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PREFACE

a

'c

OBJECTIVE. It was the aim of this Study to investigate adaptive mod-

ulation techniques for combating the expected. high level of multipath

anticipated in the NASA Tracking and Data Relay Satellite System

(TORS) and, to recommend a modulation design that would at the same

time provide the necessary thru-put data rate, RFI protection, and

range and, range-rate capability. Emphasis was placed. on designs

leading to small, light weight, reliable and efficient circuitry for

the s/c and.d.esigns that were conservative of bandwidth and power.

It was indicates' that a VHF voice capability and. simultaneous s/c

range-rate measuring capability were highly desirable. Emphasis was

placed on the VHF requirements with the objective of handling upwards

of thirty (30) VHF users simultaneously. Ra:pid.and. reliable acquisi-

tion was deemed important.

SCOPE OF WORK. The Study centered.a.round. an adaptive burst communica-

tion system that became known as the ABO system. Analyses of import-

ant aspects of the TORS environment and of critical ABC performance

items were developed. to support the signal design philosophy and. prove

the feasibility of the ABC system. The TDRS medium was analytically

characterized, (for the first time, it is believed.) in i,^s time domain

multipath response. This model was used.to develop an ultraconserva-

tive signal design that was shown to reject TDRS multipath components

by more than 30 dB under all conditions. The signal design was shown

to be compatible with present NASA allocations and. operational
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procedures. Two means of providing an ABC-compatible voice capability

were shown. The ABC system is not limited by self-jamming, as contrasted.

to wid.eband spread spectrum modulations, and hence it can make ef-

fective use of increased.power to realize improved.performance. The

ABC system was shown capable of supporting more than sixty (60)

simultaneous users through any relay. The system was shown to be work-

able with any common form of relay, including the hard.-limiting re-

peater. Range and, range-rate analysis was developed. to show that the

system would perform as well as required with a minimum of power and

within the allocated bandwidth. It was shown that Doppler rate ef-

fects and the effects of s/c oscillator instability did not interfere

with the establishment of coherent carrier communications for the ABC

system. It was shown that the system offers possibly the best means

of combating the RFI that is anticipated. Study of the ECAC data on

RFI projections plus numerous discussions with NASA GSFC and Rosman

STADAN people indicated. the nature and. extent of the RFI problem.

Such first-hand, information was obtained by site visits to the GSFC

Network Training and. Test Facility (NTTF) and to the Rosman STADAN

station as well as by cirect and indirect contact with GSFC person-

nel. These also served to provide direct insight into the operational

procedures and, as a result, the ABC system is highly compatible with

present procedures, facilities and equipment. A minimum of retrofit

is required to implement the ABC system and the personnel training

requirements are minimal. Performance calculations, including link

calculations, were provided. Implementation was shown via block

iv
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diagrams of the user a.nd, ground station equipments and by a discussion

of the required. changes in the existing equipment.

CONCLUSIONS. As a result of the Study, it can be stated.tha t the ABC

system will meet all of the objectives of the TDRS. Data thru-puts

400% greater than that required can be accommodated in a standard.

30 kHz allocation while at the same time providing simultaneous cover-

age by any relay for more than sixty (60) VHF users. RFI immunity is

better than that available from competitive techniques when applied to

the MRS environment. No major problems are anticipated in ABC im-

plementation or use.

SUMMARY OF RECOMMENDATIONS. In view of the results of the Study, the

ABC system should, be considered as a leading contender for MRS use.

HLI recommends that, irrespective of the choice of the modulation

scheme used.for TDRS that NASA should (1) seek exclusive allocations

for command. and, telemetry, (2) use the 400 MHz band. in lieu of the

present VHF bands, and.(3) perform an orbiting RFI experiment that

would, properly characterize the MRS RFI environment. HLI also recom-

mends that additional research be made into (1) a novel means of

essentially doubling the number of ABC channels, (2) a program to

demonstrate the compatibility of ABC with GRARR by a sequence of real

tests and. (3) a program to demonstrate the feasibility of an analog

voice modulation scheme for use with ABC.
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1.	 INTRODUCTION. This is the final report prepared. by Hekimian Labora-

tories, Inc. (HLI) for the Ad.vanced.Plans and Techniques Branch,

Manned Flight Planning and. Analysis Division, Goddard. Space Flight

Center, under Contract No. NAS-107119. The Technical Officer is Mr.

John J. Schwartz. The work has involved. a study concerning the

application of adaptive modulation techniques to combat the anticipated

multipath in the TORS environment. The result of this study is the

development of the Adaptive Burst Communication (ABC) system, and-it

is shown herein that the ABC system offers:

(a) Immunity to multipath interference from earth-reflected. energy

(b) Performance to within about 1.11 dB of the theoretically opti-
mum multipath receiver for user altitudes of 100 to 1000 nm.

(c) Potentially greater immunity to RFI than any other modern
modulation technique

(d) Compatibility with all types of relays

(e) Ability to utilize coherent carrier techniques for communi-
cation and. range rate determination

(f) Compatibility with present frequency allocations

(g) Voice channel capability

(h) Compatibility with presently-existing transmitting and,
receiving equipment

(i) No-cost reversion to non-TORS mode.

In addition, an overall system block diagram (including user) is pre-

sented. to demonstrate the ease with which the ABC system can be im-

plemented.. A summary of parameters for the Study is presented. in

Table 1-1.
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Table 1-1. Summary of Parameters for the Multipath/Modulation Study

Unmanned. Spacecraft
	

Manned Spacecraft

F

Nominal Carrier
Frequency

Coherent Bandwidth

Fading Bandwidth

Differential Doppler

Differential Time Lelay

Number of Spacecraft

Channel

Channel

Voice Quality

Data Quality

Spacecraft Altitude

Ratio of total re-
flected power to direct
received power

Antenna Polarization

136 MHz to satellite
148 MHz from satellite

1.0 kHz

150 Hz to 2 kHz

0to2kHz

200 us to 10 ms

10

PCM telemetry, 100
b/s to 1 kb/s

To Spacecraft:
PCM Commands, less than
100 b/s

From Spacecraft:
PCM telemetry, less
than 1 kb/s

10-5 BER

100 to 1000 nautical
miles

1.0 or less

Circular

1-^

2300 MHz to satellite
1800 MHz from satellite

15 kHz

2 kHz to 25 kHz

0 to 25 kHz

200 us to 10 ms

2

1. Voice (300 Hz
to 3 kHz)

2. PCM telemetry,
1 to 50 kb/s

To Spacecraft:
Voice and PCM, less
than 1 kb/s

From Spacecraft:
Voice and PCM tele-
metry, 51.2 kb/s

20 dB SNR

10-5 BER

100 to 1000 nautical
miles

1.0 or less

Circular



These parameter differ from those postulated.at the start of the Study

in a reduced bit error rate (BER) requirement of 10 -5 instead. of the

initial objective of 10 -6 and. in the reduction of the emphasis placed.

on the UHF requirements. The latter change is attributable to the

inherent antenna directivity found. at the higher frequencies and. to

the assumption that UHF users will have stabilized.and. oriented an-

tennas as a matter of necessity. Additional emphasis on VHF perform-

ance arose as a result of a desire to provide emergency backup, es-

pecially for voice communications, in the event that orientation and/

or stabilization were lost. In view of the shift of emphasis, this

Study was d.irected.mainly to the VHF considerations. UHF considera-

tions were to be included where appropriate and, without affecting

the mainstream of the Study.

Emphasis was placed.on expanding the target capacity of 10 unmanned

spacecraft by a factor of 3 or more. HLI has been able to show a

potential capacity of over 60 users for the ABC system in consonance

with the directed objectives.

Considerations of operating in a real environment were stressed. by

the cognizant Technical Director of the Study. To this end., HLI

has been able to show that the ABC system is highly compatible with

present methods of operation, is simple to use, and.through alternate

channel utilization offers a high potential for fighting RFI. HLI

recognized the threat posed by RFI even in the original porposal where-

in it was proposed.that ECAC data be examined.. Such studies were

i
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done and served to guide the development of the operational procedures

and ABC system design.

Although no stipulations were made initially concerning the relay satel-

lite deployment, it was found. to be necessary to postulate some sort

of model to permit certain computations relevant to the ABC system.

The 1200 equatorial deployment model chosen is one that has been pro-

posed on several occasions and., for all practical purposes, fits the

three and. four relay satellite configurations presented in the GSFC

Phase A Study. The fourth relay would be interposed between the two

1200 separated relays, providing coverage for the continental United.

States (CONUS). The presence or absence of a "backside" relay simply

influences percent coverage.

SUMMARY OF REPORT. Beginning with a brief qualitative description

of the TDRS environment, Section 2 develops the concept of a burst

communication system for overcoming multipath. In Section 2.3 a

heretofore unavailable model of the diffuse multipath return is

developed.. Rough earth reflection theory is combined. with measured.

data from radar research to provid.e the first available model showing

the time domain response of the MRS medium. This impulse response

is used to determine the response to the ABC burst and.this in turn

is used. to establish the ABC format. The model is used. to show that

the multipath is always at least 30 dB below the direct signal so

that the MRS medium has been effectively reduced. to a free space

H
E
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line-of-sight path without multipath. An important result of this

is that the ABC system is not limited by self-jamming and. hence can

effectively use power increases to enhance transmission performance if

so desired. Present channel allocations are followed. in the develop-

ment of the signal. Section 2.4 shows that the channelized. burst com-

munication technique is highly suited. to combating the anticipated.RFI

and in fact should.be superior to wideband. spread. spectrum techniques.

An example is given where the channelized. system is almost 40 dB better

than a spread. system.

In Section 2.5 it is shown that the ABC system is able to work with

linear, processing or hard.limiting repeaters. Though a processing

repeater is the best choice for any cand.id .ate MRS modulation tech-

nique, the performance of the others is adequate for all TDRS require-

ments, especially in view of the +7 dB process gain offered. by the

ABC system as a result of the duty cycle chosen.

In Section 3 it is shown that there are no difficulties in maintaining

carrier coherence to better than a degree at VHF and. to better than 100

at UHF. In fact, the problems are less severe than that posed. in the

reception of the color burst in the common color television set. This

important result assures that carrier Doppler can be used.for range rate

measurement.

Section 4 shows that the ABC system (or any system which eliminates

multipath effects) will perform to within about 1.4 dB of the ideal but
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impractical receiver that uses all of the multipath and.d.irect signal

energy. Path length time difference and, its d.ependence on orbit are

presented.and. used to evolve an ABC format. This format results in a

thru-put rate of 1,000 bits/second., a 100% increase from the minimum

MRS requirements. It is shown that for the vast majority of MRS

users, a fixed duty cycle will suffice with only the burst duration

tailored. to the approximate s/c altitud.e. In any event, no more than

four changes of burst duration are required,for the most elliptical of

orbits. It is shown that there are no special timing requirements

between users or between relays in order to use ABC.

Operational consid.erations are treated. in Section 5 starting with a

typical sequence for telemetry and. command.. Present operational pro-

cedures are discussed. from the vantage point of field. observation and.

interviews. By the same token, actual RFI experience is discussed.

Common coverage of a user s/c is shown to be possible using ABC for

a period. of approximately five to seven minutes. Coverage on the short

arc at launch is discussed. and. it is concluded. that usual practices will

provid.e such coverage even with MRS.

Section 6 shows block diagrams of system implementations for ABC. It

is stated that the required. changes in existing ground equipment is

minimal, even for GRARR use with ABC. The small size, power economy

and.simplicity are noted.for the ABC realizations.

ABC system performance is presented in Section 7. Analysis of the

1-6



planned. RFI tactics is presented showing the viability of the notion.

It is shown that range and range rate performance requirements can be

met. It is shown that the telemetry and. command.l0- 5 BER requirement

can be met with DPSK modulation, no error correction coding and using

only 11 mw per user in the ground-relay link and. 1 watt of user power

and. 0.1 watt of relay power per user in the relay-user link. For this

reason no form of coding is required for ABC although such coding may

be used, if desired., without any im pact on the ABC system.

Section 8 presents two ways of achieving a voice capability at VHF

using the ABC system. The first mentioned. is a vocod.er scheme of

established, design that works with high intelligibility in 10- 2 bit

error rate channels and. requires only 2.4 kb/s. The second. technique

would, use analog pulse modulation and would. require a minor amount of

hardware for realization.

Section 9, "Conclusions" summarizes the advantages of ABC and. presents

the position that ABC is truly a powerful system for MRS and.should.

be most seriously considered..

Section 10, "Recommendations" lists a number of suggested. actions for

NASA. In particular, it is recommended that exclusive allocations be

sought for telemetry and command.at  VHF, that NASA plan to use the 100

MHz band. as soon as possible and that an RFI experiment be flown as

soon as possible in order to obtain real RFI data at VHF. Three pro-

grams are suggested. in regard. to ABC. The first is to investigate a

1-7
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novel means of doubling the number of users that ABC could handle.

The notion is based on the well-defined burst relationships within a

channel of ABC. The second is a recommendation for a GRARR ABC com-

patibility demonstration and the third. is for an experimental demon-

stration of the analog voice technique proposed in Section 8.
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2.	 MRS ENVIRONMENT

2.1 QUALITATIVE DESC.'3IPTION. If we consider the medium in which TORS

{

operates to be a generalized transducer, we can see immediately that

there are a number of considerations that make it different from

many terrestrial multipath environments. The situation is different

from terrestrial HF multipath or even from terrestial VHF/UHF prop-

agation. In the former case, there is often strong multipath, but

generally both the "main" path and the multipaths fluctuate in range

and polarization because of the magneto-ionic interaction. In the

latter case, reflections and scatter cause multipath, but again, on

both the "main" and indirect signals. Moreover, these paths do not

show a significant difference in signal diffusion ., Doppler shift,

fading bandwidths, or coherent bandwidths. The NASA Tracking and

Data Relay Satellite System situation is unique because of the following:

(a) The direct path is free space and nondiffuse.

(b) The indirect path is diffuse, with attenuation and phase
shift corresponding to a single-hop earth reflection.

(c) The path-length time difference (PLTD) between the direct
and indirect signals is large, compared to the reciprocal of
the signaling bandwidth.

(d) Doppler is different, in general, for the direct and indirect
paths.

