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ABSTRACT

& - - -
[N

P-e;'fm:mance 6T a Frequency Hopped MFSK Multi-Access
-’ ’

- Mabile Cellular Radio Network Using Error Correctifig Techniques

.

4 .

’Cllﬁ‘ord Ellement -

’ \,. -~ . }
N - R - v
Al .

The perrorma.mce characteristics of a Spread-Spectruim Moblle Cellular Net-

work with both data énd volce users ls' Investigated. Error correction schemes

such as Automatic Repeat-Request (ARQ) and Forward-Error-Control (FEC) are

employed to px:ovlde for a hlgh-capaclty‘network. A compatison of several FEC

codes'Is performed under varlous load condltlons “to determine the best system

)

performance In tex_'u'ls of the throwghput, pasket bl,oc_klrigrand paéket dele}&.

~
~ .

"An exalctf ‘énaly'sils Is erﬁp[oyed to determine the, probablllty of bit error for a

-

i T “ ) -l .
soft,limited Frequen\cy-Hopped Multl-Access system and Inturn Is used for the

LA

averaglng'analy‘sls gr t:he uplink channel of thg moblle cellular system:.
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In the netw0rk Spread Spectrum networks are also capable ot handnng v,arlous L.

CHAPTER ONE -

INTRODUCTION

. , S
Much.concern s developing over Lhe state of the cxlstlng in,ohne radlo qrr-

vices. , The need for better spectral eMclent -mobile communlcatlon sysLems ‘are - L,
becomling more apparent as the demands for such sérvices 1ncreasc. With todays

x

requirements for lntegrated volce and data services, demands are (‘l(‘llﬂe(l for Tor

new and dlverse forms of daLa Lranqm\ss!on lequ1rernean ’Phe hew generdatlon

u

rnoblle networks  must have the capabliity of being specyrally efflelent and have .
1 . "‘ ,. ” ., B “ . (

. Fa .
the abllity to handle diverse forms of traffic. o v S

The current moblle cellular radlo systems are plaguéd ';,vlth A host of prob- "
’ P . NN ' . ! , -\

lems,.such as, boundary crossing, channel asslgnrnenL,', blocking, and cg-channel

° . K . . A
lntgrference, In this study, we Investlgate the performance of a Spread-Spectrum | R

-~ Vo "TE)

moblite radlo network .which has many advantages over the conventional moblle ’
. ‘ ‘ . s

systems. Spread-Spechum networks allevlaie“sbme of the spectral demands by

'
D)

increaslhg the user density ln a small cell svst,em as well as slgnmCanLly reduclng .

)

. the degradatlon In performance that normally arlses from rapm fadlng condmons S

\

"Thére 1s no hard mlt on the number of users that can access a Spread-ﬁ)cr\um"

network However, when the nurnber of actlve users exceeds a designed value, the
) ‘ .

network. performance degrades but gradually. . Thus, moblle users*‘can !nlt!ate a -\

call at any lee wlnhout belng blocked due to a limited number of free. channels

.

y . i
. .

forms of tramc such as requlred for lntegrated servlcés

. ' .t
Y

Over the past few years, ahalysls in this area has beennattemptcd and shown

to,be 'a viable form of corn-munlcatlons. H'owever, many mnsl»deraﬂons im portant - \

- ’ .
v, . - . .
.

"“.to the compete hetwork and tranémlss}qn,plcture have -nGt -been Included. }Ne',




v ' ’

propose an analysls which uncovers some of the. concerns and trade-offs present

’ when deslgnlm@h lntegrste'd servlc_e moblle spread-spectrum network.

. ,

I3
;7

In Chaptcr TWO ‘we lntroduce some of the relevant baslc téchnlques uSed In

.

b ' Spread Spe(:t,rum communlcahlons and dévelop certaln crlt,erla required for a SS

) mumple-access deslgn. A Spread- Spectrum sysLem proposed by [10] Is examlned

. . . as a brlef, lmroduct,lon lnto the calculatlon of bit error probabllity for a SSMA
© System. . T
. - f The develonment of an exact a.nalysls for the prohabllity of error of a AP

multiple-access SS neLwork Is descrlbed ln Chapter Three for varlous recelver and '

system deslgns The lnvestlgatlon of the best system performance Is perr‘ormed

’

l‘or 2,4 and 8-FSK recelve‘l*s with 2 and 4 hops/symbol system parameters The
: results of which are used in Chapner FlVe where we analyze the Lhroughput per-

e

'for-maﬁce, blockling, and packet delay for a CDMA cellular moblie netwcn‘k

- 3 . . : Te

emplovlng erﬁ’eorrectlon measures. Also in Chapter F‘lve, we‘propose several

A}

o network control slgnalllng Lechnlques and Inter-station network deslgn features. T

"

‘ ',Chapper"Four Introduces some of the basic moblle system deslgns .:ln han- ‘:,

© - dllng multl-user Lramc requests and Informatlon routlng schemes Newly proposed

moblile net,work archltectures such as channel borrowlng and Mlcrocell deslgns are

) . " also ln.yestlgated. . ' { - L

The study preserited‘ here 1s an overylew of the cholce of SpreadLSpeetrpm
Y . . N : N 4A ) ) ’ 3 ‘. D
system deslgnio; use i1 a.multlple-access environment using exact analysls com-.

- “+ . ‘ putation whlch has not Seen attempted in"the avallable llterature to the extent

. [

t,haL we attempt Our proposed moblle cellular radlo ne‘t,work illustrates how a
Spread Spectrum system can be employed for the next generatlon moblle systems

L % -
ce T ) and glves some l‘oreslght of posslble error codlng and network topology tech-

- . N ’ .- . —

- niques.




CHAPTER TWO

SPREAD-SPECTRUM DESIGN

2.1 Introduction Sy

[N

Code Division Multiple-Access (CDMA) networks use spread-spectrum tech-

niques as the basls of transmission. Spread-spectrum slgnals have the characterls--
' v - -

tlc that thelr bandwldth W,, 1s much greater than the rﬁ')nlmum bandwldth

required to transmit the Information belng sent at rate Ry. The Introduction of

frequency redundancy to the baseband slgnal provides for many advantages over

other s\énalllng schemes and Is- known as the band}ﬁldth expanslon factor

(B, = W, /R;). Some of the advantages-with this bandwldth redundancy are

immunity to lniqrference‘ In the radlo channels, -lo\"w probability of Intercept, and

anti-jamming _cépablllt.les.

Intérference in radlo channels are caused by a varlety of sources. As In all

1

digltal radlo IInks, there exlsts self-Interference due to mu'iL)épanll propagation of

vt

* frequency selectlve fading, whlch can be reduced with the by employing s“preaci-

v

spectrum communlcatlons Another form of unlntentlonal lnterference, whlch will

kS
A

-be dlscusséd later In full,

comm'unicatlons systems. However, the latter Lype Is not fatal to t,he network

operat}on ortoa specific, channel as in other mum access schemes

Intentlonal interference also Xnown as Jamming arlses when: s hostue

\ -

transmitt,er tries its best to confuse the 1ntended rece\ver Thls can be done by
optimizing the tlme-frequency power of t,he jammer into. certaln portlons of the

- Spread-spectrum bandwldt,h (

\

spectrum systems have an inherent lmrmunlty to such forms o'r~1nt:erféré‘nc'e.

s ) at ‘an optlrnum duty cycle Again spread-

s the lnterference from other users 1n mumple access

\3 y
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‘The factor which deLermlnes the abMity of mhe spread-spectrum system to

~

_perform all of the above requirements Is called Lhe Processing Galn. (PG) which Is
& baslcally Lhe bandwldth expanslbn or{he time and frequency redundancy lntro—

dueed Into the system, denoted as PG = W,, /Rd

When confronted wth a Jammlng slgnal elther lntentronal or .unintentionat,
the spread- Spectrum recelver wlt,h Its processing’ galn PG canno’c always perform
correctly The capablllt,y of a recelver to operite ln such hos’cl]e envlronments is

called the jammlng margin and ls the measure ol‘ the required SNR at the
. :

' recelver lnput The jammlng margin takes Into consldelatlon the lmplementatlon

+

loss\(L,,) and the SNR at the lnl‘ormatlon outppt. We can then wrlne

N .

. K _ o ! < v

" JammingMargin = fiG ~[L; - (SNR )ou ] . ‘ (2.1)

. An,othe'r lrnportant factor whl'_ch m'akesl spread-sfpectrum communlcatlons

0

attactive 1s that' the spreading Is perform In 2 pseudo-random fasmon. Thus the
gjalfappears to k‘be" nolse-ltke when- transmitted at Jow powrér .lie'&fels. This
creates wlfap Is known a?a Low-Probablitty of ‘Intercept (LPI) slgnal and of

coarse 1s required for securlty eommunlcations.
: o

2.2 " Generation of SSisignals ' * f | T

S
>

There are a few methods of obtalnl’vng a sbréad-epectrum "slgnal from a

. L N,

wbaseband slgnal, TWO 04‘ the most common technlques are Direct Sequence (DS)
. and Frequency Hopplng (FH) Bandwldth spreadlng’ is perl‘ormed ln a dlrect«k
' "seQuence system by comblnlng zik’pseudorandorn (PN) sequence C(t) ( modulatlng '

Yat a rate of (R, ) ) wlth ‘the lnr‘ormatlon sequence where the chlp rate - Rt 1s
much greater than the llm‘ormamlon rate R,. The resultlng signal 1s a, blnary
' sequence havlng a PN ﬂlnary rate (R ) which ls then modulated upt,o the radlo

- A

frequency. Compared tg. the* usual modulated signal spectrum, the spectrumh of -
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" - ‘ 5 " i » 5
/ 2 5
the DS slgnal I/spreaq bv a factor of N whlch Is the ratlo of the PN sequence blt
rate to the d?f,a blt rate. '

- ” -
v ,—/ . B ~
- " R
/ '

FOr eXample, a simple form of spreading by direct/sequence techniques 1s
/

done SO by emplov\ng Blnary- Phase ShlfL I\evmg (BPSIK) as shawn If Flgure
(2.1)./

-~ .4

The binary Information sequence D(L)f Is flrst’ combmed'wltli L'he. psetdo-

Q

A )
/x{-dom sequence C(t) (Mod 2 addnion) before 1t Is sent to the BPSI\ transmmer

/The output of the BPSK transmlt,t,er, now a D\rect Sequence signal )\(t) Is shown
/
‘in Figure (2.1)

. : ‘ .

X(t)=\/‘2_}5_0(t)cos(u‘)ot+e}4(t}j .

where P Is the transmltted power, wy 1s the center ss frequency, and ©,4(¢) s the
data phase modulation.

. )
s
. -
.

.
k!
.

L Mo,
Y
~

'

. .& M N 4. .
At the recelver,-the recelved signal !s first despread by blnary addmon with

the same pseudo—randOm code as t.he transmitter aswmlng t.he two codes are syn-

-
»

chronized. Then the signal 1s demodulaped by the PSK recefver to obtaln the ori-

.
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The second method of'spreadmg the spectrum Is to change the frequency of

" the carrler frequency perlodically. The carrief freq{xenc,v 1s chosen from a set of

!

- frequencles which are spaced app;pxlmately the width of the data modulation

spectrum apart. In this case the spreading cod}: does not directly modulgte the

‘. data-modulated carrler but Is lnsZead used-to control the séquence of carrler fre-

. . , L~
quenclies. Because the transmittéed signal appears as a data modulated carrler
which Is hoppling fron;~one“fr€'t;uency-to,the next, this type of spread-spectrum s

called frequ’éncy hopping.

The modulation employed TS usually elthen blnary or M-ary Frequency Shift

Keylng (MFSK) and usually demodulat.ed noncoherenﬂly Conslder a FH spread_~

. spectrum system In whlcp a BFSK scheme Is employed as shown In Flgure (2.2).

.

The modulator selects one of two posslble rrequencles corlespondlng to the
tqansmlssl'on of elther a t or O for duration T} . The ordinary BFSK slgnal can be

written as

S(t).= V2P sinlwot +d, Awty] - (2.3) -
where d, are Independent data bits 3 - .
'|‘~ ‘? ) .
__J 1 with probability 1/2
dy = {—1 with probability 1/2 (2.4)

l/‘

.

The value of Awty Is ‘chosen such ‘that any two pessible data tones.are
AN ' .

orthogonal.

3
.

The output of.the FSK modulator Is then translated Jn frealiency‘by the -

amount determined fronr the pseudo-random geperator which selects a frequency

v i 1]
from tlre frequency synthesizer. If the pseudo-random generator has m stages,
l . - —-— . °

then there are 2™ —1 possible f‘requgn'cy translations. The frequency hopping-tone

- .




s

b

symbol modulation. In each tl‘me slot.

of the BESK signal becomes
3 . \

X(t)= V2P shnfwgt +w, t +d, Awt] 2.5y

————

where w, Is the particular hop frequency chosen for the n-th transmilssion Inter-

' -»
val. : . ,

Agaln at th‘é recelver we have an ldentical PN code genefator synchronlzed

with the recelved slgﬁal to select the proper frequency I‘rc‘>m the frequency syn-

;Lhes‘zer. This Is achléved by running an ldentical code sequence generator In time

.

synchronlsgm—with the cbde sequence producing a hopplng pattern of the recelver
carrler. The local carrler hops In frequency synchronism with the received carrle_:r
so that only the BFSK slgnal appears as a difference f‘requency. After which a’

bank of filters tuned to each possible FSK frequency non-coherently decodes the

o

3

»
\

The ¢onstralning limlitation on FH systems 1s-the speed 61‘ the frequency syn-

v

thestzers which must have the capabllity of changlng frequencles very fast and

_With good accuracy. If the f‘requency accuracy 1Is offset, the FSIK demodulation

will recelve a tone which Is mlsallgned wlth the tuned fliters and cause decodlng

p—

errors. The setbllng time of the frequen(‘y‘ syntheslzers is a, major concern, since

.~ the decoding time lost In each transitlon adds to the energy lost In the fllter out-

. s ' . N
put. ° . . e e

LA

R
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When the hopping rate 1s faster than \the the symbol rate producing &
14 .

multiple- hop per symbol signal, 1t Is consldered as raSL—hoppmg spread-sgectrum.

