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The problem of synchronizing earth stations to the switching

mofmmssmmum'samntemw
by COMSAT Laboratories is examined in detail. s,ﬁ,éen synchronization
mdimmsedmﬁ'mmdmmformngt}emmbamof/an
earthstatiamtothesyncmﬂwofthesahelliteamdescribed
Itmmmmmummwmnﬂivmm

stationmbeseparatedmtothxleedisﬁnctmdesofoperatimcalled
u:eooamesearmmde,thefmeseard-.mc_:eamiu;etradcingmode.l
mm&ffamtmandsfmmmmmmdmzaﬁmm |
. t ) .

o
assurdrx;thatﬂmeperﬁnmtearthstatimtrmsnitssymhxstswhjm
aremodulatedbyﬁ)esyncwindad _Results of this analysis show that |

areceiverccnfigurationaployinganintegraborprovidesasetoferror
detection characteristics which relate an errar voltage measured in the

Inttéfinesear&npde,thesynchrmizatimloopisanalysed. /

earthstatia;toﬂmetimingermrneasxredatthesatgllite_.{l:issham

ﬂntﬂnaver&getﬁdmermrisredtmdtomfo'wif:hsuccessivem-

. missions of sync bursts around the loop. \
métdmingexzocrduetoconstantvelocitysatemtemtimm ‘

be eliminated by employing a tracking network. 'I‘hetradd.ngnemork B

'usamintegratartoadjustmeearmSmumtmébasecm

e ’ \
A laboratory model, which clqsely approximates the actual physiul

111
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model used in the theory, has been designed and constructed.. The coarse
search, fine search and tracking mades of operation are all included fn
this experimental stody, and a provision which similates 'Isétellite motion
' is described. Details of experiments, which confirm the theoretical
predictions, are provided. a _
The major contributions of the thesis are surarized below, ~
a) A ted’miqm for providing synchronization for all earth stations
‘operating in the mtem,enplcying three control stati.or:s;ié'deacz{b'ed,
(2) ﬁmmmfmmm-mmmuummmg
/ (3) ﬂxreeminp_lammtimsofthesyncbnsp\ﬂvebeendmibed. o
(4) Thebelmz'fthesyndmd:zatimlocp'haqbemmlysedin ‘
error detection characteristics has been

(5) A tracking network can be enployed to-eliminate timing errors
@1sed_by constant velocity satellite motion. _ | '

(6) " A laboratory model has been desigind and omsu*ue-ted . A

(7) A special coherent réceiver for demodulating bursts of PSK signals -
‘has been developed. : _

(8) ° Results of exper/imws using the laboratary model are demonstrated
“to agree closely with theoretical predictions .. o o |

- N 0\,




ACKIOVILEDGEMENTS

It is vith pleasure that the author acknowledges the contributions
and suggestioné of his supervisar,-Dr. S, s. Haykin, in the prepa;at'_ton
of this thesis. Special thanks are due to Dr. R. de Buda vho provided
anmberofusefulmrmtsarﬁtonr T. 3. Kmnettfcrservingm
 the supervisory comi ttee, '
" The author is grateful for financial Support from the National
Rgsearch Council of Canada, .
Finally, theautl'xorvuﬂdliketomank!ftr C. D. Hawkes for
proof-reading the thesis and Miss D, Tudin for assisting in the typing.




- Burvey of Spot Beam Zcue Tedmclogyﬁ
The COMSAT System ) :

2,1 System with Individually Synchronized
: Stations N .
2.2 System Using Three Control Statiogs '
- 2.2,1 Spacecraft Switching Subsystem and
the Modified Sync Window :
2,2.2 Ranging amd Synchronfzation
2.3 The Basic Synchronization Loop

CHAPTER 3 - COARSE SEARCH MODE

' 3.1 Sync Burst Method
i
3.2 m
] 3.3 Coded Search Signal Method
o Single Prame Sync Sentence
~ Multi~frame Sync Sentence

4.1 vVariable Increment System -
4.2 Synchronization ILoop Analysis
. 4,2.1 PsK Sync Burst Implementation
. 4.2.2 FSK Sync Burst Implementation
.3 Pine Search Timing Adjustments
4 Error Detection Characteristics of the
Sync Unit

-

-
B b
. -

I ysing PSK Sync Bursts

4.5.1 PError Characteristic I
4.5.2 Effects Satellite Motion
4.5.3 Detailed Analysis for Region A

v'd

vi

Page

ifi

<

N

98
ag8

100

SElovw -

: -




g / i Analysis for Region B.\ ' 113
o Canvergence to Region C from Region A 118 . '
to the Origin. . 122 ’
is for Error Detection Characteristic -
PSK Sync Bursts ‘
Regults for Region A
Results for Region B

Lo -
-
U\!J!U'l
O\ U s

o

—

[
SRER HE

E'&?
oy
ge5q
il
g

]
!
g ,

35

o dn B b

&
:
E
G
g

. .
\-l:-l"-l‘-l

[0 - - -
fo.

8.1
4.8.2 'Results for Region B
j . 4.8.3 / Convergence to Reg CfxuunegimA 140
4.8.4' Convergence to the Origin 140
4.9 Summary of the Results | 140
CHAPTER 5 - TRACKING MODE 142 °
' 5.1 Tracking Mode Timing Equa 142 '
5.2 PSK Sync Burst Implementatdi 147
5.2.1 Timing Errcer Equati 147
, 5.2.2 Average Timing Error 150
/ 5.2.3 RMS Timing Errcx 158
J 5.3 FSK Sync Burst Implermentati 167
“ 5.3.1 Average Timing Error 167
5.3.2° RS Timing Error , 167
CHAPTER 6 -~ LABORATORY MUDEL AND DESI®N MENTS 169 '

6.1 Labaratory Model 170
6.1.1 Loop Representation 170
6.1.2 Equivalent Networks : 174

6.1.3 Comparison of the Labaratory Model
o with the Physical Model: 178

6.2 Detailed Design of the Iaboratory Model -

Sync Unit 183
6.2.1 Sync Request /Cimzit 183
6.2,2 Earth Station Time Base 185
6.2.3 Uplink Video Space Delay . 190
6.2.4 Coarse Encoder - 1s0
6.2.5 PSK ulator 196
6.2.6 Satelite Model 196
6.2.7 Coherent Receiver ' 206

vii



Coarse Search Decoder

Downlink Video Space Delay
0 PFine Szarch and Tracking Encoder
1 Fine Search and Tracking Decoden:'
2 'I‘racking Mode Network

GWR?-EWEIWMLMTS

.
7.1 Coarse Search Synchroni,
7.1.1 High Repetition Ratk Signalg
7.1.2 Normal Operation
7.2 Pine Search Synchronization :
C - 7.2,1 FError Detection Characteristics .
7.2.2 Behaviour of theTimingE::ror
7.3 'I‘rackj_ng Synchroni zation

CHAPTER B -~ cauusst

\\
\

8.1 Contributions of the Thesis
‘8.2 Suggestions for Future Work -

"APPENDIX A =~ Spectral Shapes of Sync Bursts
APPENDIX B ~ Pixed Increment System

'APPENDIX C - An Accurate Digital Time Base Control
REFERENCES

N

viii

- 264

268

273

- mm n — ] m



5
R

i

LIST OF TLLUSTRATIONS ﬁ

System growth in total number of circuits

pace division miltiple access (SDMA) sat:cllitc
cations nystem, _

gﬁgquency spectrum reuse by esrploy:l.ng multtple
t beam zone satellite antennas,

Ld&nson of the lmmch weight of satellite
using SDMA/SS-IDMA with those using SDMA/SS~FDMA.

diagram of t;.he SATSWITCH.
Typ).\cal owitching sequence at the satellite. .

s

(A)
fr

' Regeﬂerative repeater with DDPSK,

lock diagram of the CTS transponder, {B)

\ncybamlq

,Spacef:raft switching subsystem. (A} Block didgram,

" (B). qtrobe for the modified sync window.

ch:frd{nate system showing the three control
stations at A, B, and C, earth c;t:at_ion at D and
satcl].ite at s,
Sin'plifled synchronization loop model.
Diff t types of sync bursts.

- vindow modulation of sync bursts,

Camparison of acquisition times for various
nr:thods of coarse search synchronization.

_Coded search signal and sync window modulation

“Different types of sync sentences. (A) Null/coded

word type, (B} signal/code—word type, {C) FM type.
sync vindow modulated null~code-word sync sentence

&

ix

10
12
16

- 19

26

29
35
37
38

41
47

53
55




38 Sync windor modulated Himxl/c:ode-'.-:ord sy

. sentence., 55 |
. - ) -
3-9 Sync windos modulated PM sync sentence, - 58 ’

" 3~10 . Sync window rnodulation of thc multi freme codad
search signal. - 58

3-11 - pifferent types of nulti-frame coded sync sentences.
(A} PSK multi~frame type, (B) FSK multi~frame type,

‘ (C) FM multi-frame type. ‘ 61‘ ‘ , ’
3-12  Sync window modulation of multi~frame coded sync | |
window, 62 ]
3-13 Multi-frame sme sentence with Radanadum: function - !
format, _ - 65. :
3-14 Syme window modulation of the FM ‘multi-frame aync ;
' sentence. 67 i
]
3-15  Integrated synchronization system. 69 !
4~1 Physical model of the synchronization loop, 74
4-2 aync bursts an:i syne wirxiow modulation. : 76
4-3 Synchronization loop model, " 79
4-4 Optimum remiver confiquration for PSK syne bursts. 8.‘5
4~5 Opt.mum receiver configuration for FSK sync burgta. .88
4-6 Detéxiled block diagram of the timing circuits ' 91
4-7 Sync burst timing error. Note that the timi_ng error
is defined at the satellite, 94
4-8 (A) Error detection characteristic I ,
(B) Exror detection characteristic II,
(C) Error detection characteristic III. , 96
4-9 Number of iterations required to reach Region B
fram Region A for a given ratio of Tp/T, = 1.25.- 105

4-10 Timing error due to noise. ) 109

EEVR T 1N




Fiqure

4-12

4-13
4-14
4-15

4-16

4-17

4-18

5-3

5-4

5-5 .-

56

=7,

5-11

_ Graoh fof

_ mzf-.‘(-,'l,yz) as a function of r, for m

sz(Yl’ y,) as a function of r, for

Graph.: of supremum (£ A, mlasa functicm of tm(o)/rw _

for a ratio of TP/T?I 1.25 and variows my -

Grach of £ (t‘q) a2s a function of 2 1-1/’1‘ +T ) for
varicus values of m. ‘

- Number of 1te_rat.mns required to reach Fegion C fram .

Region B for a given ratio of TP/T”— 1. 25-

Graph of Toc for the ratio ’I‘L:/I‘w = 1.25 and several
values ofm. ' _ . LT
I ‘ .
Graph of (1-m) C far selected values of m.
r . . .
Graph of [l - (1—Q//r~ for select;ed values of m. ’

T . b

Number of timing shifts to reach Region B from Region A

for aw ratio ‘_I'P/'I‘W > 2 and specific values of m.

Timing circuit iguraticn with the tracking mode
umlerentatlon '

F(y) as a functibn of I, for m = 0.25 andsélecteds.

F(Y)ﬂasa.flmctionof r_ form O.S‘E;rr] selectad 8.

T

F(y) as a function of r,I, for m

F{~vy) as a fingtion of rT for m

1.0 and selacted (}3 -

1.5 and selected 8.

F{v) as a function of L for m = 1.75 and selected 8 .

T

x

B -

I

sz(yl, Yz) as a function of r_ for m

|
1

m.ZF(Yl, vy) as a function of To for m = 1.50 and selected
r'ZF(rl, "'2) as a function of T for m= 1.75 and selected
B. E g

0.25 ard sa2lected

121

124

- 125

135

143

152

153

161

0.5 and selected g 152

l.O and selected 3163

164

165

m[l‘ (l—m) C] for selectad values Oﬁ_n,#"l'z-f#_'



6-3
6-4
6-5
6-6
6-7
6-9

!

1 6-10

6-11

6-12

6-14

6-15

6—-16

Iaboratory model of the synchronization loop

Carparison of the effects of PSK sync bursts

passing through space delay, (A) exact space
delir, (B) inexact space delay.

Interdxangirx; the uplink space d..lay and th_.
sync birst generator (A} actual system,
(B) laboratory model.

. Modlfied uplink space delay for the tracking

moda.  (A) block diagram, (B} simple analog
campensation circuit, -

Block diagram of the physical model,
Bleck diagram of the laooratory model.

Sync requggt cirauit.
/ )

Earth station time base.

Frame pulses with 125 us spacing., Upper trace:
train of frame pulses, lower trace: detail of one

pise (200 ns/cm).

Binary signals used for ths PSK multi-frame coded
'szarch signal. (A) first four binary clock

outputs, (B) last four binary clock cutputs.
Circuit for the upl_mk v:.deo space dalay.
Cn'cult for the coarse search encoder.

(A} PSK milti-frame coded sea.rd1 signal
(8) details of the coded sync sentence.

Caponents of the video wavefarm for the PSK
milti~frame coded search signal.

Output signal from the PSX modulatar showing
the PSK nultl.-frame coded search sz.gnal

CLL“CU.Lt dlac:r-"'l for the satellite model.

....

173

175

177

179,
181

184

186 -

187

189 °
191

192
193

195,

197

198

200



6-33

Bulse output‘s from the cating and delay circuit,
(A) Zero relative delay positicn, (B) 40 ns relative .
delay position. : &

Pulses from ]the.data selector with 5 ns relat;ive -

delay between rising edges.

Pulses, from the gating 'and delay circuit with
2.5 ns relative delay between rising edges.

Upﬁer_trace: Video waveform for the sync window
syitch., Lower.tracd: sync window motulation of =
a 30-MHz carrier.i _ ‘

- Circuit for the phiase adjusting coherent receiver, _

Phase shifted signals at 30 Mz from the phase

© shift netwark, -

+

Phase correcting the incemding pulse train. 7
Pulses following the negative pulse are inverted
showing that proper phase has been achieved.

Circuit for the coarse search decoder.

. Conversion of informatien to logic levels.
' (A) Bipolar camt of -111-1-1-1-11,

(B) Unipolar count of Olll‘\OllO.
Circuit for the downlink video delay.

. - _
Circuit far the fine search and tracking encoder.

(R) Video train of pulses of carrier and PSK sync
bursts, (B) video wavefarm of the PSK sync burst,

Circuit for the fine search ard tracking decoder.

Tritegration of 39 video sync burst pulses. _
(a) Positive timing error, (B) negative timing error.
Error voltage pulse at the control te.rmlnal of the
V0. (A) Positive timing error, (B) negative

timing error, (C} zero timing error.

Circuit for the tracking network. -

xiii

205

207

209
211

213

215
216
218

219

221

223

224

- 2206



Figure

7-1,

7-4

7-5

.76

7-9

Upper trace

: PSK multi-frame coded search signal.
Lover trace : Sync window modulated oxded search
signal. —

Uprer trace : Sync window train. Lower trace :
Output pulses from the carparatfr of the coded -
search signal decoder. A.ftert'!eseverrthsync
window, the output pulses occur at the same time
as the sync window, '

Upper traces : Sync wirdow position.
Lower traces : Predicted positian of the sync
window, N :

Left: PSK sync ‘burst-’tpper trace, sync window

- lower trace. Right: Exror Detectibr{ Pmactertistic

I fc:"L‘P 51.25 uS.

Left: PSX sync bur:st-mmoer trace, sync window-

-~<lower trace. Right: Srror Detection Characteristic

™or TP= 2 us,

- Left: PSKsynctm:gt—u?;:ertraée, sync window-

lowey:- trace. Right; Eryor Detectdon Characteristic

Left: PSK sync burst-ucver. trace, sync window
lower trace. Right: Error Detection Characteristic
II for T, = 0.75 us. A o
Left: PSK sync burst-upper trace, sync window
lower trace. Right: &ro:obebecﬁ.on Charscberistic
far wequal’ durations of 0° phase and 180 phase.,
T, = 1.25 us.

E}cpeﬁ'jnmtallydete:mined'value of m= 0.9 as
carpared to theoretical value of 0.64.

Reduction of the timing error in Region A for
TP = 1.25 us and several values of m.

Page

228

232

| 232

233

233

235

235

239




712 Reduction of the timing error in Region B for

:'"TP = 1.25 us and m = 0,25, \ . 240
. . Ry . -
7-13 Convergence to zero timing error in Region C
‘ fcxr:T~l25us. NITequa]sth,_a.mmberof
1te.‘ca§ions ‘ 242
7-14 Averago tirfu.ng error with sat:elltte motion, " 244
7-15 Upper tr:ace Sync window, lower trace: PSK
sync burst with noise added to produce a signal-
to—noz.se ratio of approxi.rately 3 as. - 245
~7-16 (A) Upgper ‘trace: Sync windmr, lower traoe' PSK

sync burst with 13 dB signal-to-noise ratio.
(B) Variation in the timing of the reference

) transitlon in the sync burst with 13 dB,SNR. 247 )
7-17 - Effects of noise on tm.mg €rTor. ) . / 248
7-18 Reduction of the timing error in Region X for. .
Ty, = 2.25 ard several values of m, ‘Mg equals
the nunber of \iterations. - 249
7—19 (A} Upper trace: Error voltage prior to

switching in tracking network, lower trace: Error

voltage after switching in tracking network for

m = 0,25, g =1.0. (B) Convergence to zero

timing error when satellite motion occurs. 251

T 7-20 () Upper trace: . Error voltage prior to switching .

. in tracking network, lower trace: Error voltage
after switching trac:king network form = 1.0 ard
g = 0.25. (B) Convergenoe to zero timing error N
when satellite motion occurs. - 252

7-21 (A) Upper trace: Error voltage prior to switching ' S
in tracking network, lower trace: Error voltage '
after switching in tracking network form=1,

8 = 1. (B) Corvergence to zero timing erraor _ ‘
when satellite moticn occurs. : 253

7-22 {(n} Upper trace: Errar voltage prior to switching
in tracking netwqrk, lower trace: Exrror voltage after
switching in tracking network for m = 1.0, 8 = 1.5. .
(B) Convergence to zero timing error when satellite [
motioa occurs. 254 |

s

;
8
3
I
!
t
[
.f.

xv a




Figure Page
7-23 (A) Upper trace: Error voltage prior to switching
' in tracking network, lower trace: Error voltage
after switching in tracking network for m = 1.75,
B = 2/7. Note the osclilation, (B) Convergzsnce
to zero timing error does not occur. 256

xvi



3-2

3-3

3-4

o

LIST O TABLES

.

‘Typical parameter values for the COMSAT Sjsteﬁn

'IYpical par«:u'nete.rs for th= KDD system

Different types of sync bursts

Sync Iarst parameters for the 125 ps frame
duraticn

- 7
Coded sea.rch signals with different sync sentences

Comparison of tha methods of coarse search
synchronization

-

Carbinations of ?'l and >.2

XVil

14
17

33

42

71



BE{-}

bt

m(t)

q(t)

= exXpectation of {-}
= oenter frequency of the V(D

=nmberofqncburstsmtegra’wdintl'e/
receiver

= dimensionless loop constant
= 'sync window ﬁbdulat.lon duarabbe;istic

' =_single-sided naise spectral density

= receiver input gate of L puJS&e

= nurber of trmsnls51ct1s of sync bursts
(iterations) .-

-"ﬁWElOpeof"éPSKsyncbmt \
‘Smﬂtl"ltYOftnevmmHzperwlt
= downlink Slg‘n.al-to—nmsg ratio
""“PhnkSlgnal-to-no.Lser\_atio

= timing error after (-) iterations

= captirre range of the synchrenizer

”Pathlmgthtﬁredelay&mgeinme_
round trip time a

~

= timing error due to noise j
= Space delay between the ground: Staﬁm"‘,
and the satellite

= duration of the tJ.x:ung adjustmt gate
= J.nbegrabor time axast.ant

sriii




-innarpuséspacipg of sync bursts withvE::‘o

ks
Tp - = sync burst duration ' " R
TQ = duration of each input gate. -

T

ssyncwindcwdnre-xt.im_

2

Ve = exrror woltage on the amtrol terminal
of t:he voo _ -

‘VN‘ = mtegrated noise woltage
Vg %integrated signal voltage

x; (t) in-phase component of the carplmc
X, (t) dmﬂinkin-phase canponent of  the ocmplex
. naise

CASK . = amplitude shift keying
FDMA = frequency division multiple access

FSK = frequency shift keying

PSK = phase shift keying. |

smA =.space division multiple access

SDMA/SS-FDMA ,

= space division multiple access/ spacecraft switchaed-frequency
division miltiple acress ‘

SDMR/SS-TDMA

= space division multiple access/spaoecraft swltched tme
division miltiple acces /

™A = time division multiple access




(- _ . Introduction

) Ccmmmicatz.ons satellltes have oont:l.nmusly evolved since the
launch of Telstar in 1962 resulting in iricreases carplexity and urproved
efficiency. April 6, 1974 marked _the nmth anmversa:y of the launcn
of Early Bird (later named D?I'EISAT IP, che f-1rst ccrmerclal conmmi—
catians satellz.te. In thit short nine—year span, advances in Spacacraft

; technology” hav[a resulted in §ate111tes such as INTELSAT IV with 25
times *the u'afflc—canylng capacity of Early Bird and five times the )
jected lifetire [1]. The czpac:.ty differences betwen these satellites
towershadavotheradvanwsﬂtathaveequalorgreatarumact "
network efficiency and fle}\G.blllty These tedm:.ques are applied
to'! the earmsegrmtratherthanthespacesegnentandtakethefonnof
efficient modulatian tEd'mquas carplex rultiple access methods and
advanced signal processing networks.

The growth of commmications systems using satellites is
illustrated in Pig. 1-1 which shows the increase in the total mmber of
circuits of the INTELSAT system [2]. The traffic is mcreasnmg at
apurmd:ratelylsmzsperoantperyearcmpamded arﬂtkusrat:els

The high capacity can be'adlieved through the use of spot beam

®)

zone technology. . The spot beam zones are produced on earth by highly-
directive antennas oan-board the satellite,which is in a stat:.onary
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orbit. ch station transmissions from one Spot beam 2one can be
interconnected to other spot beam zones through Ccircuitry in the
satellite. The cbjective of this th..sis is to examine one part.mular

aspect of a new system which employs spot beam zone tecrmlogy nanely
the problem of synchronization. -

1.1 smmo?smawmmmocy

As the lower bands of the nﬁ.crmavelspectrmubeome mare crowded,
1t is necessary to consider the use of millimefer wavelengths in the
design of the next generation of cormumications satellites {3 -10]. The
sharter wavelengths reduce the size of microwaye antennas and thus provide
the feasibility of employing highly-directive é\xntennas producing miltiple
spot beam znes, as shown in Fig. 1-2, creating a system called space
divisian miltiple access (SD™MA) . Use of Spot beam antennas for both re—
ceiving and transmlttmg chamnels increases the effective isotropic radi-
ated power and provides a frequency reuse feature Wthh is not possible if
. anly global-coverage antemnas are used [3].
| The system comprises one satellite serving a muber of different
spotbemnzamafxdantmberéafearthstatims located in each of the
spotbeamzozm Eachrepeate_rusesthesanetuopassbandseaduofband—
width B, mthmlefcrtheuphmcarﬂtheomesrforthedownhnk asshown
.m Fig. 1—3. Hence, instead of requiring a total bandwidth of 2 N B far
N tran5;nnderswh1chhmldbethacase1f frequencyreusewerenotpossible

this commmication system utilizes a bandwidth of 2 3 for an N-fold saving,




Switch matrix - 8 sYnchronous
Transponders Satellite
Spot beamzone 1 Spot beam zone 2 ----- zone

Pig. 1-2 Space division miltiple access (SDMA) satellite
cormmications system, |
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without requiring more power than one global bean of 1/ t.ma"\qthe capa.c—

_ ity [3].

To realize th= benefits of spectrum reuse, SDMA mst be carrbined :
with tire dJ.VlSlOI'l mltmle access (TDMA)} or frecuency d_uﬁsmn_ rmltipla
access (FDMR) (4], [9]. Miltiple access by tire division is accamplished
by having each eartn station tr.msmt in time slots selected to eliminate
Signal cverla: at the satellite J_np.lt and tha.s is usually achieved by the
division oF t._"'E J.nto fz’am?s of length 125 us. M.duple access by fre-

quency d_LVlSlO"l is a technique wﬁe.reby each earth station transmlts can—
tmmly in an assigned amd distinct ﬁrequenc.y bard If TDMA is used

with SOMA, the satellite muist carry: hlgh—spead electronic switching nat-
: : e

. . L}
works that can rapidly rearrange the connections among receiving and

r-ixansmitting beams, and the systexﬁ is then called space division rmiltiple

¢

aceess/spacecralt sWitched-time tivision nultiple access (SDMA/SS-TOMA) .

If FDMA is used with SOMA, filters, frequency converters and switches

Fist be used to separate the received signals fram.each beam and recom—

s.

bine them in different arrangements for each transmitting beam [11],
[12), and the resulting systen is referred to as space division miltiple _

acoes.u/s:aacec:raft smtched—frecr.l_ncy d1v151c:n rrultmle access (SD&'A/SS—
FDMA) - ‘

The SDHR/SS-TDMA System has advantages in that 1) the inter-
connectivity of all spot beam zanes is pmded at t}'ae satellite by.a
low veight, high-speed diode swi tching matiix, 2) ofmly one carrier is
aplified by each output travell_ing."wave. tube (IWT) amplifier in the

satellite thus elimihating multiplé—carrier imtermodulation problems, and
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P

3) a lo.»:powe.r (5to 10w outg.lt'I'.JI‘ arplifier can be used [1], (4],

9]. The main disadvantage’ of thJ.S system is that synchronization to

the satelhte s'»zltchlng sequence is required for aJ.l earth stations. .
The caly advantage of the SDWSS—M system is that synchroni-

zatlcm is not quuued Tb,e d:.saddanta.g._s J.nclude 1) increased ccnpleuty

and we19ht due to a n.et:mrk of f:.lte.rs frequency cawerters and switches

on-board the sa@{el]ite, 2) decreased capacity due to the multiple—carrier

interncdulation, problens of the output TWT amplifier, ard 3) requirerent

for a hlgh power {20 to 50 W) outpat TWT amplifier to give linear ampli-

_‘flcat*_wn [4], [9). “Thus, far these reasons, the main effart in Spva
systens has focussed on the SDMA/SS-ToMA technique since mcreased oo
plexity in the earth statm:} can provide the necessary synchronization,
and Dre.du::ed camlexity in the satellite increases its reliability.

As accmsequence of the lcwarmght SDMA/SS-TDMA. system, a rore
'econorrn.cal. rocket launch is. possﬂole. Fig. 1-4 compares the beginning- /
) of'-ler sate,lllte we_w.ght versus the mumber of usable channels for SDVva/
SS—TI:MA. and SDMA/SS—FDMA* The former cmn be launched using an Atlas-
g.aT: rocket wh1d1 costs about $14 million whereas the lat:ter requires ‘
@ Titan Centaur rocket which costs about $2% million per launch [13].
Thus, the SM/SSM \ system has a sizable economic advantage. For
these reasons, no 'further dismséicn of the S&WSS—M system is pre-

<:S;1ted here.

-y

*Private camunication from W.|G. Schridt. .
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Three different types of spot beam zone camuunications satellite

- systems are now briefly descrl_bed The first, developed by the Commni-

e

cakions Satelllte Cctr::oratlon (COMSAT) Laboratores, is an SD#A/SS—'I'DM%
syst:em vhich requires all earth stations to transmit SynC"LrOIn_ZathH‘l
signals. Secord, another SD¥A/SS-TDMA systen, developed by Kokusai
Denshin Denwa (KDD) Laboratories in Japan, is descnmd which provides
analtarnatwe tothe(I)}SPﬂ‘Laboratorleﬁsystem Th:x.rd a spot beam
zone system called the Commmnications Technology Satellite (CTS) , which
does not use a switch on-board the satellite (smé./mm » 1s described

since a variation of the method used for synchronization in this system

can be adapted to provide synchronization in the COMGAT Laboratories

system. This adaptation is described in the thesis.

1.2 THE COMSAT SYSTEM

1

In the SDD-B/SS—'ID\D\ systan studied by COMSAT, the satellite con-
sists of a number of trarspcm all interconnected by a network called
the SATSWITCH [6], [8], [14]. The SATSWITCH, shown in Fig. 1-5, is &
dlg;.tal_ly controlled microwave switching matrix which provides inter—
connections for the different spot beam zanes and is controlled through
a telemetry link by an earth station control center which programs and
updates ancm—boardnmnrydependangcnuserrequlrenmts In order
that earth stations transmissions reach the satellite at the proper time
to be switched by the SATSWITCH, it is necessary to synchrum_ze all
earth stations to the satellite switching sequence and track the satellite

A
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o-board clock,due to the varying range to the satiellite and the clock
- instabilities. ‘

Two different requirements exist for synchronization in a satel-
Lite system vhich employs SDMA/SS-TDMA [15], [16}. First, all stations
i]..'). the system must be iinkedbya canmreferencexmlmls controllied
by the switching sequence of the satellite. This synchronization for
theSDbRisnecessarybecauseitisthekexmnBjntajningapropertjm
relation between the data burst trains of the uplinks and the switching
operations which distribute these transmissions among the downlinks of
eéd‘x zone. The second form of synchronization required is for the TDMA
of staticx;s in each spot beam zone. |

'The switching sequence to the SATSWITCH is illustrated in Fig.
1-6 [14], The first Dortlcn of the switching seqtlehde, called thé sync
window, is a short duration cdﬁnection in tha SATSWITCH where each re—
oei\(e.r which serves a spot beam zone is connected £ the transmitter that
serves the‘same. spot beam zone [16]. Any signals arriving at the satel-
lite in the interval are looped back toward the spot beam zone of their
crigin. Every spot beam zane has its own syry: window ard all sync
wirﬁcds occur sim.lltaﬁeously. |

_ ~

mtodatawudc»rs Adatawuﬂmlsthemtervalmafrzmeallotted

The portion of the frames between the sync w:mﬂo.vs is divided ‘

to a data cannection between one particular uplink spot beam zone and
a particular downlink spot beam zone. For exarple, in Pig. 1-6, the

first data window is used to transmit data from stations in spot beam

zan2 no. 1 to stations in spot beam zore no. 2. Similarily, the second 3

PR,
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datawirdcmi.-. used to transmit data from stations in spot beam zone no.
1 to other stations in spot beam zaone no. 1. The necessity for precisa
synchronization now bacames obvicus because data bursts must fall in

the proper slots in the' data windows, otherwise messages overlap and
large mmbers of errors can occur.

Thare has been some variation in the nurerical values of the
operating parameters of the satellite. For example, frame lengths of
125 us, 250 us and 750 us have all been suggested as well as sync windoy -
durations ranging from 969 ns to € ¥S.  Similarly, symbol rates from
200 MBd to 400 »Bd have been mentioned. In Table 1-1, same typical sat-
ellite parameters are listed (5 - 91, (141, §i61, [17].

