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- REGENERATIVE TRANSPONDERS FOR MORE EFFICIENT
DIGITAL SATELLITE SYSTEMS

Summary
‘The demand for more cost—cOmpétitive satellite
capacity is increasing and recent advances in téchnolégy has
encouraged an increased use of digital communication satellites.
Means are being sought to utilize the available power and

bandwidth more efficiently. The use of regenerative trans-

ponders in the satellite is one way that leads to the efficlent -

use of available resourcés.(power énd bandwidth). In this
report, the ad&antages of regenerative satellite systems are
explored. Oﬁr preliminary results based on computer simulations
indicate ;onsiderable potential savings in power leading to
possibly more cost—cpmpetitive satéllite‘syStems. This is
because the signal detection on the regenerative transponder
preveﬁts the passing on of uplink noiée gnd interference to
the'doWnlink. Regeneration allows capagilities beyond those‘
possible with today‘svnon-regenerative satellites. These
include interconnectivity between £erminals of different
types.-

Conventional satellite systems are studied and the
most frequently considered modulatioﬁ methods desgribed.
Degradations which occur in a conventional channel (usually
nonlinear) when signals are bandlimited are discussed. The
regenerative sysﬁem appears to have the greatest gain in situa-
tioﬁs where the conventionai system has the greatest degrada-

tion.



The literature available on this subject confirm
the advantages of regenerative satellites which were found
during our work but a critical review of i£ reﬁeals that
most of the studieé'were somewhat pessimistic i.e. they
indicated a lower gain than we expect bécausé they consi-
dered énly a simplified channel, for instance without AM/PM
conversions. It appears that in nonlinear channels a reduc-
tion in the energy per-bit-to-noise density ratio of up to

5 dB in the uplink and up to 6 dB in the downlink is possible

if regenerative satellites replace the conventional trans-

lating ones. This can possibly mean the use of smaller
earth station antennas hence a saving in the oVerail cost
of the system.

From cur recent visit to the Comsat laboratories
in the USA, wé learned that a lot of research effort is
already being devoted to this area of satellite communications
both in the USa and.abroad. We believe that this study is of
benefit to Canadian telecommunications ihdusﬁry if.they are
going to keep at the forefront of.deVelopments in telecommu-
nications, and through discussions, we have‘alréady
started to create intergst in regenerative satellite systems‘
in Canadian Industry. |

This most interesting study was suggested by Dr.
Gerald Lo of the Communicatiohs Research Centre, Ottawa,

and was carried out in close consultation with him.



1.0. INTRODUCTION

Satellite coﬁmunications hAS'Qroved.‘-to be é viable
method of worldwide ‘communication reaching even the remotest
of places at relatively low cost. |

A basic communication satellite system.is shown in
Figure 1.1 below; .The satellite itself acts as a repeater in
the sky. Earlier sétellites used to be siﬁply réflectors, but
today the satellite coﬁld be Qery complex. The next few yearswill see
an increased demand fpr more‘cost—competitive capacity. As
this demand continues to soar, larger capacify'satellites will

be called for, as well as an increase in the actual number of

"satellites. Also, as the circuit_teéhnology continues to advance

rapidly, more and more digital communication satellites will be
used. This will allow techniques such as Time Division Multiple

Access (TDMA) to be used. Digital transmission ‘techniques in

~conjuction with TDMA have been considered a means of achieving

efficient, high-capacity, flexible communications. The'efficieﬁcy
of TDMA is due in part to the single-carrier-per-transponder ope-
ration, which reduces the effect of the Travelling Wave Tube Am- -
plifer (TWTA) nonlinearities by a&oiding intermoduiation products
[1]. [However AM/AM and AM/PM nonlinearities still cause degra-
dation in this mode of operation.]

The use of digital communication satellites and the in-

. crease in capacity and the number of satellites will necessitate

several considerations.
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Figure 1.1 A Basic Communication Satellite System
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‘With an increased number of users, cheaper (smaller)

ground station antennas will be demanded, hence effectively the

_Iink power will be curtailed. 'Also, increased, use of the spec-

trum‘will requiré more efficient modulation methods (such és 8~
PSK and 16 QAM) to be used. This in turn will aggravéte-the pro=
blem of :link power. Spectrum conservation methods will be
called for. Theée include frequency reuse and mﬁltiple spot-
beam antennas [2]. For example Intelsat V will have twoAspot
beams. When receiving and trapsmitting simultaneously on many
spot beams at the same carrier frequency, co~channel interference
(CCI) will become an impbrtant performance limiting factor [31].
To solve this problem one ma? go higher up in the fre-
quency scale.say above 100 GHz where more bandwidth will be avai-
lable. Howevgrf this is, of today, technology limited and also .

no government regulations exist for the use of such frequencies.

" The other solution would be to discover new modulation techniques

which are power efficient and also insensitive to co-channel inter-—
ference and noiée. Needless to say, this is not a trivial task.
A more realistic solution is to use signal processing satellite
repeaters, for example regenerative repeaters instead of the
conventional translating repeaters mostly in use these days. This
(signal processing) repeater Will be capable of demodulating the
uplink signals into baseband data and.remodulating for retrans-
mission in the downlink. In terrestrial microwave digital sys-—
témé, regeneration is usually considered advantageous when a

large number of repeaters exist. If only a few repeaters are in.



-

‘briefly at the impact of implementing regenerative Eranéponders.on

use, it becomes more desirable to slightly increase the trans-

. mitting power in order to maintain the desired probability of

error [ 4]. However, in a satellite system (with only one repeater)
such an increase in power is far from éasy due to problems of

weight etc. On-board regeneration then becomes a good way to

-achieve the desired pefformance. It allows capabilities beyond

those achievable with simple translating satellites. These in-
clude considerable interference protection and interconnectiviﬁy
between different types of terminals [5]. Figure 1.2 indicates.
the typg.of gain achievable with regenerativeArepeaters. 4 re-
duction in Ey/N, of 4-5 dB in the uplink and 4 to 6 dB in the
downlink is ?ossible. The significance of this figure will ex-

plained more full§.in Chapter 6.

This report studies the relative merits of regenerative

répeaters over the conventional translating repeaters and looks

.satellite systems.

-Chapter 2 gives the system descriptions for both conven-
tional énd regenerative systems. The concepts of AM/AM and AM/PM
are briefly presented and the modelling of a memoryless nonlinear
device such as a TWTA is discussed. The equivalent baseband re-
presentation is also discussed. The possibiiity of using analy-

tical methods is explored.
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Chapter 3 gives a more'complete study of the non rege-
nerative systems including the concept and effects of cascaded

nonlinearities. A computer simulation programme developed to

study a cascaded nonlinearity system is described and the simula-

tion results are discussed. This programme was deweloped by
Dr. Huang at Concordia University under the supervision of Dr.
Feher [61]. Tﬁe‘results obtained for conventional chaﬁnel are
given, as a starting point, for QPSK, OKQPSK and MSK. .To be
applicable to the regenerative satellite case, the programme was
modified at the University of Ottawa and is béing carefully scru-
tinised to assure reliable results.

| Chapter 4 discussés various system configurations con-
sidered possible for regenerative satellite systems. Only the
results of a system with coherent quadrature phase shift keying
(CQPSK) on both the uplink and downlink are presented due to time.
constraints. It is understood that these results are preliminary,
final results and results for other syétem configurations will
follow in the report for Phase II'bf the expected contract.

Chapter 5 considers other modulation‘methods possible
for regenerétive and nonregenerative systems, notably partial res-
ponse.
In Chapter 6, a comparison of regenerative and conventional

systemsis presented based on the results obtained from our simula-
tions and also on literature survey. Finally recommendations,

further research and considerations are included in Chapter 7.



-—,-'-"i"-i—--i--'-—-'-m-‘-_-:-

It should be nqted that this is the first phase Of the project -
and a lot of time was put into adapting the programmes to the
regenerative satellite systems and also into rechecking the con-
ventional system results., Time constraints and budgetary consi-
derations.($12,000 for this.phaée) have to be taken into éccount.
The possible effects on the results, of parametexr va;iations such

as the number of samples per bit were therefore ndtfully considefed.
This reduces somewhat the confidence of the resulfs included in

this report and makes them subject for further verification which

Lis expectéd to be done in Phase II of the contract.

Although the benefits of regeneratidn are usually con-
sidered in'conjundtion with TDMA, this is not treated in this
iniﬁial phase. The effect of intersymbol interference (ISI) on
the system was not isolated. [It should be noted however that
ISI-Was considered because filtefs were used, but we did nof
quantify it in terms of dB}s and state that so many dB'S of ISI
will cause so many dB's of degration in the system ﬁb/NO for a
glven bit error ratel. Other considerations of a system include -
the effect bf synchronisation errors.andsthe effect of aajacent
channel interference (ACI). These have not been included in the
programmes at this state. Also, the simulation relied heavily
on the equivalent baseband representation of a bandpass process.
This preéumes symmetry of the bandpass filters etc. Thé case of

unsymmetrical channels would be 'more complex to simulate.
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CHAPTER 2

COMMUNICATIONS SATELLITE SYSTEMS DESCRIPTIONS




2.1 CONVENTIONAL (NON REGENERATIVE) SATELLITE_SYSTEMS

Past and some current satellite communication systems are
of the analogue type with the prevaient multiplexing, modulation

and multiple access techniques being FDM/FM/FDMA. Recently,

however, digital transmission links using éingle channel per

_carrier (SCPC)/PSK/FDMA and PCM/PSK/TDMA are becoming more common.

These systems have all been using the conventional or non regenerative
mode of operation. In this mode, the satellite acts merely as a

one-hop frequency translating relay repeater: the uplink signal

A

' has its carrier shifted in frequency and then. amplified before being

relayed on the downlink. No other brocessing is. done on boa}d“the
satellite. The major factors that inhibit the use of on board

processing are weight and size considerations due to the launchiné
operation, the power consumption limitations, and hardware reliabil;ty.

Herein, the constraints imposed on a typical non regenerative

- satellite system and the effects of these constraints on various

types of digitally modulated signals are studied. Attention will
be.focussed‘fully on digital modulation becauée this is where recent
emphasis is placed. Furthermore, it is only for digital satellites
that on-board signal processing (baseband signal regeneration) is of
practical interest.

Fig. 2.1 shows a typical non-regenerative satellite channel
model. The satellite link considered consists of the transmitting'
earth station, the satellite transponder and the receiving earth
station. At the earth transmitting station, the transmit bandpass
filter (Fl), used to bandlimit the specﬁrum} causes intersymbol

interference (ISI); the high power amplifier (HPA), operated near

saturation, causes both the AM/AM and AM/PM conversions of the signal
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and degrades the system performance. The satellite ihput and-

output MUX filters (anhd F3) which are uéed to bandlimit the signal
and reduce the spectrum spreading caused by the TWT, also induce

ISI. Due to the pbwer constraint on board the-sateliite transponder,
the TWT is usually operated hear saturation and éauses AM/AM and |
AM/PM conversion degradation. At the receiving‘earth-station, the
receive filter (F4) , which is gsed to bandlimit the thermal noise
and reduce the adjacent channel interferenge; also degrades the éystem
performance. For computer simulation purposes, the filter Fz' is

usually lumped.with on board filter Fo.

The HPA.at the earth station and the TWT at the satellite trans-
I ' ' N

pOndef are operated ciqse to saturation in order tha.t‘ma.xil.mum power
c.énv'ersion efficiehcy can be a.chievéd. The DC to RF éower 'co.nvers'iozi
efficiency of -thes-e nonlinea.r devicés i; the higﬁest when th.ey'.a.re -
op.era.ted ﬁear saturation. Ig' this mode of operation,. these two devices

exhibit the nonlinear effects of AM/AM and AM/PM conversion

T13. The AM/AM éonversion causes.spectra; spreading of the filtered
signal which Qill then intérfere'with signals in the neighbouring
channels (adjacent channel interference). In the case of M-ary
PSK. (Phase Shift Keying) modulated signals, substantial AM/PM con-
version will also cause the system performance to detefiorate.--

Because of the ever increasing demand in communication traffic,
the channel available for the satellite communication éystem is
usually narrowband. For example, #he Intelsat V system will be
operating at 60 Mb/sbusing only 36 MHz of bandwidth,i.e. 1.67 b/s/Hz

efficiency; To avoid the adjacent channel interference, the channel

allocation is 40 MHz [2]. Tight filtering is therefore required
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so as to reduce the adjacent channel interference while maintaining .
manageable- intersymbol interference so that optimum performance

can still be achieved.

