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NOTICE
This document has been reproduced from the best copy
furnished us by the sponsoring agency. Although it is
recognized that certain portions are iliegible, it is
being released in the.interest of making available as

much information as possible,
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1. INTRODUCTION

This document is the final report of the Parametric Analysis of RF
Communication and Tracking Systems for Manned Space Stations, conducted
by the Space Systems Division, Hughes Aircraft Company, for the Manned
Enacocraft Center, National Aeronautics and opace Administration, under
Contract NAS 9-10409,

The l-year (5 January 1970 to 5 January 1971) study was divided
intn two major phases. FPhase 1l provided analyses and assessment of the
-icnificant parameters and factors associated with RI" cormmmunication sys-

e for manned space stations. Phase II used these results in the design
o bascline estternsl communications systom for a 12-man Space Station.

IS
+

Part I of this report describers the baseline system. The basic Space
Station mission profile is given in Tanle 1-1., Wherever definitive require-
nwnts or constraints were reguired during the Jesign pvhase, the North
American Rockwell (NAR) Solar- Powered Spoce Stetion was assumed, The
biaric link geometry of the mission is jHustrated in Figure 1-1, The low-~
xliitude orbit Space Station utilizes a data relay satellite (DRS3) for all normal
cominunication to the ground. The stations of the Manned Space Flight Net-

~vork {MSFN) perform tracking of the spacecraft for orbit determination.
C‘ornmunication links are established beiween the Space Station and the orbi-

~7 vehicle of the Advanced Logistic System (ALS) whenever the ALS approaches
fe.r vendezvous, Links are also provided to the Station's free-flying experi-
srents module,  Section 2 provides a system level description of the all-
“ivital systern., The deqjgn outlined avoids the vompatibility problems encoun-
s rud i3 the Apollo Unified S-Band fysfem. The sysiem's anlenna, REF-IF,
w'al bageband subsystems are detailed in Sections 3, 4, and 5, respectively.

Part II of thiv report documents the <tadies and prrametric trades per-

cfreerd,  Alany of the studiesz can be weed in the 22 'e‘lopn\e"n of communica-

eoayerem designs for application to ruissions ofher thaa the Space Stalion

T - ion {for exaraple, the ALS nidscina) but tre detaled design trades con-
Te:t ondy the Space Station requircineats and conctezints, Section { con

e the geometoy of the variocus links, Tho nointraw neoblems asaocinfed

“ronre of a high goin antermmn fo.i thee duio . r-=1' ; 1ialk are an2’dyned in
o ‘-‘-a_i STVIRr R .;uL: sl I e o lyses ot Dt ant the Bl Adenion
o muienn ety - cinez thoos b nns cocu’ Ve acd traciing e e

Sl artaedran Do s lven to e o cof i e 0w e o) veebonn



TABLE 1-1, - MISSION PROFILE

o 12_-_-man Space Station
® \-_\.TAR solar powered configuration
o I;aunch 1977
@ Duration > 5 years
o Priméry attitude mode: X-POP LV
o Orbital parameters: 250 n, mi. altitude, 55 degree inclination
@ Operational system interfaces:
MSEN ’
ALS

EI\/Il

DRS

pointing technique., Section 9 includes analyses of a portion of the baseband
electronics for a digital communication system. The design of both a PSK
modem and a time division multiplex system are conside¥ed. Section 10

documents surveys made of the state-of-the-art in several different
technologies,

Appendix A contains the final link power budgets for the Space Station
communications system design. Appendix B summarizes a special task
performed as the request of MSC; namely, the use of electronically steered
arrays for communication during artificial gravity operations.
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“op,
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PART I

BASELINE SYSTEM
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2. BASKELINE SYSTEM SUMMARY

T PTRODUCTION

iew
5 brief outline of the baseline system design and the rationale behind

v Bopment is helpful as an orientation to the description which follows.
w08 of the b}wten’l exttennds from digital and analoz sizunals at baseband

Y e ontenna and REF transmission equipment. It provides color tele-
. wolice, Lelemetry, and wideband digital date communications sexvices
cc tein operates in three frequency bands {(nominally 140 Mz, 2.2 GHz,

! ¢ i:’!fl.,r-

A data relay satellite system is employed as the primary means of

«=tu-ground communications., The wideband service over this link uti-
turee high gain tracking antennas at 14 GHz. Omnidirectional coverage
2 are provided at the other frequencies for voice and data links to

A0t and the detached experiments module (M, ).

Freept for the emergency voice service, which is provided by a

Les d.ﬂ--'].t“ag system, digital modulation and associated source and chan-

inks and the

+
aiding is the selected transmission mode for all the lin

ives they carry.

.
a

<ine Desiugn Objectives

tooleveloping the baseline system, there were several objectives

« cerved to guide the dirscrion and deiermine the scope of the design,

Tooarroume, wh-ch hﬁlaenc:ed several dasign decisioar, was the intention
¢ ha,t technology would

T.orate the maximum communication capahilitics
©inthe mission time frame. This was to be donz not by extrapolating
Aic Ydevice pp;‘;-ﬁrrnanca levels to 7 vears in i'nr:. future, but b“y' GLsCTT-

ceiniive growrh in different Lechi’*ﬂlot‘ a6 anc rrranging these in a sys-
Tt hlch devl "'F"u. 1A Zimin s*r'w’cx,m level porformance. The device
<oes peually 1eguairved alve vey.rzlly culto enmasovativ “-16 Fee wil-
<cend - inte of i"r.,.: a,rt, YIS -.ph 15 e selection of dh: al trina-
T Mt relas, linic whaora e de ira wl ihe wagital a lte sas
g manulacbaco s cuorant dode suoewr,
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System Block Diagram
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Cewuhed inajor objective was to aveid the problems e-ncountcn,d in
Y Looeremunication system. The design philosophy provides

wrree of independence between the functions of ranging, antenna
o, uma data transmission, and preliminary analysis indicates that

«vich ghould prevent the incompatibilities found within the Apollo
—}%:md System.

Asnother objective of the baseline design w
1.4ty or risk areas.

ot

as to defermine technical
For this reason, certain areas of the design were
cA{ed in more depth than others. Ior example, the time division
- wer (TDM) was investigated to the level of digital device block dia-
-+ circuit beoard estimates. Similarly, achievable solid state power
sier performance was carefully considered and the specified capabili-
i+e hased on devices and circuits currently employed in Hughes'

RGP 3

»

Two additional objectives in the system design were: 1) to assist
.ra nlanning by providing a representative set of performance capa-
1.+ versus Space Station resource demand; and 2) to provide a design

1 fur requircements analysis and verification. In connection with the

¢+« “these, special emphasis was given to developing a comprehensive
Sootion of the system and operational interfaces

. LR o

L CUTNERAL CONFIGURATION AND SUMMARY CHARACTERISTICS

¥

risa

\—...

re basic systern concept is shown in l"igtre 2-1, where the sub-

are organized by equipment location and function, with the antenna

m on the left, the RF'-IF subsystem in the middle, and the baseband

v tem to the right. Each of these, in turn, is divided into sections which

“v»pand to the operating frequency band and communications circuits

“iic4 in that band. The top (K-band) section handles all the communica-

traffic between the Station and the ground with the exception of the

» 7 eney voice link. The S-band section carries the telemetry and wide-

. D varumunications between the Space Station and the shuttle (ALS) and
“taclied experiments module (EMI) The bottom portion of Fig-

+ '-1 vhows the dedicated, emergency voice facility which provides com-
itions 1) between the Siation and the ALS, ard 2) to the ground,

© ¥ or through the data relay satellite (DRS).

eyt
&

:1

.

erther

ne use of redundancy is indicated by the parallel equipment in cach
" . FPie reguired level of redundzncy is as yvet nundetermined, but
«idonits are included here fo assure that weight and power estimates
—-wneble, In general, a "hot" spare is provided where feasible which
detreated via the coni'lgm'auon selection switches shown.
St !in addition to the pzrallel units required

Y

This spare
d during antenna hand-~
© untennas de not have this level of redanizacy bennuse of their
©oveipht requirements, althougb there are backan provisione ig
Y

e

]
1
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Three K-band antecnnas are pw-ov;‘dec. which are the minivyum regquired
to handle uninterrupted relay satellite handover with the spacecrafi stabi-
lized in a standard mission attitude. In the event of failure of one {and under
some circumstances, two) of these antennas. the third could still provide the
full link capacity through the relay satellite. There would be an interruption
in service however, as the single antenna was repositioned for acquisition of
a second relay satellite,

The S-band and VHF antennas each consist of two independent arrays
(one circumierential and one axial) with their patterns orientéd for maximum
coverage in a given Station attitude mode, As these are not tracking anten-
nas, their reliability is quite high, If a failure should occur in the primary
pattern, the alternate array can be used. This generally would not provide
full capability (either in range or continuous visibility) but would give
minimum, essential service,

In the S-band section ef the antenna subsystem, a tracking system
interface is shown. This is a pair of isolated tranemit and receive ports
which glve full access to the S-band antenna for ground tracking or com-
mand functions, The receive port follows a wideband preamplifier so that
the tracking system noise temperature would not be penalized by attenuation
in waveguide runs, filters, and couplers associated with the communications
channels. :

On {he transmit side, it will be necessary to coordinate transmait
filter bandwidths and power levels so that appropriate isolation can be pro-
vided to prevent interference due to reflected signals in the common antenna
transmission line, i

In the K-band section of the baseband subsystem. parallel PCM and
single TV and voice sources are shown. This is because the TV and voice
signal processing is included within the communication system, whereas,
the PCM is provided from a system external to the communication system,
To provide continuous flow of data as rhay be required by the PCM users
during relay satellite handover, a parallel interface is provided. For the
TV and voice, the input and output circuits would be switched between satel-
lite circuits at the multinlexer (TDM) interface when the new link is estab-
lished. This would cause a transient interruption of the analog signal, but
probably would not be noticed by the users.

The S-band section of the baseband subsystem contains separate
modulator/demodulators for the ALS and EM;y circuits. This is required
because of the decision to employ quadriphase modulation for bandwidth
conservation in the EMjy link, Rather than attempt to define a dual mode
modem which could be configured for either quadriphase or biphase, sepa-
rate modems were specified as these are relatively small, low power units.

The configuration selection switches, as already noted, are used to
switch in redundant units in the event of a failure. In addition, they are used
to connect the appropriate snteuns, R¥F, and baseband units togethef as
required by Spuce Station conununications link geometrics and scrvice require-
ments. These switches 2 e controlled by 2 commmunacziions coutrol iocility,

24



, .
cooenal to the system. It is assumed that this facility will
e 11l internal and external communiceation functions and preplanned
-, 1 and handover sequences,

e mounting locations of the baseline communications .,cmmment

.- ~Ln in Figure 2-2, These locations are based on a Worth American

A1 solar-Powered Space Station configuration. (The solar cell panels
. oy amitted for claxity.) The three K-band, high gain antennas are

. oot the circumference at 120 degree intervals. Two are mounted
: . wedze of the conical section and the third at the rear. Each has a

., Lradle and erection mechanism. The two near the conical section
<. radially against the cone surface while the third is folded across the
-~ mriace.

The S-band and VHEF circumferential arrays form bands around the
civicnl section in the middie region. The exact location is not critical,
-+ thatl the VHE array should be 10 feet or more from the ends of the
Vore so that a symmetrical pattern is achieved. There is a single
» 1 nand VIIF element at each extremity of the longifudinal axis. One
. hown in Figure 2-2 on the narrow end where the solar panels are

wrt; there are two more on the flat surface at the end of the cylindri-
eotion,

At the base of each K~band anienna, there is an equipment section
.+ lamses the RE power amplifier, its power supply, and the servo
troanics, These are unpressurizned spaces with prime power and ther-
L -iul provisions, A compartment at the rear of the antenna reflector
' in. the preamplifier and the monopulse circuitry., Another eguipment
.10, the external equipment bay, ia located at a convenient point on the
< .rical section, This contains the majority of the RI'-IF equipiment
- slmilar power and thermal sink facilities. The bay is accessible

v b -

i lizteh in the surface for modular replacement of units,

There are two internal equipment bays; one in each of two pressur-
tetions of the Space Station., This is an agreement with the Station
hilosophy which provides for two isolated arcas for survival in an
coweney which threatens the habitable environment,
Ti:e antenna locations were selected primarily by coverage require-
blockage problems, and by launch stowzge considevations, The
the clectronic equipment was governed by the desive to locate as
e possible in a single exteirnal bay to minimize the following:
* nrition management difficulties, 2) signal and povrer cable runs,
T and ‘I:herrna,l loud demands on the wenned covivonent, It wis
b locate the Kebood power amplifiers near their associeied sulen-
"l avoeid the ercossive wavr guide locses at this frequenesy, The

LS I

"o were then ineluded of this locrtion to sivaplity zoron Toed-

o Lnd ancelous wralt s,



K-BAND ANTENNA

{nyc-95500

! EXTERMAL
EQUIPMENT
BAY

SaBAND AXIAL ELEMENT

JNTERNAL
EQUIPMEMT
BAY 1

$~BAMD CIRCUMFERENTIAL ARRAY

VHE AXIAL ELEMENT
Ax VHF CIROUMFERENTIAL ARRAY

K-BAND EQUIPMENT
SHELF

Figure 2-2. Equipment Locations
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Weight, Power, Voluny ol ' .
Snubsystom Section pounds walts cubic feet Lncatinn™
| ANTENNA K -band 299, 0 245.0 0.75 A, B, &C
: S-band 423, 0 18.0 0,24 A&C
VHE 94. 0 0.3 0.03 AuC
‘ .
Total 816. 0 263.0° 1.0
RE-IF K-band 30.0 20.0 1,28 - C
S-band 36, 0 476,0 1,95 C
VHE 27.0 7 166, 0 1.40 C
Total 153, 0 496. 0° 4,60
o3
1 BASEBAND K-band 410.0 217.0 6, 40 D&E
S-band 102.0 59.0 2. 66 D &L
VHF 2.0 — 0.23 D &R
' Total - 514, 0 276, 0° 9.3
Total external
l communications system 1,483.0 1,035, 33 14.9

;
"Electronic equipment only

5
“Iocation code:
A = Antenna
B = K-band equipment shelf
C = External bay
D = Internal bhay No. 1
% = Internal bay No, 2

-

“Cne K-band and two S-band links active

s e, It




The division between the RF-IF and baseband subsystems {located
. e axsternal and internal equipment bays, respectively) was determined
. -3, 1ipally by the objective of minimizing the cabling requirements, There
.~ @ large number of command and monitoring functions associated with the
.~ ~iipment grouped in the baseband subsystem which would lead to a severe
:_{jty in wire harness weight if it was necessary to carry these to the
~iernal bay from the iuternally located communication control facility.

« WIRT

~vutem Physical Characteristics

Table 2-1 summarizes the physical characteristics of the baseline
-vatem. The weights indicated include all the equipment shown in the pre-
ens system block design, including redundant units. The power demand
i» the average load with links established to a single DRS, ALS, and EM;y.
Yhe voelumes shown are for the electronic components only and do not include
the antenna apertures or gimbals.

Conmrmanications Performance

The communication capabilities of the baseline system are summarized
iy Table 2-2. The channel capacities are ‘specified in terms of their digital
bit rates. The 12.2880 megabits/sec and 19. 2 kilobits/sec rates handle the
calor TV and engineering voice requirements, respectively, using appropri-
nte source encoding.

As stated above, the DRS system is employed as the primary means
of space to ground communications, although the emergency voice and S-band
‘inks have more than adequate capability to work directly into a modest
ground terminal. For the EM) and the ALS, the achievable communications
range is given as an important communications performance parameter.

2.3 SYSTEM OPERATIONS

The design of the baseline system assumes autonomy of the Space
Stalion in establishing its half of the various communications Links. In
addition, it is assumed that the Station initiates all acquisition sequences
according to a preplanned schedule, Appropriate monitoring and configura-
tiun command test points, redundant units, and signal test patterns are pro-
vided for circuit and equipment performance monitoring, fault isolation, and
restoration,

These activities are under the control of a separate communications
" ¢ontrol facility, This facility coordinates all frequency and traffic assign-
7iruds with its counterpart either on the ground ox aboard the ALS or EM4
7 establishes appropriate circuit interconnections with the internal com-
“Tinication system. These {functions are assumed to bs automated with no
veuired operator supervision during normal operations, but with certain
©isl override provisions.

s
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TADLE 2-2,

SUMMARY COMMUNICATIONS PERTORMANCE

R

T

Channel Capa.city* Range,
Link Frequency Service {(full duplex) Number n. mi.
DRS K-pand Television 12.2880 Megabits [sec 1 -
Engineering voice 19. 2 Kilobits/sec 12 —
Telemetry 307. 2 Kilobits/sec 7 —
Priority telemetry 19,2 Kilobits/sec 4 —
TDRS VHE Emergency voice 3 K= 1 -
EM S-band Wideband data 7.3728 Megabits/sec i 450
ALS S-band Telemetry, voice 57.6 Kilobits/sec ] 303
ALS VHF Emergency veice 3 kd= 13 3060
MSIFN | VHF Emergency voice 3 kKH= 1 -
] '
MSFN Sehand Ranging MS¥FN standard 1 -
¥Digital channel BER 1075




1
' -
Table 2-3 summarizes the various communications system modes
...t 1nole changes as a function of several mission operations. ¥or example,
L inue Station attitude changes,. the K-band link is interrupted during the

Lenver and reestablished when the Station is stabilized in the new
:.urtation.

In the event of a mission emergency, power can be consevved and
<irimal communications capabilities sustained by powering down the two
videband links to the DRS and EMj]. The emergency voice remains opera-
i wz;.l and the narrowband data link normally providing telemetry to the
-1 van be used for a 57. 6 kilobits/sec link to the ground. The S-band
cching interface also remains operational.

-ty

¥

A DRS link-handover is accomplished by establishing the new link
is; parallel with the old during the period of mutual v151b111t3r. (This assumes
siwt the number and location of the relay satellites and the Space Station
..rhit provide such overlap.) There are three functions whith must be per-
oirined in sequence for each half of the duplex link: antenna acquisition,
ional acquisition, and TDM synchronization.

The link is first established in the direction from the DRS to the
tmace Station. Prior to initiating the segquence, the data listed below must
1.+ coordinated with the ground facility controlling the DRS, This informa-
f1en 1nay be transmitted to the Station via the DRS link at regular intervals.

1} DRGS look angles in Space Station coordinates (The final daia is
generated onboard the spacecraft. The fundamental calculation
is based on DRS and Space Station ephemerides.)

2} Transmit and receive channel assignments
3) Beacon frequency doppler offset derived £rom item (1) data

4) Ground station TDM timing offset to compensate for path length
variation during the pass

The Station and DRS coordinate the pointing of their high antennas by
*ie nge of K-band tracking beacons. The Space Station K-band antenna, which
. td carry the new link, is commanded to point at the DRS to within its beam-
-ith (1. 25 degree). The estimated doppler offset is inserted in the K-band
swuni local oscillator in the receiver and the beacon code tracking loop locks
- the P'M-coded, DRS beacon signal, This beacon signal is transmitted over
-+ »3rth coverage antenna of the DRS so it is not necessary to orient the high
% .htenna on the relay satellite at this point., When code tracking synchro-
- :1‘” i iz accomplished, the Space Station antenna commences autornatic
*: il 'm the beacon signal,

i Space Station beacon is then traasmitied to assist the DRS in
<7 its high gain antenna, When thiz has been accomplished, a confir-
Criteel s gent over the DRS heacon and detected at the Space Soction,

* i the ground and the Space Station that the conununications links
roaatabliched,

2-10



TABLE 2-3. C-JOMMUNICATEON SYSTEM MODES

Lioepations

< :ie change

inn amergency

S tandover

" ntdezyvous fdocking

T tare/maintain

RespeonsefConfiguration

Programmed reconfiguration and re-acquisition
of antenna, signal; and data

Emergency voice and MSFN telemetry operational
Powerdown EM, wideband data

'Powerdown DRS wideband data

Emergency voice and MSFN telemetry operational
Maintain communication on primary link

Programmed secondary antenna acquisition on
DRS beacon

Programmed signal and data sync acquisition on
communications channel

Accept data on new channel

§
Programmed K-band antenna reconfiguration and
power control

Programmed S-band powex control, automatic
antenna reconfiguration

Select redundant b;a,seband or RF-IF equipment
Select alternate antennas

Reduce capacity on all digital links

Manually assisted antenna pre~positioning
Replace major equipment modules

DRS coverage lmited to itwo K-band antennas

Antomatic switching of S-band and VHE antennacs




At this point in the acquisition sequence, the communications.signal
is transmitted by the ground station, relayed by the DRS, and received at
the Space Station. The design of the receiver is such that when the beacon
demodulator is trackmg the beacon signal, there is automatic doppler com-
pensation provided in the communications channel. This communications
signal is therefore quickly acquired and processed by the commmunications
demodulator/decoder. The Space Station begins transmitiing its communi-
catioris carrier at about the same timme as the ground station in order to
establish the other half of the full duplex link.

Initizlly, the signal carries no data, but has only the digital frame
structure with the sync word. The TDM equipment scans this sequence and
establishes frame and bit synchronization. As each half of the link achieves
TDM sync, it confirms this by transmitting an acknowledgement in the ’
reverse direction. This completes the link vauisition procedure and
traffic can now be transferred from the previous DRS link to the new.

During rendezvous and docking maneuvers, it is necessary to man-
age the antenna selection and transmitied power to provide continuous cover-
age and avoid interference with electronics systems on spacecraft Maneuver-
ing in the near vicinity of the Station. S-band antenna selection is provided
automatically, while the K-band antenna selection is preplanned by considera-
tion of look angles and relative geometries,

In the event of circuit degradation or equipment failure, new circuits
or equipment can be configired by switching to alternative units or, for the
K-band link, reducmg the capacity. Electronic modules may also be remmoved
for later repair or refurbishment. There are also provisions for tracking on
the DRS communications signal in the event of beacon failure and for manually
assisting the positioning of the high gain antennas for initial alignment and
acqguisition.

During the artificial gravity experiment, the antenna look angle
considerations become complicated by virtue of the sun-oriented geometry
(See Figure 2-3). The two K-band antennas with collinear azimuth axes are
'despun' at the 4 rpm spin rate and used for DRS coverage. Depending on
the number and longitude of the relay satellites which comprise the DRS
network, and the time of the year that the month-long experiment is conduc-
ted, there may be interruptions of this link.

While three high gain antennas at 120 degrees spacing can be located
to provide uninterrupted visibility of a given relay satellite on a single pass
for the normal attitude modes, this is not true for the artificial g mode, As
illustrated in Figure 2-3, the addition of the S-II stage 25 a counter-weight
limits any one antenna to hemispherical coverage on either side of the spin
plane. There are Station/DRS orbit configurations which cause the spin
plane to intersect the visible relay satellite, necessitating a handover during
a pass and the attendent interruption of service. This could be avoided by
the addition of a fourth hizh gain antenna to provide two in each hemisphere,
but this was not considered justified for an experimental mode,

2-12



the VIIF and S-band antennas also llave unique handover considerations
. rtificial g mode which impose some operational constraints involving,
Ly, Space Station-to-ground links. A link to a ground station at local
- ek would lie in the spin plane, The circumferential and axial array
ce s .t then oriented such that switching from one array to the other would
o, - ,ired two times per revolution. This could interfere with hoth the
ey voice link and a turnaround ranging link in the tracking system
+ v ure not properly designed, * These are not insurmountable difficul-

;L COMMUNICATIONS SYSTEM INTERFACES

The system interfaces, shown in Figure 2-4, have been separated
2+ external and internal systems. The external systems are the relay
*iite (DRS), the shuttle (ALS), the detached experiments module (EMjy),
o toe Lionned Space Flight Network (MSFN)., The internal interfaces have
.+ rouped into baseband comrnunication services, communication sys-

.+ iteol, and ancillary systems.