Sllcl)w-hopplng on the other hand 1§'so termed when the hopping rate equals or Is

o
»

less thoan the symbol! rate.
/

’i"here are two polnts'of view one can take for a non-coherent F‘H/SS system.
One Is that the entlre SS bandwidth W, Is comI')osed of one MFSK baseband
signal where the redundancy !s Introduced In the.M-ary component of the modu-
latién scheme. The other view polnt Is essentlally a conventlonal BFSK or
MFSK signal that has a shifting carrler I‘requepcy as shown In Figure (2.3). The
FH system we consider lnloilr analyéls (1n later chapters) consists of many MFSK

p .

nébn-overlapping baseband slgna]sﬂwthln Lge SS bandwidth W,, and a fast fre-

quency hopplng scheme.

|
!
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Flgure (2.3) MFSIK Signalling Strategy for FH: systems.

b



L]

r.i :

11

2.3 Hybrid Spread-Spectrum Generation

-

By combining both DS and FH spreading techniques a third form of spread-

ing technlque Is created which s called Hybrid SS s&stem. The advantages of

both systems are now comblned into one system and providing a practical

. method of obtalning large spreadlng bandwldths. Figure (2.4) shows a FH/DS

Hybrid transmitter. The output spectrum Is composed of many DS spectra hop-

plng over the entire SS bandwldth as dictated by a frequency liopping pattern.

e

The Hybrld LransmlLbel'»i;u,tgy'rw cample, employs both BPSK modulation and’
non-coherent frequency hopplng schemes. The PN sequence In a Hybrid

transmitter performs the selectlon of the hopping frequency as well as the binary

.qultlon with the information sequénce. The blnary Information sequence is first

modulated with the PN code sequence then 1t Is frequency translated by the fre-

quency synthesizer. Therefore, we can write the signal from the Hybrid

transmiltter as

S(t)= V2P C(t) cosjwy t +w, t +d, Awt] | (2.8)
0 !

The DS and Fﬁ pseudo-random sequences are synchronlzed-wlth each other
slnce both are sourced from the same clock. The DS code or chip 'rat,e is nor-
mally much, faster than the r } of frequency hoppling thus, the frequency from

the sypthesizer will remaln the Jame over rhany C(t) bits. same.

| 7

The Hybrid recelver first dehops the Incoming signal with the same require-

. ments as the FH scheme.. After which a baseband BPSK waveform Is produced

N\,

and decodea at the PSK demodulator.
J

Il
P . -
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2.4 Pseudo-Random Sequences -

I

" The binary sequence C(t), used for spreading and despreading the baseband

1

slgnal Is most commonly generated using shift registers. When a large array ju

shift reglsters are used, the sequence C(t) acts as a nolse-llke signal but Is stifl -
deterministic. For practlcal- S§ systems C(L) Is mad‘e to have a very wilde »

.

bandwidth and for e\mclent despreadlng perform:(m(‘e the se'quénce must- be easy

)
™~

to track (regaln synchronlzatlon), therefore a C(t) with a two-valued aum\correla-

tlon function 1s desirable. . ' . -

The type of pseudo-random sequence we consider in this study afe¥ linear
. N \'\
code sequences which are useful for Interference rejection but-fall short In perfor-

L4

mance for security measures. Non-linear codes, not treatéd here, also tan be used

N

for lntérference rejection and are better sulted for secﬂ.KlLy tactlcs. ‘ -

o

In chooslng a pseudo-random Sequence, one wants a nonrepeating sequence

to provide the most randomness possible to the DS or FH systems. Stice alf prac-

- tlcal sequences must be finite (even though some are long enough tG be almost

~

considered Infinite) the best sequence generators will glve the longest s'eque:n'cé for
the least amount of hardvn;are. Thus we examlne a class of ,,cc’)de sequences that,
by deﬂnltlon, are the largest codés that can be generated i)y a glv‘e‘n él)lereélster ' L =
of a glven length. This class of sequen'ces are kno;vn as Maximal Length ’ .

Sequences (MLS). The maximum length of the MLS 1s 2" ~1 chips, where n \s-t,he\
. ’ . v b , . @
number of stages In the shlift-register. Thus.l after 2" -1 chips. the sequence

N P .

repeats ltself agaln. B - . S

. ~

. . -
L ' " v N

" »
>

o \ . An 1m,nort,ant,'. characteristic of MLS. code sequences Is that the number of
ones In a s\*equence Is always one less than the number of zeros. That Is there are °
- 2" /2 ones and 2" /2-1 zeros generated within a cycle of the MLS vode. This

. "t
characteristic Is quite lmportant lp communlcation systems, slnce It provides a

\



v
.. ’

very low DC component. . Y

4

.

Anothcr Important property of MLS 1s the autocorrelatlon characLerlstlcs _

Y . N

lwmch can be Stated as . ‘ ,
) \ . . a . . . )
.0 1.1 k =lIn ' L
/9-‘{—1/11 F=1/ln - e
5 3

where | 1s any Integer and N 1s the frequency perlod (2" —‘1). For tracking pur-

poses, a two-valued autocarreliation functlon ‘such as the one des‘cr\bed above ‘ls

very lmportant ‘For example If we cons)der -a 10 stage MLS sequence generator,

i

Lhere are 2"~—1 or 10‘73 cmps per cycle and glvlng a peak 1o minimal autocorrela-‘

'
~

ﬂon va]ﬁe oF 004, a range of -301 dB A hlgh dB value ror ¥:) glven autocorrela—

\*

e tlon I'unct,lon wlil Increabe the- recelve-r 8 ablllt; to Lrack the pseudo-random code
and Lherefore remaln syrlphronlzed “when confronted with Interfering slgn-als as ) e

. ' » N
. . -

would be expected In CDMA networks.

.

S The cholice of a PN aequence when deslgnlng a FH/CDMA network must

»
i

W

' LR + .

‘also _contaln other lmportant factors above the requlrement llsted above The

sequence slze“must be relatively large In ordar to randomlze the frequency hop- *
. . -:‘w Y. ’ ! ’ . e — /

ping as much as. pos’slble, Since there are many slmultaneous users c‘ommunlcat-

4

« 1pg tn a CDMA network each users PN sequence muSt dlﬂer from any other '

~users PN sequence To avold two dlstinct $transm1tt,ers lnterferlng with each
. /
other. the Hammlng distance between che two sequences must, be s large as possb—
. ble. Thus the.‘.cross—correlatlon of the two codes wlll.be as small-as possthe.
~ A \ . T . - ‘ . *e . * R

v
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]

relatlvely large compared to Lhe bandwidth, the probab{my thiat another user wm

“ihe degra,datloln In performance hat normally a'.rlse from mutual mt,errerence. -

?

N

The secand t‘ormat uses t,he PN Sequence to change the frequency of Lhe carrler,

CDMA . networks are not only more attractive but also the only cholee.” The

employment of CDMA In eéllqlar moblle -cominunlcations and patket s}wlt’cliéd N

eﬁect, the correcn deelslon of the recelver will lncreaSe . The lnterrerence between T

2.5 Spread-Spectrum Multiple Access Networks .

* ‘
L

> « ’

From the, pomt of vlew oI‘ capacltv Qpi'ead-Spectruni Multiple Access . -

(SSMA) , also called Code-plvlslon Multiple Access (CDMA); metworks do noL o

-

seem to be the most attraetlve-. but when a network Is req’uhed t’,o provide a

muitiple-access scheme .In a Jamming or a mutual ‘Ihterference environment,

3 . /)\'

radlo*becomes lncreas'mgly’— popular.

Y

In CDMA systems, each user has access to the entlle svstem bandwldth

One way of dlsmnguishlng the s\gnals from one zmog)]er Is Lo gi\fe each user an

PN
\

address or pnlque code gons}smng of a fixed pattern In time and frequenc,v, SO the
lnforrflatlon to be transmmed'ls‘modulaied okrhe address Ina muimpomt-to—

polnt syst,em t,he base station recelver slmrﬂtancouslv dcwcks and d(‘(()d(‘b 5('VC‘l‘dI

'SS s_!gnal Lransmmed from spatlally separated radios. Since all OLher users have a ’

~ 4

different code sequence; the recelver will detect the wanted signal even Lhough all. - - :

s
+ ¢ ~

slgnal use the entlire SS bandwldth However, when the number’ of‘ users become

-~ S

3

users Is a major Hmlt,lng ractor in t,he SSMA net‘work capaclty , The use of Iarge S N

-

processlng g‘alns results in ‘a form of frequency, dlversny that slgm‘ﬂcamly reduyces

~

The moblle sLatlons code sequence, as’stat,ed before (';ycles t,hrough its °

-

address sequences, which ls superlmposed onathe carrler wlth the data. A CDMA

&*

- ~

system can be designed In two basle.rormabe Ir the PN sequence~\s modulated . *‘

dlrect,ly on the carrler ls 1t referred to as a dlrect-sequence CDMA (DS CDMA) R

,
L

0
1
3



this fs referred to as i‘requency«hop'ped CDMA (FH-CDMA). We shall- limit o;ir

followmg discusslon and study to only ‘freq‘uency hopped multlple-access schemes
] ®

o (FIICDMA) oL s T - j -

As an example, we exam!ine a CDMA network proposed by Goodman {11] for

»

moblle-base’ commun!camons The network uses FH—MFSK modulamon, ln dolng
80, conﬂnes all M users to the same 20 MHz bandwldth The SSMA syscem ls ‘ B g
analyzed. wlbh ‘a‘slmpllﬂed transmission model of white Gaus.sllan. noise and |
Raylelgli-distributed fading. The efre‘ct of n}dtnal“lmerl‘erence from the M-1 uSers

.‘on a specificrintended slgnal-1s detevrmlned. Addltlonal efrects such as synchront-

< -

zat!oxrpmb}erns are not constdered here. ' ' %

-

E&y rererrlng to Flgure (2.5),.the operation of the system 1s defilned by t.he use ‘

ot‘ a t»lme frequency matrlx Evfery T seconds k message bl'ts are loaded fito 2

L . -

shlft-reg!sner and Lransferred a.s a k-blt word Durlng the ba.sic slgnalling lnterval, . !

,

f’or~ one symb01 of T Lt seconds Lhe code generator in the bransmimer gen-

erates a sequence of L ‘codes, each k blLs long The address generat,or and the k-
RY

L - . + bt message’ word ls added modulo-2" producing a slgnal 2" I\'SK frequency

- hopped signal. The transmlsslon rate per user ls k-blt:s every Lt seconds, so that -

Ml
‘

. 'R k/Lrblts/second ’ .

. .
N L “e
- A L
. :
. N . N .
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AL t.he front-ehd of the recelver, c‘h'e slgnal ls hrsi despread with Lh‘e PN .

ey

sequence and then decoded by the MFSK recelver Interference by, obller users can

be mlnlm,lzed by taking advant,age of tlme-dlverslt,y of the sysbem F‘or an

example_ of the x"e,celver operatlon, a lee- |eq ency matrix exhlblts Lthe mtended

signal as x .and the Xnterrellng slgnal as ‘o’ Tn Figure (288), ‘the ﬂrst, matrix on

s

the left shows the Input waveforms encerlng che despreader. The despreader rre-

quencies are . comrolled by th'e ‘code generator to produce the frequency hoppmg

]

pattern lllustrated ln the middie matrix. After. the despreadmg ‘or mlxlng operg,

tlon,.the detection” matrlx lncludes the mt,ended slgnal and the lnt,erferlng slgnals

~ . » - A

as shown ln the rlght most mamx. The MFSK receIVer determmes the correct,

-
-

symbol by chooslng the matrix row ‘with the largest number or entrles by employ- .

I‘ '

Ing majorlty loglc clrcuit,s. Errors can be caused by t,he lnsemon or tones due to

other users whlch form a row wlth more or equa‘» the number ennrles Lhan the .

- TOW wlt,h the transmltted slgnal T - s b
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Flgure (2.6) Time-Frequency Mats]s of FH-MFSIK Recelver.:
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. To der\ve the probgbl]lty of.error, we consldex first the probabllity that an »

/
lnterrenng user 1s not sendlng a tone tQ the J,I position In theéaetectlon matrlx,

where .] and ! dgnote,'the row and column of the matrlx reSpectlvely The result-

Ve
1ng probabLllt(y ls 1—2 Thus the proba.bll]ty that none of the M 1 lm,erferlng

~

K
) ’ .
. » ]

. .
‘. : $ N :
’ > > ° ’ v
* ' . o0 « Q'

0
1- Pd chen Lhe probablllty t,hat, a tone ls transmltted to the J 1 posmon Is

~ ..

-

.

e

: M1 S
H l, . . ] . : -\A Pd —_— [:1_2—kJ - ‘ , " ‘ . (2.’8)-

o M o

Glven that, the probablmy ol‘ detectlng no toné 1n. some matrix posmon ls “

-
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"The miss probabllity denoted as P,, Is défined as the probabllity of no tone

e

g N
detected In a matrix position conditlonal to a tone transmitted to that position

! ¢
and Is written as <

s - M(—_ ) ‘
Pm = [1—.11—2“") l](1—1”,;) ' (2.10)

~

The probablllty for overall’lnsertlon 1$ the probabllity of fixlse alarms (Pf )‘
-
and'the probablllty of error due*to other USCIS, thus we have P; = P+Pf ‘~pr

Where P o/ Is Lhe overlap of the two distributions. Now we can write the proba-

bility of m entrles In row ) as

, Ps(m)= (,fl]P"‘ (1-P, )M ’ (2.11)

N\ . \\
The upper bound on the blt error rate becomes

[ 2t )[1 P, ‘(z PG o1/ | )

1 =1

whé.x:e )
P(i)= () a-Py) P}~ ‘ @13)
ﬁnd, o ' \ - ) : o
oo 2ty . .
P(n,0)= { P, (M)} © o (2.14)
o =0 <« ‘.
e

The pgrformance results of the system operating at a blt rate of 32 Kb/éséc.

in a Raylelgh fading énVlronment, and with parameters of k=8 and, I=19 are - ST

:
- 3
- .
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dlsplayéd below in Figure (2.9). It can be seen that the performance degrades gra-

’

dually as the number of users increase. For example, with an average SNR of 25

dB, the system can accommodate up to 170 users before Py, >0.001.

- u

81T ERROR RATE (Py)
o
T

INTERFERENCE
ONLY (snr €00}

125 150 *175 N 200 — 225
! USE RS (M) . . »

°
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EXACT ANALYSIS PERFORMANCE OF A SOFT-LIMITED FH/MFSK
' MULTIPLE-ACCESS SYSTEM IN NEAR-FAR SITUATIONS _

3.1 Introduction

s Multlple-access networks are increasingly belng employed®to satlsfy \th?e&

'

moblle comimunication needs of both metropolltan and rural areas. Recently,
frequency-hopped spread-spectrum signallng has been used to alleviate some of
the problems that plague mumple-access‘networks. In the past, SS systems

were ﬁSually employed for mllitary applicatlons, but it 1s now becoming

4 :

economlcally feastble and throughput cost eflective to destgn packet switched

.cellular radio nét,works using spread-spectrum technlques.

‘

In a moblle multiple-access environment, spread-spectrum multiple access
offers ‘many advantages‘ over conventional multiple-access teéhnlques. In
met,rol;olltan settings, the effe'ct of mult:l-path fading 1s detrimental to a com-
r;lunicatlon system, however, this can be overcome by thé frequency dlversity

A

Inherent In, FH slgnals. Also/glnce there 1s no hard llm!t on the number of

/actlve users simultancously “on the network, 'any' additional users over the per-

initted number will not be dented 'entry Into the system. The additional users

. Introduced Into a spread-spectrum network will cause a ‘‘gentle degradation' -

V4
throughout the entire network for all users.