Digital modulation techﬁiques suitable for the nonlinear satellite

channel 'the_r.efore‘,' must meet the following two requirementé. -

1. Bandwidth efficient with optifna.l bandlimiting filters for

minimal intersymbol and adjacent channel interference.

2. Optimal system gains from the HPA and TWTA with little
spectral sprea.ding and distortion degradation from thei:;- :

AM/AM and AM/PM conversions.

Based on these two constraints; three modulation techniques, rRamely,
conventional QPSK, OKQP_SK and MSK,'ihave frequently been coﬁsidef‘ed
for such 2 nonlinear satellite channell[Q;é,#]:"Thé basic schemes

for these three modulation techniques will be reviewed in Chapter 3.
To study and cornpare the performance of these three signals in -

a bandlimited nonlinear satellite qhannel, the first p_art_l of Cﬁépter 3
will be devoted to analyzing the envelope fluctuations of these
signals which arise‘whén they are bandlimited. Understanding of
the envelope fluctuations is essential in the study of the spectrum
spreading which»occurs when these filtered signals pass through a.

nonlinear device.
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Two t&pes of envelope‘ﬂuctuations are considered. The first
| type is the everall envelope fluctuation of the filtered signal. The
second type is the enVelope. fiuctu_ation at tﬁe 'sa.mp_li.ng instants.
The latter ty‘pe-'of envelope fluctuation is more important as the per- -

_ formance of the system is determined by what occurs to the signal

-
“

at the sampling instant;s. .
Next, spectrum spreachncr whlch occurs When a flltered PSK sz.gnalA '
passes through a power ampla_fler will be studled Two types Qf
spectral. spreading are experimentally demonstrated. The first type,
defined as complete spectrum restoration, oecur's- when a jitter-
free signal is hardlimited. The second type, deflined as spectrum
restoration with modification, is partly attributed to the timing

jitter of the filtered signal.

To aid in the study of the overall system performance of these

three signals through a typlcal non- regeneratlve satellite link,

a computer 51nulatlon program has been developed Results obtained

from this computer simulation will be analyzed and compared with

those available in the literature.
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2.2 REGENERATIVE SATELLITE SYSTEMS

" The continuihg growth of the demand for larger-capa-
city satellites imposes the requirement that satellite systems

be used more efficiently. This, coupled with the need for cheaper

-earth terminals and the more complex mix of user types, calls

for technological improvements to support a complex system struc-
ture. On-board satellite processing has beén_proposed as one
means of increasing the satéllife system capacity and providing
more flexibility.. Whereas conventional satellite repeatérs are
essentially frequency_translaters and amplifiers, the»signa; pro-
cessing repeaters carry out some other functions in addition to
these, |

There are three general categories of on-board pro-

‘cessors: Radio Frequency Processors (RFP), Channel Symbol Stream

Processors (CSSP), and Information Bit Stream Processors (IBSP)

[5]. The radio frequency processor does all the processing at.

' RF with no translations to lower freqdenciesi Such type of pro-

cessors include a microwave switch matrix having say n inputs
ahd A outputs where any inpu& may be connected to anyﬁoﬁtput.' This
may be used in a satellite system employing multiple spot beam
antenhas. . The satellite, in this form, does not differentiate
the type of modulation or the mode of access.

The channel symbol stream processor accepts the uplink
RF signal, translates it to IF, demodulates the digital stream,

and then uses this symbol stream to remodulate the downlink
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carrier. The remodulation is done on a symbol-by-symbol basis

and detection into information bits is not carried out. This

type of processor generally does not have any storage capacity.

Unlike the RFP thé link is not transparent; the uplink and‘dowﬁ—

link are uncoupled. Degradationé on the uplink manifgst.them—

éelves as quantisation errors or hard décision‘errors. The de-

gradations are not passed on to the downlink but'tﬁese errors are.
.The information bit stream processor demodulated the

incoming ﬁF signal detect the bits does any required decodiﬁg and

then encodes the baseband bit stream which is used to remodulate the

downlink RF carrier. The processof may use the decoded bit-

stream to route the messaées to any desired destination. This

type of processor is clearly the most complex. Both the CSSP

and IBSP are termed "regenerative" processors. ' In this report, o i

regenérative repeaters shall be assumed to be of the IBSP type.

A simplified block diagram of a regenerative satellite system is

shown in Figure 2.2. |

It is clear that all these proceséing transponders

include a "switchboard in the sky" concept wherein different

transponder input channels are switched by ground command to the
appropriate downlink channel.

In conventional repeater satellite systems, the-uplink
performance is not iﬁaependent of tﬁé downlink performancg. De-
grading effects occuring on the-upiink path are translated to
the downlink. On-board regeneration reduces greatly this uplink -

and downlink.dependence. Thus regeneratidn prevents the accumulation
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of noise and co-channel interference [6]. To show the gain of

‘regenerative repeaters, assume that in a given satellite system,

the uplink energy per bit-to-noise density ratio is (Eb/NO)u'

and the downlink energy per bit-to-noise density ratio is (Eb/NO)d.
In a conventional transponder, the uplink and downlink noise

will add up to result in an overall noise level. The toﬁal

Eb/No will be giveg byA

by . _ 1
total NO NO

Eu * 5

Note that in this equation, the quantities are ratios and not

dB. The system probability of error will be a function of
(Eb/NO)total’ the function dependlng on the modulation method
used. TLet the function be as shown in Figure 2.3. Let the pro-

bability of error corresponding to (Eb/NO)u be Pu(e). If one

assumes identical Eb/NO on up and down links, then

E E
Né)toﬁal = (ﬁ—
0 0

)u -3 (quantities in dB).

(

This corresponds to an error rate‘Pt(e) shown in Figure 2;3
which is over three orders of magﬂitude greater than Pu(e).

If a regenerative repeater is used .instead, there are:
éssentially two éascaded independent digiﬁal communicatibh links.
If Pd(é) is associated with (E,/Nj),, then the total probabiiity

of error on the satellite system is
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P(e)=f(Eb/No)

\ > (E_/N_)
b’ o
(Eb/No)t (Eb/No)u

Figure 2.3 - Illustration of Regenerative Satellite Gain
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P(e) = (1-Pj(e))P (e) + (1-P (e))P4(e)
P (e) : P (e) + Pgle) = By(e) P le) = B (o) + Pyle)
VEb Eb ’
Hence if (ﬁ—)ﬁ = (N—%i,the bit error rate becomes
0 . 0

Pt(e) 3 2Pu(e)~

It is clear.from Figure 2.3 that in links With.identical uplink
and downlink Eb/NO’ there is an almost 2.6 dB gain‘in using a
regenerative repeater. A similar gain iS<e2pected with respect
to intérference in the uplink.

The above applies to a linear transponder (iinear am-
plifier or a TWT with a backoff greater than about 14 dB). 1In
nonlinear cases, it is known that the con?éntional transponder
suffers a considerable dégradation in performance relative to the
modem back—-to-back performance.' In such.a case, it is expected
that regenerative syétem will offer more than 3 dB gain in Eb/NO
over the nonrregeherative éystem. It is a.part of thié project
to establish the magnitude of this gain. The suitability of

different modulation methods shallAalSOAbe considered.
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2.3 UNONLINEAR EFFECTS IN CONVENTIONAL AND REGENERATIVE SATELLITE
LINKS. ' : '

2.3.1 Introduction

The analysis of a digital satellite communication links
is indeed a difficult problem. ‘The cij.fficultiés‘ stem from the fac£
that the radio frequency interference (RFI) whiéh has a complicated
probability density function (pdf) becomes even more complex after
processing by tﬁe satellite which has a travelling wave tube (TWT)
usually operated.in a nonlinear mode. The high power ampiifier
(HPA) din the ground station and the TWT in the satellite need not
be operated in a nonlinear mode,-however, thelr nonlinear operation
leads to a more efficient ampiification of power. Thus,. the usual
operation of the TWT in a nonlinear fashion leads to a considerable
saving in weight and hence a reduced expenditure at launch [7,8].

Although of a somewhat difficult néture, the. analysis of
the degradations dﬁe to the TWT nonlinearities may be undertaken
with relative ease since the TWT charactefistiCs are well known
[9}10,11]. This analysis can yvield an insight into the degradations

"due to AM/AM and/or to AM/PM conversion effectshof the nonlinearitf
le]. Unfortunately, the‘analysis quickly becomes very complicated
and its mathematical tfactability is lbs?. One must therefore re-—
sort to numerical methods as pointed out by.Huang et al. [12] and’

demonstrated by Lindsey et al. [13].
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| Yet another scheme available to study degradation effects
due to the TWT nonlinearity cénsists of a complete saﬁellite link
simulation<tl4,15j; This approach is used more frequently since
it ayoids mathemétical tractability problems and affords the sys-
tem designer an increased degree\of flexibility. That is, with a
complete system simulétion it:bécomes gquite simple to study the
effects introduced by modifying any particulaf component of the sys-
tem. In particular, a performance study comparing operation at
various bit rates, with different amounts of input backoff, with
different filters and various modulation schemes, can be done as
demonstrated by the McMaster Research Group Ei4] and by Huang and '
Feher [167.

A fundamental necessary requirement-to.perform.a‘system
simulation is to have an adequate method of representing the sys-
tem parameters, in particular, the filters and the nonlinear ampli-
fiers. Since the analysis of a bandpass process can be done equiva-
lently at baseband [17], it is therefore necessary to have the equi-
valent baseband representatidn of filters and nonlinear devices to
perform a baseband simulation. The eguivalent baseband repregenﬁa—

tions of a bandpass nonlinearity is derived in this section. The

‘models derived easily lend themselves to computer simulations where

the signals considered are gilven by their complex equivalent base-
band representation and have been used in [14] and [15].

Having the appropriate background, it will then be possi-
ble to consider the whole satellite link system and have a better

appreciation for its performance and perhaps consider system design




improveménts. of parﬁicular interest is the regenerative satellite
repeaters a comparative performance evaluation between them and

their counterpartsJnon~regenerative satellite repeateré.- Experi-
mental aﬁd.simulation results have shown that under certain'operating'
conditions, regenerative satellites can'aCHieve a probability of
error similar to non-regenerative satellites with as much a 3.dB

less in S/N [6,12,181].

2.3.2 AM/AM and AM/PM Conversion (TWT)

Two effects result from the passage of an amplitude and
phase - time vafying signal through a nonlinear device such as.a;TWT;
théy are AM/AM and AM/PM conversion. These are the output amplitude
and phase dependence on the input émplitude..

The TWT transponder is generélly described by two charac-
teristics; one expresses the input/output phase shift versus input
power [9]. Tyéical characteristics of a TWT are shown in Figure
2.4. For analytical purposes however, the curves illustrated in
Figure 2.4 areiﬁot very convenient. To circumvent thié difficulty,

a quadrature model was. introduced by Eric [9] and Kaye et’al. [191.

This model which is shown in Figure 2.5 illustrates how a memory

less bandpass nonlinearity can be represented eqﬁivalently as the
sum of two nonlinear devices exhibiting only AM/AM conversion and
operating in quadrature on the input signal. ' This particular model
is convenient for the analysis of signals wheﬁ the carrier is pre-

sent [9]. However, for computer simulation studies, it is preferable.

- to have an equivalent baseband representation of a nonlinear device.

?
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Following the‘analysis given by Chan et al. [15], we
now proceed to derive the equivalent basesband representation of a
nonlinear device.

Lét the input signal to a TWT.transponder be represented
b . :

~

Vi(t) = r(t) cos (wct + ¢)
= Re{[x(£) + 35 y(t)]1 exp(3 w_t) ) (2.1)

where r(t) and ¢ are the enveloée and phase functions respectively

with x(t) and y(t) the real and imaginary parts of the complex base-

band
u(t) = x(t) + j y(v) . (2.2)
where | . _ | :
~ x(t) = r(t) cos ¢ _ (2.3)
y(t) = r(t) sin ¢ ‘

The output signal from the TWT transponder 1is given by
Vo(t) = R[x(t)1] cos'{wct + olfr(t)] +¢ }‘ (2.4)
where | '
R[r(t)] represents AM/AM conversion
etr(t)] represents AM/PM conversion

Expanding (2.4), we obtain

vV, (t) = R[x(t)] {cos 8[r(t)] cos ¢ - sin 9 [r(t)] sin ¢} -

cos wct - Rlr(t)]{sin 6[r(t)] cos¢ +
cos 8[xr(t)] sin ¢ } sin wct (2.5)

From (2.5), we obtain the complex baseband signal

V;(t) = R[x(t)] {cos 8 [r(t)] cos ¢ - sin e[r(f)] sin 9}
+ J Rirx(t)] {sin o6[r(t)] cos ¢ + cos 6[r(t)] sin ¢} (2.6)
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Multiplying and dividing by r(t), we can write (2.6) as

V_(t) = p(t) x(t) = q(t) y(&) + 3{a(e) x(t) + p(e) y(&)}

- where

p(t) =.REr(t)i(§?s 6 [x(t)]

- Rlr(t)]l sin 6 [xr(t)1
' r(t) '

(2.7)

(2.8)

(2.9)

The functions p(t) and g(t) respectively represent theinofmalized

inphase and quadrature nonlinearities. -Furthermore, it has been

shown by Eric (9], that the inphase and quadrature nonlinearities

Z_(r d %
p( ) an |

q
instantaneous input amplitude r(t). Formally,
Zp(r) = Rlxr(t)] cos 6[r(t)1]
Zq(r)_= R{xr(t)] sin 6[r(t)]
and
- 3, 5 2i+1.
Zp(r) = a;r(t) + azr(t)” +ag(t)” +....+ a2i+lr(tx
‘ _ iy 3 2i+1
Zq(r) = blr(t) + b3r(t) + L... F b2i+lr(t)
with bl=0, i=1,2,3,...
Hence
o 2 o 21
p(t) = a; + a,r(t)” +.... + a,, 4r(t)
_ 2 4 21
q(t) = b3r(t) + bsr(t) +ou..t b2i+lr(t)

i=0,1,2,....