Table 2~4 is a compilation of the communication characteristics of
< - y¢wternzl systems. This suimmeavizes the RF characteristics of the
s Siation and the assumed characteristics of the interfacing systems.
T ISPV characteristics are not included as they are not 2 limniting

Lelar,

Notice that in general, complementary, orthogonal circular polariza-

v ic employed except for the VHF link where 2ll right-hand circulay polap-

~tiun is specified. This permits both the ALS and the Space Station to com-

“wiicate to the ground through the DRS and directly to each other without

e to change antenna polarization. {The transmit and receive frequency

carodion is sufficient to use frequency diplexing for isolation.) Notice also
-t the transmit and receive channels in the ALS and Space Station can be
trrehiruged as required to establish direct or relay links, The required

T oweT per carrier (PC) is specified as are the antenna gains, Effective
- e power (ERP) is the product of these parameters. The digital modu~
- fihastes gchown are the encoded rates which occur at the interface point
"+ 4t carrier) and should not be interpreted as the information rates;
Trorowere previously listed in Table 2-2,

™

. The internal interfaces are listed in Table 2-5. The number of
7ro1te tre the number of discrete terminations either single-ended or
redto ground. As mentioned earlier in the discussion of the system
treram, the velce and TV signals are proceczed within the RT cown-
vt svystemy; therefore, only 2 sinsle intecfaca is reyuived for each

el L : - " gl w ko z - -
2T Peaguireg eilher ivcobervent deovacdulation vabnfouaaz, (e, n., on
. i . L i3
viainstar for ern voency voice), or eohrreet dorasduintors which
el yrousle nodrepe ot perobud o, nTrese st ety Ao o

LT ey vantd iy

[}
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TABLE 2-5, INTERNAL INTERFACE DESCRIPTION
Numbezx
: of Circuits
J Circuit
' Interizce Group Descriptor Input Ouiput Signal Description
Bascband Engineering 12 12 300 to 3000 Hz delta-meod voice,
communications voice inband signalling
services
Emergency 1 1 300 to 3000 Hz analog voice; dedi-
| . voice cated
Color TV 1 1 NTSC video
PCM wideband 2 2 Synchronous data in 2,4576 mega-
data bit increments to 17. 2032 mega-
bit; 2 increments maximum
sirnultaneous with TV
EM; wideband 1 1 Synchronous data, 7.3728 mega-
: data bits maximum
MSFN telem-~ Two pairs each; four 19.2
etry 55 22 kilobits and 7, 307.2 kilobits
g synchronous data channels
: ALS telem- o '
i etry
E Communication : - 3 Continuous monitoring {AGC, RF
i system Etitﬁlgmen& AR power out, etc.} 0 to 5 volts,
t control ) Z = 1000 ochms; discrete (cornmand
! confirmation, etec.) circuit clos-
] ure to ground
* A.R.: As Required




Sutnber
o1 Circuizs

Circuit
fnterface Group Descriptor Input Cutput Signal Description !
}
Communicatlion Circuit —— AR, . Digital channel sync word ervors
syskem status (5 to 10 bit word); subframe
controtl assignments (8 bit word); {rame
{rontinued) buffer register count
Equipment AR, -~ Redundancy selection, parallel
configura- circuit closure to ground; antenna
tion comn- selection, parallel circuit closure
mand N to ground 5
Antenna AR, ——— Parallel, axis 1.D., 10 to 20 bhit
ACQ word
E command
| Signal acqui- | A.R. —- Parallel, channel ID., # 1 volt
; sition scaled
. command
! Station 1 ~— 19,6608 megabits/sec clock pulse
| clock
' Ancillary Station AR, . 56 volts dc and 400 Hz per NAR
;. sysloms power
i
! Tracking 2 2 S-band; compatible channel assign-
E system ment; omni coverage @-3 dB by two
i overlapping patterns
l .
i

* A.R,: As Required




channel, The PCM data, however, is externally processed, so two interfaces
are provided for both transmit and receive to enable continuous handover
operations. The MSFN and ALS telemetry circuits are similarly externally
generated, and so duplicate terminations are provided for each channel,

The detailed cormmmmunication system control interface cannot be
defined at this point as it is intimately related to the baseband and communi-
cation control eguipment design. Typical signal descriptions are provided,
however, to give an understanding of the scope and nature of this interface.
The power system interface is straightforward, but as in the instance of
the control interface, the specific voltages required by each subsystem can
only be determined by considering detailed equipment designs, The track-
ing system interface has dual transmit and receive ports corresponding to
the circumferential and axial arrays.

2.5 SYSTEM COMPATIBILITY

The need was recognized during the design phase for maintaining
compatibility between the various portions of the baseline system. Incom-
patibility was prevented wherever possible simply by minimizing the number
of interconnections and interdependences. Design decisions were also
influenced by reports of certain problems which have been discovered dur-
ing cperational use of the Apollo communications system, The Apollo track-
ing system is particularly susceptible to amplitude modulation at frequencies
of 50 Hz and 100 Hz, the error signal multiplexing frequencies. Incidental
amplitude modulation is caused by subcarrier oscillator imperfections,
carrier amplitude modulation, and intermodulation between the range code
and the subcarriers {References 2-1 and 2-2), And, in the wide-beam
acquisition mode, the Apollo command module high gain antenna occasionally
acquires a multipath signal reflected from the spacecraft surface. (Refer-
ence Z-3)

The baseline autotrack antenna system was especially designed to
avoid these problems and to minimize the possibilities of incompatibilities.
The system normally tracks on a beacon signal provided by the DRS,

This beacon originates at the DRS, and the cormumunication signal cannot
interfere with either its generation or reception. No significant tracking
errors should occur due to "incidental amplitude modulation" of the beacon;
its biphase PSK signal structure is quite simple and easily implemented.
The antenna error signals generated by the autotrack systern are demodu~
lated within the RF -IF subsystem by an (incoherent) envelope detector.
This type of detector was recommended for Apollo after studies of certain
autotrack system difficulties, due to up-link modulation. The Space Station
autotrack system will also not acquire signals reflected from the space-
craft surface. This is achieved by the use of precise initial pointing, a
narrow (1 degree) acquisition beamwidth, and careful antenna placement

on the vehicle,



Ranging for orbif determination can cause no degradation in antenna
. ;- o1 communications performance because it is accomplished by a

raze system, Input/output ports to the Space Station S-band antenna
vy are provided at RF for a turnaround transponder compatible with

f
v Y

ER S oA -

Because the ranging and antenna tracking funciions are separated

.-y the data transmission function, the signal structures at both K-band
Cwd S-band are optimized only for the communications function. The sig-
- ¢ rmat used for the DRS link is biphase PSK directly on the carrier.
s 1o divisiou multiplexing (TDM) is used rather than frequency division
- mltiplexing with subcarriers, In Apollo, intermodulation between the base-
1.5 voice and the telemetry subcarrier may cause significant degradation,
I: the baseline system, the presence of nonlinearities will not generate
cpenificant intermodulation noise in the signal structure. The multiplexed
..ta types are generated by source encoders which produce highly random
1.:4 sfreams. Furthermovre, 2 convolubtional encoder is used which will tend
¢y pandomize the data stream, Therefore, the signal structure between the
» weprolutional encoder and decoder will appear to have few prominent spec-
fr.:}l components, Any intermodulation products will be at very low

fevils,

In the FDM structure of the Apolle Unified 5-Band, a residual
iymponent is present at the carrier frequency for receiver tracking, how-
»ver, the receivers have shown a tendency to lock on spurious components
near the carrier at frequencies related to the telemetry bit rate. The
tclometry rate on the 1. 024 MHz subcarrier is 51,2 kilobits/sec (Refer-
~nve 2-4). False acquisition by the various digital receivers of the base-
line system presented here will not occur. The carrier phase tracking
Laups track a replica of the carrier obtained by squaring the communica-
tivns signal. (For the quadriphase link, a X4 loop is used.) This straight-
forvward implementation will not generate components that the tracking
loop might falsely acquire.

No incompatibilities are forseen between the communications
vlectronics and the Space Station power conditioning system. For example,
the frame synchronization scheme was designed to accommodate the power
trensients. Furthermore, the various electronics units are packaged for
protection against EMI and are separated physically from other systems.

As stated above, no attempt was made to design a unified communi-
tations system of the Apollo Unified S-Band type. The opposite approach
was used in order that the individual functions could be accomplished by
vuits optimized for that purpose. It remains the responsibility of the
~mumunications control facility to operate the system in a coordinated
“onner cither by automatic or manual controel.
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3. ANTENNA SUBSYSTEM

1,1 INTRODUCTION

The antenna subsystemn block diagram is shown in Figure 3-1. The
K-band section contains the high gain antennas, the antenna masts and
vrection mechanisms, the pedestal and servo systems, and the associated
R¥ gear, such as preamplifiers and power amplifiers. The S-band section
consists of two broad-beam arrays and preamplifiers. The VHF section
zlso consists of two arrays and their preamplifiers. The S-band and VHF
power amplifiers are part of the R¥-1IF subsystem because they are
physically colocated with the IF equipment.

Figure 3-2 shows the NAR Space Station configuration and the leca-
tion of the various antennas, and Table 3-1 surmmarizes the physical
characteristics of the antenna subsystem. The weight figures are detailed
in Table 3-2. The power required assumes a typical operating condition
< with only one K-band power amplifier aclive. The volume requlrementc
are specified for the electronics components only.

3.2 K-BAND SECTION -

Three K-band antenna groups are employed. The antennas and
pedes’cals are mounted on masts spaced 120 degrees about the circum-
‘vrence of the station, The two masts at the forward end of the station are
toldeﬁ down to the conical section durmg launch., These are arranged so
that their azimuth axes are collinrear for despmnlnc in the artificial g mode,
The third mast folds into the innetr-stage area at the aft end. The masts
2re erected and locked after normal station operations are begun.

A +48-inch parabolic reflector is used with a five-horn Cassegrdin feed.
Fable 3-3 summarizes the characteristics of the K-band antenna. The
fvtziled gain and loss budget is given in Table 3-4. Its physical dimensions
tepear in Figure 3-3, Note that an equipment compartment at the rear of
Y. dish contains the monopulse circuitry and preamplifier.
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Weight, Pawer, Yoalere,
Ttems FPounds Watls Cubie Inchos

B Band
Reflector and fced package - 11.2 6.0 -
Servo electronics 2.5 5.0 50
Pedestal 39.0 14,0 -
hast and mechanism 22.0 - ———
oI power amplifier 24.0 220, 0 300
Coufiguration switch 1.0 -~ 10
One Antenna Group 99,7 245, 0 360
K-Band Section® 299.1 245, 0 1, 080

5~-Band
Circumierential array and fsed 350.0 - e
Axial array and feed 62,0 - ---
Preamp and [ilters (3) 9.0 18.0 120
Configuration switch 2.0 - 300
S5-Band Section 423.0 18.0 420

VHE -

Circumferential array and feed 66.0 - -——
Axial array and feed - 24.0 _— -
Preamp and filters (3) 3.0 0.3 30
Configuration Switch 1.0 - 30
VHY Seclion 94. 0 0.3 60
TOTAL 816.1 263.3 1,560

QWw o>

aw; |

FAssumes Lo atveana group active
“iElectronics onty




i
1
|

i
f
[
t
i
t
i
i
t
!

TABLE 3-2. ANTENNA WEIGHT ESTIMATES

s-Band

Circumferential Array (1/16-inch aluminum)
Two radiating apertures (TX and RY)
Two corporate feeds (TX and RY)

Total
Axial Array

Two radiating elements and feed
100 foot waveguide {20-mil aluminum}
100 foot cable (coax and power}
Total
S-Band Total
VHF

Per radiating element

Dipole, balun, and hybrid

Pop~up mast and base
Element Total
Circumferential Array

Aperture {18 elements)

Corporate feed
Total
Axial Array

Aperture {fwo elements)

169 foot cable (coax and power)
Total

v 'f(U‘I;.i

Weight,
Pounds

88
262

350

32
25

62 -

412

Nlh—-w

36
30

66

3-6




.+ 3.3, K-BAND ANTENNA SUMMARY CHARACTERISTICS

T

el . Cassegrain, 5 Horn Time Division
7 adesign Monopulse

ctheetay Diametfer: " 48 Inches
senibend Gain:
Transmits 42.5 QB @ 14.825 GHz
Reaeceive: 41.9dB @ 13.725 GH=z

t alarization (4 db Axial Ratio)

Transmif: RHECP
Recelve: LEHCP
w-nwidth (-3 dB) 1.25 Degree
fiimbal Design: Three Axis, I—Iemisphe;ic Coverage

Without Tracking Interruption

nervo Design: Torque Motor Drive With Digital
- Position Feedback

Sipnal Inputs: Monopulse Tracking Errors,
Manual Slew and Digital Positioning
Commands

s

Figure 3-4 shows the three-axis antenna gimbal design. The
.tion of the cross-axis gimbal to the conventional elevation/azimuth
“iot permits tracking without interruption over a viewing area greater
»+ « hemisphere. During auto-track operation, the cross-axis and
“»ition axes are controlled by the monopulse error signals. The azimuth
-+ 1~ slaved in such a manner as to maintain orthogonality between the
oorwtion and cross-axis using the cross-axis angle transducer as a signal
. As the line of sight to the DRS approaches the zenith region of the
-1 aystem (that is, along the azimuth axis), the azimuth gimbal
“~1v loop gradually becomes ineffective in maintaining this ¢rthogonality.
seving loop is eventually disabled by the zenith logic unit., The antenna
“o U aels through the zenith region as an X-Y mount. The highest
2w vate required of this system is 4.5 deg/min on any axis, In the
- 3iieu mode, the communications control facility provides a constant
3y ‘-'-ff.ocity command input te the azimuth axis at the Space Station

SRR L
LIRS LT N



TABLE 3-4. CASSEGRAIN R{EFLECTOR ANTENNA
GAIN AND LOSS BUDGET, d4B.

Center Frequency, GHz 13,725 14.825
Area gain, dB ‘ 44. 9 45,6
Losses, dB )

Illumination efficiency
Spillover efficiency
Hyperboloid blockage
Hyperboloid support blockage

o O @ = O
PR IS ¢ B SR T
o o O O O
[SC I G T UUR v « |

Reflector surface error

— 1 — It
(¢, = 0.015% o_=0.005")

Feed, ohmic | 0. 3% 0.3
Cross-polarized power 0.3 0.3
Total E 3.1
Expected gain at center frequency 41.9 42.5
Adastional loss over 0. 950 GHz band 0.2 ' 0.2
Gain at band edge ; 41,7 : 42.3

*Contributes fo system noise temperature

Figure 3-5 illustrates the antenna servo system. The power amplifiers,
torque motors, tachometers, and resolvers are located on the gimbal structure.
The servo electronics shown is located in the equipment shelf, The monopulse
feed network generates signals Al and AZ in proportion to the pointing error in
two orthogonal planes. The signals are amplitude modulated onto the sum chan-
nel after time division multiplexing. The resulting signal is passed through a
single preamplifier and then sent to the RF-IF subsystem for further processing.
This subsystem recovers the tracking signals and forwards them tc communications
control. Normal operation entails tracking on the DRS beacon; the design also
pexrmits track-on-comm as a backup capability with negligible degradation.

The time multiplexed Al and A2 signals are sent to the servo electronics
unit by communications contzrol {at the bottom of Figure 3-5) and afier
multiplexing, thevy are passed through shaping circuits and used to contrul

3-8
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the cross—~axis and elevation drive motors., The repositioning of the antenna
boresight by these motors completes the autoirack feedback loop.

The antenna servo system also functions in a slew mode for auto-
matic prepositioning of the antenna at handover or for manually assisted pre-
positioning. When the mode control logic selecis the slew mode, the control
loop detailed in Figure 3-5 becomes active., The loop error signals are formed
by subtracting the contents of the command position register and the actual
position register, Slewing continues until the loop error is zero on all
axes. A rate limit is included to prevent excessive slew rates.

The sum channel of the monopulse feed network is initially proc-
essed in a unit placed directly behind the reflector. A receiver {filter is
provided and a 250°K uncooled, parametric amplifier is used. The receive
K-band waveguide is separated at a coaxial rotary joint just below the
azimuth drive and then is routed within the antenna mast to the equipment
shelf at the base, :

The transmitter includes a K-band traveling~wave tube amplifier
{(TWTA) located within the equipment shelf. The TWTA output is 44 watts
with a 25 percent efficiency; the associated high voltage power supply is
80 percent efficient. Passive thermal control is used within the equipment
"shelf containing the amplifier. A loss of 1.4 dB is budgeted for the signal
path from the output of the TWTA {o the antenna feed port. The transmit
signal is inserted through the coaxial rotary joint in the azimuth axis and
through a rotary joint in the gimbal opposite the receive channel at the
clevation axis, :

3.3 S~-BAND SECTION

The S-band antenna system consists of two separate arrays. The
general coverage provided by these arvays is shown in Figure 3~-6. The
circumferential array provides a toroidal pattern centered about the .
Station's longitudinal axis, When the Station is in the X-POP (X-axis perpen-
dicular to the orbit plane) attitude mode, this antenna provides good coverage
to vehicles approaching the Station for rendezvous, and to ground tra-cklng
stations. The axial array provides coverage in the +X and -X directions.
With the X-axis oriented along the velocity vector during Y-POF operations,
the axial array is utilized for the S-band links to the ALS and EMj.

The circumferential array has separate transmit and receive aper-
tures spaced 1 foot apart, center-to-center (see Figure 3-2). Figgre‘ 3.7
i1lustrates the power division network used for the feed. Ia ch radiating
‘element is 6. 47 feet long and has 18 slots and loops of the type shown in ‘
Figure 3-8, The system transmits at S-band with left~hand circular polari-
zation {LHCP)and receives with right-hand circular polarization (RECTP).

A section of the transmit/receive patterns is shown in Figure 3-9,

The axial array useg one element at either end of the Station (see
Figure 3-2). The axial clement design is shown in Figure 3-10. This

3-10
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« irment provides both RHCP and LHCP for transmit/receive isolation and,
in addition, the element design provides a high degree of isolaticn from
surrounding structure. For this reason, the element may either be
mounted flush with the skin surface or it may be permitted to protrude.
The pattern of one element is shown in Figure 3-9, Table 3-5 summarizes
il.¢ performance of the two arrays.

Three 100°K uncooled parametric amplifiers and associated filters
are used in the receive channels. One is positioned at the output port of
the circumferential array and the other two are colocated with the two
axial array elements.

TABLE 3.5, PERFORMANCE OF S-BAND ARRAYS

' omte mme A e e

Circumferential Arrayas: Axial Array®
t Degrees
V Off Axis TG Ellipticity, dB G Ellipticity dB
0 -0.5 1 +4.5 1

10 -0.8 +4,3

20 -1.3 +3.5

30 . =202 +2.3

40 -3.5 +0.3

5 4.3 5 1 -10 3
| 50 -5.2 ~2.5

60 7.3 0 6.5 6

- 70 ~9.6 ' ' -10.5 |
50 -13.5 | -14.5

Chmic loss (per element) = 0.3 dB
Hipple = 2] dB at Odegree, ohmic loss = 1.2 dB



» cunfiguration switch shown within the S-band section permits connection
i e desired antenna array and IF units and the input/output interface with
e BRESFN tracking system.,

Tt

1.4 VHF SECTION

The VHF antenna system consists of two separate arrays. The
voverage these patterns provide is very similar to the éoverage of the
“-band arrays. (See Figure 3-6.) The patterns are optimized to provide
coverage in the directions defined by the principal axes of the spacecraft.
The circumferential array consists of 18 crossed-dipole elements. The
fved network is shown in Figure 3-11. Because the antenna must provide
RHCP on both transmit and receive, transmit/receive isolation is achieved
. Ly the use of a frequency diplexer. A typical element is shown in Fig-
nre 3-12. After launch, the mast telescopes out to the fuli 10-inch length,
which the design requires. A section of the fransmit/receive patterns is
shown in Figure 3.13,

The axial array uses one of the crossed-dipole elements at each end
of the Station. The pattern of one element is shown in Figure 3-13,
#“ssuming a requirement for only -3 dB gain, = useful beamwidith of 100
degrees was attained, Table 3-6 summarizes the periormance of both VHF
4rrays. Three 250°K tunnel diode preamplifiers are used. One is located
ai the cutput port of the circumferential array. The other two are located
&t vach end of the Space Station near the axial array elements,
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TABLE 3-6. PERFORMANCE OF VHF ARRAYS

VHF Antenna Performance

{ Circumferential Arrayik Axial Arvrays
Degrees .
| Off Axis G Kllipticity, dB G Ellipticity dB
0 +0.5 1 +2.5 1
10 +0. 1 +Z.2
20 -0.5 +1.5
30 -1.6 ) +0.5
40 -3.0 -1, 1
P45 -4.0 5 2.0 5
% 50 ~-5.0 . -3.0
E 60 —:7. 5 10 -5.5 10
70 -10.5 -8.5
80 ~-14.5 o] =12.5

»Ohmic Loss (per element) = 0.4 dB
““Ripple = £1 dB at 0 Degree,Ohmic Loss = 1.5 dB




4, RFEF-IF SUBSYSTEM

4,1 INTRODUCTION

The RF-IF subsystem block diagram is shown in Figure 4-1, where
the units indicated actually occur in triplicate. The subsystem consists
basically of receive and transmil IF stages and the power amplifiers. The
K-band power amplifiers are not included because excessive line losses
iorced their placement at the base of the antenna masts. The DRS beacon
demodulator is included in this subsystem because it interfaces only with
communications control -~ if does not require & baseband interface with a
cornmunication system user. Because of the simplicity of the VHE emer-
pency voice equipment, the modem is packaged with the RF-IT gear. The
RF-IF subsystem is actually defined (as shown in Figure 4-1) as that hard-
ware located between the configuration switches in the antenna and base-
band subsystems. Figure 4-2 surnmarizes the physical characteristics of
the subsystem. Note that the power indicated is a typical load not a peak
load,

4.2 K-BAND SECTION

A single stage upconverter is used on the transmit side. The data,
modulated on a 270 MHz source is up-converited to one of the satellite
communication channel fregquencies (14,85 to 15.35 GHz) by a channel
selection command to the frequency synthesizer. This stage also up-
converts the Space Station beacon to 15. 35 GHa=.

The receiver downconverter uses two stages in the parallel com-.
munication and beacon chanoels, The first stage of the communication
channel downconverter permits selection of the appropriate DRS communi-
valions channel, The intermediate frequency of both the beacon and com-
nunication channel is 750 MHz, The second conversion generates a heacon
~o&ond IF at 30 MHz and a communication channcl second IF at 270 MHz.

- requency acquisition and tracking is accomplished at these second stages.
Aviuisition is aided by a doppler compensating offset based on computex
wnerated estimates. Automatic frequency control (AFC) for both the
snasunication and beacon channels is normally accomplished by tracking
wf the beacon. Communications signal AFC is used as a backup.
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The beacon demodulator is detailed in Figure 4-3. The device is a
,.ttal implementation of a delay lock PN code tracking loop and a biphase
.. demodulator. The generation of the inphase (I) and quadrature (Q)
-+..y:onents occurs in mixers 1 and 2, The feedback connection of the data
.11 oduliation loop is seen at the botiom of the diagram. The code tracking
. rrur is generated by taking the difference of correlations of the incoming
.., ral with an advanced and retarded replica of the reference code. The
. . of the desired DRS must be loaded into the PN reference generator by
¢+ ranunications control, The beacon demodulator outputs 150 bits/sec
¥ telemetry to communications conirol when beacon acquisition is
»rtablished. -

+, 3 5-BAND SECTION

A double stage upconverter is used in the transmitter. The signal
1 be fransmitted enters the RF-IF subsystem at either 3 MHz (ALS data)
sroat 50 MHz (EM] data). After the first upconverters, these signals are
. snitioned within parallel IF's centered at 120 MHz. The second mixer in
rich channel generates an S-band output which is then passed to one of the
-vwer amplifiers. The power amplifier is a medium scale integrated cir-
=t device; it generates 110 watts with 50 percent efficiency. The appro-

prizte transmit filter is selected by commands from communications
vattrol,

The first mixers of the receiver are followed by parallel IF's for
e &L5 and EMy signals. Each is centered at 120 MHz; the bandwidth of
tr ALS amplifier is 1 MHz and that of the EM7] is 16.2 MHz. The second
“t1se in each of the IF's performs the AFC function. The second IF ire-
voivucics ave 3 MHz for the ALS and 50 MHz for the EM;.

A X

“. 1 VHEF SECTION

The 3 kHz voice signal is frequency modulated on a 30 MHz carrier.
“is is up-converted to either 149 or 136 MHz. The power amplifier is a
" teveent efficient solid-state device, capable of 80 watts output at VIIF,
Lhu receive side uses two stages of conversion (either 136 or 149 MHz to
“*te 3 AMHz), Automatic gain control is performed at both IF stages; the

~antwidth of each is 43 kHz, The demodulator is 2 threshold extension
tesiae,
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5. BASEBAND SUBSYSTEM

5.1 INTRODUCTION

The baseband subsystem block diagram is shown in Figure 5~1., As
before, the units shown actually occur in triplicate for purposes of link conti-
nuity during handover and for redundancy. The subsystem consists basically
of modulator/demodulators, digital channel encoder/decoders, and time divi-
sion muitiplex equipment. In the E-band section, digital source encoder/
decoders are also provided which process the analog video and voice signals.
Only digital data streams are passed across the S~band section interface;
source encoder/decoders were not vrequirved, The VHY section contains little
baseband equipment, as the FM modem is contained within the RF-IF subsys~
tem, "The baseband subsystem is delineated with respect to the other subsys-
tems in Figure 2-1. Figure 5-2 summarizes the physical characteristics of
the subsystem. Note that the power indicated is a typical load, not a peak load.

7

LY

5.2 K-BAND SECTION

Modem

The modem consists of digital and analog portions. The convolu-
tional encoder (K = 5, V = 2} accepts a data stream at approximately 20.2
megabits/sec and generates 40,4 x 10° subbits per second. The biphase
modulation is accomplished at 270 MHz; the data is then passed to the config-
uration switch for routing to the proper RF-IF units. The biphase demodu-
lator recovers a coherent carrier reference and subbit timing information.
A filter and sample approach is used in the detection operation, but rather
than a '"hard decision’! on the subbif, an analog to digital (4./D} converter
quantizes the detector output and generates a 3-bit word. This digital
output is procesgsed by a-parallel Viterbi decoder and the result is a 20,2
mepgabits /sec data stream. All the K-band gear can operate at 307.2
kilobits/sec in a fall-back mode.

