toop is shown in ng 1.64 . for

PN/PSK.

*
S. Riter and W. Hon, "Tactical Phase Reference Detectors for
Fully Modulated PSK Signals", East Con 1968, Convention Record.
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The basic or recommended approach for carrier recovery for both
_data and voice consists of a Costas loop detector which is a second
order Toop. Based upon a second order loop characteristic and the choice
of the Costas configuration, we can now determine the ability of the
carrier recovery loop to detect the data for the low data rate users in
the TDRS, e.g., 400 - 1000 bps. These are the most critical data rates
in that they are the Towest data rates used within the system and thus
impose the narrowest restrictidns on tﬁe Costas loop bandwidthsl It has
been stated that the Costas second order loob can track a Tinear changiné

doppler frequency or doppler rate of change given by §§-BL2 rad/sec?.

We assume here that there is no difficulty in acquiring the siéna1
through the use of phase lock Toops which incorporate a saw-tooth search
to search out the frequency uncertainty associated with the doppler.

The primary difficulty involved in tracking wherein the maximum doppler
rate of change varies from 4 Hz per second at VHF to as high as 420 Hz
per second at Ku-band. Fortunately, at VHF the TDRS to user link which
will require about 400 bits per second raw data rate can easily track the
four Hz .per second peak doppler rate of change utilizing a second order
loop bandwidth which is 1/10 the lowest data rate.

In fact a Toop bandwidth of 10 Hz will provide very adeguately for
the doppler rate of change at VHF for the unmanned user for both the

1000 bps user to G.S. link and the 400 bps G.S. to user Tink. At S-band
and Ku—band for: the manned user applications, a commensurately Targer
Toop bandwidth can be utilized because the data rates of 4.8 kilobits

to 50 kilobits per second are anticipated for these missions. Even at
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Ku-band there is no difficulty forseen in using a Costas loop with a
second order transfer function to provide accurate tracking capability

for data rates of 4.8 kilobits through 50 kilobits and voice transmissions.

To substantiate our claim we shoﬁ in Figure 1.72 the result of a
computer program which shows the performance of the proposed Costas loop
detector for various data rates, at a one g acceleration, and a carrier
at 8 gHz, which is half way between the Ku-band and S-band frequencies.
The maximum acce]ghationufor a fow orbit user is approximately one g.

In Fig. 1.72 (a),(b) () B, the loop bandwidth has been normalized to the
data rate, e.g., at 300 bps, BL = 1/6 corresponds to an actual PLL band-
width of 50 Hz.
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1.11  VOICE CODING TECHNIQUES FOR THE TDRS

One of the primary requirements for the manned users of TDRS is
to provide for normal mode and emergency mode voice from the manned
spacecrafts. This requirement is in addition to the 50 kilobit/sec

data requirement for the normal mode.

In the normal mode a full duplex voice channel is required between
the ground station and the manned spacecraft. The manned user's voice
signal will be multiplexed with the 50 kilobit/sec data and the composite
signal will be transmitted between the manned spacecraft and the TDRS at
either S-band or.Ku—band, whgreas the 1ink between the TDRS and the ground

station is exciusively at Ku—band.

The emergency mode is designed to provide communications between
user and ground station when the manned. spacecraft has Tost stability,
thus prohibiting the use of a directional antenna. The spacecraft would
have to operate at VHF with essentially an omni-directional antenna.
Fortunately the amount of power available at VHF for emergency voice

and 4.8 kilobit simultaneous data is 100 watts continuous.

In the following paragraphs of this section we discuss various
voice coding techniques, their implementations, and their relative merits
with regard to cost, size, weight, performance, compatibility with wide
and narrowband anti-multipath/multiple access systems, and their ability
to be multiplexed with data. The voice coding techniques which have been
considered in this study include normal PCM, Tinear delta mod, variable
slope delta mod, predictive coding, pulse duration modulation coding,

and various types of vocoders now in existence.
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The basis for performance of any voice coding technique is the
ultimate output signal-to-noise ratio available at the receiver to the
listener. Shown in Fig. 1.73 s an intelligibility vs outputs signal-
to-noise curve for continuous text and indicates that a 95% intelligi-
bility score can be obtained for output signal-to-noise ratios on the
order of 15 dB or greater. Throughout this section of the final report
the intelligibility vs signal-to-noise curve will be used to rate the

performance. of the various voice coding technigues.

1.11.1 PCM Encoding

Under the restriction that the output signal-to-noise to
the Tistener need be no greater than 15 to 20 dB in the presence of no
digital errors, PCM coding offers a practical method of handling voice
signals for TDRS manned space missions. It can be shown that the signal-

to-quantizing noise for an arbitrary signal is given by

-g-;= 3 . p2h ($)? eq. 1.136

where *A represents the upper and lower coder limits, ¢2 is the signal
power associated with the analog waveforms to be coded, and n is the
number of the bits/sample used to describe the signal. It follows, then,
that for sinewave loading of the PCM coder, we have a signal-to-quantizing

noise given by

——
e
At
]
nafwe
)
no
=

eq. 1.137

=
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Furthermore, if optimal speech companding 1is, utilized, that is,
the speech waveform is first compressed by a non-linear device having
an appropriate transfer characteristic which transforms the probability
density associated with speech signal into a uniformly distributed
probability density, between the limits of the coder, then we have a
signal-to-quantizing noise given by

() = 2" . : eq. 1.138
q

NTHe latter condition is representative of optimal companded
speech. Integrated circuit technology is such that a compliete PCM

encoder/decoder can be realized on 2 IC chips.

1.11.2 Linear Delta Mod Encoding

’Another possible contender for handling voice signals in
the TDRS is the Tinear delta mod coder. Linear delta mod is characterized
by its inherent simplicity and lack of word. sync, which is required in
PCM coding. Present technology altows this type of system to be fabri-

cated on one IC chip with negligible power consumption.

N i
Abate has shown through computer analysis that a speech signal-
to-quantizing noise using linear delta mod coding can be calculated

from

(§—) = L =— eq. 1.139

w tog 2|-('[n3)2+ 2.06 1}’18 + 1.17

= ___ 2
6

) w 3
tan—-—-IE m B
“3

*Abate, Proc. I.E.E.E., March 1967



~285-

where B is the bandwidth expansion factor,tum is the highest radian

frequency in the speech signal, Wy is the freguency at which the spectrum
2f

begins to roll off and B = ~?§ » fs is the sampling rate.
m

The ratio 03 to ® is equal to .23 for the speech signal. Using
Abate's computerized results and the equations governing the output
signal-to-quantizing noise comganded PCM, we show in Fig. 1.74 a compara-
tive set of curves for PCM and deTta mod. The output speech signal-to-
quantizing-noise:is plotted as a function of bit rate, i.e., bits per
second. Note that for optimal companded speech the two systems cross
over near 20 kilobits/second, and that a 20 kilobit LDM coder or a 3 bit
PCM coder is regquired to obtain the-desired 15-20 dB (ﬁaout for the TDRS.

1.71.3 Effect of Digital Errors on PCM and Linear Delta Mod Encoding Systems

In a recent paper by-Whe]an*, PCM encoding in the presence of
digital errors is considered; that is, a resultant output signal-to-noise
ratio (S/N)ﬁ c;nsisting of contributions to the noise power due to quan-
tizing as well as noise due to digital errors is considered. Whelan found
that the signal-to-noise due to errors is given by

(1~ ZPE)2
E ) PE(1 - PE)

(%q (PcM) eq. 1.140

PE = Probabitity of error

If one considers that the contribution to the total output signal-
to-noise ratio is an additive process, that is, the noise due to errors

and a noise due to quantizing are additive noises, we have

*Whelan, I.E.E.E. P.G.C.T., June 1966
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1
) = eq. 1.141
i@+
e Sq

Fig. 1.75 dillustrdtes the resultant or total signal-to-noise
ratio for a PCM systema a function of the predetection signal-to-noise
ratio, for various bits per sample or bits per PCM code
word for both optimum PSK and differentially coded PSK modulation techni-
ques. A]so_shown in Figi 1.75 for referénce is the (S/N)0 for a sine
wave’ modu]qFéH'ﬁM ;a%rier'w%th a mod index of 2. Note that the digital
systems ha?e:a;Téwer éhresho1d. Furthermone, @hen speech .is used to modulate

the FM carrier ipstéédfof a sinéﬁavé; the threSBQ?d}is further degraded.

Anofher;ﬁaﬁé}:bj NoTF" ;bnsidé?@fﬁh?.ef%éét’né digital errors on
a lTinear delta ﬁﬁd’system.~ wolf's an$1§;ﬁ;‘reéﬁ1ts in an equation simi]ér
to that”ob{aingd%by;wheian fgr'PCM; {hus;-for all practical purboses,
Fig . 1.75 can be uséd‘fo; botﬂ ?CM and delta mod.

From the preceding analysis, below 20 kiTobits/sec, the Tinear
delta mod system outperforms the PCM system in terms- of.'signat-to-quantizing
noise and is slightly less susceptibie to digital errors from a ﬁure1y

subjective listening point of view.

1.11.4 Puise Duration Modulated Voice

Like'PCM and Tinear delta modulation the PDM voice modulation
technique provides digitized voice which is compafib]e with the wideband

and narrowband implemenfations considered for TDRS. A simplified block

*Wolf, I.E.E.E. P.G.C.T., February 1966
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diagram of the PDM modulator is shown in Fig. 1.76. The input signal

from the microphone is amplified by the audijo amplifier to a level suitable
for processing by the PDM, then filtered to a 3 KHz bandwidth. The filtered
audio signal is sampled at the clock rate and the sampled value is held

until the next sampie period. A sawtcoth wave is generated by the ramp
generator and the sampled audio and ramp levels compared in the differential
comparator. The output of the comparator is a pulse train; the leading edge
of which occurs at the fall of the sawtooth wave, and the positive duration
of which is proportional to the voltage Tevel stored in the sample and hold.
Because the rise of the pulses contains no information (other than the clock),
it is<possible to reduce the average puise repetition rate by using a stored
c]ocEEat the receiver. This is what is actually done; thus, the falling
edgesfof the PDM pulse train 5re applied to the clock input of a binary
dividér, causing the output of the divider to change state upon the fall

of each PDM pulse. A timing diagram iTlustrating the modulation scheme

is shown in Fig. 1777. Since the PDM waveform is binary, it is completely
compatible with PN and the \narrowband modulation technique under investigation

for TDRS anti-multipath and multiple access techniques.

In the receiver the output from a Costas loop synchronous demodulator
" is processed by the integrate and dump filter which is optimal in the
presence of noise. The dc value of each integrated sample is held by the
sampie and hold circuit until the next sampie time, thus producing at its
output a quantized replica of the originally transmitted audio $ignal.

The output of the sample and hold is low-pass filtered to a 3 KC bandwidth

and then amplified to a suitable Tevel for 1istening. The operation of
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the PDM demodulator shown functionally in Fig. 1.78 may be best under-
stood by referring to the timing chart of Fig. 1.79.  The chart is
scaled to Fig. 1.79 and‘shoﬁs the waveform at various poinis in the
QEmodu1afon.’_A stored 7.2 KC clock at the receiver which hds.been
derived from the coder clock toggles the flip flop. The true output

of the flip flop is AND gaﬁed wiih the recovered daﬁq whijg_the comple-
menféry'butpgt is AND gated with the inverted data. The outputs of the
two AND gates are combined iﬁ’the OR gafe producing the original PDM

data as ‘devéloped at.the'comparator ‘in the modulator. < .=
ot ."..' . s : ' . I: B L B

- The output of the OR gate drives the 1ntegrate and discharge filter
“hich produces the- s1gna1 shown in the t1m1ng chart. The output of the
I &D is examined by the sampie and hold circuit just before the I & D is

dumpéd, producing a stair-step version of the original input signal.

After filtering to the audio bandwidth and subsequent amplifica-

tion, the audio is fed to a headset or ioudspeakér.

Fig. 1.80. show the medsured performaﬁce of PDM vs‘FM as a function
of car%iér‘tOinoise'density C/KT or C/N While FM- out-performs the PDM
for high C/KT the PDM does not exh1b1t a thresho]d at Tow C/KT. Also
shown in F1g 1.81 is a comparison of PDM {lower bouhd) with PCM Né;é'
that PDM does not e§h1b1t the threshold degradat1on associated with FM
or PCM (alsp LDM). -These -curves §how~thét PDM is- superior. to both FM
and PCM (LDM) -over -the -eritical -range-of pre&etection carrier to noise

ratios.

Modern circuit technology insures that the PDM system can be easily

implemented on one or two IC chips.
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1.11.5 Variable Slope Delta Mod

" Recently a voice coding technique referred to as a variable
slope delta mod has been devised and shown to be superior in performance
to PCM and linear delta mod, especially for data rates on the order of
20 kilobits/sec or higher. A simplified block diagram of the variable
sTope delta mod encoder/decoder is illustrated in Fig. 1.82. The un%que
feature of this system is that based upon the past histonx of the analog
waveform the step size in the VSD system fed to the comparator circuit is
controlled in an exponential manner. This provides an adaptive system
which has the ability to follow rapid changes in the analog waveform thus
preventing slope overload which is an inherent drawback of non-companded

Tinear delta mods.

The variable slope delta mod technique has been implemented at
data rates. between 14.4 and 38.4 kilobits per second. At 14.4 kilobits
per second the variable slope delta mod compares favorably with three
bit PCM and 20 kgg;git/seb Tinear delta mod encoders and outperforms
three bit PCM and linear delta mod when rates are 20 kilobits or greater.
The VSD Tlike PCM and linear delta mod have been implemented using micro-

circuit technology on one or two chips and for this reason is regarded

as a simple system to implement.

1.11.6 Modern Vocoding Techniques

We have discussed a number of technigues for encoding voice
signals into a digital form. The encoding processes havé been inherently
bandwidth expanding to one degree or another. PCM, delta mod, variable

slope delta mod, PDM, etc., require greater bandwidths than the bandwidth
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required to transmit a normal voice signal with PDM requiring the least
bandwidth of those techniques studied thus far. To cirgumvent this
problem and to further reduce the bandwidth required to transmit the
voice signal vocoders have been developed which perform a redundancy

removal process prior to digital encoding.

The Dudley vocoder, or channel vocoder, has been developed by
the Government and Bell Telephone Laboratories over the past 30 years.
In its present form, the channel vocoder can faithfully reproduce speech
at rates of 1,200 and 2,400 bits/sec. In the presence of no digital
errors, intelligibility scores based on‘rhyme tests are as high as 92%.
While the intel1igibility scores indicate that the channel vocoder
would be adequate for a manned space flight mission, the channel vocoder
approach has several drawbacks. While the intelligibility can be high,
the voice recognition associated with channel vocoders is quite Tow.
Furthermore, using present day technology the channel vocoder is bulky
and consumes a grégg_dea1 of bower when comgared to PCM, PDM, delta mod,
etc. Modern channel vocoders usually occupj one-half cubic foot of
space and require 30-40 watts of power. The performance of channel
vocoders in the presence of digital errors is inferior to that of the
threshold performance of PCM,1iﬁear déifa mod, VSﬁ, and PDM. For example,
modern channel vocoders rapidly deteriorate in performance when binary
error probability exceeds .01 as compared to .1 for PCM, delta mod, etc.
This fact negates some of the benefits one would hope to obtain through

the ten-fold binary data rate reduction between PCM etc. and channel the

vocoder. With the introduction of large-scale integration of microcircuits
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we can expect significant reductions “in size, weight, and power for thé -
channel vocoder in coming years. 1975 projections for the channel vocoder

are 150 cu. in. and 15 watts, with intelligibility scores maintained at 92%.

A newer version of the channel vocoder referred to as a voice
e{cited vocoder Has been developed recently by DOD and Bell Telephone -
Labonatories; White the dqta rates required for the voice excited vocoder
are between 7,200 and 9,600 bits)sec, speaker recognition and overall
gquality of the device is fér super{or to that of the channel vocoder.
Furthermore, its susceptibility to binary errors is closer to that of
PCM and delta mod, the threshold being rqughfy 10% errors for the voice
excited vocoder. Fundamentally there is no reason why the voice excited
vocoder cannot fit in a package size approximately that of the channel

vocoder. -

‘ _ Pr1or to deve10p1ng the conc]us1ons on the best voice coding techni-
que we shou]d ment1on that the use of more advanced predictive coding
principles as outlined by Schroeder have been considered by Magnavox for
TDRS application. Unfortunately, it-is premature to determine the extent
of hardware required to actually imp]emgnt the higher order predictive
digital encoding technique, recently reported on. Suffice it to say that
the data rates projected for this.voice coding technique are on the order
of 7.2 to 9.6qki1obits/sec with voice'qua11ty equal to or surpassing that

of the voice excited vocoder.

*
Wescon, '68
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1.11.7 Multipiex of Voice with Data

'PCM, LDM, VSD, the channel and voice excited vocoders, and PDM
can all be efficiently multiplex with data. Since the voice encoding
resulting in a binary stream in all cases, all of the techniques discussed
thus fgr Tend themselves to multiplexing with.data Because they are
Higita] the timing reuu1red for the voice encoder and the timing ut111zed
for the data can be obtained from a common clock which in turn can be
synchronized to the wideband modulation ql&ck i% a wideband technique is

" used to combat multipath, RFI, etc.