(e) Doppler change is relatively slow and smooth.

(f) Doppler shift and delay as a function of position (time) can be
ephemerized after orbital data is obtained, thus allowing pre-
diction.
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(g) Except for multipath, the channel is almost stationary,
with a;iditive Gaussian noise.

Because of (a), (b), and (f), the direct path has a large capacity for

information transmission; there is no spontaneous Rayleigh fading as on

ionospheric and tropospheric paths, and unlike HF multipath, the multi-

path is almost predictable.

The MRS medium may be characterized as shown in Figure 2-l. The re-

s
	 ceived signal is the linear sum of the direct signal as delayed by the

line-of-sight propagation time t l and attenuated by the free-space path

loss Al , and the multipath elements. The multipath components all suffer

a common -rime delay t 2 that is always greater than tl plus additional

small differences in time delay die to the particular ray path under

consideration. Additionally, these components suffer path losses and

phase shifts not only representative of the geometrical path length

(which is always longer than the direct path) but also from the loss

f and phase shift due to earth reflection and other second order effects.

Since the path lengths for the multipath signals are all approximately

the same (ard in fact usually merge into an indistinct continuous span

of delays), it is appropriate to treat the multipath as a diffuse and

random single component of the received signal. Time dependence of de-

lays results in Doppler effects. In general, the direct signal Doppler

is significantly different from the multipath shifts. The latter tend

to be similar in magnitudes. Both the direct and multipath Doppler are

slow, gentle functions of time for all user spacecraft (s, Ic) altitudes.

a
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2.2 THE CONCEPT OF A BURST COMMUNICATION SYSTEM. The ABC system created

by HLI is a burst-blank tra--mission system that is matched to the

TDRS environment. It takes advantage of the unique properties of the

relay satellite-earth-user complex to allow communication that is free

of multipath. Data is transmitted. in bursts of a duration that is

less than the path length time difference (PLTD) existing between the

direct path signal and the first multipath return. The inter-burst

interval is chosen so that the direct path signal of the next burst

will not overlap the energy of the previous burst. If the signal

bandwidth allocation is adequately large compared. to the minimum

PLTD anticipated., each burst can consist of a number of signaling

elements, and each signaling element, may, in turn, convey one or

more bits of information. Frequency channelization is used to make

the various users completely orthogonal so there is absolutely no

requirement for burst coordination between ABC users or between relays.

The appearance of a user signal in a channel at any relay does not con-

flict in any way with other users. This user signal can be received

at any earth station able to work the particular relay satellite(s)

that are transpond.ing this signal. The only synchronization required.

beyond.normal carrier and data clock acquisition is to lock to the ABC

burst interval. Since this is either known a priori (or is evident by

inspection with an oscilloscope in the absence of any knowledge!),

simple framing synch can be achieved easily. Simple buffer storage of

the staccato bursts of ABC data then produces a smoothed.data flow as

if the ABC system were completely transparent.

r
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The minimum value of the interburst interval is determined as above;

the maximum value is determined.by considerations of average channel

data rate (thru-put) requirements, carrier coherence requirements,

and. the number of times a user spacecraft (s/c) channel would. have

to change format because of changes in PLTD as a function of orbital

position. Within these constraints it is possible to design a burst-

blank system that is immune to multipath.

An important result of the present Study has been to show that it is

indeed. possible to design such a system for the MRS. The system has

been named.the Adaptive Burst Communication (ABC) system. The team

"adaptive" derives from the fact that the format is tailored. to the

user s/c altitude and in principle, may be locally optimized.as a

function of orbital position. These notions were anticipated prior to

the initiation of the Study and were proven to be valid..

Figure 2-2 is an illustration of the ABC signal in the MRS environment.

Noting from the figure that the PLM is the same for reception at the

user s/c or at the relay, a common pair of burst and-blank intervals

will suffice for command., telemetry, and, range and. range rate applica-

tions.

Notice that the temporal relations of the direct and.multipath signals

are established.at the relay and. s/c and.are not altered. by the relay-

to-ground. link. No relay processing is required in order to retain

these relationships at the ground..
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Multiple overlapping coverage of a s/c by several TDRS relays will be

possible so long as the multipath is effectively reduced.by  the ABC

format. This period. of overlap thus depends on (1) TDRS deployment,

(2) ABC duty cycle, (3) s/c altitude, and. (4) s/c inclination. Be-

cause of the vagaries existing at present in (1) and (4), detailed.

calculations are not included. in this report. Results are presented,

however, for equatorial orbit coverage as a function of s/c altitude

on the assumption that common coverage would.be possible for ABC for

+ 20° each side of optimum hand.over angle.

A major result of the Study has been to shown that the ABC approach

would. permit the use of a fixed.format without adaptation during orbit

for all essentially circular orbits and that a fixed.(20%) duty cycle

(burst to blank ratio) could. be used irrespective of altitude. This

surprising result is one of the major achievements of this Study and

one that makes the ABC system very attractive for use in the TDRS.

Because of the way the PL TD numbers came out in computation, it has

been possible to adhere to the present VHF channel allocations of 30

kHz and. still provide at least a 4 kb/s channel capacity, a 400%

increase beyond.the stated. requirements. Using this allocated.band-

width for each user s/c, 60 simultaneous users would, require only 1.8

MHz of spectrum. Considering the difficulty in obtaining new alloca-

tions from the Interdepartmental Radio Advisory Committee (IRAC), this

compatibility with the way allocations are presently being made is con-
i

sid.ered. highly desirable.

f
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Another unanticipated. but most desirable result of the Study has

been the demonstration of the ability to maintain carrier coherence

from burst-to-burst. This capability permits the use of coherent

or differentially-coherent modulation and. d.etection schemes without

penalty in the ABC system. This capability means that carrier

Doppler can be used for range rate measurement. It is shown later

that range rate performance will be virtually unimpaired. when

using ABC.

Since the ABC notion relies upon a knowledge of the multipath duration,

and. since it is readily shown that the multipath energy is diffused,

in time, it became essentilu to determine the duration of any signifi-

cant multipath energy. A notable achievement of the Study has been

the development of this heretofore unavailable result for a rough-

earth model. Using this model HLI has created.a simple signal design

procedure that insures that the multipath is more than 30 dB down

compared to the direct signal under worst case conditions. This model

is an achievement of the Study that may find.application elsewhere.

In summary, it can be stated, that the Study has evolved. a new system -

ABC - for the MRS. The ABC system is channelized. in frequency along

present stand.ard.s and.utilizes a burst-blank format to avoid.the well-

d.efined.multipath energy while still permitting carrier coherence. It

will be shown later that ABC is compatible with all forms of relay satel-

lite repeater design and. that it affords an effective means of combating

RFI.

2-8



2.3 MULTIPATH ChARACTERIZATICN. Few attempts to characterize the MRS

multipath medium have been. made due to the complexity of the re-

flecting surface (i.e., the earth). However, any meaningful design

of the ABC system requires that an estimate be made of the duration

of the significant received multipath signal. The analysis developed

herein by HLI employs these assumptions:

(a) Depolarization effects upon reflection are ignored.

(b) Symmetrical configuration (relay overhead user) represents
worst-case conditions.

(c) The surface is considered to be rough since, at a
frequency of 1140 MHz, the rms surface height will essentially
always be greater than (	 A	 )21 (1 foot) for grazing

s^—
angles contributing the majority of the multipath (i.e.,
600CY<900 ) 2

(d) Sea-clutter measurements are used. as a guide to
determine the reflectivity due to the predominance of ocean
on the earth's surface .2

(e) The surface i-- random in nature - and exhibits an
exponential autocorrelation 3

(f) - he height of the surface has a Normal distribution.4

The signal that 4 o reflected from the surface of the earth will begin

to arrive at a time corresponding to the path length time difference

after the direct path signal. Since the maximum permissible duty

cycle of the ABC system will depend upon the amount of multipath

stretching that occurs due to the diffuse refle^tion, it is desirable

to calculate the received multipath as a function of time-after-PLTD.

4.
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The reflection configuration geometry is shown below:

where 0 is the angle measured from the bisector of the incident and

reflected. rays to the vErtica.l at the point of reflection and. H is

the user altitude in nautical miles. For values of a up to 10 degrees,

it follows that:

2
( 1 + 38730) 5 + 450 -(Ii)tan-1(H +60.225 5 )

where P and a are given in degrees. The path length difference

between the direct path and the path in the specular direction will

be 2H nautical miles. The path length difference for the reflected

ray as illustrated will be approximately:

3620 a 2 + H2 + 1.05H a 2 + H

Therefore, the difference in path length time difference between the

"specular" path and the illustrated path will be:
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APLTD = r 3= l	 3620 s 2 + H2 + 1.05H s	 -H J

where A PLTD is expressed in microseconds.

The fact that the surface appears rough at 110 MHz implies that the

relative mean reflected. power ( relative to the direct path)

as a function of 0 will be given by:

tang ( d
RMRP a 

S exp (-	 )	
2	 19365-H 

2

1r 2 K cos	 ) 
(

DFi
	

M365— l

	

4 H	 e	 l / \	 /

where S is the pertinent reflecting area at the point of reflection

asCociated with the angle A , K is a constant that is proportional

to the variance of the surface slope, DH is the divergence factor for

a given user altitude, H, and the last factor is due to the different

direct path length for different user altitudes. The above relation

is based upon the surface height having a Gaussian amplitude distri-

bution and an exponential autocorrelation function. An elaborate

derivation may be found in Beckmann and Spizzichino5 A suitable

value of K was determined by fitting the above variation to the

averaged measurements recorded by , Daley et al 2. The value K-0.0524

was found to provide excellent correspondence with the experimental

data for values of 0 from 0 to beyond 20 degrees. The value of the

divergence factor, DH, is easily calculated using the result derived

in Kerr. The lowest and highest user altitudes considered in this

2-11
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report are 100 nautical miles and 1000 nautical miles, and the

corresponding divergence factors are:

D100.0.958, and. D1000- 0.724.

The reflected power received at the user will be directly propor-

tional to the pertinent area at the point of reflection. The user

resolution of 30 µsec (due to the 30 kHz channel bandwidth) deter-

mines the size of the pertinent reflecting area around. any given

reflecting point assuming that 0 is essentially constant over this
area. The pertinent area is a zone on the earth's surface, with

boundaries a 1 and. a 2 such that ( OPLTD) a 2 - ( APLTD) a l =

30 µsec. This area is given by:

s	 _
4 r A 2 sin (-1-^

+ a
?) sin ( a2 

s
-,^ 1)

where A - 3444 n.m. - radius of the earth. The value of 0 for this

area is determined using a - 
a 1+ 02

2  , which is the angle to the

center of the zone. Therefore, the overall expression for the mean

a + a
reflected.power from a segment at a -	 2 relative to the

direct path power is given by:

xp( -tan2 { )
-0.0524R W - e 2
	 4	

4 w A2sin(al-- )sin(a- 7—))(D H^(193	 )2

4 :r x (0.0524) cos40

Given a value of s, both RMRP and.PLTD can be determined.

Using these values, RMRP can be directly related . to PLTD which

becomes the impulse response of the multi-path medium as shown in
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Figure 2-3. Design of the ABC system requires that the multipath return

be characterized for a burst of finite duration. This is easily deter-

mined, and for a burst duration of 0.5 ms and a user altitude of 100

nautical miles, the result is illustrated in Figure 2-4 as a function

of PLTD. It should. be noted that for a 0.5 ms burst duration, the

calculated value of the mean reflected power is 2.9 dB above the direct

path power but that the mean reflected powe- is more than 30 dB below

the direct path power at the time corresponding to the reception of the

next direct path burst (i.e., 2500 usec for a 500 usec burst duration

and a duty cycle of 20 percent). Power will continue to be reflected

from the earth's surface for PLTD's up to about 6500 usec; however,

Figure 2 -f actually represents the steady-state multipath return since

the contribution of the previoas burst to the present multipath return

is essentially negligible.

Given a user at 1000 nautical miles and a burst duration of 6000 usec,

the result is illustrated. in Figure 2-5. The ma.—amum value of the

mean reflected. power is 7.2 dB below the direct path power. The maxi-

mum PLTD will be about 29 milliseconds; therefore, there will be no

multipath return at the time corresponding to the reception, of the

next direct path burst (i.e., 30 ms for a 6-ms burst duration and a duty

cycle of 20 percent).

One comment on the preceeding derivation is in order. It must be stressed

that the computation used. worst-case techniques throughout in ord.er  to

provide a most conservative design for ABC. As a result, the calculated.
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f
level of +2.9 dB was obtained., a result that could not occur for a con-

vex rough surface such as the earth on a statistical basis. Physical

arguments show that such a surface must have an average power level

that is always less than the direct signal power level for an omni-

directional user s/c. The computations thus are conservative by at

least 3 dB.

The maximum values of P.MRP of +2.9 dB for 100 n.m. and -7.2 dB for

1000 nautical miles, calculated.for the burst durations of 0.5 and

6.0 ms respectively, are essentially the steady-state values for the

multipath return in a C.W. system. This is easily verified by in-

spection of Figures 2_! and 2-5. In each case, the reflected. power

reaches its maximum at a time (one burst duration) after the begin-

ning of the received. multipath. Therefore, the above values also

represent the mean reflected powers relative to the direct paths for

a C.W. system as well as a 20-percent duty cycle burst-blank system.

The relative reflected power, RRP, has an exponential distribution

(Rayleigh power distribution) with mean value equal to RMRP and. variance

equal to (RMRP) 2 . This is due to the absence of any specular reflection

component which is a result of the rough reflecting surface (Beckmann

and. Spizzichinof The probability that RRP is less than or equal to

(x) RMRP is then given by:

Prob(RRP 5 (xMW)) - 1 - exp(-x), 0:5 x < co

i
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Therefore, the statistical distribution of the received. multipath is

completely characterized by knowledge of MW . Note that:

Prob (RRP > RMR.P) 	 exp(-1) ft 0.37.

Thus the mean return will be exceeded approximately 37 percent of the

time. It should also be noted, that a level of 6 dB above the mean

will be exceeded. less than 2 percent of the time. The above distribu-

tion function is plotted in Figure 2-6 as a function of power above

the direct path received.power for altitudes of 100 and 1000 nautical

miles ,for a CW system.