THtd System

i ——

The transmit portioa of the tirue division muliiplex uait is shown in
Faure 3-3, The unit accepts standardized Station-cluck~synchronous dain
¥

“2iertne. The rates of aither the TV or PCM dawa can vary {rom zeroe to
Ve 2042 megpgabita/sec 1o increments of 2, 4976 meusbits/sec with the
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ITEM WEIGHT (LBS) POWER (W)

(MODEM 17.0 44.0 800
DM . 62.0 100.0 2,000
CONFIGURATION SWITCHES 3.0 - 1,000
iVOICE MODEM 16.0 12.0 800
VIDEOQ MODEM 54.0 61.0 800
ONE GROUP 152.0 217.0 5,400
K-BAND SECTION . 410.0 217.0 11,000

ALS MODEM 12.0 19.0 400
EM, MODEM 21.0 40.0 800
CONFIGURATION SWITCHES 3.0 - 1,000
ONE GROUP . . 36.0 52.0 1,840
5-BAND SECTION 102.0 59.0 4,600
VHF CONFIGURATION SWITCH:- 2.0 - 400
TOTAL 514.0 276.0 16,000

Baseband Subsysiem Fhysical Characteristics

DaE
D&E
DA&E
D&k
Dé&E

D&E
D&k

Dak
D&E

D&E
D&E

D&L

(N)Z-96500



8
TVAND &
O piMob | elger 5
AND 2/7 DATA SUSFRAKES 1-7 £
DATA CLOCK SUETRAML =
" GENERATOR |prs anp
PCM ~— £
CLOCK .o ¥
[ | et DATA +
ERAME MUX CLOTK F;i\:l?;E OVERHEAD
— bt XBAIT THAING F
¢ 4 ¢ !
A LN
DM : 2 S’l F -
VOICE | 13 | suB-GROUP e
. d
- T Mux sl sufﬁ,’a" € [ DAtA SUSFEARE 8
v (= :
T ‘ H 8 5
TRANSMIT
CLOCK
?DENOTES STATION CLOCK
Figure 5-3, Transmit Block Diagram
START FRAME . START FRAME
=i
: 1
l 8s; CrataniL |
i -
| —-[ 384T e |
. 3
T |
; \FRAME SYNC PATTERI 4 l
1]
| 5 i
| - : |
| —
[ 3
! 31567, i

Figure 5-4, Frame Timing Diagram

5-4

{nisz-94500



esotion that the total TV and PCM rate can be no greater than 17.2032 -

r:.‘utaz’bea_ The twelve voice channels are each 19.2 kilobits/sec and
wwr ¢ the four priority telemetry channels are 19,2 kilobits/sec. Seven
The total avail-

2 xilobits/sec telemetry channels are also provided.
darz capacily without overhead is 19, 6608 megabits per second. Fig-
shows the frame timing diagram for the ;nultzplexmv process, includ-
word,

sl

I
-t

S
e addition of the channel ID words and the frame synchronization w

Figure 5-5 details the more complex of the subframe multiplexers.
munications control commands the configuration logic device to gener-
.-,. the appropriate shift registcr logic {SRL)}. These commands indicate
. idata rates being received in the PCM and TV channels., In the PCM
vairel logic unit, the pulse stream is gated successively into subframe
| rnrough 7 storage according to the clock rate. The TV channel logic unit
-;.ultanecusly gates data into these same storage devices begmnmg with
. s, 7 and progressing upward toward No. 1. If the PCM channel is oper-
s ab 12,2880 megabits/sec, subframe 1 is used for PCM data and sub-
cues 7y 6, 5, 4, and 3 are used for TV data. The SRL configures the
;. 2 storage unit into a linear-feedback shift register and ouiputs a
The signals from the parallel frame multiplex

«+ ndo-random code.

+-1x2 to the sftorage units are generated by the frame mux device. These
~als cause the storage devices to output their data in appropriate time
L nce, .

The frame mux diagram is given in Figure 5-6. Driven by the
tvarsmit clock at 20. 1984 MHz, this unit clocks out the data from the sub-
v upe registers and inserts the synchronization patitern and the channel
1ot at the appropriate times (according to the timing sequence given in

s irare h-4)

The receive portion of the TDM gear is diagrammed in Figure 5-7.
tvvause the K-band link is full-duplex, the overall structure of the receive
*av is very similar to the transmit unit shown in Figure 5-3. However,
wivn data is first received, the ''start frame' time is ubkniown and further-

srey during operation, the received clock frequency may vary {doppler
tvits or clock drift), Frame synchronization and receive clock buffering
« accomplished by the frame demux diagrammed in Figure 5-8. The
fovwived data stream and received clock is accepted from the modem. The
« "-bit gounter then clecks out successive 20-bit words which the sync word
T-.ounizer cross-correlates with a reference pattexrn and also with the
sitrrn's complement, A search for the complementary pattern must be
 «-d¥ined because of the 180 degree ambiguity in the recovered carrvier,
Coreeszary, the data stream is re-inverted in the data channel logic unit.
¥« 5-9 describes the scanuing operation and manner in which the main-
et iuode is attained. Once synchronization is achieved, the remaining
-noraf is enabled and the demultiplexing operation can be initiated. _
Lo receited data and the associated clock can be buifered by the frame
'. it uI to one full frame time of 0. 149 ras. It is asswmed that the
. ,-vlon adjusts its transmission rate such that the rate scen by the

- w.ithin this buffering capability.

5-5
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The 7/2 demux diagram in Figure 5-10 shows that this unit is very
slar bo the 2/7 mux unit of Figure 5-5. The 7/2 demux accepts seven
_+x rubframes and outputs the data in two channels. The parallel frame
.- ux signals gate the data into subirame storage registers 1 through 7.
.. data is then unloaded at synchronous rates into either the PCM channel
1 TV channel according to the configuration commands. Registers con-
s .auing PN bits are ignored quring this process.

~surce Encoder/Decoder

At the time of DRS link handover, two TDM units will be operating.
The propagation delay difference in the links will cause the data streams
irom these units to have a significant differential delay. Since the PCM
chtznnel user may reguire uninterrupted data flow, he is provided the out-
puts of both operating units. The user may then buffer as required.
Livinentary data dropout will occur in the voice and television channels
during handover. The twelve 19.2 kilobits/sec ocutputs from a single TDM
are switched into a bank of delta modulators which generate the analog
voice waveforms. These units also encode the 3 kHz voice signals for
transmission. The 12.2880 megabits/sec television data is switched from
one TDM into a data expander which regenerates the commercial quality
znalog waveform. A data compressor encodes the TV originating at the
Sprce Station and generates a 12. 2880 megabits/sec bit stream.

5.3 5-BAND SECTION

The S-band section of the baseband subsystem provides modems for
the EMj3 and ALS links. It alsc provides a means of automatic antenna
sclection for transmissions to these vehicles, Figure 5-1 shows the
arrangement of the S-band section. The equipment shown is provided in
triplicate. Two ALS demodulators and two EM] demodulators are active,
with another set as standbys. Each active pair is continually receiving
data from both of the two antennas. Within each modem a measurement is
made on the power received via a particular antenna. The antenna logic
unit determines through which antenna the received ALS signal power is
rroater and through which antenna the received EM)] signal power is
ireater. The communication control then configures the system to receive
and transmit both ALS and EMj data through the appropriate antennas. A
particular antenna may be used for both ALS and EM; data simultaneously.
A particular power amplifier may be used for either link, but not simul-
wneously. .

Figure 5-11 shows the more complex of the two modems. The EM
snodem accepts data at a 7. 3728 megabits/sec rate synchronous with the
f;.f:i()n clock, The convelutional K = 5, V = 2 encoder consists of a 5-bit
<Y register with tap connections to two adders. TFor each bit into the
.« vler, one subbit is generated at each adder -- that is, each adder out-
Tt TL3T28 x 106 subbits per second. The data siream {from adder No, 2
: ‘.1::%1_‘;&:& modulated on a 50 Mz source. The data stream from adder

! {: biphased modulated on the same source in phase guadrature.

]
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The summation of the two biphasco channcq‘jls generates a quadriphase signal
with 7. 3728 % 106 chips per second. Thé receive side of the modem sees the
came signal format that the transmit side generates. The modem recovers
a ccherent reference f{rom the signal itself by a X4 phase tracking loop.

This reference and its 90 degree phase shift is used to translate the two
biphase channels down to baseband., The integrate and dump operation is
accomplished by the use of two units in parallel (for each channel) which are
used alternately. 'The chip time synchronizer determines the zero crossings
in the received data. The chip time clock determines the integrator sampling
times and the timing of the multiplexing of the eight-level digital samples.
The samples from the two channels are processed by a parallel implementa-
tion of the Viterbi decoding algorithm. This decoder outputs data which is
nominally 7. 3728 megabits/sec. Note that the modem also provides an AGC
signal and a signal to the antenna selection logic, Furthermore, multiplying
the recovered carrier with the local clock generates an error signal for the
AFC loop which controls the VCO at the second stage of the downconverter.

The ALS modem accepts data at 57. 6 kilobits/sec, uses a K = 5,
V = Z convolutional code, and performs a biphase modulation of a2 3 MHz
source. The demodulator employs optimum integrate and dump detection.
An eight-level quantization of the integrator's ouiput is processed by the
serial Viterbi decpder. This device then outputs a data stream at the
received clock rate at a nominal 57. 6 kilobits/sec. Buffering of the EM;
and ALS received data permits the interface data rates to be synchronous
with the Station clock,

5.4 VHEF SECTION

The configuration select switch permits the user to select a particu-
lar transmit/receiver unit, The interface with the internal communications
system consists of two wire pairs for the full-duplex 3-kHz voice.
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PART IT

PARAMETRIC ANALYSIS

Part Il of this report documents the analyses and parametric
trades performed during this study. Many of the sections
discuss design studies performed in support of the Space
Station communication system design., Several sections
provide data of a parametric nature which can be used in the
development of communication system designs employing
alternate implementation techniques, Where applicable, ths
results of these analyses were used fo evaluate alternate
desipns and implementations prior toc the baseline selections.
The analyses included in this report will aid.in evaluating
modifications to the baseline system and will provide a basis
for the design of communication systems with requirements
differing from those of the baseline,



6. COMMUNICATIONS GEOMETRY AND ANTENNA
POINTING ANALYSIS

6.1 INTRODUCTION

An in-depth analysis of the geometry associated with the Space Station
links was begun early in the study, It was concluded that three high gain
antennas were required on the Station for uninterrupted DRSS communication,
This effort also developed the need for a three-axis antenna gimbal system.,
Computer analysis allowed a quantitative description of the required gimbal
system performance, A second computer program was developed to analyze
the performance of the selected cross-axis/azimuth design., Various types
of parametric data were generated during the communications geometry
study and are summarized below,

Subsection 6, 2 consists of a collection of curves giving range and
range~-rate for-the varicus links, These resulls are of sufficient accuracy
that they can be used for preliminary design studies. Subsection 6.3 provides
a mathematical analysis for determination of the line of sight angles between
two earth-orbiting spacecraft, Although the results are applicable to Station/
« ALS communication, the application of special interest is-the Space Station
to DRS link, The analysis permits determination of the required motions of
4 Space Station antenna which must track the DRS. Subsection 6, 4 descrihes
the geometrical considerations invoelved in placement of an antenna on the
Space Station which is to be used for DRS communication. Subsection 6.5
consicers the problem of predicting DRS occultation and of anticipating the
reed for handover. Subsection 6,6 considers the basic Space Station high
piin antenna pointing problem,. Both two and three gimbal approaches are
discussed. The final subsection gives an analysis of the baseline three-
pimbal antenna positioning system.

1

fl "’

-4 PRELIMINARY RANGE AND DOPPLER SHIFT DATA

i Figures 6-1 through 6-6 present the maximum range and doppler
nift data for the various communication link geometries that may be
“hicauntered by low earth orbit manned spacecraft. The data is based on
f’:i‘x::nlar orbits and simple geometrical relationships, butis useful for pre-
wniinnry link analyses., The equations used to produce these cuxrves are
Timmarized briefly below.
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deace Station = Data Relay Satellite Link

5 5 {(See

i/2 5 1/2
d = (RDRS - R ) + (ZREh+11 ) Figure 6-1)

where

dr = maximum range between Space Station and DRS

h = circular orbit attitude of Space Station

RE = radius of earth (3440 n. mi. )

RDRS = geoceniric range of data relay

1/2
Af = & e ) (See Figure 6-2)
T ¢ YRt h} &
i

where

Af = maximum fractional doppler shift between Space Station and DRS

v. = velocity of body in circular orbit at earth's surface

(2. 595 x 104 fps)
c = velocity of light (9.85 x 108 fps)

!
Space Station = Ground Station Link

d; - RZE + (h+ RE)Z - 2Ry, (h + RE) [sine ‘cos & + cos 8 sina]
Re '
sin§ = /= cos © (See Figure 6-3)
1‘11— RE -

cosd = (1 ~ sinch}I!Z'

‘:'«’;it ro
d, = maximum range between Space Sletion and ground station

1t

H

circular orbit altitude of Space Station

6l



|
g = ground station elevation an;jz'le
= radius of earth (3440 n, mi,")

E
£ VC ( RE 3/2 Ve 1
x == e . . _
A e c \h + R cos 6 - o cos® (See Figure 6-4)

where

Afe = maximum fractional doppler shift between Space Station and
ground station for eguatorial orbits.

v_ = tangential velocity of body at earth's equator (1,52 x 103 fps)

3/2
v RE
IN IR cos 6 (See Figure 6-5)
P c + o
where

Af = maxlmhm fractional doppler shift between Space Station and
P ground station for polar orbits,

Space Station<s ALS Link

. \1/2 NVE
dg = (ZRE hpigt hALS) (ZRL‘ hgg + hss)

(See Figure 6-6)

where
ds = maximum range between Space Station and ALS
hSS = circular orbit altitude of Space Station
hALS = circular orbit altitude of ALS
RE = radius of earth {3440 n.mi. )

6.3 MATHEMATICAL ANALYSIS OF SPACE STATION/DRS GEOMETRY

Quantitative data concerning antenna pointing geometry for the Space
Station/DRS link requires that the line of sight (LOS) between the two
vehicles be related geometrically to the Space Station and the antenna pgsi-
tioning mechanisms., Of interest are the look-angles with respect to coor-
dinates referenced to the Station and the requirements of an antenna position-
ing rnechanism, Specifically, gimbal freedom, total angular movement and



L
angular rates are quantltles to be determined. Look-angle data is required
in making mounting decisions, and the antenna positioner requirements may
b\: determined for several implementations to provide a basis for a choice.

This subsection develops mathematical expressicns for look-angles,
gimbal angles, and gimbal rates. The development is general and is orien-
ted toward machine computation. The matrices defined and equations devel-
oped may be readily implemented in a computer program, allowing variation
of attitude mode and gimbal system mechanization. The following subsection
defines cocrdinate systems useful in the analysis and defines transformations
between these systems. Later, notation is discussed under that heading,
and Definitions defines several vector quantities essential to the analysis.
The mathematical expressions for look-angles, gimbal angles, and gimbal
rates are developed under the subheading Analysis.

Coordinate Systems

Before analysis of antenna pointing can be initiated, coordinate sys-
tems and associated notation must be defined. There are five sets of coor-
dinates which prove useful in developing mathematical expressions for
quantities of interest.

Inertial Coordinates (Il 12 13)

This system is shown in Figure 6-7. The origin lies at the earth's
center. Iy coincides with the vernal equinox vector, I3 coincides with the
earth's polar axis, and Iy lies in the equatorial plane, completing the right-
handed system,

.

Space Station Orbit Coordinates (S1 S2 S3)

This system is also shown in Figure 6-7. S; is perpendicular to the
orbit plane, S; coincides with the line of nodes and lies in the direction of
the ascending node, and S; lies in the orbit plane, completing the right-
handed system.

A vector, V, e*cpressed in 8] Sz S3 coordinates, is denoted by Vg
and can be expressed in I3 I» I3 coordinates when operated on by the linear
transformeation, A 157 given by

1

2

cos A -sin A 0
5 5

5
1
:Zl:h,::\
=]

H
. . . .
1 gin X cos 0 i 0 cosi -sini §
1S 3 *s Mg i ‘; s s b
13 .. .
‘\ 0 0 1/! 1 sin i cosi
5 s
{6-1)
,4/0. ; -sin A_cos i gin A sini \
4 08 7\.'-3 8 s s S%
B . » . .
sip cos % cos i -cOo8 )\ Bini ¥
By = o0 Ay s s g SN gL
Iz A : : ;
\ & sin i cos i /!
5 5

(-7
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‘Thus, denoting V in Il I2 13 coordinates by VI: -

V= AV (6-2)

. Data Relay Orbit Coordinates (D, D, D,)

This system is shown in Figure 6-8, and is conceptually the same
as the 51 52 53 system. D3 is perpendicular to the orbit plane, Dj coincides
with the ascending node direction, and D2 completes the system. The trans-

formation from Dj D; D3 coordinates to I; I, 13 is denoted by Aqy) and is the
same as AIS’ but with the subscripts changes, i.e.,

cos Ay ~sin }\D. cos iD sin A sin iD
AID = sin ?\D cos ?\D cos iD -cos )\D sin iD ‘ (6-3)
0 sin in cos in j
Denoting V in Dl D2 D3 cooa_:dmates by Vi
Vi=Ap Vp B (6-4)

Liocal Space Station Coordinates (Ll ‘LZ‘ L3)

This system is shown in Figure 6-7, where L3 coincides with Sj,
the orbit normal. L3 lies along the velecity vector, and Lj coincides with
the vector from the earth's center toward the space station. The transforma-

tion from Li; L, L3 coozdinates to 53 52 53 coordinates is denoted by ALS
which is expressed as the matrix

cos 8 -sin 6 O\é
s s
ASL = sin 6_  cos 6, 0 & - (6-5)

N o 0 1f

Thus,

VS = ASL VL {6-6)

(oY
]
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Space Station Coordinates (X Y Z)

These coordinates have been adopted {rom the North American
Rockwell Space Station Phase B Definition Program and are illustrated in
Figure 6-9, Different attitude modes for the Station result in different
transformations from the XYZ gystem to the L Lp L3 system, but the gen-
eral transformation will be denoted by ALX’ Four candidate attitude modes
are treated below.

Farth Pointing, X-FPOP. The X coordinate is perpendicular to the
orbit plane, Y lies along the velocity vector, (L3), and Z coincides with the
radius vector, (Ll). Thus,

0 0 1
Ary; =80 1 0 (6-7)
1 0 0
and
vV, = A v | (6-8)

where V"( denotes a vector in the XYZ coordinates.

Earth Pointing. Y-POP., X lies along the velocity vector, Y is per-
pendicular to the orbit plane, and Z coincides with the radius vector.

0 0 1
i

ALXZ - § 1 0 0 ) (6-9)
0 1 0

Tnertial, X-POP., The Space Station's attitude is held constant in
inertial space with the X-axis perpendicular to the orbit plane,

{ ; - -
{0 sin (80 GS) cos (60 GS)\sl
ALX3 = § 0 -cos (80 - Gs) sin (90 - 95) B (6-10)
1 0 0 /Ji
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&,
where 8, is the angle between Z and Ly at § = 0 {(where .3 = 51} in the
direction of orbital angular motion. Note that the transformation from
MY Z coordinates to S1 S2 S3 coordinates is given by

; \
E5/0 sin 90 cos 60‘?
ASX3 = ASL ALXB =8 0 -COos 80 sin Go | (6-11)
’ 1 0 0

Tnertial, ¥Y-POPF. The Space Station attitude is held constant in
inertial space with the Y-axis perpendicular to the orbit plane.

sin (6 - 6) 0 cos (8, - es)\E

fo! 5
ALy = acos (6, - 8,) . 0 sin (6_ - 6,) i (6-12)
o . 1
alld
/._.c-'un o~ o
PR =341 80 4] O3 90
ASX4 = ASL ALX4 = f cos eo 0 sin 90 {(6-13)
0 1 0

where 8, is the angle between 1, and Z at 8 = 0in the direction of orbital
angular motion.

H

Gimbal Reference Coordinates {Gy Gp Gg3). 'In a two-gimbal system,
one axis is fixed rigidly to the vehicle. This axis is called the primary
axis, A second rotating mechanism is attached to it; usuvally in an orthogonal
arrangement. This second axis of rotation, called the secondary axis, is
positioned by the primary axis. The gimbal reference system is a coordin-
ate system representing the '"zero' position of the two rotating axes. This
systern may be referenced go the Space Station coordinate system (XYZ) or
the orbital coordinate system (S1 Sp S3). That is, a vector V in the Gl G
G3 system is expressed in XYZ or 51 S2 S3 coordinates by transformations |
Ayq or Agg, respectively. These matrices will be further defined in the
subsequent analysis. ‘

The angular orientation of the antenna boresight can be easily refer-
enced to the Gy GZ G, system, Referxing to Figure 6-10, the primary axis

6-11
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)
coincides with Gy, and in the zero position, the secondary axis and antenna
boresight coincide with G, and G3, respectively. Denoting angular rotation
about the primary and secondary axes by gj and g,, respectively, the
antenna boresight unit vector, B, is expressed in Gl G2 G3 coordinates by

é/ sin g,
BG = K-sin g, cos g, - (6-14}

cos g; COS g, §

Notation

As may already be noted, letter subscripts refer to coordinate sys-
tems. Matrix transformations have two subscripts, the first referring fo
the coordinate system to which the vector is being transformed and the sec-
ond referring to the coordinate system from which the vector is being trans-
formed. Thus, AgG represents a transformation from G, G G3 coordinates

to S1 S2 S3 coordinates. 172

A

ASG is the inverse of ASG’ and it can be shown that

-y T
Ao © Pgg = Bgs (6-15)

where Ag‘G is the transpose of the matrix Agg. This property is true of all
the transformations defined earlier because they are orthonormal
transformations.

Ccomponents of a vector are denoted by a number in addition to the
coordinate system letter subscript. Thus, Vg2 is the component of the
vector V along the S2 coordinate axis. Since the magnitude of a vector is
simply a number and does not depend on any coordinate system, it will be
denoted by the letter used for the vector but with no subscript., Thus,

IVsl = |Vl = V. Also, a vector not referred to a coordinate system will
have a 'bar" above it, e.g., V.

Definitions

The vectors to the Space Station and DRS are dencted by—S— and D,
respectively, and are defined in S1 S, 8, coordinates by

-13
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Q/l cos ©
R f 8
S. = A %0 =5 {6-16)

- [ ) -
DD = D § sin GD (6-17)

These two vectors are shown in Figures 6-7 and 6-8, respectively., Their
derivatives are given by

-sin 6 \
s
éS = W s cos B (6-18)
0
-sin SD\
bD = wy D cos 8 (6-19)
0
d@s dGD
Where (;JS = -'-&-'E"and mD = —d-é"'.

The range vector is defined to be directed from the Space Station fo
the DRS and is denotéd by R. The geometry is illustrated in Figare 6-11.
Thus,

|
It
w]
|
tnl

(6-20)

Analysis

The analysis of antenna pointing amounts to expressing the range
vector in appropriate coordinate systems for determining look angles, gim-
bal angles, etc. In particular, the rapnge vector must be expressed in Space
Station coordinates (XYZ) and gimbal reference coordinates. This is accom-
plished using the transformations defined under Coordinate Systems and the
definitions under Definitions, specifically Equations 6-16, 6-17, and 6-20,
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The range vector in inertial coordinates is given by

R = Dy -8 = Ay Dy - Ao S {(6-21)

Then, using property (Equation 6-15},

Rg g1 B

(6-22)
T
Rg = Ag

il
e
w
H
B

-

The magnitude of R is defined by

R = RTR = R

~

T
T ,T T

T T
= Dp A Ay DD+SS Arg f1g Bg - Pp Ap £ 55

T
I

(6-23)
- Ss AISA Dh

2.2 T '
R = D% +s8% -2 {(AIS st (B DD)]

The angle between D and S is denoted by ¢ and is shown in Flgure 6-11. By
the law of cogines, it can be shown that

T
(Ace S5} (A DL)
cosg = 58 - ID °D _ (6-24)

Space Station Look Angles

The range vector can be expressed in spacecraft coordmates by
transforming R,

S’

X XL LSS



substituting from Equation 6-22

_ AT T T ; og
R'X - A’LX A‘S]_, (AIS AID DD - SS) (6-25)

5

Define the unit vector in the R direction, expressed in XYZ coordin-
atzh, DY

R . X

UX T R ' (6-26)

‘ien the X component of Ryyx is the cosine of the angle, a ¥, between the
¥ axis and R. Denoting the direction cosines by ey, ¢y, and ey

CcoS & R

. . X UX1
cos @y = RUXZ {(6-27)
cos &y = RUX3

Calculation of these angles for different attitude modes will provide useful
for making mounting choices and studying structural intexrference.