In this chapter, we hnalyze the effect of strong (near) and weak (far) users
for many different types of network designs. We: conslder systems using MFSK

lwhere M =2,4,6 number of recelver banks, and 'systefns with muitiple hops
) ’

. 'ber symbol, namely ‘L =2 a‘nd 4 hops/symbols The average probability. of

error Is determlned by emplpylng afl exact analysis which includes summing




“

~
3
"

over all mutual Interference conditlons for varlous load situatlons (1 to 100

*

, { :
actlye users). The study Includes a non-linear combining recetver which soft-

lfmlts the incoming signals at the end of each” hop duration thys offsetting pos-

4

sible large power differential caused by a strong Interference source. Non-

cohere_nHVIF‘SK deteclt,lé)n followed by sumrrimg over L hops and méxlmum

Ntkelihood declslon consLl-Lutes the basle recelver structure following dehopping.

X .. e

Other FHMA systems have been proposed In the past employlng MFSK
modulatlon methpds. The work In [8] derlves.the performance of a FHMA
multllevel FSK system with llrE_ar combining and hard-lim!ting. A Raylelgh fad-

Ing channel 1Is” assumed and with Interfering slgnals (other users) also
L3

experlencing Ray}elgh faglng with random_ phase shifts. Results were gbtalned

-

for the probablllity of error (P,) In terms of the-number of active system users .

using probabllity bounds on the bit error rate. Howeve{', the results In [8] do
« not lead the true gha'pe of the P, curves. Theoretical developments by [10]

addressed the same {ssue but conslders no nolse component nor random phase

shifts of the Interfering signals. The probabllldt,y of error results were deter-

“  mined only o‘n a malority loglc declslon rule and not true llnear combining

technlqueé for intended’and Interfering signals. The result obtalned In [10]

serves as a worst case analysls providing an approximation to the general shapeg

i

of the P, curves. . ' A

3.2 System Design —

- - N -
-~
B

In frequency-hopped multiple-access (FHMA) spreéd—spectrum systems,
each user's signal Is hopped' In a pseudorandom fashlon In' accordance with Its
own unlque code which Is also known as CDMA. The posslbility of one or

more users using the frequency hop at the same time exlsts, however, by

pseudo-randdm hopping, the probability of these' users overlapping over and

4 \

( . ' s A

+

\..

a



THE QUALITY OF THI3 MICROFICHE
IS HEAVILY DEPENDENT\\Q%SN THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

*TWO PAGES NUMBERED 23 BUT WITH

DIFFERENT TEXT WERE SUBMITTED
AND FILMED SO THAT FIGURE 3.1
COULD BE LEGIBLE.

PAGINATION ERROR.

LA OQUALITE DE CETTE MICROFICHE

DEPEND GRANDEMENT DE LA QUALITE DE
LA THESE [SOUMISE AU MICROFILMAGE.

+

DEUX PAGES NUMEROTEES 23 ET AYANT UN
TEXTE DIFFERENT ONT ETE SOUMISES ET
FILMEES AFIN QUE LA FIGURE 3.1 SOIT
LIBIBLE.
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23

A
N A RS

over agaln In other hop times will diminish as the processing galn Increases.
- This allows many users to occupy the'same spread-spectrum bandwldth W,‘q

without a dramatlc number of bits In error within a packet.
LY L 4 '

N The FH/FMSK transmltter employed In this study Is deplcted In Flgure
(3.1). The blnary Informatlon Is sent Into the serlal to parallel converter at rate

s i Ry,. The symbol rate out of the converter then will be R, -—:Rb_/k =1/T,,
where k£ =log m s the symbol slze. The baseband slgnal which conslists of M

frequency tones In the MFSK bandwl.dt,h Is then mixed wlith the frequency-

hopping tone [, at Lh;a hopping rate R, =1/T,. Therefore, the MFSK data

bandwidth 1s W, =2"/T,, =M(L/k)/T, . The outcome of mixing the

baseband MFSK slgﬁal and the fr;equency hop signal generates the spread-

spectrum waveform with bandwldth W,, as shown In Flgure (3.2). To achleve

fré"quency dlversity each symbol encompasses L. hops. Thus to have an or‘ihog-

onal tone set, the tone spaclng must be at least 1/7, =k /(LT,) .

s

- v -
(3 YN £ =Y To Frk <,
s - > A fy Y - — - -

LT 2 FRT - . Aon JLATH
- : 25

-t

- [T R L )
m“ ° 0 Y ITHF T T L Fig

Flgure (3.1). FH/MFSK transmitter.
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s
.
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bits in error withln a packet.

The FH/FMSK transmitter ls“’ deplicted In Flgure (3.1), the binary informa-

E ]
tlon Is sent into the serlal to parallel converter at rate K,. The symbol rate out

of the AOnwerter then will be R, = R, /k = 1/T,, where k = log m 1s the

'symbol slze. The baseband signal which consistes of M frequency tones In the

\
MFSK bandwidth is then mixed with the frequency-hopping tone f, at the hop-

ping rate R, = i/T,. Therefore, the MFSK data bandwldth Is

W,; = of /Ty = M(L/k)/ T, . The outcome of mixing the baseband MFSK

slganl and the frequency hop slgnal constitute the spread-spectrum bandwidth .

W,, as shown In Figure (3.2). To achelve frequency dlversity each symbol

encompasses L hops. Thus to have an orthogonal tone set, the tone spaclng must
' "

be at least 1/T, = k/(LT}) .

¥4 B
1]
/ ’_l 4
o |
T amy ‘51 1afY To . )
BINARY " M - N ¥ SK NAT
Sidnis TTT P M-AMY - M3 J_AT o T T -
COMVFRTOH ‘
— 3 [ + e i :T\
4 . [ - - l -°
FREQ JFNLY
SYNTHFEZ2IZR
- [} Pl
F ] i PR
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GFrIFaT ow
3 4

~ Figure (3.1). FH/MFSK transmitter.
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MFSK BASEBAND #1 MFEK BASEBAND #2 MFSK BASEBAND #3 MFSK BASEBAND #PG

’4\/\/\, 7N
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00 O N
K— . .
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L

A\/4

TOTAL SPREAD-SPECTAUM BANDWIDTH (Wss)

N

. _ '

Figure (3.2). MFSK Baseband Allocatlons in The Spread-Spectrum Bandwidth.
. P

-

2 The number of possible frequency tones generated by the FH transmitter

. (dénobed as"Q) Is determined by the frequency syntheslzer and the word size of
y L9 “ »

\

the random seqdence generator. For a word ‘élze of n blts, thére are 2" hop?g
) s .
of

frequencles to be mlxed with the MFSK tone glving a Lotai éyspem bandwlidt
t g ' '
W, = 2" W,'i and 2" non-overlapplng MFSK bands. 'The amount.of perfor-

838

mance .Improvement that is achleved t:hrougli the' use .of s,p\r’gi-spectrum Is

defined as the processing gain of the spread-spectrum system, le. PG = 2" M.

The recelved FH/MFSK signal at rate R, s dehopped at the front end of
. - \ S \ 3 s N
the recelver, Flgurfe (3.3). We assumeé the refelver and the transmitted signals

*' from the frequency hopblng syntheslzer are synchronlzed. Following dehopping
. ; -

the baseband waveform W, is fed Into all of the M envelope.detectors of the
nonlinear conrblning recelver. The out,f)ut, of the envelope detectors are sampled™ .

' ¥

- N w\ 2
every hop perlod T, and fed through a soft-limiter prior to being accumulated In

—
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the comblner clrcult. At the end of L hops, the oBLpuL of all recelver banks~ ar\e

o
‘compared and a cholce !s made at the declsion circult. 41]6 bank containing the

largest value at the end of L hops 1s determined to be the bank contalning the

fntended slgnal. Naturally, a symbol error ls made If aqur L hops a different

bank not contalning the Intended slgnal has a value larger than that of the

intended recelver bank.

v

-
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- 3.3 Analysis - o '
‘@
5 W )
Conslder a FHMA system with a total of U, low power users, each having

Its own Independent pséeudorandom code. There s, uﬁfortunately. unjntentional

Interference due to other users hopping into the same recelver tgank as the

intended slgnal during the same hop time. Two aspecLs of this scenarlo emerge,

first; the Interfering users may hop onto the same tone of the.Intended s!gnal

A

but dependlng on Lhe phase relatlon of the two or more wnes Lhe Lhe signals

-
.

may add or cancel each other whlch can elt,her help or descrov the intended s}g-
nal. If however, the lnnerferlng signal hops onto any of the other M- 1°re‘ce|ver
banks, the total accumulatlon of the other banks wiif lncrea'se resumng in a
higher probabmty that a declslon error may occur. But just'as In the m.&ended
. recelver bank, If two 'c;r more lmerl‘erers‘hop onto the'same tone at the same
hop tlme phase cancellatlon may occur and actually help the recelver make a
correct decislon. Thus, we assume that the ith lnwrferlng signals t,hat hop onto
the same tone have mutually mdependent randpm phase shifts which are Gaus-

slan distributed with zero mean. ’i‘he Gausstan assumption 1s Justified due to

the additlon of many uniformly distributed paases of the lntérrerlng Blgnals.

"For any given recelved symbol, these possibilities can be represented as a

pattern In an LM time-frequency matrix, so after L. hops the state of the

P

receiver's M banks can be described as shown In.Figure ('3.4). W
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. , .
HOP#1 | .. | HOR# | .. | HOP#L
| BANK#1 | 1 - R 0,
BANK#2 | | i, I B g, I
’lu . ' . ) ‘ Q}
BANK#1 | 1, ' F - i
BANK#M | 1ty o ey T UM |

Figure (3.4) Time-Frequency Matrix.

.
5
M

=

0

. M ' . , '
Each row In the matrlx représents the Interference status of one of the
recelver energy detectors- for the baseband MFSK recelver and the columns

represent the L. hops of the recelved s&mbol. The matrix "elements iﬂ denot,é

.

"the number- of Interferers Uhat are present 'In bank '/ and hop j where
' l;==1.2,3,.,.1\/1 and 7=4,2,...L. If we assu-me“that, the Intended slgg&l 1s In bank 1
wlnhoﬁt lposing genérallt,y. then the max!muim num‘b‘er of possibledow powelr
Interferers Including the Intended signal lsLU,. Where as In the other banks tt‘xe‘.
maximum number of possible Interferers s Uy~ 1. The probkébmty that at the

Intended recelver- there are t; Interferers In bank [ at a"speciﬁc'hop JIs

“represented by the blnomial distributlon given by.

. €

¥ 5
Y
U, L Ui ' '
[,-ﬂ ](I/Q)”(l— /@) * (3.1)
L Where Q Is the totdl number of equiprobable tones In the spread-spectrum
é»
- :
— -
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L

bandwldth Wy, The probabllity of ;obcalmng a particular patterri of mterré'nce

over all banks at aSpeclﬁc hop 1s the product, of the blnom!pl dlsmbutlons for

A

each bank denoted as P(1 ]l’, 12, C ,.JM) Is glven by. -
‘ .o
. P(t},, tig,.es JM) [[ )(I/Q ”(1 t/Q) b ”}
v ‘ .o
3 ‘:‘ . . . [
, : -1 {
Up- 1y~ 1 PN T Ui 361 U l- Vel
: ](I/Q)’”(I—I/Q)"‘ R T | I n/cz)f(xv/m =
A2 .
“‘ - \. . . . . ' )
. ‘ T
: M-1 . g . )
U'- ‘E.Z’ﬁ‘ “ U( [2 ! . Lo '
| B, vQMa-1/@) | =T .. (3.2)

3
(S v

.

Since the number of users In the system Is fixed at U,, t0.calculate the pro-

. . . . . .
duct of the blnomlal distributions the number of lnterfe\‘crs In the previoys

bank Is subtracted frém the total number of possible interferers left 1n. the sys-

)

tem.

v

' ) , . J
* In the following analysls we conslder thg worst case conditlon, and we do

e,

net subtract the Interfere that hopped onto the brevious bank from the total

»

number of users (potentlal Interferers In the system). Now the probability dis- *

tributlons of Interferers hitting each bank In any given hop can be expressed as ‘

.

will expf‘ess the multinomlal distribution as a'lprodt.xct, of M binomial distribu-

tlons. We can write equzltlon (3.2) as

A . ky

a multlnorﬁlal distribution. But in keepmé wlih our computapfo“nal a}go'rlt,hm we .
N , . ‘ .

ST
%’ﬁﬂr, -

%

]
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30.
%,
A ~, 1u,- N - w
c PUne oy )= [[ :-J.,l](l/Q)"(l—l/Q)U‘ "}, N
' ) ‘ .‘ \ . ‘\
‘. : - i ‘ —“‘ U ) ‘ i ! -
’ [[Uf;.,.l](l/Q) 2(1-1/Q) " ’”]---‘“ ',f_q)(l/Q){'(xu/Q)U‘ "]
S
*[[U“‘)u/@)‘*“'u I/Q)”"""] (3.3)
“ee J‘M - a
N ‘,p‘ . . "
This can be put Into the product form’
. N - . o
S M NU-1 : S
P, - tiy) =H\[rzt]k )“/Q)m(l‘ I/Q)U‘ "t] (3.4)

\ ’ N
- ) 0

’i‘h’e strong interfering slgnals (users near the Intended 'b,ase statlon In a

. moblle network) follow a format similar to the one used for the low-power

users, both must hop In the same MFSK band as the Intended slénal to be con-

i

sldqred In the analysls. The same time-frequency matrlx qeécrlbed for the weak -

-

users Is also applicable here. The total number of strong users In the system s

ber of weak users. Thus the probabllity

fixed at U, and Is less then the numg

that kf strong users wlll hop on bank / at hop j Is agaln binomial distributed -
3, ~ s

-

and dentoted as P(ky) Is glven by .

- . Ua; k { ’ Y U“— ky ‘
P(ky) = by J (U@ -1/Q) T (3.5) -
o % )
A f ‘ A:‘ ‘c. . \ é” ‘.
) ) , r\_ ' -
», As before, for the } th hop the product of the bilnomlal probabliitles over
the banks of the fecelver becomes. “ - -

4

''''''

L.
Refenl v
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' Plhjike, -+ kpg) =TI [[ e |- 17y b (3:)
=1 b . . y

X

’ v M

Y

The probabllity of ¢orrect symbol détection P, Is determined by assigning a E -
certaln outcome for the tlme - frequency matrix with some batbern o‘r strong '
and weak users.'Then, averaging over all possible outcomes over all L hops and }
all M- receiver banks. 'Thls lnvolvés two step averaging (wlith respect to combl-
natlons of strong 'and weak users). We remove first the condition on the status , b

of strong users In the system, thus obtalning ‘ ;"

AN

¥
Ult Ult Ull B ,

P, =k2 N S (Pefkyye ke k)
n B

ky kin . '
. S o &

*P(kll"."klﬂl)*"" *P(kL},"',kLM) (3.7) . N

\

_where P(ky,, .. .',klM)*...* P(kpi, ... ,kpp) are the product of binomial

]

Kdlstrlbutlbns corresponding to each hop (eg. j=1(,2,‘.‘.L).

and P(c/k,,, ' - - ,kj,kpp) 1s the conditlonal ¢orrect symbol detection pro- .

bability after sur‘ﬁ;inlng the resuits of L hops and comparing M recelver banks. ~ i

This is In turn Is calculated by averaging over all weak users Interference coritrl-

butions (within the L*M matrix previously shown), le.