There are two efficient methods of multiplexing digital voice with
data at 50 kilobit/set or 4.8 kilobit/sec (emergency mode}. These are
time multiplexing and phase multiplexing. When bandwidth is at a premium
phase multiplexing is the preferred technique while time multip1ex§ng is
the more efficient from a siqna] power economy oy partitioning point of
view. Time divisiqﬂ_éy}tiplexingvis well understood And perhaps an example
of phase multiplexing would be in order. Specifica11y we- have &hosen the
multiplexing of PDM voice with 4 8 kilobit data It must be apparent
however that any of the digital voice techn1que could be used in this
example. A gquadrature phase modu]ator is shown in Fig. 1.83. The
demodulator, shown in Fig. 1.84 consists of a four phaseAdemodulator
which provide two outputs. ‘ C]ock 1s recovered and d1V1ded by 6 to prov1de
1.2 kilobit clock which is 1in turn used to obta1n 4.8 k110b1ts/sec data
clock. The system effectively occupies the same bandW1dth as the PDM

voice modem.
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To illustrate the performance of the phase multiplex technique
just described we address the emergency voice link at VHF. We assume that
the manned user's antenna is omni-directional and that the user power is

100 watts.

We consider only wideband pseudo-noise and the narrowband adaptive
time hop or frequency/time hop since these approaches have been shown to

be the leading potential solutions to the plethora of TDRS requirements.

We further assume that all unmanned users have access to the satel-
Tite at their normal Tow power levels and that in an emergency situation.
the manned user must establish voice contact with GSFC via the G.S. without
delays. 'In other words ideally the froubled MSF craft should have a
reliable push—to~ta1k channel in the presence of the unmanned user signals
at VHF. A ]éss than ideal situation, but one that could be tolerated,
is that when a MSF craft is iﬁ tfoub1e he transmits an emergency signal
(yja vari;us méthods) which is detected by the G.S. and in turn the G.S.
cﬁmﬁénds all fhe unmanned.user to shut down, providing the MSF craft with

a clear channel corrupted only by his multipath and RFI.

For the purpose of analysis we assume in this calculation that
the channel is RFI free. This is justified since it is a mute point
whether or not interference can be avoided by the narrowband system or

removed at the receiver for the wideband system.

A conservative unmanned user power of 5 watts is assumed which
totals to 200 watts for 40 users. The multipath is assumad equal to the

user total power. Thus for a pseudo-noise system with a processing gain
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of 24 dB (TDRS P.G. at VHF for 7.2 kilobits) the output (%) at the 6.5

is from section 1.6.6.
S 1
() =%P.G. =17 dB

which constitutes a 14 dB {%) for the PDM voice and 14 dB (%J for the
4.8 kilobits/sec data if the power is divided equally between data and
voice. If the power is partitioned to insure a bit error probability
of 107° for the 4.8 kilobits/sec data then the (%J for the emeréency voice
channel is 16 dB, or 95% plus intelligibility. Admittedly we have assumed

rather severe conditions in this example.

When the adéptive time hopped signal is employed to transmit tﬁe
voice/data hquip]ex under the same set of circumstances listed above,
fﬁé ré§u1fihg-output"(%0 is obtained as follows. An unmanned user
(operating in the. same channeT .as the manned user) rad{ates 5 watts
average power and uses a duty factor of d', while the manned user's duty
factor is d. The manned user requires an R.F. bandwidth of approximateij
45 KHz to transmit PDM and data when the user is in a 100 mi o}bit. Siﬁce
the adaptive time hop (ATH) maintains a 50% duty factor, the manned user
radiates a 200 watt peak power signal for d = .5, whj1e the. unmanned user
- radiates 5/d' peak watts of power. The unmanned user's multipath signal
is assumed equal to the unmanned user's direct signal thus increasing the
interference as seen by the manned user by a factor of two. On the average

then the wanned user will operate at a signal to interference level of 10 dB,

which is not aﬁceptab?e. Admittedly an unmanned user power Tevel of 1 watt is
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probably more realistic than-the conservative 5 watts predicated in
‘the example for the adaptive time hopped system. When a.one watt
unmanned user is assumed, then the signal to interference level experi-
enced by the manned user is improved to 17 dB which is the same as that

Aobtained by the pseudo-noise system.

Note that if the channel vocoder had been used in the example,
the 4.8 kilobit/sec data rate would have been the controlling rate as

opposed to the voice sigﬁa1.

The purpose of this example is to illustrate that simultaneous
voice and data can be provided by either pseudo-noise or the narrowband

adaptive time-hopped system.

-

The wideband pseudo-noise system however has a higher tolerance

to the unmanned user interference level as shown in the following table.

Manned User Unmanned User '(éb Voice (%J Data (%J Voice (%p Data
PN PN ATH

Power Power ATH
100 watts 1 watt 20 dB 10 dB 16 dB . 10 dB
100 watts 5 watts 16 dB 10 dB 7 dB 7 dB"

-5

* note that 10°dB is required to insure a 10

error probability for
uncoded data.

One way to improve the performance of the ATH system would be to
provide 45 KHz dedicated or clear channels for the manned emergency voice
mo@e. While this may be possible, simultaneous voice/data and tracking by
an ATH system at VHF during emergencies appears difficult relative to the

pseudo-noise approach.
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Note that the other narrowband anti-multipath techniques investi-

gated in section 1.6.7 require even larger bandwidth than the 45 KHz required

of the ATH to transmit voice.

1.11.8 Conclusions and Recommendations for the Choice of Voice
Coding Technigue for Voice Coding and the TDRS System

Based upon the previous discussions we present in this sub-
section rationale for the choice of the voice coding technique for the
TDRS. Perhaps the best way to illustrate all of the parameters which
go into choosing the best techniques is to present our finéings by means
of a Table, wherein the various voice coding techniques have been listed
along with the pertinent facts and parameters governing their performance,
size, weight, etc. Thus, Table 1.14 reflects our current understanding of

the state-of-the-art in voice coding techniques as it applys to TDRS.

Based upon the criteria which we have used in the selection of
the voice encoding technique and the preceding analyses, it is apparent
that the PDM approach is the best compromise system for voice encoding

and data multiplexing.



. Bit Rate Subjective Multiplexing Susceptability
Voice Codingl for 15-20 dB Size Weight Power Cost Performance | Compatibility to Noise,
System (S/N)out Rating With Data Minimum Acceptable
PCM 20 Kbps 1-2 IC Negligible| Negligible| $30 @ good yes 10% errors
chips in . i
quantity
LDM 20 Kbps 1 IC " ! " good yes "
chip
VSD 14.4 to 1-2 IC . " " very yes "
20 Kbps chips good
PDM 7.2 Kbps " N N ! excellent yes exhibits
graceful
degradation &
no threshold
5222221 1.2 + 1/2 cu. 40 1bs. 40 watts |$5,000 speaker yes 1% error
2.4 Khps | ft. 15 1bs. by 15 watts in recog. poor
150 cu. 75 quantity |92% intel-
in. by 75 ligibitity
Voice +
Excited 7.2 to " " " " excellent yes 10% error
Vocoder 9.6 Kbps
High Order
Predictive 7.2 to ? I ? ? ? excellent yes ?
Coding 9.6 Kbps |
!
Earrowband 20 KHz very i negligible | negligible [negligiblejexcellent exhibits
smail @ sharp
i threshold at
i 10 dB CNR

l

* The voice excited vocoder has been shown to withstand a higher percentage of binary errors relative to channel

vocoder, due primarily to the difference in the voice pitch extraction and synthesis.

Tabie 1.14 Comparison of Voice Coding Techniques

=L0E-
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1.12 RFI CONSIDERATIONS FOR THE DATA RELAY SATELLITE SYSTEM
In addition to interference resulting from multipath, the user
satellites and the TDRS will be confronted with unintentional interference
from emitters which are Tocated on the earth and in view of the user

satellites and in view of the data relay satellite.

Modulation techniques which are designed to combat the effects of

multipath must reject unintentional interference.

In order to evaluate the expected power levels experienced by the
user and data relay sateTiite, The Magnavox Company, through the auspices
of NASA, has collected printouts of various signal types and their power
Tevels for Region iI. This has been done for various frequency bands which
have bgeﬁ a]Tocate@ to space telemetry, command and control, and general
exploration. The frequéncy‘bénds.covéred in-this analyses extend from
136 MC to as high as 33 €C and encompasses most of the available frequency
bands a]thafed to space technology. Region II'encompasses North.and South

America as shown in Fig. 1.85.

Tab]é 1:15-we 1%st the frequency bands investigated by Magnavox for
their potential interference sources. We have also listed the known inter-
ference in Regions I and III of Fig. 1.85. This latter material was
gathered from the International Telecommunication Union* publication. The
data covering Regions I, I1I, and III collected from the I.T.U. is valid
through 1965 and represents an approximation to the current R.F.I. statutes
in these Regions. Table 1.16 contains the I.T.U. interference data of

136-138 MHz, 148-150 MHz, and 400-402 MHz, for Regions I, II, and III.

* I.T.U., Geneva Switzerland, 1965.
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Table 1.15 Frequency Bands Covered By Interference Data for Region II

Fréquéncy Band Comment
136-138 MHz 72 emitters
" 148-154 Tooks bad
267-273 looks bad
401-402 possible replacement
for 148-154 MHz
1427-1429 good
1525-1540 good
-1700-1710 good
2290-2300 good
8.4-8.5 GHz good
15.25-15.35 good

31-35 good

The above table is by no means exhaustive, but is felt to cover the

primary freguency bands"a11oc5ted to space technology in Region II.

Mr. John Bryan* of the NASA_Goqdard Center, Greenbelt, Maryland,
has cataloged the potential interference sources confronting a data relay
satellite Tocated over the west coast of South America in view of North
America and South America. Based upon the ECAC computer printout, Bryan
counted approximately 72 emitters in the band from 136- to 138 MHz, with
as many as 2633 emitters Tocated in the band from 135 to 139. Emitters
located just outéide ‘the 136 to 138 MHz band are allocated to the FAA and
have on numerous occasions presented interference problems for the tracking
facility at Rosman. There are over 1038 emitters assigned to the FAA for
the frequency band 135.85 and 923 emitters -at 135.95. These are typically

5 watt transmitters with essentially an omnidirectional antenna. Such a

*
I.T.C.; Washington, D.C. 1969,Yol. V,p. 287
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136-138 Mz
F3- 4 © 75 Kz
A3 - 41 @ 6 kHz |
Al - 14 €@ 3 kHz
A3-30 @ 6kHz )
A3 - 2 @ 8KHz
F3/A9 - 4 @ 20 khz
F3/F13 - 4 @ 30 kiz
F3- 4 @ 36 KHz
F3 - 3 @ 120 kHz
F9 - 2 @ 150 kHz
FI3 - 1 @ 300 khHz
F9 - 1 @ 340 kiiz J
F3- 1 © 350 kHz
A3 - 33 @ 6 kiz
A3 - 2 @ 10 kiz
DO- 1 @ 1 kHz
A3 - 1 @ 5 kHz

Region

Region
IT

~ Region

I1I

148-150 MHz °
F3 = 1 @ 1.2 MHz
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F3 - 13 @ 40 kHz
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F9 - 1 @ 150 kHz
Fi3 - 2 @ 300 kHz
FO9 - 4 @ 340 kHz
F3 - 2 @ 356 kHz

FO9 - 1 @ 1000 kHz
A3 - 8 @ 6 kHz
F3 - 4 @ 36 kHz
F3 - 4 @ 47 kHz
A3/F2 - 2 @ 100 kHz

Table 1.16(b) RFI Data for Regions I, II, III
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conglomeration of emitters at band edge requires that the pre-selection
circuits in the TDRS and user equipments be such that these emitters can

be effectively eliminated.

Heffernan and Bryqn* have assumed that adequate pre-selection cir-
cuits can be designed to effectively eliminate all interference outside
the 136 to 138 MC band and on the basis of the 72 catelogued in-band
emitters have attempted to determine the amount of interference power:as
;een;by the TDRS satellite. Heffernan** has ghown that the mean squared
summed RFI power, as seen at the data relay satellite, is approximately
JQZ dbm.\ This figure is arrived at by assuming essentially CW sources
and neglects any &u;y factor weighting for the conglomeration of emitters.
A; s@ph,éthis figure is conservative and must-be regarded as an upper bound
an tﬁg iﬁterferénéefpdwer as seen by the TDRS, over Region II in the band
é?s Ep 158 MHz. Shown in Figure-].86 is a plot bf the power spectrum of
%be %%te??erendé'contained in the freguency band 136-138 MHz. This plot
is based on data-catéTﬁﬁhed by John Bryan***, of NASA. .It is apparent
from the plot in Fidure 1.86 that there-are a number of relatively high
power interference sources. Note that nearly all the individual inter-
ference pands are near to (-2 dB) or exceed the Tevel of a one watt user

measured at the TDRS.

¥ private communication from Heffernan and Bryan, NASA Goddard

** private communication
*hk QE C-i't



RF POWER DBM AT DRS

~100

—105

—110

—115

—120

—125

—130

-1 4=

one watt
user level
136 MHz

' I
136 136.5

! 1
137 137.5 138

FREQUENCY MHz

Fig.1.86 THE EXPECTED INTERFERENCE SPECTRUM AS SEEN
BY THE TDRS,136-138 MHz Region II



=315~

The user satellites will receive command information and R and R
in the frequency band 148 to 149.9 MC from the data relay satellite. In
the receive mode the user will be confronted with two sources of inter-
ference, one resuiting from multipath and a second source resulting from
emitters Tocated on the earth which occupy the band of 148 to 149.9.
Again, Bryan* has compiled a rather thorough 1ist of emitters which occupy
this band for Region II, and this 1list is presented in Table 1:17. Note
that while the ITU data agrees with Bryan's data for 136-138 MHz, Bryan

predicts even a gloomier picture for the 148 to 149.9 MHz band.

It is obvious from the TabTles 1.16 and 1.17 that there are a large
number of relatively high power sources which a user satellite, because of
its omni-directional antenna, will be able to see wheh passing over various
parts of the world. Needless to say that there will be hot spots and cootl
spots as viewed by the user sate]ﬁitef* Furthermore, these RFI sources will
not be on continuou§zggput will be governed by some duty factor. While not
a uniform power distribution it would appear from Bryan's Qork there are few,
if any, frequencies (of significant bandwidth) to be found in the 148 to
149.9 MHz band. This fact coupled with the Timited ERP from the data relay
satellite (30 dbw), the spreading loss advantage to the RFI sources, and
recent‘OSO-IV experience, Teads one to ﬁroject a rather gloomy ocutlook
for the use of the 148 to 149.9 MHz band for the downlink between the TDRS
and the user spacecraft. From the data gathered by Bryan, the large majority
of transmitters in 148-149.9 MHz are omni-directional and while many of the

emjtters are of a low duty factor the output powers can be as high as 25-100 watts.

“op cit
Jeke
[Intense interference has recently been observed in the 150 MHz command
band by the 0S0-IV Satellite. (ref: “"Command Channel RFI and Its Effect on
0S0-IV" X-154-68-413, April 69)]
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Table 1.17

EFFECTIVE RADEATED POUEL PER EMTTTER TN WATTS

-

Greatey

Frequeney | Total . . than 10C

Mljz Ymittiers | 1-9 110-19 [20-29 | 30-39 | 40-4S | 50-59 | 60-69 |80 |watis
148 .20 6 5 1
148.21 47 7 32 1 1 6
148.215 4 T3 i
148.22 37 11 6 16 2 2
148.23 28 1 12| 13 2
148.24 17 16 1
148,25 56 4 8 29 | 13 1 1 141
148.26 3 3
148.25 176 31| 18 61| 22- 4§ 34 1 la 11
148,51 53 i1 35 7
148,515 18 17 1
148,52 149 17] 53 40| 22 3 5 4 15
148.54 88 21| 59 1 1 2 13
148 .545 12 11 . 1
148.55 | 316 50] 222 81 15 5§ 11 & |1
148.56 1 1
148.575 1 1
148.59 16 1 11 4
148.93 1 1
148.95 32 | 17 9 4 2
148,988 1 ‘ ' 1
149.00 33 1 31 1
149,01 285 13] 32 150 52 31 22 2 1] 1
149 .47 40 18 . 22 1
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Table 1.17

. Greater

Frequency | Total than 100
MHz Fmitters |1-9 [10-19 | 20-29 |30-39 | 40-49 [50-59 ] 60-69 [ 80 | watts

149.43 229° 64 | 37 14 | 110 1 L 2
149,49 15 9 I 5 1
149,50 150 60 | 44 1 34 4 5 1 1
149.51 347 83 ] 77 183 | 2 1 3
149.53 &0 25 7 4, 4
149.56 | 39 28 6 3 2
149.55 13 1 12
149,56 70 40 5 11 3 3 A 8 1
149,565 47 47
149.57 100 23| 35 7 9 3 7 8 91 1
154.19 3 | 1 1 1

1} 4n zquivalent mean square gum of these emitters is not meaningful
since a user will not be exposed to 2ll of them at one time.