Gimbal Angles

For proper communication, the antenna boresight axis, B, must
nominally coincide with the range vectoxr, Transforming R to G
coordinates

T

R, = AT BX
T T T T -
R = Axg Arx 251 Wis A Pp - B! z (6-28)
T T ., T
axr R - -
G = Axg fax s Ao Pp - Rg) )

e I3 is a unit vector, correct antenna pointing requires that



/

sin g,
Rg
B, = — = {-sin g, cos g, (6-29)

cos g cos g, /g

.
1 hesgy

tan gl = - MRE? (6-30)
R
Gl

tan g, = === COS g (6-31)

2 Rgs !

ar gquiva.l.e'ntly
-
\ “G3/

-1 /RGl \
g, = tan \R_G3 cos Yl/ (6-33)

I g, is expected to lie between +90 and -90 degrees, then from Equation 6-24

R
gz = Sil’l—l (—"—"g‘l) (6-34)

The rate of change of the gimbal angles may be derived from Equations 6-32
erad £33 akove,

1 - BgaTas ~ Rga Ras (6-35
aE T &5 R% 1 R2 Y
cz2 ¥ Ras
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. . ! ) .
. _ (RGI RG?) - RG]. RG3) cos gl - gl RG}. RG3 51 g}. (6-36)
& " fz " . R%, 4+ (R.., cos )2

G3 Gl €1

whaere the derivative of RG is given by

T

. _ T T . . -
Rg = #xg #sx (A1g A4p Dp - Sg)
(6-37)
T T T
* Ay Asx Big Aip Pp -Sg)
where bD and éS are given by Equations 6-18 and 6-19.
Agx = Agr, Arx
Thus
T _,T ,T
Agy = Afy Aop
. !
-and so
T T T T ;7T
Agx = Arx Psr, T Ax Mer (6-38)
For earth-pointing modes, ALX is constant; thus,
T ,T ;T -
A’SX = ALX A’SL {earth pointing modes) (6-39)
aud from Equation 6-5
/
-gin © -cos 8 0
=] S5
Agr = w_ i\cos 6, ~sin@_ 0 (6-40)
0 0 0;
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For inertial medes, ASX is constant, and so

: I.{G = AY'I;G AST}; (A}?;; AID bD - és) (inertial modes) (6-41)

6.4 ANTENNA PLACEMENT

Introduction

The discussion below is directed toward the factors determining the
proper placement of the DRS high gain antennas on the Space Station. Many
of the results also will aid in locating omni antennas used for DRS communi-
cation or for links direct to ground. '

The relay link antennas should be placed so as to accomplish the
following: .

1) Perrmit stowage at the fore or aft end of the Station during
launch,

2) Minimize obstruciion of the LOS by the Station structure

3} Minimize the number of handovers and time required for each_
handover (and therefore, minimize data loss).

Antenna Placement Schemes

Cne Antenna

If only one relay link antenna were to be used, it would be placed so
s to look in the -Z direction relative to the Station. In the local vertical
attitude modes, this direction is along the local vertical away from the
aarth, thus providing good coeverage of the DRS Systern (DRSS). In the
artificial-g mode, this single antenna could provide coverage to the DRSS on
one side of the gpin plane. For the insrtial modes, there is no preferred
LOS direction to the DRSS relative to the spacecraft. Therefors, there is
also no preferred location for the aniennas.

Two Antennas

Figure 6-12 shows twe different schemes for mounting two antennas.
One is designed for the inertinl attitude modes and the other is intended to
bt tsed with an earth-orientsd spacecraft.

1 In the inertial modes, complete spherical coverage must be pro-
c-fenn, consequently. the antennas are placed 180 degrees apart. They are

“eved gut along the +Z and -7 axes to permit their arimuth gimbzals to
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‘w .uin the aniennas when the Station operates in the artificial gravity mode.
‘. -te that with this two-antenna configuration, a handover is required when-~
-wor the LOS to the visible DRS passes between the hemispheres seen by the
two wnténnas. Furthermore, if the antennas are separated by 180 degrees,
the solar panels may block both at the same time because the two solar
anels are co-planar and are gimbaled about two axes.

If the Station were only to be used in the local vertical modes, the
antennas should be mounted ocut away from the earth. In this configuration,
an antenna tracks a particular DRS from horizon to horizon. Handover is
enly required when a DRS becomes occulted by the earth. Assuming that
the deployment of the DRSS is such that periods of dual coverage will exist,
the two antennas can provide essentially uninterrupted communication,
While one antenna is tracking a DRS, the other antenna is automatically
positioned toward the DRS just appearing above the horizon. Note that the
antenna masts are notf oriented exactly in the ~Z direction and that they are
on opposite ends of the Station. In the X-POP local vertical mode, the
antennas would interfere with one anothexr if placed on the same end of the
Station. If they were both out in the -Z direction, problems might also
arise in the Y-POP LV mode when the LLOS is generally along the length of
the spacecraft. Mounting the antennas on opposite ends of the space station
also gives the system the capability for "looking!' past rendezvousing
vehicles such ag the EIVI1 or ALS.

Baseline Design: Three Antennag

The Space Station may be used in any of the various attitude modes
mentioned above according to the latest mission plans of NASA, The place-
ment of three antennas in the manner suggested in the baseline design com-
bines the desirable characteristics of the two schemes described just above.
As shown in Figure 3-2 the three antennas are placed 120 degrees apart
about the spacecraft. The two antennas on the -Z side of the spacecraft are
used during the local vertical modes., The two antennas on the forward end
of the station are used during artificial gravity operations, They have their
azimuth axes oriented parallel to the Z-~direction so that the gimbal system
can remove the artificial-g spin by a counter-rotation about this axis, All
three antennas can be used during one of the other inertial modes when the
spacecraft is not spinning,

Computer Resulis

. In the local vertical attitude modes, the LOS to the DRS is generally
away from the earth.' To quantitatively describe the possible pointing
sireéctions of an antenna mounted on the Space Station, a computer program
%2 developed based on the analysis of Subsection 6. 3. The program com-
»ites LOS angles to a DRS relative to Space Station coordinates. The pro-
YaIn requires inputs on the station's attitude mode and its orbital

vrratuelers,  Orbital parameters of the DRSS are also required. Fig-

>t =13 and 6-14 are outputs from the 'relative frecuency'’ version of the
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=.:ram. This version calculates the almount of time gimbal angles and
v air rates can be expected to occur during a long duration mission. The
.. iative frequency of a quantity is the ratio of this occurrence time to the
ml mission time.

[

TFigure 6-13 shows a plot of the relative occurrence of a LOS direc-

. defined by direction angles relative to the Station's X, Y, and Z axes.
vhe curves correspond to a cumulative probability function -- that is, the

ardinate gives the relative frequency of occurrence of a value less than ox
cgual to the abscissa. For the Station's attitude shown, the earth is always
vdawn'! in the +Z direction and the Station's XY plane is always at 90 degrees
+: this reference, Note that the plot indicates that the L.OS can approach to
within 68 degrees of the +Z direction or 22 degrees below the XY plane. An
antenna on the Stationis never required to look closer than 26 degrees to
vither the +X or -X directions,

Figure 6~14 contains the same basic data as is shown in the previous
sigure. The data here is in the form of a ""scatter plot' on a 0 and ¢ grid.
‘Lhie areas delineated are those portions of space, relative to the Station, in
widch 2 DRS may be found. For a more complete analysis, this plot could
he used in conjunction with a program for determination of blockage by the
spececraft structure. Figure 6-14 shows the L.OS angles required for
uninterrupted communication when the DRS's are above the horizon. The
additional program would determine those L.OS angles which result in an
anobstructed view by the antenna, In Figures 6-13 and 6-14, only one DRS
was assumed because this -constitutes a ""worst case!’ situation. The required
coverage is significantly less when utilizing a DRSS with many satellites.

.5 DRS HANDOVER GEOMETRY :

Introduction

Communication with a particular DRS must be discontinued whenever
the LOS is occulted by the earth {or effectively occulted by the earth's
+«imosphere). DRS handovers may also be desired for operational reasons
{zuch as to permit DRSS access by multiple users).

Petermination of Effective Occultation

Figure 6-15 shows i:he algorithm included in the Space Station/DRSS
Ceometry Program for deterimination of effective occultation. The DRS is
asusumed to be effectively occulted when the L.OS vector passes within an
uﬁtude, hy, of the earth. This parameter is determined by the atmospheric

fieets and CCIR requirements on RFI that exist at the link frequency. At
i su,ncms above S-band, the signal will be severely attenuated if it passes
thrwenvivh rain storms in the lower atmosljher At frequencies below K-band,
_ L ‘GIR has placed restrictions on the power density which may graze the
< arth at various angles. (See Figure 6-16.) At X-band, {or example, the
A fu*nw.{.y is limited because terlestri 21 microwave relay systoms util-
Uirat frequencies and could be jammed if the sarsllite's anfoenas beam
coathe: carth, This condition can be prevented by stipulating that the
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1.05 {and consequently, the main beam) 'should pass no closer than h miles
frum the surface of the earth (see Figure 6-17).

At the 14-GHz band chosen for the Space Sta.tmn baseline des1gn, no
CCIR 1equ11’emen{, currently exists. An h,; = 10 n.ioi."was chosen in order
that the beam will pass above the most severe weather, This value also
allows for anomalies of the nonspherical earth.

Determination of Handover Times

DRSS deployment may provide for dual coverage of certain portions
of the user's orbit., Handover from DRS to DRS can cccur at any time dur-
ing this dual coverage period. Handover initiation near the beginning of this
period permits the most time for antenna and receiver acquisition. How-
ever, during the middle of the dual coverage period, the LOS geometry to
the two satellites is approximately the same and the LOS is well above the
horizon. In a 'iate' handover, communication with the ''setting' DRS must
be maintained down very close to the effective atmosphere limit. Determin-
ation of handover times will ultimately be fixed by operational needs. A
particular DRSS user may require uninterrupted service during certain
periods when performing important experiments.

The first step in developing an operational DRSS user schedule is a
computer analysis of the geometry for the time period of interest (perhaps
24 hours). The Space Station/DRSS Communications Geometry Program
developed during the study’ performs these basic calculations for space-
craft in circular orbits. Two mathematical algorithms for handover sched-
uling were written for this program. The first algorithm causes communi-
. cation to continue until just before the DRS is occulted; the next DRS utilized
is the first vehicle to the east which is visible. This algorithm is shown
pictorially in Figure 6-18. The second algerithm causes communication to
be passed to whatever DRS is closest to the user spacecraft, TIigure 6-19
shows the use of the algorithm for an equatorial space station orbit. For
polar orbits, the ""shortest-range'' algorithm is a poor choice. Figure 6-20
shows that this scheme can cause two unnecessary handovers during that
peried in which the user passes through the triple coverage region at the
poles.

¢.6 ANTENNA POINTING GEOMETRY

Introduction
B i VY PRSI

Articulation of an antenna for DRS communication requires a
ianchanical system with at least two degrees of freedom. The discussion
:m‘nw centers on the possible use of a two-gimbal system. This discussion
+ the basis of the rationale for selection of a three-gimbal design. The
. rline three-gimbal system is discussed in Subsection 6.7,
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Two-Gimbal Versus Three-Gimbal Designs
H g

To mechanically orient an antenna with respect to the spacecraft,
there must be one axis of rotation fixed rigidly to the spacecraft and one
axis fixed rigidly fo the antenna. For a positioner with only two rotational
axes, the axis fixed Lo the spacecraft will he czlled the primary axis, and
the axis fixed to the antenna will be called the secondary axis. If there are
three axes of rotation, the axis attached to the antenna is again called the
secondary.axis, and the axis that orients the secondary axis is again called
the primary. The axis that is attached to the spacecraft and orients the
primary axis will be denoted here as the third axis. Thus, for the three-
vimbal system, the primary axis is the middle axis that connects the two
axes which are attached to the spacecraft and the antenna. These two
schemes are illustrated in Figure 6-21. Wherever possible, the two-
gimbal scheme is used because of its simplicity.

Theoretically, an antenna can be pointed in any direction if it has
two connected axes of rotation -- one fixed in inertial space (the primazry)
and the other fixed fo the antenna (the secondary). One heuristic argument
supporting this statement is based on the fact that rotational motion about the
axis defined by the LOS is unnecessary and/or unimportant; hence, only two
other degrees of rotational motion are required. The major problem with a
two-gimbal system is that the angular rate about the primary axis can be
very large. To see how and why this occurs, consider the following heuris-
tic discussiocn,

Denote the primary axis of an orthogonal two-gimbal system by g}
and the secondary axis by g,. Orthogonal means that gj is perpendicular to
gp. Let the antenna pointing direction be perpendicular to gz. Such a con-
figuration is shown in Figure 6-21a. Since the pointing direction must coin~
cide with the LOS to the target, gy lies in the plane normal to the LOS, but
also must lie in the plane normal to g; because of the orthogonal design.
Thus, the rotation of gy about gj must be such as to make g, coincide with
the intersection of these two planes. But, in addition to this positioning
requirement about g, the relative angllar rate of the LLOS with respect to
the body to which g is fixed must be cémpensated,

It was mentioned previously that rotational motion about the LOS is
unimportant. Thus, the angular rates, gy and g,, must compensate for the
component of the LOS angulax rate, €, which is normal to the LOS. As just
viplained, g, is defined by g3 and the LOS. And consistent with the above
argument, g; and g, are defined by the projection of the 2 vector along the
LOS onto the g, - g- plane. This geometric interpretation is illustrated in
Figure 6-22. The gimballing problem occurs when the LOS and g1 coincide
7T nearly coincide. IMigure 6-23 indicates geometrically when §; becomes
¥ury large; namely, the projection of the LOS angular rate, 2, along the
P35 onto the gy - gz plane results in a large vajue of g;. Theoretically,
“dwn the LOS and g1 coincide, gj must be inlinite in order to point the
Pdenna at the target.
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Use of Two-Gimbal Designs

Two-gimbal antenna pointing systems can be used successfully under
one or more of the following conditions:

1) The gimbal system can be oriented such that the ILOS does not
pass near the zenith -~ that is, the primary or azimuth axis.

2) The system can be designed to track at rates great enough to
maintain the target within the beamwidth of the antenna when
encountering a zenith condition.

3} Short communications outages can be tolerated when antenna
system pointing lags behind the motion of the LOS.

For the Space Station mission, it was assumed that communication
outages (condition 3) would not be tolerated. It was also assumed that con-
dition 2 did not apply to the Space Station DRS antenna. During the design
phase, narrowing the beamwidth would necessitate servo system redesign
to achieve higher tracking rates, Furthermore, the excessive motions of
a two-gimbal system during a zenith pass could shorten gimbal life; the
system must operate for more than 5 years,

It was discovered that for certain phases of the mission, a two-gimbal
system could be oriented such that the LOS to the DRSS would never be near
the system zenith. Therefore, condition 1 could be met. Figure 6-24 shows
how an AZ/EL system might be mounted on a Station used in an X-POP
{X-axis perpendicular to the orbit plane) mode, Figure 6-25 shows pictori-
ally (that with certain inclinations) that this arrangement prevents coincidence
of the L.OS and the primary axis. Figure 6-26 shows the maximum declina-
tion on the celestial sphere of the LOS to the DRSS and (in dashed linesg) the
declination of the orientation of the primary gimbal axis., This is a worst
case geometrical condition., Note that for 80 degrees =i £ 100 degrees, the
LOS can pass through the gimbal system zenith, However, the baseline
inclination of the Space Station's orbit has been set at 55 degrees. There~
fore, a two-gimbal system with the primary axis perpendicular to the orbit
plane can be used with the Station in its baseline orbit.

When the station is in the local vertical mode, the principal motion
of the azimuth axis is a 1 rev/orbit rotation to remove the earth-pointing
rotaticn of the spacecraft. The antenna motions regquired to "frack-out!
Station and DRS orbital motions are very slow, The required motions were
dietermined quantitatively by the use of the computer program discussed pre-
vausly,  Figure 6-27 shows a histograrm of the required azimuth and eleva-
tion angular rates. (The curves correspond to probability density functions.
The conputer plot shows that the azimuth rate is centered about 1 rev/orhit

300 dep/90 min. = 4 deg/min. The azimuth raic is always between -4.7

b

antd -2, 8 deg/min., The elevation rate is between -0. 6 and 10, 6 deg/min. )
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It has been shown that a two-gimbal system can be mounted on an
. POP Station with an orbit inclination of 55 degrees such that a zenith con-
Cition never-occurs., However, if the Siation can maneuver into other atti-
iude modes, this preferred geometry may no longer exist., Figure 6-28
chows a computer- generated ""cumulative probability density' of the required
aiF"uial rates assuming a change to the Y-POP local vertical mode,
Necause the antenna must track through its zenith, the azimuth rate is no
tonger limited to 4. 6 deg/min. Approximately 5 percent of the time, the
e 1muth rate must be greater than 10 deg/nnn in order for the horesight to
be kept coincident with the LOS.

Selection of 2 Three-Gimbal Design

The two-gimbal system discussed above was considered undesirable
Lecause it could only be used over a limited range of the possible mission
" attitude modes (and it could also be unsatisfactory on a Station placed in a
pular orbit). The three-gimbal system discussed in the following section,
can be used with any Space Station orbit or attitude mode. This particular
design was selected for the baseline system.

H. 7T ANALYSIS OF BASELINE GIMBAL SYSTEM

For the three-gimbal system shown in Figure 3-2, a history of the
gimbal motion is useful for determining: 1) the limitations of the system,
2) the logic required for three-axis control, and 3) understanding handover.
The following analysis does not consider the dynamics of the control system,
but only the basic control logic and the Station/DRSS geometry.

Gimbal Coordinate System

Figure 6-29 illustrates a coordinate system for a positioning system
mounted on an earth-oriented vehicle. The coordinate unit vector, Gj, is
parallel to the local vertical and points away from the earth's center. G2 is
perpendicular to the orbit plane in the direction of the orbit angular velocity;
Gj is parallel to, but in the opposite dhectlon of, the velocity vect01

The time-varying vector, R, from the Stalion to the DRS, can be
expressed in these coordinates as a function of orbital parameters as is
shown in Subsection 6, 3, In Figure 6-30, the angles ¢ and B define the
direction of R with respect to the Gj Gy G3 coordinates,

The angular position of the glmbals is defined by angles g;, g2, and
EJ. where 1" refers to the azimuth axis (A), "2'" refers to the elevation

axis (E), and "3" vefers to the cross-axis (C). Note that g1s &ps and g3 are
#91 necessarily simply related to the angles @ and B, The zero points of the

three angles are defined such that gy = 0 when the elevation axis coincides
=i Gy (the orbit normal), g, = O When the antenna boresight is parallel to
Y ﬁ;; ~ G5 plane {local horizonial), and g3 = 0 when the boresight is per-

cnla,r to the eievatlon axis. The baseline mechanical imiis on these
}’ 4oaxre as follows:

-180 = gy = 180 degrees (unlimited motion)
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f
-20 =g, =110 degreés
-20 = g5 = 20 degrees

Positioning Logic

Gimbal angle motion depends on the time history of the vector, R,
with respect to the G; Gy Gz coordinate system and the control system
logic, which splits the required angular motion into the three gimbal angles.
There are three positioner modes with the logic proposed: 1) azimuth-
elevation mode, 2} X-Y mode, and 3) transient mode.

Azimuth-Elevation Mode

As an azimuth-elevation mount (g3 = 0) approaches =zenith, the
azimuth angle rate of change required for perfect tracking approaches
infinity. To prevent tracking errors at zenith, the proposed LAS gimbal
operates as an az-el mount for low elevation angles and as an X-Y mount
for high elevation angles, If a satellite orientation and alfitude is assumed,
an elevation angle, E, can be chosen below which the maximum required
azimuth rate will be within the slewing capability of the azimuth drive.
Then, referring:to Figure 6-30, when -20 degrees = f§ <Ej, t:he positioner
behaves as a typical az-el mount with

glza'_, gzzﬁ, andg3:0

t was in Subsection 6. 3 that

G3
-l (Far 1 [ Rai -
By = RG3 58y} = sin R =
g3 = 0
Raz Ras = Rgy Rgs
1 5 5
Roa * Raa



i - (Rai Ras - Rar Rgs) c0s gy - &) Ry, Rgq sing,
2 = ) 7 Z
RG3 + \RGI cos gl)

§3 =0
For the proposed system, E1 = 80 degrees.

X-Y Mode

In the X-Y mode, the elevation axis and cross-axis are used to
track the DRS. When the elevation angle exceeds E,, the azimuth angle, gy,
ceases tracking, and remains at the value, @, which it attained at g, = El‘
And, it remains at this position for as long as the gimbals are in theZX—Y
mode. To prevent the elevation and cross-axis gimbals from hitting their
stops, thresholds are set on the angles gp and g4, which are sufliciently far
below the mechanical limits that a refurn to az-el mode can be effected
without reaching the limits. The proposed thresholds are 95 and 10 degrees,
respectively. Thus, for :

80°< g2<95° and -10° < gy <10°
|
the positioner behaves as an X-Y mount. It can be shown that the gimbal
- angles and gimbal angle rates are given by the following equations:

g =@ C (6-42)

o]

R

1 B

g, = tan -—-—) (6-43)
2 \Rus

1 R \

iy - ot (2] -4



3 - R R
g, = H 12‘“ = (6-46)
R + Ry
; (Rets Ragp = Ruag Repp) 005 85 * &, Ry Ry sin g, (6-47)
3 RIZ-IS + RIZLI cos2 g
2 2
R, = A, R (6-48)

é/l 0 o

A =(0 cos g, sin g, (6-49)

&O ~-5in g, cos gy

where @, is the wvalue of g, when g reached El'

Transient Mode

When the gimbal system is in the X-Y mode, and the thresholds for
g5 or g3 are reached, the azimuth axis is reactivated. Typically, g; will
be different from «, and this error must be nulled while g, and g3 adjust
to maintain the boresight unit vector, B, equal to R/R. When §; = o, the
gimbal system resumes the az-el mode. Figure 6-31 illustrates a simpli-
fied control system error response that is useful for this preliminary anal-
y¥sis, This response amounts to a constant rate slew of the azimuth axis in
the proper direction to minimize the error nulling time. The baseline value
for r, the azimuth slewing rate, is 36 deg/min. For this mode, the gimbal
dngles and rates can be found from Equations 6-42 through 6-49 with the
following azimuth gimbal rate

€—-r (¢-g,)<0 or >180°
= {0 (a-g)=0 " (6-50)
T (cz-gl) >0 or < ~180°
» wurforming the computation, gy is found from gl and the initial value,

Vi . -
SRR S where t = 0 when starting the transient mode.
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Figure 6-31. Simplified Error Reéponse
for Nulling Azimuth Error
Duzring Transient Mode

Computer-Generated Time History

Using the logic and equations described above, a computer

nrogram was developed to compute the gimbal angles and gimbal rafes as a
function of time, For an illustrative example, the Station is assumed to be
in a 55 degree inclined orbit at 250 n.mi. Three equatorlal synchronous
RS are also assumed., The Station's initial position is such that at 24 min-
nwtes after £ = 0, the spacecraft passes directly under one of the DRS's,
The particular K-band system analyzed here is that with its azimuth axis
w-:."fmg out along the +Z axis with the station in a local vertical mode.
svoste that only tne tracking behavior of the antenna system is generated by
3 * program. Slewing and acquisition by the antenna is not included.

stantaneous handover' between DRS's is shown in Figures 6-32 and
’j- -“3- Note in the first figure that as the Station passes under the DRS (at
aat b= 0,5 hours), the antenna must track through its zenith and the
3-axis become active, Figure 6-33 shews the rates which eccur on
iret axes during this transient mode and during normal AZ-EL mode.

e
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7. LINK ANALYSIS AND DESIGN TRADES

7.1 INTRODUCTION

Throughout the study, link calculations were performed to update
the Space Station communication system design in view of changing con-~
straints and requirements. The final link power budgets are given in
Appendix A as supportive material for the system design in Part 1.

Subsection 7.2 reviews conventional linear link analysis and gives
a sample calculation. Subsection 7.3 outlines an analysis approach for a
composite PSK link through a hard-limiting repeater when it is used in
frequency division multiple access. Subsection 7.4 summarizes the con-
cilusions reached as a result of the various link analyses performed in
support of the Space Station communications system design.

7.2 LINEAR LINK DESIGN
Introduction
The equations employed in the linear link analyses are given below.

The performance data required to evaluate these eqguations can be found
elsewhere: ’ ’

!
1} For geometrical data, see Subsection 6. 2.
2} TFor achievable TWTA powers, see Subsection 10. 2.
3} For achievable system temperatures, see Subsection 10.3.

4) For results on convolutional coding, see Reference 7-1.

Hange Equation

Consider a space-to-space communications link. The received
cdrrier-to-noise density ratio can be written as

< Pr Gy Gy
N T L, LN
o t 78 0o
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112'_, £ = the effective radiated power,
t
2 2
L =  the space loss = Lom R
3 2
A
Gr = the receive antenna gain,
and
NO = the receive system temperature.
& - = ¥ T =
Also, No k’I‘S, where k Boltzmann's constant and TS Ta.ntenna

+290 (Lr -1+ receiver’

C/NO Required for Biphase PSK

The performance of digital links is described in terms of the hit
rate, Ry, and the bit error pr ohability, Pp. Modulation theory determines
the required bit energy-to-noise density, Kp/N,, for a given Pp. For
example, if biphase PSK is coherently detected, an Eg/N, = 9 6 dB at
_the demodulator results in a Pp = 10-5 in the output data stream.

C/R
Given C/N and Ry the EB/\T at the demodulator is simply ——— '\T B

C /Ny Required for Convolutional Coded Links

Simulations of convolutional encoder/deceder performance deter-
mine the required received ERg /N, for a given Pg. These results can
therefore be applied directly to link design as shOW:n above for uncoded
PSK. It should be noted, however, that a code of rate = 1/V generates
V-subbits for every information bit. Therefore, the biphase modulator
aperates at a clock rate of VRp since one biphase chip represents one subbit,
fb«'i. Figure 7-1.) The link summazries are given in terms of the RF chip rates
ind the required Eqgyrp/No. This clarifies the RF structure of the data links

4nd identifies the SNR seen by the phase tracking loop and the subbit time
yunchronizer. .