1.3 THE KDD SYSTEM

Another technique for providing a high capac:;_ty SDMA/SS-TCMA -
comrunications satellite system is based on the use of the rega:eratwe
repeater, as suggested by Nosgka and Muratani of KDD Labarataries of
Japan [18]. In the proposed satellite system, an earth static transmits
a double differential encoded PSK (DOPSK) signal in burst mode and the
satellite transponder regenerates this signal to an ordinary differential
_encoded PSK (DPSK) signal without the requiresents of carrier andlbit
timing .rewvery |

The use of differential encoding el_lmnates the prcblens of car—
rier recovery at the satell:.te and back at the earth stations. To nain—
tain the sare bit error rate as conventional PSK, the signal ;j-mer must

be increased which can e.a.-,ﬂy be accamplished in the uplink by simply
\“\.\




TABLE 1-1

Carrier freq. (uplink/downlink)
Carriers per repeater

Spot beam zane beamwidths
Polarizations

Earth station G/T

Voice channels per Irepeatar
Maxirum rénge rate variation

Framz length

‘Number of data windows

rer frame
Sync. window duration
Timing stability of the

.satellite c:lock

Guard time

Matrix switching time

6/4 @z, 14/11GHz, 30/20 GHz
1

1 to 4 degrees

2

40.7 4B

12,500

18 ns per round trip time
125 ps to 750 ps

62 to 124

969 ns to 6 us

0.3 parts in 10°® per 0.3 s
1 part in %6'7 per day

1 part in 10> lifetime

50 ns '

20 to 50 ns

~
Typical Parameter Values for the CONMSAT System
)
Parameter Value I
i Nurber of spot beam zones 8 to 14
: - I
Total number -of stations, 256 maximm
i Stations per spot beam 10 to 20
Satellite bandsidth 200 to 400 MHz ~
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transmitting more power frcrn the earth station, -
Tne systom, shown in Fig. 1-7, camrises one receiver for each
spot beam ione, a switching matrlxoperated by a control unit vith tele- |
retry and a transmitter for each spot beam zcne The DDOPSK signal is
Getected in the receiver and fed through a hard Limiter to te switching
matrix cperated by a control unit. The oontml unit is programmed using
..laretry link by an earth station to rneet the- varymg traffic distri- _——
butw.gans.
A sync burst signal is supglie_d to each PSK Imdul)atnr serving
the spot beam zone, alang with thedavnc‘iulated data,'and all PSK modulators
are fed from a single highlporwer ascillator controlled by a érystal oscil-
lator. This configuration removes the ocutput TWI‘ amplifiers which are
needad far each spot beam zone in the system proposed by COMSAT Labora-
tories thus reducing the weight of the satellite transponder and the
power/ requirements, . ,
Synchronization of earth sfatim transmissions to the switching
sequence of -the satellite is achieved by generating the sync barst
on-board the satellite which is then SE!;lt to all spot beam zones. The ‘
sync st corlsi§ts of demo:’iulatar synchronization bits (for bit timing
recovery at the earth station) and a.unique word. Earth station synchro-
nization is achieved by camparing earth station transmissions with the:
.transrrdttedsynclmrstfmnthesateuite.ﬂmsthedatasignalscan |
betcansmlttedtoreadithesatelllteattheprcpertmesoastobe 1
rerouted to the appropriate spot beam zone by the switch matrix. ‘/

Essentlally, this system provides apprommtely the same fade

e et L IR
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mérgin as the COMSAT system but there is a large decrease in the weight |
s:.nce o TWT anplifiers are required. A surmary of the 'system parameters
. is presented in Table 1-2. - The main disadvantage of the system is the”

.' greatly increased satellite :ccmg:ulenty due to the demodulators, and the
difficulties of providing reliable high fower, high speed PSK modulators.
Such complexity is very undesirable an-board satéllites since failures
cannot be repaired.

TABLE 1-2

Typical Paraxrét,ers for the KDD System

Paraneter Valus

Number of spot beam zones . 8 ‘ :

' Satellite bandwidth , 200 Miz !
Carrier frequency 14 Gz uplink

L
b

11 @iz downlink

Spot beam zone beamwidths 1.4 degrees i
. o
-Earth station G/T - 40.0 dB } ;
Vaoice channels per repeater 5000 '
— _
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1.4 THE CTS SYSTEM

| The CTS project is a joint program between Canada and the United

States to explore the app]ication to satellite comumnication systems of
developments in advanced technology [19-21_] . A block diagram of the
satellite to be Jaunched in late 1975 is shown in Fig. 1-8A. The trans-
pander has four 85-MHz passbands, two for transnﬁ.tting.in the 11.7 to
12.2 Gz band arﬁtvpforrecnivirlginﬂiel4.0tol4.3@zbarld,as
shown in Fig. 1-8B. The satellite has two spot beam antemmas having
nominal 3 dB beanwidths of 2.5 degrees steerable on earth station ccxmand

to point to any position w:Ltlhm the earth's hemisphere visiple fram the
| satellite. | |

Signals received in the lower receive channel by the appropriate
anterma are translated to the _1&@_— transmit channel and transmitted
through the other antenna The upoer transmit/receive channel carries
signals in the opposite direction. Hence, single hop cammications is
possible only between spot beam zanes and not within a spot beam zone.

A synchronization scheme which is to be testedm‘;gl'xecrs system
is the Processing Oriented Miltiple Access '(PGMA) system which was devel-
oped by Canadian General Elécttic [22 - 26]. In this system, a control
ea.rth StB.tJ..CIl broadcasts, over the satellite, start—of-frame synchron-
ization bursts. Measurements of the position of the satellite are
obtam.ed at the control station by using three ranging stat_lons The
tramsmitters of the ranging statiors are synchronized to the control
station by employing two-hop cdelay lods loops with errar control being

'\ .
perfarmed at the control station. The control station measures the lcca-
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tion of the- transmlsslcn frcm each rangmg statian with respect to a

A.referermtlma andsemsautablyencodedmstmctlmstochangethe
timing of the ranging station transmitters u\'ntu. lock is achieved. These
instructions contain the carhined effectxve space delays in digital format.
Any aséociated station can receive ard interpret these four space delays

" and inte.r;;olate from t%em its own space delav Thus., without ever- trans—
mtmng any synchronization signals, any number of associated stations -

can adueve synchronization.

1‘

1.5 SCOPE OF THE THESIS

The nrobl;an of syndmrcmzlng earth Stathl‘lS to the sw’ltx:tu_rg
seque@ of the SI]“R/SS—-’I‘DR camrication satellite system de.sc.n.bed
. by COMSAT Labaratories is examined in Setail. System syrdxmmmtmm
lsdlsmssedln@anterZNheremo techniques far locking the time
basesofallearthstat;cnstothesyx:wnxiowofthesabelliteare
described. It is shown that the synchronization signals from only three
earth statians can provide all other stations with proper synchromization.
Also, it is established that synchronization for an indi%idual earth
station can be s;eparamd into three distinct miodes of operation called -
theooarsesea.rd’lnnde the fine seardirrodeandthetradungnnde

in Chapter 3, three different methods far ac:tuevu\g coarse search

r

sy‘x:hroruzat.xm are descrlbed The fizst errploys short duration s:.gnals
called sync bursts, the second relies on PN—sequenoes ard a correlatxon

technique, and the third uses a new tecnnlqu. J.rplement:ed through coded
seard':‘SLgnals.
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The fine search mode is in Chapter 4. The synchronization
locp is analysed. assuming that the pertinent earth station transmits

. Sync bursts which are modulated by,

sync window. Results of this
analvsis show that a receiver confiquration employing an ‘i.nteg:cabar -
provides a set of error detection «
voltage measured in the earth station the timing error measured at
_the satellite. It is shown that the

In Chapter 3, it is shown that

inated by enp;éxymg a tracking
network., / The tracking network uses an l.ntegratar which provides a

velocity satellite motian can be eli

small offset dc.voltage.

A labaratory model, which ly approximates the physical
model used in the theary, has been desi and constructed and is des- ‘
cribed in Chapter 6. The coarse search,|fine search and tracking medes

of operation are all included in this imental study, and a pmv151m

which simulates satellite motion is 4 . A special caherent

receiver has been built which uses a adjusting network amd is
specifically interded far pulsed signals of known frequency.

Chapter 7' provides the details of ts which confirm the

\ : ' ,
thecretical precdicticns of Chapters 3, 4 \ 5. - ‘
Chapter 8 presents conclusions and stions for futwre
wark.
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then performs the' appropriate adjustment to its time base » again.

CHAPTER 2

. L
System Synchronization

Possibly the most important factor in a sma/ssma system is

the realization of an accurate and effic:lent method of synduromzat.mon
for the total’ system. The switc:h_mg satellite requires that eac:h earth

- statlon synchronize its transmlss:.ons o the satelh.te switdung L '

sequance to cnmu@ate with other statmns J_n the same snot beam
zone or with statmns in other spot beam zones. ThlS reqt.u.ra-entcan
be. Satlsflai by using ohe of two possﬁale satellite cx:nflguratmns

-

- 2.1 - SYSTEM WITH INDIVIDUALLY SYNCHRONIZED STATIONS

One method of achieving system synchronization is to require
each station in the entire wstesn-to transmit. its om synchronization i
signals thus cbta_mmg synchronization 1rﬂ°nemiently £ all other ,
stations [15], [16] » [17]. These signals are used to meadure the timing ‘

relationship between the earth station time base and the satellite sync

window. Synchronization sa.gnals with certaln duaracanstlcs as des~- ‘
cribed in Chapter 3, are transmitbted by the earth station and, after

a cre-way trip space delay, reach the satellite. The sync window retumns
thesignalsbadctothespotbeamzoreof thel.rorlgmbyprov:.dmga
_rectangular a:rrphttﬂem:)dulaumalceber frame which can be used as a
referenoe Thus the sync windownndulated signals retum to the earth

stat.mon one rmnd trip time after initial transmission. The earth station

22,
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transmits syndlronlzat;:fz.on signals and the orocedure is repeated.
‘ In this system, several problems can arise which are described -
as follows: ;

(a) All synchronization signals enanatmg fram 2 given .spot bean
zone must reach the satellite when sync windows occur. These signals
ray pass ﬂm@ﬂesyncwindo.vatthesmtine, and thus, the sync
wirﬂm-operates effectively in an FDMA mode.’ The inherent prdaleﬁﬁ of
FDMA, such as the non-linearity of the output TWP anplifier, may cause
intermdiulation if there are a 1arge nunber of synchronization signals.

(b)  Since each earth station in the system ms its own unique
synchranization signals, there is a practical. limit to the number of
stations in the system due to the bandwidth restrictiorrof the satellits.,

(c)  Each earth station estimates the timing relaticnship between
its time base and 'therrsync window independently of all other statiaons.
Consequently, as the murber of stations in the system increases, the
guakd tire between data bursts will increase.

(@) There is always the possibility of an earth station lesing
synchronization and transmitting synchrmizatim signals in data windows
thus prodlx:ing interference. More seriously, when sync:hromzatmn is lost,
data bursts are traxmutbed in the wrong data slots. This Sitnmation
can remain undetected far one round trip time due to the propagation
delay of synchronization signals, and the probability of this occurring
increases with_the mmber of statiaons, |

'{e)‘ It is in Chapter 3 that whensyer an earth statien initially
attenpts to achieve synchroni.zation, interference is generat:ed which occurs
in data windows. Conssquently, in this system, every station generates
. interference when synchronizing. /

f
i
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2.2 SYSTEM USING THREE CONTROL STATI(NS

System synchranization may be achieved by employing three
/ different earth stations designated as contxol Statlorm Each such

station is located preferably, but not necessarily in different spot
beam zones. Each control station is ini*t;ially required to lock to the
sync window independently of the otheﬁ cantrol statmn however, once
thqis is accamplished, two of the control stations may be. locked to the
synchronization signals of the third control station. |

The main advantages of the nethod using three control stations
over the first method are”that the five problems listed in Section 2.1 do
not occur. However, there is increased camplexity in the .sync'hxmizat:im
equigment of the earth stations and, a2 modified sync window . connection
(as described belaw) on-board the satellite As xequired. Nevertheless,
it is shown that the modified sync window mrovides a useful comumications
Link between all spot beam zones which can be used not cnly for synchro-
nization signals, bat far other statiankeeping ressages.

'I;o achieve synchronization with a sw:tt::*ung satellite system
using threé control stations, it is required that for the duration o
of the sync window, all satellite transnitters be cmnecmd to all satellite
receivers. This produces total compectivity throughout the system for-
the sync window duration in that synchronization signals from any ore
spot beam zone are transmitted to all spot beam zones. This nsw conrection
will be referred to as the modified sync window to d.i.s;inguish it from
the sync window connection used in the first method in which the traqsnd.tter.
of each t;_msponﬂer is connected to its own receiver for the sync window

duration.
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2.2.1  Spacecraft Switching Subsystem and the rodified Sync Window

. The feasibility of the modified sync windew connection can be
examinad by considecihg.thé spacecraft switlching subsystem which consists
of a microwave switching matrix (M5M) and a distribution control umit
(CCU) as shown in I:‘ig; 2-1A. The uplixﬂc_ beams and the downlink beams are
 interconnected in a procrammeble frame thrcmg"l the MM uer contzol of
the DCU.  Traffic flow data required to allocate capacity are stored in
as:nallmrnryinthemUandusedtodirectlycontrol the operation of

The switching format may, for example, be organized into a 750 ps
frame length which is divided into 125 6-~us segnents fS]. This requires
125 words of 64 bits ea_ch, divided into 15 four-bit bytes. Thus, -tine
within the frame may be allocated for traffic in 6 us blocks, The
first 6 ps interval in each frame is reserved for system synchronization
m\dudutbejbmdlsdl.rectedby&encntooonnect the transutter of
each transponder to its own receiver. This connectian,’ called: the sync
window, allcmsm&stati.onstoseqmnoe lock their time bases to the ‘

switching sequence of the satellite by transmitting synchronization

signals. These sy;mdmonization signals, arriving at the satellite after
a one—way trip time delay, are modulated by the sync window and/ returned
" to the earth station after a further one—way trip tire delay.

The MSM consists of'd 16 by 16 array of PIN-diode switches
implemented in a stripline strugture [6]. Switch driver circuits,
controlled through the DCU, are biilt into the array. Each of the 16
four-bit bytes fram the DU is;_ app]ied‘,uﬁo 1~of-16 buffer decpders, as .
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fram
receiver no. 1 ™ ) to transmitter
) microwave _ no. 1
| switching —
: matrix : | .
| (¥ ) |
fram [ - & ‘t . -
receiver no. 16 ™ , '———F——ng i‘gnsr'utter
telemetry ! distribution
and — = ontrol mit
(a) i
MSM
(
. §_
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Fig. 2-1 Spacecraft switching subsystem. ( A ) Block diagram,

( B') strobe for the modified sync window.
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shmm in Fig. 2-1B, Each buffer decaler is associated with a MSM array
. TOW .a‘nd, cc_msequent-:ly,ane PIN-diode switch per row can be ooerated at
a time. 7 ‘

It appears that the oniy change required to inplen{ent the m—
fied sync window camnection is that all PIN-diode switches in the MSY
be closed simuitanecusly for the sync window duration. This causes all
receivers to be connected to all trarmnitters,xﬁﬁéh intercannects all
spot beam zares, and'; any synchronization signals reaching the satellite
in this duration are sent to all earth stations in the system. The
modified sync windaw could probably be achieved by simply applying a
strobe to a1_1 the buffer decoders for the duration of the sync window,
as illustrated in Fig. 2-1B.

By cannecting all receivers to all transmitters, the uplink
signal-to—noise rat;o for any one spot beam zone is decreased by the

fnmher of receivers. However, it is the dawnlink signal-to-noise ratio
which usually limits performance and this is unaffectea by the modified

sync window connection. Thus, the detection of synchrenization signals

at the earth station remains essentially unchanged by the modification.

~

2,2.2 Ranging and Synchronization

In the satellite. system us:.ng three c:cntrol statmns an
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() A réference signal passing through the modified sync window
By advancing the time base of the earth station by twice the
range time delay relative to the reference signal, the earth station
transmitter is locked to the modified sync winddw of the satellite.
Data traiiémissicxs can then take place, but the need far every earth
station transmitting synchronization signals is eliminated.

determining the range to the satellite from each of three control stations

. of known position (not all colinear). The range measurements and
separation distances between earth stations can be' specified in terms of
propagation delays w;hich’( are more useful to the other earth stations
wishing to achieve synchrenization.

Consider Fig. 2-2 where the coordinate sys{:an has been located
mdefmeaplmespecifiéibythé&meemntrolstadmsata, B and
C. The ccordinates of the satellite at S are (x,y,z) _arﬂ the ococrdinates -
of an additional earth station at D are (x',y',z'). The distances 1,,
1, and 1; remain fixed since these are the spacings between stations at
A, B and C (oggferrably in different spot beam zones to increase distances
‘and improve accura;::y), Consequently, the coardinate values of Xyr 2y
and z, once determined remain fixed. 'I'hgse are given by solving |

tﬁe following three equations:

Q



e FA

¥
29,
Y
l
S .
(x,¥.2)
.4
i
i
j
i
i
i
S X
=T
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Expressed in terms

then became

'I‘l = zl/c
T2 = zz/c (2-3)
T3 = xl/c

=zl 4]
U2 2 .
=X+ (z;7z) (2-1)
=x§+Z§ B
:
1
i
i
i'
i
2 2
l.-.
1 3714
=3, ¢+ T, ] (2-2)
2 .2 1
l_
2 1 37 27
=05 - g0, + i 1

where ¢ = velocity of propagation.

Now, it is possible to determine the coardinates (x,y,z) trans-

formed to propagation delays (TX’TY’TZ) in terms of Tl, T2 and T3 and
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the one-way prooagation delays T, , Ty and To- The equations are given

by
2 2. .2
T, = TS + Ty +'1'
5 =T
g~ Iyt Ty + (T,-T)" o (2-4)

_ 2 2
Te = (Ty —rr) + Ty + (Tz—’l‘z) -

" The ‘soluticns for Ty, T, and T, can be cbtained by solving (2-4),

but the notation is simplified by solving for TZ first, TX secand and TY

ﬁ; thus,
. Tz'-"ll‘2

T =—1-[T A_B ] = a
z 271 Tl 1

2 2 .
o < Llm +Tp,'Tc“Tz(zal"T2) : (2-5)
X~ 243 T 25

1
2 2..2

The coordinates for station D are also fixed in relation to sta- .
tion's at A, B and C and can be represented by propagation delays as
" shom by

TX' = x'/c
Ty = y'/c (2-6)
T., =2'/c

7'



Hence, the propagation delay TD can be calculated from

1
2

2 2,2
Ty, = { (T Ty {TY—T,f,) + (7,-T,,) }

(2-7)

After each of the three control stations hasrindepenldent-_'Ly-
166{&& to. the rtbdifieq:[l sync window; the aone—vay propagaticn delays can be
accurately measured. The val.lue of Ty is dstermined by the st:;tion at A,
the value of Tq is cbtained by .the stat_’_Lon at B ard the§ value of TC is
measured by the station at C. These vait:es can easily be encoded with
the transmission of a;ﬁgropriate synchraonization signals.

When an earth station requires synchronization, the three
signals givingf values of Ty Ty and T, mst be received. The value of
T, is deduced and the time base is locked to one of the three signals.
A correction for satellite motion may also be gpplied. Finally, the
transmitter timing is advanced by Th relative to the referen.ce and the

station can then transmit data bursts, Si.ﬁce the modified sync window
| can be used.to cxmmm_cabe with all stations in the system, a useful
stationkeeping link is also provided.

/

2.3 THE BASIC SYNCHRONIZATION LOOP

The two methods which have been described in this chapter far
achieving system synchronization in the COMSAT system have ane basic
feature in common. Both reqlnre that an earth station be able to lock

to the sync window of the switching satellite. The problem to be resolved

L

L
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is how to design the basic synchronization loop consisting of the

transmitter of the earth station, the sync window of the satellite and

the. receiver of that same earth stat;ion conrected together in a feedback
control fashion. The various features of this basic synchronization loop

are treated in detail in subsequent chapters. In so far as ‘the operation

of this lobp is concerned, there will be no distinction made between thert_wo :

methods describe:/i in Secticns 2.1 amd 2.2,

The synchronization procedure is separated into three separate -
modes called tl'}eoc;arse search mode, the fine searchnndeandthetradung ' ;
mode. The coarse search mode provides an initial estimate of the timing | |
relation between the e.‘irth station t‘_me basé and the sync window, as
described in Chapter 3. The fine search mode serves to reduce the initial
timing error in a convergent sex;ies of steps, as shown in C{mapter 4, and-
the tracking mode provides a means of eliminating timing errors cau;ed by

" constant velocity motion, as depicted in Chapter 5. o |

It is noted here, however, without going into further details,
" that more carplicated loops are caning into use. In particular, the
CTS [19 - 23] will use a modified form of the three—control station

system, synchronizing with a different looo arrangement. This arrange-

ment can work with a transparent satellite because the signals of the

loop can always pass through data windows so that this scheme does not .

require a special sync window, ) ‘,,’ “
, Kichd . e
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" CHAPTER 3

ris

Coarse Seardi Mcode

Initially, an earth station does not have synchronization. This

means that the timing relaticnship between the earth station time base

ard the occcurrence of sync windows at Vthe satellite'is not - known at the

earth station. This is illustrated by the model, shcxm in Flg. 3#-1,
where the space delay fram the earth station to the satellite is unknown

and the times at which the sync windows occur are also unknown. The

fitst operation which must be perfarmed is to abtain an estimate of the

time at which a sync burstnnust be transmitted in arder to Ieach the
satellite at thé correct time so as to pass through the sync window.and,
thus, be returncd to the earth station. Three different methods which |
can be iﬁplmnteﬁ are: - |
{a) sync burst met'hod:
{b) PN=-securence method,

{c) coded search q.l._gnal tretho.i. o

The first two: ‘are descnbed briefly amd a detalled study of the

third is presented. ) Vo
: N

3.1 SYNC BURST METHOD

Coafse search synchraonization can be achisved by using sync
bursts as originally suggested ‘by Rapuano and Shimasaki [15], [16] who
proposed the FSK sync burst and the oo -PSK sync burst. A sync burst

(=

34,
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Fig. 3-1 Simplified synchronizaticn loop model.
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1s a short duration signal which is longer than the sync window

except far one case, has a built-in timing reference. Six ible

‘candidates, including the two mentioned above, are shom in Fig. 3-2 [27].

The first is the ASK sync burst which is simply a pulse of carrier. It

is the burst w:Lth no bm.lt:—m reference mentioned above and it would be -
desirable to use ane of the other sync bursts camencing with the fine

search mode, as described in Chapter:- Secord is the coded-ASK sync

burst which contains a code word and a metric. Tb.irci is the PSK sync

burst ccns.lstmg of two pulses of the same carrier but with different

phase shifts, narely 0 degrees and 180 degrees.  Fourth is the coded-pSK
sync B.xrs;t cmpns.l.ng a prea:rbie, ccde word and IIEtIJ:.C. F:.fth is the
FSK sync burst which consists of two pulses of dn.fferent carriers side-
by-side- Sixth is the coded-FSK sync burst which also contains a code |
mrd and a metric. The llst, sum\anzed in Table 3-], is smular to
that' presented in reference [17] although the ASK sync burst was not
included there. Also, the coded-FSK syn¢ burst was independently
derived here. Spectrum requirerents are described in Apperdix A.

Briefly, any earth station in the-sygtan-adugves synchroni zation
by transmitting a train of one of these types of sync bursts having a | !
unique feature identified thh that station such as frequency for the ASK,
PSK and FSK sync bursts or code words for the coded-ASK, coded~PSK and
coded-FSK sé,rnc bursts. If by chance the train of sync bursts a:i-ives at ' ;,_ :
the satellite when a sync window occurs, the bursts #re‘nodnated by |
~ the window, as shown in Fig. 3-3, and returned to the earth station after
‘ane round trip time of approximately 270 ms. Except for this case which

has a probability of less than @7y + T /Ty, where T, is the sync burst
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(A) ASK Sync Burst ——f S S

1
1

- L-~-metri
code 1c

{ B ) Coded-ASK Sync

|
|

( € ) PSK Sync Burst —— O 1807 L

pneamble\ \word ,rmetric

( D ) Coded-PSX Sync e
Burst - L
( B} FSK Sync Burst —— fl f2 T
‘ . ‘ ratric i
code s :
( F ) Coded-FSK Sync word MH———
Burst

Fig. 3-2 Different types of sync bursts.
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Fig. 3-3 Sync window modulation of sync bursts.
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TABLE 3-1

Different Types of Syn/g Bursts

Keying Sync Burst : Reference

ASK | ASK sync burst 1271
coded-ASK sync burst |- -[17]
PSK PSK sync burst . (171, [28}, [29]

coded-PSK sync burst [ie1, 1171

, FSK FSK sync burst [16), [17] ;

| coded-FSK sync burst 171, 1271, 128)

duration, TW sync window duraticn and Tg the frame length, no sync
burstsarerecelvedattheeartﬂ'astatlon..mr'l‘ 2TwandT =1251§q
[29], th;xs probablhty 1s anly 0.04. Thws, after a delay of one round
trip time, the earth station J.ncrerrents a system clock by a small amount
equal to approximately the sync window duration for the ASK, PSK and FSK-
sync bursts and a fifth of this smount for the coded-ASK, coded-PSK

and coded-FSK sync bursts [16] and repeats the procedure until the sync
bu.rsts pass through the sync window. In t.he warst case, incremntmg is

required for the total duration of the frame length.
r/

The time required to achieve synchronization using the sync
burst method can be estimated from the acquisition time given by {30]




: TACQ = M(_z'rm + ':_r@)‘ o : (3-1) o
where M is the smallest integer \sat_‘isfying the relation M > TB/TIN and -
'I‘B = the time-difference‘ét the satellite between the-
arrival of the first sync burst and the occuxrence

ofthenextsubsequentsyncwlrxicw

Ty = increrent m,
ZI‘D = round trip propagation time,
Tp = earth station precessing tine.

Figure 3-4 shows TACQ vexsus Tpe It is seen }:hat coaf:se search synchrﬁi—-
jzation with'the ASK, PSK and FSK sync bursts.is mach faster than with
the coded-ASK, coded-PSK and caded-FSK sync bursts. Also, higher ratios
of frama length to sync window duratlon require proportlonately more time,

An estimate of the bandwidths required for these different sync
bursts can be ‘cbtained by cms1denng the bit rates used in their con-
struction. » Table 3-2 shows typxcgal values assuming a 125 u§ frame length
and a 1 us sync window duration. The bit rates for the 750 us frame
length, 6 us sync window are one-sixth of these values. The ASK sync
burst provides the narrowest bandwidth while the coded-ASK, coded-PSK |
and coded-FSK sync bursts require the largest bandwidth. It is also - ‘
possible to amplitude modulate the PSK and FSK sync bursts to modify
their spectral §hapes. This will be described in more detail in
Chapt:ér 4. .

There are several advantages o using the narrowband sync hursts
in that less tfanmiséion power is required for the same signal-to-noise
ratio at the outxﬁuﬁ of the earth station receiver. The lower power
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Fig. 3-4 Carparison of acquisition times far various
methods of coarse search synchronization.
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signalsmllbeinamelmearportmnofthesatelhteout;utm
amplifier caxve during the sync wirdow and, thus, cause less interference
for other sync bursts in the syntf: window due to non-linear amolification.
Also, the lower power levels cause less interterence when sync bursts
fall in data wirﬂows

There is a problem of interference due to sync bursts falling in
data windows during the search. On the average, synchronization using
,thehSK,PSKérﬂFﬂ(syncﬁurstswiilmﬂ:eabthOsarﬂthaboded—
p.sx coded-PSK and coded-FSK will require about 100 s. Hence, these -
hmstswiubefallingindatamduringtheseiptewalscauging
interference. The average interference duration can be determined by
the relation

. m]}-‘ -

2% e (3-2)
Tm

where N, isthemrberofpulsesineadmtxanmmm. |
_ AssmﬂngZSp;lsespertrain,T =2w,T =125psand'r = T
thevalueofTE;iSB.lmforthePBK,PSKaxﬁFSKsyncmrs’cs.lmrthe
coded-ASK, coded-PSK and coded<FSK sync bursts, assuma Tp = Ty Tp = = 125
us and T -=-02'1:W A 25 pulse train of these sync bursts produces a
valuefor'rn,of78m. Theuverag'einterferenoaduratimfaraconw
uous train of sync Pursts s glven by T 'I'P/'rw\vmidmisapprmdmtelyum
o:dersofmgnit\r}ehigherumnthevalmsfcrthesequermofzsmse
trains. Values faor the average interference duraticn axe summarized in
Table 3-2.
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Clearly, the ASK, PSK and FSK sync bursts are superiar to the
coded-ASK, coded-PSK and coded-FSK sync bursts because of simplicity,
reduced acquisition time, smaller bardxﬁd& requirement, lower trans-
mission power and reduced interference.

A problen which arises with this method éf synchronizaticon is
the possibility of an earth station locking to its own data window
instead of the sync window [17]. The first train of sync bursts received
at the earth station may have either passed through the sync window or

a data window. If no data window is assigned far communications amongst

earth stations in a given spot beam zone, then no problem occurs. How- , ‘_

ever where such a data window does oocur, the probability of initially

DATA
length of time provided for the data window. Since data windows are

© locking to the data window is ‘I:mm[ chATA + T,) where T, is the ;

usually much langer than the sync wirﬁow,- this outcame appeafs to be
quit:.e lﬁzeiy. Thus, if the earth station determines that lock to the

data window has been cbtained, then the search must once again begin.

3.2 PN-SPQUENCE METHOD - - | ‘

Coarse search synchrmlzatmn can be accamplished in approm.mately

S50 ms {see Fig. 3-4) by continuously transmitting a PN-sequence of dura-
tion less than the sync window with the frame period being an J.nteger

. mmltiple of cne PN-sequence pericd [31]. When this signal reaches the.
satellite, the sync window modulates one PN-sequence and transmits this

‘ sxgnal back to the earth station where a delay-lock-loop is used to .
synchronize to the sync window modulated PN-sequence. After lock has

been achieved, the successive transmitted PN-sequences can e agsigned
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different burst phase nmbers by modulating each PN-sequence with its
assigned nunber coded in binary form. After one round trip time, the
earth station can thus identify tﬁe PN-sequence which passes through the
sync window by decoding the binary number.

There are an inteqral number of PN-sequences in a frame length,
thus the burst phase number identifies the timing relation between the
earth station time base and the sync window, This aspect of the method

" is similar to the coded search signal method which is desc1:ibed in
detail in the next sectien. . |

The bandwidth of the transmitted signal can be estimated by
noting that the burst phase numbers require at least 7 bits which mst
be contained in one sync window duration for a ratio of frame length to
SYync 1Zrind0:* duration of 125. Thus, for the 1 ws sync wirﬂo.q, the bit
rate is 7 Mb/s. Sin‘ce the sig:%al is transmitted continucusly, the

average interference duration is 550 ms. /

!
!

3.3  CODED SEARCH SIGNAL METHOD . | )
| Coarse search synchronization can be achieved in approximately ‘
one round trip time, independent of the frame length, by using a coded
search signal of duration at least equal to the frame length 1281, [29].
' [30], [32]. The coded search signal provides a sufficiently good estim-

ate of the relationship between the sync window and the earth station
tire base so that a train of sync bursts can then be transmitted at the

preper time in order to pass through the sync window,
The required relationship may be- found-cn an absolute time basis

.by considering the following three parametexs: _ /
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(a} The .t.ransmissi'on time dalay between the earth station and the
' (i:)- The time' difference between the arrival of the leading edgv_: of
a transmitted signal (from an earth station) at the satellite and the
occurrence of the first subsequent sync window Tg.

() The frame length of the satellite switching sequence Tp.

Typically, the value of T is of the arder of 135 ms with a small vari-=
ation -due to the motion of the satellite. The value of Tg nay fall
anyxmerfa between zero amd Tp- The value of Ty is dete;'mined by .a stable
oscillatar on—board the satellite and, as a ‘result, its expected value
7., would nomally be known to within 1 part in 10° over the lifetime of
. the satellite [8).