2) The NASA conmand transmitters have been excluded [rom this listing.
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. In summary, we have presented interference data ﬁhich tends_fb”shbw
the potential brqb?em confronting the TDRS system in:the i36-]38, 148-149.9,
400-402 and other space frequency bands. The initial::conclusions, after
our short investigation, are: )

1) Attempt to remove through government pressure the 72 -emitters,
.in the 136-~138 MHz band. These are government owned emitters
and can probably be relocated in frequency without difficulty.

. 2) Explore the use of 400-402 MHz space. band for the TDRS -to
user 1ink, since it. has been shown that very 1ittle inter-
ference exists in. this band. .

3) Explore the use of electronic devites to remove interférence
in the 136-138 band.and at

4) Clear a command channel in 148-149.9 MHz through government

pressure. : h
5) Exp]ore* the bosﬁjbiTﬁty of obtaining space bands in the
government -owned. bands, i.e., 138-144 MHz, 173-174 MHz,
216-220 MHz, 225-328 MHz, 335-399 MHz, 406-420 MHz.

1.12.1 Interference ModuTation Bandwidths and Projected Duty Factors

. From Table-1.16 we. see ‘that a large number of:-the emitters in

136-138 MHz are of the AM telephony (A3) type (3-6 KHz bandwidth) and 8
moderate number of FM ‘telephony (F3). 1In the T48-150 MHz band the F3
modulation dominates in Region II (U.S. and. South America). .Ba§ed on
" the i.T.U. data the F3 modulated carriers are licensed to be on 24 hts/da&
while the A3 ﬁodujated carriers are governed by such statistical parameters
as average usage U (as fraction of an hour channel is in use, averaged over
24 hours). average message»]engthfi'(in seconds), and- the ‘standard deviation

in message length g (in seconds). We have attempted to estimate ﬂ, 25 Og

¥
FREAVY - Federal Comm. Commission, PB-183614; May 1969


http:Table-1.16

for the 136-138 band based on the assumption that A3 type modulation
. predominates in this band.

JTAC report of March 1968 on Spectrum Usage, for various typical A3

modulation users.

Listed below are data extracted -from the

User,No._,. Mod. Center freq., MHz G ; Oq
N AM 118.9 .37 : 14.8 12.2
2 AM 157.1 11 1 32,5 27.7
“.:3 - - AM 450 =, 27 58.6 51.3
4 AM ; 150 .31 =25 =6
| average - ; - .26 32.7 21.8
User Key

‘1. FAA Local Control, Los Angeles International Airport
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2. U.S. ‘Coast Guard'Seafch and Rescue Operations, 'Long Beach, California

3. Special Industrial Radio, Los Angeles and Orange Counties, California

4. Los Angeles City Pol%ce Communications System

"MWe conclude that an average duty factor of .25 is realistic ror

‘type A3 modulation. This duty factor would serve to diminish the average

interference level by 6 dB.

1.12.2 Interference Reduction by Electronic Means

From what has been said in the previous section it.is obvious

. that the data relay satellite system and its users are plagued by the

presence of undesirable interference in the frequency bands 136-138 MHz
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and 148-149.9 MHz. If these bands are to be used effectively it may be
necessary to eliminate these interference sources at convenient points

in the system by electronic means.

First Tet us éonsider—the interference situation confronting the
136-138 MHz band. The interference is seen by the data relay satellite
in addition to the user signals aﬁﬂ their multipath. It is highly desirable
to utilize interference removal tecﬁniques in the data relay satellite itself.
Thg reason for this being that if the interference is effectively removed
iﬁ.tﬁe gatei]ife the interference does not steal power from the user signals.
It can be-sﬁown that onboard removal tecﬁniques can be compﬁex and‘cost1y
éﬁd ﬁay require a %eedback channel to control the interference‘remova1
devices onboard tﬁe satellite. If onboard processing is not utilized, then
the repeater must be designed to accﬁmmodate both the interference, the
desfred siénals,.and the multipath signals. Accommodate means tﬁat sufficient
power is available to each user's signal on the TDRS to ground link so as to
maké this Tink noiseless while maintaining low intermod products between the
various components at the fnput to the data relay satellite. In effect,

interference and muitipath serve to consume a portion of the data relay

satellite power which could be utilized by the desired signals.

Heffernan* has shown that a Tinear repeater is feasible in terms
of required spacecraft power when both a multiplicity of user signals and
interference are present -at.the input to the data relay sateliite in the
136-138 MHz band. This particular analysis further diminishes the

desirability or need for onboard jnterference removal techniques.

* private communications, P. Heffernan, NASA Goddard
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For the command and control 1ink between the ground station and
user craft it has been shown in Table 1.17 thaf there exists a multiplicity
of high powered signals emanating from the ground. Since this interference
enjoys a significant range advantage over the signals emitted from the
data relay satellite to a user craft, the interference problem for this
1ink is further enhanced and complicated. Furthermore, since the user
equipmen£ is to be kept at minimim complexity the use of the electronic
interference reduction techniaues onbpard the user spacecraft in the 148-149.9
MHé Tink 1is questiénab1e. One possible solution to the interference problem
in the 148-149.9 MHz band would be to‘monitor via the data relay 5ate11ite
system the signals in this band and to use a clear channel somewhere in the
frequency band. This-techn%que presupposes that the user craft can be told
from the ground which are the usable bands within the 148-149.9 MHz region.
This iatter supposition seems to be erroneous and therefore it is recom-
men&ed that a clear channel be created in the 148-149.9 band by government
agreement. From fﬁe data accumulated on the interference sources frequency
band 148;149.5 there-appears to be very few, if any, narrow clear channels
available for the command and control link. However, a clear channel
_bandwidth of the order of 200 KHz may be all that is required to insure
adequate anti-multipath rejection and range and range rate accuracies,
(see section 1.8). Thus it may be possible, with increased information
concerning the 148-149.9 band, to select a narrow clear channel for the
command and control link. ‘It is recommended that this approach receive -
further investigation. Because of the intensity and density of the emitters
in the 148-149.9 MHz band and the .range advantage enjoyed by the earth

based interference sources over signals radiated from the TDRS to the user
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craft. calculations show that wideband anti-interference: modulation
techniques which utilize a large percentage of the band’do not provide
adequate system margins for reliable bit error probabiTity of 10'5 at -
the power levels obtainable from the TDRS satellite,and for that matter
none of the modulation techniques under investigation will function in
this band. Furthermore, significant increases in the TDRS to user

power levels would have to be provided in order to maintain an operational
Tink of this type in the presence of interference found in the 148-149.9

MHz band.

It has been shown in Table 1.16 that a large percentage of inter-
ference in the 136-138 band is of the 6 KHz A3 modulation type, and is

amenable to removal at the 6.S. by tunable notch filters.

The above mentioned narrowband interference removal technique can
be shown to be mast effective when the signals utilized by the users in
the TDRS are of a wideband nature. This is true since once interference
has been removed from a narrowband the region within the notch filter must
be regarded as unusable by a user's narrowband transmission. Thus, white
the tunable notch filter can definitely eliminate interference they also
reduce the effective usable bandwidths for the TDRS and therefore impact
on the type of modulation system which can be most effectively used. In
summary it can be shown that these narrowband interference removal techni-
ques are most effective for the removal of co-channel interference when
the user signals are of a wideband nature and are most effective for the

removal of adjacent channel interference when the user signals are of a
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narrowband nature. In a later section, 1.12.2, we show the potential
benefits to the operation of the TDRS, for the 136-138 MHz band, when

such narrowband interference removal techniques are employed on a selected
number of interfering signal bands. This improved performance will be
compared to a system without interference- removal. The user signals are
assumed to be pseudo-noise which occupies the entire 2 MHz bandwidth in

the user to TDRS Tink.

1.12.3 Effects of Interference and Interference Removal on Pseudo-Noise
Systems

To illustrate the effects of interference in the 136-138 MHz
band Qe will now analyze the performance of a 2 MHz PN system. The
performance of a PN system is accurately described in terms of the output
signal to noise ratio, the input siéna] to noise or input signal to inter-
ference'ratio, and the processing gain (P.G.) of the PN system. The time
bandwidth product or the processing gain is defined here as the ratio of
the. pseudo-noise chﬁﬁ‘fate‘to the dats rate. For example, if the pseudo--
noise chip is 1 megabit per second and the data is 1 kilobit per second then
the processing gain is 1,000 or 30 dB. The input-output signaT to noise -
relationship for a conventional two-phase-or four-phase PN system is given

in equation 1.142 for a wideband PN system and a noiseless TDRS to G.S. Tink.
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S {P.G.} P

(—) = . eq. 1.142
N 0 .%KPU+I+NUNS .
P.G. = 32 dB

%K = number of user + equal multipath for Gold Coding

NU

I = interference at the TDRS

fl

user to TDRS noise density

ws = spread bandwidth ~2 MHz

For all practical purposes the interference present at the input to a.PN
correlation receiver is spread over a bandwidth commensurate with the RF
bandwidth of the PN system while at the same time through the same cor-

relation process the received PN signal is collapsed into a spectrum

width commensurate with the data.

Tablé 1.18(a) sunmarize the performance of a 2 MHz chip rate PN
system, 40 users, equal multipath, and interference of ~92 dbm as measured

at the TDRS. The -92 dbm interference level is based on Bryan's data and no
signal duty factor reduction has been included.
Table 1.18(a) Performance of 2 MHz PN System (136 MHz)

luser Power (watts) : 40 Users+Multipath % Interferencel Noise |User Qutput S/N

o
1 ' -102 dbm -92 dbm ~-105 dbm 2 + dB
2 : - 99 dbm -92 dbm ~-105 dbm 5 dB
5 : - 95 dbm -92 dbm -105 dbm 9.5 dB

wevrie

10 - 92 dbm ~92 dbm -105 dbm ~10 dB

e,
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Table 1.18(b) summarizes the performance of the same wideband PN
system when the six largest interference bands have been removed from the

spectrum 136-138 MHz.

Table 1.18(b) PN Performance with Interference Removal

User Power (watts) User Qutput S/N
1 . . g2 dB
a 10 + dB
5 11.5 dB
10 - o 12 dB

By removing the six largest interference bands with tunable notch filters,
the: overall interference is reduced by 10 dB. The reduction in available

spectrum (i.e., P.G.) to the PN system is negligible.

Thus by &§p1ying interference rémova] at the G.S. to only six
interference bands between 136-138 MHz, the wideband PN system's performance
can be made acceptable. Note that a system margin of an additional 6 dB
requires a.-user power Tevel — 4 watts, when six interference bands are
e1iﬁinated. - If ten bands are eliminated at the G.S. the interference can
be further_reduced by.10 dB or a total of 20 dB interference reduction.

A 20 dB interference reduction makes the worst case interference in Region II

of -no consequence to the PN system performance.
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1.12.4 Determination of the Effects of CW Interference Narrowband’

PSK has served as the basic binary signaling method throughoqt
most of our analysis. It is advisable to determine the effects of CﬁA
interference on this modulation technique. We do this for one reason,
the adaptive and pre-programmed systems which utilize time hopping or
FH techniques to avoid multipath but remain essentially narrowband

transmissions can be interfered with.

We have taken some liberties in the following analysis in that
it is assumed the interference is a constant amplitude CW¥ signal. The
‘réader is advised that if such interference is‘amp1itude modu]aﬁed then -the
results of the following analyses must be averaged over the amplitude modu-
Tation statistics. When the interfering signals are constant envelope ;uéh
as narrowband FM or PM transmissions, fhen the results contained in this

section are considered quite valid.

-

r'
SeNHI . INTEGRATE | o}\o__@.. e (M

AND BUMP ‘ °

CLOSE AT
t=T

cos wo‘t

A cos wot (signal)

z @0
1]

i i
x_cos &t + x sin Wt {noisa)

I = Beos (W) + why t+0

Figure 1.87 Coherent Detector



The input o the coherent detector is -a phase-reversal-keyed signal.
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(which has been coded) in the presence of an interfering tone and an

associated bandpass Gaussian noise. It is assumed that the reference

in the receiver is phase-aligned with the desired signal, and that the

reference is unaffectived by the presence of the interference. It

follows that the output from. the integrate and dump at the sampling

instant is given by:

This results in a conditional binary error probability given by:

-

where:

T :
eO(T) = AT + .IP [xc(t) + B cos (Amt+ai] at
o L

1 A /. B
P (8) =5 erfc | — (1+ %
e N 2 [1/'2-0 A

¥ ==e_:_é;T
A - E.
V2o JN;

‘%"= energy to noise density.
0

R AmT
.81n T
AwT
) 2

cos wi]

eq. 1.743

eq. 1.144

Equatibn’1.144‘assumes that the probabilities of 1 and 0 are equal. Under

the assumption that the phase angle ¢ is a random variable, we are free to

determine the average binary error probability by averaging the conditional

density over a uniform density in 6 or ¥:
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P = ?l' ‘[ﬁ %—erfc A (1 + K cos o) dp eq.1.145
e o o JE& .

Equation 1.145has been programmed on a digital computer and the results
are shown in Figure 1.88 for various values of K as a function of the

signal-to-noise ratio. K is not to be confused with the number of users.

The value of K is seen to be the ratio of the interference to
the signaf level times a weighting factor which is a function of frequency
and duration of the binary symbol. Interference which is well inside the
baﬁdwidth'occupjed by the data—transmission is unaffected by the frequency
weighting of the integrate and dump filter. The binary error probability
for aPSK =~ 2 PPSK(]'PPSK) or = 2Ppcy |

"We see from Figure 1.88 that an interference-to signal ratio
of -3 dB will cause a 8 dB degradation in system performance at ]0-5 bit
error probability. Interference to signal ratios -20dB are of 1little con-

cern.

The primary result of the analysis is to point out small amounts
of narrowband interference can serve to dramatically degrade the performance
of narrowband signals or in effect require more power from the user craft

to maintain a desired bit error probability.

Note that adjacent channel interference (other users) and TDRS

repeater intermodulation products will have similar effects on narrowband

antimultipath signals.
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It is evident from Fig. 1.86 (for Region 11} that a narrowband
signal with a one watt user power ]eQe] is over shadowed. by most of the
interference and the remaining interference is close (-2 dB) to the user
Tevel at one watt. This leads us to conclude that

a) interference removal using narrow tunable notch filters is a
good'idea even for narrowband user signals since removal of very large
interference reduces the possibility for generating inter-mod prcducts
in the receiver. Interference removal, however, does not make the fil-

tered channel available for use by a narrowband user signal.
b) a high dynamic range receiver should be employed at the G.S.

¢} adjacent channel interference problem can be quite severe for
a low power user signal {Fig. 1.86). Even though the majority of the signals
136-138 MHz are narrowband their sidebands extend beyond the normal Timit
of their bandwidth and thus sideband energy can appear in a so-called

"clear channel” and degrade the narrowband user performance.

d) to avoid the interference a narrowband user should be equipped
with a number of alternate channels which can be directed from the ground
to use in the event that interference exists on the primary channel.

This requirement complicates the user's receiver, transmitter, and range

and range rate instrumentation.

1.12.5 Recommendation Concerning RFI in the Space Band

We have made several recommendations in Section 1.12 already with
regard to steps that should be taken to a]]eyiate the projected RFI problem.

We reaffirm here those recommendations and state that we have only scratched
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the surface in our efforts to determine the true RFI picture in the bands
of interest. Thus we recommend that further study and measurements are

required before the effects of RFI can be really evaluated.

It is true, as we have pointed out in Section 1.12.1, that the RFI
is probabily not as severe as projected as a result of the application of

signal duty'factors, however, we are not sure to what degree this is true.

We. could postulate a variety of 1nterferencé models and show that
the wideband system will. not function under one model or that the narrow-
band signal will be functional under yet another model. Thus we hesitate
to conc]u&e-at this time the effects of inte}ference on any of the
approaches. We have presented. calculations and best data which tend to
~-confirm that the interference can be effectively "Hand]ed" in the 136-138

MHz band, but there may be a real problem in the 148-149.9 band.
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1.13  HARDWARE DESIGNS OF THE TDRS CANDIDATE SYSTEMS

A very important consideration leading to the final choice of a
system for the users of the TDRS is the relative hardware complexity

of the various approaches.

While one system may show a siight advantage in performance over
a second system, the first system may require such complex instrumentation
that the performance advantaée is overshadowed by the hardware complexity
requirement. Conversely simplicity of design is no substitute for out-

standing performance.

"We have been directed to assess the hardware complexity needed to
implement the various anti-multipath systems under consideration. We
approach this problem with a view of the entire system and do not restrict

the asséssment to the anti-multipath portions of the instrumentation alone,

It is evident that such circuitry as doppler acquisition, doppler
tracking, data recovery, carrier synthesizérs, transmitters, r-f receiver
%ront ends, and forward error control circuitry are not restricted to
any one system but are required for all of the impliementations. Therefore
we assume that theses circuits are common to all implementations. What must
be determined is the relative complexity af the equipments after all the
common (necessary) circuits have been accounted for, leaving unique hard-

ware required for the particular approach.