It is seen by inspection of Figures 2-4 and. 2-5 that the use of a

20-percent duty cycle burst-blank technique will completely avoid

the multipath interference.
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2.4 RFI CONSIDERATIONS. HLI, in section 2.3.8, page 2-42 of its proposal,

recommended that the Electromagnetic Compatibility Analysis Center

(ECAC) be contacted with regard to predictions of radio frequency

interference (RFI) for the band.s of interest to the Data Relay Satel-

lite System. HLI was unaware that NASA/GSFC currently has a program

(under Mr. John Bryan) for the selfsame purpose. Studies of the ECAC

computer runs and. interpretations of these print-outs result in some

very interesting conclusions:

(a) The data link from the s/c in the 136-MHz band is likely to be
usable without disastrous interferance problems.

(b) The command link at about 118 MHz will suffer from severe RFI.

(c) Of the four allocated.command.frequencies, only the highest
one is relatively free from RFI.

These conclusions may be reached despite several mitigating factors

concerning the utility of the ECAC data. Separating those effects

that tend to make the ECAC read.-out seem overly pessimistic from those

that tend to make the data overly optimistic, these influences may be

listed as follows:

(a) A lack of duty cycle, percent usage information, or dead storage
information forces a pessimistic assumption of 100% utilization
for listed. radiators.

(b) Excepting those radiators with specific frequency assignments,
the remaind.er of the listings were on a "possible" use basis,
i.e., all sources with a capability of covering the particular
band. or any part thereof are listed..

(c) Omni-antenna coverage was assumed to apply uniformly and. inde-
pendent of polarization.

(d.) No consideration of absorption was made.
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On the other hand, the following factors tend. to make the data seem

too optimistic:

(a) No consideration is given non-US or other non-cooperating users;
only those filing responses to requests for cooperation in the
effort were listed..

(b) No consideration was given to reflected. energy.

(c) No consideration was given to harmonic and. spurious radiation
falling in-band from other out-of-band. sources.

The conclusions outlined above plus reduced. tabular listings showing

expected. radiated power levels represent the maximum useful information

obtainable from ECAC data. There is no sense in trying to extend. these

data nor in reading any deep significarne into the detail they offer.

Bryan has prepared a comprehensive compilation of ECAC d.ata for the

purpose of defining the VHF RFI environment. His results are suf-

ficient for the purposes of this analysis, and it is the considered.

judgement of HLI that further statements on VHF RFI should await the

calibrated.measurements of short-term power spectra made from an

orbiting spacecraft.

HLI also pursued.another course in consid.ering the effect of RFI on

the TDRS. Consid.erable information was unearthed.relating to the

experiences various NASA users have had. with RFI. Messrs. John Bryan,

Ralph Taylor, Morton Foxe, and. John Treimer provid.ed. 1'case history"

information, some of which is available in documental form. See thfa

references 6 through 10 at the end. of this section.

Considering just a simplified. model of the RFI situation, the consid.era-
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tions for commands and.for communications are seen to be substantially

different. In the case of the command link, the relay satellite is trans-

mitting earthward from a distance of approximately , 19 kilonautical miles.

The spacecraft will be between 100 and. 1000 nautical miles from the earth,

which is the source of the RFI. Simple free-space inverse-square loss

ratio shows a range disadvantage of between 46 and 26 dB disregarding

such things as antenna gain for the RFI sources. On the other hand., the

communications link geometry from the s/c to the relay satellite is such

that earth and. spacecraft are nearly equally distant from the relay so

that range disadvantage figures are in the order of 0.5 dB since the

orbit of 1,000 miles or less is about 5 percent of the range to the

satellite.

The nature of the RFI can also be expected to be different for the two

situations. In the case of the command link, the orbiting s/c will

pass through relatively localized. centers of interference because of

its proximity to the earth; a s/c at 100 nautical miles will have a

horizon that is approximately-1,100 nautical miles distant, while one

at 1,000 nautical miles will view a substantial part of a hemisphere.

The relative earth coverage (see Appendix A) is then 1.4% and. 11.2%

respectively out of a possible 50%. These s/c will receive varying

degrees of the "small picture" of the RFI environment, changing as the

s/c orbits. The relay satellite, on the other hand., will receive an

RFI-integrated. overview of 42 percent of the earth on a continuous

basis, assuming that the significant RFI sources are at least approxi-

2-22



mately stationary on the earth's surface.

I	
The implications of the above are that the RFI may well pose a

limiting constraint on the command channel because of the higher

powers listed.for sources in the command band. and because of the

large satellite signal range disadvantage. Statistical averaging

of command interference is hard.to support on the basis of such a

localized aperture effect as described.; however, the communications

signal RFI, as received.at the relay satellite, can probably be easily

estimated. statistically. The severe command. channel RFI can be

attacked. in a number of ways; anti-jam spread. spectrum techniques

can be used., other command channels can be sought, and the special

channelized.nature of the RFI can be exploited.by "channel hopping".

The use of spread spectrum against RFI has limited.ability for the

VHF situation but is a good. candidate for use at S-band/UHF. The

reason for the limitation is that the available process gain or

spreading factor is limited.by allocation on the one hand and. by the

required.data rates on the other. Process gains of perhaps 30 dB or

slightly more may be employed., but since all user s/c must utilize

this band., there is a system self-jamming of 10 log (# of users).

For the objectives of, say, 30 users, this is about a 15 dB penalty

plus an additional penalty of a few dB for the reflected. multipath

of all users, including the particular signal under consideration.

With less than 15 dB of process gain remaining, this must be used. to
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combat all possible in-band, (and this is the enter allocated band.)

RFI sources. It is quite doubtful that any noticeable improvement

could.be observed even assuming the spread. system remained. in lock,

a most d.jubtful state in the probable RFI environment. The situation

at S-bandjUHF is much better since the available bandwidth is larger

and the anticipated.RFI environment is less severe.

The seeking of new allocations dedicated to NASA use is the best pos-

sible solution but one that is politically the hardest to achieve.

Allocations in the vicinity of 400 MHz are becoming accessible and. may

provide relief for TDRS, assuming MRS will be designed. to accommodate

this part of the spectrum.

The ABC system is a channelized system, compatible with the GSFC frequency

and. bandwidth assignment standard.s. At VHF the 6,Lannelization is assumed

to be 30, 60, or 90 kHz, and at 400 MHz it is assumed.to  be multiples

of 50 kHz up to 300 kHz. This use of a channelized. system allows the

possible use of alternate assignments to "sid.e-step" the RFI. Although

command. bandwidth allocations are not standardized as are telemetry

allocations, HLI has adhered to the latter as being useful and repre-

sentative. Further, the RFI channelization tend.s to be quite similar

n structure.

The advantages of a charuielized. system in the presence of RFI can best

be seen by example. Support that there are ten high-powered. RFI sources

in the band, und.er consideration. Assume these are each 5,000 watts
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and 13 dB antenna gain. These are thus at +80 dBm levels. The ten

taken together represent +90 dBm. For a a/c at 500 nautical miles,

the path loss is about 135 dB, resulting in a RFI level of -45 dBm.

If spread spectrum process gain of 35 dB is available, the required

strength for the desired signal is - 45 - 35 + Pmin, where Pmin is the

required. carrier-to-noise after process gain, a number commonly taken

to be 10 dB. The required signal level is thus -70 dBm. On a Chan-

nelized basis, however, it is likely that the channelized interference

will not fall co-channel. Assume Pmin' 10 dB and a/c noise figure to

be 10 dB.	 In a two megahertz band. there are well over 50 possible

assignment!;, and there is a random chance of more than 80 percent that

a free channel could.be chosen. Unfortunately, at the present time,

NASA has little freedom insofar as choice of command channels is con-

cerned, but the example remains valid when the RFI itself is assumed.

to be randomly channelized.. Note that in the channelization to a

free channel, the same Pmin could.be realized, at a level of -109 dBm,

a difference of 39 db in favor of the channelized approach.

The striking result above deserves some comment. The spread system

must perforce look at the entire spread.bandwid.th  and.must, therefore

accept all signals in that band, strictly on a power-for-power basis.

The channelized-approach depend.s upon the usual selective equipment

to obtain higher rejections than have ever been realized. via spectrum

spreading. The trade-off in the channelized approach is in the avail

-ability of channels and in the ability to command.their selection. This

will be discussed more fully in a later section.
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2.5 RELAY DESIGN. Since the relays form part of the TDRS environment, it is

necessary to consider the possible effects of ,,hoosing a particular type

of relay. Relay satellite repeater designs usually fall into one of

three categories: linear, limiting or processing. Each will be dis-

cussed. in this section.

2.5.1 Linear Repeaters. The linear repeater simply receives a signal band,

amplifies and translates the band to a new frequency range, and re-

transmits the signal linearly. Because of the possibly large peak to

average ratio or crest factor, linear transmitter requirements can be

severe if very low levels of intermodulation are demanded. Additionally,

the final amplifier may operate with low efficiencies if, for example,

a traveling wave tube (TWT) is used because of the characteristics of

the device when used as a linear amplifier. Since ,he IWT is the de-

vice generally used.at S-band and. above, it is commonly heard that all

linear repeaters must operate with low efficiency. This need not be

the case at VHF and. even at low Ufa'.

Full advantage can be taken of conventional amplifiers such as solid.-

state, class B or C amplifiers to obtain better efficiencies and.

linearity. In an internal memorandum, Mr. John Bryan of NASA/GSFC

has computed that a linear repeater of modest proportions could, in

fact,operate within the RFI vironment. Moreover, proper AGC of the

input composite signals	 result in more efficient utilizat"•.on of

the power capability a- :all penalty. However, it is important to
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note that a high degree of linearity is not really required for ABC

use since the channelization works even with a limiting repeater;

the main attribute of the linear repeater would.be to reduce the

intermodulation level to a trivial amount.

2.5.2 Processing Rep eaters. The processing repeater accepts signals in a

band. and operates on the signals uc.; ►ond.the constraints of linear

filtering, amplification, and. frequency translation. It transmits a

repeated signal that generally differs in fi:rmat and.structure from

the received.signal. Typically, the received signal is demodulated,

and the demodulatea.signal is used.to modulate c separate transmitter;

a form of processing called. "demod/remod.". Note T;at thc: modulations

for the transmitted signal and. the received. signal need have no re-

lationship to one another. This form of relay design is the r,:,)st

complicated.but affords the maximum possible flexibility in optim:v.ing

performance. Design sophistication can include protection against

friendly or hostile jamming, ability to take advantage of traffic

flow fluctuations, and flexibility in the mixture of missions that

can be handled.at any time or by program. Since the local RFI and.

noise environmeit at the earth and. satellite terminals are usually

quite different, separately optimized modulations can be introduced.

in a processing relay system design. Commercial communications satel-

lites generally do not use processing repeaters because of the com-

plexity of on-board electronics, the very wide bandwidths demanded from

economic considerations (i.e., the need to handle a large number of

2-27



subscribers for both multichannel telephone and. television), and be-

cause the system users do not anticipate jamming or interference.

In the communications satellite case, all user antennas are highly

directive and are pointed skyward. This should be clearly distinguished

from the case of the NASA data relay satellite system at VHF where the

user spacecraft will not enjoy antenna directivity and. will be looking

at the earth as well as at the relay(s). Indeed, the relay signal will

have a severe range disadvantage compared to terrestrial sources,

insofar as the user spacecraft are concerned.. Further, this environ-

ment is not fi.xed.in time, especially for the user at low altitudes

when attempting to receive commands from TDRS. Moreover, it should

be noted also that the TDRS mission requirements are not those for

a commercial satellite; there is a limited variation in what types of

transmissions need to be accepted. by TDRS, and these are under the

jurisdiction of NASA rather than an international consortium. An im-

portp^t consideration is that TDRS must accommodate the VHF user who

may be in a rather bad RFI environment. These considerations should

provide strong motivation for considering processing repeaters for

the TDRS requirements at VHF.

2.5.?. Limiting Repeaters. The limiting repeater is the most popular form of

repeater in commercial use. Pre-limiting of the signal fed. into the TWT

final amplifiers allows efficient use of these wide-bane.microwave

power devices at an intermodulation penalty that is acceptable. Strict
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adherence to a power control assures that each user has his fair share

of transmitted-output power. Intermodulation products generated in

the so-called."id.eal limiting" process result in noise that sets an

upper bound of about +9 dB on the available carrier-to-noise ratio

in each user band., a result first shown by Worthy Doyle!' A simplified.

derivation is given in Appendix C. This result is for the hard-limiter

and assumes that each signal passed through the limiter is small com-

pared.to the total signal strength passed through the limiter, that

the signals are all equal and that the limiter input passband. is es-

sentially completely occupied.. Should a particular signal be, say,

larger in amplitude than the typical small input signal by x dB, it

should be noted that at the output this signal's component will also be

about x dB larger in absolute level as well as in signal-to-intermodu-

lation plus noise ratio. In other words, raising the amplitude of a

single input signal slightly do-a not raise the IM level zppreciably

though it does raise the output signal level proportionally. Thus,

it is possible to realize a process gain advantage that is 10 log

(1/duty cycle) for ABC sent through a limiting repeater. The situation

also is somewhat better for the case of a "soft" limiter, i.e., where

the output of the limiter is not simple two-level but retains some of

the information about the input amplitudes. The literature abounds

with references on the behavior of both hard and. soft limiters with

various types of input signals; a few are listed for reference. Appendix

C shows a simple derivation of the suppression that occurs with Just
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two narrow-band. signals fed through a hard limiter. The effects of

intermodulation are not included. However, with two cooperative sig-

nals, it is possible to choose frequencies of operation so that IM

products pose no problem, irrespective of the type of limiter, i.e.,

hard or soft.

Summarizing the limiting repeater, it may be stated.that (1) the output

over is d.istributed.among the signals in approximately the same ratio

as at the input, much the same as for a linear repeater, (2) IM pro-

.:..:cts are generated.which are at worst 9 dB below the signal at the

°.tput, (3) softening of the limiter characteristic, the use of ABC

process gain, and. the use of guard bands can improve the signal-to-

intermod ratio, and (4) an input signal that is as strong as the

rest of the input signals combined can cause an additional loss of

abou" 6 dB in output signal power of the lesser signals.