”4';._1rcscntative Calculation

Table 7-1 shows a representative calculation for a convolutional
i biphaze PSK link., The first portion of link summory determines



- signal power received al the ALS. Given the ALS receive bystem noise

uaerai.ure, the received C/N, is then calculated. The chip rate in the
- h-; nel is 2 x 57.6 chlps/second sincea V = 2 code is used. Therefore,
e 1ece1\red Ec/Ng is C/Repuip/Ny = 50.6 dB-Hz. The 2 dB "degradation
i, the detector' includes the effects of intersymbol interference, carrier
atase tracking error, and chip synchronization error, A 1.0 dB margin
;v allocated to the detection process independent of the 1,9 dB margin in
the RF system. BSince a rate 1/2 code is used, the bit energy available
tu the Viterbi decoder is two times the received chip enecrgy. This is
indicated as a factor of Epip/ECHIP = 3.0 dB. The Ep/Nj, received by
the decoder is then 5.2 dB., Simulations at MSC have shown that at this
L'%f'No’ the Viterbi decoder outputs on the average only one erroreous bit
decision in every 105 bits (Reference 7-1).

7.3 DESIGN OF A COMPOSITE PSK LINK THROUGH A HARD-LIMITING
REPEATER

Although a communications satellite is conceptually simply a
tyepeater, "' the characteristics of typical relay satellite designs should
be considered in a composite link design. The use of a hard-limiting
repeater precludes the use of the conventional linear link design tech-
niques described above. The analysis approach below could be used in
the preliminary design of a2 compos:Lte PSK link through a hard-Iimiting
repeater,

Typical Repeater Designs

The DRS repeater may be used by several low altitude vehicles
on a random basis. Assuming that a frequency translation design is used,
the repeater bandwidth can be used by muiltiple users with orthogonal sig-
nals. Orthogonal signaling schemes can be achieved by access in time or
frequency division or by the use of pseudo-random codes. Frequency
division multiple access {FDMA) has been the most widely used approach
and will be assumed in this study.

The signals and noise entering a typical repeater are sometimes
simply translated and linearly amplified. However, if the input signal
ievels can vary significantly, the input may be limited or automatic gain
control may be employed. Furthermore, the output power amplifier of
& communications satellite is often driven to saturation because of the
resultant increased efficiency. The limited input and saturated output
amplifier repeater is often called simply a '"hard-limiting repeater,

!_szf.ermodulation Noise in a Hard-Limiting Repeater

Although a link through a linear rereater can be analyzed largely
e basis of retransmitted noise and downlink noise, the hard-Iirnitiug
tte..r produces a nonlinear dlbnorhon of the signal and an iptelmodu.-
i "noise' when mulliple uscrs are present, Intrrmcdulation noise {IN}.
PLEY rystems sets an upper bou.nd on the gquality of the relayed deic



TABLE 7-1. ALS DATA LINK SPACE STATION
TO'ALS (£, = 2100 - 2300 MHz)*

PERFORMANCE SUMMARY

b o r—y
[
[y

Bit rate 57. 6 kilobits/sec

| Bit error rate 1077
i Range 303 n.mi.

Channel Coding at Baseband at RF
Encoding (2, 5) Convolutional Code Biphase PSK
Decoding Viterbi decoder (g = 8) Coherent integrate and

dump
| LINK SUMMARY
! -

Transmitter power (including output circuit losses) 20.4 dBw

Line losses -1.04dB

Transmit antenna gain ~3.0dB

Free space loss ‘ -154. 2 dB

Ellipticity loss -1.04dB

Receive antenna gain : -3.0dB

Link margin ) -1, 9 dB

Power received at ALS C =-143.7 dBw

Noise power density (TS = 800°K) No = 199.5 dBw/H=

C/N_ = 55.8 dB-Hz

Chip rate {115.2 x 103/sec) 50.6 dB'Hz

Received Ec/No 5.2 dB

Degradation in detector -2,.04B

! Detector margin -1.0dB
| Epre/Eemm +3.0 4B

EB/NO to Viterbi decoder 5.2 dB

T
i

ial requires 244 KHz within this band
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independent of thermal noise considerations. Studies have shown that the
cutput signal to IM noise power ratio approaches about 10 dB as the num-
her of equal-power and equally-spaced FDMA users grows very large {and
;s at least six) (References 7-2 and 7-3). Figure 7-2 shows how this sig-
=al to TM ratio varies with the amplifier (TWT) backoff below the saturated
{=ingle carrier) case. Given the maximum signal to IM ratio, the maxi-
mum attainable Eg/N_ in a2 PSK channel can also be calculated. If the IM
noise is spread in the 2Ry bandwidth of a PSK signal of bit rate Ry,

then the

E T
B _ S B _ 1
B (T\r“) 1 vhereTp = po
ZR
B
S
4 T.t-h. o = 101
and Wi (N)
EB
ﬁ; = (10)x 2—=13 d4B.

Design of the Composite Link

The design of the '"composite" data link should consider {as a minimurm)
uplink noise, IM noise, power sharing, TWT backoff, and downlink noise. A
rule-of-thumb analysis which includes all these factors is given below, The
resulting equation (at the bottom of page 7-13) was used to obtain Figure 7-3.
The curves illustrate the penalties which IM noise imposes on the design
of PSK links to and from the satellite. The links must be of very high
quality if very low bit error rates are to be obtained; very little noise in
addition to the IM noise can be tolerated. Note that in the case of
{(Eg/N,)yp = 13,0 dB, the downlink must be essentially noiseless to
obtain a Py < 1072, In order to obtzin an improvement in Pg from 107
‘;o 1101‘2 with (Eg/Nglgp = 12.0 dB, the downlink quality must improve
3y B,

Use of Coding Techniques

] The use of error correcting codes on the DRS link permits a reduction
in SNR to the point where IM noise in the repeater is not a major factor. Rate
1/2 convolutional codes can be considered for this application, but research

- hwuld be done on their performance in an IM noise enviroament. The K = 5,
¥ = 2 code with Viterbi decoding requires an Ep/Ng of only about 5,2 dB

at n 10-53 BER. Since two biphase PSK channel symbols {chips) are

-wil for each information bit, the ECHIP/N, = (5.2 - 3.0) = 2.2 dB.

- 2dR is allowed for degradation in the detector and about 3 dB

7-7 -
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tink maxrgin, the RF system must’ Idei:wer Ec/Ng = 7 dB to the PSK
crate and dump. At Ec/Ng = 6.8, the corresponding chip error rate
«3, From F:Lgure 7-3, it-is seen that this sort of performance is
ily achievable in a relay system utlllzmg a hard-limiting repealer.
;I\.c call that each RF chip corresponds to a kit in a conventional PSK sys-
tom. Therefore, in Figure 7-3, read ''bit error probability' as "chip
crror probability. "}

Figure 7-4 shows the various ‘E:ra.deoffs in designing a relay system
which will achiewve a chip error rate of 10-3 {or a bit error rate of 10~
when using convolutional codeg and allowing reasonable margins). The
ordinate of this curve is actually the required downlink E¢ /N, minus the
TWT backoff, This gives a '"cost function' which takes into account the
reduced IM and reduced power when a TWT is "backed-off." The ordi~
nate can be interpreted as far more than just DRS antenna gain. The
relative link performance required can be achieved by varying the DRS
or ground station antenna, the receiver system temperature, the weather
losses (by varving the frequency), or by choosing a TWT of different
saiturated-single-carrier rating. The curves indicate that with a high
quality uplink, the IM is tolerable and to minimize the requirements on
the downlink system, the TWT should not be hacked-off. When the uplink
is severely constrained and say (E¢ /No yp < 8.5 dB, the downlink system
becomes severely burdened when the TWT is driven to saturation. It
appears that choosing an(E ~/Nohyp = 10.0 dB would be a reasonable
choice for the Space Station & data relay link, This does put a severe
burden on the downlink when using a hard-limiting repeater. The required
DRS antenna gain is also shown to change very little as the TWT is
backed-off into the linear region. This permits more flexible repeater
. operation.

Compeosite Link Equation for Multiple Biphase PSK Signals Through a
Hard-Limting Repeater

Let the total available RF power of the relay satellite be fixed
at bC, where

& single carrier TWT power

b

backoff,

This power will be shared by the signals and noise inputted to the repeater.

=3
Il

fraction of output constituting relay noise

fraction of output diverted to the ith signal

o
H
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By definition, output power = (q +

Relayed Noise Power

The noise input to the TWT is due to thermal noise, IM noise, and
various cross-terms (which we neglect here as second order effects).

noise in = thermal noise power + IM noise power
= NB +o(n D)
o i
where
No = density of thermal noise
= repeater bandwidth
] = power in jth signal.
nPi = total input signal power resulting from n signals.
a (nPi) = level of noise generated by intermodulation of the
n equal power equally-spaced signals (We
assume it is approximately uniform across the
band).
.q _ noise in

noise in + signal in
!

1

i (NOB +  anP)
(NOB + enP) + (nP)
Pon S

711



454 the relayed noise power

(N)yy = an.,

ielayed Power per User

5 _ signal in

~ noise in + signalin

3 ' P

- (NOB + a nP) + (nP)
(Pl = 5 bC.

NO at Ground Station

{ - ™
‘N}ground R(N

+ (M)

y
‘relayed downlink

K = Sum of all system gains and losses,

If we assume the repeater bandwidth is just wide enough to pass the spectra
of the n PSK signals each of data rate R, its bandwidth is n(2R).

Therefore, !

(N)R}

c’'D

Fnergy at Ground Station Per User

T-12



v ot Ground Station Per Usar
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but L1 K5O 1 = in the downlink per user
n R (NO)D No

C
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Now, rewriting the expressions for nand 6§ using P = ER, B'= n(2R),
K _ P/R
andﬁ— = 5 we have
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- 1ot be remembered that a definite relationship exists between « and
S Hyown? since both are a function of the TWT backoff. Reference 7-1
.. 'the expression ~

@ = .19 (bl 8

for -~ 1,5 >b > -3,75 d4B.

_4 DRSIGN TRADES

All links except the emergency voice link are convolutional coded
“ivital systems. This approach is the most efficient transmission scheme
«Y4ich could be implemented in the early 1970's. Frequency modulation is
winployed in the emergency voice system for simplicity.

All the dlglta,l Iinks use biphase PSK modulation except the EM;
v iem. This modulation (with "integrate and dump" detection) is the
cutimum technique among the class of bistate modulations. Biphase PSK
i alse very easily implemented. To counserve bandwidth at S-band, the
A%y links use quadriphase modulation, 7This scheme can be analyzed
tard implemented) 25 the union of two biphase systems in phase quadra-

t:re. The RF bandwidth it requires is 1/2 that of a comparable biphase
wyetem, but its ER /N, requirement is theoretically the same.

The ALS data links and the EMj links employ S-band frequencies
ernuse of NASA's allocations at those {requencies and because of the
availability of space-qualified hardware. It was concluded that frequen-
s1ct above S-band were desirable for the 20 megabits/sec DRS data link,
W hivher frequency band would provide greater available bandwidth and -
--i1d give a relative link improvement, assuming fixed apertures at the

tstion and at the DRS. Frequencies at K-band (13.7 to 15, 4 GHz) were
. ". i ¢n because this frequency is currently within the state-of-the-art
‘ 3 ‘?’-“*c"cwave technology. At frequencies above K-band, the beamwidths
~reluped by antenna apertures of typical size (3 to 4 feet in diameter)
f+rwine so narrow that pmntmg problems become severe, DBecause the
T eriency voice system requires only 200 kHz, a VHE frequency band
A <husen. This permits full communications service with relatively
" worwer levels and omnidirectional antennas. The power levels required
14 be about 250 times greater if S-band were used.

Since all the links are full-duplex, the communications terminals
-t !‘c’“l‘mu vehicles {either the ALS, EMj, or DRS) are approximately
shent o the corresponding terminal on the Station itself. The charac-
it :alsumed for these remote terminals are commensurate with their
nt. The ALS uses only flush-mounted omni antennas for communi-

<t the Stalion, because it musl re-enter the sarth's atmosphere.

L !

®
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sotractable high gain antennas would add significant complexity. The EdM;y
dies vutilize a high gain antenna, This vehicle is only used in a space
environment and furthermoré, its principal mission is to collect data and
réturn it to the Space Station. The DRS is assumed to have earth coverage
antennas at VHE and K-band and one or more high gain antennas at K-band.
its transmitted power per carrier has been assumed to be modest (b watts
a2t 14 GHz and 18 watts at 140 MHz), since it may serve many users.
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8. ANTENNA ACQUISITION AND TRACKING STUDIES

.1 INTRODUCTION

Analysis early in the study indicated that DRS data link constraints
would require the use of a high gain antenna on the Space Station. A study
was begun which examined problems of initial antenna pointing, antenna
acquisition, and antenna tracking.

Consideration was given first to the programmed tracking concept
outlined in Subsection 8. 2, in which slewing, acquisition, and tracking
become essentially the same operation, It was determined that computer
control of the antenna was indeed feasible for the Space Station mission.
This approach was not chosen for the baseline design because of its open-
loop nature and because it requires a continuous interface with either a
computer or a mass storage device. The programmed tracking study did
indicate that the Space Station K-band antenna could be initially pointed
toward the DRS within its 3-dB beamwidth.

Antenna beam broadening was not given extensive consideration
simply because the DRS is normally expected to be found within the beam-
width required for communication, Ream broadening requires additional
RE complexity. Acquisition by scanning entails only additional use of the
slew or manual positioning mode. Scanning can sometimes cause excessive
gimbal wear, but it should be required very seldom during the Space Station
mission. Subsection 8.3 provides a statistical model of antenna acquisition
by scanning. The analysis develops expressions for the probability of acqui-
sition and false acquisition given the basic system parameters. It also
develops estimates of the mean time to acquisition.

Subsection 8,4 gives the basic expressions for the theoretical per-
‘fcrmance of various autotrack techniques. A comparison of the techniques
15 also made assuming similar system parameters.

~ The Space Station high pain antenna design is an outgrowth of the
“irious studies, The antenna is initially pointed toward the DRS or the
‘*Z!-nl_s of computer-generated pointing commands. If the DRS beacon sig-
i +1 is not present within the beamwidth, communication control generates

+

©1an pattern using the slew mode. If the DRS signal is still not located,
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a new position estimate is taken from the computer data and another sequence
iz begun. If acquisition is not dittained after several attempts, the operator

is alerted. Antenna tracking is accomplished by the use of time-shared mono-
pulse. Its theoretical performance is at least equal to other schemes and

it has been used successfully in many hardware designs.

8.2 PROGRAMMED TRACKING CONCEPT -

Although monopulse techniques have been used for many years, open-
loop, programmed tracking provides an attractive alternative. This approach
has been used at ground stations when ephemeris data permits the target
vehicle track to be accurately predicted.

The suggested programmed tracking concept is diagrammed in Fig-
ure 8-1. Note that while the tracking is open-loop, the antenna positioning
is closed-loop, since the actual position of the antenna is monitored by the
angle resolvers. The computer interface required by the programmed
tracking approach appears to be a negative factor. However, computer
generated pomtmg commands will be a necessity for initial antenna point-
1ng in any mission utilizing a DRSS, and even when a monopulse technique
is used for tracking, a computer interface will probably be required for
acquisition, The general purpose computer itself need not be located
on-board the spacecraft when used to generate either initial pointing or
tracking commands. Programmed tracking does require a continuous inter-
face with either the computer or some mass storage device.

The success of an open-loop design requires that all possible error
sources can be determined and that their total effect is less than the required
error tolerance. Table 8-1 gives a pointing error budget for the Space Sta-
tion antenna pointing problem. Assuming that the structural deflection is
negligible, the pointing error is acceptable even without use of inputs from
the spacecraft attitude control system.

Table 8-2 summarizes the advantages and disadvantages of program-
med tracking, The references referred to document contain problems that
have been encountered with the Apollo monopulse systems.

Il

8.3 ANTENNA ACQUISITION BY SCANNING

The Scanning Problem

To establish the commmunication link between a spacecraft ctnploying
2 high gain antenna and a2 DRS, some method must be used to grossly point
the antenna toward the DRS. This section treats the method of link acquisi-
tinn called scanning, in which the antenna system then searches that angular
revion of space in which the DRS is expected. When a thresholding device
indicatas the presence of the DRS signal, the antenna system switches to
the autotrack mode and discontinues scaaning.



TABLE 8-1. POINTING ERROR BUDGET

e e e e

Initial Extensive
o Acquisition, Calibratioun,
g degrees degrees
Station attitude stability* 0.25 0. 25

Station structural deflection
Alignrn-ent of boom on station

Boom deflection

Orthogonality of axes

Antenna boresight collimation .
Antenna boresight deflection

Antenna positioner accuracy

Antenna: gimbal encoder- accuracy
Dynamic overshoot

Accuracy of ephemeris and local cleck

Computational-step size
Maxitmuin sum error

Expected RSS error

~a—— Unknown

0. 05
0.02

0.02

0, 02
0. 006
0. 003
0. 01
0. 006

0,005

0.263

(N)
()
(N)
(N}
(W)

0. 006

*This error dominates. It can be tracked out given the actual spacecraft _

(N} - Negligible

attitude,
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TABLE 8-2. ADVANTAGES AND DISADVANTAGES
OF PROGRAMMED TRACKING CONCEPT

Advantages

e

[ I

Pointing is maintained under low signal-to-noise conditions or
even during signal drop-out.

Tracking performance is unimpaired by the pfesence of low
frequency amplitude modulation on the communications signal.
{In Apollo, an incidental amplitude modulation on the uplink
signal has caused the appearance of an unwanted signal within
the tracking system bandwidth.){Reference §-1).

Tracking performance is unimpaired by the presence of multi-
path signals. (In testing, it was noted that in the wide-beam
mode, the CSM antenna may falsely acquire a signal reflected
from the spacecraft surface) (Reference 8-2).

The approach is easily adapted to anticipate shadowing by the
vehicle itself or DRS occultation by the earth.

Corrections for-axes misalignments, calibratable structure
flexures, or encoder errors may be conveniently introduced.

The programmed tracking approach greatly simplifies the
antenna feed design and eliminates the usual error signal
processing electronics.

The use of digital techniques greatly reduces the system's
sensitivity to component drift.

Disadvantages

]

The technique -- like all open-loop designs -~ is not adapt-
able to systems in which all contingencies cannot be antici-
pated in advance. An error source which goes unrecognized
during the design phase could prevent proper system
operation,

A near-real time interface is required with a computer or a
mass storage device.

To achieve the required tracking accuracy an interface may
be required with the spacecraft attitude control system. This
is especially true when the vehicle {such as the ALS) is
capable of extensive mansuvering.
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ke & i (8-4)

An approximation relating antenna 3 dB beamwidth and gain, valid for beam-
widths less than 10 degrees, is given by

4
62 = 2.7(:}; 107 (degrees)? (8-5)

Substituting equation 8-5 into 8-4

4

k = (1.48 x 107%) Gu? (yin degrees) : (8-6)

Ifk=1, then A <a, i.e., the antenna view area is as large or larger
than the search area, so no scanning is required.

If T, is the total allowable search time, the view period Ty, for a
.given angular position in the search ares is given by

i Tk = Ts/k. . (8-7)

Detector Operations

The basic detector assumed in the analysis below is the square law
device. Eoth linear and square law devices have been analyzed by Marcum
(Reference 8-3) and shown to have nearly identical detection-characteristics,

. The detector, itself, is preceded by a bandpass filter and followed by a
sampler. The sampler is, in turn, followed by an adder which sums the
last m outputs from the sampler. A threshold switch is used to indicate a
signal detection when the adder output voliage exceeds a bias level, b.
This combination of functions is shown in Figure 8-4,

If Ty denotes the time that a DRS is within the receiving pattern of
the antenna and tg is the time between samples, then m is given by Ty /t,.
The samples may be consideved independent if tg 2 1/B, where B is the
input filter bandwidth, For acquisition, the bandwidth must be large enough

8~9



to accommodate the effects of dopple_,li- shift and osciliator variation on the
transmitted signal. The maximuam doppler shift is given by

V. + V cos i i
N £ (8-8)

where C is the speed of light, Vg and V) are the velocities of the station
and DRS, i is the orhit inclination, and f is the nominal transmission fre-
quency. Ior a Space Station altitude of 200 n, mi. and an inclination of
55 degrees,

(D). = (3x1072) £ (8-9)

Osciliator stability generally results in an order of magnitude less varia-
tion., Assuming a stability of one part in 10-6,

, ) . | ,_
(A = (3.1x107) | (8-10)

- The bandwidth must be twice this vaiue, i.e.,
i

B o= (6.2x107°) £ (8-11)

and so

1A

m s (6.2x107°) £ Ty (8-12)

The noise will be assumed to be white gaussian noise due to thermal

motion of electrons in the receiver. The average noise power, N, is given
by :

N = KTB (8-13)

where K is Boltzmann's constant and T is the effective noise temperature (“K).

8~10



Probability of Error

When no signal is received, the noise alone may cause the adder
cutput to exceed the threshold bias level. The output of the detector will
then have a probability density of: . ;

v
o

1 v

¥ e () v
plv) = . {8-14)

0 v < 0

where:

H

N average IF noise power

v detector output voltage
This density is derived in Reference 8-4, pages 253 - 254.

Normalizing the noise power

e 7 vy =z 0O
ply) = (8-15)
0 | v <0
where y = v/N is the normalized detector output. The characteristic
function of this density is given by
Clp) = — (8-16)
P ptl

The characteristic function of the sum of m independent samples is

imn 1 " ™ .
Cm(p) = [C(p)] = [I_H_IJ (8-17)

8§-11



Taking the inverse transform, the deunsity function for the normalized adder
output voltage is given by .

{ m-1 -y
gy - e 7 r > 0O
P (y) { (- 1t T (8-18)
y) = -
m é 0 v <0

The probability of error, P, is the probability that the adder output due to
noise alone will exceed the threshold level, b. The normalized threshold
level is denoted by b,, where

bn = b/N (8-19)
Then
o
P, = fop ) dy (8-20)
~h
n

In Reference 8-5, b is computed as a function of P, and m,

Probability of Detection

Using characteristic functions as above, it can be shown {ses .
Reference 8-3) that the probability density of the adder output with signal
plus noise at the input is given by .

me-1 !

2 - (v+mR)

{2 \ijv) v = Q
(8-21)}

Im-—l

qm(v)

4] v < 0

-~

JOr S

where R is the signal-to-noi 2 power ratio and L _; is the modified Bessel !
unction of the first kind and of order m -~ 1,

A-12



_nen the probability of detection, Py, is given by

Py :jf qm{v) dv (8-22)
b

n

This integral may be expressed as

Pd = 1 - T'\[E; (Z2Zm -1, m - 1, JymR) (8-23)
where
b. = b/N = normalized bias level

b = threshold bias level

N = rms noise power
R = signal-to-noise power ratio
T = incomplete Toronto function (see Reference 8-3)

P, is the probability that 2t a given time the detector will indicate a detec-
tion when the DRS signal is not present. Py is the probability that a detec-
tion will be indicated when the DRS signal is present.

Probability of False Alarm

A false alarm occurs when the detector registers a signal detection
and there is no signal present at the time. This happens if the output of
the adder exceeds the threshold bias level due to noise alone, The proba-
bility of false alarm is given by

fc-1
P, = 1-(1-P, (8-24)

If G, &% and P, are fixed, then P_ is determined by Equations 8-24 and 8-6,
which in turn determines by, by using Equation 8-20,

8-13



Note the following relationships and conditions:

P =P k « 2
e fa
B (8§-25)
fa :
£ = 2 1%
Pe 1 I 2, Pek << 1%

It may be noted from Equation 24 that P < P Thus, if kP, «< 1 then

P, « 1, and so

c
P s 2 s 2 (8-26)

Probability of Acquisition

The probability that the DRS signal will be properly detected during
the scanning process ls given by:

% - n-1
Pacq = PA Z Pn Pd(l - Pe) (8-27})
n=1

where Py is the probability that the DRS ].leS in the search area and P is
the probability that the DRS lies in nth angular position of the seaxch area.
The above summation expression is the sum of probabilities that an error
was not m%lde in the previous (n - 1) positions and that a correct decision is
made in n"* position times the probability that the DRS is in the n? position.

A useful and simplifying as sumptmn is thatP, = 1/k. This assump-
tion is not generally correct, but is sufficiently aCCurate to allow a good
estimate of the probability of acquisition. Using it allows Equation 8-27
te be further reduced

P,.P
AT d I
Peq P [1 -(1-P,) ] (8-28)

8-14



17 2 is small « 1, then
e

[1 - (1 - pe)k] ~xp - Sl p 2 (8-29)
Thus for Pe « 1,
Poc = Pa P, [ -(ki 1) Pe:' (8-30)
and if kPe <« 1,
P.oq = PaPa . (8-31)

Pfa = Pe
and
Pa.cq - PAPd

where A is now the area defined by the antenna beamwidth which is larger
than the required seaxch area. Figures 8-5, 8-6, and 8§-7 show P__ /P,
as a function of Py with P, and k as parameters, The first two indtS9
cate the validity of Equation 8-31 for kP '« 1.

Parametric Resulis

From Equation 8-20, b_ is a function of P_ and m, and from Ecqua-
tion 8-23, Pgis a function of by, m. and the signdl-to-noise power ratio, R.
Thus, Pjis a function of Py, m, and R or inversely R is a function of Py,
Pe: and m.

) If it is agsumed that kP, < 1{.e., kPe < (.1}, then from Equa-
Hon 8-31, Py.o = PaPy. If Ais taken to be the area defined by letting ¥
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in Egquation 8-1 equal the 3¢ value of anterlrﬂ boresight deviation from the
sominal position, then

P, = 0.9974 (8-32)

A
and
Pd = Pacq/0.99?4 (8-33)
And then R is a function of P, P, and m. The value of m will probably

depend more on hardware 1mplgmentat10n considerations than on the theore-
tical limitations of Equation 8-23.