\ h -

/ ' . B U1, U C U s
. P(Pc/ku»”'kﬂ’“'»kLM)=E R S Z’P(Pc/kn(v.'"'k.LM"‘ll:'“".LM),

n iy M . LT

. , . Pliv, i) %o #PCig 7 i) L. (3.8)
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Cqmblmng (3.7) and (3.8) we get .

\

2

<

U, Uu U, U U2 U1 *
Fe=3%- E E 53 ED YRR Y
Ky ,l kpm ‘u , ',l LM .
- ‘ "ﬁ'\
Prie/kyy, o ki, <o i) PChy, oo ki) 2 PRy, oo Ry )
L tP(Ern e ) R P i) (3.9)

For moderate and high processing galns 1t has been typlcal to assume a
+ A

celling on the number of Interferers per hop at any glven tlme (3 ln our case).

This Is suppor\;ted by the fact th'at, presence of one interferer In anbther recelver
A v

_bank at'a certaln hop means 1t will not be in the other (M-1) banks. Also, pres-

ence of One‘lnnerrefer In one hop means that the probabllity 1t will also hit the
next hop Is minimal. |

Limiting the Intetference thls way reduces the ‘huge enumeration of (39)
and makes it a,menat;le to co,mput,atlop, Evex.1 after these lm;ltdng few steps, oer-
taln programming technlques to remove many of the corﬁblnatlonal redundan-
cles'In the Time- Frequency m atrix (Append!x A). had .to be employed to make

~

the computatlons feasible. using a VAX 780. . o ,

To find the conditional probablility of symbol detectlon after accumulating

the envelopes of the sym‘bol"s L  hops, - namely the value of

’

“Plefkyy, km,z',,, C L im) for a fixed pattern of all iz and k,, a closer look at

the recelved slignal Is ln order. N
%

The recelved slgnal rrom the deslred trausmitter entering the noncoherent

MFSK recelver In the absence of other user Intérference, and assumlng wlihout ’

- - . -

loosing generallty that the symbol corr:espondlng to the first ‘MFSI‘{ ba.nk was

transmitted Is glven by~ - .

’



Tl(].) =\—‘\/§ACOS|:(whjl+le)t+ejl] 0St<Th ' (3.10)

e

where Whjy is ;.he hoppling frequency of the Intended user during hop t and W

Is the MFSK frequency tone of the Intended user during the Intended symbol.

The rn;si power Is then A2 and the recelved signal energy for a single hop

is E, =A®T}, Joules. The Intended $lgnal Is consldered to have the same power
L‘ ' .

lev’\e] as the ;Elow power iInterferers. Th.e phdse angle e,, of all recelved slgnals

i k]

are un}formfy distributed between 0-and 2I1. ,

13 . - 4
]

The Interfering waveforxﬁs for strong and weak wusers entering the

‘

recelver's fllter bank with Independent random phase shifts ©; during the jth

hop and for the [th recelver bank can be described by,

. Ii(t) =(V2A)™(VZB) "cos[(wyz +wy)t + O] (3.11)
\ i .,

where v, =1 and 7, =0 for weak Interferers

and <, =0 and y, =1 for strong Interferers.

L

As before A2 Is the rms power for weak slgnals and B? Is the power level |

for strong signals.

L

Following dehopping of the jth hop the 1st energy detector output contaln-

Ing the Intended recelved signal Is given by,

-

" R;, =X} + Y/ ) (3.122)
. ] .

- i1 2 ' ’
. ]1 —ll +{EA:1[+ ZBJII}+nC] < (3.12b)
: . =1 -

i+ 2

" _l{EA;,Q+Z; .,Q}+n,] Y (3.12¢)

s1Eay
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WhEeré n, and n, are the inphase and quadrature nolse components respec-

tively with varlance N,/2E,. A\"jl, and Aj, o are the random varlables ex pressing

the inphase and quadrature values of ‘the weak Interfering signals In the
recelver’s first filter bank and BJ-” and BL‘Q are the random varlables express-

Ing the Inphase and quadratgre values of the strong interferering s‘lgpals in the

'

first recelver bank during the jth hop.

For the purpose of analysls, we assume. that the iﬂ Interferers are statistl-

.

cally Independent Gausslan ranaom variables with zero mean. The trqnéforma—
tlon of the Gausslan random varlables 'Lhab takes place at the energy detector

leads to the noncentrallzed chl-squared dlgtrlbpied random varlable with two

degrees of freedom and noncentrallty parameter s2 =m? + m2. Where m,
and m, are_the means of .the X; and Y; random varlables. If varlable

i

r‘=\/‘X’Jf", + YA _Is used, then the PDF of the ln'dePendenb random Vvarlables

of R can be expressed as a. PDF o¥a Rlcean-distributed random varlable.

. ‘ T (24 s /002 rs ). ‘
. PR,,(') ﬁ.;_;e (r°+ s%)/20 Io[-0—2 z 20, (3.13),

Where r =V 12?2 + 32

and the varlance 1s 0% =(0o 7 + 7, ()4 + 7,(k;)B)*

S A

L . v i

I, 1s the Oth-order Bessel functlon of the ﬁrst‘ klrii:i"}ihléh can be‘expreséed

L] /

.

as an Infinlte serles ' : , L

Do . _ oo (1'/2)2k : ‘ !
. . Iy(z) =Y -—————Pk!l‘(k+1) .

k=0

(3.14)
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The remalnlng M-1 energy detectors not contalning the Intended signal

€

form the output random variable at the end of the jth hop.

-~ Ry =Xﬂ? + Y} 2<I<M | (3.15a)
\ f)l ) v k}‘ v | : |
Ry =l{E(A,u) "+ (B '}+ nc] (3.15b)
’ I=1 1=} .
i)l k)l 2 \ v . Y
S g+ SBo " 4n] Y (sas
Q= Q=1 ,

with means Xj and Y; =0
and varlance o2 =(o5 + 7, (i1)A +7,(kg)B)?

In this case theePDF can be described as the PDF of a Rayleigh distributed '

random varfable, where r =+/X7 + Y7 as described below. )
. \ ¢ '
' | Pry(r) =;1é-e-('°/20*> (8.16)

N

Equations (8.13) ‘and (3.16) are the probability denslty functions of the

output of the energy deted‘tor at each hop In presence of manypossible interfer-

Ing slgnals. !

. , *

3.4 Soft Limiter Transformation

®

' - To reduce the effect of the iﬂ users hopping onto the lnwnd{d/‘MF‘SK,

« d

receiver banks during L I;ops:‘ the sampled output of the energy detector is
welghted at the end of each hop by a sortf-llmiper prior tot‘belng accymulat,ed In
thé co;nblner cireult. The soft-limiter threshold ‘Is set at the Intended signal
recelved ‘amplitude qa’nd thur\ will cllp any powerful Interference and bring It to

the same level as that of the ‘nt;ended signal.
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1

The PDF's representing the signal amplitude out of the energy detecu—)rs,

P,

m

and P, , undergo a transformatlon by the soft-limiter welghting. The limliter

hY

characteristics 1s shown )n Figure (3.5). .

Figure (3.5). Soft tm1ter Threshold curve.

The llmlitef passes all Input amplitudes less then n with unity galff and llm-
1ts the valués greater then 7 to unlty .(normallzed‘wlth respect’' to the Intended
signal en\;‘elope). Thus, any larger contribution from other users elther due to
mu=lt,1ple hits or large signal Interference “will .be nuiled at the Ilmiter and

eflectlvely decreasing the probabllity of blt error.

"Following the envelope detectlon and soft-lmilting, the PDF of the out-.

come corresponding to the first bank (contalning the signal) for each hop Is

glven by,

k? ’ B [+ ¢]
' le(,-) =;%_e-(r2+a2)/2a2lolg%] + 6(77)_[ _;"?c—(rﬁwﬂ)/aaeIo[_a%] dr (3.17)
. .. n

-

where 7 Is the llmiter threshold (Flgure ‘(3.5')) 0,s,z,y carry the same

°

meaning previously defined and §(7) 1s the unlt Impulse function.

¢ B
a.
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3.5 The Combiner Circuit

~

The remalning M-1 filter banks obtain a PDF at each hop following

envelope detection and soft-llmiting and can be expressed as

¥

.

o0

tu(r) =Lt gy [ LI aisk (aas)
o (2
n

An example of the above y,(r) PDF Is plowed In Flgure (3.8), the

Impulse has a helght equal to that of the probabllity that the random variable

14

exceeds the threshold setting of the lmiter.

>

xu(r)

—

b ‘ n ) r

. Figure (3.8). PDF of Output of Soft-Limiter.
R \

-

The {th combiner circult addé the soft 1lmited contributions from the L

nops of the Ith recelver bank generating the new random varlable Z; and Is

1}

described by . ' .




~,
.

The summation of L random varlables Z; can be consldered as an L-fold
QZHVO]ULIOH of the PD¥F’'s and therefore creating a random varlable. Perform-
ing the L-fold convolutlon to obtaln the PDF of Z, Is very time consuming and
difficult when thei PDF'S to be convolved contain Impulse runvcmon contribu-
tons. An alternative approach for determining the PDF of the sum of random

variables Is \t,he well known characteristic functions, le. ’

’

v \
V(W) =f Pxﬂ(x)e]“”d:r . (3.20)
> N

K [=yY e
where x; Is the Ilmiter output random varlable corresponding to the jth hop
and lth‘ fllter bank and assﬁﬁ“?ng Independence of the conditions of 1n§rference

o

In the L hops. o ~

Since the above random varlables are statistically lnderpendent, we can State

that the L-fold convolution can be replaced by

[
Unfort,unat,elv, there.1s no closed form for the characteristic funct,lonf we

are consldering here. Alternatively the Dlscrew Foufler Transform (DFT) can

Al

be employed to replace the characterlsnlc runctlons of (3. 21) Thisaill allow for {

a simple calculatlon of the L-fold PDF+ As long as the sample size Iélarge,

there wlll be llttle Inaccuracles Introduced Into the calculation.

n=- 00 &

L . .
o Vp(w) =TT Y, (2) w0 (8.21).
=1 s, .

T , o
o 'n -
v, (W)= ¥ P, e (3.22),

-
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In the analysls to |follow we use ’bothc convoiutlon and the DFT algorithm
to derlve the probabllity density function of Z,. It was found that by operating -
on two x; (soft-limlted output varlables) PDF's at a time lior‘rla given bank
Instead of convolving all L hops, the analysis Is facilitated. Since gonvolution Is
a llnear functlon, any order of whlch. L functlons are convol\’red wlll always lead
to the same result. So taking the random varlables obtalned 1}1 the first two

\/ //

hops we t;ave.

. lelz(z) =PX11 ¥ PX?.I (3.23)

No'ting that each Px,: has a delta operator and must be treated separately,

. we can then write

. » . el )
Pz, (2) = (Pai(2) + Aud(z - m))* (Py,(2) + Agibtz - 1)) (3.24)

ud ©

where A,; and A, dre the helghts of the delta functlon 6 glven by

)

(o ¢]

°+ S n ,
- .

~

Expanding Equation (3.24) we get

.

P2, (8) =Py (V) # Py(Ya) + Aquz,é\’(zf; n)

I

+ Ay Py (z - 1) + Ay Ayb6(z - 2n) (3.20)

~

The first term of (3.28), namely P,  +P, , s detérmined by taking the

Inverse Fourler Transform of the product of the Involved characteristic fupc-

-
f v
N

Aﬂ‘—_:f xi(z)de, o (335)

v

-
A

]
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<

N

tlons. Using equatlons (3.23) and (3.25) ‘the convolution denoteg PXW

becomes.

PXW =PX;I( Yl) * PX(JH)I( Y"’) =F_l{( \IIX);(U)) )( \I’X(J-H)I(W) )}
0<w<N-1 (3.27)

where N is the point size of the DFT.

»

The ;;robablllty distribution of the accumulated signal amplitude after two

hops PZ]2 can now be written

i

~

Pz, (z) =Px,2,(z)+‘[f4qu,,+Azsz“]5(z— n)+AuAgyb(z-2n) (3.28)

o If L = 2 then the PDF for each bank at the comblner ls known. When
there more then two hops ( le._4 hops/symbol ), the E’DF can still be deter-
mined falrly easlly by repeated applicatlon of thé above procedure for the last

two hops. Now .we are left with the last two ePDF's to convolve In a single

recelver bank. The final convolution between PZ,, and\Pzﬂ Is denoted as Py,
12 34

~Thus we have cT

- L]

Py, =Px,zw( Y,) # Pxﬂ'“( Y,) (3.29)

.-
’

The convalutlon denoted as sz* Px.w 1s done In the same fashlon as

equatlon (3.27), but now with double the sample size. Expanding Pz, and
. ' 12

Py and using equation (3.28) we gey.
4

’s

.

hY

le(z) =PX,1,2(3) * PX;IM(I) + Pxﬂ12A3lA416v(zL 2n) +

“Pyj, (2)ALALS(2-20) + AyAgiAgiAab(z—4n). ~ (3.30)

v

«



and now P,;,,( Yy) # PXa;l( 1,) Is determlned from,

’ ~

(
P)(mu =F-liq’X12(w)\pXu(w)} 0 S w ..<... 2N-1 (3~31)

Each bank of the M bank recelver barnks Is operated In the s}ame fashion.
The output of the M combiners Is fed Into the declslon clrcult where the bahk

a
that has the largest,yalue after L hops Is chosen.