It will be shown here that values for Ty, Tg and Tp can all be
decuced at the earth station by transmitting a suitably encoded signal
called the coded search signal , illustrated in Fig. 3-5. This signal
consists of two parts the first being a carrier of duration T, 2 2 'i‘F

(but not necessarily a rultiple of ‘}F) and the second a sync sentence ‘

structure of duration 'i‘F ar a mltiple thereof. The carrier is used to '
acmxrat;ely neasure thevalm of Ty and the sync sentence provides an estim- *°
ate of Tg- The value of T is obtained by calculation; however, earth ' L
station synchronization can be achieved by determining Tg and Ty, It not

necessarily Tp since only the relative timing relationship between the

earthstationtinebaseandthesyncwindmisreqtﬁ.red. - 5

g priee g SN
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Fig. 3-5 Coded search signal and sync window modulation.
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3.3.1 Single Frame Sync Sentence

(a)  Timing Relationships

. . ;< ) .
Assume the leading edge of the coded search signal (carriex

portion) ig transmittad at time TJ.‘ At time T, + T., the leading edge

L
_ reacties the satellite and, nfter a pericd between zexo and TF' a syn¢ win-
Qo of duration T, occurs, as shown in Fig. 3-5, -nodulating the carrier.
portion of the obded search signal, i.e., passj.ng a pulse of length T,
from the recelver to the transmitter ( The SYF‘C windcn duration is con-
trolled by the stable osc.\.llc\tnr on—-board the satellito; thus, the ratio
TP/TN is ‘almys a knom congstant) . Depending on the length of the oarrier
partion of the coded search s:.gnal. a train of pulsas of carrier is pro-
duced with interpulse spacing,'l‘ and the total number of pulses,’ J . 19

2<J<T‘-'-+l | - (3-3)

L ae time Tye2 T ¢ 21‘['), the first pulse of carrier reaches the

M gtation and at' times 'I‘afN) =T, + N'I‘F, where N 1s ,‘ integer, |
successive p.l-.xlsef\ of carrier are received so that Ty can be calculated | ‘
from the relation R

- 4

T,

- %;(-ram) - T,} BT

Carrier lc;::k for decoding pulses of the sync sentence can be cbtained o

fram theso pulsoa.

T T
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The leadiﬁé edge of the sync sentence_, tra'msnnitted at time

'.1‘4 ='1‘1+'1‘C, madxes the satell:.te at t).msa‘l‘,l +.T., andata t::.m'rs

later, the sync wi.ndo.w nndulates the sync sentence partion of the coded

seardlsigmlnroducingawlse‘ .ttiri\a'rsn'l‘q-i-z'r + Te, thisp.llse

" reaches the eart:h statmn where the time-difference between T and ‘1‘5 is

given by
. TR a—Tsqu “.zrD+TS _(3—520
o= Tp = 30 = T | (3-58)

Thé: valua of Ty can be measured by urployiné a suitable type of sync
sentence ag will be shown below and consequently, the value of T, can ba

calmlat:ad

Ei.nally, there remains only the proeblem of predicting the time at
Which tho fifst pulse of a train of sync bursts with intorpulse spacing
T, should bo transmitted in order to pass through the sync window.
This prodicted tire, T, which would be calculated at the earth station

'-by'tim'l‘s, S8, can be related to either the transmission time T, or
to the time at which ore of the syne window modulated carrier pulses is _

recoivad, 3(N). S\oecifioal]y, tha value of '1‘ id given by

T = '1‘4+TS+P"1‘F- 3 P = integer (3=6A)

or T = T,N) =2, +QTe 3 Q= integer (3-68)

=3



"
The va.luéé P and Q a.re selected prior to trm:xsmissim of the coded
‘search signal to ensure that the condition T > T6 ig satisfied.

' Thee:mrinthewlueomestbemllcmpamdtothesync
w:i.rﬂm duxatim, othexwise, little or none of the sync burst signal
would be passed by the sync window. The main sourca of error in deter—
mining T arises from the value of 'TF since any error in TF is multiplied
by either P'or Q. In pracﬁce, typical values for P and Q are of the o
arder of 2500. Consequently, far accurate values of the prediction time
T,'theermrintheprodu‘c'tmnmPTR.orQTFmstbasmallcurparedt:o
a sync window duration. This can be achieved by using a sufficiently ‘
long carrier partion of the coded seaxch signal so that the time Aiffer--
ence 4n (34) is largo. For example, an erver of + 20 ns in the
neasuremant c:uf"I‘F over a 50 m"dhr:atim of carrier results in an error
in T of approximately + 120 ns. This exzor would cause no difficulty if | 1
thaPSKor!-‘Sngncburstmmusedfort.hefineseard\muncathpsa !
sync_bursts aro similar and the FSK'_sync burst has a pull-in range of
+ 800ns [16). -

Since (3-6M\)- ia indepondent of Ty, COXXsE sonrch gynchronization

.

can be achieved by measuring Tg and T without hnvi.ng to detarmine Ty e
_ By using this type of coded search signal, syndmxization can be acx:[uimd |
theoretically in cne round trip time (which 1Zd‘typiomw 270 .mg) plus tho
- coded search signal length and a small procassing delay for an ostimatod

total of approximataly 350 ms, indeperdlent of the framo lenqth (sce Fig.
3-4) . ) ’ ) o ‘



'l‘he; average interference duration of the coded search signal
| i3 esgentially the length of the carrier portion which may be of the
ordex of 50 ms. Howaver, this method is the mly mothod which dees
rot rely on a pridri knmledge of the frame lenqm Neither the sync
burst mthc;d nor the, m-sequence method will provide coarse search
syndmcnizatim unless an accurat:e valua for T ia avallable at the
. earth stntlon. Of course, T can be obtained in A separate measurement
by transmitting carrier as described in this s?ctton

)  Past Syncwonization

'I,fthevalmo!'l‘ﬂis accu.ratelyknom nttha earth station,

then the carrier partion used tomasum T ™ay be greatly reduced in/
length ar posaibly eliminated entimly. ?m:tmnm, the problem of.
detormining tha value for T using eithor (3-6A) or (3-6B).can also l_:e
sinplified. o o |
Assume that, at the earth station, there is a high-stability -
oscillator driving a binary counter, a decodor having a reset feature,
aﬁd that tha interpulse spacing of the ocutput pulses is Tp .' Whan
- the lexding edge of tha sync sentonca 15 transmitted at ‘I‘4, the counter
iﬁ-reset Upon xeaching the satellite the im-b window modulates the.
codi search signal and transmits a pulse of the sync aent:emo back to
the carth station, _The value of Tg can be moasured by eploying a
sultable. encoded typa' of type sentence as doscribed below.
" Finally, it is possiblo to datarmine the time at which o train
~of sync mm should bé tranomitted to pass. through tho syne window
This predicted time can be related to tho transmission time Tq_by

Si.




S2.

-,

(%

Tea . . s -

-('/_(3-61\). But the values of T' = T, + PTy, for different P, axe just

" tne tihes at which pulses are appearing out of the decoder fed by the
carth station oséillator and binary coiter. Thus, 1f the counter is-
fed to one side of a carparator, émdl Té is loaded into the other side
of the comparator, the comparator equality output pulse can be used to
r;ését tha counter, and pulses fram the deoodar will thenca maxk the
tires at which sync bursts should be transmitted so as to pass through

" the sync window, Henco, coarse seaxch synchronization is achieved in
one round-trip time of approximataly 270 ms, independent of the Eframe
length.

(c) bbnsmt of Tg

e

The value of Tg can be measured by employing either a coded sync
, . -
sentonce structure or an FM sync sentenco, as shown in Fig. 3-6. The
_ coded sync sentences can be further dlvided into the null/code-word type

and the signal/code-vard type as described below.
|
(1)  Nall/Codo-Mord Sync Sentenco |
The null/coda-«-mrd syne aentnnoe{ ccntains a set of coda words

separated by nulla. The nulls are used to provido a macker to indicate

the beginning of a code woxd. 'D.#otypesiofoodamrdwhid\cmbeuscd
are Eho PSK coda word where bits of information are encoded as zero
dogrees and 180 degroes, andthoFSKcodemxdwhomtrnbitamencoded
uaing two difforent fmquencies. Carrioxr lock for the DPSK code words ia
provided by tho syne window modulntcd carrier porticn of tho coded seaxch

signal as montioned above. The code words are nunbers in bi:jm:y form

[ MNP 5]
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. Fig. 3-6 Different types of sync sentences. ( A ) Mull/code-word
/j typo,(B)‘aignnl/code-mmtypo,(c)mtype. |

v v

.
e e e oL i v




54.

starting at zero and increasing in consecutive arder to an integer value
¥ which is the smallest integer satisfying the following corditien. '

K 2 - =1 (3-1

Having dotermined K from this relation, the duration 'f‘x which
defines the length of cne code word plus ane null can be determined by

. using

'i‘I\
Ty ® ®+1 (3-8)

Ttmhmhnrofbitsmq\u.mdforthacodomrthBwthBis
the smallest integar satlafying the rolation 2NB - 1> K, Thus, the

duration of om bit, Tgrpt S bo detarmined by ‘

i

.~ T
X NULL .
Tm . - NB : {3-9)

vhore Ty, 48 the duration of the null.

The sync window produces a pulse of the coded sync sentonce of
length Tw ard roturns the aignal to the earéh atation, as shown in Fig.
3-7. Since tha null marks the boginning of a code word, it ia passible




S

null/code-ward sync sentence

\ carrier

y ' sync window

D . sy_n: window modulated
' sync sentence .

 r—— . ——————— TS T St o ———— i i .

Fig. 3-7 Sync window modulated null/code—word syne sentence. | .

5.

algnal/code-word sync sentence

) ‘ carrier
i syne windaw
. e 'I‘x --l-- -, | _ 7
! 1__sync window modulated
: sync santonce

Fig. 3-8 Sync window modulated signal/code-word syrc sentenca. -
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-

to identify, at the earth station, the portion of the sync sentence
'mmmwmmémwawgmé@m.mwuyfm-
lowing the full. The received signal always contains at least one full-
length null and code ward since tne"cqmmtion-gf the null and the
"oodewcrdhasatimperiodlmﬂmureqmlmmutmdurmmof
thesyncwindcwthmperiod. Thedacodndvalmof'r canbeinm
byanm\mtexberdingfmzeroupto: sincethepositimofthe
nuncanmlanme:eintrnﬁrsthmofthaswcwmmpanod.r
Hmever.byasinplevideodabectionofﬂwmivadwlsecﬂtm:cded
ByTG sent:anca, an estimt:a of this erxar is possible since tha location
ofthemllcanbamalgtndwithmspocttptheedgaotthesyncwirﬂoﬂ
modulation and the necassary correction can be applied. Thus, the coded
syncsent:emacahbausedtomsureﬂmval\;a,ot'rs.

Assuming tha fast synchrenization tncbm.q.n and a 125 us frame
,1ength,' the average interference duration generated by the coded search
ﬁigxulmmgthi-auym.ammisaﬁwmdmbelyl.Amduemmytdtha“
can‘i.orportim m.tchmvidna carrier lock p.llsea 129]. The hit rate,
oat.imbadrran(?.-al, isof the crder of 25 My/s, . -

-

(11) Signal/Coda-Word gyna Santence
aigml/code-vmd uync genmnoa ocnprisea a sat of ocde ‘words
separated by pulses of sj.gnal at a different fmq\mcy, as ahawn in Fig.
38, 'mnadvantagao!thiumthcdiﬂﬂmttmboginninqofammd
ia dntaminodbydetncttm of a u:l.gmlucarpamd bodebactimo!no
8ignal as in the null/code-word sync sentance. Tha additi_m of this

- » .
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signal increases the total bit rate to approximately 35 Mp/s. Two types
of cofle word vhich can be used are the ASK code word where the bits are
encoded as signal or null, and the PSK cods word which is identical to
 that used in the null/code~word sync sentence. Aside from these minor
differences, the s:l.gml/coﬁé—wozﬂ .ﬂ;ync sentance is the same aa the null/
code=word sync sentenca. |

{1ii) ™M Sync Sentence
The FM sync sentonce is sinply a linearly frequency-modulated
carrier which sweeps from frequency f, to fmquenéy £, in e £rame
duration E‘F' as shawn in Fig.3-9, The value of T¢ is relatod to the
ingtantanecus froquency f, by

'I‘S - TF'_EE_:_EI _ (3“10).

re

The sync windaw modulatos pulse of duration T, of the FM sync
gentonce which s recoived at the earth station: A simple mothod of |
measuxing the value of Té is to count the number of mro-croasings |
contained in the pulsc, This is given by Np = 2 T £, and consequantly
the value of 'I‘S is | | |

N
2 _ g
N3 ol

-l s




m syhc sentence

éync window

_ ' " sync wirdow modulated
sync sentence

Fig. 3-9 Sync window modulated FM sync sentence,

hd

. nu1;7 o
{ l ! 1 . - carrier
coded sync senbancas'/

R o e

(N I I |

sync windows
N S N I g
Ll I U u

sync window modulation

Fig. 3~10 Sync window modulation of the multi-frame coded search
| aignal.
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Since Nz is an integer, the smalleét'change in Tg which can be
detected, ATS, occurs when Nz'changes.by unity, Thus, the bandﬁidth
requirement for this signal can be calculated and is glven by

By = £, = £ = ﬁr—sﬂT (3-12)

The estimate cf 'TS provided by the FM sync sentence must be
within apprmdnﬁtely 1 us in order that sync bursts pass through the |
sync window when the fine search mode camanceé. Assﬁrrdng t:h.ia valua
far 4T and Tp = 125 Ty the ‘bandwidth vequirement is 62.5 Miz. 'fhus,
a serious drawback of this methed is the large bandwidth of the signal.

Assuming fast synchronization and a 125 ps frame length, the
average interference duration for the ‘ocoded: search é.ignal using the
M sync sentence is only 125 us since no carriar portion is required,

3,3,2 mlu-fr&n Sync_Sentence
{a) Timing Relationships
Rnother technique far achieving ayndlrcm.zutior; \ming a coded
search signal is based on t:raxlxsm@tting carrior followed by a malti-frame
sync sentence, as shouﬁ in Fig. 3-10. The carrier is used to measure the |

value of T &8 dascribad in Section 3.3.1(a) and the n'ulti-frum syne
sentencu provides an estimate of Tge .

The rolationships in oquations. (3-50) and (3-5B) apply here not-
ing that tho value of T, is now tho transmission time of the leading '
odge of tho multi-frame sync sentence nnd the value of Ts is tha arrival

4
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tire - at the earth station of the first pulse of the nultiefraxtb sync
sentence, Similarily, the relaticnships in (3-6A) and (3-6B) canbe & -
used to estimate the time at which the first pulse of a train of sync

bursts must be transmitted in ordar to pass through the sync wirxicm.

The fast gynchronization t:echnique can also thappli&d 'I‘here remins

only the problem of measuring Tg which is desér naxt \

(o) Measurement. of Ta

The value of T, can be detormined by. transmitting elther a multi-
frame ccded sync sentonce or a malti-frame FM sync sentence, as shown in i
Fig. -ll. In both cases, there is a null duration of several tima the
-value of '1‘ between the carrier portion of . the coded search signal and
tho malti-frame sync sentencu. Thus, the signal arriving at the earth
~station consists of pulses of cmiur follo.vad by a null duration and
finally pulses of the mlti-framoe sync sentenca. The nul]. duration is
used in the recx;j.vcr‘ to indicate that pulses of the multi-frame sync
sentenca nm' about to arrivé \;:hi.ch can then be deoqded to yleld the vaiue
of 'I‘S

(1) Oodod syne qentencn

The nult:i-—fram codad sync sentonce, shown .'Ln flg. 3-12, is a
- contiguous soquenca of blocka of gignal each of longth TE‘ vhere the bit
rato ia halved with cach succceding block starting with Block no. 1.
Either a PSK or an FSK structuro can be cnployed as illustrated. Tha

nurber of bits in tho firat frame length is glvon by K! where X' ig the
amallest intoger satisfying the condition |
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(B)

o g —— frequency
(c) -

Flg., 3-11 Difforent types of multi-frame coded sync sentoncos.
( A ) PSK multi-framo type, ( B ) FSK multi-frame type,

»

{ ¢} ™M mlti~frama type.
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| A L 'T.m..--..-m-_.-—ll

)

e

C eyng wirndkkw
0 modulated

= . eyno sentence
s 3 .
L ]

: - S
N Pig,13-12 Syno window modulation of malti-frare coded
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o Kt ": E;TF_ , . B (3‘]:3)'
5 . _ W . o | |
I-h:nclthlmgthotombitia ]
L

(3-24)

- .
| - .
. ) .
] .
) .
\ . [}

& - .
Themdmmwammdmm«mmwmmaum

the mlleat mbegar Nt aau.n.tying the mlnttm
'. . ' . ;
' (3+15)

. _ ) : . Ct /f
. . A2 g, X! (3-16)

_ When the syno window modulates the m.\lti-tm aodnd ayne lenumcn.
a set of pulm ie produoed. Bach p.\hn cantaine intu:mnt:ion as to thn
valucet'l‘ mdbydeocdingthecmmmutofmnu.ﬂnvnueot'rs

can be deducad by the earth lt:num.
NNKmlu-nmcddmmtmmmmwwuw
Caxrier lock is

noting the polaxity of _tha bita, as shown in Fg. I-12A.
5‘1 !ormuurh\g Tp: The decoded .

. provided by the pulsos of carrier |
nunber, in binary form, is Tg: J . R

S e rsxmnum coded syne mheme, s.nuntmud in Fig:
:M.zn, doon not :equ.txﬁ cnmer lock l.tmu dacoa.ing ia pcu.tblnuinq
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-
—

.'mloptdlml' ‘Hance, tha signal can be deccded pt&nmth station
| boyhldthwl\aot'r | |
mvnuchs&wwwnmodmymmambyan
mtfmumuptor“ qunr,ithpouiblotoowparotha
mummwmmfmtmmo:mmm@mmm
ayne mtmca with the edge of the modulation uni.nq video detecticn and
prwidcﬂumcouwoomcﬂm.
,nhammdthntmmmmbemmvu\nottrm
Trhmgnqibhwmmumdmmummcmhm&.
~ Fram Table 1-1, the variation in the osclllater frequency on=noard the
satellite is withinlpu:t!.nlo m&ah&tﬂmoﬂﬂuaa\mu‘m. :
Thus, the error produced !ornnulti—t:maync gentence of 1 me duration

- is only lonlwh.tch ie negligible. |
AlLthough thq malti-frame coded sync sentence dnncribed abave

uges binary coding, other wpeno:cod.tmw allobeusef.ul. Inpm-
lcular. mmmm“ {43] ombeundtopmvidnalimal having
'agrqyccdaamcm umnymmrdou mdulauon,ummng. 3-13.
_ﬂmuminmdcmumo!mbitocmmﬂt:ont:rwitim!anm
mmmmmmmudp\nm mmmmmm-mu
minimdzed.

| m:umhwtutMutimuﬂalﬂmkmlm the
.avnraéo intarference auntimtoraucodndauxd\ signals using the
mmummmmmwmmumm-mm
is approxlmulyazsm 129] add 1 W, :npacuwly. The bit rate in
wsmmeuzw.mmmmmmuwa. d




0000000012211 1121

Fram no, 1
Frawro.2 0000111111110000
Framno, 3 0011110000111200
Framano. 4 0110011001100140
- -
\

-/

Fig, 3=13 Milti-frane ayne sentence with Rademacher
function format. Vertical colums form a
Gray cxdo vhich mininieas the error caused
by a transition in the aync window.

-~
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(11) ™ Syre Sentance - .

| The n'uld-trm ™ lync sentence is a limsarly £mqmnq(-mdulaud
cu‘:iorvmid\wtmzmqmncy !ltoir:eq\nncy £! in a duration of !
!rm durattom o£ TF' as shown in Flg. 3=l4. The valun of T il

»
|
-
et o xRl

mlabnd to the instantancus tnqunncy of the first recaived £iby
B 7 |
i Bl L,
= Ny Tp : : (3-11y /.
R ‘ '

The l,{mc wi:mundulaul &l'dwpchautot pulscs
cach céfitaining information on the value of Tg. Tha nurber of zerc~
. crossings contained in this set is given by |

I el '
N =2 Ty gy 8 € - Q-1

. whnm"i‘r is assumed ;qual to 'rp'_'over the duration of the FM syn¢ um:mén.
Hance, t.ho. value of £y can be calculated and subatituted into (3-17) to

_giveﬂuvnlm!ar'r. | .

_ mwmmmmto:w-nmmmmumw | ‘
relating the Emllest detectable charge in Ty t0 & chane in K} of unity.

ST

Comparing with (3-12), it .tl geen t.hat tho bandwidth of the multds

froama MM gync sentence is only Mlmm'hmvnluto:ﬂnuthtzm

™ syne sentance.
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T e

- - Tha mm!mml duration for the milti-frame N sync sentence
. unmum- the Srame lmqﬂ\ Thus, !or'r = 125 us and Npy, = 10,

tha interference durntim is 1 25.me. The handwidth requirement in this
case is 6,23 Mix.

-~ N

3.3.3  Integrated satien System

| mmmumuummmmmmmw
search liqnll lnl‘l t'.h. syne hurst liqnll is shown in block diagrammatic

form in‘Fig. 3-15. Initially, the system is in the atate shown with the
switches in tha A' mummmmmunumm-m |
"i:u activating the aync request cirauit. The coded seaxch signal is
| mmmma&mum&mnmm&mm
| gync sentence is sent, T 4 is vecorded. Nhant.rncodnduuchaiqnal
‘mn&dwﬁnmmilmivdatWenrthauﬁmdma
_p:cpaqaumumo!atlmtz » the values of Tg and Ty are detaxmined
by search signal decoder. o |

Mtdum.landm.:mwmcudtothe‘n‘mlum.

Mpndicuddmahwhid\ﬂa btmtllhmldbetnnmttudaou
mwlwmmmil&mm&ndmwun&mmﬂm
eircult which appliuant of, say 20, t:iqgan at an interpulse apacing
Of Ty to the trigger driver. Aftar the last of these triggers, switch
m.aucumutnu\c'n‘puitim. 'rhl.accnplommmu '
mmwmuamunmumm It in the course of
npaw:.tm thn lylm !d.ll out of lmh:onhaticn. bymyamunt, the
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/mmd\m to t-.he value of Tp being \nﬂu'am, the coded search aignal

© 70,

scarch mathod. ia re-nctivutnd and uynchrontmtim is mﬂtomd in t-.ha e
eatimated- 350 ma.

334 Corparison off Coded:fearch Signals | l
A brief campariecn of tha dhfferert typas of coded soaxch
aignal ia presented lin Table 3_-3'.; It iu. assumed that fant ayx,\chrmi.-'
zation i8 used for each. Of all coded moarch signala, the type waing
the PSK multi~frame syne sentence appears to offex the beat min’atim
of faat acquisition, low banawidth mquimnt and short amnge “ L .
' int:ar!mnce dwat:.tan. 3 | , L

3,4 COMPARISON OF COARSE ‘STARCH NOLE METHODS

. The three &iffarant methods of cearsa seaxch ynehronisation |
ave how cmparod in Tablo A4 ana\m\lnq fast synchreaimation for the . |
‘coded zearch n.tgml method 1271, If fast aynchronteation 1a not |

cod
methed Btill glves ayncm:onimum vhereas the other-two mthoqn & rot. {
Clearly, coded search atgmlu offer the beat combination of shoxt

—nvnd\rmiaat!.m acquiaition time, low b.tt rate and amall. interfarence
duwration. - ' v

3 s
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CHAPLER 4 .
Fino Search Mode

The £ine scarch nofo 46 initlatod onca tha coarsa search moda
15 conplete. The cbjective in thia case is to reduco the mitial timing

- exror due to imcmracicn in tho coarse scarch mdn by -transmltting

ahort txaing of oyne bursts such as ‘thoae nho«m in Nq. 3-2. After a
ono~way trip time, the trailn of sync mrntn rcad'loa t.ho aat:allite whoxe

' ‘ayne window modulation occixs, &d {1luptrated in Fig. 3-3. Finally,

t.h'd signale avo tranamitted back to the enrth nt:at:ion. By ca&aumg

.the mcdulation with the oharnctarist.lc:n of the aync hucet, it ia possible

to meaaure a timing error and adjuat t-.ha carth btation time base.
Further trains of sync bursts can then ha transmittod at intaxvals of
one round trip tine with tho adjustment pexfoxmed aftex cach train da
recolved, lence, the feodback contvol locp results. -
Two fundamontally diffarent \technl m conzidared. The
firot, developed by QOD'ENI‘ Laboratoriea, roliay on fixed increment

 adjustrenta and ia describod in Appendix B. second, exaniigd here
- in detall, pmvldes variable increment adjustienta by arplaying a t-.i.ming

adjustrent -gate and & volmge-oont:ollad-oucinntcr (\m) (33}, The
palient points ave oumaried in-the final ‘geation .
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41, ° VARZABLE TNCRIMENT GYSTEM "
Oonaidnr the phyalcal model of the nynchraniaatim\ loop shown in '
' F.tcjl q=1, The variables which affeat the loop are the uplink space
delay and attenuation, the ml.aa of tha Batellite amplifiers’ (uplink
noleg) , the mt:ion‘ of tha antolliba, tha downlink space delay and
&ﬁtamnd.on, and the natse of the earth atation amplifiers (dexmlink ,

nolae) .

It is asaumed that the loop has just started
ine soarch ode and that tha coarde search node has
infarmation required by the sync _uni.t so that syne "sta‘can
tranenittod at tha proper tires to ba at lanst partially pasee by the
gyno window, The two typea of Byna baret cansidm:ed are, PEK myma
barot. and go FSK egmo buzet; shown in mg. 42N and [¢=2D ar particularly
ugnl;‘u use of thelr ainplioiw and narrow bmlwl. [28] « The ;
mfamnco is the tranaltion bamgn the two pw:ta oE the sync burat and

. ia used by the earth atation bn dotermine the mlat.t poaition batween
the ‘sync burst and the pyno window rodulation, ae {n Fig. 4-2¢. 7
Exact méhmnﬁat:.lm occurs when the syne burst is, Sentared in the eyna -

 window, f o - .
The t:.tming of tha syne mw cont.mned by the timing clrcuits |
in the a;mc unit:, The timing clmuiu mplw a VO &:i\linq a counter md
a Qecodar which gmerat:ca p\nﬂen with an inmpulsq npacing equal to the
pyne windaw apaau\g and fone the mt:h atation t.im ba.aa. Initially,
' eliart traln’ of pulses derived £ mae ‘search mode is used to
- trdgger the eyne bumt:'gdxﬁmm wh.tch lucer elthar PAK ar FSR oync

.
sl dopuuswesiohis SRS
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- i
R sy;lw

sync window modulated

(C) Sync window modulation

" sync burst

Fig. 4-2 Sync bursts and sync window modul aticn.



bursts. mesyrxcﬁ.t:stsareﬁﬂ;aedtoﬂnxip_liﬁ;fqumwyinue
modulater, amplified andt:axwtd.ttedtcward the satellite, After a cve-
;naytrip time, thet:rain raclws"'tl'te, satellite where the signals are
"mplifiedinthei:p.xtauplifief converted to the . ffeqﬁar;éy,
nndulabedbythesyncwd:ﬁw,mp].iﬁaibymemqm amplifier, and .
transmitted back to the spot beam zone of transmissicH, After ancther
ae-way trip delay,ﬂiesig:nlsmadlﬂwarthstatimgrﬂare amplified
in the input anplifier, demodulated and processed in the receiver. By
mmmmmumm&mmn-mmmm'
oftnes;ncmt,itispossibletomasmﬁamm\gmaram,wiﬂam
dnd:gd:aﬂts,toshifttleearthstattmtimbasetomducaﬂusm
'Wﬂaﬁmofsymhmtsmﬂmbetmmﬁtmdatintmamof
merauﬁtripttmwiththeadjusbmntperfomedaftereadltrainis
regeivedtlmcontixmallyreﬁ@gtheerm. Once the fine search mode
mmm,mmm'ammmmsm.
\f\

4.2 SYNCHRONIZATION LOOP ANALYSIS \

The equations which describe the operation of the synchronization
.;roomsarernvderivedindetailmnsideﬁngﬂleuseofﬂ\emsync
lgu{: Followhlgtm.s,theequatimbmi:)g'memanstambriefly
described since their derivation is similar to the case using PSK sync
pursts. Indeed, in the final equdtions it is seen that the signal term

ineachcaseisthesanebutt'lw‘misetemsdiffer.

) K

l/
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4.2~1\ PSK Sync Burst Inplarmrtat:ion ‘ _ : .

COnsider the synchrmiza’cim loop mdel, illust::ated in Fig. 4-3 p

Methespapedelays, spacelosses.a:ﬂ antemma gains are shown as lIump-
'ed elaments. The PSK sync burst can be represented by the video signals
w (t) and u,(t) and the intermediate frequency (IF) wr, a5 shown in
Pig. 4—23 For one sync burst, the signal 1s given by (Assmﬂ.ng ﬁ1e.
narrmbmdrepresentaticn 1341} |

v

i ' ijt :
sl.(t) = Re{.[‘-ll (t) --uztt)-]e } {4~1)
where . ' ‘
g) = A  -ZTocts0 | T /’_

=0  othexvise

e 1.,
Uz(t) = B Vof'tf'-iTP
= 0 otherwise

T, = sync‘burE;t duration.

Thelpat!m fmnﬂwearthstatimnndulatnringlttoﬂlesync
vdndmm;utaxﬂﬂ\emtgltfrauthesyncwmdmtoﬂleearthstatim .
" recéiver are both ‘ ytransparent Thus, tl'xerelationshipscan

easilybededx@dasfd LN ‘

-

Thesynchnstsignalismxedinthenodulaforwiﬂralocal

oscillataratfrequaicymltotheupliﬂ(freqaércybarﬂylelding

| : Jlu, + )t
\/\ s,(t) = Relly (8 -wy(0le 1) (4-2)

-

e
Pl
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2 : satellite anterma gain

//k \,‘\ alt;llt. .
/71 S aplifier SWC wET
s, (e),] ™ 1
I .
I sync . i‘\
mecdhilator L— burst e circuig : \ receiver--s— demodulator
| i | gen. ‘ j l
i
} ? ,s%(t).
1 L‘:”]_(t)._____.___.__ ______

Fig. 4-3 Synchronization locp model.
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Next, the signal is amplified by ky in the poum:‘ output mrp]ifier
"and t:ramsnd.tted The uplink 1s assumed to produop only a Space atten~

| “uation and a space delay TD The earth. station anterma gain, satellite
lanter.ma galn and the space attemuation can all be lumped into an uplink
g?:in cons!:mt'\kz. Hmce_’, the signal at the input to the .fi_rst: gatellite
anplifier is

8,(t) = klkz 5p(t = T) | (4-3)

At the satellite transporﬁec, the signal 8y (t) is perturbed by
*
the additive uplink noise n, (t} referred to the input of theg first

amplifier, Thus, assuming narrowband noise [34], we may write

s,(t) = sy(t) +m(t) . (4-4)

where :
' j(ml + mI)t
n, (£) ="Re{z(t) e | } :
| R ) “\“
z)(6) = x () +3 ;) /
. ’ 1.1'.'5' !
x]_(t) ’ yl(t) = ccrrpqnents of the conplex gigmal, zl(t).