2.5.4 Summary. Summarizing the study of the effects of relay repeater design

on the ABC system, it may be stated. that the ABC system can work with

all forms of repeaters. In all three cases, the operation with chan-

nelized signals such as ABC can be enhanced, by pre-selection (chan-

nelized filtering) of the input signal to the repeater. This would.

attenuate undesired out-of-channel signals and effectively prevent the

resultant waste of repeater power and. concomitant suppression of the

desired signals caused by these signals appearing in the output of the

relay. Most advantageous performance would, of course, be had.with a

2-30



properly d.esigned.processing repeater wherein maximum advantage would.

be taken on the burst-blank format and. total signal regeneration prior

to retransmission. A linear repeater would perform better than a hard.-

limiting repeater insofar as low IM is concerned, although a soft

limiter would.prove quite as satisfactory in a well-regulated. environ-

ment. The 9 dB "penalty" of a hard-limiter is eased. in practice by

the use of limiters that are not hard and. by the use of guard.bands.

It shot.ld. be remembered. that the ABC design is predicated. on the use

of a 30 kHz allocation with a 20 kHz occupancy, thereby affording over

a 30% margin for the TDRS. The ABC burst-blank duty cycle of 20%

actually afford.s a process gain of 10 log 5 or +7 dB in time-gated.
reception so that adequate error rate performance is realizable even

with a 9 dB IM base. Although Sevy shows several cases where frequency

allocations can be mad.e to minimize the in-band. IM products for all

users, it is not considered. practical to expect that the MRS frequency

allocations would. permit such detailed. design.
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3.	 MAINTENANCE OF COHERENT CaK KUNICATION. In ord.er  to maintain coherence

from burst to burst, it is necessary to have the carrier phase re-

main in alignment with the local replica in the receiver, at least

within certain usable bounds. The particular bounds, in turn, depend

upon the type of modulation. For antipodal phase-shift keying, the

phase error can approach 900 without causing crosstalk and. then only

a cosine-squared. power penalty. On the other hand., four-phase quad.-

rature keying requires 3 dB more power and. becomes crosstalk limited

for phase errors approaching 150 even in the absence of other noise.

Phase error will arise from two major causes: vehicle radial accel-

eration with respect to the relay satellite and, oscillator drift

during any uncontrolled. idle period.between bursts. It will be shown

that the latter is likely to be the more serious, especially at S-band..

3.1 EFFECT OF DOPPLER SHIFT. If it is assumed. for the moment that the

receiver is phase coherent with the received signal just before the

end.of a transmission burst, and that the received.frequency at that

instant is retained perfectly during the idle period. in the trans-

mission, then, when the signal reappears, there will be a phase

misalignment due solely to the zeroeth-order prediction of a changing

frequency. Analysis of computed. data shows that Doppler frequency

as a function of time is a well-behaved, variable which can be des-

cribed adequately over short intervals by just the linearized portion

of the functional expansion into a power series. By assumption, the

3-1

L



constant term will be tracked, and. compensated. for, leaving only the

linear term to be considered.. Again, from analysis of the computed.

data, worst-case values for the Doppler frequency rate-of-change are

found. to be approximately the values shown iu Table 3-1.

The Doppler frequency rate-of-change can be con,ierted. into phase

error at the end of a time T between bursts by the formula:

T

B =	 2	 f(t)d.t	 = ,r KT2

0

where f(t) is the frequency as a function of time, and K is the

Doppler rate-of-change. Table 3-1 gives the corresponding phase

errors for the extreme values of time delay associated with the limit

cases of altitude of the orbiting spacecraft for nominal VHF and.

S-band. carriers. It is seen that the worst value of phase slippage

due to Doppler rate-of-change is less than 100 of carrier angle. This

surprisingly small phase error is due in large part to the assumption

of perfect memory and. to the initial tracking of the Doppler frequency

at the end of the burst. These results indicate that radial accelera-

tion between spacecraft and relay satellite poses no problem for co-

herent communications.

3.2 OSCILLATOR STABILITY REQUIREMENT. Neglecting for the moment the

previously discussed phase error due to acceleration, consider the

phase error arising f;^om short-term oscillator instability that re-
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sults in the received.frequency and, the local replica within the re-

ceiver drifting apart during the idle period, between bursts. It is

assumed that the oscillator drift, expressed in negative exponent

form, is a linear walk, although there will be a large amount of

random behavior in the real case. A linear walk will give a worst-

case estimate since any central tend.ency will reduce the end value

of the phase error. Table 3-2 contains the results for similar

cases of altitud.e and carrier frequency as in Table 3-1. Short-

term stabilities (in parts per carrier Hz) are shown for 10-6, 10-8,

and. 10-10, since i^ is likely that actual short-term stabilities will

be within these intervals, depending on the investment made in on-

board. electronics. From Table 3-2, it can be seen that for the longest

blank cited.(30 ms), the required VHF stability will be in the order

of 10-8, whereas the required.S-band stability will be in the order

of 10-9 . 7t should be noted, that these are short-term stabilities;

stabilities over intervals of 30 milliseconds. Short-term frequency

stability usually is about an order of magnitude better than the

quoted long-term (e.g., one day) stability so that is is possible

to realize the requisite short-term stability of 10 -9 for S-band,by

utilizing a 10-8 oscillator. Since the S-band.applications most likely

will involve larger and. more sophisticated. on-board electronics for

the spacecraft, assuming manned. spacecraft for S-band, applications, it

is almost certain that the requisite stability will be available. The

VHF requirement of 10-8 short-term and the corresponding long-term re-

quirement of about 10- 7 are easily met.
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'	 4.1 OPTIMUM DEMODULATION OF MULTIPATH PERTURBED SIGNAL. Since the MRS

Medium is a linear, quasi-stationary transducer, the optimum reception

strategy can be easily stated. Proper alignment in time and phase of

the signal components should allow the received signal energy to be

that corresponding to the sum of the voltages of all signal components

whereas the received noise would add only on a power basis. Utilizing

the results of Durrani and Staras and using Figure 4-1 yields the fact

that optimal combining of the direct signal and the expected multipath

return at -4 dB relative level will improve the performance by about

1.4 dB.

To obtain this improvement, Hekimian showed it is necessary to:

(a) Match to each and every multipath component and compensate for
phase shift and Doppler offset

(b) Optimally weight and sum, in the Kahn Maximal Ratio Combining
sense, the separate signal and noise components of each multi-
path signal.

(c) Maintain the above performance in the quasi-stationary environment.

It is readily apparent that the operational requirements for such a

system would be quite severe. Such multipath reception techniques

have been used., although primarily for measurements of the mediums

involved. These receivers were realized through the use of tapped

delay lines in a multiple transversal filter arrangement. The s/c

on-board complexity seems hardly worth the asymptotic improvement

over a scheme wherein the direct ray alone is used and where tha
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multipath is avoided rather than make any attempt to "use" it,

especially in view of the fact that completely adequate TDRS per-

formance can be obtained with the ABC system operating at reasonable

power levels and with minimal complexity.

4.2 EFFECT OF PLTD VARIATICK. The path-length-time difference (PLTD) at

hand-over of a spacecraft from one relay satellite to the next is a

function of s/c altitude and the orbital position when hand.over. is

performed. If it is assumed that hand-over occurs when the s/c is

midway between the two relay satellites, then the PLTD is seen to be

the same for both relays. Further, since the PLTD is monotonically de-

creasing on each side of the relay overhead point (more properly, for

either side of the point where s/c and relay are closest) this is also

the point of minimum PLTD insofar as a particular communications link

is concerned. Figure 4-2 shows the PLTD at handover as a function of

s/c altitude and angular separation between relays. It should be noted

that the effect of s/c altitude is primarily a.translation since the

shape of the curves is only slightly different for altitudes from 100

to 1,000 nautical miles. It can be noted also that the primary effect

of increasing altitude on shape is to flatten the curves; i.e., the

higher the s/c, the less spread in PLTD between hand-overs. It should

also be pointed out that the PLTD for 
0  

corresponds to the maximum

PLTD for a given circular orbit.

Since at the time of this report the TDRS relay satellite deployment
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has not been firmly determined., explicit statements concerning the ABC

system parameters cannot be made; only implicit relationships are

possible. Additionally, since the "modus operandi" is not determined.

for TDRS, there is room for variation here also. For example, if it

is assumed that TDRS relays are deployed at near equatorial latitudes

and. at 88°W, 14 4°W, and. 280W, with a "back-side" relay at about 266OW

(940E), then the hand.over angles between the three "front-side" satel-

lites is when the PLTD ratio is less than 1.3:1 whereas the PLTD at

hand.over for the back-side occurs at a PLTD ratio of about 2.6:1. A

uniform deployment of three relays at the equator would. result also in

about a 2.6:1 ratio of PLTD. Several possible operational considerations

would greatly modify this configuration:

(a) The front-side relays may not all be used in sequence for
every slc, or

(b) Full-orbit coverage may not be desired or required, or,

(c) Flexible operation may be desired, thus allowing a change
in operations.

Assuming the uniform model, it will be shown that it is possible to

use a fixed.ABC format for a given slc in circular or near circular

orbit. This highly desirable condition will be shown to be entirely

practical and. can provide channel capacity in excess of that required.

A comprehensive summary of tracking and data support requirements

through 1980 has been prepared by Habib? Reference to his "Summary of

T & D6 Project Development Questionnaires" yields the following repre-

sentative estimates of future spacecraft orbit categories:

^` = 4-s



(a) 51% will have circular orbits within a 100-2,000 nautical mile
altitude.

(b) 15% will have elliptical orbits entirely within a 100-2,000
nautical mile altitude.

(c) 20% will have elliptical orbits whose apogee is greater
than 2,000 nautical miles.

(d.) 10% will have circular orbits outside the 2,000 nautical
mile altitude. The remaining 4% will be non-geocentric.

Thus, approximately 66% of the projected missions will be possible

full-time users of TDRS. Of these, about 77% will have circular

orbits and. require absolutely no ABC format changes. The remaining

23% may or may not require some format change, albeit never more

than four per orbit. The requirements for these (and the projected.

20% having apogee outside of MRS coverage) will depend on data rates

and, mission requirements.

From the above, it is seen that a fixed-format ABC system will be

adequate for more than three-quarters of the projected missions, and

quite possibly much More.

4.3 SYS TIM FORMAT AND DATA RATE. The Adaptive Burst Communication (ABC)

system transmits data in bursts of a duration such that the delayed

multipath return does not overlap the direct path signal. Time-

gating is then used-to provide complete immunity to the earth-reflected,

multipath return and. thus reduce the MRS multipath medium to a simple

line-of-sight path. This immunity is achieved by choosing the burst

duration to be slightly less than the minimum path length time dif-
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ference (PLTD) encountered.during an orbit. The ABC system is

properly called adaptive due to the fact thato the burst duration em-

ployed for a given user must be a function of the altitude of the user.

For users in circular orbits, the minimum PLTD of interest during a

_full orbit occurs at handover which, for a relay spacing of 120 degrees,

causes minimum values of about 0.5 ms for a user at 100 nautical

miles and about 6 ms for a 1000 nautical mile user. It should be

noted.that users in approximately circular orbits will employ a

fixed burst duration throughout the orbit.

Having determined the burst duration, choosing a minimum inter-burst

interval will provide the maximum duty cycle for a given configuration.

The length of the interval between bursts is determined by the maxi-

mum PLTD for a given user altitude and the amount of multipath spreading

that occurs. The maximum PLTD will occur when a relay is dire.;rly above

a user and will be 1.24 ms for a user at 100 nautical miles, and.12.4

ms for a 1000 nautical mile user. Reference to Figures 2 -4 and 2 -5

in the section 2.3 on "Multipath Characterization" yields the fact that

a 20 percent duty cycle is feasible at all user altitudes from 100 to

1000 nautical miles. A sketch of the normalized relations between the

direct signal and the time-diffused multipath signal is shown in Figure

4-3. A user at 1000 nautical miles employing a 6 ms burst duration

will receive a negligible amount of multipath at the next burst which

is 24 ms after the direct path burst. The mean reflected power at a

100 nautical mile user will be more than 30 dB below the direct path
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power at the time corresponding to the reception of the next direct

path burst, i.e., 2 ms after receiving a 0.5 ms direct path burst.

The 30 kHz channel bandwidth of the ABC system permits a bit rate of

20 kilobits/second during the transmitted burst. The combination of

this bit rate with the 20 percent duty cycle permits a data rate

of 14000 bits/second.. Compared, to the specified data rate for the

MRS of 1000 bits/second, the ABC system is operating well below its

maximum possible rate. Trade-offs can be made for specific mission

purposes, of course. There are no special timing requirements neces-

sary to maintain this data rate. only locally generated bit synch

and. phase lock are needed, as in say digital data system with carrier

coherence. If frequent format changes are permitted, the ABC channel

capacity can be raised twofold. for circular orbit users. In view of

tLe capacity already shown for ABC, it does not seem necesaary to

introduce such changes at pre3ent.

The MRS in its present configuration considers only those users

having altitaies from 100 to 1000 nautical miles. As described pre-

viously, all users with essentially circular orbits can be serviced

with a 20 percent duty cycle and no format change. If users having

elliptical orbits with perigee greater than 100 nautical miles, and

apogee less than 1000 nautical miles are considered, then at least

one (but no more than four) format changes will be required. Two

design examples requiring format changes are illustrated in Appendix B.

Table 4-1 is- a eondwaation of the pertinent parameters for TDRS.
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5.	 TARS OPERATICNAL CONSIDERATIONS. In the MRS there are essentially

four operational modes: acquisition, tracking, telemetry and hand-

over. Acquisition consists of successfully addressing and commanding

the user, perhaps into the tracking mode. User range and range-rate

data are obtained during the tracking mode, and range-rate cen be

continuously determined throughout the telemetry erode during which

user data is relayed to the ground station. Handover consists of

transferi:ig the relay function to the next relay satellite.

The link from relay to ground station is anticipated to occur at

X-Band, so there will be nc, bandwidth restriction problem on this

link. The bandwidth presently utilized in the 148 Mz link is only

about 300 kHz; therefore, there will be only ten 30 kHz channels

available. The full 30 Ws is not required for command but is neces-

sax^f for range accuracy.