The probabllity of error can be found by {‘ﬂrst derlving the probability that

the recelver makes a correct declslon. This Is the probability that Z, exceeds all

other declslon Varlables Zy, Zg, -+ Z) and may .be expressed as
L
m - -
P, =f P(Z,<Z, 2,<Z,, -, Zy<Z,/Z,) P(Z,)dZ, (3.32)
=00
where P (Z,<Z,,2;<Z,,' ", Zy<Z,/Z,) denotes the Joint probability that

Lo Z g - : -, Zy are all less then Z, condlitloned on Z),. Since the Z; are sta-
tistically Independent, this joint probabylty factors Into a product of M-1 marg!-

nal probabllitles of the form

~ %,

z, oS o
Pr(Z,<Z,/Z,) =f Py (Z,)dZ, . m=23,..M (3.33)
— 00 :
Which can be expressed as

. . -
Z, C 2, zZ,

P, =f sz,(Za)dZ fRza(Z,)dZ, f PZA;(IZM)JZM I?Z,H‘Z‘ (3,34})
[} [} [ o

Vo : . h \
. '
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Now that the probabllity of correct symbol declslon Is known the probabll-

1ty of s&mbgl error Is P, =1- P,

The probabllity of bit error can be determlned for eq{xlprobable orthogonal

slgnafg’, we state that all symbol errors are equlprobable ‘afid occur with proba-
)

~

. bilty .
Q‘ £
P P ' <
MM (3.35)
* ' M"‘ 1'\ 2*— 1 \
where k& =log,M Is the number of blts per symbol
The pr?‘bablllty of‘Bl‘t/ ertorls then °
| P=2"1p * > (3.30)
) . b = ’ ‘3-36
ok 1 M .
. . »,

' ’

Thus from (3.9) and (3.34) the probabliity of ‘blt error for the noncoherent

FH/FMSK system with strong and weak users becomes. - /
" v U W U U0 +
) | Pa=EEEEEEPb
: kn Ky Kip 9 iy LM
- ' : Pkyy, o k) Pk, o Jkim)
1 o \ —
IR < € PFTIRUNINIE T FOVNN € YV ) (3.37)

For each set of system parameters, such as the number of recelver banks,

! N O .
hops/symbol, the total number of tones in W,,, and number of active users In

i

“the network, equation (3.37) must be eValth,ed for all possible combinations of ;

weak and strong interferers. For each combinatlon of weak and strong inter-

. feres all the characteristic functions and DFT's In (3.22) to (3.35) are evaluated
' and finally the P, is obtalned from (3.37). '

k]

-
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3.8 Performance of The FH/MFSK Systems Considered

In thg section, we compare the responses of many SS systems with parame-

. ters of 2,4,8-FSK and 2,4 Hops/Symbol. The recelver SNR was set at 10 dB for

)

the weak users and 20 dB for strong users. We first, observe the performance of
different FHMA systems for 2-<hop/sympol and 4 hop/symbol diversity as illus-
trated In Figwre (3.7). The graphs deplct different M-ary FSK systems all with

the same processing galn. Howeéver, the resultlng spread-spectrum bandwldth -
- , A

. Wy, corresponding to the curves flgures are not all the same. Rather we only

. . .
compare the performance of these systems having a processing galn of P.G.=128.

?

‘Tt Is easlly seen that the best performance 1s obtalned for the system having
. = ‘ '
parameters of L=4 and ‘M==8 with 1024 topes in the SS bandwldth which is

quite larger than the other SS systems. However, this Implies using a large Ww,,.,

If we assume that the informatlon rates for all systems are the same,

The case of M==2 and,L-r—AI desserves, speclal attention. Contragy to ‘the

&pectatlon that Increasing the number of hops leads to performance imprdve-

-ments , this system behaves qulte differently especially for large number of users.

The system performance 1n this case Is sm_xllar to .Lﬁe 2 ban.k 2 h0p/s;'mbol Sys-
tem. As seen from Table (3.1), the M=2 L=4 system needs only 256 tones
wl}hln the SS bandwidth to échleve a processing gain of .‘12'89 which does not leave
much ﬁargln for lmproqunent gal;ed from frequency diversity {compared t0 the

remalning curves). Generally, the best P, performance of the varlous S.S designs

et

results from Increasing the number of hbps per symbol.

. ‘ .
"~ When the various combinations of the spread-spectrum parameters are coms-

A

pared on a falr basls the outcome 1s qulte different as shown 1n Figure (3.8). To

compare the cases on a falr basls, we set the spread-spectrum bandwidth W,, to

-

8.192 MHz z;nd confine the data rate to 8‘Kb/s. Thus, when the _values of L and

r

g
\
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4

’ . .
‘M are changed corresponding to each of the cases the processing-galn and the

total number of tones will change accordingly.

As an example, conslder a BFSK recelver with 4 hops/symbol, the number of
bits in a symbol s one, thus the number of bits/hop =0.25. The data rate Is
fixed for all cases at 2, =8Kb /s . It follows that the hopplng rate must be such

that R, =(.25 Bits [hop )*R; =8Kb /s, and the processing galn Is determined by

\ w,, / W, = Wis ./,M*R,, which depends on the system parameters L and M In an

evident fashlon. \\

Fixing W,, t0 8.192 MHz we see that the best system, Figure (3.8), Is the 8"

8

bank 4 hop/symbol (8B4H). It Is expected that a 4 hop/symbol diversity will
perform better than the 2 hop/symbol dlvessity systems. Thils of course, Is what"

1s obtalned In the resu’lts for the 4 and 8 bank 4 hop/sympol recelvers. However,

the 2B4H recelver performance degrades slgnlﬁcantl*y for large number of users In

the system, even'worst than \the 2"‘hop/<sy,mbol recelvers. This occurs since the
¢
number of tones In the 2B4H s'ysnem Is much less.than the 2 hop/symbol systems

['S

f \
as seen In Table (3.2). Even though the processing galn for the 8B4H system ls

8

‘the ~l§3ast out of all the systems compared, the number of tones Is the largest for

all the 4 hop/symbol systems. Thus, frequency diversity and a large tone set pro-

vides for much better performance curves. # e

¥
€

Changing the spread-spectrum bandwidth to 4.086 MHz, a falr basls analysls -

can be performed on a system with less bandwldth. Now as seen from Table (3.3)‘
the processing gains of the spregd-spectrum systems are one half of the processing
galns used in F}Eﬂre (3.9) for the 8.192 MHz bandwldth. The overall shape of the
curVes In the two figures are simllar, but' the' spacing between curves in the 4.096
MH:z bandwldth case are not as great. Agaln the SB4H ;ystem provides better
berro.rmance characteristics. We can say that as the spread-spectrum bandwlidth

g

1
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Increases, the cholce of a better system design glves much better results. When
¥ ’ ‘ .
very large spread-spectrum bandwlidths are Involvedy the selection of good param-

eters are even more critlcal. -

In F'lgure (3.10) spread-spectrum systems with the same number of recelver
banks’ are compared. Curves 1 and 2 show the difference for 2 bank systems using
2 and 4 hops/symbol and curves.3 and 4 show the difference for 4 bank recelver
systfems using 2 and 4 hops/symbol. Examining the 2 bank recelver deslgns, we

see that the Pe performance Improves as the number of hops/symbol Increases.

)

f
A

As expected, frequency dtversity augments the system perl‘ormanc"e. Simllarly, the
4 bank recelver deslgn performs much better as the number of: hops/symbol
Increase. However, In this.case, the amount of lncrease In performance 1s better

12

than the 2 bank recelver.

~

So far we have discussed the P;, performances for different; recetver deslgns;
Now, we shall examine a speclific design and compare the P, curves as the
number of hopplng tones In the spread-spectrum bandwldth ,vary. The perfor-
manc;a curves for the 2]’:}2H receh‘/er ;1nd val;lous number of hopr;lng tones are
1llustrated:1n Figuré (3.11). As expected, by fncl;easlng the number °or tonf:s the
syster;l improves. However, it Is seen that the best lmprovement occurs when the °
number of hopping tones 1s low. The same resuits were obtained in Flgﬁre (3.12)
for a 4B4H system. In thls case the difference between the curves as the number

of tones Increase Is not as great. .

Sy

i
A ¥

In all o’r the above con;parlsons, the performance curves were obtalined wmi
a Rlceg',n system model for Lﬁe bank containing the Intended signal and a Ray-
lelgh distributlon model.for all other M-1 recelver banks. In the absence of line of
sight cpmmunl.catlons, all recelver banks will have the Raylelgh distributlon In

|
each of the hops. Figure (3.13) shows a sample of the obtalned results for Ray-




B

e

46

!

w

letgh fading ax;d IIne of sight Blcean models. For comparison purposes, curves for

parameter settings of L==2,4 énd M==8 with a tota] of 1024 tones In the spread

> -
°

spectrum bandwidth are.employed. . -

The small difference In the performance Is due to the dlversity effect of like
¥ h
user Interference which outwelghs the fading of the slgnal especlally under soft-

Itmiting.

A}
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Figure (3.7) Performance of FHMA Spread-Spectrum Syst,ems With

¢
Table (3.1) System Par&meters For Figure (3.7). o
Graph # | Bank # HoszSymbol # of Tones | Processing Galn
.2 _ 2 i 256 28
4 2 512 128
A 8 2 1024 128
2 4 256 128
- 4 -4 512 128
8 4. 1024 128
y (

l':\u

100

i
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Figure (3.8) Comparisons of Spread-Spectrum Systems on Fair Basls
With same W,, = 8.124 Mhz and R; = 8 Kb /s.

7 Table (3.2) Systme Parameters For Figure (3.8).

| Graph # | Bank.# | Hops/Symbol | # of Tones | Processing Gain
- 1 "2 2 512 256
2 4 2 1024 256
3 8 2 1536 192
: 4 2 1 ' 256 128
5 4 4 512 128°
6 8 4 788 ) 96




. 49

N 1 — - 1

—— J : | 9

20 o 60 80 100
f
Number of Adtive Users

Flgure (3.89) Comparison of Spread-Spectrum Systems on Falr Basls-
With Same W,, = 4.006 Mhz and R; =8 Kb /s.

. Table (3.3) Parameters for.Figure (3.9). ' e,

AN
Graph # | Bank # | Hops/Svymbol | # of Tones Proce'ss\ng Galn
L1 2 2 256 128
2 4 .2 512 128
3 8 2 © 768 o 06
4 2 .4 128 84
5 4 4 - 256 64
o) - 8 4 384 48
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Figure (3.10j Spread—Speétrum Systems With The Same Number of Banks.

)

60

Number of Activeé Users
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Table (3.4) Parameters for Systems Flgure (3.10),

Graph # | Bank # |+Hops/Svmbol | # of Tones- | Processing Galn
1 2- 2 512 256
2 2 4 . 512 128
3. -4 2 1024 256
4 4 ‘4 1024 256

100
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20 ko 60 8o. 100

Number of Active Users {

Figure (3.11) Comparlsons of 2 bank 2 Hops7Symbol System
With Different Number of Tones.

Table (3.5) Parameters for Figure (3.11).

Graph # | Bank # | Hops/Svmbol | # of Tones | Processing Galns
1 2 2 2568 128
T2 2 2 512 256
3 2 2 768 384
: 4 2 2 1024 512
r1§\ ‘—- =
Q
x ;R a ) o
“
‘\4‘ o - \) »

.
-
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e - . .
— Figure (3.12) Comparlsons of 4 Bank 4 Hops/Symbol System
Wtih Different- Number of Tonesg . '
4 a4
- ) Y
' . v Table (3.8) System Parameters for Flgure (3.12). ‘
. | Graph # | Bank # | Homs/Svmbol | # of Tones | Processing Galn'|
1 4, . 4 258 84 "
2 7 i . 4 512 : : 128 .
o . 3 - 4 4 768 108 -
2 4 4 4 1024 . 256 _
- . ‘o
/ o
. Lo - ’ ‘ i .‘ &
” * * i . A . \* N
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Figure. (3 13) Spread-Spectrum Systems In Raylelgh Fading and Riclen
. Specular Components. .
Table (:f.7) System Parameters For Figure (3.13). |
Graph' # | Bank # | Hops/Syvmbol | # of Tones | Processing Galn Type
1 - 4 2 © 258, . 84 Raylelgh
-2 4, 2. 256 64 Riclen
- 3 1 4 2560 684 Rayleigh
4 4 4 256 64 _WRiclen
3 s
\ L
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CHAPTER FOUR . '

MOBILE CELLULAR RADIO SYSTEMS
y .

4.1 Introduction

Commux_ﬂcatlons between mobile stations has always been a difficult problem

to solve. This communlcations fleld, as well as others 1s not without Its limita-

\ v - - e
tlons and moblle radlo communicatiohs must overcome some extremely difficult

transmission and reception problems. Such as multipath prdpagation cohdltlons,
whlch can cause the recglved slgnal to exhibit rapld and severe amplitude and
fréquency varlations. Also man-made Interference sourcés 'cause'moblle radlo sys-

—

terhs to ehcounter many difficultles thus limiting reliable communlcations.

+ Adding to the troublesome task of designing a rellable moblle radlo system,l
thé demand for more moblle radio licenses Is Increasing at an ever Increasing rate.

Much wbrk Is required to develop spectrally efficient moblle systems capable of
i '

handling the growing trafflc demand§. The number ot: channels allocated n

present moblle radlo systems does not seem to be adequate in proviging for su'cl;

[ . A
LY

" a large demand,

'
<

II}"the past, moblle; radlo. éystems tried toﬂcover thre lérgest area possible by ’
pl_ac‘lng the base statlon an.cennas on the hlghest structures In the area, such as
mountains or tall bulldings. Eecause or’ the vast area covered, secondary a‘ntenna
systems were placed In reglons where the; signal strength was low, due to hills or
tunnels. Problems arose with thlé diversity solutlon because of the multipath
delay In the baseband slgnals and the complexlty of the moblle base stations

design Increased to keep the distortlons at acceptable levels.

»

.Instead of covering an entire local area,from ane high powered land

-

3
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transmitter site, a system can be employed where many moderate powered sites
are placed throughout the coverage aréa. This will also overcome the scarcity
problem of avallable radio channels in a high traffic density area such as in
metropolitan reglons, where smaller coverage areas or cells c;am be employed. The

number of avallable channels are Increased by simultaneously us!ng. channels In

different cells that are spatlally separaﬁed enough to prevent co-channel interfer-

ence. ‘.

~

The cellular concept eme(ged when system designers needed a more efliclent

method for planning the layout of cellular systems@he shape of the cell which

°

has been accepted by syétem designers s the hexagonal grid pattenVAlthough,

. \
the propagat}on of radlo flelds would suggest a circular cell structure, there are

“ - L ]

amblguohs areas where overlapping or no cell reglons exits. Other cell shapes,
such as equlléteral triangles and squares have no amblguous reglons but tfo’noc
accurately cover the general radlation pattern of a cell base statlon as well as the

hexagonal pattern. '

' ~
The determination of the distance between cells which use the same fre-

quency channels Is of great Importance. Choosing a distance to small will cause

H

unacceptable co-channel Interference and a distance which is too large will
demand more frequency channels In the network but, due to the fixed spectram
allocated for moblle use it will ultimately reduce the numberuor-chapnels per cell."

We shall examine the concepts of determining the distance required for reusing

-

the same channels In various cells within a moblle network.