In order to carry out this relative hardware complexity evaluation

we show in Fig. 1.89 through Fig. 1.93 the basic transmitter block diagrams



Inp

ut 5

10 bit
Input

Register

Fig. 1.89 Functional Block Diagram for Generation of Adaptive TH

| ._—.h

Transfer . n)]
Gates

_____.._E;p,.

10 bit
Qutput’
Register

. pQutput

2 kHz

Sqqare
Wave
Generator

Variable rate
50 Hz 5 500 Hz

T

' Clock g g

-€eE-



Data Input

Square-Wave
Generator

Variable freguency

Programmey

vCo

‘Lcontrol

Vbia‘s

Fig. 1.90 Functional Block Diagram for Generation of Adaptive FH

Output

-yee-



5 R S e L p————>. EEERY
R Input J—2> Transfer, &>\  Output’
Input RACN MR- i R
———I> Register - ‘ Gates? Register
Clock Switch
(preset)
. Waveform
© Geherator
(preset)
Fig. 1.91 Functional Block Diagram for Generation of Programmed TH -

3Qytput

-Gee-



- ’- — :‘ R g
- 10-bit - e Transfer IS—Y 10-bit _
AP ' ] . i ’. .. .
Input _f . “foput, f :" Gates . = Output~ | Output
Register v oo et Register
| a— REEEE——
Clock Switch V(O
(preset)
Waveform v
Generator CO"tV°1|
(preset) Vbias

-g¢e-

Fig. 1.92 Programmed FH Functional Block Diagram



Data Input Gate
200 usec
Pulse
Generator
Master
Clock
1 kHz

Fig. 1.93 Functional Block Diagram for Generation of TH/FH Patterns

Staircase
Waveform
Generator

v

vCo

control

1 msec steps
11 msec sweep rate

Vbias

Qutput

-LEE-



-338-

of the Adaptive FH, Adaptive TH, TH/FH, Programmed TH, and Programmed FH
systems described in Section 1.6.7. The receivers compatiblé with these
transmitters are of the same order 6f complexity: We conc]ude from

Fig. 1.89 through 1.92 that these systems are of low relat1ve complex1ty
We have shown only the anti—mu]tipath’1nstrumentation in these figures

and have not inciuded range and range rate instrumentation.

Shown in Figures 1.94 and 1.95 is Ehe transmitter and receiver of
the pseudo-random time hop (PRTH) system, and shown in Figures 1.96 and
1.97 are the transmitter and receiver block diagrams of the Random Access
Discrete Address (RADA) system. Of these two approaches the PRTH is the
simpler, with RADA regarded as a relatively complex system owing to the
frequency synthesizer requirement and multi-filter requirement in the

recejver.

3
¥

Shown in F1gures 1 98 and 1.99 are block d1agrams of a basic PN
transmitter and user transppnder The PN transmitter is very simple,
while thé receiver is moré complex. The PN system is an 1ntegrated
system in many respects 1n that the circuitry required to realize a work-
ing rece1ver a1so prov1de a number of “fall=-outs" such as code tracking
for range, carrier acquisition for' efficient.data recovery, and dopp]er
tracking: A single 1ntedratéﬂ'wave¥orm provides communﬁcation, positive_
identification, and precise ranging in the PN impﬁementation. Thus 1in
order to compare the PN system with an apparently 1égs comp1ek impTlemen-
tatioﬁ,;pne must compre on the basis of total number of functions being
satisfied or accomplished by the circuitry. For example, the systems

- shown in Figures 1.89 to 1.93 have less compiex receiver implementations
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compared to PN but when circuitry is. added to thase implementations to
provide ranging, Earrier acquisition, doppler tracking, etc. Then for
all practical purposes the PN system and thé "apparently less complex"
approaches. are equal in compiexity. In fact since the PN system is an
integrated approach, those techniques which require changes in their
signal format to provide range and range rate measurements may in prac-
tice be more complex than thé PN'modem when a1l the circuitry 1£ properly

counted.

We conclude that of the systems we have investigafed thus far the
PN, PRTH, and Adaptive and Programmed Techniques will require about the
same order of complexity while the .RADA system is far more complex than

any of the above.’

Recently, Magnayox concluded an in-house study to determine reduc-
tion size estimates for a PN system. Using existing IC technology we
conclude that-EfEBﬁp]ete usér trgnsponder can be comfortably fabricated
in @ 12 cu. inch volume. This figure excludes power supply but includes

the VHF r-f receiver stages.



-346-~

1.74  DESCRIPTION OF THE RECOMMENDED SYSTEM

The preceding discussions and analyses ‘lead us to recommend a
pseudo-noise PN approach for the users of the TDRS. MWe arrive at this
firm conclusion based on comparative analyses covering mﬁ?tiﬁath per-
formance, multiple access performance, resistance to interference, ranging -
ceapabilities, synchronization performance, efficient handling of data and

voice, and hardwaré. complexity.

Shown in Figure 1.100 is a functional block dﬁagram of the overall
_system, illustrating boéﬁ Qﬁﬁuﬁﬁ station and user trénsponder equipment.
?nc]uded in 1.700 are estimates of the number of equipment tyﬁes at each
end of fhe terminaf. Note-that the TDRS'is a simple "bent p%pe” non~

coherent repeater.

The advantages obtained by using PN as the basic approach are listed

-5e1ow.

a) immunity to worst case multipath on both VHF Tinks

b) resistance to interference

c) support of 40 simultaneous users through a common TDRS repeater
d) “simple TDRS "ben: pipe" non-coherent Tinear repeater

g) precise range and range rate %or pracking

f) coherent user transpopding

g) compatibility. with forward error control

h) capacity to handle é]} desirgd data rates and voice

i) precise tracking of the TDRS by ground station
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j) positive identification of each user at the ground statfon
as a result of unique PN Gold Coding

k) single ground station to user command carrier does not
require multiple command channels

1) compatible with PCM, tone, and tone digital command formats

m) allows tracking of user throughout entire mission by one or
more TORS's

n) simultaneous tracking of a large number of users

0o} utilizes proven digital techniques such as those éurrent]y

used in unified S-band.
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1.15 THE IMPACT OF THE PROPOSED TDRS INSTRUMENTATION ON EXISTING .
NASA TECHNOLOGY

It is instructive to review existing NASA instrumentation to
determine the proposed PN system approach is compatib]evwith'any existing
NASA instrumentation. The word "compatibie" means that some portions
of the system can be used, e.g., receiver, antenna, etc. We do not mean
that the entire system can be used in a wholesale sense, rather, only
portions can be used. This ;ﬁrvey is intended to identify equipment
designs already in NASA's 1nvent6ry_to déterhine if parts of the inventory

can be used with the proposed TDRS modulation.

What follows in this section is a brief survey of the existing
STADAN system as outlined in the NASA-Goddard-Space Flight Center
Document X53067304, entitled "Space Tracking and Data Acquisition Network
Manual,” dated July 1967. We also comment on the Manned Space Flight

Network instrumentation.

1.15.1 STADAN

The primary functions of the existing STADAN system is to provide
acquisition and recording of spacecraft data, the tracking of spacecraft,
the commanding of spacecraft, the handling of telemetry data from space-
craft, and the transfer of this data to the Goddard Space Flight Center
in Greenbelt. The STADAN system is also required to perform operational
control of spacecraft and to provide communication with all related
activities. The STADAN system is connected to the Goddard Space Flight
Center through NASA-Goddard's NASCOM facility. -



-350-

To accomplish the telemetry or data acquisition activity in the
STADAN system, a station within STADAN may be equipped with large
antennas such as 85-foot dishes or 40-foot dishes. Associated with the
large antennas are the satellite automatic tracking antenna network
SATAN receive antenna and a 9 element yagi antenna. However, ail sta-

tions are not equipped with the full complement of antennas.

For the purpose of tracking a STADAN station can be equipped
with three separate subsystems: 1. the mini-track optical tracking
system; 2. the mini-track interferometer system; and 3. the Goddard
Range and Range Rate System. As in the case of telemetry acquisition
all stations are not equipped with a full complement of tracking

equipment.

Since the STADAN staticns are required to command and also
control the operation of the scientific satellites they are outfitted
with a comp]emen%ga% commanding antennas. These include dual yagi
antenna systems, single yagi antenna systems, disk-on-rod antenna command

systems, and satellite automatic tracking network command antenna, SATAN.

For the purposs of data handiing, recording, and transferring
of data to the NASA-Goddard Space Flight Center some of the STADAN sta-
tions are equipped with various types of receiving and demodulating
equipment for the purpose of extracting specified telemetry subcarriers
to perform a multiplexing function, to demodulate and decommutate the
telemetry signais, and to record or reformat the information for retrans-

mission to the Goddard Space Flight Center.
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The information collected at the STADAN sites is conveyed to-the
Goddard Space Flight Center through NASCOM which consists of a grid of
Tand Tines, undersea cables, microwave and radio Tinks of various types

of capacities.

1.15.2 Receiving and Transmitting Antennas

The 8b-foot dish is a parabolic reflector with associated feeds,
autotrack receivers and axis measuring and positioning of encoders, etc.
The antenna telemetry feeds provide the capakility for receiving 136 MHz,
400 MHz, and 1700 MHz frequency bands. It is also equipped with a dipole
for reception of 235 MHz. The 40-foot dish antenna is very similar in
function to that of the 85-foot dish and similarly equipped. The SATAN
receiving antenna is designed to receive signals from 136-137 MHz and
consists of a 16-array yagi structure. In addition to the VHF SATAN

receive antenna a 9-element yagi array also can exist at a STADAN site.

The basic receiving and demodulating equipment at the STADAN sites
consists of dual channel telemetry receivers with associated phase Tock
demodulators and diversity combiners. The subreceivers usually operate
as a two-channel unit between 130 and 140 MHz. Signals received at a
STADAN site at 400 MHz or at 1700 MHz are down-converted to 130-140 MHz
for further processing and demodulation. The actual signal demodulation
is accomplished through phase-locked demodulators which provide both AM
or PM signal demodulation using synchronous detection techniques. Diversity
combining is also provided at 500 KHz IF. The actual bandwidth modulator
function, etc., are obtained through switching functions on the front panel

of the receiving equipment. The receiving equipment at STADAN sites for
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the collection of data from unmanned spacecraft consists of receivers

at 130-140 MHz front ends. Signals received at this frequency, of course,
are directly processed through dual-channel demodulators. Signals rece{ved
at 400 or 1700 MHz are translated to 130-140 MHz for final démodu]ation.‘
The bandwidth of the 14ﬁ—130 MHz front end is several MHz wide and the
primary band limitations are imposed by subsequent channelizing prior

to final demodulation in the receiver. The IF bandwidths of the receivers

are selectable from 10 KHz to 3 MHz.

The STADAN stations can be equipped with data buffering instrumen-
tation for the purpose of synchronizing-incoming data which can be at
various rates reformating the data and transmitting the data at 600, 1200,
2400 bits per second to the Goddard Space Flight Center over conventional

3 KHz voice channels.

The STADAN station has the capability of commanding or transmitting
to the unmanned user craft at frequencies between 120 MHz to 150 MHz. The
ground station to user commands are transmitted on the uplink from ground
stations at 2.5 or 5 KW power levels and normally at either 123 MHz or at

140 MHz.

Regarding the tracking instrumentation, the Goddard Range and Raﬁge
Rate System is of primary interest. The Goddard Range and Range Rate System
has receivers at both VYHF and S-band and is an inherently wideband receiving
system. The GRARR transmits at poth VHF and S-band at power levels of 1
or 10 KM. The Goddard Range and Range Rate System is equipped with its

separate antennas at both VHF and S-band.
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In addition to the primary instrumentation associated with STADAN,
there are other application areas, e.g., the ATS system which has been
installed at such sites as Mojave and Rosman and Cohie Creek. Note that
Mojave and Rosman are CONUS stations and might in fact be utilized as
CONUS tracking stations for the TDRS. Of particular importance in the
ATS system is the intérfacing in both the transmitter and receive at a
wideband 70 MHz IF. The 70 MHz interface is in conformance with existing_
standards of 70 MHz IF interfaces for most of the communication systems
which have been generated in the past five years. Both wideband and
narrowband systems considered for TDRS could very easily interface with
the ATS system at 70 MHz point. Note further that the ATS system operates

at transmit and receive frequencies of 6 and 4 GHz.

1.15.3 Spacecraft Telemetry Signal and Command Standards

The purpose of this section is to describe existing telemetry
signals for the unmanned user spacecraft to ground station and the
command signals from the ground station to the unmanned user. An ade-
quate understanding of these signals is required in order to determine
the impact of proposed TDRS changes oh the instrumentation of the

existing system.

In the existing system information is conveyed to the ground from
the user spacecraft by primarily two modulation methods:

1) PCM
2) PFM

The user to ground station data rate for the unmanned spacecraft has been

specified for this study at one kilobit per second and therefore the user
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to ground station telemetry signals such as PCM and PFM will not be
discussed in this report but are adequately described in NASA X56063-2
Rerospace Data Systems Standards, 1 April 1968.

The commands from ground station to user can be one of three
types: tone command, tone digital command, and the PCM command. The
tone command uses frequencies or subcarriers located between 2,000.and
7,000 Hz for the purpose of addressing the unmanned user spacecraft and
to provide up to 3 éxecutions. There are a total of 22 execute address
tones in the tone command system. The tone command system is used pri-
marily for on-off commands to the spacecraft. The subcarrier tone
duration lasts between .5 and 3.5 seconds with sub-intervals of 1/2

second.

In addition to the tone command signal format a tone digital

comﬁand can be used to control spacecraft from the ground station. The
tone digital command utilizes a pulse duration/AM/AM broadcast technique
or modulation technique in the present system. A pulse period is defined
as 72 cycles of the encoder clock. Sync preamble and 1's and 0's are a
fraction of the 72 cycles of the encoder clock. Namely, 18, 36, 54 and 72.
Presently the PDM pulses modulate subcarriers which can be selected between
7,000 Hz and 11,000 Hz. 1In the spacecraft the receiver consists of narrow
filters having a bandwidth in the order of 6% of the center frequency at

the 6 dB point.

The tone digital system is used primarily for real time on-off
commanding a spacecraft. The basic tone digital system provides for -

direct addressing, synchronization, and execute commands.
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The final command signal in use and expected to increase in usage
is the standard PCM command technique. The present system utilizes PCM,
FSK, prior to the AM modulation of the primary carrier. The two frequen-
cies which have been assigned for the FSK operation are at 7 and 9 KHz.
The PCM word 1ink is fixed at 64 bits per seconq with a maximum number
of these attributed to data at 46 bits. The current bit rate is at 128
bits per second with 1,000 bits per second being taken under consideration
for. the command standard or up to 1,000 bits per second for the command
standard. The PCM word provides for bit synchronization, spacecraft
aédressing, execution and varification of receipt and .execution at the

ground station.

1.15.4 Compatibility Conclusion

To determine the compatibility of the proposed PN approach for
TDRS instrumentation with the STADAN system we 1ist the current frequen-

cies proposed for TDRS below.

User to TDRS YHF, S, K-band
TDRS to User VHF, S, K-band
TDRS to G.S. K-band
G.S. to TDRS K-band

Note that the TDRS to user is at VHF, S-band, or K-band, while TDRS to
ground station frequencies are at K-band exclusively. Thus we can conclude
that the existing STADAN transmitting and receiving eauipment which is at
136, 400, 1700 megacycles and at 4 gc for the Goddard Range and Range Rate

System will have to be modified in order to function with the proposed TDRS

4
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to ground station frequencies. It is beyond the scope of this study to
recommend exactly how the STADAN receiving equipment could be modified

to accommodate the new K-band TDRS to G.S. frequency. Howéver, we can
conjecture that by translating the K-band frequencies to either L-band

or directly to 136 MHz, a portion of the existing ground station receiving
equipment could be utilized. We cannot state at this time whether the
antenna systems associated with present STADAN could be modified to
incorporate K-band feeds. It may require a special design K-band antenna.
Simitar commants could be made about ATS or Goddard Range and Range Rate
System; that is, suitable translation from K-band to either S-band or VHF
could be accompiished allowing both portions of the Goddard Range and
Range Rate System receiver portions and of the ATS .instrumentation to

be utilized on the TDRS to ground station link. We conclude that band-
widths on the order of 3 to 10 MHz are available from the instrumentation
surveygd; that is, if suitable transiation is provided, the existing
STADAﬁ, Gaddard Range and Range Rate, and ATS systemé could be utilized

as receivers for the wideband signals proposed for TDRS.

The ground station to TDRS 1ink at K-band probably cannot utilize
much. of the instrumentation now in existence without major redesign to

provide a K-band source and a K-band antenna and/or feed system.