(r), respectively are odd polynomial functions of the

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

The sets of coefficients {ai} and {bi} can be obtained through the

use of a function minimization programme such as outlined by Eric

f91.
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Referring back to equation (2.7), which is the equivalent
baseband output of the TWT transponder, we can easily produce'an

equivalent baseband representation of a bandpass nonlinearity.

This model which is shown in. Figure 2.6 is most suitable for computer

simulation purposes because the complex baseband equivalent output
of the nonlinear devices consists of simple functions of the com~
plex baseband equivalent input. The most important limitation of

this model is the assumption that. the nonlinearity modelled is

~essentially memoryless. This is the case for a TWT and this model

has been used exteﬁsively by Chan et al. [14] and Huang [15].

2.3.3 Nonlinear Effects on M-Ary PSK

We now»proceea to consider the effects of a nonlinear
satellite TWT transponder on the transmiésion of M-ary PSK. The
basic system being considered is represented in Figure 2.7 and
it illustrates a conventional non-regenerative satellité link with

one nonlinearity namely the TWT in the satellite.



~—

p(t

, : +
x(t) , , . - @ 2{ 5 =

7, p(t)x(t)-q(t)y(t)

/

9

v{t)

=70 -
. - , qlt)x(e)+p(E)y (Lt

Baseband Input Baseband Output

p(t)

Fig.2.6 Equivalent baseband model of a nonlinear device.

TTTIT Sem e C et e e e et
- P o e PN Pt e e N



N
Vi.(t) o B Vo (t)
Sc(t) Vgéj)
| . ,
/\/V/ ! . \\

_82—.

Fig.2.7 Illustration of a conventional non-regenerative
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Let the complex envelope of the M-ary PSK modulated signal

traﬁsmitted by the earth station be given by:

> alt-ke) exp /Tie, - j¢(t—km);7} (2.16)

S(t) = +/3Es .{
- £=h

where ¢, =27i , i=0,1, 2, ..., M-1 = . (2.17)
B | :

The modulated signal with carrier 18"
s¢(t) =Rs(t) exp (Jwyt) | | (3.18).
As the signal travels to the satellite iﬁ becomes corruptaed by
uplink radio frequency intérference and gaussian interfereﬁce. The
signal.received at the satellite, assuming no attenuation of the
transmitted signal, is given by;

Vi(t) = Sc(t) + Nu(t) + J(t) (2:19)

where Nu(t): wuplink channel gaussian noise

J(t): uplink radio frequency interference(l

Expressing the two interfering signals Nu(t) and J(t) by their
bandpass representations and>then by their complex equivalent

baseband representation, we have:

Nua(t) = nc(t)cos wct - ns(t)sin wct
=&4fﬁc(t) + jﬁs(t)_7 exp (jwct> | | (2.204. .
and J(t) = Jc(t)cos wot = Js(t) sin'wct
=R/ T (0) + 33,(8) 7 exp (Gw t) (2.21)"

After substitution of (2.16); (2.20) and (2.21) into (2.19) we obtain:

vi(t) =K§{4f3/2Es 2: q(t-kT)cos Lo, - ¥ (t-kT)_/ + n (£)+T (£)/
© k=0 .

+ 3 /Ty2Es D.qle-kT) sin /b, - ¥(t-kT) 7 + n_(£) + Js(t);7} .
k=0

exp (Wt | (2.22)
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Thus, the expression for Vi(t) is of the simple form:

vi(t) =

/A + 3B/ exp (jw_t) S (2.23)

—

Equation (2.23) :can '‘aIso..be written- as

Vi(t) =

where Ez(t) =

n(t) =

After passing the

obtain the signal

Vo (t) = R(E)
where R(E) is
, and O (E) is

E(t) exp j Lwt + n(t)_7 o (2.24)
2% + g2
=1
tan B (2.25)
&

signal Vi(t) through a nonlinear device we

Vo (t) which is of the form

exp J /W t + (k) + O(EF)_7 (2.26)

the AM/AM conversion

the AM/PM conversion

As the signal Vo (t) travels down to the earth receiving station,

downlink gaussian

Ve (t) =

noise is added to the signal. Thus the

" received signal at the earth station is

vol(t) + n(t) . - | (2.27)

where n(t) is downlink gaussian noise.

Assuming that the

demodulator consists of a correlation detector

as shown in Figure:2.8, then the signals-at-the samplers -are:

S = 2

§ = 7

B! (2.28)

t Ny (2.29)
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where Z = R(E) cos /1 +¢+ O(E)_/ ; | (2.3OY¢‘

il

Z = R(E) sin /0 + 6+ O(8) 7 | , (2.31)
for which_; is the phase offset in the recovered carrier and

s2

components of the downlink gaussian noise.

N.o and n are respectively the inphase and quadrature

Based on the signal pair (s,S), the detector determines
which one of M phases was transmitted. Assume that (Z,i) is
known, and the phase reference 3 is fixed. Then, the conditional

error probability is

Pe (3,2, 3) =pr { (s,5) & Ro | z, T, o} (2.32)

where Ro represents the decision cone of 2 »/M radians centered

at ¢ = 0. An example for the case of M=4 is shown in Figure 2.9.

For M = 2,4 it is possiblé to obtainAekaét expressions for
Pe(Z,E,'¢). However, for»M = 2k , K23 numerica;.techniques
nave to be used. Bounds such as presented by Huang et al./ 12/
may also be used.

ﬁotwithstanding the complexity of the analysis if we are
to attempt to obtain_exaét expressiohs for the probability of .
error, we can obtain from the development demoﬁst;ated in this_._
section an appreciation for the effects.caused by the non-
linéarity. The difficuléies introduced by_the nonlinearity'
are even more complicated than what one is led to believe by b
Huang et al. /127 who have assumed that the nonlinearity
exhibits only AM/AM conversion. Thus a system simulation as
presented by Chan. et al. / 14/ and Hﬁang / 9./ is the only

viable alternative presently available.
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CHAPTER 3

NON-REGENERATIVE SYSTEMS STUDY
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3.1 INTRODUCTION

\

In the previous chapter, the conventional (non regenerative).
satellite sttem was described briefly. It was memtioned that the
three most frequently considered modulation techniques for operation
in a nonlinear cﬁanﬁel are QPSK, OKQPSK and MSK. The basic schemes
for these three modulation techniques will be reviewed in the next
section. A study and pefformahce comparison of these three signals
in-a baﬁdlimited satellité channel is undertaken in this chapter.
To this end a computer simulation programm that was used is briefly
described,'and the résults of these simulations are analyzed and
compared with some of those available in the literature.

The chapﬁer is based on and follows closely the work done by
J. Huang in his Ph.D. thesis [1].

The typical cpgventionél satellite system model is redrawn

in Figure 3.1 for reference purposes.
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3.2 CéNVENTiQNAL OPSK OFFSET QPSK AND MSK .

As menéioned in the pre‘\}ious-.section., three ﬁodulatiop techniques,
namely, ‘conVentibna..l QPSK, offset QPSK and MSK, have been freq-
uently considered for signal tr.a;nsmission through a nonlinear satellite
channel. In this section, the basic schemes of these threé modulatioﬁ '
techniqueé are described,

In conventional QPSK (Quaternary Phase~Shift Keying), the in~phase

and the quadrature phase data streams, as shown in Figure 3.2a, are

aligned coincidently.

In OKQPSK (Offset QPSK) and MSK(Minimum Shift Keying), one
daté stream is delayed by hé.lf a symbol intérval in comparison With
the other data stream (Figs .43..2.b and 3.2c), The difference between
OKQPSK and MSK lies in the extra pulse shaping networks which shape
the rectangular pulses of OKQPSK into the half cosine pulses of MSK.

Simplified block diagrams of these three modulation schemes are
shown in Fig.3.3. The binary inpui; ra_ndorﬁ data stream having a bit .
interval T is first serial to parallel converted into txx;o data streams,

These two data streams have a symbol duratio:g of 2T as shown in Fig, .3.2.

In the case of conventional QPSK, they are then quadrature mod-

ulated by a carrier. To obtain OKQPSK from QPSK, one of the two

’ parallel data streams is first delayed by a bit interval relative to the

other data stream. Afterwards, they are then quadrature modulated
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Symbol Ty = 2 T, (T, one bit interval)
Ipt?rval : o

" I-Channel

—

b 2T~

~

| | | v | Q;Chennél-
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' 1 | l | .  | | - ’ L l:I—Channel
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"pffset
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Half-Cesine Shaping

» /\\/\/\/\/\/ o h‘a““el
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c. MsSK

Figure-3.2 Signaling Format of Conventional QPSK, OKQPSK and MSK
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as in conventional QPSK, MSK is 'éi-milar to OKQPéK except that

a pulse shaping network modifies the rectangular. pulses of -OK,QPSK
into half co‘s"me pulses in these two parallel data streams before "chey‘
are quad-réture modulated. In all three cases, a bandpass filter

By after the modulator is used for spectrum shaping purposé.
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FESK View of MSK

-MSK can also be viewed as one type of the general Continuous
Frequency Shift Keying (CFSK) modulation schemes. In this Sens»e,> |
it is called Fast Frequency Shift Keying (FFSK) [2]. As o
indicated in Fig: 3-4, the frequency deviation in FFSK Af =—-ﬂ-2:-—f-2— |
is exactly equé.l to 'f_' -i T, | x‘xrh.ér.e f_l is thew frequency of't:h-e si'gna.l' Te=
pres.en_ting the 1 symbol and f5 is the frequencﬁ' ;af the signhal repres-
énting the 0 sy’m-bbi. |

This vie\;:r of lo,vokiﬁg a.‘t MSK as FFSK can easily be demon-stratéd
as follows: | - | |

For a frequency shifted keying signal,

s(t)= A cos [ 27(_ T anyi] o (371)
L o _ 4
27T
: L —tn
Ty= I -2 I= 1.+ 34
fc

S § 0.11 :
1 T e - AR
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which can be considered.as the transmission of a sinusoid whose

frequency is shifted between the foliowing two freQuencies:

1l

£

and ' ' . . S

rn
1]

f +of
c
The FSK signal s(t) in Eq. {3. 1) can then be expanded as:
A cos (T2maft) cos 2mf t - Asin (T 2maft) sin27f t 4(3.3)
‘Now, if the frequency deviation is
L + ‘ |

where T is the unit bit duration of the input random data stream.
Then,

s(t) = A cos (Int/2T) cos 2Tfct - Asin (Tnt/2T) sin 2nf.t
- (3.5)

Thus, s(t) is an offset quadrature carrier signal with half a
cosine pulse shaping in its baseband signals, The baseband signals

are:

x(t) = A cos ( tnt/2T)
and ~ ©(3.6)

y(t) = A sin (Fnt/2T).

f —af | | ' _ (3.2)
(o4 . L.
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It is important to notice that,

,xz(

£ +y2 (1) = A% B

. This feature is characteristic of the baseband signaling waveform

suitablé for applications in CFSK, This signaling format is also

known as MSK-formatted signal [3], 'or MSK-type signal. [41].
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3.2.2 Spectra of QPSK, OKQPSK and MSK

The spectra of conventional QPSK (hereafter abbreviated as’

QPSK), OKQPSK and MSK are shown in Fig.3.5. The power spec-

trum of OKQPSK is identical to that of the QPSK. Both have the
(sin x/x) shape centered at the carrier frequency. Mathematically,

the spectra of both the QPSK and OKQPSK are given by [51:

_ o L
Sqpsg  (f) =2 P T (&in2ril

(3.8)

OKQPSK 2mfT

"where f = frequency offset from carricr, P, = power of the mod-
u‘lat.ed waveform, T = unit bif duration.