As presently proposed, the ABC system would employ a 20-percent duty

cycle for all users, and the burst duration would be a function of

user altitude and would be preset for circular and near-circular orbits.

This duty cycle and the preset burst duration allow the multipath re-

turn to be ignored. The only other environmental element that affects

the operation of the system is the presence of RFI.

An important point to note in the proposed MRS is that the earth

stations can monitor all of the 136 MHz channels and by such spectrum

surveillance can passively determine the RFI and user activity. This

direct observation is not possible for the command channels. It is

4W
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possible, however, to deduce the situation by the failure of a user

s/c to acknowledge or to respond.

It is highly unlikely that all command.channels will be unavailable

during the period. required for commanding and tracking a given user.

The probability of obtaining a clear command channel for a hypo-

thetical RFI environment is calculated in a later section. Therefore,

users in the ABC system will be provided the capability of monitoring

more than one command channel, thus providing the ability to sidestep

the RFI on the relay-to-user link. The number of on-board user com-

mand channels will be a function of desired user availability and

complexity.

The bandwidth presently utilized in the 136 MHz user-to-relay link is

about 1.92 MHti, permitting sixty-four 30-kHz channels. Users in the

ABC system will sidestep the RFI on this link by having the on-board

capability to change transmit channels upon command. A clear channel

can be easily found., since the ground station has the capability of

continuously monitoring any or all of the sixty-four channels at

136 MHz, as received at the relay. Therefore, the RFI can be effectively

counteracted by employing user sidestepping on both receive and, transmit.

The sequence of operations for a single user will be:

(a) Ground. station monitors the 136 MHz channels available to the
desired user and notes a clear channel.

(b) Ground station addresses and commands the desired user to respond

E
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	on that channel. If no initial response is received., the other
command channels available to the desired user are employed. un-

-2	 til communication is established.

(c) The user is commanded into the tracking mode with the use of
the conventional 4-kH2 holding tone, and range and range-rate
information is transpond.ed.

(d) After ranging is completed, the user is commanded. into the
telemetry mode, during which range-rate data may also be
extracted..

(e) Handover to the next relay requires that the cognizant earth
station for the next relay (perhaps the same station) lock a
receiver to the channel in use upon being notified through any
available low data rate station-to-station communication that
hand.over is desired. Future commands will then be issued. by
the new ground station. Depending on mission requirements,
this procedure may be relaxed to a simple time schedule based.
on local time at each earth station.

The above procedure can be employed to simultaneously acquire, track,

and.receive data from as many as sixty-four users with the present

frequency allocations. This is accomplished. by using a single

1118-MHz channel to command. and track many users. The only restric-

tions are that:

(a) All users of that single channel must employ the same burst
duration, i.e., must be at approximately the same altitude.

(b) All of those users must be satisfied with using the same
tracking period..

(c) At least one 30-kHz command.channel is available to all the
desired.users, unobscured. by RFI. Present ly used allocations
will permit more than 10 such channe s.

These restrictions are not intolerable since, even in the sequential

ranging mode, the average total time required.for acquisition and

ranging with the present GRARR system is approximately 45 seconds.

(This information was obtained. during a visit to the ROSMAN STUM
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site by HLI personnel.) After this short tracking period, the users

will be operating independently in the telemetry mode on their re-

spective 136-MHz channel.

'	 It should, be noted. that additional flexibility may be obtained. with
i

no degradation in performance by simultaneously utilizing identical

command and. telemetry channels on the front and. back of the earth. s

This is possible because of the effective hemispherical isolation

provided by the earth.

It should.also be noted.that although the present frequency allocations
s

are sufficient for ABC system operation, the "as available" allocations

in telemetry and, the amazingly small allocation for command pose a

serious problem for TDRS. Assignment of permanent clear channels for 	 =

command., in particular, would-be highly desirable. New and permanent

assignments in the 136-MHz telemetry band., although d.esir.ble, are

not as essential to the success of TDRS.

5.1 PRESENT OPERATIONAL PROCEDURES. It is instructive to note the opera-

tional procedures now in use at the Rosman STADAN station. The address-

command-execute concept is in regular use on the ATS program. On OAO,

verification of every command is made before execution by checking the

validity of the transpond.ered time-reversed command.. On all other pro-

grams, execute orders are sent with the command. Failure to receive

commands properly is evidenced. only by failure of the a/c to respond.



It was learned.that Rosman uses GRARR only b to 7 times per 24 hours

and only on the OGO and. IMP s/c. (ATS uses a sid.etone system different

from GRARR.) Peak usage was about 30 times per 24 hours. Only side-

tones to 20 kHz are used.. Though 100 kHz is available, no present s/c

are equipped.to handle it. (Even the 20 kHz is attenu gtHd.by 2.2 dB

because of s/c selectivity.) No digital ARC (ambiguity resolving code)

is used. since the S Hz sid.etone is adequate for all of their require-

ments. Sidetone phase lock loop bandwidths are about 10 Hz. The

Y

	

	 least usable power is transmitted to minimize noise generation from

antenna joints. Typical power levels are 1 to 3 KW. Present GRARR

transmissions occupy about a 120-kHz bandwidth as observed. by HLI

personnel using a spectrum analyzer at Rosman.

5.2 PRESENT RFI/XULTIPATH EXPERIENCE AT ROSMAN. RFI incidence for the s/c

is largely from other STADAN sites overloading the s/c receivers. At

Rosman a local airport also contributes interference directly to the VHF

ground. station receivers. Attempts at Rosman to "notch out" this local

RFI with a tracking reject filter have been abandoned. since the filter

rejects the strongest signal which often is the d.esired. ranging signal.

In addition, the phase perturbations introduced. by the filter seem to

degrade the GRARR performance more than is acceptable.

Because of the narrower beams at the ground.station, virtually no multi-

path effects are seen (at low antenna angles) on S-band, whereas some

effect is seen at 100 MHz. At VHF
,
the antenna performance at low angles.is

severely limited. by multipath.
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5.3	 COMMON COVERAGE CONSIDERATIONS. For purposes of determining range

from range rate measurements it is desirable that the user s/c be

in view of a number of relay satellites simultaneously and.that these

relay satellites be able to receive the a/c signal. The amount of

such common coverage depends, of course, on the a/c orbit, the number

of relay satellites and. their deployment. Assuming the uniform deploy-

ment model and. an equitorial orbit for the a/c, Table 5-1 gives the

values of common coverage angle, common coverage period., orbit period

and. the coverage period.if the common coverage is limited to 20 0 each

side of optimum handover for a/c altitudes of 100 and.1000 nm. Figure

5-1 shows the angular relationships for these cases.

The above relationships are in no way a result of the ABC system. They

are the same irrespective of modulation technique. The ABC system does,

however, impose a limitation, in theory at least, on the maximum common

coverage that can be enjoyed. without multipath. It should be noted that

in the ABC format design a range of path length time differences was

accomodated.and.that the range depended upon the handover angle, i.e.

the angle between the relay satellites. Using the recommended. value of

an 0.2 duty cycle, somewhat over 120 0 could be aceomod.ated with ease.

If the assumption is made, therefore, that the ABC coverage will be

usable in common coverage for 200 each side of handover, it is seen

from Table 5-1 that between approximately 5 and 7 minutes of common time

is available for any TDRS user a/c. This time is far more than required.

using ranging techniques such as GRARR. Typically, 45 secondie are required

at Rosman to range with GRARR.
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`	 Since the ABC format is unchanging for circular and, near-circular orbits

and. since in the vicinity of hand.over, the PLTD is the same for each

EP

satellite, i.e. the donor and.the receiver satellite, the same ABC format

is applicable to each satellite. Thus, there is no problem about "wrong"

format for ABC insofar as common coverage is concerned.; both satellites

will relay proper ABC signals to their ground. stations and. both will

effectively eliminate multipath effects.

If a fourth relay satellite is interposed. between the 120 0 model relays,

simultaneous coverage is possible without any complications whatever.

Common coverage in this case becomes even longer in duration and. can

be used. to achieve simultaneous three (3) relay coverage of TDRS user

a/c. Note again that there is no format problem nor any problem in re-

ception.

5.4	 SHORT ARC COVERAM CONSIDERATIONS. Consideration of the ABC format

development shows that when the path length time difference for the

direct and. multipath signals is too small, no multipath immunity is

realized. For the parameters selected, i.e. for a 30 kHz bandwidth

and.20% duty cycle, it is impossible to realize ABC protection against

multipath for less than three (3) miles altutide. This raises the ques-

tion of short-arc coverage at launch. The obvious answer is that the

MRS would. not be used.for such low altitude coverage in all probability

even disregarding the ABC requirements. It is hard to imagine that,

with a vehicle sitting on a pad. or even after launch and into its

initial short arc, direct line-of-sight communications would not be

the natural choice for communicating with the a/c. Taking this as the

L
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logical way of operating, the ABC compatibility with presently

existing equipment becomes even more significant. Note that it

would simply entail the use of this existing gear to communicate

with the a/c using the ABC format but not via a relay satellite.

The multipath rejection would result from the ground antenna direc-

tivity as is the present case at launchings. When the a/c reaches

sufficient altitude, say 88 nm, then the ground. link via MRS would

become usable and the direct ground.-to-s/c link could be abandoned..

Note that there is no conflict in permitting the MRS arid. direct links

to coexist so that overlapping coverage would. be a distinct possibility.

5-14



r.

6.	 ABC SYSTEM DTLDWTATION. Realization of all of the performance ad-

vantages offered by the ABC system requires proper implementation of

the system at transmitter and receiver. It is assumed to be necessary

to accept data at the transmitter input in the form of a continuous

serial stream of digital data. Buffer means must be supplied to accu-

mulate ', ,d, dump this data in the proper burst-blank format for the

particular a/c altitude and the transmitter carrier must be out Off

effectively during the blank interval. Optimum ABC reception requires

that the burst-blank format be regenerated and used to gate the re-

ceiver output off during the blank interval of the direct signal to

avoid the multipath energy and to realize the available process gain

(7dB) against RFI. Stace the demodulated data will come in bursts with

blank intervals periodically interposed, it is assumed to be necessary

to provide a smooth output flow of data by buffer sequence conjugate to

that used in transmission. When these steps are realized, the +IBC

system will appear to be transparent and system operation will be

essentially equivalent to a free-space link.

The following sections describe the system block diagram of one possible

realization of the ABC concept and the required ctinges that would have

to be made in NASA ground and a/c systems typically in use. Considera-

tion is given to the requirements to obtain range and range-rate data.

6.1 BLOCK DIAGRAN. Figure 6-1 is a block diagram of one realization of

the ABC ground transmitter. Starting with the input binary command

data stream, an input buffer accepts the serial input and, on command

from the Burst-blank Format Generator, dumps the stored sequence into

3
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a second buffer where the Burst-blank Format Generator will shift it

out in the proper format. This formatted data is then used to modulate

a VHF carrier that is gated by the same Burst-blank pattern. VHF

carrier gating is used to assure the absence of carrier during the

blank interval. Selection of carrier frequency determines the command

channel. Subsequent to this VHF modulation process, the carrier, along

with others that may be summed with it, is translated to the earth

station transmitter frequency, probably X-band. There it is amplified

to high power and fed via a circulator to the antenna complex for

transmission to the relay satellite(s). The discussion, so far, has

centered about ABC transmission of commands. However, another important

function is the determination of range and range-rate information. This

PT	 is done in a slightly different manner. Instead of buffering the input

data and forming it into a staccato stream, range modulation is entered

directly into the ABC system. Sidetone signals are converted to gated

sidetone signals by virtue of the carrier burst-blank gating without

any time distortion that would result from buffering. Note that the

reception of this gated range and range-rate signal is not impaired by

this action; there are no problems of aliasing, since correlation is

used in any form of range measurement. There is no "ambiguity" of

sidetone frequency since it is originated at the same location and in

the same equipment.

It should be noted that no specific form of VHF or X-band carrier

modulation was assumed. This is intentional. It has been shown that

the ABC system is compatible with carrier coherent modulation tech-
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niques and hence can be used with virtually any modulation. It is

suggested, however, that binary differentially coherent phase shift

keying (DCPSK) be adopted since it is essentially as effective as the

ortimum binary PSK at the error rates required for TDRS, yet being

simpler to implement in terms of resolving the classical ambiguity

problem of antipodal PSK. Present recommended modulations for NASA

are binary phase modulation that is not antipodal; there is a shift

of less than 1800, thus guaranteeing a carrier component. This is also

an acceptable modulation for ABC.

ABC a/c on-board reception is shown in Figure 6-2. Starting with the

antenna circulator, it is seen that a conventional receiver provided

with an intermediate-frequency signal gate delivers a base-band output

to an ABC Format Regenerator. This programed format generator extracts

the burst timing and duration by means of a gated conventional phase

lock loop and provides gate input to the receiver to quiet the receiver

during the blank interval of the direct signal. Loop acquisition is

no problem because the direct burst always precedes the multipath signal

and is non-diffuse in timing and amplitude. With proper format re-

generation, the base-band data buffer will re-time the receiver output

into a properly smooth data stream that can be fed into a conventional

command decoder. Command decoder outputs are used as required by the

mission throughout the s/c. Commands can be reserved for format changes

if so desired. This allows great flexibility in operation. An on-board

capability for only four formats will permit ABC operation from 100 run

to over 1,000 nm, as well as an option for conventional 100% duty
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cycle operation. Other commands are assumed to be used for (1) ground

selection of the s/c transmitter channel for RFI avoidance purposes

and (2) commandirg the s/c into either a range transponder mode or

data transmit mode. Transmitter frequency is selected by commanding

a synthesizer. Synthesizer complexity may range from a simple option

of crystals to a full add-and-divide synthesizer. Present-day hand

held.walkie-talkie units such as the AN/PRC-25 provide 50 kHz channels

from 35.05 to 76.00 MHz in small efficient packages so that on-board

synthesis is quite practical. In the range mode, the receiver output

is taken at the intermediate frequency and the receiver is not gated

by the ABC burst-blank format. Although some additional RFI immunity

may be lost, it is felt that gating is not required here and that the

ability to relay the raw, non-gated. command. channel signal to earth may

prove useful.