We conclude that the PN approach for TDRS can use a great deal of
the existing technology alrsady in NASA's inventory. Wideband receiver
and transmitters appeaﬁ to exist in both the STADAN and MSFN* which with
modification could be used with the wideband PN system. Furthermore,
we conclude that the PN system (using PDM) can be configured to handle

the PCM, tone, or tone digital type commands.

*Unified S-band Tech. Conf. -~ Edited by K.E. Peltzer, NASA, July 1965
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1.16  FACTORS WHICH INFLUENCE THE OPERATIONAL PERFORMANCE OF THE TDRS

There are three factors which we feel need mentioning which can

serve to improve the operation performance of the TDRS.

a) le have assumed throughout our analyses that worst case multipath
conditions exist. Actually, Habib* has projected the satellite population
through 1980 and the distribution of this population shows an average user
altitude close to 50C-1000 miles depending upon the exact year. We can
conclude that the multipath from users 500 to 1000 miles above the earth
should be 6 to 9 dB below the worst case conditions assumed in the report,
i.e., direct signal to multipath of unity. This fact should alleviate the
multipath problem somewhat (see comment on antenna pattern effects to

follow).

_b) We have shown in Section 1.12 that the RFI contained in the VHF
space bands will probably have some average duty factor associated with it,
thus reducing the worst case RFI. We have attempted to estimate this
average duty factor and we conclude that .25 is representative of the type
of signals contained in the VHF bands. This duty factor would reduce the

RFI on the average by 6 dB.

c) In addition to the above factors, the natural shielding of the
earth will on the average reduce the number of users in view of a TDRS
by é factor of .43. While this factor cannot be relied upon to prevent
all 40 users from crowding together, it will on the average serve to

reduce the loading on a TDRS.

* -
op cit
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We have po1nted out in the Requ1rements Sect1on of this report
that the user antenna pattern were not perfectly omni-directional at
VHF. To combat deep nulls in the patterns, polarization diversity or
clever antenna array designs must be employed on the user craft at VHF.
The residual variations in antenna gain (3 dB ripple seems feasible)
can decrease the desired signal while increasing the multipath signal
or vice versa. Assuming a 3 dB ripple in the pattern exists,.a 3 dB
increase in the ratio'of multipath to desired signal can be sustained.
Modulation techniques described thus far to combat multipath react to

these antenna pattern anamolies in differing ways. For example,

a) The diversity system is further degraded by 3 dB.

b) The wideband signals are not materfa]]y affected since the
large number of users tends to keep the average multipath constant.
A single wideband signal however can sustain a 1.5 dB Toss.

c) The narrowband PN system can be degraded by 3 dB.

d) The adaptive or programmed narrowband technique avoid the
multipath, thus the antenna pattern variations only set a Tower bound

on the duty factors, and contribute to a 1.5 dB user signal loss.

During the actual operation of the TDRS system care must be taken
to aQoid supporting very high altitude users, particularly at VHF. The
reason for this is that a high altitude user, 30,000 Km near a TDRS, can
capture the TDRS repeater or cause a severe division of power imbalance

at the output of the repeater.
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1.17  RECOMMENDATIONS

Our primary recommendation is to confinue studying the impact of
RFI on the TDRS system. Actual measurements of the RFI by a properly
instrumented spacecraft represents the ultimate in reéo?ving-the RFI
question. This measurement can be supplemented by a more thorough analysis
of available RFI data from government sources and the International

Telecommunications Union.

The problem of handover of a user from one TDRS to another should
receive more study.. We have not addressed this problem in this report;
however, we have considered several ways to accomplish this. The use of
4 PN codes, one assiéned to each TDRS for the G.S. to user command 1ink

is one approach which appears quite feasible.



APPENDIX 1

THE EFFECTS OF SPECULAR AND DIFFUSE MULTIPATH
ON OPTIMUM BINARY MODULATION

It is the purpose of this éppendik to document the effects of both
diffuse and specular multipath on optimum binary communications systems
such as binary delta phase shift key (aPSK). In this section we will not
peﬁfbrm‘én exhaustive analysis on other types of binary systems such as
differential PSK or FSK since the results appears in the open ]iterature*.
We have chosen for analysis the optimum binary APSK system, since this
. system'représenfs an upper bound on the performance of binary communication
systeﬁS'in the presence of multipath. From this analysis we will be able
to determine the need for forward error control and the ability of diversity

systems to operate in the presence of multipath.

In this analysis we have conéidergd the combined effects of specular
and diffuse multipath and ever present Gaussian noise on the performance
of a 4PSK fransmission; When forward error contrel is utilized a minimum
acceptable bit error probability of .05 must be obtained in order that
effective convolutional coding sequential decoding can be utilized to drop

5

or reduce this raw bit error probability to 10”°. The above criteria

assumes a rate % coder for the forward error control technique.

It has been shown*% that the conditional hit error probability for a

coherent reference PSK transmission can be expressed in the following form.

*3. 9. Jones, IEEE Comm. Tech. Dec. 68

k% ) - -
Jd. N. Birch, Magnaved Telh, Paper



PE(K,4) = %—erfc E/N (T + K cosy) . eq. 1
coh PSK

K =ylz = Aw = differential Donpler
Qﬁ dir 5

2 ¢ is a uniform random phase angle

The value of K in the ébove equation represents tﬁe instantaneous ratio of
the multipath signal to the desired signal. In practice the multipath sig-
nai can consist of a specular component which is essentially a delayed
repiica of the direct path signal and a diffuse component which occupies

a bandwidth equal to the fading bandwidth plus the original data bandwidth.
The envelope statistics associated with the indirect signal will follow a
Rician probability density. Thus we could érgue that K itself will follow
. a Rician density which is normalized to the power in the direct path. The
average bit error probability using the above equation 1 can be calculated

from following equation 2.

7o fm[gf f P_(K.b) dlp:l P(K)dK  eq 2
0 o) .

The above equation can be simp]%fied by considering the diffuse com-
ponent as Gaussian noise and by considering the specular component as
narrowband cqnstant envelope interference; that is, we assume that these
components are separable. Under the va]id%ty of such assgmptions whi ch
are in general true we may restate tﬁe above average bit error probability

in the following terms.



o S,. S
= _ 1 f ] dir spec
P = — = erfelis—m—— (1 + cos ¢)| dy eq. 3
e T )y 2 VNG Hgier N Seir

Sdir = direct power

S = .
spec specular power

Ndiff= diffuse power

We have considered the diffuse component as noise and the specular component

as constant envelope interference with a uniform phase angle.

The results of equation 3 have been computerizéd or obtained from
.computer programs and are listed for convenience at the end of this appendix.
Note that the effects of differential Doppler between the direct and the
* indirect path have been embedded in the value of K. Furthermore, the
frequency weighting effects of the integrate and dump circuit have not
been.utilized in calculating the noise power due to the diffuse compoﬁent,
thus the results obt;;;;d from equétion 3 can be considered worse case,

meaning when low differential Doppler exists and the fading bandwidth is

well within the Timits of the data bandwidths.

There are several conclusions which can be drawn from the above
analysis.

. (1) Diffuse multipath creates a irreducible bit error proba-
bility at high desired signal to Gaussian noise ratios
whereas specular multipath can be overcome by sufficiently
high desired signal to Gaussian noise ratios.

(2) At low desired signal to Gaussian noise ratios both specular
and diffuse multipath serve to create essentially equal bit
error probabilities.



The actual bit error probability for APSK is 2 P€(1—PE) where P_ is
the bit error probability associated with the PSK transmission. For bit
error probabilities on the order of .1 and Tess the above equation for

the bit error probability associated with the APSK system is given as 2 P_.

In the attached printout. Pe is tabulated for coherent PSK. To con-
vert to APSK multiply by approx 2. K2 is the ratio of direct power to
total multipath and spec/diff is the ratio of specular to diffuse multipath

power.

Fig. 1 is a plot of optimum biﬁany PSK vs E/N0 and APSK vs E/N0 for
comparison. Fig. 2 is a plot of optimum PSK in the presence of snecular

or diffuse multipath.
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APPENDIX II

RANGING PERFORMANCE OF A PSEUDO-NOISE SYSTEM

by .
P. Nilsen (Magnavox Research Labs)

1.0 INTRODUCTION

In a PN system, the range measurement is made by comparing the phase
between clocks which are synchronized to the respective received PN codes.
Thus, the range measurement accuracy is limited by the time jitter error
of the clock tracking loops; In the PN syétem it will be assumed that a
separate implementation performs a coherent demodulation to extract the
pseudo-random code, and the glock tracking loop operates on the-1ow-pass

demodulated signal.

2.0 THEORETICAL BASIS

The phase comparison measurement between receiver clocks is actually
a relative time of arrival measurement of the signal. Measurement of the
time of arrival of a signal in the presence of background interference may
be interpreted as a‘prqggem in the estimation of an unknown signal parameter.
To examine the basic pasé, assume -reception of a pulse waveform s{t-t),
where © is the unknown timelof arrivaf, in the presence of white noise of
spectra] density (one-sided) No‘ The received signal is observed over some
interval - T/2 to T/2 such that edge effects are eliminated; i.e., we write

r(t) = s(t - =) # n(t) -T/2<t<T/2 (1)
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The estimation of the parameter 7 is obtained through the log likelihood function,

given by(l) _
. T/2, T/2
log A [r(t), 7] = ﬁz_ [ r(t) s(t - 7) dt - "1\%" f t-nda @
°th - .0/

The maximum likelihood estimation is the value of v which maximizes Equation (2).

If the maximum is interior, it may be found by differentiation

.. T/2
a—la‘lgi‘ = f ) - st ~ ‘r)]—-s—(t—)—dt
RS )
T/ ’
= --1;?——.- f Tr(t) s’ (t- 7)dt
° FT/2

where it is noted that the last term in Equation (2) is independent of the parameter T .
The value of T which sets Equation (3) equal to zero is the maximum likelihood esti-
That is,

— T/2

f o(t) s (t- 1}’m£) dt = 0 )
-T2

A
mator 7 __,.
r mi

Equation (4) is the theoretical basis for the time of arrival measurement. It leads to
the concept of a tracking loop which correlates the received signal, with noise, against

the derivative of the known waveform, driving the correlation to a null.

A lower bound on the variance of the maximum likelihood estimator (or on any
unhiased estimator) can be stated. (2 ) Ignoring edge effects and 1ettmg the true value

be zero for convenience

N a
2
[ ] . T/2 ,0 : (5)

2] s(t)

_=T/2




Page 3

.A case of imporfance here uses a signal of average power S, biphase modulated
by a pseudorandom code with clock period Tc‘ After coherent demodulation, not of

concern here, the desired signal may be written
r(t) =S a(t) +n(t) (6)

where a(t) is a repetitive pulse shape of energy Tc (for normalization to unil power)
and whose polarity changes pseudorandomly at each clock period, The in-phase com-
porent of interference is denoted as n{t). The normalization is-such that n(t) has

density No if the received interference has density No' Then Equation (5) simplifies

to
N /s
E[#] 2 2
' 1 2 (M
er/r) [ @]
-0 )
Letting {} (w) be the Fourier transform of a(t),” Equation (7) can be written as
N /s ' N
=[Pl = @8
I 9 9 2TS(27h) )
(2T/T )27,- f ‘a( )‘ W  dw
In Equation (8), @ is defined as an rms bandwidth, in Hz, as follows:(3)
o o] 0
L Jiaet® o dw [ ] e
(27{3)2 = c; = —2 - (9)
' 1 f 2
57 \in)l doo [ b
-

It may be observed that assumption of a rectangular pulse shape yields an infinite

bandwidth, according to Eguation (9).
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3.0 LOOP ANALYSIS

The clock tracking loop is usually implemented as a delay lock loop or a T jitter
loop or some variation of either such as the early late gate. A step by step analysis of
+ the performance of both the delay lock loop and the T jitter loop follows below. The
results obtained for the delay lock loop also a;iply for practical implementations of an

early late gate tracking loop.

The analysis considers the received signal and noise to be bandlimited by an IF
filter. The noise itself is assumed to be white, Gaussian noise. The rms tracking exrrors
for the delay lock and 7 jitter loops are derived and presented by Equations (34) and (51),
respectively. The tracking performance described by these equations is plotted in
Figures 4 and 8, respectively. In addition, the effects of varying the jitter time dis-

placement on tracking performance is shown in Figures 5 and 9.

The most significant result of this analysis is that the delay lock loop has better
tracking performance than the v jitter loop, as shown in Figure 10, In addition, as the
time jitter displacement is made smaller, the delay lock loop tracking performance

-improves whereas the 7 jitter loop tracking performance degrades.

Finally, in light of the superior performance of the delay lock loop, some con-
sideration is given to channel gains and time delay differentials. It is shown that for
reasonably well designed channels the tracking error does not increase very much with

reasonable channel unbalances.
3.1 ANALYSIS OF THE DELAY LOCK LOOP

A block diagram of the delay lock tracking loop is shown in Figure 1. Coherent
demodulation to baseband will be assumed as it is more convenient to analyze a baseband
loop and the results apply directly to an IF loop. The receiver filter will be assumed
to be an ideal bandpass filter which represents the ‘bandlimiting accomplished by the IF
filtering. The loop can be modeled mathematically as shown in Figure 2, if the tracking
error is <|1/2 radian. In the analysis which follows, the variance of the tracking error

A1 and thus the rms tracking error will be found.
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Correlator

Receiver Subtractor
o + .
. ( R - Loop
> Filter N Filter
L ¥
Received .
Signal _ Correlator
VCO
7 " Code
t T i -Generator
Figure 1 - Block Diagram of Delay
Lock Tracking Loop
From Figure 2 it can be seen that by superposition
1, = Ar [AKF(p)—l—-] + n'(t) [KF(p) —-11-)—] (10)
P

. . d . :
where p is operator notation for q€* Furthermore, in response fo noise alone,

Ar = -7, (11)

so that by combining Equations (10} and (11} we obtain

KF(p)/p
1+ AKF(p)/p

Ar =-— n!(t) (12)
Since it is more convenient to work with power spectral densities, Equation (12) is
writien as

2

Spr (@) (13)

KF(j w}/jo
1+AKF(w)jw

SAT(co)‘=
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where
Sn,(w} is the power spectral density of the noise

and
S o (w) is the power spectral density of the loop tracking error.

The noise density can be found from consideratijon of the process taking place in the

loop "discriminator, !' shown in Figure 3.

Y ;
T, ¥
Loop
Fiiter
F(p)
vVCO
1 fe——
p
T 1= time delay of received PN code
Ty = time delay of reference PN code (loop
estimate of 'rl).

A7 = loop tracking error
A = error voltage gain
K = loop gain constant

n'(t) = equalent noise voltage

Figure 2 - Mathematical Model of Delay
Lock Tracking Loop



S(t) + n(t)

at+7, 7))

Figure 3 - Delay Lock Loop
Error Discriminator .

From examiﬁation of Figure 3, it is seen that the equivalent noise, n'(t), for the

math model is related to the actual dnput noise by

n'tt) = n{t)a{t- Td) = n{t)a(t +'rd)
. 4 (14)

= n(t)[a (t~%)-a (t+Td)]

where

Il

n{t) = the actual input noise N(t)filtered by the receiver filter
a(t- 1 d) reference PN code advanced by T d bits
aft+ 7 d) = reference PN code delayed by 7 d bits

Since multiplication in the time domain is equivalent to convolution in the frequency

domain, the power spectral density of the noise n'(t) is given by

= (15)
8 o) = 8, (o) D A (w)
where _
A {w) = power spectral densify of a(t~- 7T d) -a(t+ T d)
and ® indicates convolution.
The power spectrum of A (w) is given by
(16)

A =a@) a@w*
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where
a{w) = voltage spectrum for a(t - q-d) - a(t+ Td)

o 17
a(w), = a(m)[ erg -e+"""d] n

so that
Aw) = Ao) [ BT R0%,] - a9

where

Ao(m) = power spectrum of reference PN code with zero delay and the exponential
terms account for the advance of the reference code by 7 a The noise spectral density
S (m) will be assumed to be white of value N watts/Hz and lumted to fR’ the bandwidth
of the receiver filter. * Thus, from Equatlons (18) and (15), the power spectral dens1ty

of the equivalent noise is given by

S, (@) = 8 (0) @ Alw)

21rfR
No ~i20T, j20T
= o A (w) [2 PN Y. do
T - o
0
' 21 fry
N 2'::'fR 21rfR - . _ g ri2r
= =2 A (w)do - A (0) 207, - A e d
27 2 o o ‘e ddw o
) 0 0 .