Tl}xe spectrum of'a MSK signal is given also by [51] .

8 P, T( 1+ gos 4-7rfT)'

S (£) =
MSK x° (1 - 16£2T4)2

(3.9)

E.qs. (3. 8) %nd (3.9) éan easily be obtained from the‘.wel‘l-known
fact that the power spectral density of a PSK signal with“a. baseband
signaling waveform s{t) has the sénﬁe spectral shape as that of s(t) o
itself, The only difference is that the spectrum of the PSK signal

is double-sided and centered at the carrier freciuency [67.
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Comparing the spectrum of MSK with that of QPSK-(or OKQPSK)
we find that the main lobe width of MSK is 50% wider than that of
QPSK (or OKQPSK). The sidelobes of MSK, on the other hand, are

‘much lower than those of QPSK ( or OKQPSK).

AN

O —
MSK
QPSK |
| @PsK | (0KQPSK)

-20 -{(OKQPSK) | .

4O - o Y

-40 ™ (

-80 0.5 1 1.5 2. 2.5

(£-£,)T - Normalized Frequency Offset from Carrier

Fig. 3.5 Power Spectra for MSK and QPSK (OKQPSK)

(T = 1 sec. P, = 1W.)
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OVERALL ENVELOPE FLUCTUATIONS’ OF‘;QPSK, OKQPSK AND MSK SIGNALS

Due to the time coincidence of the two data streams in QPSK,

phase transitions of 0°, t 90°, and 180° can occur, Fig,3.6.a

'shows the RF amplitudes and phases of the filtered QPSK signal. At

the 180° instantaneous phase transitions, which arise Whén both the

"~ in-phase channel data and the quadrature chamel data change phase

simultaneously, the envelope goes through zero amplitude. At the
J'.: 90° phase transitions, which occur when only one channel data
ché.nge phase at the keying instant, there is a 3dB envelope fluctuation.

In OKQPSK, because of the one bit (half a symbol) duration delay

between the two data channels, the 180° phase transitions are avoided.
: P

Only '_‘_' 90° phase transitions arts.e vﬁth maximum 3 4B ém;elope fluc-
tuations as shown in Fig.'3.6.b. The overall envelope fluctuations
of OKQPSK are thus smaller .tha.n those of QPSK.

in MSK, the data Waveforming pulses are of half cosine shape as
shown in Fig.-’3. 6.c. According to Eq, (3 7)), the'sigx}a.llha.s' a c'onsta.nt _
envelope., Another important feature of MSK is that the phase trans-
itions are linear and continuous _E:\2“]"L”

The overall envelope fluctuations of QP*SK, OKQPSK and MSK .
can also .be studied from .the signal space diagrams, as shown in‘Fig.3.7.
Fig.3.7.a shows the signal space diagrams of these three signals

using computer simulation, S -

t
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- In computer simulatio‘n, the received-quadra‘mre signals were
assigned to quadrature components of a two-dimensional matrix a;.nd
stored in the rﬁem'or-y. At the end of the siﬁulafcion,’ the signal space: ‘
diagram was then plotted from the computér memory of the fina.l‘ matrix,

The signal space diagrams show that Whéx;.ever th_é in-phasé and |
quadrature channel dé.ta. change states simul‘.;a.neously, the QPSK signal
goes. through the qrigin (‘Zero amplitude). In OKQPSK and MSK? |
bec'a.u‘sé of the tﬁne delay between ‘the two parallel cha:nne'l data, this

does not occur,

The inherent envelope fluctuation of QPSK therefore causes dis- - -

" tortion and more spectrum spreading when it passes through a non-

lin‘ear amplifier, The spectrum spreading of QPSK and OKQPSK
will be ciemozisfrated and- compared experimentally in’ section 3:5.
In the following we will analyze the overall envelope variations :
of the filtered QPSK and OKQPSK signals. This analysis, in conjunction’
with the pictoria.l_description.'of Flg 3.6, will also be us_eci in our i

discussion on the envelope fluctuations of the filtered QPSK and OKQPSK

signals at the sampling instants,




QPSK
or

OKQPSK

Fig. 3.8 Simnlifiéd_Digital Satellite Channel Model

x(t)% TP

Sat.
Input
Mux,
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To simplify our discussion, the quadrature carrier commun-

ication system model shown in Fig. 3.1 will be assumed to include

.only the transmit filter and the TWT input MUX filter and the

TWT itself =~ as depicted in Fig.3.8. This simplified model is

- adopted because we are only interested in the envelope fluctuations

caused by the bandlimiting filters and one nonlinear device. A sim-

‘ilar model has also been used by Robinson, et al in their theoretical

analysis on spectrum sprea;iing of QPSK [7] and by McMaster
University in their comparative performance study by coméuter
simulation. [8]. The initial part of thé analysis on QPSK folioWs (7]
which is then extended to OKQPSK.. - |

The QPSK or OKQPSK signal x(t) at the transmit filter TXF '1n-~
put can be written as:

for QPKS

oo _
x(t) = Z[ak s(t - k'Ts) cos fofct}

= . 10)
# ) (b sit - KT;) sin 27Et]
| K :
for OKQPSK,
oo ‘
x(t) =Z[ak s(t - kTS) cos Zﬂfct] :
_ ﬁgZ[bk s(t - Tg/2 - kT,) sin2nfgt]

~oo
where Ay bk = T 1 with equal probability of occurrence.

fc is the carrier frequency, T

g is the symbol interval (Tg=2T)
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and
’ rectangular pulse for |t{¢ T /2
s(t) = {

0 otherwise

x(tj can be rewritten as:
QPSK, |

x(t) = Re { J2Tfet (ak%-jbk)s&-kTs)} (3.12)
OKQPSK;

x(t) = Re { ej2Tict [ak s(t - kT_) - j by s{t - Tg/2 - kTs)]}

(‘3; 13)

where Re stands for the real part of a complex variable.

Assuming h(t) is the low-pass equivalent of the impulse response
of the filters between the quadrature carrier modulator and the TWT,

then, the filtered equivalent baseband signal at.the input of the TWT ..

is [ 9]: - :g- l.";_ »'_\ :_'
for QPSK,
: y(t)
e (t) =Z[a.k R(t - kTg) =~ Bk I(t - kTS)] cos 27 f.t :
K 3. 14)
.Z[a.k I(t - kT_) + by R(t = kT )] sin 27ft -
R - v — .
and z(%)
for OKQPSK, v (%)
A -\
e;(t) = Z [a.k R(t - kTg) - by It - TS/Z - kTS‘)l cos ZTVfCt
R S (3. 15)
-Z[a.k It - kT,) + b R(t - T /2 - k?s)] sin 27E_t
K e — ,

z2(t)
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where R(t) = % Re [s(t) 5 h(t)]
I(t) = L Im [ s(t) * h(t)]
and . (3.16)

R(t - kTy) = 3 Re [ s(t - kT) * h(t)]

T~ KTg) = 3Im [ s(t - kTg) # B(1)]

with * denoting convolution,

The IF signal e;(t) can be written for both QPSK and OKQPSK as

e.l(t) = y(t) cos 27{ t + z(t) sin 27vf t

: - (3.17)
’ =\/y'2(t) + z2(t) cos ( 2T f t + tan -1 [y(t)/z(t)] )
The amplitude of e-l(t) is:
for QPSK,
2
A(t) y () + 72 \/72 [ t-kT ):‘-.I (t -..kT‘)} . -
\[ : y (3.18)
.\/YZV (t - kTy) ' -
and
- for OKQPSK,
At) = 72(t) + z2(t) o (3.19)

=\/;x {[Rz(t. kT )J}IZ.(;-- kTs)] + [Rz(t - T4/2) +12(t - Tg/2-KTy )]}

=\/%ZVZ t- kT, Z(t-TS/Z—kTS)]
. | 4

where v(t) is the envelope of the filtered signal and vz(t) = Rz(t) +12(t).
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The envelope signal v(t - kTS) generally looks as shown i_n Fig.
3.9.a. So for QPSK, the envelope has zero amplitudes when both
data channels change transitions simultaneously. The ovefall env=-
elope ﬂuctuatio.ns of QPSK cé.n change from maximum to zero.

For OKQPSK, because of the time delay between v (t- Tg/2 - kT5)
and v (t - RTS), there are no zero crossings and the overall envélope
fluctuations are smaller than QPSK as shown in Flg 3..9. b.

If the amplitude distortion (AM/AM) and the phase distortion

(AM/PM) functions are assumed to be g{. ) and £(. ), respectively,

then the signal at the output of the TWTA is:
eo(t) = glA(t)) cos (27ect + tan™b y/z + £(A()))  (3.20)

Large amplitude variations will hence induce more signal dis-
tortions due to the nonlinearity effect of the TWTA., ]'Deﬁhending on the
g(.) and £(., ) functions',‘ the spectrum spreading effect can be com-

puted using the methods described by Robinson et al, 17] and Palmer

et al. [1I].
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b. OKQFSK

Pig. 3.9 QOverall Envelope Fluctuationé of

QPSK_and OKAPSK Signals
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ENVELOPE FLUCTUATIONS OF FILTERED QPSK, -OKQPSK AND MSK.

S,IGNALS‘AT THE SAMPLING INSTANTS

It was shown in the previous section that bgr delaying one channel
data by a bit interval ih respect to the other channel data, 'OK_QPSK
and MSK ha,ve much smaller overall énvelope fluctuations than those.
of QPSK., They theréfore suffer less spe;:trufn spreading than QPSK
when passing through.a nonlinear power amplifier, The subject of ~
spectrum spreading will be covered in a later section. -

On the other hand, in 2 bandlimited satellite chaﬁnel, the OKQPSK
(and MSK) signal will be shown to have larger envelope fluctuation
at the sampling instants than those of QPSK, As these three modul-
ation schemes belong to four phase modulation, a multiply by four
method is frequentiy employed for cafrier recovery [12].

The larger amplitude fluctuations of OKQPSK (and MSK) at the samplihg

_instants imply much larger variations in the fourth powered signal

foz; carrier rec¢overy. If baseband impuiées are assumed instead qf
the rectangulé,r pulse, then the QPSK signai and its s"ignal space diag-
ram are as shown in F1g3.10 a, while the OKQPSK signal and its
signal space diagram are sh.own in Fig. 3.10.b, Clearly, because

of the offsetting in the two parallel data streams in OKQPSK, when
the in-phase ‘channel (I-channel) is sampled, there is no signai in the
quadrature channel (Q-channel) and vice Vers‘;a. In the case of QPSK;

)

there are always signals at the sampling instants at both channels.
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When both QPSK and OKQPSK are bandlimited, the impulses
become shaped pulses as shown in Fig. 3.11l.b., For QPSK, the
signa_xl‘ anﬁpli-tudes at the sampling points _do not change too much
if no large intersymbol iﬁterference e.ffect from the filter is assumed.
For OKQPSK, the signal envelope at the sampling points is no longer
only a function of the sampled channel. 'Th'is is because sampling
points in one channel are transition points in the other channel and
vice versa. .’I‘he signal states of OKQPSK(and MSK), as shown in
Fig, ;34.11, lie on a line.

The signal states of QPSK on the other hand, as shown in Fig, 'i.l 1,
are still located near the fourfpoints of Fig. 3.9.a without too much
variation. |

To verify fhat this is indeed the~ case, computer simulation was
used to plot the signal scatter diagrams at thé 'sampii‘ng instants., ~The
signal scatter diagrams of QPSK, bKQPSK and MSK, as shown in
Fig, 5".12, are obtained by sampling the received QPSK signal once
per syrﬁ-bol and the received OKQPSK and MSK signai twice per symb'ol..
These scatter diagramé agree with those described in Fig, 3—:.;11.

When fourth powered, the four signal states of QPSK will convergé
to one point as shown in Fig. .3.1»3. This is because the received

signal,

s(t) = cos (27 £t + 6) | L (3521)
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with 8 = ’f 450, or T 135°. When fourth powered, this signal becomes,

cos ( 8™f t + 4 é) | . (3.22)
anci 48="180°0r" 540°, so it converges to one point.