Ground station reception is very similar to s/c reception with the

following differences: (1) there is no range transponder mod.e since

the ground.receiver terminates the two-way range configuration and. (2)

the signal input is derived from the received X-band signal rather than

from a. VHF antenna system.

Range rate information is acquired by measurement of the Doppler shift

on the received, carrier. It is subject to s/c heterodyning frequency

errors unless the on-board frequencies are derived from the received

signal. These considerations are in no way related to the use of ABC

and are nroner1v a consideration of anv rang-, and range rate system



design and therefore will not be pursued.fu rther.

El	

6.2 REQUIRED CHANGES IN CURRENT SYSTEMS. As part of this Study, HLI in-

vestiga.ted. the impact of ABC on presently existing NASA systems.

Because ABC is compatibly channelized, all present transmitters and.

receivers are usable with ABC. Receivers should be retrofitted with

IF gating for optimum results; however, HLI's inspection of the Rosman

site showed that the present NA;A range measurement system, GRARR, as

it is actually being used, is compatible with ABC and that receiver

gating can be conveniently done at coaxial jumper interfaces. The

validity of this claim can be established easily and economically via.

a program recommended in section 10, "Recommendations".

The ability to work with the existing ground. transmitters is highly

desirable, although certainly not necessary for TDRS operation. This

ability does mean that there would be a direct VHF link capability to

back up TDRS in the event of failure, overload, or where incomplete

coverage existed with TDRS. Note that there would be no need for major

refurbishing of these transmitters for, say, wide-band operation. Nor

would there be any need for additional s/c on-board electronics.

6.3 PHYSICAL REQUIREMENTS FOR ABC IMPIZMENTATION. In order to implement the

ABC system as described., it is necessary to provide additional circuitry

beyond. the present-day receivers and. command decoders for the s/c and.

to provide additional circuitry on the ground.. The extent of these require-

ments is small. The buffer storage required. is shown in Figures 6-1 and.

6-2 as a maximum of 120 stages of simple binary buffer registers. These
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registers operate at the maximum rate of 20 kb/s and. are of the maximum

length only if full channel capacity of 4,000 bits/second are required

at the highest altitude. Lower thru-put rates, lower altitude of the s/c

or the total elimination of the need for buffer smoothing of the data

rate (such as could be done very easily with computer processing of the

data) would greatly modify or eliminate the need for any ABC buffer

circuitry. However, assuming the worst case need. of 120 bits of storage,

this is easily done with present MOSASI techniques. Common bipolar tech-

nology is also quite feasable though not as economical of power as the

MOS approach.

Because of the minimal speed requirements and.lack of complicated. circuitry

it is expected.that the reliability of the ABU implementation would be

excellent. This should. be contrasted.with the difficulties being experienced

on some wid.eband modem projects presently under contract. It should.be

remembered. that the only significant requirement imposed. by ABC is for

simple serial/parallel m,-mory; the simplest sequential data processing

circuits in use with the possible exception of binary counters.

Required. on-board frequency stability is well within present technology

for either VHF or S-band.use. VHF requirements are met by currently used.

s/c sources.
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7.	 ABC SMTEM PERFORMANCE. The ABC system concept, signal design,

carrier coherence requirements and modus operandi were described

earlier. It was shown that ABC effectively eliminates multipat,h

and reduces the MRS medium to free space. To conclude the analysis

of ABC performance, this section treats (1) the performance of the

channelized anti-RFI technique proposed for ABC, (2) the relevant

link power budget calculations, and (3) range and range-rate perfor-

mance.

7.1 PROBABILITY OF CLEAR CaIIKM CIilMM IN SEVERE RFI. In section. 5, it

was proposed that channel sidestepping be used to avoid the channelized

RFI. The probability that a clear (no RFI) command channel exists is

a function of the RFI environment and the number of available command

channels. It is very difficult to predict the magnitude and distri-

bution of the RFI; therefore, a simple model will be assumed in which

p - (probability that any given command channel will be sufficiently

obscured by RFI to prevent the user from properly decoding the command

signal), and. n - number of command channels available to - and moni-

tored by - a given user.

If the RFI is assumed to be stationary over the period of a command

and assumed to be narrowband in nature, then the interference will

be essentially independent from channel to channel and therefore, the

probability that at least one clear command channel exists is given

by:

Pc-1_pn
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The value of p obviously depends upon user altitude since a given

interfering radiator will produce 20 dB less power at 1000 nautical

miles than at 100 nautical miles. Based on available data, a worsti

case assumption would place the magnitude of the received interfering

power equally likely from thermal noise level to 50 dB above that

level in any given channel at a user altitude of 100 nautical miles.

If it is also assumed, that an tnterfering level of 10 dB or more above

thermal noise will obstruct the command signal, then the value of p

will range from 0.8 for a user altitude of 100 nautical miles to 0.4

for an altitude of 1000 nautical miles. Under these assumptions, the

probability that a given user has at least one clear command channel

is given by:

PC	
Au In

1	 0.4 [10
T goo

where Au is the user altitude (100-1000 n.m.), and n is the number of

command channels available to that user. The above expression is

plotted in Figure 7-1.

7.2 LINK CALCULATIONS. The relay-to-ground LLnk will be considered first.

The frequency employed will be about 14 0$iz. The relay antenna has a

gain (including efficiency) of about 15 dB, and the 85-foot diameter

paraboloid on the ground has an effective gain of about 70 dB. The

path loss for a frequency of 14 tgiz and a worst case distance of

22,500 nautical miles will be 207.8 dB, and the noise power spectral

density will be -198.6 dBw/hz for a noise temperature of 10001K. The

specified bit rate for the telemetry link is 1000 bits/sec., and the
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desired. bit error rate (BER) is 10-5 . Since this figure is an ovver+all

error rate, an overall SIX considering bath the user-to-relay and.

relay-to-ground links must be employed to obtain a BER of 10 -5 . A

preliminary examination of the required power for these links reveals

the fact that, when the total relay on-board power distribution is

considered, it is desirable to make the relay-to-grow d SIN at least

10 dB higher than the user-to-relay SIN. If DCPSK is employed, an error

rate of 10-5 corresponds to an E/No of 10.3 dB and, if a system margin

of 6 dB is desired, the required E/N o will be 16.3 dB. Therefore, the

figure 26.3 dB will be chosen and the required relay power per user

(relay-to-ground link) will be:

-15-70+207.8-198.6+30+26.3 - -19.5 dBw, about 11 milliwatta

an easily obtainable amount of power.

The ground.-to-relay link is not power limited, and can thus readily

be made errorless. Therefore, both the relay-to-ground and ground-to-

relay links will be considered errorless.

Now consider the user-to-rslaV link. The frequency employed will be

about 110 mHz. The user antenna will be omnidirectional and the relay

antenna (including efficiency) will have a gain of about 15 dB. The

path lose for a frequency of 140 Ma and a worst case distance of about

21,300 nautical miles will be 167.3 dB, and the power spectral density

of the noise will be -198.6 dBw/hs for a 1000 0K noise temperature. As

indicated earlier, the specified telemetry data rate is 1000 bite/sec.,

and the required E/No will be 16.3 dB for an overall BER of 10- 5 . Therefore,

the required user power will be:

^. S

s=	

-i
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-15-0+107.3-198.6+30+16.3 - 0 dBw, or 1 watt.

The relay-to-user link serves two functions, command and tracking.

It will be assumed., for purposes of this report, that it is desirable

to minimize the amount of relay on-board power to the value required

for support of command and telemetry and to accept the tracking perfor-

mance that results. An inspection of the above calculation yields

the fact that a relay transmitter power of 0.1 watt per user (relay-

to-user link) will support a 100-bit per second. command. channel. The

SA in a 30 kHz bandwidth at the user will be:

(SIN)u = -10+15-167.3+198.6-14.8 = -8.5 dB

and the S/d in a 30-kHz bandwidth back at the relay will be:

(SIN) r = +15-167.3+198.6-141.8 = +1.5dB

7.3 RAND AND RANGE-RATE TRACKING ACCURACY. Spacecraft range and. range-

rate data can be obtained by several methods. One possibility is to

use the Goddard Range and Range Rate System (GRARR) without essential

modification. The bandwidth of the carrier, subcarrier, and tone phase

locked loops are sufficiently narrow to enable the VCO's to flywheel

through the off periods of an adaptive burst commuuications (ABC)

system. The only GRARR system modification required would be the addi-

tion of receiver blanking during the multipath reception interval in order

to prevent erroneous phase perturbation of the phase locked loops.

The GRARR system, as presently used, employs a 4 kHz holding tone to

maintain the user in the tracking mode, and a 20 kHz tone to obtain

7-5
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precise range. Tone frequencies of 4.8 kHz, 1.16 kHz, 4.032 kHz, and

1.0008 kHz are sequentially applied, to resolve the phase ambiguity of

the 20-kHz tone. All of the above tones are phase-modulated onto the

carrier. An ambiguity resolving pseudo-random code is also employed.

when necessary for distances in excess of that resolved-by the 8 Hz

tone. Range rate is obtained by determining the received Doppler

frequency.

The ABC system can generate and derive the necessary range and range

rate information from entirely within a 30 kHz channel bandwidth.

(This discussion will be limited to VHF, since the available band-

width at UHF substantially eases the tracking problem.) This system

is similar to the GRARR system in that the range-rate data would.be

obtained through the use of a carrier phase locked. loop (PLL) and the

range data obtained from sidetone frequency loops. There are three

principal differences:

(a) The subcarrier would not be employed on the return link.

(b) The GRARR ambiguity resolving code would not be required for the
present user-relay configuration.

(c) The available bandwidth restricts the highest phase modulated
tone frequency to be 10 kHz.

The fact that the tracking information is modulated directly on the

carrier instead of on the subcarrier eliminates the possibility of

tracking and receiving telemetry simultaneously, but, for most users,

this is not a serious problem.

The maximum distance between relay and spacecraft will occur when the
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spacecraft altitude is 100 nautical miles and. hand.over is occurring

between two relays 120 degrees apart (for the presently defined relay

configuration). The geometry is shown below,.and. the resulting distance

is 21,317 nautical miles.

ŷ S/Cfi

Relay

GG, VVV.7 11.141. 	
Satellite

Earth
Radius = 3443.9 n.mi.

The minimum distance will occur when the spacecraft altitude is

1000 nautical miles and the relay is directly overhead. This dis-

tance will be 22808.9-W43.9 - 18365 nautical miles. The difference

between the minimum and the maximum distance determines the maximum

value of the lowest tone frequency in order to prevent range ambiguity.

This difference in distance is 21317-18365 = 3852 nautical miles, and

as a result, the lowest tone frequency must be less than or equal to:

3	 = 21.0 Hz.	 (C velocity of light in vaccuum)

The lowest tone frequency in the QHARR system is 8 Hz. Therefore,

the ambiguity resolving pseudo-random code portion of the MOM system

would not be required.
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The use of 10 kHz instead of 20 kHz as the highest sidetone frequency

would require two easily constructed. applique units to be employed, in

conjunction with the present QRARR equipment to obtain complete com-

patability. Firs, the 20 kHz tone, as presently generated., would have

to be divided to 10 kHz before modulating the carrier, and second., the

received 10 kHz tone would have to be doubled to 20 kHz after demodula-

tion but before processing by the tone PLL. Both of the above steps

could readily be achieved. in a phase coherent manner. Thus, the ABC

can provide the required tracking data using only a 30 kHz bandwidth.

The range and range-rate performance can now be derived. The range-

rate information is derived from the Doppler shifted carrier. This

measured Doppler frequency is an average frequency over the measurement

interval. The error involved in deriving the range rate from this

average Doppler frequency will be assumed negligible compared with

the thermal noise phase error. This is reasonable, since the maximum

rate of change of Doppler shift rate (for the present relay-s/c con-

figuration) is less than 0.01 Hz/sect.

The required sampling rate is one sample per second.; therefore, the

measurement interval will be chosen to be 0.8 second. Assume that a

counter is actuated by the first positive going zero crossing after

the start of the interval and, stops counting at the occurence of the

first positive going zero crossing after the end of the 0.8 seconds.

Also assume that the length of the true measurement interval is de-

termined through the use of a precise 100 MHz frequency standard.. The

use of this standard results in a measurement uncertainty of 10 no.
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A SIN of 20d .b in the carrier PLL bandwidth would result in a rms phase

uncertainty of approximately 4 degrees which, at a bias frequency of

20 kHz, corresponds to 560 ns. Therefore, the measurement uncertainty

due to the 100 MHz standard . can be neglected. A 20 kHz bias frequency

is ad.d.ed.to the two-way Doppler frequency, fD, before measurement in

order to facilitate the determination of range rate. This bias frequency

is chosen to be about five times the maximum to be encountered for any

MRS user s/c, including circular and. elliptical orbits.

Range rate ( at VHF) can be expressed.in terms of Doppler frequency as:

fD	 C
ll^0 MHz	 2 m/sec .

The spacecraft transponder frequency translation ratio is assumed. to

be unity for the purpose of this analysis since true uplink and. down-

link frequencies are presently undefined. The measurement uncertainty

Of fD, oR , due to the thermal noise phase error will be approximately:

%/2 °4	 1	 1
R = 2-1 0.	

5^7	
mJsec . for 	 2S

i.e., for a second order PLL with SIN >> 1.

The range information is obtained from the phase at the output of the

10 kHz PLL, and.the rms range uncertainty will be given by:

a  - (.L) (,- 
f ) (^ )	 meters

where c is the velocity of propagation and. f t is the tone frequency.
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If ft - 10 kHz is used, the result is:

1687
OF  = ^ meters

It will be assumed. that the peak phase deviations of the sid.etones

will be identical to the GRARR case. That is, the 10 kHz (20 for

GRARR) tone will have a peak deviation of 0.7 radians, and the 4 kHz
holding tone will have a peak deviation of 0.3 radians. Under these

conditions the carrier will be 1.3 dB below the unmodulated carrier,

and the sidetone will be 9.7 dB below the unmodulated carrier.