If we conslder two base s‘tatlons A and B separated by distance D ahd each

within a cell of radius R, the power recelved at point P from base statlon A Is ’

¢ - '

. proportional to R™", v“vhere n Is the t::)paga_mon law based on the terraln

"environment as llustrated In Flgure (4.1)

here as Is the power recelved at .point

DN
~
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P from other base statlon'transmitting on the same frequency at distance D Is

D~". In a hexagonal testellatlon there will be always six effective Interfering cells

3

located In the' first tler or level. Other eflective Intetrfering cells further away are

assumed to have a negliglble effect. Thus the slgnal-to-Interferencé ratlo can be
. -

1] .
written as i . )

a

_n Y //, .
‘ S/ =—; =Q™/s (a.1)
- ¢ 2 Dk_”
. k=1
~ where Q 1s the co-channe! Interference reduction factor. As long as the cell slze 1s B

fixed, co-channel Interference is independent, of the transmitted power of each -
cell, but Instead Is a functlon of the parametér Q=D /R . When the ratlo Q

increases, the co-channel Interference decreases.

o 4

.
° N N -
.

Figure (4.1) Cell Structu're. . -
If we consider that the distance between adjacent cells as belng unity, then

the length cell radius R s 1/\/5. The.number of cells. per baslc pattern (C) s .

we

related to the values of D and R qamely, D /R=v3C . Thus the minimum . .

numb\ér of channels sets required to fully cover ‘any planer regior using hexagon .. & . .
: . AT

2
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patterns 1s

‘¢ =12(D/R)? . (4.2)

4 %

N .

The co-channel reuse ratlo (D/R) also has an impact or; both the trapsmis-
sion quallty because 1t eflects the co-channel lnterrgrencé stam:s,t,lcs. If D/R 1§
made as small- as posslble z'i low cost”and large capaclty system can be deslgned.
On the other hand, making D/R as large as possible benefits the Lrans;nlsslon

quality. N

4.2 Channel Assignment Techniques -

“.In cellglar éystems, Initial call setup must be a(?compllshed.from the Informa-
tl.on transmitted to ;he base station 'fromv ’_the,mob,lle user through ** Idle Chan-,
nels After a base'statlon has be‘en asslgned to.serve a call rquesL rroﬁ a
fnoblle user, a chan.riel asslgnment procedure must be followed. This will allow

the base statlon to dete‘rmlne if a channel is avallable to serve the call. One such

meihod of channel assignment Is known as “Flxed Channel Assignment”. In a )

Fixed Channel Asslgnment system, a subset of the.total channels avallable In the

mobllq network 1s permanently reserved for use within each cell. The channel )

r

subsets .are reused In other cells which are geographlcally separated by a distance .

determined by the system criterla, The channel search for an avallable éhannel

in a pértlchlar cell‘only Involves searching for a channel In the reserved subset

that s not In use. However, If all channels in the reserved subset are In use, ser- - -

L

- vice will not be provl‘déd to the requesting moblle user. The denlal of an assign-

ment can occur even though there may exist vacant channels In the adjacent-

cells.

*
°

!
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The problems caused by this assignment scheme 1Is due to the nonuniform

traflic requirements of moblle networks. Some cell areas might be congested with

high trafMc loads while others can be totally vacant or, with many free channels.

? a .
This -leads to message blocking and detertorates the network capaclty In high

A
3 ®

load reglons.

N

{
To overcome this problem of high blocking areas, a ‘“Dynamlc Channel

Assignment'’ scheme can be employed. The most general form of a Dynamic .

Channel Asslgnment scheme has all channels In the entlre network avallable, to

L}

- any particular cell. Now the channel search for a requesting rrioblle user’involves

s}earcmng through: all channels allocat,éd to the mobile network to find an avall-
able channel. Avallable chanﬁels are deflned as those not belng used closer than
the permitted D/R ratlo from the cell. The use of a central processor to keep
track of all channels belng used- at -any glven moment is required alor;g with an
optimizing strategy of selecting an évallabl.e channel If more than one s free.
Updates to t,he data storage memory must be made for all call request terrr;lna-
tlons and Jl boundary cross!ngs The complexity of the cell base station lIs
Increased due to the requirement that all cell base statlons must be switchable

-

from channel to channel as the asslgnment changes.

A channel assignment scheme proposed by Elnoub! [8] employs a fixed chan-

nel channel asslgnment strategy with a slight modification to achleve better walt-

-

Ing time responses. The cell structure was formed by com‘blnlng a repeating pat-

s

" tern of 7 cells each with 10 dln‘erent channels to make a total of 70 channels In

the, baslc cell patterm =~ - “

’

A group of lokichannels_ are lnltlélly allocated to every celld In the system
according to the fixed channel assignment. When a moblle user requests a call the

first free channel Is asslgned. If all the lnmé.l allocated channels are busy, a chan-

] ,

‘du

-

e
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.
nel 1s borrowed from another cell? This 1s done by first countlng the, number of

avallable channels for borrowing In the remalnliiz 6 cells. A channeltls a:{allable
for l?orrowlng if 1t 1s,free In the ddja;erﬂ cell and ihe other two lnLerfeAng cells.
ngere an Interfering cell Is aAcelI that Is located between L‘he borrowing cell and
the cell the channel Is borrowed from. The algorithm 1s processed over all cells
’ and the channel Is bofrowed from a cell that con{alns the most avallable chapnels\

for borrowing. When a cell has borrowed a channel and obtains a newly ter-

minated cal

one of the Initially allocated channels, the borrc;wWel Is set

free and the cafl Is swltéhed to the flxed channel. Thus keeping the number of

ed channels to a minlmum.

4.3 Next Generation Mobile Services

*

The rapld rate of gr'owth Pof land moblie‘radlos and the Introduction of many
more types of services such as, computer alded dispatch and speclallzed data
bases, are over bu.rdemn.g Lh:e existing moblle radlo services. There 1s a great need\
to develo.p " the I;ext generation of moblle systems- to be mor;a efliclent and

diversified. [33] has proposed a land moblle service that employs a microcell con-

cept and has the abllity to Integrate both volce and data users.

The mlcrocell concept emplo&s 5_many low-power base §Latlon§ positioned
along streets and highways. In metropolitan areas where traffic 1s high, the base
statlons can be located at every street corner if réqulred as shown in Figure (4.é).
Two PSK/TDMA: channels operating at a bit rate of 1.6 mHz are used as the

modulation schefne between the moblle g‘sers and the Base stations. One channel

. :

i1s used for base statlon to moblie signaling, and the other for moblle to base sta-
@
- .
tlon communleations. The time slots of each TDALA channel are equally divided
Into é.s msec duration with a 10usec Interframe’gnard-time to avold packet over-

2

laps.




Control and identificatlon data are transmitted between the base station and
T & A -t
’ ° | PR .
the moblle units In specHic frames. Every 2 seconds each base statlon transmits a "

40 bit location frame contalning the ‘base station’s ID. The moblle unit that

‘recelves the locatlon frame of the base statlon stores this informatlon for future

call requests. .

&

During a call set-up, elther for volce or data, the mobile units send a 72 bit
r - - '
lnterrogat,lc_)n frame to the base statlon. ’I:he; frame conslsts of transmission

request commands, the moblle’s ID, and the stored.ID recelved from the location

frame. A similar interrogation frame 1s sent from the base statlon to the mobile

units for acknowledgments and control signaling.

The system hlerarchy structure, illustrated In Flgure (4.3), employs a distri-

! buted control approach where each level pro{'ldes a certaln control runctlon.bThg
. : 4

heavily traflic plagued centers of a clty aré‘divided Into blocks of 18 base stations

set In a matrix of 4 by 4, and are called subgroups. Each subgroup, consists of a

AN g P )\
subgroup collector which Is responslble for keeping a flle on all moblle unlts
within 1ts control and Is also a link between its block base statlons and the rest of

the network.

3

The second hlerarchlcal level co;lt,alns the group collector which Is responst-

- .
ble for 16 subgroups. The group collector must also keep a flle of all the unlts

»

under 1ts control whlle provlding communicatlon links between 1ts subgroups and
* the rest of the network. Going one level fllgher. the highest network levef 1s the

sector level and 1Is responsible to malntaln flles on all unlts. The sector controll-(

ers are connected to each other through a ring network to connect the entire sys-

tem.
5

L1
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- ‘ ngure (4.2) Base Statlon Locations In Microcell Deslgn.

o
7

In thls system format, the close proximity of the base statlons allow (or.

\ PN -

Iine-of-sight communications over short paths allowing tfhefuse*or low-power

r

moblle and base station transmitters. Thus, the probléms of multipath fading’

that corrupt existing moblle services are overcome by this design. Another Impor-

tant attribute in the microcell design Is the large handling capacity because of

the large number of base statlons In the network. ) ) .o

The maximum number of units that are under the contro} of a base station
at any- given time-ls 452, Including vehicles, portable units, and paging equip-
ment. A summary of the system handling capaclty at all merarchlcal“llevcls 18

shown below 1n Tabl*e (4.1). S ) ' -

! -

S
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Table (4.1) Capacity of Microcell Network.

Level Number of Units | Number of Base Stations
Base Statlon 452 1
Sub-Group 7232 18
Group_, 115712 2568
Sector 1.851302 M 4006
System 14.811 _M 32768

62

,‘ The above proposed Microcell design s but one solutlon to the spectral

effictent system problem. In the next section, ‘we propbse a spectral efliclent

" moblle network with the capablility of handling different Informatlgn types.

L
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CHAPTER FIVE

~

LY

PERFORMANCE CHARACTERISTICS OF A FH/CDMA MOBILE
COMM UNICA TION SYSTEM

5.1 Introduction

" Traditlonal modu!ablon technlques for moblle communications have be(;.n
narrowband FM, and PSK modulatlon. In thls study, we cor}slder a cellular
FH/MFSK spread-spectrum moblle“network with a total bandwidth In each Eell
of 2#*W,,. Theré are two nonoverla‘pplng channels wWithin each cell, uplink and\
downlink, each with a bandwldth of W,,. The uplink channel handles informa-
- -
tion from the moblle unlis to the cell base statlon and the downlink channel
directs Informatlon from the cell base statlon to the motgl\le users. To avold any
lilterference from adjacent Sells. each ;r the neléhborlng‘, cells has a dlﬁeren{.
cenger frequency for the uplink and downlink channels than the adjacent cells as =
shown 1n Flgure (5.1). We assume lthat, the number of cells with different center

frequencles In ‘a cellular network s C.

. However, !n practical cellular systems \Qhere’are many such cells a.ri\§l network
expansion’ls possible as the system expar}ds. Thus 1t Is very easy to diminish the
total moblle spectrum (400-000MHz) allocat';d to a;speclflc system.’ To enhance
the frequency efliclency, the same group of/center frequencles will 'be reused at a .

different geographlcal distance away from each other. This process Is ca.lLed”Tre—

i
3

quency reuse, : ' A .

Frequ_enqy reuse cah most easlly be managed by regular channel assignment,
where annel s’e.ts‘ are asslgned In a regular pattefn as a un!form_hexagonal
~cell grid as shdwn In Figire (5.25. The proposed baslc pattern Is ‘}made l.1p of 7
—such cell grids, thus the reuse Is far enough from a’cell with the same center rre;

/]

/
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'quencles. Figure (5.3) deplcts the freq'uency all?catlon spectrum of the Baslc pat-
terns within a network. Any Interference due to the use of the same center fre-
quen'a? from different cells Is call co‘channel Interference. Nany schemes to
reduce co-channel Interference, such as directional antennas, have been developed
to suppr-ess the major problem co-channel Interference causes. As opposed to typ-
ical mod\‘uat,lon technlques, spread- spectrum modulation can smooth ‘ouL most of

the co-channel Interference as will be discussed later In this sem\on.

-

Blencreaslng the number of cells lq a baslc pattern of different center frg*-
quencles (Increasing C) while keeping the total network bandwldth (2+*C+W,, )
constant the adjaceﬂt cell Interference witl of course, be reduced due to the
Increase In distance between similar cell center .I‘req't-lencles. But the ,W“' of each
cell must then decrease and wlth\lL the, p.rocessmg galn. Now each cell 1s sub-
Jected to more lnterfere;lce Iﬁl Spread-Spectrum users within the cell itself” and

defeating the purpose of; ellminating interference. The tradeoff between the SS

mnem‘erenée from within a cell and the SS Interference from nelghboring cells .

7

becomes evident.
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5.2 Traffic Control

-
A

“Traffic control of the moblle system takes place via the downlink channel of
each cell. Each user Is Informed of varlous system status parameters from the

cell base statlon and Is addressed by 1ts unique pseudo-random code.

< a

Once the subscriber uhlt has bgeg, switched on, all base statlons which can

be reached are recelved via the organlzatlénal}«channel (downlink channel). The

moblle unit then auto/x‘patlcall& selects the base station glving the strongest signal

X

at the recelver and identifles itself. The base statlon can now updite its flle of

present moblle unlts avallable In its cell. After which, the moblle unit continues

' to check the avallabllity of Its own base statlon as compared to the neighboring-

IS ‘
base statlpns. If another cell (nelghboring) base statlon has a stronger slgnal at

recelver, then the moblle unit automatically reports to the new base -

statlon and 3w dpdate takes place at the new base statlon. This glves the mobile

user communicating in sever fading conditions the abllity to select the appropri-

ate baéé stations to tune to and reduces the problems.of zone crossing apparent
- -~ ‘ .
In cellular radlo systens. The same can be sald for the PL‘\NDOF/F technlque.

A4

While the moblle user transmlts Its Information packets the moblle recelver will

“continue to recelve the base statlons ldentification slgnals (at 7 different frequen-

cles). Again If the n?}ghborlng cell base station prien\ts a stronger signal or If the

moblle moves into anoth_er, cell Qe base statlon swltchlng can be smoothly per-

formedﬁurlhg packet transmissions.

Volce traflic conslsts of thousands of informatlon packets and cannot afford
long delays. Thus, volce traffic will be a priority type traffic in the cell. However,

as the volce user sets up his call, It Is considered as a data user (called "data like

user”). Permission to start transmisslon signal Is sens by the volce users*

o

transmitter to the best ’avallable base stat!o‘n., This request continues untll an -

i
‘s
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acknowledgement signal Is recelved, which can be elther Inthe form of "READY
FOR TRANSMISSION" or "STATION OVER CROWDED" depending c;n the
avallablility of the base statlon’s buffer and If the number on golng volce éalls and
data traflic permits. If the volcg user Is denled access Into the desired base-sta-
tion, it automatically switches to another base statlon and trys agaln to set up a
volce call. When the destination volce user and the destinatlon base statlon are
both free the call wlll then be granted\ otherwls‘e‘a "Trunk Busy” signal Is ‘sent

from the destination base statlon through the backbone network to the source

base station and flnally transmitted on the downlink channel.