The narrowband re;fm‘esentati.cn for the noise is valid since the signal is
£i1tered in a narrowband filter in the earth station sync unit.
The signal is dmplified by k, in the satellite inpat amplifier

and corverted to the downlink frequency using a transfer oscillatcr,

|
|

e

}




antenna gain p
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'where Wy is the new local oscillatdr frequency, to give

o 9 (wayttag) (£T1)
Bs(t) =" kylkok, Re{[u, (t-T)) - u,(t~Tp)le z\“’: LDy

5 (w2+m1)t
+ Relz; e } ) . (4r5)

Next, the éignal is amplitude modulated by the sync windos
sigﬁal, m(t). The sync window is assutrgd for mathematical reasons t})
produce perfect rectangular anplitnde modulation of the signal as shown
iﬁ Fig. 4-2C, This sync windos modulated signal is .amplified in the'
outpt amplifier by k, and transmitted. Again, the downlirk is assimed

to produce any a space attamation ani a space delay T, The satellite

station antenna gain and the space attezmation are

all lurped into

gain constant k5 Thus, the signal at the
input to the first eadth station amplifier is

/r\'\

- 4-6
sglt) = kgKg 8g(t = Tp) . mit - Tp) . (4-6}

-

The signal, sG(t), is perturbed by the additive downlink noise,

n,{t), referred £0 the input of the first amplifier to yield

[

8,(8)-=,84(t) + n,y(t) : 4-7)

-t
i

- -

- 4

N
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. o 5 gt
R.e{z (t) e }

N
&
u

)
——
e

t

L{t) +j y,(t)

xz(t) ’ yz(t) = conponents of the complex signal, Zy (t) 7. “

Again, the narrovband repreramtation-of-miée is valid due to narrosband "

filterinq in the sync unit, o . _ | ‘ 1
Pinally, the signal is amplified by k in'the earth station input ‘

arrpufﬁerarﬁcawertedmmexr, I,inthederrodulatartoyields(t) :

~ Now it is necessary to . the receiver portion of the sync

Lmitinnnredetailtodetemﬂnewhethersonecptjmmcalfiguration is

possible, Three features which can be provided to improve _pm:fom:ance,

shc»m in Fig. 4—-4 are first the receiver input gate, second.the coherent

-

detector, ard third the video integratar. The input gat:e, q(t), is a
'train‘EJvaideo gatj_ngp.;lseshavingarepetition interval equalto'che

frame length and a pulse width, T q greater than the &mcwn.rﬂow 'I'he e
gates are generated in the timing circuits based on the recepticﬂ of

previcus signals by the ccherent detector The information would always ‘
be available starting with the recepticn of signals fram: the ocoarse ‘search
m:f%. Thus, thegateswu]dbeadjmted to pass all of.thesymwi.mia-:
nodulated signal and consequently, all of the sync window modulated
uplin:c nojse, but anly the gate width, T o of the downlink noise. Hence,

-

the signal at the odbrut of the input’ gate 1s given by
- e
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sgit) = sB(t) . q(t) . o ' (4-8)

The coherent detector, shown in Fig. 4-4, provides the best
‘performance of all anmplitude detectors [35]. It is recognized that in
present-day satellites in operation, this ccherent detection from frame
| to frame may not be possible due to instability in the satellite transfer
oscillator. Homer, oscillatars are now available in the required fre—
quency band with stability of 3 x 1078 per 24 hour pericd vhich is ad~
quate for ccherent detection ' v :
Thus, assuming coherent detection, the resuléing signal is

slo(t) = ¢ vl(t) + c, xl(t-’I'D) m(t—-’I.'D) + kG xz(t) q(t)

where ) . e —+ (4-9)
vl{t) signal term /
[ul(t - 2TD) --uz(t - Z?D)] m(t - TD)

i

€ = FkRFske | :

- !r ’ -
c, = kkgkgke . : ‘

Einally, a video integrator is prcvided because of the inherent
in@:ovenent in signal-to-noise ratio [36]. 1t is assumed that a certain
mmber of sync bursts were ariginally transmitted. Since. the sync win- /

Gow modulates the same timing information onto each s;y)nc burst, the
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estimate of the timing exrox can'be improved by integrating over, say,
Lpulses 'I'Ims,the PSK sync burst integrated exror yoltage, Vepr is .

given by g : |
v, = L 8,4 (E) &t = .v + v | ‘
- 10t st {4-10) i
1, pulses o ' l
vé = integrated signal voltag;e- | ‘
'clL I
S
1 pulse
v ° PSK sync burst integrated noise voltage 5
1 o ; :
= 5 J [c2 xl(t-TD) m(t-T,) + kﬁ. %,(t) q(t)} dt;
L pulses ‘ S
T, = integrator time constant.
After the last pulse of the train has been integrated, the errar
. v '
voltage is fed to the timing circuits, as described in Section 4.3. ‘

1
4.2,2 FSK Sync Burst Implementatian ;

Referring to the synchronization model, illustrated in Fig. 4-3,
it is possible to derive the signal equations describing the loop behav-

jour far the case where the FSK sync burst is employed. For one sync



&

S T e

buxat} ag éhafm in Pig, 4-2B, the signal is given ;a/( (again a.ssuxrd.ncj the

nambandrepresmtation B4y, \

Jw, t

A Jugt
Bi(t)_- = ,Re{ul(t) e

+ u2(t) e ‘B )} | (4-11)
where u (t) and uz(t; are defined as in (4-1) and w, and uy are two
different intermediate frequencies,, | |

Pollowing the steps in thd PSK sync burst derivation, 83(t) and B
s}(t) can be calculated and, at the :L'np.lt to the satellite ampli¥ier,”
the signal is combined with narrowband uplink nofse ni (t) to yleld

sj) = sy(o) +mp®) w1
+ where ( : . S @telt
: Jlw,tw, ) E w :
n}(t) = Re(zj(t} e A s e 1 ‘B }
1 1 1
z; (8) = xJ'r(t) + 3 yp{t)

zy(t) = xj(t) f'j yi (8

X! (8, v} (t)

L 4 .
and x7(t), yj{t) = companents of the respective camplex ‘
signals z]'_(t) amd zi(tf.) .

The expressions fcn.'_\ si(t) and sl(t) can be derived in ‘a similar
fashion to sg(t) and s. (8, respectively. Hence, cambining sl(t) with
narrowband downlink noise nj(t) gives |
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s.',‘(t). - Bé(t‘;)»-ﬁ néit) | ' ':_ o | | (4-13) .

$(wotog)t Jluug) t
alt) = Re(zi®).& 2 P +zye)e C )

z5(t) = x3{t) + J yy(e)
2 () = x5 (&) + 3y (6)

and x5 (t), y, (t) = components of their respective
) ccnplex signals zé(t) and z; ().

The i'eceiver configuration for the FSK sync ﬁmst'still employs
the ir':put':gabe but now it is possiblé to use either coherent detectors
o:etivelcpedetectars'toobtainﬂxevideoportims of the two frequency
FSK signal. The coherent detectors, as shown in Fig. 4-5, provide the
highest 'signal-td-noise ratio and will be assﬁmd here.. (It is noteworthy

- ~
that for high signal-to-noise ratio, which appears to be an excellent

agssumption, the performance using linear envelcpe detectors ig essentially

thesaneasforthecohermtdetec':tors). The video integrator can also ‘

be enployed, as in the PSK sync burst case, to improve the signal-to-noise
ratio. Hence, the cutput at the input gate is

sy(t) = sye) L) - A (4-14)

'I'hectrtputocftheooherentdetectoris
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s'm(t) =‘clvi(t) + cz[x'l(;.-'ro)—x"l (t—frD)]m(t:-'rD)ﬂ«:6 [x&(t)—x’é (£}1q(t)
' - - (4-15)

‘-1' .
it

' fu, (£ - 2Tp) = uy(t - ZrD}].‘m(t - Ty

i

vi(tj Y {as in (4-9) ) - .

It is seen that the signal portion éf (4-15), clvi({ﬁ , for t’rze
FPSK sync burstis the same as the signal portion of (4-9), cyvy (1), far
the PSK 5ync burst. Equation (4-15), however, has two more noise terms

. . 4
than (4-9) due to the characteristics of the FSK sync burst.

{ Finally, the output of the integrator is the FSK sync burst
integrated error voltage, given by . « !
— — v ' ) 1
Vep T J : sio(t) dt = vg + vy | {4-16)
L pulses
0
vi o= Vg (as‘\;_n\ (4-10) )_

Vz:I = FSK sync burst integrated noise voltage

a ’ ~N
(e, bty (&I ==/ (t—’I‘D) } om(t-Tp)

Pill—‘

-

1 L pulses .
+ ks[xz'(t)—x; ()] g(t)} 4t
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On campletion of the :.ntegraticn, the exror voltage is apohec. to the
timing circuits as described ne | \

4.3 FINE SEARCH TIMING EDJUSTMENTS

The error voltage atthemtgutofthevidéoir@grator using
eitherthePSKsyncbtmst (v )ortheFSKsynchJ.rst (4 ),andrefa:red
tohereassixplyvz,isappliedboﬂ'econtrol'tenuinalof the VCO
through the timing adjustment: gate, shown in Fig. 4-6, for the gate
duration TG', ‘I'heVCdeanées frequency forthisdurati.onbyananmmt)
propcrt-_icmaltotheermr voltagev. Bence, the ccxmterﬂreadm full-
'cotmtearlierthannmllfthnfrequemcyofthem::measaor
Mterﬁmnmnmlﬁthefmmqofthemdecreases After the gate
lsover,thevcnmurnswltsmmalstablefreauencybuttheqnung
‘ofthepulsetramhasbeenshlfmdbythegatederrorvoltage The '
mode cantrol logic provides the sync unit with parameters such as the
mumber of pulses to be transmitted, themmb.ertobelreceived, L, the
inpat gate q(t), and the length of the pulse T., to the timing adjustment
gate. .

Consider the Operation of the WO and the counter. The inter-
pulse spacing of pulses produced by the counter and the decoder is given
wo L |

(4-17)
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» -
vhere |
K- = constant of the co.mteranddecader
f = frequency of the VOO
Th}é frecuency of the 0 is assumed, to be related linearly to
the voltage on the control terminal by Cot
£ = £,+5 Y ‘ (4-18)
where .

\\f f0'=cente.rfreguencyofthe\.mwithvg=o y

s = sems:.t:.v::.ty of the VOO in Hz/volt.
From equations (4-17) and (4-18)
s K I-(& pi Vg
T = o= == (1 - ) "{4-19)
f0 + 5 Ve _fo fo
- S v,
| - =7 (- —2) . '
)] fo ‘

’ . where J/j l . ’

TO = ihterptllsespacﬁ.ngofpulses fram the camterwimvE= 0.
! \ o TO S Vg
‘I'lms,thetinﬁ.ngshiftove;mintezval'rois- 3 and
- ‘ 0
for a gate length of T, the total shift is

t = '.;.".;?,--‘TG VE._ ' . . (4-20)

5 £
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sary to examine in more detail the value of the

its variation as the timing errar varies. L J

4.4 ERFDRDEIEC‘TICI\I(}EI{PCTERISTICSOFTTESMINIT

It is seen in (4-10) and (4-16) that the integrated signal volt—
age v, ,contaixﬂngthesignalmﬂulatedbythesyncwirﬂox,:sthesane‘
for both the PSK sync burst and the FSK sync burst. By integrating in
(4-10) and (4~16), the time dependence disappears and the signal portion
qftheerrc:rvoltagevsisafmctimofmlythetﬂrﬁ:!gerrqrbebzeezl
the sync burst and the sync window. ’

_ Assure that the first pulse of a transmitted train of sync bursts
'nmjmtaﬂmﬁm@umamgmmséﬁmaMismmgwmﬁmdmtm
‘sync unit. The timing error t, illustrated in.Fig. 4-7, is the time
dJ_ffe_re:nce between the center of the sync window and the built-in tmmg
reference cantained in thesyanu:L’Stand is defined at the satelhte.
The value of ty was determinad when the sync burst was modulated by the
syncwixﬂqdattinet=TD.‘Thevalueofvscanberelatedtotsusing
(4-9) and (4-10) by

_._ ' N

[ul(t - ZI'D) - u2(t - 2TD)] mi(t - TD) dt

It

n‘

e (4-21)

fu, (t = 21) -~ u,(t ~ 2T )] dt
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‘si.nce.
l " -— —
me -Ty) = 1 A -ty -5Ty St -Htily
h = 0 otherwise.
and where
L
c! = (_:l_
1 T,
p

Itﬁtportanttomtetfntbyusingtheinteg;iationtedmique,anyvida:
waveform with odd symmetry may provide a suitable PSK sync burst. Sinm—
ilarily, any video waveform with even symretry may provide a suitable
" PSK sync burst. A,ppaﬂixAI#tsswemidiffaent simple video wave-
forms. |
Thevaluaqfvsasafmacdonoftgcanbecalculated_forttmee

separate ranges of 'I‘P as follows:

- >
Errsr Detectior.Characteristic I; T, < Ty < 2T, (See Fig.4-82)
e
- . . . .
Aty i Ty st s 7{Tp~Ty)
: 1 1 1 '
Altg + 5T TQ1 T < 23Ty
Vs . losr) -t] 3 =T, < < E(1_+T
ci”ﬁA[?.Pw) tgd P o2 s 2 TP (4-22)

1 1
BGITY ~tgl 7 T 3T S S - 3@

L1}

-A [%(TP+TW) + ,t’E]

: _—



(B)
L T} = tg
'Z-CTP—TW) i'(TP-I-’JINJ
b
Region E -~
(C)

/ Lo Loy

y o
5('1!‘,,—'1‘13)

Fig. 4-8 (A) Error Detection Characteristic I,
(1) Error Detection Characteristic II,
(C)  Ermar Detection Characteristic TII.

)
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Error Detection Characteristic II; 2T, < T, (See Fig. 4-8B)

| .ok 1 :

gy Pm g Tys tE £7 Ty
AT, .3 q s tE < 2(T )

. .

S 1 - N 3 1 -
;_=ﬁ AlGUIpHT) -~ gl 0T s s z(Tpﬂw)~ (4-23)
| 1, s 1

AT, P -E(TP-‘]:W) st s 2,?“

7 Lo 4 I -1
Rl + FEl - STt stp s 7 T Ty

. 0 - - . .‘._. - S \,

Frrar Detection Characteristic ITI; Tp < Ty (See Fig. 4-8C)

. Q@

~

o

had ]

1 1 |
- 3 Tp) < tp = 5T Tp)

] 1 1
Al - 3T 5 ) St 23T
1 1 1 (4-24)
Q AGEHTY) — gl i 3Ty <t 20N | (4-24)

o
Ll

1 1 _1
Altg + SR Tl 7 - 3Ty st s 5T Tp)

1 1 -1
Al + FTpMRYL 7 T ST <t - 3Ty

I

! | . otherwise. ’ |
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These curves have fhe‘S—sha;:e property which is smlar to that
of the delay lock loop (44), [45]. Both Error Detection Characteristic I .
and II give useful curves whereas Error Detection Charactefistic IIT has
a null region in the center which gives no timing information inside this

.. \‘\ °
region and, consegquently, will not be considered further.

| : . 1
From Pig. 4-8A ard 4-8B, it is seen that far |tEl < T,
- the value ofvsis;::psitive far positive values of timing error and
- - ---- negative for negative values of timing error. At the arigin. the timing
_errorlszeroaxﬂﬂmevalueofv isa.lsozero. The timing shift given

/by (4-20) is opposite in sign to that of. thetmnng error and, conse-

‘quently, the application of this timing shift in the timing circuits

always tends to reduce the timing error. This reduction in timing exror

is investigated next. ‘ ' : -

4.5 ANALYSIS OF ERROR DETECTION CHARACTERISTIC I USING PSK SYNC BURSTS

4.5.1 Error Detection Characteristic I

reqgions, as shown in Fig. 4-8A. Whenever the initial valne of the timing
error, referred to hence as the initial timing error, falls outside
Region C, thesyncunitnustprovidetimingshifts_toreduaatheerror
mtil it does fall in this-center region. Eadlmm.ngshz.ftreqm_res
tranmﬂssicmofatrajnofsyrctmrstsamﬁndthe%mdlmﬁzatimlcxp
which is referred to here as an iteration.

1

It is possible to analyse each region separately by considering

thereductionofth.eta.rdngex:rorasrrorea.terauonsocmr The mmber

ofiterai-_icnsrequiredtOpassfmnapointinmereglmtoapomtin




99’

ramreg:l.misdetemd.mdand,thus them:LtJ.altJ.rm.ngerror
in the new region can be calculated. . Itisﬂ;mpossibletocalculate
thetotalmmberofiterationsrequiredctoreadltheoenta'regid;and,
since each iteration requires apprénd.nétely one round trip time, the
tinetoreammgimcﬁbee.stinated. Finally, the effects of up-
link and downlink noise and satellite motion place a restriction in a
rootnemsquaresensemthereduct;imofthetinﬂngerrortwardﬂle
The initial timing error in each region is given the subscript
of that region. InﬂegimwB,C,@dDﬂnirﬂtialtﬁningermrcanarise
eitheraéaresultofﬂmfirstiteratimorasaresultofalater
iteration where the magnitude of the timing error hasbeendecreased ]
from another reglon. For exarple, the timing error might pass from
RegimhtoRegimBarRegionDtoﬁegian. In Regions A and E, the
initial timing error can result only fram.the first iteration. Analysis
ismtpmvidedfornegimsnéradﬁsmcadxzemﬂmoddmtryof_ﬁ;e
Mdemcﬁonmisﬁc,&etmingemisaegqibedbyﬂw
analysis for Regions B and A, respectively. Thus, if the initial timing
emrfallsineiﬂterRegim"DorE,thebehavimrmbeexmined.by
simply changing the sign to convert to the other correspanding regions.

4.5.2 Effects of Satellite Motion

The effects of 'satellite motion on synchronization c:anube deter-
mined by assuming that the radial carpanent of satellite velocity

!
relative to the earth station varies slowly [37] and produces path
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\‘ .
lengﬂltinedelaydmngesbetweeniteraﬁpnsvmicharesmllcmpared

to the sync window duration. The change in path delay, typically of

‘\
the order of 18 ns [16], is glven by

“5{ (r) ] ‘ :
tyln) = "—g (2 Ty + T (4~25)
tM(r) = change in path delay from the I.'th to the (r-l-l)th iteration.
.vx(r)‘ = average radial velocity between the ™ and the (1:+l)th
. iterations.’
c =, velocity of light. ~
2 TD = round trip tine. /
T "= time required for the ground station to process L sync
bursts. .
= L'TO |
'I‘0 = interpulse spacing of sync bursts.

Far constant velocity satellite motion, the value of tM(r) is taken to

be the initial value t (.

4.5.3" Detailed Analysis for Region A; 5 'I‘W tg < ('I‘ + T ‘
(a) Timing Error Equation k
In Region A, the equatich for Exror Detection Characteristic I

is glven from (4-22} by
| _ oAl - - y
VS = A[—z—(TP + TTJJ tE] | . {4-26)
_where = is the timing error variable. .,

Ve
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Assume tEA(O) to be the initial timing error’ in Region A. Then,
- ° '. /
after the first iteration, the error voltage is given by (4-10) and the

Y\ I

first timing shift fram (4-20) is \
S5 TG
tSA(l)'-'= - '—_—'E—-"VE(O) ‘ ' (4-27)
~ 0
ST ., 1 '
= - B AR ~ gy 0] 4 )

where VN(I)" = PSK sync burst integrated noise voltage from (4-10).
I

After the first timing shift, the tmng exror becomas

R = 50 F M r S 42
- . 1. _1 ’
oo = tpa(0) A4 5m) - FUTHTD + 1,(1) = b v (1)
where
'y m = dirensionless loop chmstant™ .
R 2LA <y S T o .

\ | | T'I fO i

It is shown in Section 4.5.6 that the value of m, the dimensicnless loop

" constant, is restricted by 0 < m < 2,
A.ftertherthiterationandther;h

A timing shift, the timing

errar is
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/

£ (xy) = t5(m,D) (5 - T + () = b yy(n) (429

To solve for tE{rA) in terms of t;, (0), we may calculate the

z-transform [38] of tE(rA) to obtain

£(0) + dmmam)  GmimT) 2y 7,,(2) v @)
Tg(2) = 1 T -L ) = T T. -1 - .. 1.-1
- (1+§m)z : l -~ (l-l_—z-n'l)z l-~- (1+§m)z 1~ (l+§m)z
- —— (4-30)
where
'TE(z) = z~transform of tE(fA).
’ Tn(z) = z-transform of tM(rA)'
VN(z) = z—transform of Yy (rAJ.'

" faking the inverse z-transfarm of (4-30) yields the timing error

after r},l iterations

. ) r'
r r. A r,-s
bl = gy (0 (g P = S (g P11+ | gy(@) (gm B
r.
A I
L, A° (4-31)

- b ] vylp) (45w
o

This relationship is the timing error equation. By calculating
the mean and the root mean square, ‘it is possible to determine the con-

-vergence characteristics of the synchronization loop as shown below.
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(b} Average Tum.ng Error

It is - to calculate the exnectatlm of tE(r ) assurru_ng
that the values of tM(s) are all ‘identically egqual to tMu) which implies
constant veloc:lty satellite mt:.cn. This glves an J.milcatlcn of haw,

on the average, the Toop  corverges to s:ral]e.r timing e.r:rors as more

iterations are perfonned He.nce, the avarage tlnn.ng errar after

A ,
iteraticns, given by taking the expectatlcn of (4-31), .
Per) = Eltglmy) ) = tg, (0) (1+%.-er ~ L am )y (ko P
AT A 5 (TpTy) [(145m)
." ) r
+ 2 ﬁt’-‘- W) (@Em P -1l (4-32)

where E{v (p)} =0 for al1 p since v (p} are all Gaussian Markov pro—
cesses [39) havmg ZerQ mean.

(c) cg:xwergence with Sate]_b.t:e Mcrtmn

ToreducetheaveragetmungerrormReglonAasmrelte.ratlons
areperfomed ltlsneoessaxyfortE aue<tE(r_l) . If the,
value of Hd(l)ispositlve, 1t13p0851ble for the timing shlftstobe
1essthanthesatel]itemtim. mus,toadtievethiscxxwerg;mCE,' the

mmnlmvalueofmcanbedebemuredardlsglvenbysolmlg

[

S r T 2,0
e, (0 (g - %(prw) [m—ém) T (kP - 11‘ -
min '

-1 -2_tM(l) 1 r -1

' r -1 X
@k -ty e B -1 (O A




Thus, if tM(ll is pos:.t.we, the minimm valué of m is given hy

2 £ (1) |
Min 7 T > L
2Ty = a0

-

(4-34)

(@) Transition to Region B

To determine the average mmber of iteraticns required to pass
frcmanyvalueof%a(c) mReglmAbothenearestpomtmRegmnB

1t15nemsarytocalaﬂabethelargestmtegerr , such that
max

>5%,where5'rwlsﬂ1ehanﬂarybetaeenRagicmAami

(r )
B Ay
Region B. Thus,

r r

r . )
A X A 2 +,:(1) A
—— {4-35)
ar t, is the 1a:gest mt:eger satisfying the re]atlm
= S
(1)
T -4 s
n P m
tMu)

. Tp + Ty ~2t,(0 -4 :
r.  <- T {4-36)

: jha,x'};"" T ].n(l+§mJ

To reach Regj.mexunRegimA, the mmber of itzrations

required is then r, + 1. Values of r + 1 are plotted in Fig. 4-9
%X AITB.X

as a function of the ratio t,(0)/T, for T/T, = 1.25, t,(1) =0, and



20— - i

15 — S ]
Number of '
Iterations

0.4 0.6 - 0.8 ‘1.0 . L.2
Normalized initial timing error t_, (0)/T,

Vs

Fig. 4-9 Nuwber of iterations required to reach Region B

from Region A for a given ratio of T /Ty = 1.25.
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several values of the dimensionless locp constant m. Since each iterat-
fon requires one round trip time of 270 ms; it is seen that for the
va;uesplotmditwmmtakefrmzvoﬁtos.4,§_£orem10eaeﬁmg
error from Region A to Region B. As the value of the initial timing
.enorag_:moad'lesthelmtofz +TW),th._mmberof1ter:at_1m._
increases greatly depending on the value of m. Near this boundary, it
is possible for 'satellite moticon or moise to cause timing shifts which
mﬂﬁincreésethe.tinﬁ:genorsoastof.allmtsideﬂlewpbnerange‘
o.ftlhesyncunit.‘

After rA'maJ':liberations,thetiming errar enters Region B
and the initial timing error in that region is given by
' +1 - r, - +i

. r
A B
tp(0) = £, (0) (15w ™= - STy (gm0 -

+1

r
(1) A :
Zt‘r“; (3w ™ -1 4-37)

(¢) RMS Timing Error

’Ihetimingerrcrduetonoisecanbedete_nninedbyoonsidering
the.square‘rootoftheexpectationoftheneansquare timing error.
Define the rms timing error for the PSK sync burst after r, iterations

to be ' AN

i

iy = Bl y2y/2

: X, 2tM(1) T
= [E{tm(m(hfn) —— P-H‘W)[(l-tim)

{ (1+—m) -1]

r
—b):v(p)(l-!-m) }1/2 (4-38)
F
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r
A r,—p
2 1. AP 212
= [t “(r)) +Eb § v, (o) (1+5m) 171
e T ok N e
since E{ﬁE(rA) . vy} =0 far all p [39].
ave .
/ _
. [ :
If vN(x) and VN(y) are orthogonal .increments, that is x # ¥y,
then |
Efv (¥ . vy} = 0 . {4-39)
Thus,
r X
A ' r,—p A 5 2 (r,p)
b} v eade P2 =ep’E 1 owieagn ) 40
=l p=l
. The expectatmn of Vf;(P) can be fourd fraom (4-10) to be 139]
1 2 N LT, ‘1,2 N LT
EWVG (P} = i 52 ot W, 276 co 8 (4-41)
where
Fe = noise figure of the satellite receiver,
F, = noise figure of the ground sta\éon receiver. ‘
N, = single-sided noise spectral density.

Thus, tienrstinﬁngerrorusingPSKsymmrstsisgivenby

o
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' | bzn 2(r,~p)
2 GL AP 172

(r,) = [to(x,) + 3 Ttk (1+5m)

Y TR ; 2z éFGTQ Z ”im

o 7 — (4-42)
Ta 1 2(rA—p) (1L + lwz:n) A iy .
But, } 1+ >m = 5 . Hehce, it is now possible

p=l m+ Fm

mT
to substitute b = 2—1,_51;'"5 and define the signal-to-noise ratio by
QlR-ﬁ-— [40],whlc:hlsﬂ1ema)mnmfcranatmed flltermer:eEls the .
0

signal energy. Then, the uplink signal-to-noise ratio, SNRU =
2 Kk, 2w

‘f‘ N a:ﬁ the dwnl:mk signal-tonoise ratio, S:NRD-
Z(Akkz]%kxl 97 Ty

Fe No

Thus, the rms timing error is-given by

s ave

-— (443)

'I‘heturn.ru_:jer'rordlE'comlsem (4-43) is a product of two
factors, the First which is defined by (4-44) and the secerd, £, (r,,m)
which is a function of.rAaIﬂmas defined by (4-45). Values of t, are
plotted in Fig. 4-10, normalized to the sync window duration for the

caseSNRU=a~IRD=SNRandseveralvaluesofLarﬂTQ.



1.0 ¢ ,
—T.= 10 T, L = 10 1
|
-_—5TW,L=10
! | !
0.1 : i
t_N_ TQ=10Ter=SO
'J:'W , L =050
.01
.00l

Fig. 4-10 Timing error due o fidise.
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\

2
T T T .
~ 1 W W Q
W T [ZL_(RTRU+SNRD) - (4-44)
o ' :
, . _ _ 1.3 1/2 '
£, m = g [(1+3z9 7 -1 (4-45)
A-A. 1+%m .

The expression 'fA(fA,m) is now examined in more detail.

Z{f)  Bound for £, (r,,m

The value of fA(r ,m) appears to become 1arge'as Tn increases.
Mer,&isfacborcmbetmxﬂedbymﬁmmatrAmam

value,mtheaverage,gimbyr.+1vd1ecer is defined by = -

(4-36) . Thus, after r, +1 iterations, the timing error enters
Region B where a new expression for the errar detection curve applies. -

The value of fA(rA,m) is then bounded by

fA(rA,m) < supremm {fA(rA,m)} {4-46) .~
T )
In o 7 +
- —2t_ (0) =t (1)
B g ? yi:“lm)m Y2
T a3
‘m ‘2 o - E W 1/2
- B g )2 - 1y
Lrgn

4
Tty (O i D



Curves are ploi\:bai in Fig. 4-11 showing thé -ralue of supremum
{f (r ;m} for TP/TH = 1.25 amd several values of m as a function of
the ratio tp (0) /Ty assuming tM(l) = 0 (staticnary satellite}.

(g) Capture Range

. Thecapture range of the sy:m: unit can be estimated by noting
t:l:lat after the first iteration and timing si-nift, the value of.the rms
tum.ng errcr, tE(l) , mst be less than tE,A(O} to achieve a reduction
mthetmu.ngermr The caphure range, tcapt' is the boundary.where
tE(l) tE:A(O) in (4-43) and is reduced as the additive noise entering

the system increases. Thus, assuming (4-34) is satisfied

2 2 .2 2
t = m + (1) (4-47)
or
1 1+ l-rn

t = T +Tw) ——tM(I)] [‘—I_ ﬁN(tN)]
where

'l 1 2
B ) = ~t— - Skl Rl
- 1 1 2 2
2+3m i-(TP+Tw) —-HtM(l)]

1 2
| The largest value for the capture range, E(TP i’) o tM(l) .
occurs with negative values of satellite motion and infinite uplink
signal-to—-noise ratio, that is, ty = 0. Positive values of satellite
motion not only linearly decrease the capture range, as is seen in the
: = A :

y ~ I, s -] et Y
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0.4 o6 . 0.8 1.0 )

-

Normalized initial timing error tEA(O)/‘I'w

-~

Fig. 4-11 Graphs of supremm {fA(rA;m)} as a function of

1:,513%(0)/'1'W for a ratio of TP/TW = 1.25 and varicus m.
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firsttemontherl@tm(ll 47),h1talsoenhanceﬂ1eefectofﬂ1e

noise. The factcn: t'N(tN) reduces the capture range with :anreasmg

noise and positive values of tM(l) . In Fiq. 4-12 the value of fN(t ) /
is plotted as a function of 2 tN’/(TP+TW) for various Values of m

assuming tM(l) =

(h) Maximm Allowable Noise Level
An estimate of the limit to the amount of noise which can be
tolerated, if synch.rc:ruzatlon is to be ac:hieved, can be calculated.
This limit occurs when fN(fN) 0, as illustrated in Fig. 4-12 for
tM(l) =0, and is cansed by the value of tE(nrrrs being greater than

or equal to t, (0) due to noise. This limit is given by

1 2
2T * &~ w

- - . (4-48)
w3

Values for M lie in the range fraom 0.3 to 1 ps for values
ofmfrano.gs o 1.75, TW'Slufs am.’:TW <TP < 2Tw. Referring to
Fig. 4-10, it is seen that the; values of the timing erxror due to
noise oocur for values of signal-to-noise ratio near zero dB far the
carves plotted. Hence, in all practical cases, capture is possible

when the initial timing error falls in Region A.

‘4-5‘.4 ANALYSIS FOR REGION B; 2 P TWJ tE

Much of the cetailed ana.ly"sn.s far Region B is similar to that

in Region A. Hence, where similarities exist, onlykthe results are
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0.6 : ‘ |

0.4

£, (6

0.2

) 0.25 0.5 0.75 1.0
/1
Hq_Z(TP 2

Fig. 4—1‘2 Graph of fN(tN) as a function of 2 tN/(TP +'I'WJ

" for various values of m.
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presented. Details are provided when necessary.
(a) Timing Error Equation
The timing error after ry iterations in Region B is given by

!

L

& -s
B

e = (o) (1 B L N T - S 1T
tplp) = g0 (Igmt ™= ST R) R-(5m 7Y + ] gy (s)
. s=1

r
B r~p
~b ] v (o) (@ -gm ° (4-49)
Fl a
where t(0) is the initial timing error in Region B.
(b) Average Timing Error
The average timing exror 'is given by
©) =t (00 3 B twor)n-a- 1B e 2 - - L™
A U 3T Ty 2 a Hyt) -0~ 5
——  (4-50)

(c) Convergence with Satellite Motion
When the value of (1) is positive, the minimm value of m
required to achieve convergence is Region B is given by C)
2 t,(1) S
min = ! (4-51)

non 1
F(Tp ~ TP ~ (@

) Transition to Region C

The mmber of iterations to reach Region C from any . initial

value of tEB(O) isxp + 1 where Ty is the largest integer satisfy-
S max max -

ing the relation

W
W
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S S
D
R

8

1 2
ln{tEB(o) + 7(TP B TW) T m tM(l)}

2 :
T, - - =t (1)
ry < P = i , (4-52)
- max ln(——i—- y o
| 1-Im

The graph of rp o+ 1 is piotted in Fig. 4-13 for the ratio
Tp/T,, = 1.25 and several values of m. Even for a small value, say :
m = 0.25, the mmber of iterations required to reach Region C from any

point in Regicn B is eight or less.