The range and range-rate accuracies can now be calculated employing

a relay power of 0.1 watt per user and. a user power of 1 watt. The

signal-to-noise ratios at the user and. the relay were previously shown

to be: (S/N) u = -8.5 dB, and (S/N) r = +1.5 dB.

A simple calculation using Appendix D yields an overall SIN of -11.1 dB

(in a 30 kHz bandwidth.).

A carrier PLL bandwidth of 20 Hz is sufficient for all configurations

that will be encountered in the presently anticipated relay deployment.

Therefore, for a modulated. carrier 1.3 dB below the unmodulated carrier,

the resulting SIN in the carrier PLL bandwidth will be: -11.1-1.3+31.8 =

19.4 dB. The rms range-rate uncertainty will then be 0.0758 meters/sec.

The 10 kHz sidetone will be 9.7 dB below the unmodulated carrier. If

the 10 kHz PLL bandwidth is 0.1 hz, then the resulting SIN in the tone

PLL bandwidth will be: -11.1-9.7+54.8 = 34 dB. The rms range un-

certainty will then be 33.7 meters.
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I. 7.4 SUMMARY OF ABC SYSTEM PERFORMANCE

Ground.-Relay Link

Frequency - 14 GHz

Bandwidth (per channel) - 30 kHz

Ground.Antenna Gain = 70 dB

Relay Antenna Gain	 15 dB

Noise Temperature 	 10000K.

Bit Rate (command.) = 100 bits/second

Bit Rate (telemetry) - 1000 bits/second

Bit Error Rate is negligible.

System Margin = 6 dB (relay-to-ground)

Relay Power - 11 milliwatts per user

Relay-User Link

Frequency - 148 MHz (relay-to-user command and tracking)

Frequency = 136 MHz (user-to-relay tracking and telemetry)

Bandwidth (per channel) - 30 kHz

Relay Antenna Gain - 15 dB

User Antenna Gain - 0 dB

Noise Temperature - 10000K.

Bit Rate (command.) - 100 bits/second

Bit Rate (telemetry) - 1000 bits/second.

Bit Error Rate - 10-5

System Margin - 6 dB

Relay Power	 0.1 watt per user

User Power	 1 watt

RMS Range-Rate Uncertainty - 0.0758 meters/second

RMS Range Uncertainty - 33.7 meters
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8.	 ABC VHF VOICE CAPABILITY. With a through-put bit rate of 4 kb/s shown

to be easily obtainable, it is a simple matter to demonstrate the feasi-

bility of voice transmission via ABC. A direct solution is to use a

voice-channel vocoder such as the Philco KY-585. This device normally

operates at 2.4 kb/s, and, provides over 75% intelligibility at a

10-2 BER and 80% for 10 -5 BER, based on phonetically-balanced word

list tests. This performance is more than adequate when projected

against normal speech with correlated words and. phrasing. Such equip-

ment is in widespread, use today, though not miniaturized and space

qual if ied.

At the HLI presentation after the Interim Report, Mr. Paul Hefferman

of GSFC suggested that HLI look at other means of sending non-digital

voice at VHF and within the ABC concept. We have been able to show,

as a result, that it is quite possible to use the ABC system to transmit

voice by other means than by vocoder. For example, it is entirely

feasible to use pulse-position modulation (PPM) or its "integral" form

pulse-width modulation (PWM) to convey speech amplitude samples

proportionally; i.e., non-quantized.

Since the PLTD values are such that the ABC burst rate is less than the

lowest satisfactory sampling rate, it is necessary to transmit more than

one modulated pulse during each burst. If a maximum pulse width or

position modulation of one pulse width is assumed, as is typically

done in terrestrial PPM or PWM systems, the conventional speech sample

rate of 8 kHz would require the same pulse widths as a 16 `b/a ABC

system. This could be obtained with a 90 kHz channel allocation,
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having a utilisation of 80 leis with the 0.20 duty cycle. For PPM,

the pulses would. be 12.5 ms wide, peak modulated by t6 ms and

separated by 12.5 ms. Demodulation woula.require PPM-to-AM conversion

and sample-and-hold circuits to buffer these samples into a periodic

"boxcar" output. These-techniques are commonly used and are absolutely

within the present state-of-the-art.

In summary, VHF voice can be supported by the ABC system either by

vocoder or by slog pulse modulation. Both techniques require special

circuitry, but circuitry that is well-defined and in common ure.
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9.	 CONCLUSIONS. The Adaptive Burat Communications (ABC) system utilizes

the unique characteristics of the MRS multipath medium to achieve

communication and tracking performance easily surpa3sing the re-

quirements. Data is transmitted. in bursts of a duration such that

the delayed. multipath signal return does not overlap the direct path

signal, thus reducing the MRS medium to a line-of-sight path free of

multipath. System performance will be close to an optimally matched

multipath receiver. With a duty cycle of 0.20, no format changes are

required for near-circular orbits, the vast majority of MRS user

orbits. ABC does not require error correcting codes though the use of

coding is not precluded and it may be incorporated as desired without

impact from ABC.

The ABC system Signal design is compatible with the standard 30 kHz

channel allocations at VHF and with the 50 kHz allocations at 400 MHz.

System operation is based on the familiaz "address-command-execute r' con-

cept. Since burst-to-burst carrier phase coherence is readily achieved,

conventional coherent signal reception techniques are feasible. Signal

acquisition and handover from satellite to satellite require no special

considerations. These familiar techniques and procedures assure a mini-

mum retraining of operations personnel. Utilizing relatively low-speed

circuits in very simple configurations, the reliability, economy, and

performance of the ground and on-board equipment should be near maximum.

Presently existing ground equipment, both transmitting and receiving,

will not be made obsolete by the ABC system and can provide a no-cost

pre-existing backup for the MRS.
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Examination of the available data indicates the highly channelized

nature of the RFI. The ABC system is matched to this environment

and should combat RFI effectively by channel side-stepping.

ABC is compatible vith all forms of satellite repeaters commonly used.

It suffers no significant degradation when used with hard-limiting,

linear or demod/remod. satellites. No special timing requirements

exist for the satellites or for the link. Only locally generated.

bit synch and phase lock are needed, as in any digital data system with

carrier coherence. No code lock is required and hence no danger of

loss of lock with a code sequence.

ABC is presently capable of supporting over 60 user channels. Ex-

pansion beyond the present capacity is possible through the use of

discrete addresses as is done at present.

Vocoder or analog pulse modulation can provide VHF voice capability

via ABC.

The system is compatible with either side-tone or p-r range techniques,

and can utilize carrier Doppler for range rate measurement. Range

and range rate performance will meet or exceed that required by TDRS.

The ABC system suffers no "duty cycle" penalty in signal-to-noise

performance because of process gain of +7 dB realized by matched time

gating in reception.

The following table briefly lists the major points of comparison be-

tween ABC and. wide-band spread spectrum techniques.

9-2



TABLE 9-1 A COMPARISON OF THE ABC SYSTEM AND SPREAD SPECTRUM (WIDE BAND)

ABC SYSTEM	 SPREAD SPECTRUM

RFI	 # Effectively reduced thru 	 # Anticipated RFI may prevent
use of side-stepping techni-	 acquisition.
ques due to channelized nature 	 * Exposed to all RFI in the
of both ABC system and RFI. 	 wide band.
* Effective rejection high 	 # Process-gain limited
with conventional filters.

Bandwidth	 * Narrow band. Compatible	 * Wide band. Availability of
Requirements	 with existing standards,	 allocations questionable.

equipment and allocations. 	 * Difficult to limit interfer-
ence with other sensitive users
in non-interfere allocations.

System * Up to 66 users in 2 MHz * Available process gain mar-
Expansion band. Can be expanded by gin is insufficient to provide

conventional time-sharing on expansion and system margin.
discrete address basis.

Equipment * Simple. Low-speed circuitry. * Complex. High-speed circuitry.
* Small size, light weight, * Larger, heavier, more power
low power consumption. consumption.

Operational * Conventional acquisition * P-R code acquisition required.
Procedures and handover. Simple reacqui- * Reacquisition possibly complex.

sition. * Conventional handover.

Personnel # Minimal. Easily accomplished * Extensive educational program
Training because of simple concepts. required.
Requirements

Cost * Very low. * Moderate to high.

Range and * Compatible with side-tone * P-n ranging usually used. Per-
Range Rate or p-n ranging. Accuracy deter- formance limited by signal energy
Capability mined by signal energy/noise /noise density ratio as for ABC.

density ratio

Transponder * Compatible with hard-limiting, # Compatible with hard-limiting,
Requirements linear or demod/remod satellites. linear, or demod/remod satellites.

z,

RF Power	 # Minimum
Requirements

Link
Coordination

* Higher than ABC due to accep-
tance of all RFI in wide band.

* Incompatible with existing
transmitters. Marginally usable
with receivers and preamps.

Compatibility
	

* Highly compatible. Simple
With Existing
	 applique equipment required.

Equipment

* None. Strictly random access. 	 * None. Strictly random access.
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RECOMMENDATIONS. HLI recommends several courses of action for NASA/

GSFC as a result of knowledge and understanding gained.during this

Study. Some of these actions should, be taken by NASA irrespective of

the MRS modulation technique ultimately selected.. This is true of the

first three. The remaining recommendations involve the ABC system.

HLI recommends that NASA seek VHF allocations for their exclusive use.

Though easier said than done, nonetheless it seems imperative to make

the attempt due to the severe RFI that is anticipated. in the 136 and.

118 MHz bands. The Interdepartmental Radio Advisory Committee (IRAC)

should.be approached on this matter as soon as possible.

HLI recommends that NASA plan to go to the 400 MHz telemetry band as

soon as possible because of the relaxed.RFI problem and for more band-

width '. We do not feel it is advisable for the unstabilized. and. un-

oriented unmanned. or manned. user to go higher in frequency because of

the loss of omnidirectional characteristic of the s/c antennas.

HLI recommends that RFI measurements be taken in the 148 MHz command,

band. from orbiting s/c in the 100 to 1000 nm purvey of MRS and. that

136 MHz RFI measurements be taken via the ATS stationary satellites.

Until this is done, or reliable real data is obtained. elsewhere, there

can be no confidence in the success of TDRS. This program is considered.

to be crucial.

HLI recommends that the ABC system be adopted as a candidate technique
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for MRS and. that additional evaluations and. tests be performed. on it.

We feel that the high potential of the ABC system for VHF should be

explored as part of the planning-decision process in the evolution

of TDRS .

In line with the above we suggest three programs.

10.1 ABC CAPACITY INCREASE. HLI suggests that NASA investigate the possibili-

ty of employing a system in which the user receives and transmits on

the same 30-kHz channel, thus effectively dou ling the available

spectrum. This is easily accomplished.within the framework of the

ABC system. Assume, for the purpose of illustration, that the burst-

blank technique is in operation with a duty cycle of 20 percent and. with

a user altitude such that the burst duration is 1 ms. The user (or

relay) thus receives the multipath during a substantial part of the

remaining 4 ms. There is no reason, however, why the user (or relay)

can not transmit on the same carrier frequency during part of the 4

ms.that the multipath is being received. There are no timing problems

at the user since the position of the received direct path burst can

be d.etermined.through the use of enveiope detection to well within

the d.esired.accuracy. For tracking, the only added. user complexity

will be the requirement for on-board memory in the form of sid.etone,

PLL's. These are necessary in order to store the range and. range-

rate phase information during the 2.5 ms-between the time it is re-

ceived.and, the time it is transmitted.

10-2
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The timing of the relay-transmitted burst is controlled by the ground

station. This timing must be varied. periodically since the propaga-

tion time between the relay and. the user is continually changing, and.

the relay transmission and reception must remain interleaved. The

timing necessary for this interleaving is initially established by the

ground. sending several bursts through the relay to the user and. back

through the relay to the ground.. The propagation time between the

relay and. the user will then be known since the propagation time

between the ground.and. the relay will have been previously determined.

It is the change in the propagation time between the relay and the

user that must be continually accommodated., and.this change is approxi-

mately 1 ms. every 250 ms. for a 100 n.m. user. Once the initial

timing is d.etermined., the ground. then periodically delays its trans-

mission an amount corresponding to the changing relay-user propagation

time.

When the user is in a telemetry mode (or telemetry plus one-way Doppler),

none of the above is necessary. Therefore, the technique described,

herein can be thought of as a method. to achieve command and. tracking

on the same channel employed. for telemetry.

10.2 ABC-GRARR COMPATIBILITY TEST. It would.be desirable to demonstrate the

feasibility-of the burst-blank communication concept known as the ABC

system. The fundamental precept requires phase coherence through the

off periods to guarantee range and.range-rate capability. A recent
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inspection of the Rosman STADAN facility indicated that a simple ex-

periment would suffice to demonstrate that the GRARR system would.

suffer no measurable degradation when subjected, to a burst-blank format.

This is easily accomplished. in a static (no d.oppler) manner by illumin-

ating the pole beacon with the burst-blank modulated VHF transmitter

operating at the reduced. power output of 200 watts at 148.26 MHz. The

essentially unmodified, spacecraft transponder returns the signal at a

frequency-of around.136 MHz and. the ground station tracking demodulator

acquires the ranging sidetones as the ambiguities are resolved. The

on-site equipment thus allows a comprehensive test of ABC-GRARR compati-

bility. If the transponder is assumed. transparent, the burst-blank

modulation can even be applied. to the received. signal instead of the

transmitter.

The next step would be to demonstrate ABC-GRARR compatibility under

dynamic conditions (i.e., in a doppler environment). An engineering

test employing a convenient satellite could. be  performed, again modu-

lating the transmitted. waveform and. noting the performance of the

carrier and, sid.etone tracking loops. The ambiguity resolving code is

not transmitted. since the 8 Hz ranging sidetone would, be sufficient

to resolve all ambiguities encountered, in the MRS system environment.

It should. be noted,that neither of the previous experiments require

modification of the tracking demodulator (i.e., sid.etone PLL gating)

and, therefore, are easy to implement and also represent a worst-case,

r
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non-gated. demodulator PLL signal environment.

A third. experiment would. be more complex but nevertheless quite

desirable. This would, involve tracking a cooperative satellite through

ATS. The ABC system would.again be employed.. No insurmountable ground.

station hardware problems would.be anticipated., but operational con-

sid.erations and coordination would, require a substantial effort.