For OKQPSK, the signal states lie on a line (Fig. 3.12), and the
fourth powered signal will then lie on the curve as shown in Fig. 3_.14.
In this figure, it is shown thé.t the vertical line AB of the signal scatter
diagram of the filtered OKQPSK (or MSK) signal, when fourth powered,

will not only be a point (P in Fig., 3.14) at the four times carrier

. frequency, but also a continuous curve. The same curve is also ob-

tained when the horizontal line CD is fourth powered. In othef words,
the f(ﬁUrth-pcwez"ed'signal of OKQPSK at the sampling insta.pts lie on
a curve as shown in Fig. 3.14. c.

To demonstrate that this‘is the case, Fig, 3.14.a.is used as an
example.

Line AB can be written in polar coordinates as:

AB =1/a2 + yz f tan™ % . (3.23)
when fourth-powefed, it becomes:

AaB“4 - (a.2 + y2)2/4 fan -1 %’. : (.3.24)

For point 1 on line AB, it can be repres ented by a /0° when
. -,l P
fourth-powered, it becomes a”~/ 0° and is indicated as point Qg in

Fi‘g' 3.14‘ a;.



For point '3 on line AB, the ordinate y is equal to a. It can
be represented by «[Ea. 45°, When fourth-powered, it becomes'
’2 a4 /180° as indicated by P in Fig. ?;.14. a. Any point along AB _
between point 1 and point 3 when fourth-powered; lies on tiae éu_rve :

’-_‘\ .
P Q; Q. Ina similar way, any point along point 1 and point 3!, when

W e ———— ’
fourthed powered, lies on the curve P Q% ;. Point P is the de-

generate point for points 3 and 31,

Any point on AB beyond point 4 and point 4', when fourthed pow-

N . . ’-—.-\
ered, can be shown to lie on curve Q4 P Qyut.

This fourth - powered signal can be computed using Eq. ( 3.19).
Due to the variational nature of this signa.i at the sa.mpling. instants,
computer simula£ion was used. Shown in Fié.l 3; 14, d, the shape of
the computer simulated signal res embled that plotted in Fig. 3 J4. c,
except that Fig. ?: 14,4 sho'w.s‘ a.léo the distribl.li;i’on pa.lf;ter;l of t-he
variation of the fourth-powered signal. .Fig.\3..-l4. d was obtained by

sampling the received signal at the receiver using the simulation pro-

grams ...

1f the shaped éuls es are of the (sin x/x) shtape,bthen theoretically
this fourth powel;ed signal in OKQPSK can have infinite en_velopé fluct=
uations for one channel at the safnpling instants of the other channel.

This situation occurs when a data pattern like :
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arises. For example, for n = 80, the eye pattern has only 17%
eye- width and the envelope fluctuations are very large
(varying along lines AB or CD)..for ‘channel at the samplingt

instants .of the other chénnei (Fig. 3.15).

If n is assumed infinite, then this variation can become the in-

finite lines (the dotted portioni) shown in Fig., 3.14. When fourth pow-

ered, it can scatter to infinity as shown by the dotted line of Fig,3.14.d.
< Hence, even 1n the absence of noise and intersymbol interference,

the OKQPSK {or MSK) signal can have inherentl*.y' very large amplitude

fluctuations at the‘sampling instants. In Ref.[137],. - » |

the relative-amount of phaée jittér of the reco;r:ared c;rr:{er fo; these

three types of signals was obtained using computer simulation. These

results show that the phase jitter of the recovered ca‘rrie.r in' QPSK

is indeed much smaller than that of OKQPSK (and MSK) in a narrow-

band channel .
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3.5 SPECTRUM SPREADING

Two type.s ‘of baseband signals can be considered [1]..
The first one contains certain amount of data pattern jitter.xvhile-
the second one is jitter free. In t\hisVSec:tion, we.will study spectrum
spreading which occurs when these two types of signals aré mod-~ -
ulated separa'.t-gly by a éafrier as in ﬁiné.ry PSK (BPSK) and then

hardlimited.

‘Type 1: Spectrum Restoration

Fig.3.16 shows a filter.ed random da._ta.ﬁ being moc?lul'a_ted b*{ a c_a.rrier. -
as in the Binary PSK. At thc; keying instants, phase transitions of
180° occur for both tlrfe unfiltered and filtered BPSK signal (Figs;3, 16, a
and 3. 16.b) [147: ' . At these 180° phase transitions, the’

filtered BPSK signal has zero amplitude as the signal vector is shifted -

" through the origin.

When the signal shown in Fig. 3.16. b is passed through an ideal -
limiter, the limited signal (Fig. 3.16. &) is exactly identical to that of
the unfiltered signal.. The filtered jitter free and limited signal there-

fore, has the same infinite bandwidth spectrum as that of the original
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unfiltered signal. In other words, the spectrum is completely
restored.
To demonstrate that this is indeed the case, the following ex-

periment was carried out,

Type 2: Spectrum Re_growth and Modification

If 2 random data stream which has almost zero ISI but. wii;h a
certain amov'mt of jitter
was also modulated by a carriex: and then hardlimited, the spe gi;rum
of the ‘limiteé signal in this case, shows that in addition to the restoration

of sidelobes, the nulls disappear from the modified spread épectrum.

Spectrum modification can thus be partly attributed to the tirhing
jitter of the signal, although a large part of spectrum spreading is
still caused by hardlimiting,

Since QPSK is a quadfature comBination-of two BPSK signals,_- '
the same -rea.so?ing also applies. This means that filtered QPSK
signal, after pas.sirixg thi—ough a nonlinear device, will also inducé
spectrum spreading, Spectrum spreading of filtered QPSK‘signal'.
as well as that of filtered OKQPSK and MSK signals hav.e’ beer; con-. '

sidered in great details in ‘References [11], [-;5'],"" (161 andi.[17].
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PERFORMANCE STUDY OF BANDLIMITED QPSK, OKQPSK AND MSK SIGNALS .-
THROUGH CASCADED NONLINEARITIES .

As discussed earlier, QPSK, OKQPSK an.d MSK are the three modul-
ation schemes .most. frec,iuently considered for a nonlinear satellite comm-
unication channel. The main advantages of using.these three modulation
téchniques are that they; are bandwidth efficient A(thAeoretically, 2 b/s/Haz,
praétically about l‘. 8 b./s‘/I-'Iz) and that they have 1ow iﬁterchannel inter-
ference sus cep‘tlbilit;)r £121]. Also the hardware de-sign of QPSK -
is' relatively simple while that of OKQPSK and MSK, even though slight.ly'
more involved, is not very complex. |

Since their inventions in the 1960's [18, 19, 20_.], bOth

OKQPSK and MSK have been proposed, as an

alternative to QPSK, for use in bandlimited sateilite channels, The main

reason cited is that’either OKQPSK or MSK, when bandlimited and then
passed through‘ a hardlimiter, has les s spectrum ‘regenération than QPSK ™~
(111, risi, [211, [22]. -

MSK,, as illustrated earlier in section 3.‘.'2, can be considered one form
of OKQPS"K with half cosine pulse shaping. Due to its il;lherent wider main
spectral lobe, it is generally agreed that in narrowband channel environ-
ment, the performance of MSK degrades more than that of OKQPSK. For
ex.ample, in Re_f. [57, Gronemevyer .":md Mcbride showed that for B‘T<1. 1,
OKQPSK has an- advantagé lover MSK Wﬁile for BT>1.1, the perfo.rmance
of MSK is superior to tlt;at of OKQPSK., (B is the noise bandwidth of the two

cascaded filters used in their simulation). In Ref.[22], ' Constellano
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concluded that the best way to utilize the spéctral-c}};racte’ris-tics of MSK
is to use widel.aand filters. A similar conclusion was also pre_s.éﬁted by
Murakami et al. [13] and Lundqu‘i.st £231].

The comparative performance of QPSK and OKQPSK, on the other hand,
has not yet reached a consensus. As mentioned earlier, it ls>g-enerally |
agreed that a filg:ered OKQPSK signal induces less spectrum spreading than
a filtéred QSK signal after each passing th’ro_ug.h a saturateci nbnliﬁear
power amplifier. Yet, for overall system pe\rfo'rmance comparison, other
factors, beside spectrum Ire.generation, must also be considered.

© Constellano [.‘2‘2] -in his simulation study sh.owe.d. that, based on the
trade off between in-band degradation and adjacent channel interference,
OKQPSK requires less transmitter power than QPSK for the satellité up-
link sub'sy_s tem, His study concluded that OKQPSK is more resistant to
carrier phase offset and group delay dis tor’tiéns than QPSK, but less res-
istant to linear amplitude distortions. In Ref. [ 241, Gilten and Ho- -
also demonstrated that OKQPSK has an iﬁlproved phase jitter immunity
‘than QPSK. .

On thé other hand, Murakami et al ,[i3] :showed that thé error r;te
performance of QPSK is superior to OKQPSK . They also demonstrated
that phasé jitter of the recovered carrier in QPSK is smaller than that of
OKQPSK. In the study of the EuroPean Comm\_lnicaition Satgllite.(ECS) )
120 Mb/s sys{:e.x:.n, Harris [25] presented the rationale in choosing QPSK

over OKQ PSK. In the narrowband channel environment of EVCS, OKQPSK

appears to degrade more from nonlinear distortion than QPSK. Lundquist
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[‘ .,23;] ) irll his study for the Intelsat V's 60 Mb'/s satellite system 'througﬁ
a 36 MHz bandwidth channel, also concluded.that QPSK outperforms o
OKQPSK in a nénlinea.r channel.' A similaf conclusion was also reached
by Chakraborty et al [26 ]j.i

The reason tﬁat OKQPSK suffers more phase jitter in the re éovered

carrier is its large amplitude fluctuations at the sampling instarts. This

was explained earlier in section 3.4. . 4 -

QPSK, on the other hand, has less phase jitter in its recovered carrier.’
Even though QPSK induces more spe ctrufn spreading than OKQPSK when
passing through a saturated nonlinear power amﬁlifier,- its overall peffor- B
mance is still better than that of OKQPSK. By properly designing the
QPSK modem in the linear mode and by operating the HPA and TWT input
power a few dB below saturation, a compromising performance for QP'SK.
can be achieved. In Ref. [261], :Chakraborty__‘et al. concluded that
the optimum HPA and TWT oper.a.ting points for, QPSK are at about 6 and 4 . .

dB input backoff, .respectively.

Computer Simulation Model

In the following, the compﬁter simulation used in our study will be
described. Afterwards, results obtained from this simulation study will
be presented. As few details xf‘rer'e“ discussed in the available literature,—
comments and comparison with other computer simulation methods are

somewhat difficult. The conflicting results obtained by Constellano [22],

versus those given by Harris [25] and _Lundquist t23], all sponsored:_
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l;y the Européan Space Agency, typify the complegity, invo‘lvéd in the sim-
ulation -study of a nonlinear satellite .'-c;hanhel.' Nevertheless, an attempt
will be made to clarify the method used in our study.
In the linear ché.nnel, it is easier to study the system perfofmancei
by using a computer agalysis program, in whichithe system 1s excited by
applying a single pulse of duration T in the in-phase baseband c}hannel. As .
the data stream in the quadrature channel is stétistically independent of
that in the .'m-pha.se channel, there is no need to use both quadrature channels
in this method.
"By the use of the Fast Fourier Transform (FFT), the single-pulsed
signal is modifigd by the frequency responses of thé various filteJ;'s in fhe
systems. Since the s;)rste.m components are all liﬁear, superposition may
be.us.ed to compute the peak aﬁd rms eye closure for a random data sequence.
This is because the power spectrum of the single isolated pulse has the
same shape as that of a random d‘af:a. stream. 7~ T - oo
However, this computer analysis program cannot be adoptea in a non-
linear satellite ~channe1 since the principle of superposition is no longer
valid. | Hence, a simula.tiqn program in which a pseudo;randgm data sequence
is generated rmust be used. In a similar way, this random -da.ta sequence,.
by means of tl;le FFT a;lgorithm, is alternated between its time-domain and
frequency-domain represe-ntation. . In the frequency domain, it is mddifi_ed
by‘the complex-transfer fﬂﬁ-rlction of the simulating filters. In the time-

domain, it is modified by the nonlinearities of the two cascaded power

amplifiers.,




chart of the signal processing in our-simulation study. The signaling for-
mat for QPSK, OKQPSK and MSK was obtained in the equivalent .complex
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Based on the simulation model of Fig. 3.1, Fig,3.19 shows the flow .

baseband form (Fig. 3.2) from a pseudo-random data source. After Fourier
|

transformation, it was modified by the bfrequency response of filter ¥y, It

was then inverse transformed back in the time domain and modified by the

"polynomial coefficients of the quadrature model of the HPA T271..° -
i

The description of the quadrature model for.a nonlinear power amplifer. |

‘such as HPA and TWT is contained-in chapter 2.