For instance, it is expected that 25 dB < G = 60 dB and 0sd =3°
{for the Space Station mission) thus, from Equation 8-6, k£ 1.33 x 103
It was shown above that due to doppler shift and oscillator uncertainty,
Bz (6.2 x 107°)f. Furthermore, it is expected that T, > 30 seconds. Thus,
for f = 2 GHz, BT = 3,72 x 106 Then, from Equation 8-23, m = 21, 000
It is not expected that the detector could add this many samples.

In Reference 8-5,; b11 is tabulated as a function of m and P, for values
of m between 1 and 150 and P, between 10-1 and 10-12, In Reference 8-5,
P4 is plotted as function of b,, m, and mR form = 1, 3, 10, 30, 100,
300, 1000 and 3000.

From Equation 8-33, the following list is valid:

P P

acq d
0. 90 0.9023
0.95 0. 9525
0. 99 0,9926

0.995 0.9976

Combining this list with the data from the above mentioned References, the
required signal-to-noise ratio is listed in Table 8-3 as a function of Pacq’
P, and m. For Paeq =0.99, 'curves of R versus m with Pg as a param-
eter is shown in Figure 8-8.

Using Equations 8-6 and 8-25, the signal-to-noise ratio may be deter-
utined as a function of Gy with m, P, g P¢, as parameters. Using the
cita of Table 8-3, curves of R versus GLJZ with m as a parameter were
z'“x‘l.u’c*:ed for Pa.cq = 0.99 and P, = 10-5, These curves are shown in
« igure §-9,
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TABLE 8-3, SIGNAL-TO-NOISE POWER RATIO

. . . acg = 0. 90 0,95 0. 99 0.995

e o q = 0.9023 | 0.9525 | 0.9926 | 0.9976

. 1 11,51 18.0 20.5 25.3 27.7

3 16,55 7.3 8.17 | 10.0 11,2
107 10 29. 52 3,0 3,20 4.0 4,30
! 30 59. 29 1,38 1.57 1.88 2.0
100 | 148.5 0.68 0. 74 0.86 0. 94

§ 1 13,82 21.2 23.5 28.5 32,0
f 3 | 19.13 8.5 9.5 11,4 12.5
;10‘6 10 | 32.71 3.3 3.2 4.4 4.8
E 30 63. 55 1.59 1.74 2,02 2.22
! 100 | 154.9 0. 74 0. 84 0. 94 1.01
; 1 16. 12 23.5 25.8 31,7 35,2
| 3 | 21,67 9,53 10.5 12.7 13.8
2 1077 10 35.79 3.70 4.0 4.8 5.2
: 30 67. 60 1.75 1.88 2.22 2.37
100 | 160.9 0.81 0. 87 1.01 1.08

1 18, 42 26.5 29. 4 36.0 39.0

3 24.18 10.5 11.4 13.6 15.0

1079 10 | 39.80 4.0 4.3 5.2 5.7
30 71. 48 1.87 2.03 2.32 2.53
100 | 166.6 0.87 0.95 1.08 1.16
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Conclusions on Detection

It has been shown that the number of samples used in the detector's
adder has a dramatic influence on the required signal-to- n01se ratio, whereas
the effect of the gain-search area product (proportional to C‘n,; ) is much less.

. In Figure 8-9, where Py, = 10-2, the change due to the maximum variation
. of GL{JZ causes the signal-to-noise ratio to change by a maximum factor

of 1,44 or approximately 1.6 dB, when m = 1. The change due to ng is
much less when m > I,

The change due to a variation of m is much larger; in Figure 8-9,
for Gyl = 107, increasing m from 1 to 3 reduces the required SNR from
29 (14.6 dB) to 11.5 (10.6 dB), If m is further increased to 10, the required
SNR is reduced to 4.5 or 6,55 dB.

Thus, -the number of samples added in the detector prior to the
threshold switch is the major factor in determining the required signal-to-

noise ratio for given probabilities of acquisition and false alarm,

Acquisition Time

It has been shown above that the parameters of interest are related

by
T B
m £ — (8-34)
k
where k = 4412'/92, the number of view areas contained in the search area.

For a reasonable relationship between search area and antenna
beamwidth, k < 100. Then, if P, is limited to 2 maximum of 1077, the
probability of false acquisition will be less than (k - 1) P, = 10-5. Refer-
ring to Figure 8-8, if a probability of acquisition of 0, 99 is desired with
a signal-to-noise ratio of Z(3 dB), then m = 40. The IF bandwidth should
be as small as is compatible with the expected doppler shift and oscillator
Jnstability, This requirement is shown to place a lower limit of (6.2 x 10"5)1"
on the IF bandwidth, B, where f is the transmission {requency.

Substituting the above numerical quantities into Equa.tic;n 8-34:
2

T 2 (2.58 % 10°%) £ seconds (8-35)
& %

This inequality seems to indicate that the search time may be decreased by
increasing the transmission frequency, f. This, of course, is not neces-
garily true because the resultant larger IF bandwidth will reduce the

8-20



, nal-tn-noise ratio. The same effect is possible by increasing the
seowidth at any frequency, £, Inequality (Equation 8-35) relates the search
s~ to the other parameters for the minimum IF bandwidth, Independent
“y:5 rnalysis will insure the required signal-to-ncise ratio, taking intc
.+ zeant antenna sizes and transmitter power.

I‘zguie 3-10 is a result of using Equation 8-35 for transmission
sroquencies of 2.2 GHz and 14 GHz. From this figure, it may be seen that
e small values of $/8, the search time may be quite small; thus, the
sctual search time may be determined by mechanical considerations rather

than by the operation of the signal detector.

Figures 8-11 and 8-12 show the search time as a function of J/a
and signal-to-noise ratio (SNR) for transmission frequencies of 2.2 GEHz
and 14 GHz, respectively. The relationship between m and SNR of Fig-
are -2 was combined with inequality (Equation 8-34) to produce these
figures.

Mean Time to Acquisition

The minimum time which must be allowed to scan the search area
5 been discussed above. The mean time to acquisition, T 4+ 185 related
*r the search time and is given by v the following expi'essmn

k
T SN { P + \] -
a : PPnT-[— _e(n'r-i- L'Ta’J {8-36)
n=
“where
Pn = probability of target lying in the atP antenna view

area within the search area

PD = probabllity of detectlon When target is within the
antenna view

P = probability of error when the target is within the
antenna view

TL = time lost due to an error

-4
(]

TS/k
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If it is assumed that the target may lie at any point within the search area
with equal probability,. then Equation 8-36 reduces to

— 1 TS ,_1, ' L]
T = (1 'Pe) [2 (Py+ P)(1+y) + P TL] (8-37)
for .
4y
ko= S5 =1 : (8-37)
6

The uniform probability assumption is not correct but in many cases leads
to results very nearly the same as with a more accurate and more complex
probability distribution.

If Pe = 10"6, as will usually be the case, then Eguation 8-37 hecomes

Ta~Fafi 08 ) o L (¥s1 (5-38)
T 2 2 e T e 2
3 4y s
And if TL/TS = 109, then
To . Faf,, o ) ' (8-39)
TS A \ 4‘-[’2 ]

Figure 8-13 shows T_/P4 T. as a function of /8.
a’~d s

Example

Let ¢ be the 30 deviation of the boresight from the nominal. Then,
as shown previously, for P ox1

Pd = Pacq/O' 9974 (8-40)

8-.25
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.
ac ig the probability of acquisilion, And let the following system
. rumeterd be given:

ke P

Pacq = 0.99
¢ = 3 degrees
= 1 degree
P = 1077
e
m = 40

Then Pg = 0.9926, ¥/6 = 3, and there are

nnienna view areas in the search area. From Figure 8-10, the total search

time which must be allowed is 1. 7 ms for f = 14 GHz and 11 ms for
{ = 2.2 GHz. From Figure 8- 1 , T_/T Pd = 0,514, and soT_ = 0. 866 ms
for f = 14 GHz, and T = 5.61 ms for F =°2.2 GHaz.

8.4 THEORETICAL COMPARISON OF AUTOTRACK SYSTEMS

This section compares the theoretical tracking accuracy due to
thermal noise of three types of autotrack systems: 1) true monopulse,
2} conical scan, and 3) time~shared monopulse.

The derivation of the tracking accuracy for the true monopulse sys-
tems has been presented in various references, one of which is Refer-~
ence 8§-6, In this reference, the rms tra.ck1ng error for a single axis has
heen derived for both correlation detection and coherent defection of the
=rror signals. These equations are shown below

True Monopulse -~ Correlation Detection
g ]
e P
IF T\T;
el‘ms = S (8-41)

k (.__.1_.
m (| N
i
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True Monopulse -~ Coherent Detection

Orms ~ (8-42)
where
g = rms tracking error along single axis in fractional
rms .
beamwidths
ZBN = two-sided servo noise bandwidth
Bip = IF bandwidth
Si .
N - Sum channel IF signal-to-noise ratio at the receiver
i input
k= eerror slope factor of the monopulse difference

pattern normalized to the antenna beamwidth

The derivation of the tracking accuracy for the conical scan system
has also been presented in various references, including References 8-6
and 8-7. Here the tracking error is shown to be,

Conical Scan ~ Square-Law Detection
kN [1 ‘o (f‘:_\]
B N/
Q ’ = i S
rms . \
k 2t
cs (N/
i



’ I
Corical Scan -- Coherent Detection

where all parameters are defined as before axcept

kcs = error slope factor of the conical scan system
normalized to the antenna beamwidth,

The theoretical tracking accuracy for the time-shared monopulse
system has been derived in Reference 8-8. The implementation of the sys-
tem is also described in this reference. The equation for the tracking
accuracy is given below.

L

Time-Shared Monopulse -~ Square~Law Detection
By | /5]
o 142k —=
2 1T,
- 11 IF i (8- 45)
9rms S, k. k -
x |-+ 172
mi N,
where all parameters are defined as before except
ki = loss of sum channel signal power due to coupler

{(throughput loss)

b
™
il

loss of error signal power due to coupler
(coupler loss)

) In order to compare the systems on a comparable basis, the follow-
ing assumptions were made:

1} No line losses between antenna output and receiver input,

2) IF Bandwidth/servo noise bandwidth = 100,
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3) True monopulse system incurs 0.5 4B loss of signal power due
to the use of multiple feeds,

4} Conical scan system operates with 1,0 dB crossover loss.

L1
L

Time-shared monopulse incurs 0.5 dB loss of signal power
due to multiple feeds and another 0.5 dB loss due to coupler.

6) The error slope factor for the monopulse feeds, ky,, is assu-
med to be 1.57 /beamwidih error. This is based on the dis-
cussion in Reference 8-9, pp. 272-275,

7) The error slope factor for the conical scan system, k.g, is
assumed to be 0. 8/beamwidth error. This is based on the
discussion in Reference 8-9, pp. 269, for a 1.0 dB crossover
loss.

The tracking accuracy due to thermal noise for the three systems -
is shown in Figure 8-14. The curve for the true monopulse system is basec)
on correlation detegtion, and the curves for the conical scan and time-shared
mionopulse are based on square-law detection.” The abscissa of Figure 8-14

is based on the IF signal-to-noise ratio before reduction of the signal power |
by assumptions 3), 4), and 5) above.
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It can be seen from Figure 8-14 that for the parameters chosen, the
canical scan system provides 4 to 6 dB poorer performance than the true
monopulse, and the time-shared monepulse provides {rom 6 to 10 dB poorer
performance. .1t is of interest to note that if the couplexr loss were 3 dB for
the time-shared monopulse, i.e., k1 = k; = 1/2, the rms tracking error
for the time-shared system with square- law detection would be exactly
twice as great as for the true monopulse system with correlation detection.
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9, MODEM AND TIME DIVISION MULTIPLEX STUDIES

9,1 INTRODUCTION

Figure 9-1 shows the conceptual arrangement of a digital
communications system for the transmission of several analog signals.
The source encoder/decoder devices accomplish the mapping of the data
source signal from the analog domain to the digital domain and then back
into the analog. The digital portion of the channel coding device generates
one or more subbits for every information bit. These subbits are repre-
sented in the RF communications channel by the analog modulator. Its
output symbols are.called chips.

After consultation with the Manned Spacecraft Center (MSC), the
selected channel encoding utilizes biphase or guadriphase PSK in conjunc-
tion with convolutional coding, The performance of a representative biphase
demodulator is discussed in Section 9, 2. This device recovers both subbit
timing and a coherent carrier reference from the PSK signal itself. The
performance of various convolutional codes with Viterbi decoding has been
documented by MSC and has not been part of this study. The physical char-
atteristics of Viterbi decoders were investigated and are summarized in
Section }0.4, Section 9.3 summarizes the design study of the Space Station
time division multiplex (TDM]) system. The statistical analysis of the frame
sync technique is given gpecial emphasis. The source encoding problem
was not addressed during the study. The physical characterisfics of a
pariicular source encoder/decoder suggested by MSC were estimated.

These results appear in Section 10. 4,

9.2 DEMODULATION OF CONVOLUTIONAL CODED BIPHASE PSK
SIGNALS :

This section considers the technique shown in Figure 9-2 for the
demodulation of convolutional coded biphase PSK signals,

Subbit Synchronizer

The subbit time synchronizer phase detects the data, locates the
«ulbit transition times, and outputs a sampling time signal to the integrate
-l dump circuit, A synchronizer has been built at the Jet Propulsion
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Taboratory (TPL) which provides negligible system degradation down to«
Ebubb%/“‘lo = =5,0dB at daia rates up to 250 kHz (Reference 9-1}. The

. design's performance is attributable to the use of a digital loop filter and a
specially designed phase detector. Although implementation of these tech-
niques may not be possible at 40 MHz rates because of the limitations
imposed by circuit speeds, it will be assumed here that subbit timing is’
perfect. (Subbit timing information can also be recovered at bascband —
after the coherent reference is reinserted and before the integrate and
dump. )

Squaring Loop

The carrier phase tracking loop design is shown in Figure 9-3. This
ligsquaring loop' takes the modulated carrier and recovers the original car-
rier. (It has beeh shown that this sort of system design is more efficient
in terms of total power than that in which a separate reference signal is
used (Reference 9-2). Another loop design might be used, but the squaring
loop is representative of the possible configurations.) Now, an expression
for the overzll system error should include the effects of both the PLL and
the integrate and dump, It has been shown that the probability of a detection
error for PSK given a phase error, ¢, is

® 2
P (Error/%) = '\‘/—2%‘1-_‘}{‘ exp {‘:};—] dx
t

2 E

where ¢ = N £ cos ¢
(o]

/2. LN
“P (Error/¢) = Erfc NOS cos ¢

Viterbi (Reference 9-3) has shown that for a2 first order PLL the steady-
state phase error {mod 2w) probability density is given by

_ exp (¢ cos ?) -
P(e) = 2w I _{¢) |o] <

where ¢ is the SNR in the loop noise bandwidth and I, is the imaginary
Jtussel function of order zero. Lindsay has shown OXPU'LIJeni."U'} (Refer-
ence Y-4) that this form is aleo approzimately correct for the second order

9-3
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tocp when « is large enough to be of practical interest. The overall Psf(the 3
subbit error probability) can now be written:

P =P (Errox/¢) P (¢}

b3 ’ Y
2 E
exn {& cos §) ( / 5 d:)
. IO(Q) Erfc\ No cos ¢} d¢

<

3l

this expression has been evaluated numerically by both Lindsay and
Viterbi. We shall first determine the range of @ and E; /N, which are of
interest. Next, Ior a loop giving good tracking, the acquisition character-
istics will be investigated.

Bandpass Filter and Squarer

To determine the loop parameters which will-give good tracking, the
effects of the filter and square law device must be evaluated,

The received signal plus noise ''seen' by the filter is

y(t) = =(t) + n(t)

‘where

x(t) = NZ2P sin (o t + ¢ + s(t) 3) = s(t) V2P cos (w t+ %)

s(t} = %1 (the random data)

P = carrier power

= phase random process

n{t) = white Gaussian noise of one-sided density NO
The bandpass filter is matched to the spectrum of the signal — which is
roughly 2Rg MHz wide where Rg is the subbit rate. The total carrier fre-
quency uncertainties are given approximately by Table 9-1, assuming no
programmed Doppler offset. Since they are an order of magnitude less than

2R5, a sharp cutoff filter of width W = 2R, will pass the signal without sig-
nificant distortion.

9-5
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TABLE 9-1. TOTAL CARP\.IE;R FREQUENCY UNCERTAINTY

fc = 2.2 GH=z ) MHz
Doppler shift 0.112
QOgcillator shift 0. 004
Total _0.116

fe = 14 GHz
Doppler shift 0.714
Oscillator shift 0., 028
Total . 0. 742

Now, since the noise bandwidth B of the PLL following the squarer
need not even be as large as the frequency uncertainty which must be
"tracked out, "' it holds that W > Bjy,. The signal X noise and noise X noise
terms out of the square law device can then be approximated as Gaussian
noise with a new density

i
N' = 4N 24 NPW
o} o2 fo)

This assumption is used by Viterbi (Reference 9-3, p. 291), and by
Lindsay (Reference 9-5), and was examined in detzil by Marcum (Refer-
ence 9-6). The signal term oul of the square law device is of the form

> cos Z(wct +8)+1
[st)]” @P) 5

and 7, [1] (P) [cos (2wt + 29)] after filtering, The squaring operation maps
the s(t) = +1 modulation into (%1)2 = 1. (Note that the carrier phase refer-
ence may be in error by 180 degrees. The subbit characters may become
"inverted!., They can be re~inverted by examining the frame sync word.)



Phase Locked Loop

The baseband PLL model used by Viterbi to derive the phase error
probability density (given above) is shown in Figure 9-4. It can be applied
to the system of interest if we replace our VCO and doubler with a single
VCO which generates twice the first VCO's frequency (for the same input
voltage). From the linear theory, the phase error variance of the reference
at 2w _ is

C

N' B
o

g% - 9 L
29 Pz/2
/

where N .By is the noise power and P22 is the carrier power, However,
since the loop output is taken to be at w_the phase error variance is
1/4 O—%é or ¢

o2 ool
2p% @
L1 NgBp 14NOW)
o P 2P
Since
P = ER
s 5 B
1 _ff_L<l+_Nc£"__)
¢ T Lk R E 2Z2R
s 8 s s

H

Constraints on BL for near theoretical PB

In the expression for Ps given above

-
p -1 exp (@cos ) o . 2B, - ) as
- I (o) Erfe \[—g— cos d

C
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the error plobabilii:y is a function of a and E_/N,. Lindsay's integration of
the expression is graphed as a function of E /\T with & = «/ffE /N las a
oa.ran:eter - s ©

The upper set of curves in Figure 9-5 give Lindsay's results. The
two sets taken together can be used to determine the Py degradation due to
imperfect tracklng The curves also show the reqmred = b“\o increase
needed to meet a specified Py given constant 6. Figure 9-6 illustrates the
- use of Figure 9-5, (We assume here that the analog signal which constitutes
the integrator's level at the sampling time has the same characteristics
whenever the Py is the same. Actually, a hard-decision on which subbit was
sent is never made. )

Now it is desirable to make o (and 06} as larg:zge as possible so that the
Pp degradation is negligible. This does not require increased power but
only a decrease in B

1] L.
11T NoBy N
" 5§ E T E R E
S 5. 8 5
E
_5
. RS No
BL:T Es\
1+‘1—'\I—)

This curve is plotted in Figure 9-7. Note that for 6 = 10 (0.4 dB degrada-’
tion} the By, = 2 MHz, It seems likely that & = 100 represents less than
0.1 dB degradation. At & = 100 the BL = 0, 2 MHz.

Loop Acquisition Performance

Now consider the acquisition properties of a PLL with 0.2 MHz <
B1, £ 2.0 MHz, (Since the available literature deals with this problem only
for the noiseless case, it can be assumed that the results below are an
upper limit on the performance.) When operating linearly with an input

;u.gnal of voltage A and loop gain ¥, a second order PLL has a cLOSed loop
“{unction

AK (S +.a)

H(S) = —
S° + AKS + AKa

9-9
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The two parameters A and K can be written in terms of the damping
coefficient 0 and natural frequency W,

1 2
0= T ajar +  wp = bk
Also,
[a 3]
_ 1 . 2
B, = z_ﬁf | B ()] dw
o
and
BL = _{L_IS_Z'E_Q-_ for the H(S) above.

-

It is common practice to fix one of the two lecop parameters to give a
"'good' transient response. With 6 = 1/~2 the PLL is said to have a good
balance between stability and speed of response. This leaves one param-
eter undetermined; this parameter is BL through its relationskip to W

gz_....._..l_.__ but - .L
2NalAR N2
J.afAK = 1/2
_AK+a _ 3

BL———-——~—4 5 SAK.

A 1 2 _ 32,2

wn—aAK:T?‘—(AK} = 9BL

Although the second-order loop can theorstically "track-out' any
constant frequency off-set (doppler shift), the pull-in range is usually
limited to several times By,. When the off-sct is within this range. the
time {o pull-in is given by Gardner {(Reference 2-7) as
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By,

The second-order loop cannot perfectly track a frequency ramp
{sluppler rate), The steady-state error is given by

Phase error

Aw
2

w
n

9
328

(Aw)

2
L

The PLL cannot attain ox moaintain lock if the AG is much greater than
1/2 w%. This characteristic determines the rzate at which a VCO can be
swept in order to enhance loop acquisition,

Figures 9-8 and 9-9 are plots of the above equations. At {, = 14 GHz,
the time to lock becomes greater than 10 seconds when By, < 0,6, Ifitis
determined that By, must be less than about 0.6 MHz, sweeping of the VCO
should be considered. At f. = 2.2 GHz, the acquisition time will be only a
foew seconds for any By, of interest. ' Since the dopplér rate is very small,
the steady state error is negligible (that is, the principal contribution to
tracking error is the channel noise}, If VCO sweeping is desired at
fc = 14 GHz, the permissible rate is 0. 05 MHz/sec at By, = 0.2 MHz., The
entire uncertainty of 1,48 MHz can be swept in 30 seconds.

Conclusions

A squaring loop can provide a near-perfect carrier referenceina
high rate convolutional coded biphase PSK system in which the data is
directly modulated on the carrier {such as the Station/DRS data link). A
s¢cond order loop with By, ® 1 MHz gives less than 0.4 dB degradation in
the station/DRS data. Such a loop can also acquire and track the maximum
frequency offset within a 3-second lockup time. Since the carrier compo-
aent tracked by the PLL is vexry ''clean, ' false lock is not considered a
di{ficulty,

) The use of programmed doppler offset during acquisition would per-
mit the loop bandwidth to be reduced by an order of magnitude, This would
wreatly improve the loop's tracking capability.



9,3 DESIGN STUDRY OF THE SPACLE STATION TDM SYSTEM

The structure of the Space Station Data Relay Link TDM System is
determined to a very large extent by the format of the main data frame.
The various factors influencing the TDM frame degign are listed in
Table 9-2 and are discussed in the following paragraphs. The design
resulting from this study is detailed in the discussion of the baseband
subsystem.

Sys tem Constraints

At this early period in the design of Space Station's communications
system, it is desirable to maintain a high degree of simplicity and sym-
metry within the system structure. This yields a system which can be
readily modified at the detail level during future design iterations and still
retain the desired system characteristics. The future need for asymmetry
or special services should receive special scrutiny in order that a "patch-:
work' design does not result. To assist configuration management, and
simplify the interfaces, the data rates at interface points with other sys-
tems have been set at the IRIG standard of 75 x 2N bits/sec, where

N=0,1, 2, ..., . Table 9-3 shows the rates to which the communications

system is constrained.

TABLE 9-2, FACTORS INFLUENCING THE TDM FRAME DESIGN

Consider overall system problems.

e Maintain system symmetry and simplicity
o Maintain standard interfaces
¢ Design for high information content by minimizing
*  the percentage of bits used for sync and control
Provide required information capacity
4 ° Consider the error quality which the various data
types reguire

& Consider the need for estimates of the channel
quality for the various data {ypes

@ Minimize buffer complexity
Provide control words for system {lexibility
Provide a frame synchrognization word

e Consider both scan and maintenance mode reguirements

Q Congider channel neoise, internal noise, and expected
data drup-out times

L

et

9~14



e e
b
2
t

et i S FUSRR RS

B e T ahas]

TABRLE 9-3, STANDARD BIT RATES {75 x ZN)

Kilobits/Sec

N Bits/Sec Megabits/Sec

O 75

1 150

Z 300

3 600

4 1.2

5 2. 4

6 4,8

7 9.6

8 19,2

9 . 38. 4

10 76.8

11 153. 6

12 307.2

13 614.4

14 1.2288
15 2.4576
16 4.9152
17 9. 8304
18 19, 6608
19 39. 3216
20 78. 6432

9-15




In formatting the TDM {rame, the number of bits devoted io the sync
word and control functions should aiways be minimized to use the RI iink
afficiently. Since the link perfoirmance can rarely be designed (or even ~
measured) to better than 0.1 dB {or 1. 023 numeric), any loss in information
wapacity due to framing and control bits can be ignored if these bits consti-
tute only about 2.3 percent of the dala stream.

- Data Requirements

Representative data types and their nominal rates are listed in
Table 9-4. It is apparent that except for the delta modulated voice, these
nominal rates are not cormmensurate with the standard rates.