N [ZR(O)BL =~ R(+ 2 1), “R(- 2 "d)BL]

(19)

2N_ [R(O)BL - R(Z-rd)BL]

*f R " low pass equivalent bandwidth

¢
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where
R(X)BL = the bandlimited autocorrelation function for the PN code evaluated
at X '

The equivalent noise spectral density given by Equation (19) may now be substituted into

. Equation (12) to obtain the tr?,cking error power spectral density, SAT (w). Thus,
KF(jw)/iv

1+ AKF{w)/jio

SAT (w) =

- (20)
2N_ [R(O)BL R T d)BL]

Before proceeding further, it will be helpful to consider the term in the absolute value
signs in hopes of simplifying Equation (20). First, by examining the math model block

diagram, Figure 2, it is seen that the voltage transfer function may be written as

7, AKF(S) L.
]
T 3 (1)
1+ AKF(S)§
and the power transfer function is given by
. 2
AKF(o) -
|H(jw)I2' = )Jw (22)

A |
1+AKF(6) 70

Since the error signal gain A is independent of w, Equation (22) may be written as

' 2 KF(jo )~ 2 ' '
w )
|BGe] ® _ s I (@)
A2 - 1+ AKF(jo)
jw

The quantity in the absolute value sign on the right side of the equation is recognized
as being the same quantity in the absolute value signs in Equation (20). Thus, sub-

stituting Equation (23) into Equatfion (20), we obtain

2
- I H{iw) l - ]
SAT("”) Az 2No R(O)BL R(2 Td)BL
Each term in Equation (24) has been well defined with the exception of A, So far, A has

(24)

been called the error signal gain.‘ Rcferring again to the math model block diagram,

Figure 2, and to the loop "discriminator,” Figure 3, it is seen that A:
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1. Must convert a time displacement, AT, between the incoming code and the

reference code to an error voltage.

2. . Is solely a function of signal and not noise; i.e., is really the loop

"discriminator' function for signal.

3. Has an output which is also proportional to the signal level \/S,
4, Being a discriminator, has a transfer function given by the slope of the

diseriminator characteristic.

Thus, based on the above considerations,

= d '
A=V o7 é‘“”.ﬂ A=y =g b At Fry g (2

AV

T7=0
.where
{X>= average value of X
S = signal power
By making a simple change of variables, Equation (25) may be written as

A = VB Gaatrar -y -at at +Af+fd>AT o, @

P | i i .

where the quantity R{AT - 7 d) - RAT + 1 d) is the discriminator characteristic for the
delay lock tracking loop. Thus

A = V8 [Riar-rpp - RiAr *p1. ]

Ar = 0
(28)

1
VS 2R'r gy
where the bandlimited autocorrelation function is used since the signal is first filtered
by the receiver filter. By substituting Equation (28) into (24), we obtain

2N0[R(O)BL ~R(2 "'d)BIJ_

s [2R_'(r d)BL] z

Spp (@) = IH(jm)lz (29)
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From noise theory,

2
o =f 5 [{w) 5=~ _ (30)

so that by substituting Equation (29} into (30) we obtain

2 foo 2 ROy Re ],
OpAr - IH(J&))I S[ZR'(?d)BL] 2 27

I

(1)
2N R(0
- o ROy RE7 )BL de
S IH(JCO)! Lo
2R'(7 2
d BL
A system's noise bandwidth is defined as
dw
B, = f nge| * 2 (32)
0
so that Equation ((31) reduces to
T 2N B. R(0)._. -R(27.)
R 39)
1
[23 ('rd)BL]
Thus, the delay lock loop rms tracking error may be written as
-R(2
Ar = D VB Ogy, B gy
Trms S ) 2R'(Td)BL (34)
2N B
o L
where
’ BL = one gided loop noise bandwidth
N0 = one side noise power density
'S = average signal power
3.2 DELAY LOCK LOOP TRACKING PERFORMANCE
"It is desireéble to plot the rms tracking error, AT —— as a function of 5 ?3

the 100p signal-to-noise ratio, and several valucs of bandlimiting and dlsplacement 'r
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The bandlimited autocorrelation functions used in Equation (34) can be shown to be given

by

RE) = [—% cos BX (cos B-1) - 2X si [ BX]
) - (35)
+ (1+X) si [BE+X)] + (1-X) si [B(l—X)J]
where B = 27rfR T
fR = one sided bandwidth of recei.ver ?ilter
T = PN code bit width
X = tim‘e displacement in bits
' and
X . .
s8i [X] = f —S-;-?—-Y-— dy (36)
0
The rms tracking error (Equation (34)) is plotted in Figure 4 as a function of N'SB
and several values of B and 7 .. It is obvious that the larger B is, the smaller ©

d

AT , and the smaller 7 ,, the smaller ATrms' However, because of data trans-

rms d’
mission requirements and limited available spectrum, B is typically limited to 1. 57
dforB= 1.57, 837, and

o0, as shown in Figure 5, shows that for no bandlimiting the tracking error may be

in a spread spectrum system. Thus, a plot of AT g VS T

made infinitesimally small by making 7 d‘ infinitesimally small, However, for practical
values of bandlimiting; i.e., B=1.5 7, ATrms changes very little as a function of 7 e
3.3 ANALYSIS OF THE 7 JITTER LOOP ‘

A block diagram of a T jitfer tracking loop is shown in Figure 6. For analysis
purposes, the equivalent math model for the T jitter tracking loop is the samé as that
for the delay lock loop, with the exception of the error discriminator. Essentially, the
error voltage is generated by correlating the received code with a reference code which

is alternately advanced and delayed (jitteréd) by 7 , bits and phase detecting the resultant

d
signal with the square wave-voltage which jittered the reference code, This error dis-
criminator is modeled as shown in Figure 7. By calculating the error signal gain, A, and
the output noise power for this discriminator, some of the results of the delay lock loop

analysis based on Figure 2 may be used.
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For the purpose of analysis, the jittering of the reference code is accomplished by

means of a switching function U(t), which has the following properties:

1 -
R ¢ 115 0o LT L ..

0 T. 2T, 3T,

i

A~ J j i
2. Ut = 1-U)
N 1
3. (uey = (Ut = -5
4, U(t)N = U(i:), f(;} N ’I?(?S N=201,2...

N
5, U(t) UE)

i
o

The jittered reference PN code is denoted by

) N
Volt) = at + T " 7y UM -at+ 7, + 7y UE) @7

so that the corx:elator oufput is given by
V.t) = | V/Sag+ 1) +nm)] [ag + 7 - )U(t)—é(tﬂ- + )5(t\)
1 [ 1 ] [ 2" "4 2" "d ] (38)

The reference for the phase detectér is the jittering signal and is denoted by

N
Vz(t) = U(t) - U(t) (39)
Phase
Correlator Detector
S(t) + n(t) V,(t) V_(t)
Low Pass 3
Filter
V [t Vv (t
o0 2()
(jittered code} jittering
- signal

Figure 7 - 7 Jitter Error Discriminator Model
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The output of the phase detector is given by

Vg(t) = V(0) V)

I

. N
[Js_ at +7,)+ n(’c)] [a(t tTy =T Uy -alt+ 7, + ) U(t)] .

[U(t) -{TB]

= 2 A\
Vs at +7) [a(t tr, = 1) OO - at+7, + 1) TD) 2]

2 N 2
+ n(t) [a(t + 72 - d) U{t) -~a(t + Ty + 'rd) U(t) ] (40)

The average value of the phase detector output, V3 (t), is the discrimator error

voltage,

‘ 9 A~
(A <\/§ at + rl)[a(t t1, - ) U - alt +r, + 1) TO) 2] )

2
= S

- 5 [R (AT- Td)BL - R(AT+ Td)BL:]

The quantity inside the square brackets is recognized as being the same diseriminator

(1)

characteristic as the delay lock loop. Thus, as before, the error signal gain, A, for

the math equivalent model is given by

_d s [
A= X2 | RAr-71). -R(Ar+r)) ]
dr 2 d'B d'BL| A _

(42)

Il

‘/S_R'("d)BL

Since the discriminator shown in Figure 7 is a linear system, it is possible to find the
relationship between the noise density at its input and at its output by finding the relation-
ship between the input and output noise power. The noise power in the output is found

by squaring 'V3 (t) and averaging. Thus,
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PN = <V3(t)2 > (subscript n indicates noise component of V3(t) )
out "
2 2 2 N
= <n(t) [a(t + Ty ~ -rd) Oty +a(t +1'2 + -'rd)2 U(t)2

F2at Ty = ) alt T, +op UE) U(t)] )

]

(aty’ [a(t oy 1)l UM Halttr, T ff(?)z] >

<n(t)2> [ <a(t Ty - q-d)z >< U(t)> o+ <a(t Tyt Td)2><U(t)>_] (43)

Since the noise is bandlimited by the receiver filter,

(a(t 1y - -rd)2> = <a(t +7, b 'rd)2 >= RO)5;.

and Equation (43) reduces to

2
Py 7 <n(t) > ROy, (44)
out

p, - (a0 )

1n

Since,

We find that the noise power out of the v jitter discriminator is related to the noise

power in by

Py = Py BOgy
out in
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so that by considering the noise in the same bandwidth

where N0 is the input noise power spectral density. Thus, from Equation (13),

¥

KF(jw)/io
ate e I 5_ (@), (46)

SA'r(w) B

the spectral density for the tracking error for the 7T jitter tracking loop is given by

KF(jw)/jo
1+ AKF(jw)/jw

S, (w) =

2
47
'\ ‘ N_R(O)5; ( ‘)

Upon substituting Equation (23) into Equation (47), the tracking error spectral density
is found to be
2 ..
_ IH(jw[ | (48)
Sppl@) A2 . NoR(G)BL

and since A for the 7 jitter loop is given by Equation {42), Equatidn (48) reduces to

N R(0 :
S (w) = . 0B | BGw) |2 ‘ (49)
— A7 " SRY(rgdnr

Thus, the variance of the tfacking error is found to be

0
dw
-/0. SA‘T(&)) 27

u

N o0
® S 2 f lH(s‘m) |2 _g__q;_ (50)
(9)p1, 0 m
_ N B RO,
)
SRU79)pL,

so that the rms tracking error for the 7 jitter loop is given by

_ 1 V R(O) gy, (51)

A7 =
rms . 3 T
S R (""d)BL
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3.4 T JITTER TRACKING LOOP PERFORMANCE AND COMPARISON WITH DELAY
LOCK LOOP PERFORMANCE

The rms tracking error for the 7 jitter tracking loop, Equation (51), is shown
plotted in Figure 8. A bandlimiting factor of B = 1,57 was used since that value is
* typically used in our PN systems. As canbe seen, the error increases as Td’ the
jitter displacement, decreases. The dependence of ATrms on 74 is better illustrated
by the plot of AT s V8 Ty shown in Figure 9. This inverse relationship between Ta
and A'rrms is opposite of the relationship for the delay lock loop, where AT rms decreases
for decreasing v a This performance difference is obvious from comparing Equations
(34) and (b1). However, a better understanding of the performance difference between the
two loops is obtained from comparing what happens to the input noise in each of the

"discriminators". In the delay lock loop, as T becomes smaller, the noise at the output

of each correlator becomes more correlated wictlh the other channel's noise. Thus, as
T4 the noise in each channel becozpes the same so that the subtractor is subtracting
the noise from itself and the noise output becomes ‘zero. If the noise approaches zero,

it is obvious that the tracking error also approaches zero. However, due to bandlimiting
and practical considerations, this does not actually happen in hardware loops. The T
jitter loop, on the other hand, does not subtract noise from itself since it time shares
(time multiplexes) a common channel between the advanced and delayed signals. Further-

more, as T , becomes smaller, the slope of the bandlimited autocorrelation curve

d
decreases and since the error signal gain is given by this slope, the performance of the
loop decreases. The error signal gain for the delay lock loop also decreases as 7 d gets

smaller, however, this is offset by the decrease in effective loop noise.

The degradation of tracking performance for a 7 jitter loop relative to a delay
lock loop and a conventional phase locked loop is shown plotted in Figure 10. The plot
is a function of Ty witlh B = 1.5 . Since it is common to maice Tq small (around .1
bif) so that the correlator output may bhe used for data demodulation, it is obvious that
better tracking performance may be oblained from the delay lock loop. This is especially
important for navigation and position location sysiems where range measurement from PN

code delay determination is the primary concern.

3.5 EFFECTS OF CHANNEL UNBALANCLES ON DELAY LOCK LOOP PERFORMANCE

In view of the superior tracking performance of the delay lock loop, it is worthwhile

considering the cffects of channel gain and time delay differentials on tracking crror.
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I;‘igure 11 shows a delay lock discriminator model having a differential time delay

of A in one channel and a differential amplitude gain of K in the other channel.

This is merely the general case of the delay lock loop analysis given in Section

2.0, where A = 0andK = 1. Thus, it is easy to show that the rms tracking error

for the loop having the discriminator shown in Figure 11 is given by

2
\/(1 +k )R(O)BL - 2kR(2'r+A)BL

- 1
AT rms . g kKRY7)gy ~R(-7 *A)pr (52)
NoBL
S(t) +n(t) - aft - 7,) + )
- 4
———— A
a{t + Td)

Figuren 11 - Delay Lock Loop Discriminator With
Gain and Time Delay Unbalances
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By comparing the performance specified by Equation (51) with that specified by

Equation (52), the effects of A and k may be evaluated. These effects 'ar_e shown

tabulated in Table I. It seems reasonable that through good engihéefiﬁg design the

gain differential sheould be no greater than 1 db and the time delay differential should
be no greater than 10% of the time displacemeqt of the reference cdde, Ty From
Table I it can be seen that this results in a 15% increase in the rms tracking error or

approximately 1 db performance degradation.

Table I - Effect of Gain and Delay Differentials on

Delay Lock Loop Tracking Error

H

1

K(db) A (bits) A/ 4(%) | % Change of A7
1 .01 10 12
. 1 . 05 50 '65
1.0 . 05 50 el

3.6 EARLY LATE GATE TRACKER IMPLEMEN"IATION.

A slight variation of the delay lock tracking scheme results in the so-called
early late gate tracker. If the advanced and retarded reference codes are first
subtracted and then the resuliing difference multiplied times th_e received code, the
early late gate tracker is oblained. It is easily seen that the same mathematical
error discriminator model is obtained as for the delay Tock tracker and, therefore,
the tracking performance will be the same. Consideration of the subtraction process
as AT—=0 reveals that the difference really approaches ‘the derivative of the reference

code; i,c.,

da(ty _ lim a{t - 7) ~at +71)

dt y— T

(83)

where the -1-1_ factor may be interpreied as mercly a gain factor. TFurthermore, the earl;
late gate process may be more accurately implemented digitally, as opposed to the
analog subtraction delay lock process implementalion. The early late gate implementali

in shown in IFigure 12,
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USING THE NAVY NAVIGATION SATELLITE SYSTEM
by

Thomas A.xStansell, Jr,
Magnavox Research Laboratories
Torrance, California

ABSTRACT

Installation and operation of satellite navigation equipment is described,
including what the user should expect during a satellite pass. Characteristics
of the new short Doppler computer program which promote better and more
consgistent accuracy are given, including documentation of 150 ft, RMS fix
results. Approaches to an integrated navigation system are reviewed.

INTRODUCTION

Application of the Navy Navigation Satellite System has not been limited to
the Navy, nor even to shipboard navigation. The number of commercial and
non-military Government applications has been growing rapidly, as indicated
by Reference 1. For example, the Magnavox 702 satellite navigation equip-
ment has been used to support oceanographic research, a land survey mission
to the north pole, commercial offshore oil exploration, transatlantic telephone
cable laying, and submarine activities, Specific examples of support for sub-
marines and submersibles are: its use on the White Sands in support of the
Trieste II, use on the undersea oceanographic submarine. Baya, and the
- installation aboard the Mizar.

For the potential user interested in learning more about the system, the
literature abounds in descriptive material. This writer has seen one fairly
good description translated from a Russian book on navigation. The system
configuration, its theory of operation, various error sensitivities, etc.,have
all been well covered.

In an attempt to complement rather than to paraphrase the existing literature,
this paper describes the installation and operation of satellite navigation equip~
ment, including use of the new short Doppler navigation program. Improvement
in accuracyto 150 ft, RMS through nse of the short Doppler program is detailed,
and a review of approaches to an integrated navigation system is given,

EQUIFMENT INSTALLATION

A complete satellite navigation system, the Magnavox MX/702/hp, is pictared
in Figure 1, The equipment consists of a 43 pound artenna-preamplifier assem-
bly, 200 ft. of nrmored coaxial cable, the Magnavox satellite navigation receiver,
a Hewlett-Packard 2114 computer with 8, 192 words of memory, and an ASR-33
Teleprirtar for inpui/output. All but the antenna and cable are mounted in a
welded rack with forced ventilation, The high speed photoelectric tipe reader
is often provided as an option, :
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Figure 1. The Magnavox MX/702/hp Satellite Navigation System with
Optional Photoelectric Tape Reader. Rack Dimensions Are
41,3" High, 23" Wide, and 35.5" Deep.

Girl's Dimensions Remain Classified.