The distorted signal after the H}.?A was a'gaih Fourier transformed and "
modified by the frequency response of filter F,.. Inverse Fourier trans-
formed back into the i;ime domain, this signal was again modified by the
polynorﬁial coefficients of the quadrature model of the TWT. The signal, |
after modifiéatiqn b\f the frequency responses of filters F3 and ¥y, was
then decoded at the receivler_-.angl compared with the original transmitted data
sequence. |

Whitg Gaussian noise was added to the signal at the receive filter input
(Fg in.Fig. 3.19). The total noise power at the output of F4 was the_n'com"-
puted. The up-iink noise was not included in our simulation as it was quite
in\‘ro‘lved if n.oise was to be simulated [87]."

Different filtering strateg*} has been used in the various simulation
studies quoted ':e.,a.rlier. In the linear channel, the overall system response
is usuallsr assumed to be raise cosine. Optimum performance is attained

whenwith raised cosine filtering is partitioned equally between the transmitter
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and the receiver. The situation became more cdfnp_l_icated in a nonlinear
channe}. This is because in the actg.é.l satellite communication systems,
the earth transmitting station and receiving station sometimes mvight belong
to two diff-e.rer;t countries, with equipment sul;pli,ed by different manufact-

urers. In Ref . [ 131, the s'pe'cific.:ations:""fa'rﬁ the transmit

and receive filter are simply divided with a sharp cut-off filter at the trans- |

_mit.ter and a Nyquist shaping filt.er with an operature equalizer at the receive .
side. In Ref. [23]1, a rolloff factor betweén 40% and 50% . : ' |
with close to half of Nyquist shaping at the transmitter was employéd, 'xirl‘ﬁle
in Ref. [2,6"]',-- a Nyquist shait.p‘ing‘ fil‘ﬁ*é‘r,"at the trans-
mitter and an elliptic filter at the receiver were assumed.
The comiauter programs developed in this s'tud?, in their present format,
only ha\;e the capability to evaluate the single-chanﬁel performance of
QPSK, OKQPSK and MSK signals through a nonlinear satellite channel. A
simulation program capable of evaluating pérforméﬂce of these L’hrge“ signals
in a multi- channel environment Vma.y become qu;il:e involved. Not only the
carrier information for the multi-channel information must be included
in the 'sim.ulation, but also an optimization routine hav;ﬁg iterative cap-
ability must be used to find the optimum filtering parameters.
In our study, a simple é.pproa.ch usingha. typical filter, namely a 4 pole
Chebychev with 0.5 dB passban;d ripple, was adopted. This filter with )
different 3 dB bandwidth was a.s.sumed for ¥y, Fp, Fzand Fy in our sim—.

ulation model shown in Fig.B » 1. In Ref, [8], ;. Chan et al also adopted

this simplified filtering approach by assuming the transmit and receive
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filters to be of Chebychev type. Similarly in Ref, [28], Devieux in

his QPSK sa.téllj.te link simulation assumed all the four filters to be of -

the Butterworth type.

Computer Simulation Results

To check the accu;‘écy of the simulation programs, the wideband per-
formance of the;e three médﬁla-tion schemes was obtained and coméared
as shown in Fig. 3.20. In this wideband model, 'the. BT product of Fy and .
F4'~(where B is the double sided 3 dB bandwidth of the Ch.ebchev filters and
T is the symbol intefva.l) is equal to 2, while the. BT product of ¥ and Fu
is about 2. 5. In this casé, the OKQPSK performs slightly betteir than the
QPSK and MSK signal. By further increasing the BT prc;duct of-each of

these four filters, all these three types of signals require a SNR of approx-

imately 8.8 dB for a BER of 10°4, In comparison, the theoretical SNR
4

‘requirement with the noise in the bit rate bandwidth for-10™~ is &. 4 dB for -

these three types of signals.

. The narrowband perfo_rr.n‘a.nce of these three signals was then evaluated
by reducing the BT product of .Fl and F4 first to 1.3, and then to 1,wvhile .
the BT product of F» and F3 was kept about 2. 5.. Tbis corfesponds to the
narrowband model used by Devigux (28] in his study for the perfofma.nce
of QPSK through two cascaded nonlinearities, In our simulation study, —
QPSK performs,,approximétely the same as in Devieux'é '.»vork. Resglts

in Fig, 3. 20 also show that the performance of OKQPSK becomes worse

than that of QPSK when the BT product of F; and F, was reduced from 1.3
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to 1. In either situation, the performance of MSK is worse than that of

either OKQPSK or QPSK.

In the above model; the bandwidths of F and F, were made sufficiently

2 3

wide so tﬁat the c;Scaded nonlinear characteristics of I—IPA-and TWT can
be considered as one single nonlinearity. In some satellite channels, the
bandwidths of these two filters are also narrowband so as to bandlimit.the
up-link thermal noise anci to reduce the adjacent channel interference.

For this second narrowband model, the BT pr-odl.ucts_ of F; and F4 wa‘s

again kept at either 1.3 or 1, while the BT products of Fp and F3 was red-

uced from 2.5 to 1. 1. Results in Fig. 3.2 again show that QPSK performs

better than either OKQPSK or MSK in this narrowband model.

Results shown in Fig. 3.20 and Fig. 3.21 are for the HPA and TWTA
both operating at 1 dB input backoff, When they both were operated at 12dB
input backoff, results in Fig, 3,22 again show that QPSK outp'efforrns
OKQPéK in the narrowband model 11. In the narrowband :jnod:el 1, rfeéults |

- » —— - .-

plotted in Fig.3.22 show that in one situation (B1T = B4T = 1.3, where B

and By denote the £3dB'ba‘ndwidth of filters Fy and Fy,), OKQPSK performs

slightly better than QPSK. In the second situation, (B;T = BT = 1),” QPSK
performs better than OKQPSK. In the wideband model, OKQPSK performs
slightly better than QPSK..

In ouf earlier study, it wa’s s.hown that OKQPSK and MSK have muclh "
larger arhplitude. variations at the ;ampling instants than QPSK. After
passing t:hrou.gl;~ the nonlinear amplifiers, in QPSK.,‘ the sampled signal

amplitude is still concentrated about a fixed point. This results in a smaller
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.degree of phase jitter., The coincidence of the sampling points between

the in-—iohase and quadrature channels also induce less cross-modulation
intefference. .O_n the other hand, the much larger amplitude variation of
these two signals at the sampling instants ;nd the misalignment of the
sampling instants between the two quadrature channels cause-__'a ‘larger dégree
of signal scatte'riné at the sémpling instants, Th;lS, in a severely band-
limited channel, OKQPSK or MSK has a much larger phaée jitte'r‘tl;lan
QPSK, resulting. in la:ger onerali system perfo :.rrnance degradation.

As there ;.re many constraints and parameters involved in the sim-
ulation model of a nonlinear satgllite channel, th..e argument in favor of
or against the use of OKQPSK versus QPSK still needs further study. Only
through practical field testing and measurement, can this problem be
solved. | Nevertheless, the simulation method and results obtained in this
study, after. further extension, will help lead to a mo;t‘e favorable answer

in the near future. R .- N - - .
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3.7 SUMMARY

An analysis to study the amplitude fluctuations, both
the overall average and at the sampling instants, of bandlimited
QPSK, OKQPSK and MSK signals, Qas.undertaken. Although a filtered
6KQPSK (or MSK) signal has less overall amplitude fluctuations
than QPSK, it has much larger amplitude fluctuations at the sam-
pling instants. Thus the overall performance of a filtered
OKQPSK signal degrades more from nonlinearities than that of QPSK.
Both the signal space and scattér diagrams of QPSK, OKQPSK and
MSK were verified by computer simulation. |

Two types of spectrum spreading that occur when a fil-
tered PSK signal with or without jitter passes through a hardlimited
were experimentally demonstrated. The.first type of spectrum res-’
toration occurred when a jitter free signal was hardlimited. As
there is no timing jitter in the PSK signal, complete spectrum
restoration can thus be reasoned as caused entirely by hardlimiting
alone. The second type of spectrum restoration and modification
arose when a jittery signal was hardlimited. Spectrum modification
can thus be partly attributed to the timing‘jitter that eiists in
the filtered signal.

By the use of computer simulation, the performance of
QPSK, OKQPSK and MSK throﬁgh cascaded nonlinearities and bandlimiting
elements as in a typical satellite channel in a wide-band model and
two narrowband models was evaluated. Results from the wide-band
model show that OKQPSK performs slightly better than conventional
QPSK and MSK. On the contrary, results from the two narrowband

models show that conventional QPSK outperforms OKQPSK and MSK.
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CHAPTER 4

SIMULATION COMPARISON OF REGENERATIVE AND

~ NON-REGENERATIVE SATELLITES
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4.1 SIMULATION COMPARISON OF 'SYSTEMS

In this section of ﬁhe report a sét of siﬁulations have
been performed in order to have a comparison between regenerative
and non-regenerative satellites. Due to the limited amoupt of time
available for the development of simulation programs, only QPSK
modulation has been considered. The bit rates-ﬁéed in the simula-
tion are non standard but serve for illustrative purposes in this
first phase of the project. 'As an initial step towards a more
extensive study, the consideration first of QPSK is the logical
direction to take. There are a few reasons for this: first, the.
simulation of QPSK is relatively simple, when ccmpéred.to OKQPSK,.
MSK or differentially éncoded schemes [1,2]; the relative spectral
efficiency of QPSK .in a linear channel is quite good, i.e., up to
2 bit/s/Hz [3]; the performance of QPSK appears best among the dif-
ferent modulation schemes [4]. With‘fhese points in favor of QPSK,

it was decided to place the emphasis on the study of QPSK.

To evaluate the performance of both a conventional repeater

satellite link and a regenerative repeater satellite link, these
two systems have been simulated.
~The simulation of'é conventional link is based on the
work by J.C. Huang [2] and was documented earlier in this report.
| The simulation of a regenerative repeater link is based
on the hypothesis that the uplink and downlink can be considered

as two independent links. The analysis of a regenerative repeater
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satellite system thus essentially becomes the analysis of a two-
hop system. The probability of error is given by
P(e) = Pu+P_d

In other words, the probability of error is'essentially the sum

of the individual error probabilities, where P, and P respecti-

d
vely stand for the uplink and downlink error probability. The
simulation of a regenerative repeater iink then consists of simu-
lating two single-hop systems and adding theirx resbective erroxr
probabilities. The model being éimulated is illustrated .in Figure
4.1.. Because of the linearity of the uplink and downlink chanhel,

the transmit and receive filters F_ and F_ were lumped as single

t
filters in the actual numerical simulation.

. The probability of error curves obtained for the two
systems illustfate their relative ﬁerformance. The -curves shown
in Fig. 4.2 illustrate the pérformance of QPSK in a‘cogventional
repeater link at bit rates of 84, 92; and 100 Mbits/s with Che—.
bychev filters having 0.1 dB fipple and a 3 dB bandwidth of 54
MHz at both ground transmit and receive stations and with similar
ChébYChev‘filters having a 3 dB bandwidth of 60 MHz for the two.
transbonder filters. This corresponds to an effective channel
spacing of 60 MHz. Thus, the bit rates used represent, respectively,
spectral efficiencies of 1.4, 1.53, énd 1.67 bits/s/Hz. .From.the

curves of Figure 4.2, we observe that to maintain a P(e) = 10_4,
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~approximately 4.5 dB more is required to transmit 100 Mbits/s

instead of 84 Mbits. This increase in the required Eb/NO is due

partly to the increased ISI because of the more severe bandlimiting

and also partly due to the larger enveloﬁe fluctuations, resulting

from the bandlimited signal,»which aré processed by the nonlinear
amplifiers. .

To see the.improvement bbtéined by regeneration, we
refer to Figure 4.3 where, with the same filters QPSK was simulated
at a bit rate of 100 Mbits/s. The curve obtained certainly indi-
catés a considerable gain to be obtained from regeneration. Both
simulations WereAperformed assuming 12 dB of input back-off at
both the ground station and the Satellite transponder.