No requirements have been placed on the need to monitor the quality
(bit error rate) of the relay link., It will be assumed that link quality
measurements are an ancillary function of the frame sync word recognizer,

The multiplexing of the various data types of Table 9-4 involves the
buffering and interleaving of several high rate data streams. The complexity
of these buffers increases with the ratio of the input/output rates and the
number of bits within the buffer at any one time. As the frame rate is
increased, fewer bits are required per frame, and the buffer size is
reduced. However, as the number of information bits per frame is made
small, the framing bits may become an unacceptably large portion of the
data stream. For a preliminary design, let the bits constituting the "over-
head" be fixed at around 2 percent of the total bits per frame. The buffering
required will be assumed to be acceptable.

TABLE 9-4, REPRESENTATIVE DATA SERVICE REQUIREMENTS
FOR RELAY LINK (FULL-DUPLEX)

Type Nominal Rate Bit Error Requirements*
12 voice channels | 19. 2 kilobits/sec ' 1073
{delta modulation) (per channel)
Digital television 12,0 mega.?:;its/ sec 10_4
Experiments data 3. 0 megabits/secusk lf?—4

*Modem bit error rate has been fixed at 10'5.

“Sizaltaneons with 12, 0 megabits/sec TV.



_nirol Requirements

Table 9-4 summarizes the data services of the RF communicaiion
~yvatem. It is assumed that it is necessary also to provide bits which indi-
-ate which of the data channels is indeed active. (When a channel is inac-
tive, bits-from a pseudo-random generator will be inserted into the data
ciream. } The signaling function for the voice circuits is assumed to be
pel"formed in-band, DBits should be provided fo indicate whether a high rate
channel is devoted to television, is assigned to experiments data, or is not
peing used at all, These three states require that at least two bits be
appended to the data per channel. Although these bits themselves may not
be used fo reconfigure the TDM system receiving the data, they do provide

a positive indication of the data present in the channel at any given time,

Synchronization Word Constraints

In a TDM system, the various data types arrive at the demultiplexer
in time sequence. In order to separate the TDM frame into the appropriate
channels; the demultiplexer must recognize wheid a new frame beging., This
can be accomplished by prefixing a frame synchronization word to each
frame., The frame time synchronizer that uses the sync word operates in
two modes: A scan (or acquisition) mode and a maintenance (or tracking)
mode. A typical synchronizer and its analysis is presented below., (The
final design arrived at is very similar.)

Scanning

During scanning, the '"recognizer'f correlates each successive n
data bitswith an n-bit frame sync word reference. When the recognizer is
examining random ones and zeros, the correlation will be near zero. When
both framing bits and information bits are present, the use of a proper sync
code will result in a negative correlation with the reference word, (This is
the “overlap'' region. Note that to the recognizer, all bits which are not
framing bits are "information' bits.) If the sync word itself is correlated
with the reference word, the correlation will be at 2 maximum, Since chan-
nel errors may corrupt the received word, there is always a possibility that
even when the sync word is actually encountered, the measured correlation
may not reach the theoretical maximurn. -

While scanning, there is a certain probability that n successive
random data bits will occur in the frame sync word pattern. This probability
can be bounded above (see Reference 9-9) when it is assumed that:

1}  The true sync word has just been missed, ~

2} The sync word is a random bit pattern (not an optimum sync
pattern).

9-17
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1
o the probability of false sync on the first frame is
!

- rtn-1
Pfs = 1-(1—Pi)
n = number of bits in sync wozrd
#+n = total frame length
1B ‘
P, = () since each bit has a probability of 1/2 of occurring

as the correct framing bit,

314, on the average, M frames will actually be scanned, where

g . 1-(1 - P_)r+n
M = :
Peg ¥ P (- Pg) Py (z+n)
= - (1 - n
Pc I-1q Pe) |
P(3 = bit error probability

+% L wWe assume no errors are permitted in word recognition. Figure $-10
T

) ) r+n

#.hability that the established sync is false is given by

.5 M versus n given R =

Once scanning is completed, the

P
_ fs
tfs ~ P_ +P (1 -P
. fs c

P
fs)

1

2 N
i Pigure 9-11, the probability Pegg < 107~ for R = 99 percent and any
‘ {Lhis means that the system will attain true sync within only a very
iranes.) When a false sync condition is discovered, the system returns
"t »dan mode and again searches for true sync. The average number

Ty

* % examined before false sync is rejected is given by

-+
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and k = the number of errors permitied in the pattern. The quantity J is
plotted as a function of n in Figure 9-12.

i
I
2|~
NI
<

The Maintenance Mode

When a frame synchronization system concludes that it has found the
beginning of the frame, it passes from the scan to the maintenance mode. In
the latter mode, the system 'threshold" is reduced by permitting one or more
errors in the sync pattern so that occasional channel noise will not disrupt
synchronization. The system also sets a "'clock’ so that it only examines
the n bits which arrive at the predicted beginning of a new frame. Fig-
ure 9-13 shows the average number of frames which will pass through a
system before sync is rejected due to channel noise. Although it appears
that one should lower the threshold significantly, i.e., increase the number
of permitted errors, it should be remembered that this increases the number
of frames required to reject a false sync condition. '

EMI Considerations

The above analysis on synchronization performance assumes that the
only perturbing influence is channel noise. Problems of internal electromag-
netic interference and data drop-out are also quite important. The design
suggested in the next secticn considers the effects of the Space Station power
system in terms of transients, noise at the power distribution frequency,
and noise due to ac ripple terms. It is undesirable that only occasional short
data drop-outs or error bursts due to power transients should cause the
frame synchronizer to return to the scan mode and cause further data loss.

A design should be considered which "fly-wheels through the expected power
transient times. The frame period should not be synchronous with the

period of expected EMI. The interference could cause frequent loss of sync
(if it occurred during the sync word) while the data would be unaffected. Con-
versely, the data could be degraded periodically without the sync word recog-
nizer giving any indication of data gquality degradation.

. f:lﬂiction of the TDM TFrame Time

Figure 9-14 surmnmarizes some of the considerations involved in
ielecting a TDM frame time. The curves are plots of the frame period

¥rrsus nogiven R = " _T: - . Since r includes information at 19. 66 megabits/sec

<%l u fived number (64) of format bits, the frame period is given by
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(r - 64) 16
19.66 x 10" bits/sec

g
]

1

(n 3 E{R - 64) x {0.05] x 10_6 seconds).

1he power system constraints on the design are shown along the right hand
side. The de regulator frequency is inthe range of 1 to 10 KHz. As a rule-
af-thumb, the period of the switching transients will last between 0. 01 and
4,10 ms., The primary power is distributed as three~phase, 400 Hz ac;
single-phase, full wave rectification may cause EMI at 800 Hz. Three-
nhase ac ripple on the dc supply will be seen at 2.4 kHz and its harmonics.
From Figure 9-14, it appears reasonable fo choose a frame sync time of
.15 ms, and a sync word length of 20. The information percentage is high
xnd the system should be relatively immune to EMI.

The synchronization scheme chosen for the Space Station TDM system
is a simple extension of the typical approach discussed above, During scan,
tvvo successive pattern recognitions (with no errors) must occur before
syne is established. During the maintenance mode; sync is not assumed
lost unless at least two errors are discovered in two successive pattern
examinations., At the [rame rate selected above, this approach permits loss
of one frame during power transients without a return to the scan mode.
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10. EQUIPMENT SURVEYS

1.1 INTRODUCTION

To determine the level of current technology, several equipment
surveys were performed during the study, The communications system
design described in Part I utilizes this state of the art technology.

Section 10,2 summarizes the power outpui and power efficiencies achievable
in current traveling-wave tube amplifiers (TWTA)., TWTA physical charac-
teristics are also included. Section 10.3 gives noise temperature data for
wo types of microwave preamplifiers, System temperature estimates are
piven, assuming two types of background noise. Section 10.4 gives physical
riata on hardware for source encoding and digital channel encoding. These
degigns do not require the development of digital devices beyond the current
state of the art.

10,2 TWTA'S FOR SPACE APPLICATION (2 TO 15 GHZ)
.
For medium power space applications above S-band, the TWT
remains the most desirable transmitting device. A gurvey of available .
TWTA's is summarized below.

Qutpui Power, Gain and Efficiency

Currently available continuous wave spaceborne TWTA's typically
venerate 10 watts RF with a 45 dB gain and 33 perceat efficiency. As
Figure 10-1 shows, the characteristics of 2 given unit can be modified by
increasing the beam voliage, but increased output power is achieved at the

ense of decreased gain,

i ndwidth, Gain Flatness !

Bandwidths of 10 percent or more are attainable depending upon the
»in-flatness specification. For example, at S-band carrier frequencies,
+Wls make an RF bandwidth of greater than 200 MHz a possibility. The
', vadhand nature of these devices is also a liability in that they require RF

reitete
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bder Weight, and Prime Power

The TWT units themselves typically weigh 18 ounces, and occupy a
space 2 by 2 by 10 inches. Each tube, however, must be accompanied by a
power supply which delivers up to 5, 000 volts dc. These units are typically
50 to 85 percent efficient, we1ght: 3 pounds, and cccupy a space 4 by 6 by
2 inches. -"Their weight and size increase with the power level handled, the
voltage required (which generally increases with frequency and efficiency),
and the number of telemetry points taken within the unit,

Reliability

TWTA's have demonstrated excellent reliability in both actual space
missions and laboratory life tests. The failure of a spacecralt communica-
tion system has yet to be traced directly to a Hughes tube. Life tests of
space-qualified TWTs have yet to produce a failure. After more than
8 years, Syncom 2.5 watt L-band tubes are still operating at the Hughes
Electron Dynamics Division lifetest facility. Their only degradation appears
to be a 0.1 dB drop in power level every 3 years.

Available TWTs

Table 10~1 is a partial list of the units now available from Hughes and
is representative of the current technolegy. The list is ordered according
to frequency, but as the missions of the tubes indicate, this is also the
approximate order of tube deVvelopment. The movement to higher frequencies
has prompted TWT development. Up through 10 GHz, TWTs are available
which providé 20 watts output with 33 pexcent efficiency. Although tubes at
higher frequencies have been operated in space, their output levels and
efficiencies are notably lower. At 14 GHz, the only Hughes TW'T which has
been flown delivers 1 watt with an efficiency of 20 percent.

Of the tubes developed by the many other companies in the TW'T field,
two tubes built by Watkins-Johnson for JPL should be singled out. (Refer-
ence 10-1) The tubes are shown in Table 10-2 to have heen designed for
high output levels and high efficiencies (at the expense of bandwidth and
gain). Furthermore, their output levels can be adjusted over a 10 dB range
by simply programming the power supply voltages. Figure 10-Z2 shows how
the efficiency of the 100 watt varies with output power and can be used to
determine the true prime power savings when operating at reduced output
levels. Although these tube'designs have some remaining problems, (Refer-
ence 10-2) they may be very useful for Space Station S-band applications.

The current state of the art in TWTs in terms of efficiency and power
output is summarized in Figure 10-3 as a function of frequency. It can be
Etssumcd that this technology will be improved significantly in the next

everal years due to research snd development for commercial and military
it hpl'c:* tions.
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TABLE 10-1.

MEDIUM POWER CW TRAVELING-WAVE TUBES
(PARTIAL LIST OF HUGHES TWT'S)

Approximate® | Ovezall
Frequency {Power Prime Tube Saturated
Tube | Range, Qut, Power, Efficiency, Gain, .
Band | No. {(GH=) watts watts percent dh Status Mission

5 31481 | 1.5- 2.5 2.5 16. 20 33 Operational Syncom
214 | 2.5- 2.4 8.0 30 33 27 Operational Pioneer
394H | 1.8~ 2.6 20.0 76 33 26 Operational (a) | Apollo

C |23BH ) 3.0~ 5.0 10.0 37 34 43 Cperalional Intelsat III
261H 3.0~ 5.0 6.0 24 31 50 Operational Intelsat IV

X 1240H | 7.0- 7.71 20,0 76 33 43 Operational (b) | TACSAT
219H| 7.5- 9.0 20.0-- 72 35 30 Operational | ==~

K |837TH|10.0-15.5 1.0 6 20 45 Operational -—~
27411 10.0-15.5| 5.0 30 20 46 Experimental S
818 | 12.5-15.04§ 18.0 107 21 45 Operational {¢) | Lab TWTA
267H | 17.5-21.5 4.0 31 16 50 Developmental | ComsatCorp.
268K | 18.0-22,.0f 2.0 17 15 42 Developmental { ATS I and G
254H | 27.0-~33.0 2.0 23 11 42 Developmental | ATS ¥ and G

*Prime power estimate assumes 80 percent efficient power supply.

(a) Also delivers 5 watts RF with 25 percent efficiency.

(b} T

wo tubes are used in parallel to deliver 40 watts,

(¢} Although now used in a laboratory amplifier, this unit could be space~qualified.




TABLE 10-2. WATKINS-JOHNSON S-BAND
50 AND 100 WATT TWT'S

” kA pproximate Cverall
Power Prime Tube Saturated
Frequency, Onut *Power, Efficiency, Gain,
Tube GHz watts watts percent dB
WJI-448 2.3 50 105 43 30
WJI-395 2.3 103 263 45 38

*Prime power estimate assumes 80 percent efficient power supply

10.3 MICROWAVE PREAMPLIFIERS

The noise temperature ranges of various state of the art low noise
microwave amplifiers are shown in Figure 10-4. Figure 10-5 shows the
system temperature of a receiver with a "wozrst case' tunnel diode preampli-
fier and galactic background noise. Figure 10-6 shows the system tempera-~
ture when a TDA is used and a 290°K earth is ''seen'' by the receive antenna
(25 in the case of a DRS).

10.4 VITERBI DECODERS AND ZOP DATA COMPRESSORS

Introduction

The digital units which are discussed in this section are located within
the overall communication system as described in Section 9.1. Since the
Space Station links have been specified as fuli-duplex, their counterparts will
also be required at the remote communications terminal,

Compressor {(Source Encoder)

Table 10-3 shows the weight and power required for the data compres-
sor. The zero order predictor algorithm was assumed. This technique has
been found to have a good balance between performance and equipment com-
plexity (Reference 10-3). The algorithm compares a ''new' sample value
with a prediction {which is the value of the last nonredundant sample). If
the difference between the new sample and the prediction is within some
tolerance, the sample is deleted from the data stream. If the new sample
is not redundant, it is '"tagged' and sent to the buffer for transmission.

Yncoder (Digital Channel Encoder)

The encoder schematic for a convolutional code of rate 1/V and con-
straint Jength Kis shown in Figure 10-7. When implemented; such a device

= 4Ls
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TABLE 10-3. ZOP DATA COMPRESSOR
PHYSICAL CHARACTERISTICS

Bit Rate Weight, Power,
(Before4:1 Compression) pounds watts
~ 50 kilobits/sec - 7.9 11.4
Y 3 megabits/sec 7.9 11.4
50 megabits/sec 12.0 45.0

Includes power supply (for each) and supply efficiency.

requires negligible weight and power compared to the rest of the system.
It would probably be advantageous to integrate the encoder with other
digital units and save packaging weight and volume. {(The simplicity of the
encoder makes coding especially attractive for deep space missions where
a decoder is needed only at the ground terminal).

Decoder (Digital Channel Decoder)

Table 10-4 shows the physical characteristics of Viterbi decoders
for three bit rates and two codes. The highest bit rate of 12 megabits/sec
corresponds to a 4:1 compression of commercial gquality digital television.
The codes assumed were suggested by MSC. Note that for rates above
several hundred kilobits/sec, a parallel implernentation is required. For low
rates, a serial design permits using fewer packages with corresponding
weight savings. Now, since the number of operations required by the
Viterbi algorithm grows exponently with X, the parts count and power con-
sumption also grows rapidly with increasing K. Operation at higher data
rates with the same code alsoc requires greater power. (The ultimate decod-
ing speed is dependent on the speed of the available logic. The Linkabit
Corporation now has a 40 megabits/sec system operational withK = 4, V = 2.)
{(Reference 10-4).

Expander {(Source Decoder)

. Table 10-5 shows the weight and power required for the data expander.
This device takes the data format generated by a zero order pr edlctor and
outputs a conventional PCM data stream.

Conclusions
The data compression and coding system discussed (4:1 compression

of 50 megabits/sec data and K = 8, V = 3 code) requires hardware which
weighs approximately 50 pounds and consumes 210 watts.

10-9
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TABLE 10~-4. DECODER PHYSICAL CHARACTERISTICS

B

Bit Rate = 50 Kilobits/sec (Serial Decoder)

_ Code: K=6, V=3 K=8 V=3
Weight, pounds: 6. ,0 8.0
Power, watls: 17.0 ) 30.0
Volume. cubic inches: £0.0 110.0

Bit Rate = 0.7 Megabits/sec (Parallel Decoder)
Code: K=6 V=3 K=8 V=3
Weight, pounds: 10.0 . 35.0
Power, watts: 30.0 160.0
Volume, cubic inches: 210.0 720.0

-

Bit Rate = 12.5 Megabits/sec {Parallel Decoder)

Code:
Weight, pounds:
Power, watts:

Volume, cubic inches:

K=6,
10.0
40.0

210.0
{

V=3

K=8 V=

35.0
150.0

720.0

Includes power supply (for each) and supply efficiency.

high speed units.

[

10~11
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I

- TAELE 10-5. ZOP DATA EXPANDER PHYSICAL

CHARACTERISTICS
| .
i Bit Rate, Weight, - Povwer,
{After 1:4 Expansion) pounds watls
50 kilobits/sec 2.5 1.7
3 megabits/sec Z.5 3 1.7
50 megabits/sec . 5.6 ’ 15.5

Includes power supply (for each}) and supply efficiency.

For future tradeoff analyses, it should be noted that data compression
is especially desirable, since it lowers the data rate requirement of both the
encodelfdecoder and the channel. The weight of the decoder is rouOhly
1n&epen0.c,nf: of the data rate for megabit rates, but the power it requires
increases with increasing data rates. The decoder weight increases greatly
with incrcasing constraint length. While the K = 8 code requires a decoder
which weighs over three times the decoder for K = 6, the link performance
is improved by only about 0.8 dB (based on the results due tc Heller
{Reference 10-5}). |
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APPENDIX A. LINK POWER BUDGETS

The following tables present the final power budget suwmmaries for
the baseline design of Part I. The link analysis approach used is discussed
in detail in Section 7. 2.
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TABLE A-1. TRACKING BEACON,DATA RELAY SATELLITE
TO STATION (f_ = 14.26 GHz)
PERFORMANCE SUMMARY

Bit rate 150 bits/sec

JBit error rate

3g tracking error

10-3
0.16 degrees

TR

Channel coding

&t Baseband

at RF

Encoding
Decoding

PN code of length 10
Ref. PN generatox

Biphase PSK
Coherent integrate and dump

—h e wman e w1

L N—

Radiated power

LINK SUMMARY

Transmit antenna gain (beam edge)

Free space loss (23, 800 n.mi. )

Ellipticity loss

Receive antenna gain (£ foot diameter}

Receive pointing error loss (+0.25 degrees)

Link margin

Received power at Station

Neise power density (T

= 391°K)

Chip rate {(1500/sec)®¥

Degradation in detector

Detector margin

/E
/N

BIT
BIT

CHIP

SNR in 3kHz IF#*

Antenna temperature
(L-1) 290°,

L=0.5dB
Normealized preamp temperature

Systemn temperature

System temperature calculation,

" 75.4
35. 4
280. 0

= 390.8

-16.5 dBw
+15,0 dB

-208.5 dB

~-1.0 dB
+41.7 4B
dB
dB
dBw
.7 dBw/Hz
31,6 dB-Hz
-31.8 dB-H=z
-2.0 dB
-1.0dB
+10.0 4B
+6.8 dB
3.2 dB

1
e
U1 -

1
o
)

e termines tracking performance

p Y

A PN code of length 10 is transmitted every bit time,




TABLE A-2. TRACKING BEACON,STATION TO
DATA RELAY SATELLITE (IC = 15, 35 GHz}

PERFORMANCE SUMMARY

Bit raté 150 bits/sec
Bit error rate 1073
Channel Coding at Baseband at RE-

Encoding PN code of length 10 Biphase PSK

Decoding Ref, PN generator Coherent integrate and dump

LINK SUMMARY

Transmitter power {including output circuit losses) -10.6 dBw
Line losses ) -1.4 dB
Transmit antenna gain (4 foot diameter) +42.3 dB
Transmit pointing error loss (+0.25 degrees} -0.5dB
Free space loss {23, 800 n,.mi.) ~209.1dB
Ellipticity loss . -1.0dB
Receive antenna gain (beam edge} +15.0 dB
Link margin ~-0.9 dB
Received power at DRS C = -166,2 dBw
Noise power density (T = 1200°K) N, =-197.8 dR/HZ
C/N0 = 31.6 dB-Hz
Chip rate (1500/sec) -31.8 dB-Hz
Degradation in detector ~2.0dB
Detector margin -1.0dB
Epp/Ecmip +10.0 dB
; +6.
EBIT/NO 6.8 dB




TABLE A-3. DRS DATA LINK,DATA RELAY

SATELLITE TO STATION
(f, = 13.70 - 14,20 GHz)§

- - PERFORMANCE SUMMARY

Bit rate 20. 2 megabits/sec
Bit ervor rate 1077
Channel Coding at Baseband at RF
: Encoding (2, 5) convolutional code Biphass PSK
Decoding Viterbi decoder {q = 8) Filter and sample

LINK SUMMARY

Radiated Power pexr carrier

Transmit antenna gain

Transmit pointing error loss (0.25 degrees)
Free space loss (23, 800 n.mi. )

Ellipticity loss

Receive pointing error loss (*0. 25 degrees)
Receive antenna gain (4 foot diameter)

Link margin

Received power at station -C
Noise power density (T = 390.8°K)x N
C/N

(9]

Chip rate {40.4 x 106/sec)

E C/ N in downlink to station

Degradation due to uplink#
Detector degradation
Detector margin

Ean/E
BIT 7 CHIP

E /N to Viterbi decoder at station
BIT "o

1

+7.0 dBw
+41.9 dB
-0.5dB
-208.3dB
-1.0dB
-0.5dB
+41.9 dB
~1.5dB
-121.0 dBw
-202.7 dBw/Hz
81.7 dB-H=z
76.0 dB-Hz
+5.7 aB
-0.5dB
~-2.04dB
~-1,04dB
+3.04dB
+5,2 dB

. .
3Bandwidth of 80 MHz is required within 500 MHz band
‘Sce Table A-1

Assumes a linear repeater with (E /I, }up =15.0dB




TABLE A-4.  DRS DATA LINK,STATION
TO DATA RELAY SATELLITE
(f. = 14.85 - 15.35 GHz}§

L

PERFORMANGCE SUMMARY

Bit rate ‘ 20.2 megabits/sec

Bit error rate 10"5

Ghannel Coding at Baseband ) at RF
Encoding (2, 5) convolutional code Biphase PSK
Decoding Viterbi decoder {g = 8) - Filter and Sample

LINK SUMMARY

Transmitter power (including outpul circuit losses) +16.4 dBw
Line losses -1.4dB
Transmit antenna gain (4 foot diameter) ' 42.5dB
Transmit pointing error loss (0. 25 degrees) - -0.5dB
Free space loss (23, 800 n.mi. ) -208.9 dB
Ellipticity loss - -1.04dB
Receive pointing error loss (+0.25 degree) -0.5dB

; Receive antenna gain ‘ +42.5 dB
Link margin ) -3.04B
Power received at DRS C=-113,9 dBw
Noise power density TS-:(1200°K) N, =-197.8 dBw/Hz

C/N0 = 83.9dB
Chip rate (40.4 x 106/sec) 76. 0 dB-Hz
Ec/No in uplink to DRS . . 7.9dB
Degradation due to downlink¥#* 2,7dB
Detector degradation -2:0 dB
Detector margin -1.0.4B
Eprr/Ecpp ‘ +3.0 dB
EBIT/NQ to Viterbi decoder at ground +5.2 dB
§.Banclwic1t11 of 80 MHz required within 500 MHz band
iAssumes a linear repeater with (EC/NO) down = O 6 dB



- !
TABLE A-5. EMERGENCY VOICE LINK,STATION TO
DATA RELAY SATELLITE
(f_ = 149.22 - 149. 328

PERFORMANCE SUMMARY
Voice bandwidth 3 kHs=
Output SNR 32.6 dB
Channel Coding at Baseband at R¥
Encoding Pre-emphasis FM
Decoding De-emphasis Threshoid extension demodulator

S ——

LINK SUMMARY

Transmitter power (including output circuit losses) 19,0 dBw
Line losses ' ) -0.9 dB
Transmit antenna gain -‘3a 0 dB
Free space loss (23, 800 n.mi.) . ~-168,9 dB
Ellipticity loss . -1.0dB
Receive antenna gain {beam eladge) +15.0 4B
Link margin ~1.0dB
Power received at DRS C =-140,8dB
Noise power density (T = 800°K) N, = -199.5 dBw/Hz
,C/No = +58,7 dB-Hz
Receive bandwidth {36 kHz + 7 kiHz doppler) i ~46.3 dB-Hz
Received C/IN at DRS 12.4 dB
Degradation due to downlink* ~-5.4dB
Demodulator margin -1,04dB
C/N to threshold extension demodulator +6,0 4B

[
*Two 50 kHz channels available for uplink

*Asswmes a linear repeater and (C/N} down = 8.5 dB

Al




TABLE A_6. EMERGENCY VOICE LINK,DATA RELAY
SATELLITE TO STATION (f_ =135, 60 - 135. 70 MHz)§

PERFORMANCE SUMMARY )
Voice bandwidth 3 kEz

Qutput SNR 32.6 4dB
Channel Coding at Baseband at RF

Encoding Pre-emphasis FM

Decoding De-emphasis Threshold extension demodulator

LINK SUMMARY

Radiated power (per carrierx) +12.7 dBw
Transmit antenna gain (beam edge) +15.0 dB
Free space loss (23, 800 n.mi. ) . -168.0 dB
Ellipticity loss -1.0dB
Receive antennd gain -3.0dB
Link margin -1.04B
Power received at Station C = ~145.3 dBw
Noise power density (Ts = 723°K) No = 200.0dBw/Hz
L C/N_ = 54.7 dB-Hz
Receive bandwidth (36 kHz + 7 kHz doppler) ~-46,.3 dB-Hz
C/N in downlink to station ' +8.4 dB
Degradation due to uplink* . -1.4dB
Demodulator margin ~-1.0dB
C/N to threshold extension dermodulator +6.0 dB

System temperature calculation, °K

Antenna temperature = 250
(L-1) 290°, L, = 1.5 dB = 11¢
Normalized preamp temperature = 354
System temperature = 723

§Two 50 kHz channels available for downlink

*¥igsumes & linear repeater and (C/N)up = 12.6 4B

I




TABLE A-7.