'_J.3 ABC ANALOG VOICE DEVELOPMENT. HLI recommends that the use of non-

digital voice techniques in conjunction with the ABC system be ex-

plored. in a mod.est program. Such a program directed. toward.s the

analog pulse method.s outlined. in Section 8.0 could be a test vehicle

for experimental and. subjective evaluations of these methods in the

laboratory, independent of flight tests. The sim,ilicity and high

probability of success are strong reasons for und.ertaking the

recommended, program at this time.
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11. NEW TECHNOLOGY

There are no developments to report under the New Technology clause.

3
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PERCENTAGE EARTH COVERAGE AS : 'FUNCTION CP ALTITUDE

For a spacecraft at altitude h above a spherical earth, the per-

centage of earth coverage is found from the following construction:

A - Sin-1 A/(h + A)	 b - A - A coo ^!

A (viewed) - 21rAb

A sphere = 41rA2

Rel. view- b - l -cos jd-l- sin 8 = l-a/2 =h/2

A - 3" nm

For h = 100 nm

Rel. view -	 100/2	 1.4%
IM + 3444

For h - 6000. nm

Rol. view - 122242 	 11.2%
1000 + 3

For h - 19065 nm

Rel. view -	 19 6 2 - 42.4%

: 365 +
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APPENDIX 

ABC FORMAT DESIGN PRINCIPLES

This Appendix is included to illustrate design procedure for ABC

system format when format changes are required.. Format changes may be

necessary when servicing users with elliptical orbits or when a higher

duty cycle is desired. with users in circular orbits.

Figure B-1 shows the relations between burst duration T b, total of

burst time and. inter-burst interval T o, their ratio d , and.PLTD. The

plots show the limiting values of burst duration as a function of PLTD for

a given d.. The limiting large value for d is 0.5, since no overlap is

permitted. This always corresponds to the minimum PLTD that a format can

accommod.ate.

In the lower right of Figure B-1 are simple graphs of the number of

pulse (bits) that can be transmitted at the indicated bit rates for the

corresponding burst durations. These values were taken as representative;

others can be used. as desired.

Using the information contained in Figure B-1, together with the maxi-

mum and minimum values of PLTD as determined from handover considerations

for any given relay satellite deployment (see Figure 1), a signal design can

be implemented.. Some examples of signal design are:

1. Consider a 100 nautical mile orbit, handover between satellites

up to 1300 apart and an assigned bandwidth of 30 kHz of which

20 kHz will be used. From Figure B-1 the minimum and maximum

PLTD values are approximately 0.40 and 1.25 milliseconds.

Assuming a data rate of 20 kilobits per secmid., a burst will
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contain at least eight (8) bits. If a channel duty cycle of

0 .333 is assumed., the burst duration w+.11 have to be re-formatted

to accommodate bursts of 0.4, 0.8, anal. 1.6 ms and. reduced again

as the s/c is handed, to and from a particular relay satellite.

With three (3) relays and a s/c period of about 1.5 hours (at

100 nm), this is only four format changes each half-hour for full

coverage. Such a format change is non-critical and could be

initiated either from the earth or on-board.. Notice that in all

cases the average information rate is fixed. at 20/3 or about

6.7 kilobits per second, far in excess of the system require-

ments in Table 1-1.

2. Consider the same s/c and relay situation as above but determine

the parameters that result if the format is to accommodate the

0.4 to 1.25 ms PLTD range Without change. In this case, enter

the curves of Figure B-1 at d - 0.5, PLTD - 0.4 ms and read

across to PLTD - 1.25. The value d is slightly less than 0.25.

If d is taken to be 0.20, to allow margin, then a data rate of

(0.2) (20 kb/s) or 4,000 bits/second can be supported.. Pulse

rates as low as 2.5 kb/a could be used (i.e., 1 bit/burst)

resulting in a 500 b/s data rate.

Familiarity With the sign '. design procedure is easily developed

and signal designs for parti 	 .r parameters or sets of parameters can be

easily accomplished.
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While the burst rates, duty cycle d., and PLTD information apply to

any carrier and bandwidth allocation for MRS, it should, be noted.that the

actual data rates depend. on the assigned, bandwidth since the larger the

bandwidth, the higher the allowable puit' rate and more average bits per

unit time can be sent. Thus, if the 100 MHz band is utilized with a full

bandwidth assignment of 300 kHz, a factor of tan (10) would apply to the

data rates ir. the preceding examples.

It should be noted that the type of modulation has not been stipulatel.

As shown elsewhere in this report, the ABC system a, applied to TDRS is

capable of uaing any carrier modulation technique for either VHF or S-band/

UHF. The designer has full freedom in this regard, since fully coherent,

differentially coherent, and non-coherent techniques are all potentially

usable.

In the design consideration for a given mission or project, it is

assumed that some a priori information is available as to orbit altitude

and nature; e.g.,circular, elliptical, or interplanetary, and that a sig-

nificant uncertainty in these parameters is equated to mission failure.

Thus the designer can project the approximate PLTD requirements well in

advance and car provide a suitable number of format steps, the entire MRS

configuration not being required except for apogee and perigee values that

exercise the limits of the MRS coverage plan. It is suggested that each

spacecraft be provided with a format position that represents d a 1. This

is a full-time, non-burst mode that may be uaRful for command and communica-

tions with the already-existing earth stations an either a planned or
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emergency basis in the event of relay failure, anomalous occurances,

severe RFI, or other situations. Note that this facility is "free",

since no additional hardware is required for either the s/c or earth

stations.
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APPENDIX C

HARD LIMITER PERFORMANCE WITH WIDEBAP:D NOISE OR CW INTERFERENCE

C-1. A SIMPLE DERIVATION OF DOYLE'S RESULT.

Worthy Doyle showed. that in a hard-limiting repeater under conditions

wherein:

(a) the repeater bandwidth is occupied by frequency-contiguous Gaussian
distributed. signals and.

(b) Signal powers all equal,

signal-to-noise ratio per channel is limited to about +9dB.

This is easily developed from heuristic reasoning as follows:* The

-known result of Davenport that the signal-to-noise ratio vut of a

'„i-.er is about 1 dB below that of the input for signal-to-noise ratios

,Huth less than unity. Viewed from the output, this degradation may be

attributed. to the creation of intermodulation products that fall in-band.

If there are N watts for each channel's signal at the output, and there are

M signals with input powers of W watts, the input ratio of a "desired" single

channel to the entire input signal is 10 log (1/M). The output signal-to-

noise ratio is thus about 0.8/M for the channel, or:

0.8/M = 1/1.26M = 1/(M + 0.26M) = 1/(original noise +

0.26x original noise) = 1/(original noise 4 I.M. noise).

The I.M. noise is thus about 5.85 dB below the channel. However,

the channel will be detected on a voltage basis rather than power and will

thus receive a 3dB improvement, yielding about a +9 dB ratio over the I.M.

noise in that channel.

The conditions for the validity of this result are seen to be that

the spectrum can be fully loaded with Gaussian signals of equal intensity.

4E
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Channelized. signals in the MRS environment using ABC would. not satisfy

the Gaussian requirements unless there were a very large number of them

present since (1) the burst format with a 20% duty cycle reduces the

effective occupance by that ratio (for the MRS signals only) and (2)

the channel allocation of 30 kHz and. the channel utilization of 20 kHz

mean that the MRS signals will leave one-third of the spectrum absolutely

clear, on the average.

Eve.-. with sixty users, a 20% duty-cycle format will result in the

effective number of users being only 12, for purposes of repeater input

loading calculations. The bandwidth ratio alone accounts for about 1.7

dB additional margin (10 log 30/20 = 1.7). The analysis assumes also

that the degradation is due to uniformly dense I.M. products and. such is

not the case with non-contiguous signals such as the channelized. signals

to be used.with the ABC system. For the actual ABC case, additional

analysis is required. to pinpoint the actual I.M. penalties.
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Si r

C-3

where a - S i JI

C-2. COHERENT SIGNAL LOSS DUE TO CW INTERFERENCE

Consider the case of just two narrowband. CW signals at the input of a

hard limiter. At the output there will be a mutual suppression effect of

each signal on the other even in the absence of noise or other signals.

The following analysis treats this signal loss in the coherent carriers.

Si = input signal

I = interfering signal

0 = phase between So and I

R = vector resultant of S o and I

The effect of a "perfect" limiter is taken to be a constant magni-
tude resultant, JR1, with only the phase preserved. This is computed by
taking the resultant vector and normalizing to the length JR1. A coherent
receiver will respond only to the component of R that is cophase with S
the input signal. The coherent component is the desired. output, S o . It
is given by

Si + I cos 9
So

+	 S i2+ I2 + 2S iI cos 9

a + cos 9

+	 1 + a2 + 2a cos 9



Since the keying or pulsing is taken to be a worst case of full overlap
and. since the frequency separation is taken to be an integral multiple of
the bit rate, the excursion of 9 is a whole number of full revolutions;
i.e., multiples of 2 radians. The average signal voltage is then

2a
l	 a + cos 9	

d8
So 	 -'^ f4 1 + a2 + 2a cos 8

0

The average signal power is

2*

_ 1	 (a + cos 8 )2	
d9P

so -	 1 + a2 + 2a cos 9
0

For the average voltage ,, the case where a = 1 gives

2s

So (a=1) _	
1 + cos 9	 d9

2(1 + cos 8 )

1

—17
 cos 9 d9

L 7
0

1	 cos (9/2) d9

0

= 2/ * .

Since the maximum value is for a—+ ee and is obviously 1, 
C 
in formal

fashion, since:

2:

33 	 J0
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d9

Se

2 +r

	

( ) 1	 1 _ a + 22a cos 9 a + cos 9 d9

2*

2w
z

	

(_) 2
	

cos 9 + a sin2 Q 
2 

a2 cos 9 - a'2 ]dQ

0

	

(-) 
1 ( 2	

Il + I2 + 13 + I
 4)

where

2u

Il	 fcos 9 d.9 - 0

0

fa

2a

I2 	 sin  9 d.9 = ra

0

j2'a
I= J - 2 a2 cos 9 d.9 = 0

0

2x
/"	 3

I = J - 2 d.8 = ^ra3

0

This is a 50% loss of voltage or approximately u db when So is small since:

So (a small) (-) ( a - a3 )/2 (-) a/2.
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Pr = relay, transmitter power per user

Gr = relay antenna gain

Nr - relay noise power

Pu - user transmitter power

Gu - user antenna gain

Nu - user noise power

Gp = propagation path gain

For simplicity, let G = GrGuGp.

Received.power at user = PrG + Nu

User transmitter power	

4P M;

P +	 P
u

 
u 

lr;^=+ ul

Received. power at relay = ( Usar transmitted power ) G + Nr

Therefore the round.-trip signal-to-noise ratio back at the relay will be:

	

SIN =	 PrGPuG

u u + r r + u

If Nr - Nu = N , it follows that:

P G	 P G
r	 u

	

SIN = Ir ^.	 _	 (S/N)r(S/N)u

r +	 u +1	 (S/ r + S u+ 1

where (S/N)r and (S/N)u are the signal- to-noise ratios at the relay and user.
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Using the data from Table 7-1, we have the following results:

For Tracking:

(S/N) r n 33.1 dB, (SIFT) - 23.3 dB, Hence from the d.erived.formula
U

on the preceed.ing page,

SIN -
( 2140)(214)	

194.5, or +22.8 dB.210+ 21.+1

For Telemetry:

(SIN) r = 26.1 dB, (SIN)u 16.3 dB, Hence:

SIN _(426)(42.6) 	 38.6, or + 15.9 dB.
2 + 42.6 +1
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APPENDIX E

ELLIPTICAL ORBIT COMMUNICATION PA RAMETI'RS

It is desired to determine the Doppler shift, rate-of-change of

Doppler shift, and the path length time difference between direct and

reflected propagation paths for the configuration involving a stationary

relay satellite and a spacecraft having an elliptical orbit. Solutions

for circular spacecraft orbits have been obtained by Bolden 1 , and his

terminology will be employed whenever possible.

The elliptical orbits of primary interest are those which result

in maximum rates-of-change of Doppler shift, therefore the relay satellite

will be assumed to lie in the orbital plane. The configuration geometry

is illustrated in Figure Bl.

Reference to Brouwer 2 yields the following equations involving

orbital parameters:

3/2	 L
t ' a	 2 tan[ -l( 1-e k tan /2	 e(1-e2; `sin

1+e	 1 + e cos (!^)

a - tan
-1 2 e sin (0/2) / (1 + e cos

r s a (1-e-)ig Al + e cos 0)

V' (am/a)k 1+2e(yos0) +e2
(1-e )



where:

t - time in seconds required for the spacecraft to travel from

perigee to a point 0 degrees from the major axis of the ellipse

a - length of semi-major axis of the ellipse

0 - gravitational constant-6.695xio-11 Newton meter  kg-2

M - mass of the earthd5.977x1021i kg

e - eccentricity of the orbit

0 - angle from the major axis to the spacecraft position

r - distance from center of earth to spacecraft

0(-  angle between direction of motion and direction perpendicular

to r

V - spacecraft velocity

00- cigle from major axis to relay position

Inspection of Figure Bl yields:

radial velocity between
- Vcos(B)

relay and spacecraft

Spacecraft altitude - r-A

where A - radius of earth-6378166 meters [Golden191

The Doppler shift, DS, at a frequency of 140 I-iz is determined. vaing:

DS is 1140 x 106 V cos (B)] /1299.7925 x 1061 •

The path length time difference, PLTD, is easily determined using Golden's

results for each value of (0 - 00) and (r-A).

Using the above equations and assuming an elliptical orbit with

100 nautical mile perigee arA 2,000 nautical mile apogee, DS, (r A), and

(t) were calculated for values of 0 Ln one degree steps from zero to 180
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degrees and values of 0o in 45-degree steps from zero to 315 degrees. The

Doppler shift, rate-of-change of Doppler shift, and path length time dif-

ference as functions of time from perigee, (t), were calculated for each

value of 0 and the results are illustrated in the Interim Report .

Extrapolation of the results for Doppler shift and Doppler shift

rate from VHF to UHF requires only proportional scaling.
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