Based on the data obtained the results have only limited
value because for one, the results for regeneration appear some-
what optimistic and in general the ground stétionAamplifier and
the satellite transponder amplifier are not necessarily operated
at the same back=-off. .However, for illustration purposes, if
we assume that both the uplink and the downliﬁk have the same pro-
babilitj of ‘error, we obtain»a regeneration gain versus_probability
of error as .shown in:  Figure 4.4. As we can see from.this graph,
the gain can be as high as 8 dB which»appéafs too good. Thus
more.research in this area is required to arrivé-at coﬂclusive

results. This will be included in Phase II.
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4w2:SUmmary-

A regenefative satellite link was éimulated and its
performance compared to.a non-regenerative satellite link. Frém
the limited results ocbtained, tﬁe indication is that regene:ative
ggfellites show a substantial improvement in performance for the.
same Eb/No, or that they require smaller values of Eb/No to

achieve the same performance as conventional ones.
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CHAPTER 5

PARTIAL RESPONSE MODULATION METHOD CONSIDERED IN

REGENERATIVE AND NON-REGENERATIVE SYSTEMS
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5.1 INTRODUCTION

Partial-response signalling (PRS) is a bandwidth effi-
cient baséband method‘of transmitting data and is hence suitable
for carrier modulatioﬁ. This efficiency is achieved using rela-
ti&ely simple, p;actically realisablé and perturbation tolerant
filters. The relatively simple hardware realisation of PRS, com-
pared to other.efficient methods, and its inherent capability of
detecting errors without using redundant bits, are added advanta-
ges. In modulation with PRS, QAM ehjoys more popularity and in
this context it is referred to as Quadrature Partial-Response Si-
gnalling (QPRS). Examples include a Canadian produgt manufactﬁred
by Northern Telecommunications Limitgd, an 8 GHz long—héul high-
capacity digital radio developed by Bell—Nbrtherﬁ Research. This
radio uses QPRS and has a spectral efficiency of 2.25.b/s/Hz £11.
In Japan, Fujitsﬁ has developed‘a 2 GHz digital radio, also using
QPRS, with a spectral efficiency of 2 b/s/Hi f2]. In the U.S.A.,
Avantek has been manufacturing 2 GHz QPRS digital radios which
have a spectral efficiency of 1.8 b/s/Hz [ 31. :GTE Lenkurt has
developed duobinary 3-level FM and 7-level correlative FM radio
systems.

Although Partial Response 1s a spectrum-efficient modu-
lation technique frequently employed in terrestrial microwave

radio relay systems, no serious considerations have been given to
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its use in digital satellite épplications. This is because its
multi-level signalling nature could lead to severe AM/AM and AM/
PM conversion'dégradations when a nonlinear power amplifier such
as a TWTA is used. However,‘no readily available quantitative
evaluation of these degradations is currently ébtéinable. Hence,
it is of great interest to study the performance of a QPRS signai
passing through a nonlinear dévice such as. a TWTA. This study
will not only establish a quéntitative evaluation of the nonlinea-
rity effects on QéRs but can also be used in the study of the

feasibility of adopting QPRS modulation scheme in a regenerative

satellite configuration.

5.2 SIMPLIFIED QPRS MODELLING

" A simplified model such as used in our computer simula-
tion programme is shown in Figure 5.1. In this model, the channel

nonlinearity arises from the use of a travelling wave tube ampli-

- fier (TWA) at the transmitter output. This device exhibits both

AM/AM‘ and AM/PM conversions as described in Chapter 2.

In the computer simulation [ 4], the two pseudo;random
binary sequences of the gquadrature channels are first precoded
(uéing a modulo-2 summation) separately before being passed through
a 3-level Class I encoder. Precoding is normally employed so és
to avoid the propagation of errors due to adjacent bit depeﬁdégzg
of the PR signél [5]. The resulting three level signals are
then double-sideband amplitude modulated on two quadrature carriers

and passed through a transmit bandpass (or its equivalent baseband)

filter for spectral shaping.
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In the present study, the characteristics of a typical

-TWTA are used. The power transfer characteristics and the out-

put phase shift of the TWTA areAas'depicted in Figure 5.2.
Starting from these characteriétigs, the nonlinear coefficients
of the polynomial representation of the fWTA.used in the'simﬁla—
tion are obtained. | |
‘The effect.of the position of the TWTA in relation to
the bandpass filter is.an interesting point to consider. First
the case is considered &here the bandpass filter preceeded the

TWTA. In this situation it is found that the QPRS signal suffers

severe degradations even when the TWTA was operated in the quasi-

linear mode (8-12 dB input backoff).

Then the case is considered where the TWTA is placed
before the partial-response filter. In this modé of operation,
the signal at the TWTA input is essentially the undistbrted QPSK
signal which has a constant envelope. The degradéﬁion in this .
case is mﬁch less.severe than the previous case. This is due to
the nearby constant en&elope of the unfiltered QPSK signal. For
Class I QPRS, filtering shquld therefore be done after the non-
linear amplifier. The adoption of this strategy is mostly typi-
fied in the design of the 8 GHz digital radio by Bell—Northerﬁ
Research [11. | .
| In order to check the accuracy of the computer simula-
tion programme, a brickwall Nyquist filter was first used both

at the transmitter (for spectral shaping) and at the receiver
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(for bandlimiting the noise and adjacent channel intereference).

The result for this ideal case shows that a signal-to-noise ra-

tio of SNR = 14.6 dB is required for a probability of error P(e)
= 10_4. This compares very favourably with the theoretical value

of 14.4 dB for this model.

5.3 AM/AM AND AM/PM CONVERSION EFFECTS ON QPRS

It is of interest to study the separate effects of
AM/AM and AM/PM conversion on the performance of the QPRS signal.
Our results indicate that AM/PM conversion appearé to have more
drastic effects on QPRS than the AM/AM conversion by itself.
This result is important becauée it points to a possibility of
compensating the AM/PM conversion of a TWTA, if achievable, to
adopt QPRS for use in satellite regeneration systems.

The TWTA was first assumed to exert only the AM/AM
conversion. Based on [4], a, 4-pole Chebyshev filter with a

0.01 dB passband ripple were used at both the transmitter and

~ the receiver. This filter is specified in Figure 5.3. The re-

sults for this situation are plotted in the graphs of Figure 5.3.
Following this, both the AM/AM and AM/PM conversions
of the TWTA were assumed iﬁ the'simuiation;. Again a 4-pole
Chebyshev . filter with a 0.01 dB passband ripple were used at
both the transmitter and the receiver. The results for this
case are shown in Figure 5.4 for the TWTA operating at different

input backoff points.
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From the computer simulation.results, it is clear
that the major contribution to the overall degradation is the
AM/PM conversion. On fhe other hand, the AM/AM conversioh effect
alone only slightly degrades the QPRS system performance.. For
example for a P(e) = 10—4, in mpvipg from an input backoff of
14 dB to an input backoff of 8 dB, the AM/AM degradaﬁion is léss

than 1 dB, whereas in moving from 14 dB backoff to 12 dB back-

off, the overall (AM/AM plus AM/PM) degradation is close to 4 dB.

5.4 POSSIBLE REGENERATIVE SYSTEM CONFIGURATION

From the computer simulation results} it appears that

if the AM/AM conversion of a TWTA can be somehow compensated

_for, it mlght be pOSSlble to adopt QPRS on a satellite link uSlng

regeneratlon on—board. DQPSK might be used on the uplink as it
does away with the neécessity of carrier recovery whereas QPRS
might be used on the downlink. This configuratioﬁ could be of
interest because from the uplink, the on-board process can'mu;—
tiplex numerous signals from different earth stations into a
éingle stream and ‘then spectrally efficiently retransmit down,
using QPRS, to a single receiver.earth'statiqﬁ. To'reducé.dg~
gradations, the\QPRS shaping filter has to placed after the TWTA
as mentioned earlier (see Figure 5.5). The TWTA can then be

operated with less backoff.
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CHAPTER 6

COMPARISON OF REGENERATIVE AND NONREGENERATIVE

SATELLITE SYSTEMS
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6.1 INTRODUCTION

On-board satellite regeneration is a good way to enhance
the perfprﬁance of a digital satellite liﬁk. It allows capabilities
befond those échievable with conventional translating satellites.
These include considerable interference profection'and interconnecti-
vity between different types of terminals [1]. In the last decade
regenerative satgllite systems elicited-considerable interest which
resulted in some studies which are reported in the literature.

In this chapter, based mainly on a litteérature survey, the advantages

- of regenerative satellite. systems over conventional non-regenerative

satellite systems are explored. A performance comparison of
regenerative and non-regenerative satellite systems is presented
and the géin in sigpal~to~noiseﬁrati0 for regenerative repeaters
ié given. The shortéomings of some of the results reported in the
litératﬁre are pointed out.

6.2 ADVANTAGES OF REGENERATIVE SATELLITE REPEATERS

The models for the conventional and regenerative satellite
repeaters are given in Figure 6.1. The conventional (translating)
repeater essentially amplifies the received uplink signal, in
addition to translating the carrier frequency, and redirects it
towards the earth as a downlink signal. In other words, the
incoming signal is retained in modulated carrier form. The rege-
nerative repeater on the other hand, demodulates the incoming
ﬁplink signal into baseband, processes (or switches) the baseband
stream and remodulates the RF carrier(s) before tranémission towards

the earth as downlink signal(s). In Figure 6.1, Nu(t) and Nd(t)
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are the uplink and downiink nolses respectively and I(t) is the
uplink radio frequency interference, while I'(t) 4is the radio

frequency interference<on the downlink. The émplifier used ﬁo o
ampliff the sigﬂals in a conventional repeater is usually a TWTA

and it is most often operated in a nonlinear mode to maximise the

_power output (little or no back off). This results in AM/AM and

AM/PM degradations‘fbr non constant-envelope (bandlimited)'signals.

The advantages of regenerative repeaters are due to:

1) Isolation of the uplink from the downlink

2) Availability of the detected baseband bit stream in

the satellite

3) Reduction in size.and welght

Regeneration prevents the accumulation of noise and co-
channel interference. It passes only the bit errors made in the
hard decision detection of' the uplink.signai at the satellite.
As was seen in Chapter 2, this prevention of noise accumulation

results in about 2.6 dB saving in the.energy per bit-to-noise

density ratio (Eb/No) in the linear channel, if the uplink and

downlink Eb/No 's are identical.
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The uplink and downlink .are isolated due to the hard
decision detection at the satellite and th%s leads to an efficient

use of the available EIRP by allowing the optimisation of each

link separately. This may lead to a cost-effective satellite

. system. For instance, each link may be separately equalised to

reduce intersymbol interference. Also, different modulation.methods'
may be used for the two links.. In the upiink a method may be
chosen that will allow simple demodulatién in the Eransponder such |

. i1
as DPSK which requires no carrier recovery, whereaé the downlink
modulation may be chasen to give the greatest power/bandwidth
efficiency. If the uplink bandwidth is limited, for'examplé,
8—ph§§% PSK may be used on the uplink, whereas QPSK méy be used
on the downlink (see Figure 6.2). It might be desirable sometimés
to protect the uplinkvfrom radio frequency interference by
using spread'séectrum techniques on the uplink whereas thre 1s no
such need in the downlihg. - This is_also illustrated in Figure 6,2.
If the downlink is power limited (as it usually is), error coirecting
codes may be uéed, on the downlink only, toitrade power for band-
width. ‘Regeneration prevents signal anomalies which might occur on
the uplink from affecting the downlink. For_example it eliminates

degradations due to the uplink filter-induced amplitude fluctuations,

" and the resulting phase modulation (PM) of the PSK carrier caused

by the direct amplification of the uplink signal (with AM) by the
nonlinear TWTA [2]. This can lead to improved demodulator perfbr—
mance and less link degradation~[2].

Another advantage of regeneration is to prevent "power
robbing" that occurs when there‘is a power'imbalance among FDMA

users - the weak signals are suppressed. With the demodulation/
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remodulation scheme, sufficient downlink power is provided even
for the low power uplink signals.

Regeneration provides versatility in the system. It is

- for example compatible with the store-and-forward concept for use

with a éingle'antenna_beam, This allows bit-rate conversion to take
place at the satellite. This'might be called in' for if there are

different size antennas each using a different modulation method.

- Because of the insufficient gain of the small-size antennas, BPSK:

may be used for'example while the large-size antenna would use

Al

QPSK. Figure 6.3 shows a possible configuration having one trans-

ponder for smaller size antennas and one for large-—size antennas

[3].