() RMS Timing Errar

The rms t_md_ng errar is given by i

2 1

tlg) = () + € £y,

where ty and tp gl e 2T defmed by (4—.44)"arﬂ (4-50) , réspectively,

11/2 (4-53)

and o |
£ (g m = [—5—I[1- (- > m B}y 1/2 | 1

(f) Maxdmm Allowable Noise Level

The analysis of Region A shows that capture can be achieved if
.theinitialtjmi_ngerrc:ris‘ 1essthanthevaluegivenbythelc‘aptu::e
range. In Region B, the timing error due to noise cannot exceed a
certain]imltifthaﬁnd.ngérraris‘toreachl?egionc. This limit

occurs when tE.(l)mrs = tE:B(O) = %(TP - TW) , the lower boundary of

3



o - iz, - 4

R
P
p=-— Regim B- -
10 : - —1:
1
Nurber of | b
ftexatians | I
. : ' i
=025 1 ;
m=l1.0 ;
! ‘ 1
N >
1 ' ! ! . ]
. [ 175
-0 0.2 - 0.4 0.6
Narmalized initial timing error tgg(0)/T; g

Fig. 4-13 Number of J.t,e.ratlons Irequired to reach Region C

from i'{egion B for a given ratio of TP/TW = 1.25.
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"Region B. With one more iteration, the timing error st fall in

Region C, assuming (4-51) is satisfied. Thus, using (4-50) and (a- 53),

" the mexdmum timing errar due to noise, t, , is given by

max
(T —’I'I) -5 cr;rw) Q- 37 - T+ W12 e’ g (a5
. - ’ ) . m‘ -
Qr
B - %[[%(TPJI‘W)] [2 (Tp Ty (1 + g1 }1/2

max

typlcalvalue fcct‘tNB is of the arder of 100 ns which,

\ .
fram Fig. 4- -10, ccxr:cesporﬂs to values of signal-to—noise ratio of the
arder of 10 dB.

4.5.5 OONVERGENCE TO REGIN C FROM REGION A

The.total number of iterations required to reach Regicn C from
any point in Region A can now be calculated. The murber of iterations

from Region B to Region C is given from (4-52) by rg 1, as illust-—
Brex
ramd mf‘lg. 4-13, but it is necessary to match the equat::.on for Reg:Lc:n

Atotheeqmt:.mforRegionBtaJu.ngtheboundaryattE Twmto

Pt

acoount .

\ E‘rcm (4-36) , it is shown tl'?at rphax+ 1 ite.ratiaﬁxsl are required
to reduce the timing error from any given initial timing errar tp,(0)
in Region A to an initial timing error of t,(0) in region B. The value
of tEB(O) can be debe.nnlned byt first calculating the value of rBI in
; - substituted for t;(0). Thus, the murber of item:c:ticxs

reqm.redtoreducethetmungerrorfrtmanmltlaltmu.nge.rrorofz'l‘W

(4—-52) with

ol e
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to Region C is then given by the J:aa:gest integer, Tp o satisfying the
ot : S
¢ relation ‘

Tp + 1 ST (4-55)

B
tot max _1
g0 = 35T,

Next, it is seen from Fig. 4-13, that the required value of
tpy (0) is simply the timing error at the edge of the first step to the

left of the boundary at %TW Hence, su.bstitube'i:B
: . tot -
‘ . 1 : ) : .

of rgy in (4-50) and >(Tj - T for tB(rB) ave This ylelds the- : required

value of tEB(O) given by

for the value

| 1 "Bot o rB;o
- ML-3A-3m 1 25,0 - a-Im

ty (0 =

) o ’ ' m I
' Biot -~ '
@-3m R S
. | - — (4-56) ©

Substituting this value of t.,(0) in (4-37) and solving for
rAm: | results in the mmber of iterations required to reduce’ the
tmungerrorfrmanyvalue tm(o) in Region A, to the edge of the first
st'eptomeieftofétrﬂ'ingegion‘s. Thos, | |

m{:m R %tm(l)}
- Prax In(l + 5 m)

where t(0) is given by (4-56). |

4=t




The total ramber of iterations, r,., is then given by

rAC = rBtort_: + I'-Arrax +1 | (4-58)
"I'he graph of . is plotted in Fig. 4-14 for T /T, = 1.25 and
several values of m. ‘_ _ . . | j
' Thevalueofthemstrm.ngexrorcanbedetgrmnedbycalmlat— |
ingtheexpectationofthesquareofthetlminge:;or. Thus, using
(4-31), (4-32), (4-50), (4-55), (4-57) and (4-58) yields

rA L Ta +1—p s
el = Bl  +0 b v () (1+5no 10- Zm Prot 1
. L p=1
. . : Ty | ry |
1 e tot, |, 2 P “tot,, 2
IS L F ez n-a o
RN 2 .2 1/2 ‘
-+ o b , W] 4-59
'~ BB, ‘ (4-59) )
' |
Afte_rsinplification,memtindngezxorbecmes f

| | ., B _ ' s
el s = W Have e R @

r v ' 2r

o
2 tot, 42 _ tot
+2e,@0-0- 30 Rl g +1,m (1 %«\

2 1/2 L
+ £ (x » M7 : . (4-60)
B B, | |
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Note that the timing error due to noise from iterations in
: : g ‘ 1,2r
Region A is reduced by a multipying factor of (1 - 3) Btot: which

is always less than unity.

4.5.6\:(DNVER{§N:CE TO THE ORIGIN. - REGION C;- ']2—'(TP-’IW) < tE < ('I‘P-'Tw)

(a) Timing Error Equation

When the timing errar reaches Region C, the system must provide
ocorvergence towards the uric_p.n as more iterations are perfarmed. Only
the salient points of the analysis are presented since the procedure
is similar to that of Region A. !

The z-transform of the timing error is given by

!
(0) : T . (2) bv (z) - !
r 2 = *m.,_l+ AR -
l1-(1-mz 1-1-mz 1-(1l-mz"
. —— (4-61)
']:E(z) = z-transfarm of _tE(ré)
. \
TM(z) = | z-transform of tM(rc)
VN(z} = z-transform of vN(rC)
th(O) = initial timing error.in Region C.

Far stability, the p;ales in (4-61) must lie cutside the unit

circle in the z 1 plane. Hence, a corditicon that m must satisfy is

0 <m«< 2 (4-62)

The inverse z—transform of (4-61), giving the timing erxar
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equation is

< ) o e L e
Ly = 6 (0 0-m "+ ] t,(s)(l=m) - -b ]
s=]1 ‘ =1

r.-p
v o) m €

(4-63)

(b) Average Timing Exror
| The average timing error is calculated assuming that the values
of t,(s) are all ide.nticaliy equal to t,(l) which implies a constant
velocity satellite moticn. 'Ihis shows how, on the average, the loop
converges to the arigin (of the error detection characteristic as more
iterations are perfarmed. Hence,

-

L r 1,0 .
E{tg o)} = tpirg) on = tpe(0) Q-m = [1-(-m "]  (4-64)

where E{vN(p)} = 0 for all p sice vN(p) are all Gaussian Markov pro-

cesses having zero mean [39].

There are three regions which occcur for the timing errar

£t (0) (1 - m C , as shown in Fig. 4-15. The first, for 0 <m < 1,

is the overdanped case where tEt(O) (- m)rc always has the same sign
as t,.(0). ﬁjhesecorﬁcase, far m =1, is ﬂ‘zec:r:iticallydanﬁegicase‘
in which convergence occurs in one iteration. The third region, for
! ' r

1<m<2isthemﬁe_rdanpaicaseinwhichthevalueoftm(0) (l-—.m)c

alternates in sign with cansecutive values of oo -
Similarly, there are three regicns-df canvergence for
r
£, - Q-m G, as shown in Fig. 4-16, but in this case, the

steady state error is tM(l)/m. The overdamped case occurs when




O -J

Lo

_Fig. 4-15 Graph of (1 - m) C for selected values of m.
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0 <m < 1 while critical daming occurs for m = 1 a.rﬂmderdampl‘ng
results when l<m<g 2,
(¢) RMS Timing Erxxor
The s timing error is given by
2r
_ 2 2 m - - c, ,1/2.
O e T EE ety o - 2-m 71 ]
. ‘ — (4-65}

where ty is defined by (4-44) and tE(rC)ave is defined by (4-64).
‘ . B _ .
The noise term contains the factor =2 — {1 - (L-m ©]
P

which is plotted in Fig. 4-17 far selected values of m. Fram the

graphs of Fig. 4-15, 4-16 and 4—];? it is seen that a desirable range
for m lies between approximately 0.25 and 1.75 which gives a 7:1
dynamic range. Thus, the exact value of m is not critical. This
implies that synchronization can be achieved even without careful
sync burst level control. Assuming this particular range of values, .
the locp arrives at a $Teady state condition after about 15
iterations. Hence, since an itergtion ocours in time 2 TD + TGP which
is about 0.3 secards, this part of the fine search mode is campleted
in approximatel: 4.5 seconds.

As the number of _iterations becomes large, the mgnittﬂe of
(1—m)rcand(1—nozrcbécaremg1igib1efor0<m<z. Hence, in ‘
thestea,éystatecasethetimingermrisgivenby | | R

(1)
tle) o = ut“m )2+t§ m_ 12 (4-66)

2-m
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The value of the rms timing error is'thus seen to be at least
t,(1)/;m due to satellite motion alone. This error is quite significant’
(for exazrple; it is equal to 50 ns for tM(l) =10 ns and m = 0.2)
cx:mpaxed to values of the timing error due to noise as plotted in
Fig. 4-10. Us:.ng a value of m near the maxirmum of 2 reduces- the exror
due to satellite motion but greatly increases the contribution due to
noise. However, in Chapter 5, it is shown that the timing error due
to constant velocity satellite motion can be eliminated bf exploying
a’ tracking network. | S

4.6  ANALYSTS FOR ERROR DETECTION CHARACTERISTIC I USING FSK SYNC
. BURSTS .

Analysis of the system using FSK sync bursts shows that the |
‘resulting equations which describe the t.mu.ng error are the same as
for the PSK sync burst implementation wherever the effecm of the uplmk
ard downlink noise do not enter the equations. When noise effects are
present in the equations, it is seen that the timing error is increased
when FSK sync bursts are used rather than PSK sync bursts. The details
of the analysis are essentially the same as presented in Section 4.5

and consequently, only the results 4re presented here.

4.6.1 Results for Reqion A; 3T, < t < (T, + T)

(a) Timing Error Egquation

\
The timing error equaticn, derived using the same technigue

as Section 4.5.3(a), is given by

-:".n_.'&; Lae

Sy A A i VR S it i [ ™ T3 e

:
i
i
t
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r

_ 1. "a 1 1\~ A rp~S
) = 0™ egmpade ™+ Lo 0™
.x
A r.—p ' -
-b ] v L+ zm P (4-67)
=l

4

where v (p) = RSK sync burst integrated noise voltage fram (4;16) .

(b) Average Timing Error - see (4~32).

(c) Canvergence with Satellite Motion - see (4-34) .

(@) Transition to Region B - see (4-36),,(4-37) and Fig. 4-9.

(e) RMS Timing Errar

The rms timing error is given by

e s = [tf:(rA)ave +2 tt?zﬁi(rA' w2 &9

where t(c) t, and £, (r,, ™ are given by (4-32), (4-44) and

(4-a5). . _ | ‘
N Note that the contribution due to noise is doubled from that

of the PSK syﬁc burst implementation. /

(£) Capture Range

The capture range is given by
\
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1l
1+ —m
t(':‘_@lpt = IZ(TP+'I'W) tM(l)][———l— EN((:N)] (4-69)

’

1 2
1 l--Ei‘rr1(l+:1-m)i‘.t\I

T 2 2
[—2—(TP+TW) . th(l)]

£ty =

N

Clearly the capture range far the FSK sync burst implementation
is less than for PSK sync burst implementation since fﬁ(tN) < £N(tN)
(Erom (4-47)). |

-{g) Maximum Allowable Noise Level

An estimate of the amount of noise which can 'be tolerated is
given by

. (T +T)-—tM(l)
- ' - _ (4=70)
/ s tNA "

; N ' mx j&n(l + l rn)

For typical parameter values, the signal-to-noise ratio require-

ment from Fig. 4-10 is near zero dB.

4.6.2 Results for Region'B; % Tp — T < g < ’
The analysis in this Region is similar to that of Section 4.5.4
and only the results vwhich differ are presented here. _ -
(a) Timing Errvor Equation o . ("fhﬁ

"'7’73.('

The timing errcr equation is given by L
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U

. . |
' : T r B r -s
_ B 1., _ ~ .y B 1B
£ () = g (@) Qg0 P- T T-Qgm BT+ Ly a3
r. - .
B X -
-b ] vito) gm P (4-71)
=1

(6) Average Timing Exrcr - see (4-50).

(€} Cangergence with Satellite Motion - see (4-51).

(@) Trapsition to Reglon C - see (4-52) and Fig. 4-13.
"

(e) RMS Timing Exror

The rms timing errar Qye to nolse is given by
b gl e = TRl e * 2 T Ealrgy WIYZ 472
where to{ry) s ty and fplrp,  are given by (4-50), (4-44) and
(4-53), re;spectively. : |
| Note that the contribution due to noise is doubled as campared
to the PSK sync burst implementation.

(£} Maxdmum Alldwable Noise level

The maximum allowable noise which can be tolerated is given by

Sp_ " Lo, - 1% - G, -1 (- m + y a2

. ' ‘ —— (2=73)

N
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4.6.3 Conyvergence to Region C  from Region A

The kanaleis for the _rnmbe_r of iterations to reach Region C

from Region A is the same as far the PSX sync burst case and the

-~

equations far xp tE‘.B(O) r T , and Ty are giyen by (4-55), (4-56),

(4-57) and (4-58) , respectively. Also, Fig. 4-14 and the related

-

discussim applies here.

(a) RMS Timing Exxar : .

The xrs timing errar is given by

)

B
g lEp) g = [legalip + 1 Lo ot Trer) 0-0- . )

r

2 Beot _ Beot
+ 26, 0-0- 0 P E 2 22 (7, 4 O é‘n)

¥ fg(rB L, mnY? : (4-74)
tot

Pgain, it is seen that the contrihntion due to noise far the

FSK sync burst- inplemantation is twice as high as for the PSK sync burst

implementation. ' _ |
. l i + . ‘/ ‘

4.6.4 Oonvergencetotheo:cigm Region C; 2 P—‘Iw) b s -—(TP-’I‘W)

"{a) Timing Erxrar Equation

The timingerrurafberrcite.ratiaxs in Region C is given by
r. r-s fe rp

'r
tlc) = £ (0) @ Ly aw ¢ - bpza vy (e} (m © ;

e (475
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(b) Average Tifing Fxror - see (4-64), Figi 4-15 amd 4-16.

{c) RMS T ; Exrrar

The rms timing error is given by

. _ ” I
e ms = [té(rc)ave * t§ 2221 ml-@-m M2 e

vhere tE(rC)ave- arsd tN are glven by (4—64) and (4-44), respectwely
' fThis expression differs from that of (4-65) in that the term
due to noise is doubled.
/As the muber of iterations become large. The rms timing

error reduces to

L | |
o) o= [(——) thy A2 - (4-17)
4.7 ANALYSIS FOR ERROR DETECTION CHARACTERISTIC IT USING PSK

SYNC BURSTS

In this section, ﬂaebehaviqmoftl;etiﬂmxgermrisexandned
assuming that Exror Detection Characteristic II, shown in Fig. 4-8B,
applied and tﬁat PSK sync bursts are used. The procedure is identical

to that fczrrmlated in Section 4. 5 and only the results of the analysn.s ‘

are presented here
\

- 4.7.1 Results for Region A; 3(T, - 'rw) tE < BT, + T

{a) Timing Error Equation - see (4-—31)

(b) Average Timing Exrar - sge (4-32).




-

(c) Convergence with Satellite Motien - see (4-34).

(@) Transition to Region B | L

Since the lower boundary for Region A here differs from that

of Error Detection Characteristic I, the value of r,’ differs and

is given by
j - = tM(l) , }
Ty + T, - 2 (0)—— (1)
r l t{“ Y " (4-78)
LW In(l + = m

2

To reach Region B fram Region A, the muber of itexations
required is then x + 1. Valves of r +lareplot:tédin
Fig. 4-18 as a function of the ratio tﬂ\m)/'rwrfar ttd(l) = 0 and
several values of the dimensicnless loop constant m. CQurves for
different values of the ratlo T./T, all have the same shape as Fig. \
4-18 since r.P in (4-78) ig a function of TF,/‘I‘W _‘ZtE:A(O)/TW' A
shift in T /T, is reflected by a similar shift in the variable
2 tm(o)/".ft‘w. Thus, the normalized range extends from %TP/I‘W to
L
-2- T.P/Tw + 1. .

The value for tEB(O) is given by (4-37) using ’(4—78) for the ‘
value of r .
PArax

(e) RMS Timing Error - see (4-43) and (4-45) noting SuP'fA(rA'm)

given by (4-79).

(f) Bound for fA(rA,m)

As in (4-46) of Section 4.5.3, a bound for fA'(rA.m) can be
calculated and given by
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ar -3¢
TW m tM }2
4.
TP-vrw - 2th (0) - = 1-“(1)

— (4-72)

_..m 2 _anl/2
sw. £, (cm = g [ ( 1p
' : : 4

Curves of sup. fA(rA’ m) are similar in shape to Fig. 4-11.

(g) Capture-Range - see (4-47) and Fig. 4-12.

(h) Maximm Allowable Noise level - see (4-48).

. 1 ‘ 1
4.7.2 Results for Region B; -2-Ew~<_1:E <5 (T - T.p

s

'I‘ﬁe results in Reglon B far Error Detection Characteristic II
are quite different from those derived with Error Detection Characterxistic
I. 'I'l'_liS is due to the zero slope of the forme.ras campared to the non- |
zero slope of the latter.

(a) Timing Error Equation

Ti'etmﬁnge::rorequationisglva'xby

W

. _ L Ty Ty
tolrg) = tppl0) - 5mxg T+ [tM(s) -b } vy (4-80) .
s=1 =l
(b) Average Timing Exyor
The average timing error is given by
bl o = tg(® = MR Ty oy (D  (4-8D)

(¢) Convergence with Satellite Motion

The minimam value of m for oonve.témce with &,(1) positive is

2 t, (1)
Mwin ~ T Ty

W

(4-82)
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(@) Transition to Region C
The mmber of iterata.ms to read'x Region C from an .m:l.tlal
- value of tEB(O) is Xp is the largest mteger such that:
max
(0) - 5 .1
Ty tEB (4-83)
max m'l:w tM(l) -
(e) RMS Timing Error
The s timing errar is given by )
2 2 2 132 " {4-84)

tlrg) o = [tE(r) +€m

where tE(rB) and t_ are given by (4-81) and (4-44), respectively. | i

(f) bﬁ:dmm Allowable Noise Iev'el g

ty = Ligra?- T, (L -+ g, 142 u-es)
max

4.7.3 Convergence to Reglon C from Region A
The analysis'is similar with that presented in Section 4.5.5

and only the results are given here. The equations for x, aljld Xarn

'are given by (4-57) and (4-58) respectively. .
(a) Largest Integer rp ' '
. ‘mt I
r < T ' 1 (4-86)
Btot B:max -
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&) Value of t3(0) i
e oL :
(@ = FRA 5, ) rBtot tM(l) (48]
(<) RI-G’TimingE:rIEr; / 7 .
. ’ ‘ 2 ;
bl ) = [{tE(r Vave én 5. bry W) |
. tot |
2 2 .12 : |
+ tN{f (c, +1,m +m rBtoi;l] (4-88)

o Convergence - =
4.7.4 +o the Orligin - Region C ZTN‘<FE5T

The results of this section are identical to those given in

d .
Sect10n45631noetheequationsforthet:~oerrordatectmn

c:haracte.nstics are the sarne in this region

L3
L

o : * Ll

4.8 ANALYSIS FOR ERROR DETECTION CiﬁRAC’I‘ERISI‘]:C II USING FSK SYNC

Analysis of the system when FSK sync bursts are used shows that '

many of the results are the-same as for the PSK sync burst case. The

gimilarities and differences axe examined in this section. ‘

1
{1.8.1 ResultsfchegimA.z P TW) tE<—(T +Tw)

-
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(a) Tnmngf:rmr\E‘cpatmn - see (4-67).

) Average Timing Error - see (4-32) .

() Convergence with Satellite Motion - see (4-34).
. LR 3
(d) - Transition to Regian B - see (4-78) and Fig. 4-18,

(¢) RMS Timing Error - see (4-68).

(£) Capi:ure Range -~ see (4-69).

() Maximm Noise Level - see (4-70).

. , 8 ‘
4.8.2 Results for Region Bj 3 T, & tp < 3(T, = T,)

(a) Timing Error Bguation

g Ty

1
(r) = (0) ~=mr + {s) - b v! (p) -
tEVB tE‘.B 70y Ty thM Zl N (4-89)

(b) Average Timing Errcr -~ see (4-8l).

(©) deergenca with Satellite b‘bt.ign - see (4-82).

(@) Transition to Regich C - see (4-83).

(@) RMS Timing Errar

The rms timing error is given by

3

ﬁ\z rgl Y2 {4-90)

teCylyms = IR aye * 2 tﬁ
vmere tE(;B) ave and tN are given by (4-8l) and (4-44), respectivalyv.

!

| JOmv
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(f) Maximm Allowable Noise Leval

The maxinuen permissible timing errar due to noise is given by

- | 2.1/2
L oYm = }ZT [[%.'1“(\11:a - [—?;.- TW(I -m + tM(l)} 1 / (4-91)

4,8.3 Conve_rqence to Region C fram Region A

The results of the analysis show that the equatmns for Ty o
max

rn and tpp (0) are given by (4-57), (4-58),. (4-86) and (4-87)},:
tot
respectively.

The rms timing error is given by

) 5
- = T o4+ Y (1}
. tE‘ }'\C s utm(rf\ha_; ogn rBtot W Bt:ot:tM

t2. L2, L 2 2 1/2 )
+ z'tN{fA(rAmx +1, m + m. rBtot” (4-92)

Tq

e

1 .
S Thys g«
The results here are identical with Section 4.5.6.

4.9 SUMVARY OF THE RESULTS - l

y

' 4.8.4 Convergance to the Origgl_:- Reglon C;

Starting fram a‘ physical modei, a set of thr error detection
cmracte_ri.stics has been derived which relate an error voltage measured
in the sync unit to a timing crrox ccourring at the satellite, These .
characteristics result by assuming the coherent detection of either PSK

or FSK.sync bursts.
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Depending on the value of the dimensionlass loop constanﬁ, m,
the timing error is found to converge to zero average timing exrrox
whenever the satellite is stationary. In particalar, a desirable f;lnge

for m lies between 0.25 and.l.'lJS. |

The analysis of the locp behaviour is the same for PSK and FSK
sync bursts whenever the effects of noise do not enter the equatians.
When the effect of noise is in‘;:luded, the PSK sync burst is found to
produce a higher signal—to;-rioise ratio than fhe FSK sync burst. However,
the FSK sync burst éystem can be implemented using envelope detectors.

Of significance is the result that the eaxth station will lock
to the sync window even for values of signal-to-noise ratio near zero
dB. To achleve accurate synchronization, a signal-to-noise ratio of

the order of 30 aBis required.




. CHRPTER 5

Tracking Mode

Accurate eé;th station synchroqization to a switching satellite
in motien can be achieved by providing a tracking feature in the synchro-
nization c:l.a:cu.yts. In Chapter 4, it was shown that fine search synchro~
nization can be obtained by the transmission of trains of sync bursts
at/ intervals of approximately cne round trip time (called J.teratlons) -
After receptién of each train of sync bursts back at the earth stati&u,

a timing adjustment is perforned Thus, it was shown that conve.rgence
to zero average timing error occurs whenever there is no satellite motion.

When satellite motion is assumed, a timing error results in the
fine search rnode Wthh can be many times greater than the timing error
due to noise. 'In ttu.s chapter, it is shown that for constant velocity
satellite motion, a tracking network can be included in the timing cir-

" cuits which reduces the average timing error to zero. Thus, in this
case, the limitaticn in timing accuracy is due to the upllnk /dcwn—

llnk s:.gnal-to—noise ratios.

5.1 - TRACKING MODE TIMING EQUATIONS B

The dynamdc error caused by satellite motion can be reduoed by
switching in the tracking mode network, shown in Fig. 5-1, which inte-
grates the errar voltage pulse from the timing adjustment gate. With the
tracking mcde netwark switched out, this circuit is identical with'the

142.
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(e

fine search mode system of Chapter 4. The integrator applies a very

small correction voltage to the VCO at all times through the surmer which

causes the frequency of the WO to he dlfferent from the center frequency Lo

P

Wy

-

whenever there is satellite motion. Thus, in effect, the tracking mode

LS 3

network provides a prediction of the timing shift based on previous meas-
urements . _ “
The relationship between the input voltage and the output voltage -

of the integrator is given by

@ -
T
: 2
vt = = J v_(t)dt ' (5-1) .
Q Ty Jp. I ' -
1
v (t) = output voltage. o . ?\\
Ve (t) = input voltage,
Ti = jintegrator time constant.

'1‘2 T, = integration interval. ‘ ‘

The value of Vi {t) is equal to the error voltage fl;an (4-10)
far the PSK sync Purst ﬁrplamntatioh or {(4-16) for the FSK sync burst
impiemntatidn for the duration of the timing adjustment gate, Té, and
zero at other times. Hence, the output voltage can be written_as a func-
tion of the number of iterations in the tracking mode, Iy, and is given ¢
by _

_ Lesk)
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) . | 1 Lp”
./Vor'(“r -1 = F;pz E:[.('l:)dt: {5-2)

(smca v (t) is constant over

the intervals of t.he integration)

v_ (&) = error voltage in the tracking mode

Vip(P) = error voltage in the tracking modé
after the pth iteration .

ZTD'-nmxﬁtript.mp
T utimrequiradforthaeart:hétationbo _
‘process L sync bursts |

“L'I‘O

T, = interpulse spacing of sync bucsts. o ‘

The s’ubscribt\"l". is used to denote that .ﬁhe loop is opdro.ting in the A
tracking mode, '

Tha't.racking mode  can ba initiated either by a manual gwitch or
somo auﬁm}atic means on corpletion of tha fine search mede. Whenever a
timing exror occurs, two types of timing shift are provided. \'Ihe finst
{s the static shift due to tha error voltage being applied, to the VOO for
‘the duration of the timing ndjust:rent gato, and second 18 the dynamic
ahift due to the integrator which is constantly fed to the VCO. Adjust-
menta-m:e made only.when a gate trigeger is applied to the timing adjust-



ment gate which is once in }a rcund.trip time.

" The shift due to the gate and the trac}d.ng netwark can be
fourd in a_ggnner sim.lar to that developed in Section 4. 5 6. Assume
the last error voltage- at the input to the timing adjustment gata, -
uporn ccnpletion of the fine search mode, is v (rK) oorzesoond.i.ng to
the tindng error tE(r ) as in (4-65). This voltage is the first error
voltage applied in the tracking mode and is called Ve (V) corresponding
to the timing exrror tm(O) . Next, the integrator is activated plaej.ng
the synchronization circuits in the tracking mode. The timing adjust-
ment gate applies the error volt-:age Vg (0 through the sumer to the
control terminal of the WOO. The tracking moda natwark integrates the
voltage and adds this to the initially stored value of zero volts. 'rhe
output voltage of the tracking network i3 also applied to the control
terminal of the Wolthrough‘ the summer and the pericd of the WO bhecames

) %

T o= £57S G O o )

{5-3)

. S.v fO) ST v...(0)
‘ ED o on
> ) 1=

Tolt =TT 5

Tha firgt term ‘c‘;f this expression is the sae as (4-19) ard the

resulting timing shift is given by (4-20). 'I'ncz ;:ind.ng shift due to the
T8 v (0
Q or
eemrdtennferaderationof'l‘ois-—!;——‘-—. Since this ‘shift

actually ccours over the intexval (2T + T, the time between
. - ,

1]
-

V7 o . N .
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(2T, + T_) S Vap(0)
D ? - or . Thus,
(o]
the total timing shift for the first iteration is

iterations, the totai timing shift is -

ST,V (0).' ..(2'1" +T) '
tep(l) = - G%gr + fo CI’)v (0) ) (5-4)

The ti.mmg shift over the thh itergticn is given by

ST, Vol = 1) ST, + Ty :

¢ "Er ‘v

topley) = g + {,’0 E vyp (=)
| ' o —-—(5—5)

Solutions of (5-5) are now examined in detail far the PSK sync

burst implementation and for the FSK sync burst i:tplmtai;ion.‘

5.2 psxs?mam’srm.mmmm

5.2.1 Ti:nianrrorEquatlon

The mtmd for calculating the timing error 1s similar to that

T used in maptar 4 but the analysis now includes the additicnal input
from the tracking network. The timing shift after the firat iteration,
" given by substituting(5-2)into(5-4) and using (4-10) is | ‘

*
ST 8(2'1‘

. )T ’ '
(/\ tsr(l)' - -1% + ?6 k ]iznc tET(O) + v T(l)]

Y

= =[m tET(O) +bwv T(l) + fm tET(O) +Bghv T(l)] (5—6)

—~—

2T, + T ’ E
, in the tracking mode locp tant, and mand b

D -

]
Ty

where § =
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are defined by (4-28). Thus, the timing error after the first itenéion '
is |

top(l) = tpn{0) + tgp(l) + (L) (5-7)
= tET(O) l-m-~- Bm] - bl(l + B)VNT(l) + tMtl)

~ where tM(l) = timing errcr due to constant velocity satellite moticn.
Similarily, after the next iteration

-

:g.r(z)_ = (L) [Lmedn] - Bn e (0) ~B(L48)yn (2) - 8D v (L) + (L)

=t (1) [2eeBm] = (LMt (0) = b8}y (2 + b Y (D (5-9)

th

After tha rp = iteration .
_ rp-2
bty = tgplrgl) (L-mem: - B, pzo tep () = BUL+BI V()
r.r-l -
-8b I v (e)+t, (1)
pRUCE

i
t

= tolrgml) [2-m-8m] - (1-m) _tm(r.n-m - b(L+8) vnleg) !

+b .VNI‘L(r'I‘-l) |
—=(5-9)
Taking the z-transfoxm of (5-9) yields [38]
. tl0) It (@ - t, 127
TET(Z) b ey —_':"" ———EETTY :2-
1~(2-m-emz ~ + {1-mz 1-(2-m=gmiz — + (l-mz
bzl ~ bV pla) . .
+ 3 AN . (5-10)

1-(2-megmz - + (L-m)z

A
-




mgre Tm(z) a z-transfarm of fm( 'r)

Vm(z) a z-transform of v, (T)

The stability of the system can be tested by applying the
nodified Schur-Ochn criterion [41] to the functicn in the denomingtars
‘of (5-10). Three conditions must be satisfied wﬁich provide the
following relationships: . i

() Bm > 0 | (5-11A)
) m2+8) ¢ 4 (5-118)
\1" -go | < 1 | (s-110) ~

When the first two equations are satisfied, the third is automatically

satisfied for this particular system.
To solvo for tEr(i'T) , calculate the inverse z-transfarm of f
{5-10). This gives

nr*-l 5l B ‘
Y
bpl) = @ 2] = [ (O = (D] (-——-———2—1

11,
. _‘
T Vi) -9 r,-8 -8+l =g+l
NT R i p @y
+ Bgl t‘fl'*z bl =y, J=blry”  =vy
! -— (5-12)
whore
Tlnz_m- +f(2-m +m-1
‘ ,3

TZ_ 'n 2—-:.—?--—8-“1 --!‘(?_;.mr-—a-n—\)z-{-m_l



e - | _ 1sa.

and =1 <y < 1, <1 < y, « 1as a result of (5-11).
Nmﬂmweragatinﬂngerrorarﬂﬂmgm&ningermrcan'be

LA

examined in detail. S '3

5.2.2 Average Timing Evrar
e avaerage timing error can be cbtained by calculating th
expectation of tm.(r,r) glven by (5-12). Hence,

r+1 r+1 . ' ' . I

"*2
tET( o ave m E{tET(r }} = Eitm.(O) } -—--—;—2'—'— - EI[tEr(D)-tM(l)]] ——i--Y_z-

-
ot 2
f .

. : X - " ° (5"13)
where E{v (s)} = 0 for all a 139}. Thia relntion rheults from the

sunption that v (s) is a Gaussian Mm:kov proceaa with zero mean.