Figure 2 shows a typical installation of the antenna-preamplifier unit. The
antenna should be placed so as to minimize obstruction of its field of view. The
equipment is fairly tolerant of antenna installation compromises, but consider-
ing that the satellites transmit only about one watt of RF power over distances
up to 2000 miles, it is clear that a good antenna location is quite desirable,

The single antenna receives both the 150 MHz and the 400 MHz satellite
signals, In the preamplifier enclosure, these signals are separated, passed
through preselect filters, amplified, filtered egain, re-combined, and sent via
the single RG-116/U coaxial cable to the receiver. The fiitera are designed to
eliminate interfering signals, e.g., those from the radar antennas shown in
Figure 2, They have proved to be quite efiective, parmitting cperation even on
Navy ships with million-watt radar transmitters. The single ccaxial cable
carries not only the two satellite sigrals, but also the DC power to the pre-
amplifiers, The elecirical design permits shipboard operation in environments
ranging from the hottest tropics to the coldest arctic regions. The.sealed
antenna and preamplifier enclosures protect against corroeive effects of
moisture, salt, and stack gas.

Figure 3 illustrates installation of the receiver and the compuier, in this
case on the U,8,8. New Jersey. Becazuse the receiver, compuier, and Tele-
printer are securely fastened in the welded rack, it is neceseary oaly to bolt
the rack to the deck at the desired location, There are nc placement restric-
tions -except for normal operation and maintenance access.

~ Although the receiver will operate on 115 or 230 VAC, 50 to 400 Hz, the
Teleprinter motor requires a fairly constant line frequency. Therefore, nor-
mal practice is to use 115 VAC £10% at 60 Hz £1 Hz, The power requirement,
including receiver, computer, and blowers, is about 1100 watts.

The equipment is shipped with the internal reference oscillator and the
standby battery turned off. After power is connected (and the rear panel bat-
tery switch is turned on), about 24 hours are required for the oscillator to
reach acceptable stability, As the oscillator warras up, fix accuracy will
change from bad to poor to good. The standby battery protects the oscillator
from prime power interruptions of up to 8 hours, Whenever oscillator power
is totally removed for more than a few minutes, several hours may bs
required before acceptable stability is reached again.

The Computer Program .

The equipment is normally shipped withthe navigation program already loaded
into the computer's memory. The program is also supplied on a roll of punched
paper tape which may be loaded into the computer via the Teleprinter or via the
optional high speed photoelectric tape reader. Loading time is about 30 minutes
through the Teléprinter and about one minute through the high speed reader.
Current programs have instructions which provide protection when power is
turned on or off, 80 it is seldom necessary to reload the program.
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Figure 2. Typical Antenna-Preamplificr Installation
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Figure 3. Installation Aboard the U.S.8. New Jersey

An alert program is also available, permitting the user to calculate when
future satellite passes will occur at his particular location. A new version of
this program, soon to be released, will list all satellite passes in one time-
ordered sequence rather than providing a separate list for each satellite,

Program Initialization

After loading the computer program, it must be "initialized" through the
Teleprinter. Figure 4 shows a typical initialization sequence. The operator
types the letters "NNBS", to which the computer quickly replies, "INIT ENTER
DAY", meaning initialization, enter day number. Each time the operator
answers with the requested number, the computer immediately asks for the
next parameter. As indicated, the operator enters day number, GMT time,
estimated latitude and longitude, heading, speed, and antenna height. The
computer then types *INITIALIZATION* and repeats these numbers for veri-
fication. If a mistake was made, the operator can repeat the procedure,
entering '"no''wherever he does not wish to change a value.

The system is now functioning automatically. It will track each satellite pass
and produce a position fix without further operator intervention, if desired.
This automatic capability depends on having a clock programmed into the com-
puter. The clock is started at the time of initialization, and it runs by counting
transfers from the satellite receiver. Thus, the computer can process each
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Figure 4, Program Initialization Format. The Operator
Types Only the Lines Indicated.

" satellite pass automatically without requiring manual entry of time, The fix
computation will correct for clock errors up to +15 minutes, so the time
initialization does not have to be extremely accurate,

Antenna Height

Antenna height means height above a reference ellipsoid, which is the con-
sistent, world-wide datum used by the satellite navigation system. Its shape
ig defined by a semi~major axis of 6378. 144 Km and a.flattening coefficient
“of 1/298,23. T -

To-obtain:antenna height, one must know height of the antenna above mean
sea level plus the-deviation of mean sea level from the referencé ellipsoid at .
that location. The term "geoid" means a world-wide model of mean sea level,
g0 the term geoidal height means the deviation of mean sea level from the
reference ellipsoid. Maps showing contours of gevidal height are provided
with each satellite ngvigatioh system, Therefore, the anfenna height entered
during init{alization is obtained by adding heighit above sea level to the local
geoldal height read from the contour map, All dimensions are in meters.
Figure 6 of Reference 2 is a geoidal height map.


http:1/298.23

DURING A SATELLITE PASS

Signal Acquisition

‘Figure 5 illustrates the receiver's front panel frequency meter in two
different situations, On the left, the shaded region shows the frequency range
over which the receiver automatically searches for a satellite signal. This is
where the signal will be during the first few minutes after the satellite appears
above the horizon.  The narrow search region promotes fast signal acquisition
by searching only the area where the signal must first appear.

When the receiver tunes across a satellite signal, it automatically acquires
lock, as indicated by two front panel lights, one for each satellite channel. The
frequency meter also stops the search pattern and begins to track the slowly
changing satellite frequency.

' Navigation satellites transmit two very stable frequencies, one at 150 MHz
and the other at 400 MHz, The received frequency changes slowly throughout
a satellite pass; this Doppler frequency shift is caused by motion of the satel-
lite relative to the receiver, and vice versa. The receiver displays an
inverted Doppler frequency, i,e., the frequency meter moves from low vaiues
on the left to higher values on the right during a pass. The center is marked
32 kHz, which is known as the satellite's offset frequency. .

(A} INITIAL SEARCH REGION (8) TYPICAL SEARCH TO REACQUIRE LOCK

1069-2705

‘Figure 5. Receiver Frequency Meter
(2) Initial Search Region
(b) Typical Search to Reacquire Lock



Before the computer begins to process satellite data, two steps of synchroni~
zation must occur, Each step is dencted by a light on the receive. o 1ront panel.
The first, called bit synchronization, ocours within a few seconds after signal
acquisition. The second is message syn~hronization, which ocours at the next
sateiliie time mark, These are iransmitted every two minutes on the even
minute,

Short Doppler Counts

When message synchronization occurs, the computer begins to receive
information from the receiver., This consists of the demodulated satellite's
navigation message plus Doppler countg, which are measurements made by
the receiver of the changing Doppler frequency. (See Reference 2 for a
detailed description.)} K the operator wishes, he can set a computer switch
which causes this data to be listed on the Teleprinter, as shown in Figure 6,

All data above the word "PAUSE" is printed during the gatellite pass, It
consists of Doppler counts from each of the iwo receiver channels, labeled .
400-~-CH and 150~CH, plus a refraction corrected combination labeled "count",
The 1560 MHz and 400 MHz. counts differ slightly from each other because of
refraction error introduced as the signals pass through the ionosphere. This
ionospheric refraction error must be removed to achieve the best fix accuracy.
Fortupately, the difference between the two.counts provides a measure of the
error, and the third column ig the result of removing that error, i.e., they
are the refraction corrected Doppler counts.

The Doppler printout-of Figure 6 illustrates a very significant step forward
in commercially-available satellite navigation. All other navigation programs
make use of two~minute Doppler counts only, i.e., each count is accumulated
over a period of two minutes, Typically there will be six to eight of these per

- . gatellite pass, A brief loss of lock on the satellite signal invalidates at least -

one of these two-minute counts, which is a large fraction of the total Doppler
data available, In Figure 6, the counts pumbered 05, 10, 15, 20, 25, 30, and
35 are the two-minute Doppler counts, All the others are subtotals of the
accumulating two-minute counts taken approximately every 23 seconds. The
point is that every one of these provides the computer with an independent,
refraction-corrected Doppler count,- A brief logs of lock how invalidates only
a few of the 23-second counts, rather than one or more of the long two-minute
counts, By this means, plus others not so obvious, the short Doppler program
provides more position fixes, more reliable position fixes, and substantially
better accuracy. These attributes are discussed later in this paper as well as -
in Reference 3. . -

Loss of Lock

Suppose the receiver were to lose lock on the satellite signal as shown at
count number 08 in Figure 6. - One or both of the.channel lock lights would blink
off, indicating loss of lock. The bit and message synchronization lights would
remain on, however. Bit and message synchronization can be maintained in
what is called the coast mode for well over a minute. This permits Doppler
and message data to be processed immediately after regaining lock without
having to wait for the next even-rhinute time mark.



NO. 480-CH

M1 557610
2 1116811
83 1677900
B4 2241221
B5 2929944
6 569779
1143317

36 90670 4

.38 2726086
39 3638147

PAUSE

RESUME

0019008

4916094
R3654026
§1580187
80219833
80002269
BAT 46457
80367360
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37 1815510

158~-CH

557622

1116836
1677932
2241279
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1721299
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9A670
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2726093
3638166

COUNT

557608
559198
561087
563319
688718
569776
573537

583126

717495

919574
912259
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Figure 6. Optional Output of Satellite Doppler and Navigation Message Data




For a few seconds the receiver will dwell at the last locked frequency. If
the signal appears during this dwell interval, lock will be instantaneous. After
the dwell interval, the receiver begins to search over a frequency band cen-
tered on the last known frequency, as illustrated by Figure 5b. This search
region is moved slowly upward to anticipate the continuing Doppler shift, The
narrow search region promotes rapid signal reacquisition, and it also reduces
the chance of tuning to some other ava11ab1e signal, such as another satellite.

If loss of lock was because the satelhte pass was over, then the frequency
search will return to the rise frequency region of Figure- 5a after about 90 sec-
onds. The computer automatically will begin the position fix process as soon
as this occurs or as soon as it has sufficient data, whichever occurs first.

The Position Fix

As soon as the computer recognizes that the satellite pass is over, it types
the word-PAUSE and does just that for 30 seconds: This gives the operator an
opportunity to re-initialize the computer if he wants to adjust values of esti-
mated latitude, longitude, heading, speed, or antenna height, Initialization is
started by hitting the Teleprinter "line feed" key, The computer then asks for
each initialization parameter, and the operator supplies the value or answers
'no™ if no change is required. If an initialization is not required, the operator
may hit any other key or simply wait 30 seconds; in either case the computer
will then type RESUME and do just that,

If the operator requested the Doppler printout, the data shown in Figure 6
after RESUME.zare alsoprovided. These are the verified satellite message
parameters. The satellite message is transmitted a number of times during
a satellite pass, - If -an error occurs during reception, it can be detected-and
eliminated by comparison with the same data received several other txmes.
This process is called verification or majorlty votmg

Figure 7 shows the remamder of the posmon fix printout, The first two
lines are optional and show the result of each iteration of the fix.computation,
The computer must solve for three parameters: latitude, longitude, and off-
set frequency. Each numbered line shows the computed value of frequency,
followed by the changes in frequency, latitude, and longitude produced by that
iteration. The computation is repeated,. or iterated, until these changes are
less than a preset criterion, At that point the fix-is said to have converged
and the final result is prmted - T

The line of zeros and ones with two arrows underneath isa very useful fix
quality index. Each character represents one of the short Doppler counts, A.-
"one' shows that it was used in the fix computation and a "'zero' shows that it
was not, A "zero" indicates.-either that a particular Doppler count was not
available or that the program deleted that count as part of its low elevation
Doppler editing routine, If a low elevation count must be used because there
are too few counts to permit further editing, a questmn mark will be pnnted
indicating a less than desirable count. .
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Figure 7. Position Fix Printout

The two-arrows mark the -safellite pass center, i.e., the time of closest
approach. Accuracy is very dependent on having enough Doppler data and on
that data being reasonably symmetrical about the pass center. Therefore,
this Doppler spread printout is a very effective indicator of fix quality. One
should tend to discount a pass in which the Doppler data has many long gaps or
is badly unsymmetrical. Short -Doppler counts help prevent these conditions
by reducmg data loss and-by permﬂ;tmg a more symmetrical Doppler edit,

" The satellite fix printout is essentially self—explanatory. MAPS-69227 is
the program "model numbér", showing that-it was ‘compiled on day 227 of
year 1969, The fix.time is hours and minutes GMT, The heading, speed, and
antenna height are the initialization parameters used for that fix computation.
Speed is expressed in knots and antenna height in meters above the reference
ellipsoid. The number of iterations required to converge and the maximum
elevation angle of the satellite pass are useful in evaluating fix quality. Too
many iterations or too low or too high an élevation angle warrants caution. The
satellite ID, or identification, is the semi-major axis of its orbit in kilometers.
The fiX'computation requires about 30 seconds per iteration.

Fix Re-Computation

After the fix computationis complete, the operator may realize-that one or
more of the initialization parameters were incorrect. All too often he may



have forgotten to tell the computer of a change in speed or heading. To recover,
he types RCMP, meaning recompute, and the computer again requests the initial-
ization parameters. As soon as the new initialization is complete, the position
fix is re-computed with the revised parameters.

FREQUENCY OF SATELLITE FIXES

Figure 8 shows the navigation satellite passes for San Diego during the
48 hours of 3-4 November 1969. It is clear that the distribution is not uniform.
At times there are relatively long gaps, and at other times passes may occur
almost simultaneously. A few more satellites would do much to reduce the
average time between fixes and sharply reduce the incidence of long gaps.

Simultaneous passes can be troublesome. For instance, at 0602 a 75° pass
begins which will not yield a reliable fix. However, it will have captured the
receiver during the 28° pass which begins a few minutes later. Only if one
were aware of this interference and manually tuned the receiver to the pre-
ferred signal would a desirable fix be obtained. At other times, it is possible
for the receiver to switch from one satellite signal to another during simul-
taneous passes. This situation is one reason why a narrow re-acquisition fre-
quency searoh is desirable, to minimize the possibility of locking to the second
satellite signal.
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Figure 8. Satellite Passes for San Diego During 3—4 November 1969



it 18 likely that during the 48 hours shown, 24 or 25 acceptable satellite
fixes would be obtained. This is an average of one fix every two hours. 1ihe
iongaest gap with no acceptable fix would be either 4 hours or 4.35 hours,
depending cn whether the 7° pass at 0753 blocked the 38° pass at 0758. The
receiver's narrow search region helps to ignore low elevation passes, but
7° is a marginal case.

SYSTEM INTEGRATION

Of all the navigation systems now in use, only certain inertial systems and
the TRANSBIT Navigation Satellite System have required a digital computer.
However, once a digital computer is introduced into the realm of navigation,
it becomes obvious that better results can be obtained by tying all the primary
navigation sensors into the computer. The result is commonly called an Inte-
grated Navigation System. Reference 3 discussges one such system.

Most users configure the system for their own navigation requirements
and for their particular operational constraints, Two examples are given in
Figuree % and 10. The first shows one of the GEO NAV Systems now in opera-
tion by the GSI Division of Texas Instruments. From left to right the major
components of.this saystem are: 1) VLF receivers for radio navigation, 2) an
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Figure 9. GEO NAV Integrated Navigation System Developed by the
GSI Division of Texas Instruments (Photograph courtesy of

GSI Division of Texas Instruments)
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Figure 10. Integrated Navigation System Developed by Western Geophysical
Division of Litton Industries (Photograph courtesy of Western Geophysical)

EM speed log, 3) the Magnavox 702 satellite receiver with Hewlett Packard
2115 computer, 4) the Texas Instruments 2054 computer, 5) special interface
equipment, and 6) a Doppler sonar navigator. The Texas Instruments compu-
ter is the central integration element, and future systems will eliminate the
need for the extra Hewlett Packard computer. See Reference 4 for additional

details.

Figure 10 shows one of the integrated navigation systems now in operation
by the Western Geophysical Division of Litton Industries. From left to right
are: 1) a magnetic tape recorder, 2) special interface equipment, 3) the
Magnavox MX/702/hp satellite navigation system, 4) a Doppler sonar naviga-
tor, and 5) a Litton inertial navigation computer and display unit. In this
system, the inertial system is the central integration element. All raw data
is recorded for post-missionanalysis. See Reference 5 for additional details.

From the user's point of view, it appears that there are only two practical
aporoaches to an integrated navigation system. Cne is to vest complete
responsibility for system design, installation, operation, and maintenance
in a single systems contractor. Inthis way, the user in effect purchases
navigation services from the contractor rather than having personnel who
understand or support the system directly. Disadvantages of this approach



include less freedom to modify thé system, incomplete consideration of overall
mission requirements, and the sole-source operation/maintenance contract
may prove difficult to end due to rights and information proprietary to the
contractor.

The second approach is to build or buy the system components, including
the computer programs, but also to obtain sufficient documentation to under-
stand and to support the system directly. In this way, the system may be
implemented all at once, or it may grow slowly as experience, need, and
financial support dictate. Figure 11 illustrates typical integrated system
components. By tying only the resolved velocity outputs of a Doppler sonar
into the satellite navigation computer, a simple but effective integrated navi-
gation system is created. Improvements can be made later by adding a

velocimeter, an inclinometer, and by connecting directly to the gyrocompass.

Torquing signals to improve gyrocompass accuracy, additional displays
including a plotter, control of ship's steering, and magnetic data recorders
also can be added. LORAN, OMEGA, or other radio navigation aids also
may be useful, especially for work in deep water where Doppler sonar
cannot reach the bottom.