%

Data user$ can transmit thelr pﬁckets without a setup call slnce the nature

of data transmiss?loné are bursty and cah sustaln relatlvely long delays cmepélred

. to volce traffic. The data users may also be blocked when the base statlon has

t'e'ached a certaln llmit depending on the combination of on golng voice callls and
an average level of data user traffic. The base statlon will respond to the above

circumstance by transmitting a "NO STATION 'AVAILABLE" message to the -

moblle data user. This .wlll result In the data user to‘backoff for a random time

K

upto K;, time slots: By Intentionally delaylng the retransmission helps to avold

future pac\ket, overlap.

s . i \
! .
-

5.3 Error Correction Techniques

Backofl can also occur when the data pé_cket Is not rec_elved by the base sta-

tion or when there are an appreclatable humber of errors.within the data packet,

4

Since data cannot withstand any er;rors 1t 1s vital that the data packet Is

A x

retransmitted. For thils reason, error control technlques are employed In the, sys-
y : T
tem. : ‘ Y
' < : . - . : ¢

' : ‘ ¢ MY )
Baslcally there are two categorles of technlques for contr}plllng transmission
! ° ’ "’( ¢ .

»

LY
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errors In data communitation systems. '!‘hey are automatlc-fepeat-request (ARQ)
scheme and forward-error-control schemes. In an ARQ system the recelver checks
the parity of t;he transmitted codeword. If the parm; checking 1s successful, the
recelved codeword/ Is assumed error free é.nd sent to -the appropriate des'tlnatlon
base statlon. The cellular base statlon then notifles the moblle unit, via the
downlink charm‘el, that the packet has bqen' succegsfully recelved. 1f hov’vevér

there is an error in the reception of the data packet, the base station will notify

the moblle user to retransnilt the paéket. Retransmission continues until the

packet Is successfully’recelved. Since ARQ schemes alone diminish the channel

“throughput as the error rate Incrggses, the number of users in a glven cell will
. N )
always be'forced to a relatlvely low level.

<

In a Forward-Error-Control (FEC) communication system, an error correct-

Ing code Is used‘ for controlling transmisslon errors. With thls meéthod, any

s

recelved packets contalning errors can be corrected.up to a certain number of bits

in error. The maximum number of correctable blits ( t,) in a glven packet depends

L

on’ the code and the number of parlty blts used In a system uslng only FEC

t,echnlg,ues, the packet Is sent to the approprlate destination even lf the recelvgr

could not correct all the errors.

A3

As stated before, &ata packets must be successfully recelved, thus a high sys-
tem. rellabllity is needed. To do this using FEC technlques, powerful cofies rr;ustf
be employed to correct a “large Purn,t?er of errors (Increasing t,).' This will
effectlvely decrease the Information rate and force the systerr'x to be designed with

a smaller W,, for each cell or decrease the processing gain of each cell. Elther of
f —

which will also decrease the the maximum numbe[bf users that wlll be effectively

transmltting Ina glwven cell. ¢

LS

~ When ARQ and FEC systems are comblned, the drawbacks of both can be
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overcome. Tﬁe combination of the two schemestis bknown as Hybrld ARQ. When
FEC is used with ARQ, the frequeéncy of retranS{nlsslon 1s decreased by the abil-
1ty of correcting error patterns. This Increases t,he'system throughput over an
ARQ system alone. If a ‘pbattern of érrors occur which cannot be corrected the
recelver requests a retransmission. Thus, comblning ARQ and FEC”the transmis-

1] . ‘
slon rellabllity 1s enhanced compared to FEC alone and the throughput Is greater

" than havlng ARQ alone.

.+ The ARQ stheme emploved in thls moblle cellular system is the "Stop And
Walt" Lechmque\ Figure (5. 4) Uslng this t,echnlque when a block of data is
recelved wlth errors, Lhe decoder trles to correct 1t. If the number of errors Is

within the maxlmum number of correctable errors of the code (distance t) the

errors wlll be corrected -and the packet Is sent to th#estinatlon base statlon.

When a recelved block contalns more than t errors, the base statlon recelver will

8
request a retransmission. Upon' recelving a retransmitted packet, the recetver will

try to correct the errors If any exlst. If there are’agaln,. more than t errors

another retransmisslon signal is se;jb."‘Thls continues untll every block In a packet

Is recelved correctly. Thus a packet Is I error'if one out of the M blocks cannot
be decoded. However, the recelvér does not .walt for every block In the packet to

be recelved before It issues a ret,ransmlsslﬁ signal to the moblle transmitter. If

any of the blocks have uncorrectable errors the base statlon will automatically

send a retransmission signal at.the end‘of the block. , -

G .

4
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Figure (5.4) The ARQ "Stop And Walt" Scheme.

‘ [

The hybrid scheme 1s very useful when there are many users with dn{;o\ng
. ‘

calls wl&ﬁln a glven cell slnce the occassional unintentlonal Jamming signals 1
(mutual lﬁterfe‘rencé) will Increase the’error rate. The algorithm of the above

't sequence.of events can be seen in Fli;ure (5.5). w

’

Using spréad-spectrum techniques, the overlap of data a.nq volce packets will
bepin time and rreduéncy.’ Because of the un}\que p’s_eaudo-random nature of the

_ hopplng frequencles for each transmlitter, 1t ls) very unllkly that another .
traxfsn;lpter will hop onto the same frequency tone -at the same tlrﬁe and overlap
the packet for one more then one time hop. As the number Sf ongolng calls are

Inceases, the probablilty of overlap due to many users Is also increased to a\p.olnt.

where the galn of FEC becomes apperant.

4
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The error correctliig codes consldered In this cel}ulg; network are block
codes. The éncoder for the block codes breaks the c/g;x;{;xous sequence of infor-
matlon blts Into sectlons or blocks of n blts. The encoded b}ocké called *code-
words™ contaln k Informatlon bit used for coding. The code rate or amount of
redundancy Introduced by the encode}'ls the ratlo k/n and Is dex;oted as the

Code Rate (R,). However, If we choose to fix the channel rate at R,;, the

effective blt rate reduces to R, *R,.

a

The volce and data Information packets that we consider are fixed In length,
.thus, dependlng on the code belng used the block size and the number of blocks
. (M) 1n a single packet wiil Ehange. Different classes of block codes are used to
determine the characterlstics of the network undér different load condltlons as
wlll.je Sls\&ussed In the performance section ofms chapter. Among them are the

BCH codes, HammIlng codes, ax;d Golay codes whosé characteristics will be
‘ .
described below. ) L

The Spread-Spectrum cellular network utilizes coding techniques to improve
the system performance in jamming environments, such as In multiple access
schemes. We shall brlefly describe the three different types of linear block‘éodes

that wlll be encountered In our analysls and llst thelr important parameters
. v

Including block slze, maximum number of corfec_t,ablg bit, and the minimum dis-
tance of a code. The minimum distance of a code can best be described by con-

sldering any two code words in an '(p,k) block code. A measure of the difference

between the code words is tﬁe number of corresponding elements or positions In

which they differ, denoted B, and Is also known as the, Hamming distance. The

Q

minimum distance d,, can be defined as the smallest value of By for the m code

‘ words, where m = of code words that form a bloc}( code.

A

Binary Ha'mmlng codes are the cfass of codes wlth- property that
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(n.,k)=(2"-1,2"-1-m) where m Is any posltive Integer and a minimum dis-

tance of 3 providing an error capabllity of correcting all single errors. From this

class of codes, a:blnary code with a minimum distance qf 4 can be produced by

_adding one parity blt to a binary Hamming code. Now there will be m +1 parity

check blts&é‘nd\s"‘ —1-m Information bits resulting In a total of n =27 bltfégp%r

-

block. The number of correctable bits/block for the (2™ ,2™-1-m ) Hamming

code Is 2 bits In error.

For channels In which errors aflect successlve symbols independently BCH

codes are the best sulted, The cyclic BCH codes have the following parameters

Block length: n 2=2" -1, m =3,4,5,... N

i

Number of Information bits: k >n-mi

-

Minimum distance: d,,=>2¢+1 '

-+
- The last linear block to bé descrlbed Is the Golay (23,12) code. This code_has

the capabllity of correctln'g all patterns of ihree or fewer errors with a minlmum
distance of 7. There Is an extended Golay code which Is obtalned by addlng an
overall parlt:y blt to the (24,12) code and creating a minilmum distance of 8 with |
the ablllty co,corréct 4 blts In error per bfock. Unfort'unatéiy, the Golay code

does not generallze to other comblnations of n and k.

<

.
. R .
.
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5.4 Inter Station Communications

’Il‘he communlcatlon network which handles the d:ata from baseA statlon to
base statlontradlnlonally has been the publle network system or microwave radlo
links. In our proposed moblle neiwork, a Flber Optic Wide ‘Areé Network
(WAN) can be employed to carry the data t\ransmlsslons between cells or to the

public trunks. The WAN Is especlally useful for carrying huge amounts of

management and control data for Integrated volﬁe and data communlcatlons.

The ﬁbér optic network s’ conflgured as a STAR topology enapllné upto 186
pser Access Nodes (UAN) to be cqnnected t central node (Central Switch).
E“.ach UAN Is located at every ce]l base station that Is connected ‘to the optlcal
network whereas the cell in the center of the-cell group connected to the WAN
contalns both the CENTRAL SWITCH and the UAN. The backbone network
allows for expanslon and rena}ble dedlcated routlng In case of base station Tallure.
This type of network may also be used In conjunctlon with the .scandard public
utilitles. When there are areas within the network that have low average traflic
loads, the public ytilitles 'can carry the Informatton to and from the cell base sta-
tlons. However, under high load stresses (high-traflic times), Ll;e fiber optic back-
bone xﬂnetwork will be needed to handle vhé traflic of volge and data dsers with a

guaranteed dedlcated path.

The optlcal network can be placed to cover only the nétwork regions that
contaln the most traflic loads, Figure (5.6), other-cells In the network can be con-
nected to the public system through which a connection 1s 'made to the other

base statlons or to a base station’s UAN If It requlres one.

In an actual moblle network, most of the volce users communicate through

the publlc telephone systems and not to other moblle statlons allevlating some of

the load through the backbone network. The data users, however, Will
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\
communicate possibly to other UANs at another base statlons’ data base or Into

1 «*

“a global network message system.

The WAN uses a demand assignment protocol for routing the packets to
tl;elr correct destinatlons. When the base statlon recelves a correé:t; data packet 1t
signals the UAN to request a time-slot to the destination cell. The central switch
does the processing of the demand assignment requests and send§ the "ACK-
NOWLEDGE" signals back to the requestlng UAN and a "GET READY" signal
to the destination UAN. Since the call set-up for the ‘high-speed optlcal network
Is relatively faster than thé packet receptlon at the cell base statlon recelver the
packet Is .downloaded Into tt;e UAN's buffer as the t')a.;e station slgnalé the UAN. |

The volee users, as stgted before, wlll setup the call with the cell base sta-
tion. In thls case the base statlon wlll slgnal the UAN to request many time slots
for_'transmlsslon to the destlnatlon UAN. The tlme It takes to recelve an ack-

nowledge signal from the central switch is non-existed to the real-time volce user.

LY.
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Flgﬁre (5.8) Potentlal Use of an Optical Backbone Network

~

In a Mobllé Cellularr S&stem.
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- - 5.5 System Analysis R . E o

When deslgning a moblle radle nefwork, many constrz;lnts must be con-

~ &

sldered such as Informatlon bit rate, maximum number of allowable statlons in. a

celd, and radlo spectrum ‘utlllzatlon. The lat

onstralnt & due Lo_Lhe ltmlted

\

\

number and width of frequency bands allocated t public mobll.e applications. It

)

s ‘necessary to make the prbper tradeofls In moblle radilo sysLeT{S: to design the
‘most economlcal and efficlent network. The efficiency of a moblle network is pri=
marlly deLermlned by the value of the throughput the network can achleve under

certaln loads and Is 1nfluenced by"a large variety of factors such as modulation

v

scheme, coding, ®nd network management protocols. ’ .

. ' In this sectlon, the efliclency of the mroblle network will be analyzed for

o different modulatlon and recelver deslgr;s such as 2 & 4 hops/symbol and 2,4,8-——
R
FSK systems.
* * ) . ' .
. As we stated before, there are both uplink and dotwnlink- channels-with a

glven cell strugture. The downlink channel carrles both Informatlon data (volce
A v .
and data packets) and network management Information from base statlon to the

N

~

—. - . moblle users. Since the downlink channel sourte Is.-from only one locatlon there
. . ~ -
. wlll bhe no overlap or colllslen between packets In this channel. There is no con-

tention between channels In a cell since the downlink ayd uplink channels In a
cell are nonoverlapplng as well as the uplink and downlink chaanels in the nelgh-

” R . -
boring cells. The cell base station transmits at much higher power levels than the

moblie users limiting the error rate of transmission 1n the downlink channel.
\ »

- - r

However, the uplink ‘channel, carrles tnfoi-magk—)n from man‘,; low-power

sources to the centrallzed cell base statlon and I1s, susceptible to Interference

‘bétween moblle users transmitting In the cell. Thus the measure of system perfor- N

mance such as, throughput, blocking, and delay s determlne'd by the perforj

!

~ -~ =n




o

mance of the uplink channel.

-

S ‘ ! 8 .
We conslder an uplink channel with a spread-spectrum bandwldth of W,
B <]

the number of data and volce users in each cell 1s'denoted as M; and M, respec-
tlvely. For analysls, the number of bits In each data and volce ‘packet is set to
the same value Np-and the Informatlon bit rate equals R,;. Therefore the time

to transmit one packet can be wrlitten as, . b
v .

t,=[1/Ry] N, ' (5.1)°

. 7
This means that the actual packet transmlsslon time on the3Pread-spectrum

channel Is glven by . .

-

t,=n/k*x1/R; *N, ‘ (5.2)

C(N,KK) denotes the FEC belng used and tp Is the unit of t:he final delay.

The t,ln{e ‘between two embedded poa.ms In the Markov .Chaln are normalized

to the tlme It takes to transmlt a data packet th at data rate R,;. The genera-

tion (arrlvaf) rate of arrival. for data users Is Polsson. -With, the probability of
. - ) 5

generating a data packet per packet time equal.to )\d .

2

-

'IL has been, determined that volce traflic contalns both talking and sllent
p'erlod%b The volce slgnal arrives in Polsson fashlon while Lheflntel'-al'rfval (sllent’

perlod) tlmes aré exponentially distributed. We can write the'exponentlal distri-

>

butlon of sllent periods as

N

Y

‘ . \ em——

- \

P (t5 = a exp(-at ) ' \ (5.3)

with a eanof 1/a -




-

;-

The probablilty distribution of a talking perlod Is written as

. Q (t) = bexp(-bt) (5.4)
y o t >=0 ‘
. t <0

The mutual lndepfudence of Lhe talklng and Lhe sllenL perIO( allow the

debermlnatlon of the PDF of Inter-time arrival of volce slgnals bv convolutlon,

that Is

-

Py(t)=P (1) Q)= [ab/(b-a)] (e -e) 5.5

For a worét case assumption the arrival rate Is Polsson distributed, and in
the followlng we can assume that the M, volce users In the cell generate new

.o . ‘
packets (talklng ’plus/sllent perlod) durlng each packet time tp with probabliity
DY

v . Ly

By normalizing the packet time ty ( t, =1 ) we can state that Lhé proba-

~ v

{Qlllty of finding a talkilng packet Is equal to the ratlo of-the talk perlod over the
L : .

packet time. Thus we have

AS

u. = (1/b )/t (5.8)

puum
-

\

where’ tp'.,;,.. Is the normalized packet time and u s the probabllity of having a

A

“volce packet, * : . _ . . P .