[+]

New,

x...tMm - IR L
m

’ o
Bity () = £ (O < m - @w N
e ' — (5-14)

for large ¥, vhich is the oorﬂition priar to tha t.racking mode. Henoo,

.+l .+l e r

) v Y . vy - vET)
‘ . 1 T2 RS | 2
tEI‘(rT) ave m { Yy - ¥y . * ‘. (1) Y"l‘..' — Yo )
(1) . . . ..
- tH'nT'" Fiy) ‘ (5=15)
. . L8 \ )
where +1 r.tl r, K 1 . .
T:_T - "sz . tm=) YlT '-72 ]:- ? N ' .
Fly) = [ Y1 = Y2 . fy = Tz' o
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Graphs of F(y). are plotted as a function of r, in Fig. 5-2
to Fig. '5-6 for selected values of 8 and m. It is mcessar} to use
emller values of B'as m is increased to ensure that (S-11) is
aatisfied In Fig. 5-6, it is shown that thnee different types of
curves can result:. ‘Convergence is achieved for g = 1/7 since (5-11)
is satisfied. when (5-11A) is satisfied, for B = 2/7, convergence
is not achleved since(5-11B) is violated. While divergence does
'not occur, it is shown in the analysis for the rms timing error that
the timing exxor due to nolse increases greatly tmg.s-il) and
‘ consequently, synchronization is not achieved. For 8 = 3/7, divergence
oTcurs, B -

As in the fine search mde, there are three different shapes of
graphs. The shages are detexmired by the values of v, and y, given by
(5-12) which consist of two functions, the first, 2B which is alvays
- malarﬂtheaecmd,\f[—z“z":ﬂ“-f +1m - 1 which may be real ar imaginary.
| Table 5-1 illustrates the various cambinations which can occur. '

Werd;nping occurs in thosscases where both parts of the
axpression are positive or cne is positive and the other is zero.
maa:ampingcanusomminéevemlwm Ifeiuwrpmofm ‘
expression is negative, the grnph will tend to cmverge inan \"“a

oscillatory manner. Finally, thare is the posaibility of both parta
boing zero which glves critical damping. This case is quite mli.kaly
ginco neither m nor B can be precisely contmllnd.
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TAHLE 5-1

OarbinAticnsofkla:ﬂkz
* ** | Type of Conditions on m and B .
A A2 Graph P
+ + mm —iﬁ—:<m<I%-E,o<B<l
- (l+B) . ' .
o |+ |overdamped | mmyE—, 0«8 <1
+ 0 |Overdamped m._._‘lL:., 048 <1
| L+
' >
+ - | underdamped | ‘m < ——— 2,0<a_<1rmfr:-?‘.8>l
(1 +8 )
i *
I 2 > a8 g >l
- + lwerdmped m> e 0<Bclim Tt b
2 4 1
- - Underdarmped m<m<m ' B>
\ U9 iy
0 - tmda:dmpet_:l_m-r.__'__ﬂ ;B> 1
- 0 mﬂardmpoé'm-—ig—-; B>1
‘ (1 + 8)
0 0 |Critically |m=g=1
\ dm‘ 1]
- am.2 .
wiy_ w (2T +m=1

e
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5-2.3 ‘ IM‘TMS m

‘I'rntind.ngerrorduetonoiaecanbefomﬁasinmefine

search mode by calculating the squaro root of the expectaticn of the

mean square timing errar using (5-12), Define the rms tracking mode

timing errar after Xy iterations to be

‘\,

2,1/2 : .
- 13 | o

tpp ! e [E{ g (o) g o
Lgtl T +1 . I r,r)

T
Qfl - 'fz (Yl - Yz
= Bl =57 [t"'?-.:m—. t“m}""'*_?—

Yy (8) T8 r,r—s ’ "I'-Bﬂ

".i‘ rT-s-i-l
: + Bl = [b('y -y Y= b{1+a} (v S- )
> =l Tl 1 2 h 2

- (5_-16)

[

(8)} = 0 for all s and Elty, (1) Vgp(8)} = 0 for

Note that E{tm(O) Vaep
s a Gaussian Markov process

all & duo to tho assunption that vm(a) i

with zoro mean. Thus . N
r.+1: rdl o, X
) 2 by’ vy d=tryer) 2, 0m ik (0) )
. tm(r,r).m - lE{tm.(O)} I - Te ] “+2B{tp, )
+1 T+l X ?;a r, T | T'm
! (1 [(Yl 'f'TzT )= YIT'YzT’] (TlT-Yzlr" (]_) (Tl "Yz ]
M (ry = Y2) ML PP
r,
T v..(8) . -5 -u+1 r s+1
+ Bl Y —E-r—-—-lb(vl -'\";T )=b(1+8) hrlT )1}21

" ael(ry < Yg)

I 11’2

) N

P S

‘\l
. ‘L



g AR L}

el
g

“- From (4=66) with ry large |

@ -
tM +E o= (5-18)

a{tm(on - E(tE(r ) §°

()
<~ Tronm (5=14) Blegy(0) .(t_ﬂ.._, for large r, and, oomquently.
.  the firat threo texms in ((5-17) bedbme
MR 3 NS & +1 »

o tu 2~
BolYye Yol ™ [———) tN *1".*'2 _

w

R Y | .
: : 2t (L vy ~ Y _rL+1 +1 T, I Yy =¥
+ 1 L2 zl(wl'r' 'w? ‘_)-('rlT-YzTH-* tﬂtl) (-—-——-),r]' - 3 2
o (vy = Y2 Cw . 1
S . . ‘ g e (5190
Now E{vgy (8) Po Bivg (01 1* (ovaluated n (4=41), and consequently

£, - b2 N
Blb Vigp (8) - _.5-%— [02 Fa T, * k TQl " e t§ (=20
:. ' . L. - 3 - . i . |

r

© .
-

whate €, 48 dotined by (420},

N

T

o Fna, subaticyging thie exprosalon inte the last term of (8=17)

L. | |  peal need
- \ l(v -w@ -t (T:T .Y-aT- M
B{} = m '§ . .

-

K o Pty - *a’j‘.r’\'\ el
\ . . -
" 3 ,% P
e ” .
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and () = v m a4 0% = dom,

The summation ls given by

ZI‘T | 2 Yo - ». :
Flyy 1Y) [___2_1- ¥y~ 1Ly, 2'1‘(*17(2" : [ 148y ] (1= (248 yy).
12 1-T1 (Yl-Yz)z —1-71*2 _ (Yl"Y;:r_

O . -

2x, . .
' . [1 --12“1‘ : n-Q +_ah'212 ,

T | (5-22)
e L e

4

. . o S

. mrmnpeoinlcaaoofm-a-l,yl-?a-omn‘(yl,wa)-Qtoran ‘
vnluoaotr * 0. o S ‘

—_—

‘\ \ Finally,mom armrforﬂ\atmckingmdauningu\arsx
> \ aync burat h\plmmution is given by o . : _ '
NP -

|

L

- tm(r,n)x;m n [Rlrys v * RN Flry P12 52

values of mze‘ h'l' 1-2) are plohtad in Fig. 5-7 thxough Fig. 5-11'

b‘ mclusive for varicus values of m and 8. The value 8 = 0 rq:rclmts
thacuawramﬂntmckingmtmrkinmtmd Thus, thcsecurvum
~ the sama as in Fig. 4-17. In Fig. 3=7throwh 5-10 it ia “.‘é thnt a
nt:eac\y “atate cmdition oocurs for Xy medi.ng appmdmtnw 15 icerations.
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S |
'Ihul, for thesa cases, the xoduction of the timing exror in tha tracking
mde i cnrplct‘.e in 4,5 8. In Fg. 5-11, two dutamt casas Aare
{1lustrated, For the g w 0 ard B = 1/7 cu:wa, convugmoo ooouX's .
Howaver, fox 8 = 2/7 and § = 3/7 convergance doas nbt occur. This ig a -
dlxrect :eault of (5-111:1) being viclated.
.Thase graphs show that fox the firet fow {tarations, the step
. limlappeartovuycouidenblymma* 0. Thiainduotointar—
nct:ionbcbmntm trncklngmmkmdthn fine ua:chmtwork Also,
| the value’ cd! mzz‘(yl, g in inc nuod when 8 > 0 indicating that the
reduction in the tining errar due to satellits notion is achieved at the
mdmwmmmmwmmmmmu. |
Az tha number of lterations increases, thn mﬂt\ﬂe of PP(Yl.vz)
approaches zero since vy *T w0 and \r;'r- 0 ap By *+ ™ Algo, the value
of I’(’fl, Yq! apprcac}ws a nt.endy atate valun given by

e (ee)yy) _20-()vy] u-<1+en21 - Qeedyg)?

Folyyr vo) ™ ‘
ST - :{)—(\‘1'_?2) TR *2’1_ “""2”"1"'2)

o o
"{;\ .

' L Rl
Thus, in the steady state, the rme timing exxor is

tm(-)m m- M tﬂ*’ Fahl? 125 ' (5-35)' | I

ma:alultm:lthntmlm ltauthnlnth (

ata

Mﬁdmmuummmummammm
to constant velocity satellite m'c.ia\. _ \

”

A b ————_ -
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5.3  FEK SYNC DURST IMPLEMENTATION
, 5\_3\.1 Average Timing Exxor
The. avorage timing exrox is the same as for the PSK ayno burat

inplementation and given by (5-15). The graghs shown in Fig. 52
to Fig, 5-6 inclusive, Teble 5-1 and the related discusaicn all apply
for tha FSK syne burst implerentation.

5.3,2 RMS Timing Error 7

| The equation for the e timing exxox oan be daveicpod'by the
nmmﬂ\odusodinsaacdm52 J. Thus, t!nmtiminqerror!or
the &add.ng mode uslng the FSK syno buxet h\plmtat.ton ia given
by

tttme * Relty 12 22 o Flyy 1) 1V2 (5-06).

) 5 (r+1 '1‘ )(YT_\"!‘)
%(Yl;vz)-l(—t—M-—) »«25,5———1{----"v AT 120

A3
r l‘,r

: p TN S
:uam »?1 - "2 T+1 rtl I Yy vaT 2

T
! e e S0 e

('Tl = Y3

. . ”_—_/. -

ha ‘the nurber of ituatim .*.ncreuc, the mngni.tu!e of n‘l‘“l"‘ﬂ) ‘
ap;rondm :ero.d.mn'f:‘r =0 mdx;'r ~0 a8 X -e The value ot
Tlyye -fa) approaches the ntnady state valua given by 3-24. Hence, in
the steady gtate, the rma t:l.m!.ng erroxr is given by T %

A

1
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- tln\(.)m - Fth Fs!‘fi! st {5=27)

Ag in the PSK sync b.n:nt inplmnntation, this result shows that

in the stexdy otate, tmt.tmngmoriu irdepardont: of the initial
timing erxor and of the exrer &ua to oonntnnt: wl.cciw :atnllibo wotlon.
This result has a close para.lhl to phase lock circuiu where a
first opder loop has a phase offzet p:cportioml to the fnqu-nqr eXTor,
A A nacoed oxdes loot has gero rhaste offzet ag long au the froquenay

erroy rai\ainu conatant [47). ' . ) \



S CUAVIER 6 . (
Laparatory Modod and l}é\ﬂiqn.l"\cm:mt:mmntn R
'Tho ebjoctivas ._.‘*..'nr tha dovalogwnt: of the -liilnmtory nde) aro

to produce a nyatem which teata cartaln aignal waveforme postalated in
the 'thcm-y daveloped in the theols and conatzuct a modol which 1%

opulvalont to the phynical madel, The actual asynchronization loop, shown

In Flg. 3=1, conaiatu of tho ayne unit Wch is contained in the earth
 ntatlon, the wplink space dolay amnd attonuatidn, _h.hé natallite syno window
cannection amdl thé downlink apace delay and attenuatian, Synchf‘onimtlm\
"4 veparatod into t.hrm'z cll‘.ta\p‘l‘nct. modeu of lopcmt:i.an: tha cbarua geacch
noda, tha ﬂne noarch mxlo nnd tha 't.'t:gck.tng nxla.  Coarse search |
ayncheonization im wchieved by teanmmdtting t'h;:\ PEK multd=fnama codod
soaveh aignal pince thin algnal han the navcawest bandwidth of all coded
poarch aiguala andl coploya only ona cavrier frexuency. Alao, tha Last
uynchrmtnnblm technique la assumad, AMtar a ona<vay trip tima dulay;d
the aignal da modulated at t:h(: satallito by the uyme wirklow, l‘ulﬂoa of
tha nanroh zd.gnnl arelve hack at the em‘l:h ntation -aftar a fucther ono-
way trip delay and am daocded to give, the necesaary .tnf.’uﬁ:qt.lon for |
trantaltting 1‘Sxisync burata at t.'hé propoer. t:hwu HO a4 to pags thmugﬁ;‘ the
pyne window. Again the PSK BYnQ buratas are enployed due to the nnrxw
bandwldth and the uae of a single carxior. Thuz, the fine seuarch ede
' '.m:.l the tracking mode can proceed ual.ng POK ayne burdts and thc loop )
opavates An a foedback mntml fnﬂhinn.

’ SN (1 %
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6.1  TABORATORY MODLL | o

6.1.1 m&gnpronn!\u\i:ton ‘ : | }

"tho laboratory medtol mast provide an ncc_anm roprosontatlon A

of tha three mxien of gsynchronizatlon. Nmangst tha ALLEicultlon cu:u‘

tho large uplink and downlink '7upac:u delayu. It is not pouﬁ;bli: to madal
.t'.hunu dtructl:l.! plnca tho badwidth of the slonals u at loast 2 M!Iz and tho
dou\y i nppmimto'l.y 135 ma giving a timo-bandwideh product of 270,000,
Hence, the dolaya muat bo proc‘iuctxl by ot:hm: tachniquad. To achieve

thiz, tho oync unit ia poparabed i.m.o threo partsa cxnw‘ining the sync

atc‘;nnl gonarator, tha ‘rocedver and thes time baoo ctrcuttﬁ. ror the

corrue umwh—'nulu axl the fine goavch mode, the uplink dolay can ba L
intadahanged with tho aync ulqnnl gonavatox ﬁ 1 the downlink dolay can

- ba {nte\rc.h\\mnxl with the mcﬂlvor, an shown n Flg. 6=1. il intomhmgo
(.]LVUﬂ the vang glgnal’ cqmt lona an for the p)\yﬂlcnl mxlel, Lut tha

“L\tlxqﬂiﬁt('.\lin{\ allawm the we of olockal daltw trigoara, oo the

racking modo, t'.hc: technlqua et be modibled by un{nq a Lum\ll volt:ac;u- _
varijwle dalt.w in cagcade with the uplink eloclked dﬂlt\\{ trigoer. |
The nodlal r& the myno window inolwlag a proviston for produelng

patallite notion. ‘ihis can be nchi.avect elther by varying the wplink and

| dmnum\ vid@o delays or by chnnqlnq tha interpulue np.\uinq of the uym

windowa. ‘'fhe former wathod iu qui.t‘ﬁ ALLicult: to dinplunent pince the
de‘l.twta mant bo uynchrm\a w.Lt.h t'.ha time base circult {n order to achim;@
i prociae m].c\t'.l.(m‘thl.p batwaen t-.ha gyne window maulation and the
pranembtied elgnale, llowever, the lattar can easlly bo achieved gince

t:hé uatoll tte modal haa an independant csadllatar wmqh cm\ be ueed to



wplink |
apacer

| attenuation |-

aync
algnal
qanopnt‘.m:
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vary tha intarpulee apnoinq of the oyne windows, Reducing the ﬁpacinq
oorrolpa'dl to satellite motien tam:dﬂ the. earth station whi.le incronaing
the upucing rop:aunt:l aatolli.t- motion away fram the earth station.
Hanca, thia techniquu i incorporated inbo the mdel g0 that problems
o! synchrenizing to a m:m.ng sntalube can be studied. :

© With this repxe t.i.m of satellite motion, the modal pxovidca
a. laxge tim\d space delagyand & nat:elm:a wnich ie moving. 'l‘h.i.a ie not:
oexact sinoce satellite on caunes chanqol Ln the space dalay. llowever.
in practice, the :{ntlc? is uaud.ly of tha cm!ar of.20 na or less per
 round trip time which is insignificant with respeot: to the uplink delay
ot 135 na. mwumwdmmmmcmm 4 and 8, it is seen
| tm\t, irdm, _ EpACe dqlqy and the natenite mtion are eanentially '
_' mdnperdnnt. | : o
| The uplink dalqy reprageting the path @tcm the earth aﬁation to
t:ha satnuito mmt be as exact as pcauible. The only variablq will be
' nntnlliu: mtiom hcnoo, ervars must be kept amall to nlloa thie n'ottcn
"to be atudial. Qonsider the axenple {luatrated in Fig. 6-2. tha inexant
' space delay causes variations in the i.n!mtion modulated onto the BRW
 burst. 'miu cmocm: it, fo emplc the video space Qelay 18 olocked
from & ecarca other thnn the earth staticn time base csocillator which
in this case is t-.hn\m. The m can be :eduoadbyuaing a high -
frequancy oscillator, A fxequency of 200 Nlla would ba required for the
ti.minqn:mﬂobclnuathanSna.
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| ' T‘.he domlmk d..lay does not require high ‘preck aion. Aftcc
_ thc infonnation ig rndulatecl onto the.syn" bu.rst the ssignal travels
from thc- qatellite o the earth qtation where an additional processing B
: dclay oocurs. Hence, indccuracies i.n the modcl of the dommlink delay
are quite i;lsignlficant as ctm:ared to thﬂ uol.mk delay and therefore
7can be represented by a triggered comter and dwod_r driven from a s

clock sowrce.

6.1,2 Equivalent ﬂetwor]\s

It is possible to prove that interchanging the uplink space
delay ard tﬁe sync signal geperator pwoduces the same signal input
at the sync window as is glven by the pfxyelcal model. For the coarse .
" search' mode and the fine search mode, the actual uplink eeace delay
is shown in Fig., 6-3A 'and\\’d'\e model of this delay is j.lltistra.ted in
Fig, 6-3B. A triggerr p.(ﬁ}’lat the input to the sync Itmrst generator
produces, etj‘qgj:put‘;’s&i%rml s;,lf't) and the uplinic space delay is Ty, |
// l‘;;t; that the space delay in 'the model is clocked from t}?e : | |

-

1"/ timing c1rcu.1.ts and this is posaible because the control teminal of ‘

\the V‘O in the timing circuits is at zero volts e.xcept when timing
adjust:ments are pexformed,  Thus, the uplink space delay provided by
the, clocked video 7de1?ay line is always the same and dependent only on
the\ stability of the timing circu:.tg and 1ogic jitter. Consequently,
it 15 seen'that the signal equations at the output for the two.models

arc the same.
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_ Fozr the tracking node,the uplink spaceclelay netv;:ork mist
‘be modified in the mxel, as shown in Fig. 6~4A, since now the VCO
in the timing circuits is permitted to vary its frequency The
frequency variation is producad by a small DC VOltage applled to

the control te_mﬂ.ml_of the WO to,accodnt for satellite motion. This
voltage remains coﬁsfent i:etween t?a.nsmissicns and c_aeees the upl,J:nk .‘
space deley in the mdel'to'chz‘shge ag la functim ef the error voltage
. vhereas in the actual 5ystaj1, th.e space delay is independent of the

errer voltage., A higher Voo frequency prcduced by ﬁe;gatj?ve voltage at
| the ccn,trolhpemiazfi reduces the space delay vhile a lower frequency
produaced by positive voltage increases the space -'delay. ’I‘I'Lis change is
directly prcportional to the integrated efror voltage (r ) and ie
given by: ‘ .

1

_.8 - e
hl _ Ty = -f—( +Tp TG?)' VOT(I:T) ‘ (6-1)
vhere TED = dovmlink space dalay |
TGP = earth station processing time. - I

Ta.l-:ing the first derivative, x/d (r ), gives the voltage

timing charecte.fistig slope required by the campensation network. Thus,

aT

0

In practice, this variation amounts to app:gndﬁébely several
tens of nanoseconds mascimur. _Hence, a.analog trigger circuit vhich has
the :opposite characteristic, as shown in Fig., 6-4B, can be used in

cascadle to compensate for this error. When the value of OI'(rT) is zero,

I \\\ 176,

‘—L(_Y"‘_ (T )y v () (6-2) -
d Vo it £ DU . Tep or-T ,
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" Fig. 6-4 Modified uplink space delay for the tracking mode.
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’chq operational arrplifie.r cutput is deldyed by an annunt '1' ‘0"

) 1s positive, theoperational, arrplificr ouput is- advanced

If

e
L]

by a snpll amount relativo. to Ty and when v (rT) is” neqa.tivr,,
the oonvar:se is t:}e’. In pra*tice, this timing adjustment is included
in the fine sea.rch video delay as’ well but causes no variation in the

space delay since v (1_:&,) is always zero,

The compatj of the laboratory model with the. physical modcl ‘

. valent with the only assiip

the spatial\ tmﬂ.ngﬁ‘elationships of the pro:essing

is stationa.ry
4 Por the physical nr::de]‘., shorm in Fig. 6-5 , a sync request pulse

(t) is Ysed to trigger the coarse search e.nooder J.nto transmitting a_

» PSK rrmlt:.-frane coded search SJ.gnal at time t 0 The vitleo signal,
'w {t) is modulated and transmi tted toward the satelllte where it adds'

\
with the satelh.te input: noise. After™sync' w:.ndow modulation, the signal

is transmitted back to the earth st:atlon Where the noise from the receiver

is added. ' -

The analysn.s parallels that of Secticm 3.2.1 result:mg in the
signal at the output of the coherent _@_glgz_gcitor in the receiver being
given by _ - U -

P

-

\\
~—

N
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/ ' - N |
wylt) = Ky vy (t - ‘I'Dp_-- Ty ™t = T
+ Kpp ¥q (£ = Tpp) mlE ~ Tp) # Koy %, (6)
(673)'

= Kpy W = Tp) M) 4 ko, 2 (E7) mlEn)

+ k3P s (t + TDD .‘)

"“

) . . .
"'.-Jhere kPl’ k'pz and}_c.l?3 are constants an‘d t = t—TDD

Note that theruplink and downlink space delays have been
ceparated to-show that, in fact, the sync window modulation of the
signal is a functicn of TDU' but not TI:D'

Finally, the signal is decoded to give the estimate of the .

timing relationship between the earth station time base and the sabe?l?%e-

_~gync window: This estimate results in a value for T, which is applied
to the rti.mihg’_circuits to zero the counter and occﬁ:_:s after a duration
of TDUZi- Tﬁ) + Tép after t:l'le"initial transmission of .the PSK oodc—r.‘i search

signal-i. | !l |
| For the 1aborator3} model, shoum in Fiy. 6-6, the sync request
pulse p; (p) is fed.di:éctly to the uplink cloc}’;e;l delay representing the

wlink space delay., After a time duration of , the delayed pulse

TDU
pl(t - T’DU) triggers the coarse search engoder »whicﬁ transmits a PSK

?  ilti-frame coded seatch signal. The videc:’,éién«.al ‘wl £ = Ty is
modulated and passed through a level control to similate uplink space
attenuation. Next, the signal is fed to the satellite wit where uplink

no;"ise ic added, The resulting signal, modulated by the sync window, is

- fed through a second level control to similate downlink space attenuation
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Fig. 6-6 Block diagram of the laboratory model.




to the receiver where cohcrcnt detection oceurs resultinf_, in the out:put
signal given by = .

V() = g Wy (Em T miE) + ko x (8 m(b)

(6-4)

*lo () L o
¢t
wharele kma.rd%a.re constants, _ . _ . ; ;»:
It is seen that (6-4) is identical in form with <s-3) since the 3
downlink noise is asqurred to be statlonary
This signal is decoded after a time T to yield the value of Ty i
‘required to 2ero the coupter in the time base clrcuits but this adjustmnt |
is delayed by the downli ) delay éDD' | Hence, a trigger given by
P, (t ~ IJU GP) is appli to the dmmlirﬂ:‘delay to é’ivc an output
trigge.r p3(t DU 4"TD‘D ) which is used to indicate when the value
of Tg shmld be fed to the timing circuits, Hence, as for the physmal
model, the timing ciréuits here are adjusted at time t = Tt Top + Tep

and the correction is based on the decodad value Tg. Cpnseqffent’ly, the

two models are equivalent,
. Similar results are obtained when the physlcal rrodels for the

fine search. mode and the tracking n‘ode are canpared with the laborator:y

A

; models The pnly changes required in the fine search mode are the use
of a PSK. sync burst encoder for the transnutted signal and a special
decoder fo:: the received ngses leaving the receiver, For the tracking
mode, the! wplink space delay must also be modified using the circuit
illust:rated in Fig. 6-4. Hence, for all th:r:ee_ mod_s,rthe spatlal timing |
equations far the.labora.tcry model are the same a$ for the physical model
 consequently, the e;cperimental results will be representative of the
actual system.. '
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sub-units ccmpriamg the sync request circnit, earth station time baae '
wplink video delay, ooarse search encoder, PSK mdulatcr, satellite
model, ccherent mtsiva,ecoarse search decoder, downlink video delay,
fine seard'xandtradcingencoder, finesea:r:mandtrackm«;decoder, and
metracldngmdenmk,assminﬂg.ﬁ-ﬁ. Each t is. |
described in detail with circuit diagrams,and photographs of selected

ig'nal waveforms are pregented. System perfamance results‘, such as
deoodi.ng the PSK multi~frame coded search signal, errcr detection
characteristicsandclosedloopbermvialrinthafine seard'landtraddng
modes are presented in Chapter 7.

621 . Byne Request: Circuit ) o

The syncrequestcirmit is used to cbtain synchronization. It
isasmedﬂmtthiswwldocamfortmfouowing:easom i

(1) Nomal start-up at the beginning of the transtission day, -

(2) afteranoutagewsedbyheawrain attermatimorother

_ abms;heric causes, X

(3). after outages caused by power failures or system failures,

(4) after outages caused by other earth station failures,.

(5) after mtag&ﬂ caused by golar transits.

'I'Ogmﬁratethesyncrequestpﬂse the uger simply pushes a

nmentarycloseswitchcxnmect&ithrmghadisdwzgecapacitortothe
clear, te_rminal of a flip-flop, as shown in Fig. 6-7. The £1ip~flop
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: to uplink video
, spa.cej‘ delay
' ‘ . - --...d —
200 pP: 1k SN7474N frame
NS !‘{J [clear D elockimu—ii0e,
 close to . .—"V'_ [_ T *
. initiate -
Byn.c - - . .
i
E‘i'g. 6-7. Sync fa;uest circuit,
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B V . | . d
-producau a pulse ha.ving 1ts traili.ng edge synchronized by the timo baﬂe
circuits described next which is fe.d to the upli.nk video npace delay -

circuit, The sync request pulaa also sets flip—flope_ in tha coqrue
§]

‘search endodar s coarse search decoder, fine search and tracking anco:lar
‘and fine gearch and tracking decoder in prepara.tim for the nequence of
synchronization signals. '

/

6.2.2 PBarth Station 'I‘i.me Base

A circuit diagrmof the earthstati.on time base 1is shcmn in
Fig. 6~8. Initially, the control terminal of the VOO is at zero volts
and the output signal has loglc levels with‘ a frequency of 12 MHz. The
signal is 'd.i.vide'd by 6 in a comter to increase the period to 500 ns
and fed to the frame counter to produce the frame pulses of the earth
stat.ion time. base. The frame counter comprises 4wo four-bit counters,
inverters, a multiple-input naind gate for decoding and control logic to
generate 500 ns wide frame pulses hzwi.ng a spacing of 125 ms, as shown

in Fig. 6-9. 1

By using the flip-flcp and nand gate following the decoder, it is
possible to obtain reset pulses havi.ng a duration of 250 ns which are used
' to zero the counter. An additional input is provldedtozerotheoounber
which is utilized by the coarse search mcle. | '

The frame pulses are counted in an-othe.r counter to provide trigger
pulses at a 50 pulse per seccnd rate. These pulses are used for high
‘repetition rate measurements as described in Chapter 7.

memhasacenter frequencyof lzmzwiththecmtrolte.rnd.na.l

e - BRI

. at zero yolts, The maximm shift In frequency 1is +0.03 percent of the’
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\>

center frequency for a control texminal voltage of 3 volts. Trus, the

~ voltage—-frequency relationship is given by o &

= (12 ~ 0.0012 Vg) --r-inzf Y A (6-5)" -
Carparing this relationship with (4-18), it is seen that tﬁewfalua for
S is ~1200 Hz/V. \
" Two outputs are provided by the time base CI_rCllJ.tS. First
1s the train of earth station frame }_111585 whlch has already been described.
Second is the set of binary signals, shown in F:.g 6-10, which are used
by the coarse search erx:oder to generate the PSK multi~frame coded seaxch
~signals. These are taken from the eight outputs of the two—four blt
bina::y ccmnters. The frame 1eng'th can Be seen by noting the trunmtai
clock pu{lse on the fifth trace. ’ -
The spaclng of frame pulses can be adjusted by varying the voltage‘f
on_ the control terminal of th= VDD If the voltage is adjusted over a
short J.nte.rval;‘ and then returned to zero, the train of frame pulses is
shifted ]}l .ﬁ.me but the spacing of frame pulses is nc‘xt affected. However,

if the voltage of the control te.rrm.nal is change& and ot returned to

~ zeroy then the interpulse spac;ng of frame palses changes. Thnse two

degrees of freedom can thus be used to match two dagrees of freedcxu
possessed by the synchrdnization 1loop; namely, the space delay anxd the -
variation in the space delay.

A digital technique for adjusting the earth station time base is
described in Appmdz.x C. It is shown that adj—usmm of szveral nano-—

seconds are possible without using high—sp.eed ccmﬁting metheds®

’m o

LN, auua NP e s e
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(B)

Pig. 6-10 Binary signals used for the PSK multi~frame coded

search signal. (A) FiIStfalrbinaIYClod(mtputS,

( B-) last four binary clock cutputs.




* - pulses can either originate fram the sync request or the fine search mode
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S

6.2.3 Uplink Video Space Delay ' -

The uplink video space delay, shown in Fig. 6-11, is zeroed by

-

reset pulé;es fed to the clear terminal of the counter. These reset
decoder. Frame pulses are fed to the .count—up terminal of the first of
the three four-bit bmary counters in Gascade. Using inverters vhere /
necesséxry a rmitiple—input nand gate is employed for decoding. -When the

decodod rurber is J;eached, the frame pulses are prevented from entering

the first bmary counter a'1;1d this ocours 135 ms after application of the
reset pulse which is the nominal value of the uplink space delay.

*

6.2.4 Coarse Saardl Encoder

~ When the sync request circuit is .activatal; a pulse is sent to
fha load input terminal of the four-bit binax"y countar in the coarse
search encoder , showm J.n Fig. 6-12, causing the hinary nurber llOi to
pe loaded at the pounter output. This mumber 1s decoded using a four-

input nand gate to prchibit frame pulses f'rcm entering the counter.

Hence, the coarse search encoder is now ready for a trigger from the
uplink video delay.

The first delayed trigger from the uplink video delay fesds the
coarse search encoder which generates the PSK multi-frame coded secarch
signal described in Chaptef 3 amd shown in Fig. 6-Il3. The delayed pulse
first tzfigge.rs a mnostable nultivi};:rator (mono) producing a‘\'rideo pulse
of duration 1.7 ms. This pulse is used to produce the lencth of‘ carrier

required for carrier lock at the receiver. The trailing edge of this
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Fig. 6-11\Circuit for the uplink vidzo space delay.
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Fig. 6-12 Circuit for the




3 - - . o193, -
— _"_______‘_—“_»— ) )

(a)

(B)

pig. 6-13° (A ) PSK multi-Erame coded search signal,
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carrier pulse is fed \to/ a four-bit binary counter '.-ztu'\‘.ch ;:ourits one
clock ‘pulse. This clock pulse changes the output of the counterby one
dlglt thuas causmg the four~input ‘nand to enter the h.lgh state. Once
‘this occux:s, frame Dulsea are gated,into the counter until the mumber
decaded by ‘the four-input nand date is. again reached. Thence, no more
frame pulses enter the counter and the mumber at the output remains
constant. ‘

/ .
o Next,' consider the operation of the eight-input data selector.