For relatively simple systems, computers such as the Hewlett Packard2114
or 2115 are satlsfactory However, where growth to a large and sophisticated
system is visualized, it is better to obtain a machine with more growth potential,

such as the Hewlett Packard 2116, as pictured in Figure 12.
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Figure 11. Typical Components for an Integrated
Geophysical Navigation System
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Figure 12. Magnavox MX/702/hp with Hewlett Packard 2116 Computer

for Expandable System Applications



This writer is convinced that a simple and direct approach to system
integration is preferable to some of the more sophisticated schemes which have
been proposed. In the first place, there is real benefit in understanding how the
system works in simple cause and effect terms, rather than having its character-
istics obscured by a complicated Kalman-type filter. The simple approach is
especially helpful when troubleshooting a system to find which component is not
performing properly. The simple approach also makes a simple change simple,
rather than forcing a rework of the entire system filter equations. Second,
when the inherent satellite position fix accuracy is 150 ft. RMS and when the
dead reckoning equipment errors are either deterministic or clearly orthogonal,
there is little or no accuracy advantage in using a Kalman filter compared to
filtering separately each of the major error sources, e.g., the gyrocompass
azimuth bias. Finally, it is clear that post-mission data anlysis will always
give better accuracy than can be achieved in real time. (In real time, the posi-
tion error is always greater just before a satellite fix. In post-mission analysis,
the error before and after the fix is the same; the worst error is half-way
between satellite fixes.) Therefore, complexity of field equipment and software
should be limited to satisfying only the field navigational requirements. Raw
data should be recorded for conducting athorough post-mission analysis.

SATELLITE FIX ACCURACY

From the user's point of view, there are only three factors which influence
satellite position fix accuracy. They are: 1) accuracy of expressing ship's
motion, 2) accuracy of antenna height, and 3) adequacy of the satellite naviga-
tion equipment and fix program.

Expressing Ship's Motion

When satellite navigation is used independently, i.e., not as part of an inte-
grated system, ship's motion is normally expressed by speed and heading
entered manually through the Teleprinter. Both of these numbers will be some-
what in error. Errors may come from the instrumentation, from unknownwind
and current effects, and/or from human error. Nevertheless, the position fix
will be affected. Figure 13 shows the effect on one fix of a one-knot velocity
error in each of eight compass directions.

Two points are clear. The fix error is greater when the velocity error is in
a north-south direction, and the error is not trivial. References 2 and 3 discuss
the error sensitivity in more defail. A good rule of thumb is to assume about
0.25 n.mi. of fix error for every knot of velocity error.

Except in integrated navigation systems, the velocity error is likely to be
predominant. Integrated systems using Doppler sonar can achieve velocity
errors of 0.5% or less, which at 10 knots is 0.05 kt. Using the 0.25 n.mi. per
knot rule of thumb gives a resultant fix error of only 75 ft. for this example.

Antenna Height Accuracy

Unfortunately, the geoidal height map is not entirely accurate. It was devel-
oped through analysis of satellite tracking data, a process called satellite
geodesy. However, the fine structure of geoidal height variation has very little
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Figure 13. Effect of a One Knot Velocity Error on the Fix
from a 53° Satellite Pass. Direction of Velocity
Error is Noted Beside Each of Eight Fix Results.
Satellite Was West of Receiver and Heading South,
effect on a satellite's motion as it passes 600 n.mi. overhead at a speed of nearly
five miles per second. Therefore, errors of 20 meters or more exist in the
map.- Sensitivity to antenna height error is given by Figure 11 of Reference 2.

The Magnavox Company is developing a computer program capable of accu-
rately determ1mng antenna height as well as the latitude and longitude of a fixed
antenna.” Early results are very encouraging. The program is intended for land
survey missions, but it also may prove useful in removmg local bias error in
the geoidal helght map.

Basic Fix Accuracy

Figure 5 of Reference 3 is reproduced here as Figure 14, It shows the 268 ft.
RMS fix accuracy which was being obtained in November, 1968. The MX/702/hp
computer program which gave these results employed only two-minute Doppler
counts, and these results are typical of all such two-minute Doppler programs.

* This same set of raw data also was processed by an experimental short Doppler
program in an IBM 360-40 computer, and the accuracy was improved dramati~
cally to 124 ft, RMS. In additlion, five fixes which had been rejected by the two-
minute program for having too little-Doppler data were accepted by the short
Doppler program and gave good position fixes, These results are shown in
Figure 6 of Reference 3.
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Figure 14. Bulls-eye Plot of 30 Fixes from the MX/702/hp
Using a Two-Minute Doppler Program

In mid-August, -1969, the first short D0pp1er program was issued to all
users of the MX/702/hp. The output from the MAPS-69227 program is illus~
trated in Figures 6 and 7, and typical accuracy results being obtained are
shown in Figure 15. Although 168 ft, RMS represents a real step forward
compared to the two-minute program, the goal of 124 ft. has not beenreached.
Work will continue toward this goal. Very recently an improvement was made
which gave the 150 ft. RMS accuracy shown in Figure 16. This improvement.
will be released to users of MX/702/hp systems during November, 1969.

Several interesting facts can be learned from a study of Figures 14, 15, and .
16. Note from Figure 15 that some of the fixes were taken while using an
atomic (rubidium) reference oscillator and the rest were taken using the built-
in crystal reference oscillator after a warm-up period of 48 hours. It is clear
that there is absolutely no penalty from using the internal crystal oscillator.
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Figure 15. Bulls-eye Plot of 38 Fixes from the MX/702/hp
Using the MAPS-69227 Short Doppler Program

Table Iis a list of the RMS and CEP statistics from each of the bulls-eye
plots. Note that the raw data for items 1 and 4 were identical, only the compu-
ter programs reducing the data were different. Also recall that the RMS statis-
tic is influenced very strongly by a few large errors. On the other hand, the
CEP, which is the radius of the circle containing exactly 50% of the fix results,
is influenced strongly by a large number of very good résults.

The MAPS-69227 results show only slight improvement of the CEP, but the
RMS was much improved, In other words, the.very best fix results from either
program were not much different, but the short Doppler program did dramati-
cally reduce the incidence and severity of occasional poor fixes. This is an
important improvement in terms of increasing the reliability of obtaining good
fix results.
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" TABLE 1

ACCURACY STATISTICS FOR THREE COMPUTER PROGRAMS.

RMS - - CEP
. ft ft

_Two—Minute Doppler Program _ 268 180 —
RMAPS-—692'§7 Sh‘ort ‘Doi);')ier Program .16-8 158
Imprt.)ved Sh;)rt Doppler PIiogram “ _ | 150- . 109

]



The most recent change to the MXY702/hp short Doppler prograin reduces
the RMS error slightly, but it makes a strong improvement in the CEP. This
means that a small error source has been eliminated so that the hest fixes are
now even. better. With this improvement, the CEP is nearly as good as that of
the experimental program. Further accuracy and fix reliability improvements
can be expected.
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APPENDIX IV

LINK CALCULATIONS

In this_section'power budgets have been computed for an ideal system,
,that js, one in which multipath does not significantiy degrade the performance
of the qommunication_]ink. With the TDRS at an q]ti?ude of 22,300 miles and:
the user sétellité'maintained in a fixed orbit ranging from 100 miles to 1000
m{1es, the distance of the user/DRSS link varies %rom 21,300 miles to 26,750
miles. Primary consideration in this section is the upiink which assﬁmes a
carrier frequency in the band 14,875 to 15,350 M4z for thé around/TDRS Tink
and a VHF carrier frequency of 400 MHz, and S-band carrier frequency ranging
from 2,025 to 2,120 MHz., and a K-band carrier frequency‘in the band 13,250
to 13,725 MHz for the TDRS/user link.

The power requirements for eacH of the aforementioned communications
Tinks are presented in Tables A through D. Assumed 1n each table is a minimum
and .maximum system margin of 6 and 10 dB respectively; furthermore, the user
antennas in all cases is assumed to have a 0 dB gain. Table A‘cpntains the
powef requirements for the TDRS/user Tink at 400 MHz. For this Tlink a 16 dB
TDRS antenna gain is assumad and the path Toss varies from 175 dB to 176.8 dB,
resulting in a minimum and maximum transmitter power requirement of 37.2 and
43.0 dbm respective]&. For the S-band link the TDRS antenna gain is assumed
to be 32 dB and the path Toss variation of 189.4 to 192.0° dB. The available
power at the receiver of the u§er spacecraft as ghown in Table B varies from

dbm dbm

67.4 R to 81:3 Tz - The TDRS antenna gain_for_the TDRS/user K-band 1ink

presented in Table C, is assumed to be 48 dB, with a path loss ranging from
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205.48 to 207.56 dB. The available receiver £ for this link is a

No
maximun of 80.4 PN and a mininun of 92.24 1

The power requirements for the ground/TDRS K-band iink are presented
in Table D. For tﬁis case a TDRS antenna éain of 49 dB is assumed and a
minimum and maximum path loss of 206.4 and 208.54 dBrrespectively, resulting

in an available receiver power level varying from 81.1 Q%g_ to 92.96 Q%g
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TABLE A

Power Requirements for
TORS/User Link

Carrier frequency = 400 MHz

Description Max Min Remarks
% Desired (dB-Hz) o 40 40
0
Margin Needed (dB) 100 6
L o dbin |
N, = Noise Spectral Density = -167.8 -167.8

C = Carrier Power Requiied (dbm) -117.é -121.8

G, = User Antenna Gain (dB) 0 0
G. = DRSS Antenna Gain (dB) 16 16
Lp = Path Loss (dB) 176.8 175
Pt = Transmitter Power Requiied 43.0 37.2
(dbm) Pp=C+l, -6
(watts) 20.0 .2
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TABLE B

Power Requitrements for -
TDRS/User Link

Carrier frequency = 2025-2120

Description. . . { . Max Min ~ |. Remarks
Pt = Transmitter Power Available 20 10
(dbw})
{dbm). 50 40
G, = User Antenna Gain (dB) . 33.5 23.0
Gr = DRSS Antenna Gain (dB) 32.0 | 3.0 _
Lp = Path Loss (dB) 192.0 189.4
C = Carrier Power Available (dbm) | -76.5 : .| -94.4 Pyo- Lpﬁaf+Gr
Margin Needed (dB) 10 6
s ... dbm
N0 = Noise Spectral Density Tz -167.8 -167.8 .
S Available at Input (dbm-Hz) 8130 [ 67.4 | C-M-N
o \
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TABLE C

Power Requirements for
TDRS-User Link

Carrier frequency = 13250-13725

Description Max Min Remarks
Pt = Transmitter Power Available 20 10
(dbw)
(dbm) - 50 a0
G, = User Antenna Gain (dB) 44 36
G, = DRSS Antenna Gain (dB) 8 - 48
Lp = Path Loss (dB) 207.56 | 205.48

€ = Carrier Power Available (dbm) -65.56 | -81.48 | Py - Lp+Gt+Gr

Margin Needed (dB) 10 6
= Nad ..., dbm Z
N0 = Noise Spectral Density Tz -167.8 |-167.8 :
;
|
S~ Available at Input (dbm-hz) 92.24-] 80.4 | C=M-N_ . |
1
|

0
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TABLE D

Power Requirements for
GND/TDRS Link

Carrier frequency = 14875-15350

Description ) Max Min Remarks
Py = Transmitter Power Available - 20 10
(dbw)
{dbm) 50 40
G, = User Antenna Gain (dB) 44.7 36.7
G, = DRSS Antenna Gain (dB) - 49 - 49
Lp = Path Loss (dB) 208.54 206.4

C = Carrier Power Available (dbm) -64.84 -80.7 | Py - Lp+Gt+Gr

Margin Needed (dB) 10 6
s ..., dbm
N0 = Noise Spectral Density iz ~-167.8 -167.8
E- Available at Input (dbm-Hz) | 92.96 | 81.1 | C- M- N

c




APPENDIX V'
TDRS POSITION ERROR ANALYSIS ASSUMING 3 RANGE MEASUREMENTS

The previdus formulation can be easily modified to characterize
the simpler case where the TDRS position is established from the range
measurements from three stations. Using the previous notation, the

incremental equation to be used for small-error analysis now reads

§r. =

(3) .
j -(5X1'5pi3 ) (3=1,2,3)

J

W1

%4

i=1

or

(3) .

[ fnmas N 4% 1

3
a:: 86X, = &r, + Z s s
[ B

;
I we denote by € the 3x3 directional-cosines matrix, i.e., Cij = oy
and also assume it to be non=singular, then the position error equations

can be written as

sx = ) (:’Svr"+6£)

Lo nd

where the first term represents a range-measurement error contribution,

and the sascond term a station=location error contribution.

If we assume a common location error 6p§3) = 6p for all coordinates
i and stations j, the bias TDRS position error due to this effect is

given by

3 T
(ff)k,station = ép .Z [e(e ) ]ik
Tocation =1



In turn, the covariance matrix of the TDRS position error due to zero-

mean, independent, range-measurement errors is specified by

K(sx) = CK(er). (€75 K(sr) = diag (of)
or

. 3 .
LK) ]y5 = kz]ci(cn])ik(q-])jk

so the individual coordinate-error variances are given by

$ ., 42
2 - 2001
Clox) = Loy

Example 4
X(0,0,h+R) * 51
@e+—h —»
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54(R/J§,07R77§)
0 0 1 v2D(1-B)/R 0  -/2D/R
c=] o -R/VZD  1-B ¢l = VZD(1-B)/R  -/ZD/R 0
-R/V/2D 0. :1-B 1. 0 -0
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2/ "o 2T 23 2 3
o?(8x5) = ]T (1-B)72 o5 + % (1-)~2 0:23 X 0.254 o5 + 0.254 o}



8
Gy 13/ 1) ~as

5P 7" R ~
%)y 1
§p 2
(8x4) R
— =Ry 0,06
P 242D
Exampie 7 - - . o . ) 52'
X{0,0,h+R) S Y
Lo Coee (De——nh > :
32(0,/§R/2,R/2) w
s (0.-3R/2.R72) '
-, ~3 - : . L. - . e 33 ..
54(/3R/2,0,R/2)
A B 11 Nk a1
0 . ‘/3—’_R 1_}3”. - "Q_' . ,‘[')“‘“‘ .- 29—"'
o] ARCOVR /R
nmo
c=| o /—iﬁ*]— 18 |, ¢l .. b 0
2D— - /3R " V3R
V3R [ Ty=l 1, o171
- —ZD” 0 ]_Bﬂ | 5 (1-B™") E(]'B ) 0 |
' 2 2 L2 : :
11 11 11
2 D 2 D 2 4D 2 2 2 2
o (Xy) = o, + on + o7 A& 12.7 o, + 12.7 o7 + 50.8 ¢
1 a2 2T T 3T T ‘s 2 3 4
2 2
114 11
2. 't 2 p't 2 . :
o {X,) Gn + —% o0, % 12,7 0, + 12.7 ¢
2! T T %2 ‘3R2. 3 N 2 3
o?(xg) =+ (1-8'1)2 5 + 201-811)2 o v 0,255 65 + 0.255 65"

(8%4)
o dp .o 1 _8D (1_371)3,21



22p _1
sp 2
{8x3) /3R 11.-1
R - i (-8 % -0.07
D

Discussion of Results

If we assume a common rms range-measurement error o for all stations,
as well as a common station Tocation error &p for all station coordinates,
then the previous results can be conveniently summarized as shown in the
table that follows. For the satellite-station geometries consi@ered in
the examples, the tabulated values indicate that the 3 range-differences
measurement pfocedure yields greater error magnitudes than the 3—}anges
measurement procedure. Moreover, the errors exhibit a stronger variation
with the geometries in the range-differences procedunesi Any other con-
clusions regarding the error dependence on the system geometry is. difficult
since no major patterns are evident; e.g., sometimes a change in geometry
increases one corrdinate error at the expense of another. In any case, it
should be understood that the analysis and results have been concentrated
on a single measurement (the rms error was obtained by ensemble-averaging over
- the random erfor contribution with no time dependence considerations).
Needless to say, any smoothing of consecutive range samples will affect
the effectﬁve TDRS position error, and the actual 6rbita1 determination
technique to be used should be included iﬁ the analysis for a proper

perspective.



TDRS Location Error Results:

3 Range Measurements

Example 4
Example 5
Example 6
Example 7

(a)

Example 4
Example 5
Example 6
Example 7

(b)

c 1+
Xo/

11.8

10.0
6.0
. 5.0

g, fo
x3[
N
1

0.71
0.71

Normalized TDRS R.M.S. Location Errors due to

Station Range-Measurement Errors

Sx,/% Sx, /%
-26 0.0072
~22 0.01
-18 0.5

-2 0.5

5
x3/ p
-0.12

&

-0.15
-0.06
~0.07

Normalized TDRS Location Errors due to
Station Location Errors



PS4 COMPANY ¢ GOVERNMENT AND INDUSTRIAL DIVISION