The availability, at the satellite4fepeater; of the
detected baseband data étreaﬁ leads to a high degree of inter-
connectivity thus additional advantages. It is possible for terminals
of different types to communicaté...Uplinks.ahd downlinks with
different levels or types of.errbr correction coding may be inter-
connected. A careful combination of modulation technique and error
correcting coding will result in better performances. For example,
when a link is bandlimited for BPSK and power limited for QPSK,
the. combination of QPSK and error correction will be the best
solution. Since errors on a satellite:link usually occur isolated,
the satellite is well suited for error correction techniques. In
case of double errors (burst errors of length two) caused by
diffe;ential decoding, simple bit interleaving will effecéively
convert the situation into a random (single) error one. Figure
6.4 show two types of forward error correcting coding configuration

particularly useful when extra protection is required on the
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downlink. In diagram (a) only the downlink is protected 5& error
correction and only the encoder, which is usually simpler than the
decoder, is located at the. satellite. In diagram (b) both uplink
and downlink have error correction and'aéain only an encoder is
located at the sateéllite; the downlink is doubly coded. This is
easier than if the uplink and downlink wére encoded and decodéd
separately. | ‘

In case of voice transmission, Since.the baseband data
stfeam is available, use may be made of Digital Speech Interpolation
(DSI) to increase the capacity of the satellite link. |

Beam hopping is also possible with regenerative satellites.
A transponder is time sha;ed by a mulfiplicity of spot beams. A
phaéed—array béaﬁ.antenna and some memory will be required.n With
a lot of users, the channel bit stream from each uplink.may be
connectedhto'any downlink constituting a "switchboard in the sky".
New conveniences to users, such as insert and drop, which are not
now possible will become available. .This baseband switching calls
for electronic switching’Which, with recent advances in LSI circuitry,
can be sufficiently miniature and very light. Switching is aiso
possible with non-regenerative satelliteé, but in this case micro-
wave switches usiné PIN diodag.would be uéed. Thesg are much larger
and heavier than baseband switches. |

In tranglating repeaters, degradation due to non linearities
are very important in band limited situations(almost always) as
mentioned earlier. The use of regeneration reduces the impact of
these transponder nonlinearities. By replacing the TWTA with

high-power direct modulators, signal degradation due to non- .

linearities will be avoided [3,4,51], Théfé will be no multiplicity
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of (heavy) TWTA's. These high-power modulators would introduce a

loss of ‘not more than 1.5 to 2.0 dB..

~

If coherent detection is gsed, much of the channel filtering
and equalisation can be done at baseband instead of at RF. This
facilitates reduced complexity and-weight. The remodulated carriers
will be phase coherent for all accesses siﬁce thé? are derived from
a common source. This eliminates station to station and Doppier
diffefences encountered on the uplink and can lead to simpler
ground ﬁermiﬁal receiver design; improved demodulator pe;formance,
and less link degradation [2]. However, coherent detection calls
for carrier recovery which can be gomplex. The choice. between
coherent systems or differentially coherent ones on the‘uplink
continues to be a subject of interest [6]. - : ~ |

A further advantage with regenerative repeaﬁers is that
concerned with a reduced intermodulation products problem among i
downlinks at different carriers. If the uplink-dbnsists of a number
of FDM users, after demodulation, these can be multiplexed into one
or a few TDM downlink bit streams, to be retransmitted on the ‘
downlink via remodulation. The reduced number of downlink carriers
reduces somewhat the intermodulation problem. This calls for time-
division multiplexers a% the repeater and terminals equiped with
time—division demultiplexers.

If a packet sﬁitching system is used, on-board processing
can dramatically increase the throughput efficiency of the system
[11. | | .

Thendiéédvantages of regenerative satellite systems.include
the power and weight that a satellite must carry forAits own

accomplishment (to carry out the processing), and the high degree

- -



of éomplexity (reduced reliability) that must accompany.signal
processing on board. Howe&er;.these costé are wholly or partially
recovered due to the more effiéiént use of satellite power, and

the improVed signal performance. The demodulated signal-at the
satellite may'bé subject to siight degradations‘dﬁe to phase jitter
assoclated with on-board carrier recovery. 'Although the reéenerative
satellite was acclaimed flexible, a cerfain degree of infle%ibility
of a différent kind is introduced. In conventional systems, any

type of signal can be amplified at the satellite bﬁt with regeneration
a transmitting station must use a'moduiatipn type . the demodulator

to which exists on board the satellite. Likewise a ﬁeceivihg

station must match one of the downlink signal formats.
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6.3 COMPARISON OF TRANSLATING AND REGENERATIVE REPEATERS

Several studies‘have been done comparing regenerative
and nonregenerative satellite repeaters all of which indicate
clear advantages of regeﬁeraﬁionJ Figure 6.5 (taken from Refe-
rence [3]) shows the effective total carrier—to—noise plus inter—
ferenée power ratio C/ (N+I) as a function'of the downlink C/(N+I)
taking the uplink power as a parametei, for PSK systems. By
effective C/(N+I) we meén that ratio that would attain the same
bit error rate if only one link is,uséd. It is seen that for a .
total C/(N+I) of 15 dB, the regenerative system can use an uplink
C/(N+I) of 18 dB and a downlink value of 17.5 dB. The translating
repeater system Qill need 24 dB uplink C/(N+I) and 20.5 dB GOWn—".
link C/(N+I).~ This results in an uplink saving of 6 quand down-

link saving of 3 dB. This figure assumes miscellaneous losses

of 0.5 dB on the uplink and 1.5 dB on the downlink for regenerative .

sYstéms. The large loss on the downlink is due to possible degra-

dation by the high—powér direct PSK modulator in the repeater.

For the nonregenerative system; total miscellaneous losses of 1.0

~ dB and TWTA nonlinear'loss of 2.5 dB are assumed.

fo illustrate further the advantage, the downlink C/N
is plotted versus uplink C/N in Figure 6.6 for 4-PSK systems in-
cluding conventional coherent QPSK, regenerative coherent QPSK
and regenerative DQPSK up/CQPSK down (for the same error rate).
Ideal Nyquist channels are assumed, and for the conventional

transponder only a 1.6 dB degradation in C/N, due to TWTA saturation
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is considered. It is to be noted that, if the downlink is to be

maintained at 16 dB say, the nonregenerative repeater requires

about 17 dB uplink C/N while the regenerative CQPSK system re-

quires about 12 dB, a saving of about 5-dB. It is clear from
the figure.that the savings_invC/N increase dramatically as the
downlink é/N-decreasea_gggxegenerative DQPSK might actually re-
sult in a penalty for high downlink C/N values. A saving in C/N
translates into either a greater fade margin or a 'réducéd power
requirement on both the uplink and déwnlink. It.has been shown
L2] that the improvement potential of régene;ative»saﬁellite‘is
greatest in cases where the degradation encountered for the con-
ventional case is greatést,‘i.e. for the case with 0 dB backoff

in both the ground station HPA and TWTA. Depending on the back-

off, gains in C/N from 4.5 to 5 dB on the uplink and from 4.5 to

. 6.8 dB on the downlink can be achieved with regeneration using

CQPSK.,

Huang et al. [7] compared conventional (linear Qnd
hardlimited channels) and regenetative saﬁellite systems for
BPSK, QPSK and 8-PSK. Their.results a;e~réproduced in Figure
6.7. A given uplink signal—to—noise ratio,'SNR; is assuméd and

then probability of error is plotted as a function of downlink

' SNR. The figures indicate that regenerétion yields a higher gain

as the number of phases of the modulation increase. Note also
that for BPSK, when the uplink SNR is strong, the hardlimited
channel performs almost as well as the regenerative satellite

system. ‘From Figure 6.7, it appears that a saturation effect
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occurs in the probability of error curves for a given uplink SNR.
Beyond a certain value of downlink SNR, the probability of error
does not change with inéreasing SNR. For BPSK, this value of
downlink SNR seems to be approximately the sameiaé the uplink
SNR. Huang et al. compared performance betweén a mixture_of FSK
and PSK. It was found [7] that for a giVén uplink SNR and given
that the uplink is FSK, the best performénce occurs if ﬁhe down-
link is PSK. The results. of Huang et al. are somewhat pessimis-
tic as they deal only with the cases of a linear channel and a
channel with a ha?dlimiter and ignores the practicai case of
AM/PM which is a major source of degradation in a satellite system.
Chiao and Chethik [5] carried out exténsive calculations
of performance bounds on the prbbaﬁility of error for both QPSK
and MSK using translating repeaters and also regenerative repea-
ters. The effect of AM/PM4and also the effect of referencé—carrier
reconstruction errors due to:noiée ana intersymbol interference
was considered. Their anélysis is based on the model showh in
Figure 6.8. The effect of intersymbol interference introduced 5y
the filtering effects along the uplink path and along the downlink
path are represented by>é lumped uplink filtef with an impulse
response hu(t), and a lumped downlink filter with an impulse res-
ponse hd(t), respectively. The uplink noise, n(t), and downlink

noise, n'(t), are assumed to be both white and gaussian.
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Their results indicate that for the conventional noﬁ—
regenerative system, éerforménce is better when intersymbol -in-
terference exists in the uplink only and the downlink is ISI—free.
Fof the regeneraéive system, performance isibetter when ISI is
on downlink only and the uplink is ISI-free. Just as fOund by
Huang, et:al., a saturation effecﬁ occurs if either downlink or
uplink is held constant. This indicates that for'é‘given value

of downlink Eb/NO say,there exists an optimum uplink Eb/NO. A

comparison of conventional translating and regenerative perfor-

mance for QPSK is shown in Figure 6.9 for a situation where no
interéymbol interference exists. To .check briefly the validity
of these curves we note that if both uplink and downlink Eb/NO

are 13.6 dB, the probability of error for the translating system

is 10_4. But this is equivalent to an overall Eb/NO of 10.6 dB.
Theoretically QPSK is supposed to have an E, /N, of 8.4 dB for

Pe) = 1074

[8]. It is therefore seen that these results may be
about 2 dB away from theoretical expectation.

From Figure 6.9 it can be seen that for low uplink
Eb/NO (iﬁ the range of 10 dB) the conventional repeaﬁer has P (e)
performance worse than 1073; With the. same uplink_Eb/NO, regene-

4

ration restores the P(e) to the 10 ~ to 1070 range even with a

downlink Eb/NO of 10 dB. For higher uplink Eb/NO say 15 dB, it
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Iink Eb/NO of up 6.8 dB. This means greater fade margin or a
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is the downlink Eb/ﬁO'Which limits the'performancet For uplink
and downlink Eb/N0 which are not severely-P(e) limiting, the
regenerative repeater offers 2-5 dB impfovement in performance.
These results, although they includg AM/PM éonveréioné, are ra-
ther conservati&e in as much as they do not consider optiﬁisation

of the TWTA backoff. Also they do not include a HPA in their

1

‘model which appears in actual systems. A more thorough study

would have to include a cascaded nonlinearities incorporating a
ground station HPA and a satellite TWTA. The optimisation of

the backoffs of both HPA and TWTA would be required.
6.4 SUMMARY

Regenerative satellite répeaters were seen to have
advantages over conventional translating repeaters especially ifi
the uplink power is limited. Regeheration leads to more efficient
satellite EIRP utilisation and may offer maximum interférence
protection. Depending on the backoff conditions'regeheration

may achieve gains in uplink Eb/No of up to 5§ dB and <n the down-

1

reduced power requirement in the satellite system and may therefore

lead to a cost-effective satellite system.

~
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CHAPTER 7

CONCLUSIONS AND FURTHER CONSIDERATIONS
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7.0 RECOMMENDATIONS, FURTHER RESEARCH AND CONSIDERATIONS

Our studies on regeﬁerative satellite systems lead up
to conclude that the Department of Communications should seriously
study this most interesting and dmportant topic for future digital
satellites. On-board satellite regeneration séems to be a pro-
mising method of achieving more cost-competitive satellité sys-
tems. The reduction in the uplink power requirement to meet a
given bit error rate performance criterion means that smaller
earth station antennas may be used resulting in a reduced overall

cost of the satellite system link. Current satellite systems are

bedevilled by degradations which result when a bandlimited signal

is amplified by nonlinear devices. On-board regeneration reduces

these degradations and hence might be included in future satellites.

The above recommendation will stimulate Canadian Indus-~

try to carry out research in this area and hence fulfill Canada's

commitment to leadership in Telecommunications.

In Phase II of Ehe éxpected research contract, a more
indepthvstudy of QPSK will be carried out to verify the results
obtained so far. The frequentlyAconsidered modulation methods
for satellite communications shall be studied for application to
regenerative sateilite systems. These will include offset-keyed
QPSK, MSK, and DQPSK. Our iﬁitial study indicates the possibility
of employing partial—responsé signallihg in regenerative satellite

system configuration. The feasibility of this technigque shall be

- further explored. Other new modulation methods which‘might be
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applicable to regenerative satelliteé shall be lookéd into.
These could include offset-keyed-8 PSK (0K-8 PSK) and nonli-
nearly switched filter techhiques.

As mentioned earlier in this report, a more complete

model - of a satellite system has to include adjacent- and

'co—channel interferences; this shall also be considered. The

‘effects of synchronisation errors should be taken into account.

An interesting concept to consider also would be direct RF rege-
neration [ 1].

A more thorough consideration of the costfeffectiveness
of regenerative satellite systems would result from a study of
practical antenna sizes achievable by the use on-board regene-

ration in a satellite link.
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