~,

Initially, the D-output fram the counter ," ‘_feeding the strobe input, is -
high vhicﬁ cf';tuses_ 2 output of the data selector.‘tovremai‘n in the low
state. TQe coun counts three cloc}f.pulses from tl"lé initial value of
1101 before reagning 0000 thus producmg a null duration of approximately
375 ms vhen the counter reaches 0000. " The strobe no longer inhibits the
oﬁtput and the. selector starts to scan the eight it}puts producing the -
multi~frame coded sync sentence. The eight-inputs of the data selector

aré pﬁcvidad by the timing circuits and are simply clock pulses wi.th the

bit rate being halved with each succeeding input. Hence, the selector feeds

the h.Lgh bit rate for one frame duration, then sw:l.tches to the next mout

line at half the bit rate. This continues for eight frame lengths until

the data selector has scannsd all eight inputs. At this point, the D—output'

of the counter changes to the high state forciﬁ.g the cutput of the data

selector to remain in the low state thus terminating the multi-frame

. coxded sync sentence. ' ' .

The cutputs of the data selector are leJ.ded intd two sepa.rate
_bit streams. The first'is ccrbmed with the outp.:t of the carrier
morp to produce the waveform shown in Fig. 6—].4, ard tl'}e'ot'_her bit

stream is inverted to provide the.cample{rent. " Both data streams are

."'

e RS A T S R T

A Tk Lk amear Ar
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Fig. 6-14 Companents of the video waveform for the PSK

multi~frame coded search signal.
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e

then fed to the PSK modulator.

6.2.5 . PSK Modulator

‘The PSK m:sdulatof camprises two four-input gates, a standard
ring modulator and an cutput emitter foilcmér driver as sh@ in
Fig. 6-15. The gates allow‘signals from I\Joth the coarse search encoder
and the fine search encoder to be fed to t\he ring nDdulaf.or. The ring
modulator consists of four hot-carrier diodes and two ferrite toroid
transfarmers with bifilar windings. The ca.rrigr of 30 MHz”is applied
to one transformer input and the Imdulated. signal is gbtained at the
other transformef outpat. The transistor driver provides the 1ow
impedance output needed for the 50 ohm coaxiaf line which feeds the
satellite mode-l. The signal output is shown in Fig. 6-16. .

. In the model, conversion to a microwave carrier was not provided
since theoretlca.lly the loop behavicur is lndependent of the carrier
frequency. However, in futdre e;mernnents thJ.s feature may be provided
to study the effects of TWL amphfler non—lmearltlea on sync window

Y

moculated synchrom.zatlon signals-

6.2.6 Satelhte Mcx?.el

The satellite model is. the most complex cixcuit unit of the
system. In order to achieve a realistic model, it is desirable to provide
for satellite motion. This can be achieved by causing the spacing Wf sync
windows to be slightly different from the spacing of the frame pulses.

If ‘the spacing is larger than the nouinal 125 us, the satellite appears

to be moving awély fram the earth station whereas if the spacing is less
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Fig. 6-16 Outp:tsignalfmnth_ePSKmdulntarsrming-
the PSK multi~frame coded search signal.
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than '1'2‘57;15, the satellite appca.rs'\.to be moving toward the carth stution.
Hence, it is necessary to find a technique for varlying. thf_ spacing of
the Sync windoss by very small amounts.

The system, shown in Fig. 6-17, has the carfabn:tj of moving

“the sync window at rates as slow 25.2.5 ns per 10 s mte.wal or as ‘

e

fast as 2.5 n3 per 1 ms interval. The main restrictions to the motion |
" "are the stability of a frequency synthesizer signal and thc jitter
produced by the logl.c packages of the netwoﬁk |

A 50 iHz clock signal is fed fram the synthesizer through a

divide by two flip-flop producing a bit rate of 25 Mo/s and this ‘lgml
is fed to two counter chains which decode in the same way. The first
counter network is used to provide a stable reference for measuring the
mot:.or; .of the satellite. The clock pulses feed a Schottky flip—f—lop
dJ.VldJ.ng the frequency by two which in turn feeds a cascade oﬁ three fourr
bit bmary counters. The deceding is achleved when the output carry
- fram the 1551: cmmtcr feeds a reset pulse through a SchottJ'y flip-flop

back to the reset‘ of tm Schottky divide by two fhp—flop and the load-

data irputs of the four-bit binary c_cnmt:ers. The four-bit bmarymcounters
have hard wired logic levels com!ected to their data inputs., The reset
pulse transfers these data levels to the counter outpﬁts and the comtérs
start counting up fra'n these numbers. Thus, the spacing of reset pulses
is dmternuned qmply by selectlng the levels at the data :.nputs to produce
a separatlon of reset pu.'!ses of 125 HS.

The second counter network has hard wlred levels connec:ted to the
dat-a inpqts of the last two four-bit binary counters but the data inputs

to the First binary counter are supplied by the output of another four-bit
I ,
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binary counter called the cont‘rol countex, Vhenevar the duration .
betveen sync windows is to be decrﬂ?lsed by 80 ns, 2 zlok wulse is _fed

to the count-up input of the control counter decreasing the frame length
by onz 80 ns clock perigd. Comverszly, vhen the duration between sync
windawrs is to be increased by 80 ns, a cleck ﬁ:ulse is fed to the count-
dom input of the control counter increasing the frame length by one

80 ns clock period. A pﬂse‘stretcher is used to increase the 20 ns
duraticn of the reset pulses feeding the remaining circuits to approximately
70 ns. "

The 80'ns increment time can be further divided into 40 ns
increments by using the gati_ng- and delay circuit following the pulse
stretcher, This network is cantrolled by the most significant digit from

- fiye—ﬁit binary countex. If the dlglt is lov, the reset pulse passes
through the urdelayed vath while if tbe digit is high, lthe reset p.li;.s‘e
passes through the delayed path. The delay is provided by a cascade of
irverters each loaded at its output with a capacitor. The capacitars
are seledted to give the ove.rail delay of 40 ns. The delayed and undelayéd
pulses are shown in Fig. 6-18.

The reset puls%s now are fed to a delay line having eight outp.uts. )

starting with a reference of 0 ns and increasing to a maximum of 35 ns. ‘

__The- delay line is divided J.nto two separate paths with the second Path

being delayed 5 ns with respect to the fl_._,st path. In the first path
each delay is provided by a driver J_mferter followed by a delay
capacitor and finally a I_:estormg inverter. The total dela‘cy fram the -
input of the dri{rer inverter to the cutput of the restoring mverter is

10 ns with the value of the capacitor being selected to give the-desired

T

3
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(a)

Fig. 6-18 pulse outputs Eram the gating and delay circuit.
( A ) Zero relative delay position, ( B) 40 ns
mlativedelaypositim.

L}
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value. All delayed outmits are fed.in sacuence to the inputs of an
eight-input dat.aa selector which is controlled by the next three bits
of the five-bit binary countexr, as sho'.;m.. Thus, when these three bits
arec all zero, the data selector chooses the D0 line and as ths @mt
increases the data selector cutput is comnected to increasing values of
delay. Hence , the variation in the timing of the rising edges of the
pulées has been reduced to 5 ns. Figure 6-19 shows the set of delayed
pul'_sés.
The increment .is finally reduced to the desired value of 2.5 ns

by feeding the cutput of the data selector J_nto another ga.u.ng and delay
' CJ_I’.'CllJ.t contro]led by the least sz.gnlflcant diglt of the five-bit counter.
This circuit is identical to the first exce::t now the delay element is
p:ov1ded by a capacitor instead of a cascade of mverte:s and c.:.pac:Ltors
Thus, ‘the pxises can nov be adljusted in increments of 2.5 ns as shown in
Fi‘g. 6-20, by simply changing the count of the five-bit b.i_nary counter.

' ‘The outpt:xt pulses a.re fed to a_mo:jo‘, which has a 1 us tipe cpnstant
and the mono in turn drives a swi tch ‘which reprt?é.ents the sync windov.

The _sn«ritch camprises two hot—carrier diodes and two bifilar wound

- -

transformers The siqnals from the PSK modulator are fed into are irput
and the sync winczckc r:'odulated signals are produced at the odtpqt. Sync
window modulation of a 30 MHz carrier is shotm-in Fig. 6-21 to i1lustrate
the perbrmance of the sync window rm;iul_ation. .
The output puises are also fed to the control and comparator
circuits which determine the mumber of 2.5 ns increments to be applied.‘

Four decade oounbers in cascade are used o adueve a variation in

timing of 10 . By comparing the cutput:s of the counters W’.Lth a maral
l\ " [l
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Fig. 6-19 Pulses from the data selector with 5 ns relative

delay between rising edges.
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Fig. 6-20 Pulses from the gating and delay circuit with
2.5 ns relative delay between rising edges.

Fig. 6-21 Upper txace: video waveform for the sync window"
switch, Lower trace: Sync window modulation of

a 30 Mz carrier.
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setting provided by a thumxheel switch, it is possible to produce

one outpat pulse from thz comparatar as often as one pulse per milli-

second or as seldom as one pulse per 10 s. These output pulses are fed -

to the five-bit counter which then feeds thz control counter. |
By feeding the count-up ter:'ninals of these counters,

satelllte appears to move tc'.-:ard the earth station while feedinly the

count-down , terminals cosr"'esporﬁs to motion avay from the earth station.

 Any cambilnation of these two royements are also possible simply by’

switching 'the cannections either manually with a switch or autcmatically
using gates. "
. o N

6.2.7 Coherent Receiver

The signals produced by the syns window modulation ar%pdises
containing J'__nformation of the relationship between the earth station
time hase and .the sync windov 1T_ime.base. Since these signals are \ |
locped. from an earth station thlfough i:he saztellite and back to the same

earl'ﬁ station, it may be possible to obtain ccherent. detection by

- mixing the incoming pulse stream with the mt..rmed:.ate frequency (IF)

used by the modulator of th? earth station. The only prablem which
arises is ix:1_ selecting the proper phase relationship.

A special coherent receiver, shown in Fig. 6-22 has been developed
to process the;ﬂse signals. The signals are first amplified, in a wideband
IF amplifier having a gain of 10 dB“and a center frequency of 30 MHz and

then passed through a gnase correcting switch, described later, to the

co‘ierent miltipliers. The multipliers are also fed by a phase adjusted

signal der::_ved fram the IF using a p"sase adjustment network

*
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The phase adjustrrent network consists of an in :_rter used as
‘a driver blased to the tran51 l_mn voltage and a phase shift netwark
camy lsing four gating and delay circuits as used in the"satellite \

mdel. The input IF cirlve is converted to logic levels' in the input

driver and fed to a rhase shift networh controlled by a fOLl‘L‘--blt

- Binary cmmter Wh._n the. counter output is 0000 the zero phase shift
’ path trirough the network 'is selected. As the mmber at the counter
output increases, the phase shift is intreased to a maxirum of 337.5
degrees wii_:f';_ the finest steﬁ: being 22.5 degrees.

The ocutput signal leaving the last qat;ing and delay circuit
is bandpass filtered in a circuit tuned to 30 Miz to remove harrr-nnics
and fed to the miltiplier circuits through phase shift networks. The
16 phases are shown in Fig. 6-23, The netvmrk with t‘he inductor has a
phase lag of 45 degrees and the circuit w:.th the capacitor has a phase
lead of 45 degrees. ' /

When the output pulsed signai_s fram the multipliers are.addsd,
using emitter follower buffers and R-C filters to remove the carrier

and the hdxmonics, *the resulting video wavefarm can be used to adjust

the phase of tle phase shift network to obtain coherent detection. The

.combined signal pulse is first amplified in a wideband video amplifier

and fed to polarity detecting transistor amplifiers. If the polarit;{

is positive, the amplified pulse is sent to the éotmt—up input of ‘the four-—
bit binary counter ;':lhd if the polarity is negative, the pulse is sent to x
“the count—down input of the counter. IHElthE‘I case, the pulse causes

a phase shift of 22.5 degrees in a direcfion vhich reduces the phase

angle between the reference and the received pulses. When the phasé of
; .
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Fig. 6-23 Phase shifted signals at 30 Miz f::an the

maseshiftnetwc:rk.

-
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"

thg phase adjustment retwork is\properly adjusted after the—reception

of several pulses of carrier, the two pulses from the multipliers have
the same magnitude but oppos;te polarlty and thus their sum is zero.

At this point, there is no output from the video amplifier and coherent
1ock is achieved. In practice, there will always be a small timing
error due to a phase errcr of up to to 11.25 degrees. The loss in detection
is defined by 1 ~ cos20, vhere 6 is the phase error [22}. For &= 11.25
degrees the corresponding loss is 0.04 arb consequently, no serious
' degradat:.on ocaurs. ‘ '

The phase co.rrectmg sitch is used to eliminate the phase
arrbldu.lty which exists in the coherent receiver. It is kn@m that fhe
received pulses of carrier are 2ero phase Conseque.ntly, the datected
outpué from cne miltiplier can be used to control the fhp—flOp feed;mg
the phase correctig switch. The pulse is amplified in a transistor
amplifiex and fed to the inputs of._an inverter and a nand gate. Since
the DC level at the output of the transistor amplifier is approximately
3V, the verter does not pass pos:.tl.ve pulses appearing at its input
since 3 V.lS already above logic 'l'. Negative pulses, however are

.passei and gated into the ciock J_nput of the flip-flop cont-_rollmg the

e correcting network causing it to chamge states. The phase .
J

correct:mg netvark produces a phase shift of 180 degrees w’ruch causes the

remaining pulses entering the inverter to change to pOSJ.tJ.ve mlara.‘-y
as shown in Fig. 6-24. Thus, the receiver not only ccherently detects

the input pulsed signals, but it also eliminates the phase anbiguity.
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) ¢
The pulses from the transistor am:lz.f:.er in the phase correctlo1

\Qetwork are also fed to a nand gate which is on, The pulses then trlgger
‘a retriggerable mono which has a time constant, of aopmoxlmately 300 ps.

" Since the pulses of c;rrier have é spacing of 125 us, the mono remains on
for ‘the entire reception time of the pulses of carrier even if gaps of
ong m:.ssmq p'ﬁlse oceur in the reception. Upon termination of.these
pulses, there is a null ';:egion of aporaxdmately 375 u;:s which allows
the mono to turn off.  ¥hen this happens, the output triggers another
mono which inhibits any further signals Frem ente.n.ng eithe:r the

_retriggerable mono or the phase correcting network, Hence, the rec;aivef
is now ready to process these pulses of the PSK multi~frame coded search
s:.gnal or the PSK sync burst signals, vhich are described later.

The signals are ]J.rea.rly arplified in two transistor arr:phflers
and fed into both the coarse search decoder and the fine search decoder.
me;re are eight pulses from the coarse search mode and a oerta;.n number

“of pulses fram the fine search mode.

‘

6.2.8  Coarse Search Deooder : L ' |
The coarse s_arch decoder, shown in\Fig. 6- 25 is required to

"'extract: the timing information contained in sync window rodulated

oulsas of the milti-frame coded sync sentence and estimate the time at’

WhJ.Ch PSK qnc bursts must be tranamitted in order to pass through the
sync wn.rxiow. The p;lses fram the receiyer are gated into the decoder by -

using a counting techmque and a serial to oarallel shift reglster
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The first infarmation. pulse always contains a transitionh From
low to high since the bit rate is twice the Quration nf the sync winda-:.
This transition is used to trigger a mono vhich clears a Jg—bit counter
 fed from the 2 Miz output of the earth station V0O. Tha clock produces
a set of triggers separated by 125 us which are carbined with the mno -~
cutout to produce 8 falllng edges separated by 125 us. These signals '
are fed through an inverter to an eight-bit shift register which reads
on the rising edge of the clock pulses. The data are supplied to the
shift register by f:u.rst arplifying in a polarlty dﬂtectlng amplifier.
Positive pulses are converted to logic '1' while neqative pulses are
converted to locic 'O as\ shown J_n Fig. 6-2€, Tms, the timineg infarma-
.tiohhasbeenoonverted t;:abinarynlﬁnberandstoredintm Sfmift
reglster
'I'he output of the shift register is fed to an eight-bit
carparatar which is also fed by the eight clock lines from the timing
- circuits. ¥hen the number from the timing circuits equals the decoded
_ number the cczrparator gen_rates a pulse which is a measure af T
| After a pulsn has been received bv the downlink video space delay, this
pulse rg‘gresentlng TS is fed to the nand gate input which clears the

counter in the time base circuits and campletes the coarse search

Tode. Thus, synchronization can proceed using PSK sync bursts.

®  6.2.9  Downlink Video Space Delay S

The downlink video space deiay, shown in Fig. 6-27, carprises

R 3
one mond and three four-bit binary counters. The output fram the .

«
<'r‘r_
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(a)

{(B)

N
1 R -
Fig. 6-26 Conversion of information to logic levels.

( A ) Bipolar count of ~111-1-1-1-11,
( B )} Unipolax count of 01100110. - | .
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N .
trigger Irom
‘ receiver -
, | sN74121N |
i . - delayed
___joount pulse
frame N —_— : 1
. pulses SN74193N J SN74193N _ SN74193N Jl
: ‘ | ha Tjgaa
trigger load 1cad 2load

from recaiver

Fig. 6-27 Circuit for the downlink video delay.
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' fetfigge:;‘able mono in the ccherent rec:e:wer is used to load the number
hard wired at {;he counter inputs. Couptipg- does not cormenceuntll the
mono has reset to acocount for the processing time, TGP’ of apprdrd_rmtely
-5 ms ‘ .

‘ ® The cdmters are fed with frame pulses from the time base
circuits. Hende, after 1080 of the frame pulses have been counted, a
duration of approximately 135 ms is produced which is t.he nominal value
of the dcwnllnk%ce delay and a trigger is generated to gate the
pulse representing T .to zero the counter in the time base circuits.
Thus, the total delay produced by this circuit is 140 ms.

7

6.2.10 Fine Search and Tracking Encoder

The fine search and tracking encoder, shown in Fig. 6-28,
generates the fJ.ne sea:r:ch signal ccmpnslng pulses of carrier followved
by PSK sync bursts, as’ shown in Flg. 6-29, used for the fine sea.rch
and tracking nodes. Wnen thesync request circuit is actlvated a
pulse is sent to the clear terminal of a f/llp—flcp which prevents signals
from entering the networ_k. Ugon conpletion of the coarse search rode,
a pulse is sent to the preset of the same lf‘iip—flcp preparing the
enqoder for the fine seaxch and tracking modes and-t:he,;xpli:ﬂ: video
slzéce delay is trijgered. |

The video trigger, delayed by 135 ms in the upllnk video space
delay is fed to the encoder. The length of the entire fine' search

sicnal is determined by the fine search mono set far approximately 7.5

ms. The same delayed trigger also feeds another mono which determines
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to PSK modulator input

'I' channel A19" channel
O §
1, Xy | svala .
2 P ,

SN74121N ,
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T -

| o N
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I S VT

S trigger from o
frame ' wolink Felay Jl SN74121N l total signal

7.5 ms duration
pulses

fram coarse

SN7474N P search decoder

fram sync

clear —U'_ ot

h : X "
Fig. 6-28 Circuit for the fine search and tracking encoder.
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(B)

Fig 6-29 (.A)Videotra:ianp.llsesofcarneraxﬂPSK
BY!‘Cb.lrStS, ( B ) video wavefarm of the PSK sync

burst.
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the nunber.of ‘pulsesof carrier to be transwmitted.

- The pulses to carrier are gemerated‘ by using frarré pulses -
to trigger a mono havmg a du;a;;im of approximately the sync burst
| length. After this train of pulses haf been generated, a null‘. ré.gion
is produced by a mono of Guration 375 ps. This mill is used by the
reoeiver. to. detect the end of the train of carrier pulses and '.activat'e.-
gates to receive the sync bursts. . -

The sync burst signals are genezfated using two monos each having
the sames dﬁratioﬁ. In the model J.t is possib}e to use different lengths
of signal in order to plot error dé:ltection characteristics and investigate
the system performance.

Two different outputs are produced, one for the pulses of
carrieér and the first portion of the sync burst (0 degree phase) and the
other output for the 180 degree portion of .the sync burst. Both outputs
are then fed to the PSX modulator video inputs and the modulated signal

is transmitted towvard the sgtf_allite unit.

6.2.11 PFine Search and T‘rgaddng Decoder

The processing of the fine search signal in the receiver is
.essentially the same as for the pulses of the coarse search signa]_..' Thus,
the signal pulses enter the fine search and tracking decoder as shown
in Fig. 6-30, The received PSK svnc bui‘st signals, modulated by the
sync window, are fed through an R-C filter having a 500 ps time constant

to provide the narrow bandwidth and a partial integration. The sync ‘

bursts are integrated using an cperational amplifier having a capacn_tor :

TN -
\—’ - .
| .
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in the feedback circuit producing a time constant of 5 ms. Hence, the
voltage at the cutput of the integrator is the sum of L svno\window i

rodulated PSK sync bursts, as showm in Fig. 6-3L, with L.bei_n\g

arbitrarily dpsen at 39'pul.ses.
{ To simulate the downlink space delay, this integfated voltage

is switcﬁed through a bipolar transistor switch to a capacitor which

feeds a high input impedance éperaﬂonal'anpuﬁer. When the train of

svnc bursts has been recewed by the receiver, an output pulse is sent

to the downlink video space delay. After a duration of: appromtely

140 ms, the downlink video space delay triggers a mono cf duration = |

T = 1.6 ms which gates the stored error voltage through a sumer to the
'control terminal of the WO. This gate is called the timing adjustment gate.
The other input to the summer is provided by the tracking network .
desc:::ibed in Section 6.2.12. .

The valus of m can thus be controlled by simply adjusting the
level of the signal fed to the VOO using a potenticameter. Further trains
of sync bursts can now be transmitted with the system remaining in the
fine search mode until the integrated error voltage has been reduced to a
small value determined by uplink and downlink noise and satellite motion.
_ After this has been achieved, the tracking mode, described next, is
eméloyed to eliminate errors caused by constant velocity satellite

mokion. This timing error can be chsexved at the control terminal of the

VOO in the form of an error voltage and compared to the actual timing erxor
of the sync bursts relative to the sync window. In Fig. 6-32, three

possible values of infegrated error voltage are shown and campared to the

sync window modulated sync burst. ‘ ,‘ |

LS
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(A)

(B) :

Fig. 6-31 Integration ,of- 39 video sync burst pulses.

(A ) Positive timing erxer, ( B ) negative
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(B)

Fig. 6-32 Errcr voltage pulse'atrthe control temminal of the
_ vo. (A) Positivetimingerrcr‘,_)(B.)rnegatﬁ.ve
_Q , tjmdnger.'xcr,(C)zzemtjnﬂ.rgennr.
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6.2.12 Traddpg Mode Network

The .tracking rmode r-1et'.-:ork, shown in Fig. 6—33, c._sm. be ﬁanually
sviitched in_to the system once the fine s-é(arch_node is camplete.- The error
voltage pulses at the tJ.rru_ng adjustment gate output are integrated and
anplied through the sunmer t'oAthe éor}trol terminal of the VCO p:r:qducitng
- a swall dec offset, Thus, the VCO ci_’.oes not retu-rn‘ to its center
frequency after the tmung error voltage has been applied. This change
of frefquency causes the frame pulses to have a slightly different
spacing than for the fine search mode which compensates for the apparent
change in the duration of sync windows) caused by satellite motion.
Fiﬁally, the valuz of 8 is controlled sirply by adjusting the- output

level fram the integrator using a potenticmeter.




e j/\ . SN72741N SN72741N

= ncgm_r
adjustment “ [;jg;ﬂ‘““' '

Fig. 6-33 Circuit for the tracking network.
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CHAPTER 7
Experimental Results
p
In this chapter, the signal waveforms for the Ere.{e different
modes of synchronization are experimentally determined. Two types of
experimant have been performed. The first\ type include}s/ highA repetition

rate measurements where the encoder for either Wﬁ’ﬂ%,
fine search signals is xepeétedly triggered with the 50 pulse per

S f

second (pps) source described in Section 6.2.2 and the uplink and

downlink video dela}s are omitted. The secand type of experiment

P

includes the video delays in the normal mode of operation where the.
coarse search is initiated by 'activatihg the sync request circuit and
the locp aﬁtmatiéally achieves fine search synchronization. The /

tracking mode is then menually switched into operation.

7.1 . COABRSE SEARCH SYNCHRONIZATION . . ‘
C A

7.1.1 High Repetitian Rate Signals

Using the 50 pps sourcé to trigger the coarse search encoder,
the PSK multi-frame search signal” 9:5 generated and fed to the satellite
model where the signal is modulated by the sync window as shown in e

Fig. 7-1. The output signai is fed to the coarse search dec'gd{é_r where N | &
the value of Tg is.estimated. The output of the decoder is sﬁam in

Fig. 7-2. The upper trace showvs the traih of sync wiriéavs and the

lower trace is the outpuf ‘fram the 8-bit camparator, As the i fomr;ltiorf _

is fed to the input of the 8-bit shift register, the output of the

227.
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teler 14 plolel 4

e~ i -
PR

Fig. 7-1 Upper trace: PSK mlti—frane coded seard'x s:.gnal

, 74
-Lower trace: Syxw\dxﬁmnuhﬂatedcaiedseardl

Fig. 7-2 Upper trace: S\jmwirﬁqw train., Lower traca:-rmtp.lt ;

) I | pulsesfmthecmparatorofthecodedseardisignal :

: ‘ decoder.  After the seventh sync window, the output 1
-p.llsesmocmr a({: the same time as_t.he sync windew.
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c:arparator d’lang:-..a untll all th‘q pu},ses of t.he PSK multi-frane coded

- -search SJ.gnal have been reoelved Thence, the ocutput pulses should

appear at the sarme time as the sync window pulses. The exposures were
taken over a duration of approximately 1 s which correspards to 50
decodﬂd pulses, Pig. 7-3 shows two different photographs J.llustrat,mg
the prec‘ilcted position of the sync: window. These were selected at
random fgr.txvo different values of Ty: however, similar results werel
chserved for all values of Tg- Clearly, the predicted position is
within i%(?P +. TNJ of thg c?nter of the sync window, which is a
necéss;tr}? requirement for capture using PSK or FSK sync bursts, assuning
=lusandTP>lus. ' -

Tw

7.1.2 Normal Operation

The narmal oparation of the coarse search mods was tested by
activating the sync request circuit a.nd cbserving whether,son
tha basis of the measwerment of TS_' PSK sync bursts passed through the _
sync window, thus achieving synchronization. The experiment was per—
formed with no satellite motion but with different values of Tgr SO that

| _
no two measurenents were/taken with the same relative timing between the

sync umit time base and the sync window.

It was found that_ in 50 attempts, synchronization was achieved
in 46 cases. No noise was introduced and the value.of Ty, was arbitrarily
set at2 us.  Assuming this result, the probability of failing t0~ achieve
synchi‘onizatior_l with r repeated .transmissions of the PSK rmulti-~frame

coded search signal is (0.08)F which is about 5.1 x 10“4 for r = 3.
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Fig. 7-3 Upper traces: Sync window position. Lower traces

Pmdicbed- position of the sync windaw.
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7.2 FINE SEARCH SYNCHRONIZATION

7.2.1 Error Detection Characteristics

-

The error detection characteristics can be obtainéd experiment-
ally by slowly scanniné through the satellite sync window ﬁsi.ng the PSK
sync burst signal triggered by the 50 pos source. 'The connecting link
from the timing adjustment gate to the control terminal of the VOO is
open circuited to prevent timing adjustments from being perform=d by
the tme base circuits. The output vdléage from the integratoxr yiel:ds
-./the value of v., as 1llustrated in Flg. 4-8, and the three err:or

detection characterlstlcs can be campared with those obtamed by experi-
" ment. |

| Figures 7-4 through 7-7 show the errcr detection characteristics
far several c}ifferent values of T, with Ty held fixed at 1 us. The
' photographs in Fig. 7-4 illustrate Frror Detection C:haractermtn.c I for
" the value of Tp = 1.25 ys. Figure 7-5 shows the curve at the upper
bound where Tp = 2 us. The photograchs in Fig. 7-6 illustrate Errar
Detection Characteristic II far Ty, = 2.25 us. Errdr Detection Character-
J.stlc III lS shown in Fig. 7-7 for T = 0.75 us. The curves cbtained |
by experm\ent appear to show excellent agreement with the pred:.ctmns.
In p:n.rtlcul.:u:, the rt.latlonshlps between thn slopes of the segments for
each curve are very close to t.he theoretical values abtained from
cquations (4-22), (4-23) and, (4-24). As well, the center segrents of
Exror Dle'i:ec't_ion Characteristics I and II are smooth and continuous at the
mid-point indicatiﬁg that an accurate measure of the timing error is

possible.

0
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5

Fig. 7-4 Left: PSK sync burst-upper trace, sync window-lower
trace. Right; Ek'rorz_LDetectim‘Characteristic I for TP =

1.25 US.«

Fig. 7-5 Left: PSK sync burst-upper trace, sync wirdcw—lc»ar
trace. Right: Exror Detection C‘.'naracbaristic I for




233.

Fig. 7-6 ILeft: PSX syric burst-upper trace, sync wirdm—lmr
trace. Right: Exror Detection Characteristic IT for

TP = 2.25 us. -

Fig. 7=7 Left: PSK sync burst-uppex trhos, sync window lower

trace. Pi§ht: ‘Error Detection Characteristic III for

TP = 0,75 us.
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If the 0 degree 'phase portion of the PSK sync burst is not equal
in duration to the 180 degree portion, the error detection characteristi&g
are altered as 'shown in Fig.>7-8 ana 7-9. Although the odd syrmetry of
the curves in Fig. 7-4 through 7-7 no longer exists, the curves skill
extiibit the property that zero J.n‘tegrated errar voltage occurs whanever zero
timing error is achieved. Cléeu;ly, the conditians portrayed by Figs. 7-8

and 7-9 should be avoided in practice.

7.2.2 Behaviour of the Timing Error

The first requirement prior to performing closed locp experimants
in the fine search mode is to estimate the value of the dimensionless 10op.
constant m. This value can be detemminéd experine_ntally. once thé errar
| detection characteristics are obtainﬁ‘t')y cdrzparing the measured slope
of the center segment of Error Detection Characteristic I or II with the
calculated value.

First, it is noted by definition from (4-28) that

2LAC, ST '
m = z & (7-1)

TI fo

" From the firs; of either of equatioﬁs (4-22) or *(4-23), it is
noted that the slope of the center segment is _
s _EAG o | | %1@:-2)
| T 85
For the e;rror Jdetection characteristic of Fig. 7-6, the peak—to-
peak voltage of the center segment was found to be approx.m:ltely 4 v and
the width of this segment is lmown from t‘mory to be T,, = 1 us yielding

W
a slope of 4 V/us. .The value of Tg is 1.6 ms and the ratio of S/% for
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Fig. 7-8 Left: PSK sync burst-upper trace, sync window-1ower
" trace. Right: Error detection characteristic for unequal

durations of 0° phase and 180° phase. T, = 1.25 us.