EMERGENCY VOICE LINK,SPACE STATION TO

ALS ({_ = 135.60 to 135,70 MHz or 149.22 to 149. 32 MHz)8

A v ey e e W e Yy

PERFORMANCE SUMMARY

/Vc;ice bandwidth 3 kH=
Qutput SNR 32.6 dB
Range - 3000 n. mi.

§ Channel Coding at Baseband ) at RF

!r Encoding Pre-emphasis FmMm

! Decoding De-emphasis Threshold extension demodulator

LINK SUMMARY
Transmitter power (including output circuit losses) 19.0 dBw
Line- losses -0.9 dB
Transmit antenna gain -3.0dB
Free space loss {3000 n.mi. } -150.3 aB
Ellipticity loss ) -1.0 4B
Receive antenna gain ~3.0dB
Link meargin ' ~-7.0dB
Power received at ALS ' C = -146.2 dBw
Noise power density (TS = B00° K} No = -199.5 dBw/Hz
C/NO = 53,3 dB Hz

Receive bandwidth (43 kHz) -46.3 dB H=z

: Received C/N at ALS 7:04B
Demodulator margin -1.04B
C/N to threshold extension demodulator +6.0 dB

§Bo th the Station and the ALS can either transmit or receive within these
bands. Each band coutaining two 50 kHz channels.

A -8




- L3LE A-8. EMERGENCY VOICE LINK,ALS TO SPACE STATION
a (f, = 135.60 - 135.70 MHz or 149.22 - 149,32 MHZ)}
PERFORMANCE SUMMARY

voice bandwidth - 3 kHz

¢rofput SNR 32.6 dB

Pange _ 3000 n.mi.

¢ hannel Coding at Baseband at RF

o Encoding Pre-emphasis FM

Decoding De-emphasis Threshold Extension Demodulator
LINK SUMMARY

Radiated power (pex carrier) 20,1 dBw

Transmit antenna gain -3.04B

Free space loss -150.3 dB

Ellipticity loss © -1,04dB

Receive antenna gain - -3.0dB

Link margin ~-9.5 dB

Power received at Station C =-146.7 dBw

Noise power density ('I's = 723°K) NO = -200.0 dBw/Hz
C/Nc = 53.3 dB-H=z

Receive bandwidth (43 kHz) -46,3 dB-Hz

Received C/N at Station 7.0 dB

Demodulator margin -1.0 4B

CG/N to threshold extension demodulator +6. 0 di3

*Hoth the Station and the ALS can either transmit or receive within these

#unds, Each band contains two 50 kiz channels,



 TABLE A-9, ALS DATA LINK,SPACE STATION TO ALS
{f_ = 2100 - 2300 MEHz)$§

- - PERFORMANCE SUMMARY

Bit rate , ' 57. 6 kilobits/sec
Bit error rate 10-5
Range ‘ . 303 n.mi.
Channel Coding at Baseband at RE
Encoding (2, 5} convolutional code Biphase PSK
Decoding Viterbi décoder (g = 8) Coherent integrate and
durmp
_ - LINK SUMMARY
Transmitter power (including output circuit losses) 20.4 dBw
Line losses -1.0dB
Transmit antenna gain -3.0dB
Free space loss ) . -154,2 4B
- Ellipticity loss l -1.0dB
‘Receiv;—: antenna gain ~-3.0dB
Link margin : -1.9 4B
Power receit.red at ALS C = -143.7 dBw
Noise power density (T_ = 800°K) N_ = -199.5 dBw/Hz
‘ _ C/N_ = 55.8 dB-Hz
Chip rate (115.2 x 10°/sec) " 50.6 dB-Haz
"Received B /N_ ~ 5.2 dB
_ Degradation in detector ) ] -2.04dB
Detector margin -1.04dB
Eprr/ o 3.0dB
' EB/N0 to Viterbi decoder ' 5.2 dB

§Lin1\: requires 244 kHz within this band.
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TABLE A-10. ALS DATA LINK,ALS TO SPACE STATION
(f_ = 2100 - 2300 MEHz)d

e PERFORMANCE SUMMARY

Bir rate 57. 6 kilobits/sec
Sit error rate 10"5
Range 303 n.mi,
Channel Coding i at Baseband at RI
o Encoding A(Z, 5 convolutional code Biphase PSK
Decoding . Viterbi decoder (q = 8) Coherent integrate and
dump

PSP

LINK SUMMARY

Radiated power (per carrier)
Transmit antenna gain .
Free space loss

Ellipticity loss

Receive antenna gain

Link margin

Power received at station

Noise power density (T = 437.8°K}

Chip rate (115.2 x 10°/sec)
Received E /N
c' o
Degradation in detector
Detector margin
/E

=
BIT CHIP
EB/N{) to Viterbi decoder

18. 4 dBw
-3.0dB
-154.2 dB
-1.04B
-3.0dB
-3.6 4B
C = -146, 4 dBw
No = ~-202, 2 dBw/Hz
C/No = 55.8 dB-Hz
50.6 dB-Hz
. 5.2dB
-2.0dB
-1.0dB
+3.0 4B
5.2 dB

System temperature calculation, K

Antenna temperature
" (L-1)290°, L - 1.3dB,

Normalized preamp temperature

. System temperature

1 1t

26G0.0
102.0 '
135.8

437.8

tequires 244 kHz within this band.




TABLE A-11. EXPERIMENT MODULE DATA LINK,
STATION 10 EM, {f_= 2100 - 2300 MHz)J

PERFORMANCE SUMMARY

Bit rate 7. 38 megabits/sec
Bit error rate ST

Range 450 n.mi.

Channel Coding at Baseband at RF

Encoding

Decoding

{5, 2} convolutional code

Viterbi decoder (g = 8)

Quadriphase PSK

Coherent integrate and
dump

Transmitter power {including output circuit losses)

Line losses

LINK SUMMARY

A

Transmit antenna gain

Free spuce loss

Ellipticity loss

Recelive antenna gain i

Transmit pointing error loss

Link margin

20.4 dBw
-1.0dB
~-3.,0dB
-157.9 dB
-1.0dB
+20.0 dB
-0.5dB
-2.3 dB

Power received at El\/I1

Noise power density (Ts = 437.

Chip rate {7.38 x 106/sec)
Received E /1N
¢’ o

Degradation in detector

Detector margin

Eprr/Echrp

E_/N_ to Viterbi decoder
B¢

C = ~125,

-202.

C/N_ = 76.
0

-68.

8.

8°K) N

1}

A

-1.
0.
5.

3dB

2 dBw/Hz
9 dB-H=a -
7 dB+Hz

2 dB

.0 4B

0 dB

0 dB

Z2 dB

¥Link required 15 MHz within this band.

#The V = 2 encoder generates two subbits per bif; the quadriphase modu-

lator outputs cne chip per two subbits.

See Sec 7.2.




TABLE A-12,

EXPERIMENT MODULE DATA LINK,
EM; TO STATION {f_ = 2100 - 2300 MHz ¥

PERFORMANCE SUMMARY

Bit'—;ate 7.38 megabits/sec

Bit error rate 1072

Range i 450 n.mi.

Channel Coding at Baseband at RF
Encoding {5, 2) convolutional code Quadriphase PSK
Decoding Viterbidecoder (g = 8} Coherent integrate and

dump

Transmit antenna gain

Free space loss
Ellipticity loss
Receive antenna gain

Link margin

Chip rate (7.38 x 106/3
Received E_/N

¢’ To
Degradation in detector

Detector margin

B /E

“BIT' TCHIP

Noise power density ('I‘S

LINK SUMMARY

Radiated power (per carrier)

Transmit pointing error

Power receivéd at station

= 437.8°KJ*

ec)

EB/NO to Viterbi decoder

19.4 dBw
20,0 dB
~-0.5dB
-157.9 dB
~1.0dB
-3.04dB
-2.3 dB
C =-125.3 dBw
N =-202.2 dBw/Hz
C/No = 76,9 dB Hz
-68.7 dB Hz
8.2 4B
-2.0 4B
-1,0dB
0.0 dB
5.2 dB

¥Link requires 15 MHz within this band.

“See Table A-10
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APPENDIX B. ELECTRONIGALL-Y SCANNED ARRAYS
FOR COMMUNICATION DURING
ARTIFICIAL-G OPERATIONS

{22 RODUCTION

Space Station operalion in the artificial-g mode imposes the
a.q uirement that the K-band antenna system must provide spherical coverage

3y H

n a platform rotating at 4 rpm. It appears that this spherical coverage

virement can be met by the use¢ of multiple mechanically steered antennas
ixs used in the baseline design). = At the request of the Manned Spacecraft
enter, a special study was undertaken to consider the possible use of multi-
ple clectronically steered arrays., It was concluded that the technique was
indeed feasible, but that the approach requires far greater weight and volume
than the mechanical system. The ESA system weighs 2563 pounds and utili-
z¢s 80 square feet of spacecraft surface to a depth of up to 2. 5 feet.

'1

The study summarized below considers problems of coverage, weight,
size, power, and the state of the current technology. Recommendations for
future work are also incldded.

SPHERICAL COVERAGE WITH ESA

To obtain spherical coverage with electronically steered arrays
reguires an assernbly of arrays that are a compromise among many fac-
tors. The number of apertures and the orientation with respect to each
other is determined principally by the design and configuration of the
station structure. Consequently, it is not feasible to consider all possible
«onfigurations to obtain the configuration that is 'best' in some sense.
What has been done for this study was to consider that coverage which is
obmined by using a number of planar arrays that would each cover a dif-

sent but overla.ppz.ng angular region. As the peinting dirvection moves
irum one angular region to another, the appropriate array would be
witched on, all others would be off. Such an arrangerent would then
tuire only sufficient electronics for a $ingle array, plus addltlonal logic
mi control circuitry to perform the switching operation,

The determination of the number of arrays and the number of ele-
-euts to perform the scanning electronically must take info account a
< ber of factors. The number of radiating elements reguired depends on
-t tie coverage region of each array and on the required array gain. To
¢ rutand this dependence, consider the following argument. The bean:-
tiuf each element in an array must be large enough to cncompass the
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(A) BACK ~TO- BACK PYRAMIDAL FRUSTUMS, MNAS

(N)SO1-24500

(82) PRISM N ,=8

Figure B-1, Array Configurations That
Provide Spherical Coverage by Means
: of Electronic Scanning

B-2



—

rage reglon of that array. If the coverage region is large, then
- 1{ n‘ust be electrically and physically small. A 1arge number of
ser array is then required to obtain the desired gain. If the array
repion is small, the element beamwidth can also be small. Con-
the clement gain is higher and fewer elements are required.
s are required, however, to cover 4w sr so that the tolal number
does not vary rdpldly There is, however, some optirnuum num-
crrays that result in a2 minimurm total number of clements. In addition,
. F AN iectronics is to be shared among arrays, it is desirable to attempt
- -dce the number of controllable elements per array. This approach
1. 1w cannot be pursued to its limit, however, since there would result
e rate rray for each beam pointing direction. Some compromise is
. . ¢ tare required.

-

L
wa g

5
- vt h B

e
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In a previous study related to hemispherical coverage, it was found
- .t tive arrays whose faces lay on the surfaces of a frustum of a pyramid
.+ atrequate coverage, Two such configurations back-to-back — that is,
. . arrays — would give spherical coverage (see FigureB-~1)., With this
.r ancenent the maximum scan angle required of an array is 47, 1 degrees,
<.« «luments in the array are assumed fto have a gain beamwidth product

shoanut 9,

+

G % =8, - o B-1)

.« ¢ G is the clement gain and (i‘. is the 3-dB beamwidth, then the

- G = 8/{362 = 8/(94.2/57.3)° = 2.96

GE -~ 4,72 dB
4101 {(B-1} assumes a radiation efficiency of about 80 percent. The
Yoy of lﬂlncnts in each array is then given by
G, |3eZ .
NE:_G_E— =G, g =0.338G, ‘ (B-2)

-+« - la.for gains ranging from 20 dB to 49 dB. The table relates peak
Civina dlrecho*: normal tc the array to the total number of array
"t - However, if the gain is to be achieved at the extreme limit of
‘e reygion, the number of elements must be doubled, since at the

L

ot uverage region, the arrav gain is down 3 dB {rom ifs value at

e Iy iz the array gain. 'The number of elements are listed in
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TABLE B-1., NUMBERS OF ELEMENTS VERSUS GAIN FOR A

TEN-ARRAY CONFIGURATION (BACK-
TO-BACK PYRAMIDAL FRUSTUMS)

a. Peak Array Gain G

dB Numerical NE N,I. =10 NE
20 100 34 340
: 23 200 68 680
E 26 400 135 1350
i 30 1000 338 3380
g 33 2000 676 6760
% 36 4000 1352 13520
40 10000 3380 33800
43 20000 6760 67600
46 40000 13520 135200
49 80000 27040 270400
b. Peak Array Gain GA
dB Numerical ) NE NT = 10 NE
20 100 54 540
23 200 107 1070
, 26 400 214 2140
| 30 1000 535 5350
; 33 2000 1070 10700
3 36 4000 2140 21400
| 40 10000 5350 53500
; 43 20000 10700 107000
46 40000 | 21400 214000
; 49 80000 42800 428000

" .'r\‘-'-.-—---‘ i RS-y

.
ey



»~,

An additional socurce of loss is present in phase scanned arravs. '
1113 loss occurs in the phase shifters and the feeding structure and may
from 1to 2.5 dB or more, depending on frequency. If a value of
i}y is sclected for illustrative purposes, the nurmber of slements in each
ray would be given by

-~

. N =0.535G,

The numbers of element required with this loss is given in Table B-1b.

The half—power beamwidth versus gain of 2 uniformly illuminated
circular array is shown in Figure B-2 for d1551pat1ve losses of 0, 1, 2 and
3 dB. The curve for 1 dB loss corresponds approximately to an element
¢ain beamwidth product of 8 and no phase shifter loss. The curve for
3 dB loss corresponds to an element gain beamwidth product of 8, with an
additional 2 dB of phase shifter loss.

In the above section, an array of ten planar arrays arranged on the
{aces of the two pyramidal frustums back-to-back was considered as a
rcasonable design approach to the problem of providing spherical coverage
with a minimum numbexr of elements. ther arrangements include N
arrays on the faces of a prism. When N, < 10, this arrangement cesults
in smaller scan requirements than those of the pyramidal {rustum con-
figurations. For Np = 5 to 10, the maximum scan angle, number of ele-
ments per array, total number of elements and element gain are listed in
Tzble B-2.

Because mutual coupling at the aperture varies with beam scan
position, an array cannot be impedance matched over the full range of
coverage. The resulting reflection losses at the aperture are minimized
by the selection of elements with a cos 6 powexr pattern (120 degrees beam-
width) and the reduction of the maximum required scan angle {one-half the
tlement beamwidth), From Table B-2, it is evident that to minimize scan
loss and the number of elements and to meet 2 gain reguirement over the

range of coverage, there is some optimum value of Ny. This value most
likely lies in the range 7 to 10. Probably the most important loss factor
in selecting N is the variation in ellipticity ratio as a function of scan
angle as ellipticity increases rapidly beyond 45 degrees.
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TABLE B-2.

CHARACTERISTICS OF SEVERAL MULTI-ARRAY CONFIGURATIONS

THAT PROVIDE SPHERICAL COVERAGE

k!

.rﬁ‘&r:r:a.‘yr
Maxirmum Total Céam,
Number of Scan Number of Number Element A
Arrays, Angle, Elements of Gain (1 dB loss
Configuration N, Degrees Per Array Elements dB assumed)
Two pyramidal 10 47,1 Np 10Ny = N | 4,72 2.96 N
frustums
. 2
Prism 9 48.3 1. 052 N 0.948 N, 4.49 .81 NE
Prism 8 49. 1 1.089 NE 0.86 NT 4. 34 .d2 NE
Prism 7 51.0 1.172 N 0.82 N, 4,02 53 Np
Prism 6 54.8 1:35.NE 0.81 NT 3.40 19 NE
Prism 5 69.2 side | 2. 16 N side } 0,83 Ne» 1.37 side | 1.37 Ny side
45,0 end | 0.913N,. side 5.10 end

E

4
'Z‘NE end
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Figure B-2., Halfpower Beamwidih '
Versus Gain of Uniformly
Illuminated Circular Aperture
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, SR ESENTATIVE ESA DESIGN

Coverage: ) Spherical

Gain: 36.5 dB {minimum)
Freguency: 14 GHz

Pelarization: Dual sense circular transmit

and receive, -

%“i-rring Technique

The method of electronic steering considered most suitable for the
suvnce Station application is termed command controlled phase scanning.
I this technique, the antenna pattern is formed by electronically con-
trolling the relative phase of an incident signal incremently across the
aperture. Other techniques which accomplish the same phase steering by
using fived beam-forming matrices, were considered significantly less
ittractive because of their attendent weight, bulk and thermo-mechanical
~.istortion problems.

To further reduce weight and volume, in consideration of the large
nunber of elements required, it was decided to use a reflectarray con-
tizuration with an orthogonal feed so that a complex corporate feed network
vanld not be required. Figure B-3 is a block diagram of the recommended
I SA system. |

As shown, each array aperture is fed from an orthomode feed and
%3 electronically configured by instructions from a beam steering con-
troller. The transmit and receive signals are automatically switched
'rom {eed to feed as the desired target passes from the visibility of one
array to the next. While the target is within the scan angle of a single
wIray, appropriate phase commands are sent to that array's command
frocessor £o point its beam accordingly. The beam steering controller
rrauires data on look angles to the desired DRS in Space Station coordi-
nates,  (Alternatively, a tracking feed could be used with the reflectarray
wid tracking signals processed in the normal manner. However, the com-
tuter facility required to generate the beam pattern should be able to
r #asily perform look angle calculations. }

swateny Description

The ESA system that will best mect these requirements consists of
set of electronics that is shared among an array of circular, planar
‘} 'T"{\)f -

s oriented on the faces of a symmetrical prism or two back-to-back
Pietamis of pyramids, ¥ The number of arrays will be between 7 and 10,

€ ————

L}

- 3w la the angular relationship required between arrays; their actual
*o-ttug locations can be distributed conveniently about the Space Station
1T as long as this relationship is maintained,

n-9



PHASE SHIFTEP-HYRRID SECTION
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Figure B-4. Reflectarray Design For Command
Controlled Phase Scanning Array
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4
. o+ the configurations were diagrammed in Figure B-1 to show the rel-
. orientations of the arrays in either the prism or pyramidal frustum
.ovmtent. The arrays are connected to the electronics section, as
.1 in Figure B-3. Lac¢h array is the same and consists of a reflector
C1wan containing the array elements and reflective phase shifters and a
i, wense CP féed, This design referred to as the refleclarray design is
con in Figure B-4. Each horn contains a pelarizer and orthoponal mode
. . unicer. The polarizer converts a linear polarized wave to a circular
Lrized wave, and the transducer separates the orthogenal transmit and
. oive signals (see Figure B-5), A typical array element, as shown in
. :re B-b, includes a crossed waveguide as the radiator, hybrid coupler,
.. two phase shifters (one for transmit, and the other for receive). The
~ of separate phase shifters solves the beam-pointing error due to the
.. wificant {frequency separation of the receive and transmmit bands. The
rasavd waveguide radiator is uniquely suited for the close packing of
. r1iricnt radiators required for wide angle scanning of a circularly.polar-
;o ¢ beram. Figure B-7 depicts the best possible packing arrangement for
s w wepuide b to a ratio of 0.216.

Siray Size, Radiating Efficiency, and Beamwidth

The gain requirement of 36. 5 dB will be met by providing enough
4 rerture area to compensate for the losses itemized in Table B-3 and fox
e 3 dB fall-off in gain when gcanning the beam from broadside to the
Tyrpvat handovwer angles.,

TABLE B-3. ITEMIZED LOSSES IN 14 GHz REFLECTARRAY

Source of Loss Loss in dB
I'hase shifter, 3-bit PIN diode*T ' 1. 6 minimum
Fybrid coupler! 0.1
Spillover and tapered illumination 1.3 minimum
Feed blockage 0.2
Polarizer’ : 0.1
Fhase quantization® g.2
Iimpedance mismatch at aperture due to scanning 0. 5 maximum

{ £ 50 degree scan angle)

T'otal loss 4.0 4B

e

» “-bit device is selected as a tradeoff between decreasing loss and in-
- ‘;3|':l-,55.11‘g compuier storage capacily as the number of bits increases, A
- it device will lead to about 0.9 dB phase quantization loss, a 4-bit
albavt 0.1 dB.

- losses
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That is, 2 lossless array with a peak gain of 43.5 dB satisfies the
n-voverage requirement. From Iigure B-2, it is seen that the half-
o bgamwldtn will be larger than 1.2 &ecrl ees; from Table B-2, the

,,,,,

N_ =G,{l dB loss)/2.72 = 17, 800/2.72 = 6550

E A{

ipr an eight-array configuration. Assuming inter-element spacings of 0. 56
wavelength (A} for a square lattice arrangement, the array diameter will be

1/2
4N 1/2
D = 0. 56\ ( "E) = 0. 56.(0. 0705) (ﬁiéf’;@l) = 3.6 feet

’

andd the surface area

A = E% = 10. 2 square feet

Assuming a Z2~foot spacing between the primary feed and the arvay
surface, the {/D ratio will be about 1/2. The depth of the array aperiure
section and phase-shifter hybrid section will be approximately 4 inches
{see Figure 6b).

' The basic antenna system components and their estimated number
and weights are listed in Table B-4,

A summary of array performance and mechanical characteristics is
given in Table B-5. The choice of a circular shape for the axrray leads to
a 17 dB first sidelobe level if the illumination of the aperture is uniform.
Since a tapered illumination is obtained fnom the basic reflector design,
sicelobe levels greater than 20 dB should be achievable.

RECQIVIMENDATEONS FOR FURTHER DEVELOPMENT
Percentage

Problem Area Remarks Effort
¢ Phase shifter Insertion loss must be ' 30

reduced from present 2.5
dB to about 1.5 dB.
Develop mass production
technique.


http:800/2.72

{
|

TABLE B-4. PARTS, NUMBERS, ! AND WEIGHTS OF ESA SYSTEM

. Weight,
Component Number Pounds
Radiating element 52, 400 {eight Arrays) 157
Phase shifter 104, 800 z, 180 .
Driver
Hybrid coupler 52, 400
Frame 8 6
Back plate 8 84
Horn, pelarizer, and ortho- 32 38
mode transducer ({our per
array)
Receiver preamplifier, feed 8 sets 48
supports, and miscellaneous.
Time division multiplex device 16
RF waveguide (5 feet) 16 8
Total Antenna Systermn Weight Eight Arvays Z; 541
Single-pole, 8-throw RT | 2
switch .
Liogic circuits 1
Beam steering controller 1
Look angle computer 1
42
System Total 2, 563

B-1t




SUMMARY OF REFLECTARRAY CHARACTERISTICS

L aBLE B-5.

R

Reawlized gain at handover 36.5 dB

KRaximwmn scan angle

-

. Padiating efficiency

Hali-power beamwidth at broadside -

49,1 degrees

39.8 percent

Sidelobe level >17.0dB
Number of elements 6, 550
“umber of phase shifters 13, 100
Diainoter 3.6 feet

Surface area
Overall depth

Weight

>1.2 degrees

10.2 square feet

~2.5 feet

~315 pounds

Problem Atrea

o

Radiating element

¢  Packaging of two
rhase shifters,
hybrid trap filter,

Remarks

Obtain patierns with <1.5 dB
ellipticity fto 50 degree scaxn
angle, Obtain >25 dB isola-~
tion between herizontal and
vertical polarized waves.
Minimize length. »atch
within arrayv and defermine
mutual coupling behavior.

Utilize stripline and micre-
strip technology. Reduce
weight:

Percentage

Effoxt

40

and two driver
circuits,

About 50 percent of the phase shifter researcl: and development work
-tected to be performed {or other ESA applications at X-band and below.
z_ﬂ'ﬂcctari‘a‘f design approach proposed in this study is technically
"-ff-%',‘ because it is an extension of ESAIRA technology and because the
+ e element and phase shifter have been built at X-bard. However,
» 47 0-T71 state of the art technology, a radiation efficiency of only 20
-tvreent would he realized,