Fig. 7-9 Left: PSK sync burst-upper txace, syn¢ window-lower
trace. Rlght: Error detection char¥cteristic far unequal

durations of 0° phase ard 180° phase. Tp = 2 ys.
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the VCO employed is 10'-4 per volt. Hence, the open lcop value of m is
appmx:i-_rva.tely 0.64. . ' ‘

From the theory developed in Chapter‘ 4: t.he range of m \mich'l.:i's
of inte.reét, is given by (4-62) as 0 < m < 2, Thus, a buffer a.mplit&ie_r '
prdviding. a gain of approximately 2 was incarporated as shown in
Fig. 6-31. Using a potentimeter at the output of the buffer amplifier,
+it is possible- to adjust the value of m over the required range. *

The -behaviour of the synchranjzation logp was investigated using
the 50 pps 'source_to trigger the fine search and txacking é:ncodar. The
rain reasons for choosing the high repet-i'ﬁ.o;\ rate were that controlled
'e_\q:eri.ments could easiiy be performed ard that each result could be
veii.fied by repeti‘tion‘. |

Initi‘ally, the value of m was experimentally evaluated by closing
the loop using a toggle switch. Bylczbs.erving ‘the" signal at t\-ﬁe.satellite

sync window, it was possible to adjust the timing relationship Abetmeen,
| the sync window and the sync burst to any prescribed value of timing
error. With this known initial value, the toggle switch was closed and
the integrated error voltage in the fine search and tracking decoder was
displayed on a storage oscillds_cope. Fram equations (4-22) and {4-23),

it is seen that theciret:ically,'{:he tum.ng error is linearly related to ‘ “
| the integrated error ‘voltage far all regions of the Errar Detection |
Characteristic I and Regions A, C and E for Errar ﬁetect_icm Characteristic

II. Since the experi.rrentaliy measured curves also exhibit this linear
relationship, values for the timing error are cbtained by measuring the
integrated errar voltage. Thus, cuxves showing the reduction in the
timing error for the different rt:gmns of the error detection characteristics

-

with various wvalues of m were abtained.
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For the center "segment of Error Detection Characteristics I and
I, convergence oto zero average timing error should b2 obtained in one

-~
jteration for m = 1. Indeed, when the pote.ntlcmeter was adjusted for

.u:'u'.ty net gain from the buffer amplifier J_nput to the VOO control
 terminal , convergence was cobtained as shown i_n‘I-‘ig. 7-10. It appeér§
that the experme.ntal value obtalned is aoprox:.mately 0.9 which is
reasonably close to the open loop value of 0.54.
Following the theary developed in Chapter 4, the experimental
results are presented for Region A, B and C. In every case, the results
were found to be repeatable. ' o h ' 4

(a) Region A, Error Detection Characteristic I

The timing error was adjusted until the edge of the sync bu.rét

signal overlapped one edge of the sync window which correspords toa .

W
and the resultiny integrated erxor voltage for Regian A was recorded.

timing error of almost 3'2—('1‘p + T ). Then, the toggle switch was clmed_

Three values of m were selected, namely 0.25, 1.0 and L.75 and these were .

de‘l:_ernd.ned on-the basis of the resi.l_lts obtained in Region C described below.
The reﬁulting rhotographs, shown in Fig. 7-11, can be canpared

to Fig. 4-9. It is seen that the measured curves are in a_greerrent-with

those predicted by theory.

(b) Region B, Er:c"or Detection Characte_ristic I ' ‘

wa.th the value of m set to 0.25 (as obtaired in Region C), the
timing errcr was adjusted to = : Ty = 0.5 us which is the edge of Region 5%
Then, the toggle switch was closed ard the waveform shown in Fig. 7-12
was recorded. The transition to Region C can clearly be sée.n by the - 7

increase in the step size to the left of center as the timing error .is

]
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Iterations

Fi:g. 7-10 Experixiﬂ&any'detemdnad valué of m= 0.9

as compared to theoretical value of 0.64.
-

v
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NMaber of

m= 1,75

Fig. 7-1 Reduction of the timing error in Region A for
Tp = 1.25 ys and several values of m. '



Number of
Iterations

| 7 — %
Fig, 7-12 Red::ctimotftlntisniﬁQerxnrinReg{meor

TP =m ]1.25 us and m = 0.25.

240.
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reduced. Except for the first shift at the top, the curve égrees with o~
the prediction of Fig. 4-13.
(c) Region C, Error Detection Characteristic T ° ,

T e

(1) Convergence to Zero Timing Errar i

In Region C, the timing error adjustment J.S not cn:ltlcal prior

'to closure of the toggle switch since only the :Lm.tlal value of the

integrated error voltage is affected. The value of m can easily be
measured in this region by noting ‘that the amplitude of eaéh step

should theoreticalf@ be |1 - m| times the amplitude of the previous

- step. Hence, calibration to any value of m can easily be achieved by

adjusting the potentiometer and abserving the resulting waveform. The
average timing error was measured for_ four values of m.

Comparing the photographs ‘in Fig. 7-13 with the theoretical
curves of Fig, 4-15, ué see that the cxpermental behavmur is almest
ide.ﬁtical with the thearetical predictions. The value of ?( in each
éase was obtained by adjusting the potentiometer to cbtain/the correcﬁ
amplitude relationship between the first two step.é. The remaining steps
appear to occlir in the predicted positions | —

(ii) Effects of Satellite Motion S q

The effects of satellite motion on the average timing errqr were

measured by employing the satellite motion feature of the satellite

unit. With the time base circuits locked to the sync window, a toggle

switch was used to switch from zero satellite motion t\o a timing vari-

R

-ation of one 2.4 ns step every 2 ms, For the bime duraticn of 20 ns,

which is the interval between iterations provided by the 50 pps trigger,
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the satellite motion is thus 25 ns.. This variation is mrparabla wit:h
the 18 ns. value per round trip time which is the assumed m.n\imm for an

actugl system [15].
Photographs for three cllff&mt values of m cbtained by experi-
nent are shown in Flg., 7-14 and these can be;ca‘rpared with the thearetical

—-____

d.lrves illustrated in Fig, 4- -16. Essentially, the two sets of. curves
agree within emrmental errar.
(in) EEEects of Noise

The timing error dus to nolse was estimated by injecting nolse
into tr.he base of a transistor amplifier in tho output circuitry of the
coharent receiver, as shown in Fig. 6-23. The noise was pf:ovid'ed by a
5 Miz wide vidao nolse sowcce cpm.rntor which was gated once pex: frm
simultaneously with the reception of a sync burst for-the duration of the
sync window. 'I'hJ.S is equivalent to an infinite uplink signal—to-
noise ratio and the mxinun downlink sigml—to—mise ratio which would ba
obtained for an input gat.o duration T equal to the sync window duratiaon

Q

T... Thus, the results presented here are a measwde of the minimum- timing

W
error due to noiso. |
- From eqmtim (4-66), it is aeen that the timing errar due to

nolse, Y is oqual to the ms timing orror for zaro satellite rotion ad
m = 1_.7 o _ _ < |

The noise voite\go wag in'crms?_d until tﬁa wa;.}il:fom. gshawn in
Fig, 7-15 wasl abtnincd. The spread in the \gavefonn was GS‘SLM to
reprosent a sdgnal-to-nodse ratio of approximataly 3 dB and the tining

errar due to nolse was estimated to be approximgtely 70 ns by cbsexving
, _ [ *

oo null N o T L
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Nunber of
Itarations

Number of
—f_— .
/ Iteraticns

)
Nurber of
Itaraticns

m = 1,75

Fig. 7-14 Average arrcr with satsllite motion.
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Fig. 7-15 ‘ng&r trace: éync window, lower trace; PSX ayno
. burst with noise added to produce a signal-to-ncise
? ratio of nppmndmmiy 3 as, -

Y A
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: the_varintion in timing of the reference transition in thé sync burst.
Next, using a 10 dB resistive divider to roduce the noise, the wavetanms
shm;n in Fig. 7-16 wcre obtained.

. Finally, the realstive divider was adjusted for 20 dB attenu-
ation and the measurcments rcpéatcd'. .Rﬂsults of tho three measuremonts
are shown in Fig. 7-17 and compared with the thearetical curv\e\provided

by equation (4-44).

The graph of Fig. 4-17 shows that the timing error duo to nolse ;"'

!

' is affocted by the selection of m. In the stoady state case, ‘the timing
orror was found to increase from approximately 15 s to 70 ns as m was
incroased fram 0.25 to 1. The ratio of these two values of timing |

- crvor is 4.6 as corpared to a thecretical ratio of 7.

(d) Region A, Errar Detection Charactorigtic II

Essentially tha’ﬂemn exporiment as described in (a) was ropoated
but the value of T, wag adjusted to 2.25 ws. Tho throe photographs for
different ‘valuos of m aro shown in Fig., 7-18. It is obscxved that as m
increases, . tho Qtop sizes also increaso ag shc.m by tho thoaretical

_ curvoa in Fig. 4=18. Again, the measurcmonts axe in good agreemont with

the prodictiong.

1.3 CTRACKING SYNCHRONIZATION
Aftor tho fine scarch mode is carplote, the tracking notwork 1is
| manually switched into'cperation. Errars Que to satallito motion are

rocduced by using the 1:\;ogi'ator uhown in Fig. 6-34.

'—j

———r
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(B)

Fig. 7-16 (A ) Uppex txace: Sync window, lower trace: PSK
ayno burst with 13 4B aignal-to-nolse ratio.
( B ) Variation in the ti.mihgof tha refexrence
trqnaitiminthaaynobumatwlthl{idBSNR.

"
)
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curve for

Tq = Ty &
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downlink signal-;to-noise ratio in d8

¥ig. 7-17 Lffects of nolse on the timing error.
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me= 1,75

Fig. 7-18 Reduction of the timing error in Region A for

T, = 2.25 and several valuos of m. Ny oquals

- the number of iterations.

r
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Exporimentally, t.h'a leop bc:‘.uviour was evaluated by first
d)taining lock in Reglon C with T apnrommately gcual to twice the
sync window Auration. This ansured the lincar relationship of the
center segment which ;Ls assured in the theory of Chapter 5. Next,
satellito rotion of approximately 70 n3 per round ﬁrip tune was introduced
using the adjustment provided by the satellite model and the integrated |
error voltage was observed. Finally, a toggle switch was closed o
activat:o the tracking network and the resqlting ‘timi..ng' e.rror was, recorded ‘
u.;i.ng a storage oecilloscope. N

| The value of B was adjusted by using a potenticmeter and

m*tqurun‘-.\nts for sevuml different values of m (adjusted experimentally
u.,i.ng the technique described for Region C) wero mcordcd. Fig. 7-19
11lustrates the rosulting waveform for m = 0.25 and 8 = 1 whichris
undardarped as prfxligteil by tho results of Tablo 5-1 aince ;> 0 and
\;< 0. The exporimental result is in close agroement with the theorotical
carve in Fig. 5-2. 'Tho dntograted error voltage was reduced from 1.4V
to 40 nmv which correaponds to a ‘rcduc:tion in timing crror by a factor of
about. 35. | _

r\.gm:eq 7-20, 7-21 and 7-22 illustrato the threo conditions of
éw.rﬁmtping, critical damping and umlcrdamping and tho factors by which -
the timing crrors were reduced are 12. 35 and 30, respoctively. These
curves campare favoucably with those predicted by theory as 11lwsbratod
in rig. 5-4. | |
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vertical scale: 1 V/cm

Voo ; ! i H H ! 1
4 . -unn.olun‘un‘nnhnn]
! ' .

vertical scale: 200
mv/cm

(B)

Fig, 7-19 (A ] Upper trace; Exrcr voltage priar to swi.tc!'dng
in tradd.ng netwark, lower trace: Exror voltnge after

switchmgintraddngmmk form-ozs.e-n.o./

X { B } Convergence to zro timing erxcifwi/\gn////ﬂ
tellite motion occuxs T
a4 /
/
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|

500 niv/cm

,

200 mV/cm

Number of
Iterations

B )

: _ } .
Fig. 7-20 (A ) Uppar txace: Exrox yoltage pricx to gwidching

in trac]dng mt:wark,imar trace: Exror voltage aftar
switching tracking network for m= 1.0 and 8 = 0.25.
(B) cwargancuwmmth&ngemrwhensatolnu

‘motion occurs.
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Fig. 7=21 (A ) Uppar trace: Exrar yoltage pricr to switching

253.

500 mv/cm

200 mv/cm

thygber of

Itaraticons

(B)

in trnck.tng natwork, lower trxace: Exror voltaqa
. after switcmngi.ntrackingmtvmk for m =1 , a-l.
(B ) Convergance to zorotindnganorwmnaatellita

motion occurs.
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500 my/cm

100 mv/cm

Y Number of
wii—
Iterations

- FMg, 7722 (A ) Uppexr trace: Error voltago priar to switdﬂng
in tracking network, lower trace: Errox voltage nfter.
Oswitching in tracking notwark for m = 1,0, § = 1.5,
(B ) Convergenco to’zoro timing error when satollite

motion ocours.
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Finally, Fig. 7-23 shows the zesultdng waveEorm whén the valuos
selected for m and f am too larga. The integrated owvoltagc is
scen to oscil'lato when the tracking network is switched in and the-
resulting waveform does not converge to zoro timlnq error, as wag

shown by the curve in Fig. 5-6 form = 1.75 and § = %

.4

@
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200 mV/cm
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(B)
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Pig. 7-23 (A} Upgar tradds

poior to awitching

1’ Exyox voltage after

Is‘r:mrvoltage
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switching in tradking betwack for m=:1.7%, 8 RN

Note the csclllation.
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8.1 co&mmmom/or THE THESIS

. in the ayatm\.

.detactl.on £rom frame to fmm ia assumed,

of the synchrmiaat:.ion locp hag hoen demigned und censtructad.

-

- . —"‘-.
- H.’
-~

CHAPIER 8

Conclusicdng |

The mnjm: contri.but:!.om ‘of the theais may bo aumarized ag

(1) An SH-‘E\/SS-’.{‘DVV\ 'ayst.ﬁnpi';n described which enployﬂ thooe control

. £alloway ! L . ’ . ::

J
atations for providing synchronization for all eacth statlons oparating \L

{2}y Yo nd\iave aynchroni.:ati.on in the coaraa aom:ch mode of cpt\rat:ion. !
a new techniqua, has baen developed using codled search signals,

(3} Three new :Llrplcmntatiom of tha aync bm:‘at: have bean described
u.ainq anputude ahift kaytng (}\SK) + phase shift l\eylm (PSK) and -

) Y

frequancy shift keylng (ooded - F8K) . - . ‘ " i

(4) The behaviowr of the aynd\rmizntim loop dwring the fine amrch _ :
mode of oparat.ton haa bean. annlyaecl In detail. The E\Dﬁ]\Yﬂt{\ tnl\@a into . }
‘account. the upltnk npam 'dolny and attenuwation, upl.tnh no&aa, gatellite | ‘

motion, dewalink space delay el att@nuntion and dc.mltnk noisee. Coharant

(5) It‘. a ahcnm that- by incqrpomting a trc\cking network in the fcm
of an int ntor into the loop, _the timtng arrcr duc to comstant velocity ,
aatalli.ta mt.ton is elin\tmtod ‘

&) N lnbomtcw meded which oloaaly npptoximtea the physleal medel

A i

257,
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(7)I A gpacial coharent mcewm* for Qemedulating hurqtcz of PSK signala -
‘has beon doveloped u'a.tm a phmn ndjuqttnq notwork .

(8) Resulta of exparhmntm vaing the . laboratory modal hcwa boen
demonatrated to nqmc: clogely with thaomt.tcnl pre?.totiom coneamlng
tho com.‘sc: geaxch, fine search and tracking mxles of oparation.

8.2  SUGGESTIONS ¥OR FUTURL WORK

(1) As indicated emxlier, the analysis of the loop oparating in the
~ fina pearch or ﬁmcking redas ansumes ccharent dotection fram frame td
 frame. It would ‘bo deairable to extend this wark to include the effect
of nm\-ooheront dctect:ion.

(2) 'rm atudy hag aasuned parfoatly rmt:nnqm.ar syne wincdow modu~
lation, ‘hia uhoum ba extendad to d.ncludo the offecta of finito rino |
andt Call t:tmﬂ oF the ayna window.

B (3) Tha performanca of the loop ghould ha. oxamined £or non=
mctm\gulnr anpliticle mx'iulat.ton of tha ayne buxata, |

(4) ‘The non-linoar effects of the satellite output: TWL nnpliftm‘ on &
the mr!!mmnce nt' thu aynchumimtion leop shoum bo excu\\i.ned. .

-

e
:/
. -

e




‘ - ARPENDIX A
‘Spectral Shapes of Sync Burata

mespec&almdﬂnuuditﬁmtmmumm )
Fig, 3-2 s cxamined in this apperdix and in particular, it in ghown
_ﬂxat anplitude modulation of PSK and FSK sync burats can be used to
modify the spectral :hnpo of the trammttud s.tqnnl
A-1 ASK BYNC BlRS'I‘

The uinpleitot all sync burgts is &aASRum burat which
le si.uply a ghort pulse of car:im.‘. The upeo}al ahnpo of the txans-
mi.tted aiqml can be detexmined by qalcul:\ttng tha Fourler transform

of the pulscd video signal. The spectrum, which is the squared magnitude

of the Fourler transform, is given by

S, (&) =

By it Ty | -
(n€Tp) 2 '
mm-mwmmmdmtmsymw;t
Ty = 8yre burst duxaticn '
| Mupmigmllmmmmﬂc\elobeaofwauqml
decrease quita alowly.

A=2 PSR SYNC BURST -
mmitudn shaplryg of the PSK gyno bucst i posaible provided
~ that the odd symmatry of the video waveform ie malntained to ensure the

289,

J.ru S
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rofarence tramttidn in the contaxr, This shaplng can ba used to ;Ollt{ol ‘
the gpactrum’ m\d hence the bandwidth requivanant of the tranamlttod
sigmal. Table A«l peovidon a caxpm‘inm of saveaxral dltffcsrant nliple
video waveforma shawn in Fig. A=) \-.M\% patialy tha mcm.tmnta. In
ecach case, the duration of the aync burst is assumd to be 1), and the
enovgy cantadned in the aync' burat ie B, The aine wave modulatlion g
reducos the sida loba structure coneiderably compared to the rquare 3
wave modulation aince the level varies as 1/£% far large valuea of fi‘p.
M wonemms

| Bach pulse of the FSK ayno burst may b m\put\mr thaped | }
previded that the aven symetry of the video waveEarm 1o naintadned,

. J\gu.tn, ua _‘_"Bﬂ‘ tha POK syne buret, the shaping can ba used to control _
tho hm!width‘ reuivamant of the txranamd ttedd 919:{:\1. Tabla A=2 peoviden .
" a caparieon of aeveral dl.ffeimnt shwple video W{Wﬂfﬂfﬂﬁ' ghawn in Pl A=3. ‘
' . 'Tn each cane, the: a\u.ntim oE the gyne barst ia nauwmt to ba Ty, arxl tha
enerqy contatned in each porttan of the aync bumt ia B/2, 'lhe total
roquivenent for the FRR gyne bucst is two panubards eenc,h h:winq the.
cmw_:.tt\y an ligted in Table A=2. ‘The cosine wava axl triangle wave provide |
a alzable reduction in the elde lobe level as copared to the aquare wave

e to the 1/£* variation far lavge valuws of £

Aed  COLYD SYNC IKIRS1S

The coded=AIK and the coded-PSK ayne buret have essentlally
tha wame bandwidth requivenent which s determined by the metxia portdon
and the coded=FEK gyne buvet haa about twice tholr txmmm reqqlranent.

L - oo e
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TADLE A=l

Spoctral Shapon of Simplu PSK Syne Ducuts
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K Sync Bursts | -

Type Time Funaticn Spectxum - .
Qmm E b I T gy
wave o 1t s =
, ) To Tf T E%dn@mﬂ&
‘ (nf‘Tp)
T T
Coaine wave ant R W TR L
Fp—coa .I,PA: Tstf-l"‘ .mP mz(%"np)
- ey L )
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‘ g, A=2 Several different ?SR syne burst video waveforma.
(A ) Square wave, (D) cosine wave, (C {tﬂuﬁhwmh.

=,




Tha metxic conalsts of h.m;_nbar of bita which are uided t.c;'deblmt the _
odge of the sync window modulation, Synchrenization is achieved when a

. certain nunbex o!i the metxic hits axp clippad off by the sync window.
mtortmtniv.l the resoluticn is-increased by reducing tha duration of
the bits which increases the bandwidth. Ths spectral shape can be
sstinated by calculating the Fourlar transform of cne bit of duration
T,. Hanca, tha spectrun . gpsz;mdnﬁﬁilv

Ry

(nﬂ‘b) 2

e and

' mn-EM-emrgyéd\wMinthmtﬂc _
Ty ™ duration of tha matric.
This mui.on is essentially tha same aa far tha ASK Enc

burst except the s pectmn iu broadered by t'.ho ratio Tb/l‘P A typical
| value for '1‘b iz 30 na and cmeq\muy the oaded-hs.l(mﬂ coded=-PSK
oyne bursta require opproximately 33 tinu_theha:ﬂeddthof the ASK
sync burst and the coded=FSK syme bun;t requires twice this amount,
assuming Tp = 1 uo. R |



APPINDYX B

Flxod Increment System

- Rapuano and Shimasakd [16] hava deqcrtbod two different fixed
incramant wntcms for adjuating the oarth sltation time bave. The fimt J i
mathad utilizes tho coded-nSK, coded-PSK m\d codedl-FSK types of 8yne | :
burst {referred to as coded oync burata) to detect tho nurber of bita :

of the mt.riolmrtj.on, ghown in Mg. 3-2, which have been ¢lipped off by
the sync window modulation. Tho am mthod.enplq;za oither PSK or -

):‘SK syna bucats and o ci:nmt—up or count~down tinlng adidatment, The o
| ASK syne burat can alue boe .(’ﬂpl(‘lyed'.by walng one md of- the ayne - i
bﬁmt fa a rofacence, at ahown 1;1 Flg. 1-3 ilamwsr, Lt la not posaible

to detormine which end Qf.' the ayne burat haa passad through the ayne
window after the £ivat ayna window medulated trn.tn of pync bursta has
Ixen recelved at the eacth atation. ‘
, . o

7

‘B=1 c(m:t) SYNC mﬁm METHOD

Caded wyne bumta can be us@d in the fine search moda ‘to reduce
the inttdal 'timtng exror by employing the syatem illustn:ated in Mg, D=,
rasontlally, the eyatom ndxia\r@u gynchvonization by transmitting a ehort
traln of one type of coded ayne bursts which are genemtod in-the sync

burx;t- genaratar, Aftar reaching l:he gatellite, thﬂ_ By bursts are |

T —

mxulated by the gyne window and tranandtted back to tha same gpot beam |

aone.,
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Hhm thn coded ayne bursts are roceived at the earth st:nl-_ion,/
the numher of bita of tho natric not: clippedt of £ by the sync whndow |
modulation, N M 12TO counted and carpared with a mﬂeronco narber,
If N, is greater than Ny the time base of the earth atation g
adv:um(i; by a clock pulse equal to the bit Quration; conversely, if |
Ny 18 loas than NR', tho tine bage of the earth station is ratarded by

Ny

a Clock pulm oqual to the bit dumtion. When NM NR' synthronlzation
_kis achieved,

The resolution of this methed is limited to tha duration aE

‘-—‘_

ane bit which is of the ardorof 30 n3, Also tho pall~-in rangese only

about ¢ 150 na due t:o problems in datoct-.tnq the codo ward of the syne
burat [16], o . _ . ' ;

" B=2 PRI/PER: SUNG BURST ‘METUCD
. his dUgital control c‘cnpriaoa a highly stable fixed fmqucncy
wcillntnr, aynclh *ono\m dividers and logic circuita, agd shown in Flg, B-2,

Laventially, the eystem cparatos as follo\m. A short traln of aejther PSK

or I'SK ayne uratn, genoratedt by fha ayne burst gonarator, are tranamitted

to the & e»llitx.:.‘ Mo synQ wlndm moaculation tho llxign&ls are raturned

//bo’the/earth atation, The moctulated ayne burats are fod through a limiting

anplifier in the mmtwr and the two parts of the ayuc burat are datocted,

Lach C@bnct:od wnvofom passes t.hrough a threshold circult and the resulting
cx#tpuha along with a clod: of froqumcy £, are applied to a comting

| nut:mck to #lve two tra.lm of clocls. Pulsea. The pulgea of each train are

counted and the diffarence ia a nmaum of the LLmTq exror. Thus, the -

1

o

Tre—
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timing adjustment clrcult shi.ft'a the thm baso and trlggers the aync
. burst genaratar prcx&uci.ng-ancmor' traln of sync burats. When tho

Aifforance in tho count 18 zaro, oynchronization is achioved,

e et et

The raesolution of this aystom Ls ainply the poriod of  tho clock
pulse and o given by At = 1/f . Far a clock froquoncy of 32 Miz, tho
 basie resolution 18 30 na, This value can - xeduced by increasing ‘
the cleck frequency but to achieve a resolution of, say, half tho timing
acror dua to nolse estimated to be 7 na [16], a clock frequency of
approxiately 200 Miz would ba required. |

oo -

-




APPENDIX C
“An Accurata Digital ‘tino 11;11:6 Control

'.l“l'iu accwracy o.rthe timdng ddjuut::wf\t mechaniun vaing an
- analogq tining cantrol ean ba' compaxed ;w.Lth that achioved wiing a
digital timing control. It is shown haro that tho inarement siza for
the digital control can bo fﬁduccd to J:asu than half the ostimated
‘timing error due to nolue without high spoed clock clreuits by using
a phasing tochnlquo which ralioy on tho hi.qh (} ability of a crynt:\l-
Qont.roued clock. J:t s alao faho\m that a tracking nedo foatura 18 then
| pormtblo wilch reduces tha carth atation tdming: arroe <due to ﬂc\tollitu
wotion. llmco, the main limtu\tion to the timing nccurncy in- duu to
tha uplink and downlink nodse whlch has boon cablmated t.o ba of tho
axcloar of 7 na [8). ) |

Tho nnnlog control, shown din rig. 3-’! wsug a voltngn-contmllod—
’os'ctn:\tm: (\K:O) to ndjunt tha carth staticn time base. It ia pousible
- for arradn to arlse in the mechaniam due to paveral factore which placa
) ltmtt:ation on thn nccuracy of the eaxth s!:at:ion tdwa basa. 'l'lm ﬁirat‘
la the D.hcx:'t: tam\ at&bility of tha VYCO whlch my have & Er@q\mncv vm.‘.i.-
ation nvcxmgﬁ:l ovar 1 & of typleally Af /I:0 w107 , whore f ia tha
cantoe I‘roquoncy of the WO, Assundng a round trip time of 0. 3 B, the
mmltinq tindog arror at thn earth station would h@ :@p:@ﬂh\\\t@l;r lns
or ‘was. Ancther source of arror which can ocowr is due to variations
{n the voltaga at the control tarminal of tha Vo, It is p::obnble that
a amall offsat voltage will b@ prasent on the control t&mnixul of thg:

TOW0 ab all tinod. I\&ﬁ'\m{nﬁ a linear chavactaristie for the output
: . ' }
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- froquency an a Lunctlon of the centrol voltagu, Var tha frocueoncy F

iy glven by |
gt +QS‘VG B - ) (1)

wham S - amaiti.vtty oF VOO tn ll:./vol*c.

r .

Thug, the varlation M’v/l" for a mfll of fuot valtaga Of /
' fm‘.rc is glven by “ |

tha valua of § lu typloally 10 of £, pex volt and .i.t"nr\fllae‘
‘aaueed thdt. the mrt_frmh,,'twc, can ba m.dgcmi t-t; 1 v with carveful design.
g , the regulting value of M’V/E 1 107" resulting' In timlng Grior 7
- of the ordur of 3 ny In coe rowd trip thine of 0.3 8
'L‘hu total timing c:rm:: due to tha cmbhwd uﬂﬁec:w of ghact
. fobm stabllity and of et ,volt.agﬂ L approxbmately half the tlmlng

ercar dua w nolbe.

The baeka muol\:tion of u?é‘m algital mathidy Clegczrlb@d ln o
B Appendix D i nppt:o&tmmly 30 nu, a value which ;La four L.Lmes t,he
tinding ercor dua to nod. qg. 'l‘imlng arrvora due to hark term stabllity

af the cwahul—omtmum oacillurm ara negligible,. hwam the basle
wnoluu.m of the digltal wntm‘l. can ba recuced to 1@@9 than half thu
t:iming arror due to nolee thh A olack fxequency ot only 20 to 30 i

Mz by uslng the synten ghown Ln It'j.g. 0-1. In poemal qm:at.i.on,

, pulgua from tht; ctrvﬂt‘m.-mmtmnm oaclllat:ec are w\mtad in tha frﬂmﬁ

. countar and wh@n & reedetermlned nuber Ny Lg r@nchad, a frama pu\s@

ﬁmu the decedar i pr@dmed Whleh resets the frame counter cutput to the

 nuher at ite data {nput. e ke hotween Erare pula@s {’mm the
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: dcccdcr ig the tz:m lmqtl'l The :’.rm pulﬂes [x:ccced thrcugh the

: dat.a ﬂahci:or and triggex tho BynC. burﬁt gmm:ator ‘Tho frame pulﬂca |

'mmbor at: its data input, N 2 Thus, the frame counter ca.mta from

aleo paus ﬁtrmgh a8 dauy (of duraticn amall compared to the frmnc

/’ b

lmqm) to tho b.Lm.ry cont.ml counter rasetting its output to the

2
up to Nj. The N, least significant bits at the data input.-to the ;,m'
countér arc simply ‘the N4 most significant bito from the analog-to-

digital carmzrtar (ADC) , buffered through the binary'.cmtrol‘mntot, <,

and tho remaining bits at the data input are hardwired to zaro. The ADC
ig assumexd to have an offset binary cutput, consisting of (M, + 4) bits.
¥hen the inpityol‘tngo-‘to‘ the ADC is zero, the most significant bit at
its output io a '1' with the remainder of the bits being '0'.

Aft.m: a gyne burst is recoived, it io intograted as in the c.asc
of the analog control circult and digitized in thd ADC, .'I'ho logic
ccntrol, hm/ing boen reset by tho recoption of the sync burst, gencrates
three o::ntrol pulses opaced with differont dolays (but all withi.n a
frame length), upon the roception of the next frame pulse. “;“ho firot
control pulse loxis ‘t:hc N, moat significant digi.tn at the ADC output
into the output of tho binary lcontrol tor, Next, the ﬂecond ormtrol
pulse causes f}e four least significant digits of the ADC to be added

" to the output from the previous trausnd.nsion Note that due to the offsct

binary, negative numbers -a as 2's carplr.mant and, hence, can bo

added dircctly in the blrmry adder, If the mtp:t from the ADC reprcsents
A ncgative input, thcn a bor:row pulae ia gmeratcd upon reception of the

sccond control pulse and srmt to the ¢didfnt~dosm clock input of tha binary

control cotmber. 1f a carry is gcmrutcd by the adder, it ls fed to the

cclm"t-up clock igput of the binary control counter, The output fram the

~

T,
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Tader. £ood5 the fine tinﬂ.ng ndjust:mnt which will bo described later,
. Fimlly, tho third control pﬁlsc ragats tho integrator to mro 60
that tho ADC output is cet fcn.' normal operation.

MMMMfrmWMrrMcswminwt )
of. the frmcmmtar, tmnwvnluoofuzatﬂudata inputia loudqd
the,nyqtan returns to normal operati,on, and the counter commences to
count. clock pilses, If the timing arror, tp dofined in Fig. 4~7, is
negative, the vallzc of N, is lesp than the noemal value and if the
' timi.ﬁg crror is positive, the value of N is greater than the narmal
value, .Thus, a range of timing adjustments in provided .Ln incxe.:mta .
of the clock paricd. “

The fino timing adjustment is providod by time dolaya at thc
inputs to a lé~input data selector, - Tho output from the odder controln
which input to the nclcctor. ig connected to-its output. All delays are
of cqual value glven by thé clock pericd divided by 16.  For a clock
period of 40 na, each is 2.5 ns. Thus, combining the tinﬂ.ng adjustments
" provided by incremonting the frams counter and those obtained by the
data selector, a‘basic resolution of 2; 5 na is achleved hilch is loss
than half .the tj.ming error due to'noiﬂ‘é.' Such accuracy 1}&3 in fact
been provided for the CTS.[47]. )

The timing errcr‘ duc to ccnstant:-vclocity motion of the satellite
mn in'the average value of the NDC outpiti: Thus, by averaging this
output, a ckﬁ‘a‘!{mg timing shift can be applied to the f£ine t;Lming
adjusmmt through the logic control vhich would caune a certain maber
of cvenly spaced 2.5 ns shifts to otcur over the round trip time. Henca,

. a tracking feature is pogsible.

*
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