For a s)lent ‘perlod the probabllity 1s . oo . N Bl

)

Py %(1/4)/tp,,,h’;=‘1/a’ B . (5.7)

'The"vo)cg-gser can be In three different states during a packet time t, ."They/

*
- ! ?

M : S
-~ - Y R “~
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A

are defined as packen transmission with probability (P;, = uP,), sllent perlod
(P,4) arid unsuccessful transmissionswith probability (Pys ) I—_Iowe_ver,' we say

that the probablilty that a volce user transmits a-packet durl‘ng the packet time

tp Is )\d .
Now the total traflic enterlng the cell base statlon In the uplink channel is
] 5
defined by v - )
£ * S : ,\ ‘
Ty=(Myh;+M,\,)/PG ' ) (5.8)

where T, 1s the average traflic Joad In the uplink channel and PG 1s the process-
‘Ing galn of t,he spread spectrum system. Dividing the load (Mg 2g +M, )\4) by the

processing galn enables us to compare "the results of several networks on a I‘alr

— L4

baSlS.

~
.

Bel‘ore we go further with the throughput ana]ysls a closer ]ook at the—

moblle transmitter Is requlred. Unlike volce ueer packets, data pachets must con- °

tatn no -errors and thus require a Hybrid A_RQ scheme. The moblle data

N %

traflsm!t.t.er then must be allowed to store the data packet In Its buffer unjl It

get,é ari acknm;vledgement from the cell base statlon upon successful transmission.

) _In the case of a retransmission of the ‘data ﬂ/‘ex packet the moblle transmltcer

wil backoff for a random length of time upto K, pacl\et transmlsslon times.

" 'Thus, the éffective average probability-of\retransmission In In one of‘the packet °

'

'+ Intervals Is

. ‘
- . .

‘ g=1/ky . ° ‘ (5:9)

<

While the data moblle transmltter Is delayed due to rem ansmlsslon (backon‘)

a queue. can be accumulamng in Its buffer due t0 the generatlon of other packets

>
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from the data source. Tﬁeoretlcally, If the transmitter does not Tecelve an ack-

nowledgement signal from the base statlon, ﬂhe queue may bulld up Indefinitely.

Howe'ver, In keeplng with the practice, the buffer size s llhﬂted i.o a finlte level.

The bufler is configured. as a;F‘}rsMn-FlrsL-ouL (FIFO) memory device, when g

. queue bullds up the transmitter will always try to transmlt the packet first in

Ilne. Dependlng on the traflic load T -, ghe pf'obabllltylof packet success P, In

.
the uplink channel will determine the state of“the transmitters’ bufler.

-

IS

4

-~

-

- Figure (547) Markovian State Dlagram of The Transmitter Buffer.
) \ ) !

<, v ‘

C == Collision

* D == Delay

T == Transmission
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.ng. ' ' )

Al 5 ’

,the packet departure time and can be deflned by

- .

- !

‘ _— S, =$, (t,7) ‘ o (5.10)
a . . . @ )
where ¢ ==1,2,3, - - - ,L represents the buf_fér contents in packets. and j=0,1,2

represents the s“Lau: of the transmlitter, such as, transmitting, delayed, or collid--

' - s
i D
e

& -

¢

For analysls, the downllnk signals from/\he base statlon to the moblle data

» -

transmitter indicating an-acknowledgement or a collislon Is a;ssumed to be Instan-

/;

tanéous, thus permltting the -existing link between states In Figure (5.7).
. ' ¢
Many state trahsition possibllities can occur in the transmitter buﬁ‘er during
. ‘ \ .. * . - -
the packet time ¢, and are described In the Table (5.1).

\ . -
The queulng analysls leads to'a set of multldlmensl_onal probabllity state

- equations that must be solved. First, we conslder a general set of linear equations.

- . 1

The/behavior of Lhé transmitter bu.ﬁer can be analyzed through studying theé

. Markovian state dlagram of Flg‘ure (5.‘7).:' Each state of*the buffer 1s observed: at

-—

al

Co. ' | "AX =B \ (5.11)

.
- 1
“ ’ .

where A Is a glven, squar®, matrix and B Is a glven vector and X .Is an unknown

vertor. ‘In this ‘case, the equlllbrium state probabllitles (the components of X)

L ]

that are to be found Is the set of equilibrlum state eq‘ua‘m,ons.

“ [
~ .

[ -

- . N . o
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[ FQUATIONS
.‘1’=~‘(1:>\d 1-1/Ky)

User will not generate a new
pac);:et and will backofl
from .transmitting the olg packet

w::l/K,, (1-X4)P,
N L

- User will try transmitting and wil

.

succeed withou
generating a hew packet,

e"'—'_)‘d (I‘Ps )

-

User will generate a new packet
and- not succeed in
transmitting a packéet "

o
/
L ]

C6=P, (1-X¢)

- a packet with no new *

Usér succeeds In transmitting /

packets generated

C¥=.>\d Pa

while a.new packet
generated

. Packet, transmisslon sdéceed7

) ﬂ;xd (Ea;/l(d)

Packet transmisston with
new packet generated /

2,

r ==>l\d‘(1‘“Pa 2/1(“._

Collls\on with L’he gene}#ﬂon N

A=(1-P, J1-Ng W/ K,

or a new packet .-
Calllsion wlt,h no
new packet

generamon R /

4

e=\,(1-1/Ky)

No tfa,nsmlsslon apd new
pacKet generatlo )

-

Y=(1-P, )(1-Xz)

Packet collslon whth | .
_no new packe ® o

generated

T

. ‘V,=(i;>\d)

Probablity of no new.

- .packet gengration
state . .

&
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' The probabllity state Lra\ns!tlon métrlx_ A ~of the buffer states (Figure (5.7)) "
can be presented as shawn , . ® . /
Jy.ml . . Ty |
.Y’f.‘EQ; v ©p 00000 0 ] Yl‘gzi -
P+iv=l w AV B r ¢ 00 0 - !
Yl+1(3) w A VY B'r ¢0 0 O - - Y;(3),
oo 6 .0 a® 00 0 O - c ‘
‘ 0 00 waAUw f v € -
S _ |0 00 wav g e - (5.11)
' — {0 00 64 0caa®©® 0" . -
RN 0 00 00 O0wA V. <
: . - Q0 0rw A W - :
- Lo . . 5 ~ 0 -
- “ . « C . ) O. O‘ . . \\
] _:-,yTH(Bl)_ L ,.' o ] _Yl (B, )..
. The two dimensional state Si(1.7) s ‘now mapped to the single dlmensmﬁu
‘state Y (z) using ‘
Y (3i+7-30=8,(:,7) “(5a2)
+ To sély'e the above state transition mratrix we set the idle state Y (1)=1 and ~
al] other states of the bufler are llnltla,llzed to zero. Thus we have ‘
' ' \" - , - N :" , ’ a” . 5 - - . . ,
. f YY), ... Y(B) =11,00,..0 - (513) e
. . N ~ ' s £ l ‘ u.,- 1 . .
Now:we exﬁplo'y,.the Gauss-Seldel Jteration method of solving lln‘ear’éys'tems \ ’
’fh_l_s" 13.based on vhe standard form of lteration method and can be performed by
sQ‘vlng the ffrs'g equatlon for. Y (1), the second- for Y (2), and so on. In general this \
- method can be wrltten as. , . ‘ %
) » . » N ’ ' o ’ “':':' ~
' ) oY) =/ay)|bi-e; Y (A )a; Y (2)- - - : . - Lo
. ! . . i 2 > ' ‘- ) R . . . - '.
/4\ ~ . '._‘?iiY(i;l)ai(:‘jl)y(‘i"’l)‘ Tt~y Y(n)) '(5‘-14§' ‘ ,
» ' “ . L ‘ LIS ‘ “ ,v o ‘4
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We can write the Gauss-Sedal method In an 1teratlye fashion as

! Y(l+1)(i) = (1/g;, )[81 —ay, Y(I-fl)il)“axéy(lﬂ)('z) -

a,(,'_l.‘)}'('i—l)— e Y (e 4 1)-a, Yi(n)) ~ (5.15)

»
¢

where 1 1s"the Iteratlon number
The Itératlon contlnues untll the values of Y(1) ( where 1=1,...,.. ) have con-

verged to a predefined Lolerance.*Thus at equllibrium we can write

L

.o Y, (7)) = Y (5) (5.16):

N,
4
\

X N

The sum of the probabllities of all states In the transmitter bufler 'af equlll-

\ ; }
brium iIs equal to 1.’ . ,

3

qu with each state of the buffer at equlllbrlum, we can deLelmme varlous
parameters of the queue., The delay or walting lee for a glven packet can be cal-

culated by summIingthe probablilties in the colTns of Figure (5.7%and multlply-

-Ing by a welghtlné mctor (how far back In th queye) then summing over all

o
e

buffer stages. This can be written as

v

.

‘ v

2 k(Y (3k 1)+ Y(3k)+ Y(3Ic+1)) (5.17)
» . . k=1 L 7

3 -
%

- Mhere,k 15 the buffer stage and L Is the length of the buffer.

4

The probabllity’ of a data user tranSmlLtlng a packet or collldlng ln the

-~

upllnk channel Is glven by. ) : ' :

——

Py, = 1- Y (1)- g Y (3k-1) - (5.18) -
- k=1 - .-

.
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- uysers and different FH/MFSK systexﬁs wlith varlous system parameters, (eg. 2 and

,humber of.users in the cell Is

89

Y .
and the probability of a data user that has successfully transsnlitted 1s
L BI,
K Py = 'Y (@3k) " (5.19)

' : k =1
\\‘; ' ! ! .
From the values for the.probabllity of a data packet transmissién (Pdp) and
Lhe p.ro’bablllLy of a volce packet transmlsglén from ‘equatlons (5\.18)' and (5.8)

neépecﬁfvely. we can determine the probabllity of having N packets generated by ¢

My +M, users within a cell. This Is glven by “y
- n~
MM, (g _ M, ~
PIN)=x % I N ](Pdp ) (1-Pgy ) { ](A,p) (1A, )77 (5.20)

1=1f=)

where N =(1 +(j) and N =1,2,3,...,(M; +M,)

Né;w Lhe eﬁect)of FEC coding Is cc;nsldered In .the analysis. Glven a F“EC
codg deﬂied as a (n k) code, then the code rate is (k/n) and has a correctabliity
of t bits. Thus, Lhe, probabllity of transmitting a packet by a moblle user and

recelving the packet correctly with up to €Wits in error ls . ' -
A . . -

M

P (&rrectpacket /n) = g‘ (,ﬁ) (P (e /n))f(1-P(e /n))* (5.21)
. k=0

where P(e/n) Is the probabllity ‘of bit .error calculated In Chapter Three for n

.

4 hops/symbol and 2,4,8 - FSK'recelver deslgns) and ! Is the block length In bits.

3 I r l‘ ‘ -
Since the FEC code in tKe base.statlon works on blocks only, and packets

.are constructed from m blocks then the probabllity of correct packet for a glven

-

-

-,
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-

P (correct packet /n) = (P (correc\'tblock /anNm (5.22)
Averaging over the the pré"bablmy of correctﬁ_gackm and the probabliity of
transmitting a packet for all n (eqn (5.19) & (5.21)) we optain-the average proba-

bility of packet success, le.,

A""("A!v L ‘
‘ P, = % -P(correctpacket/n) P(n) . : (5.23) |

n=0 . ,———j‘

-

s

° . iz
Wi1th this new value of P, , we go back to the qualities In Figure (5.9) and

<

substitute the new value. The entire procedure of determining the sLeady-sLaW

4
A}

values of the data transmitters buffer and the,average probabillty of packet suc-
cess 1s repeated with Lh)e new value of Ps . ;i‘hls Iteratlve procedure contlnues

untll P, converges to less than the predescribed tolerance. The measure of con-

A\

/ }vergence of Ps can be calculated be-taking the value for two consecutlve itera-

8

tlons as shown below

- T Tl > (P, -Pm);ge\_' » © (5.24)

- Onée the probablllaytof successful packet transmission P, has converged
[} {

— fros the Initial estlmate the, throughput of the sjstem can be calculated at the -

o

‘current load conditlons ( le. My A\, + M, X\, ). and the FEC code by the equation

S

¢ glven below.

K

THRO = (k /n)(P, XT)). (5.25)

I

where (k /n) Is the efliclency of the (n,k) code,

The'blocklng estimate is at this ggl_nt'“determlneq from the probébillty of not

C .
having a successful packet transmission mumpled by the pro_bablllt,y of trylng to

-

t ’ !




.

transmi -4 packet or »

P
B ™= P, (1-P,) (5.26)

The entire procedure must be done for every different Input trafliic load value
¢ H »"

and for varlous améunts of Backofl (transmitter walting time). This enables us .~

to view the cellular upllnk channe! capaclty In many load environments and

!

deslgn features.*

N\ 3

-~
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5.6 Performance

¢ In this secm?n the throughput, delay, and blocking chAracLe'rlstlcs: of three
different Spread-Spectrum syste;ns wlll be examlned for varlous FEC codes. The
three systems selected are BFSK with _2 Hops/Syr’nbol,' BFSK with 4
Hops/Symbol, and/4-FSK with 2 Hops/Symbol. We compare the three systenis

on falr basls as sfiown in:-Flgure (4.14) which r;:qulrés that the total bandwldth

(W, ) and the bit rate R, of each system be the same. For the analysis to fol-
]
low, the spread-spectrum parameters were sét at, W, = 2.048Afhz and

R; = 8Kb /s. Also the moblle transmlitter's buffer Is limited to 20 packets.

9  For convenlence of hotanlon, we wlll denote the Spread-Spectrum parameters

for all three forms of network configurations as l \
7/
o .
¢ System A: BE‘S‘K with 2 Hops/Symbol

‘ u
System B: BFSK with 4 Hops/Symbol

System C: 4-FSK with 2 Hops/Symbal
. J

In the first part of the analysls, a (63,45) BCH.code with a correctabllity up 4
to’ 3 blts In error/block ané code f'ate of 0.714 was used on ali thiee SS systems.
To malntaln falrness for all cases, the packet leﬁgth Is fixed at 504 bits, L‘hen with
a (63,45) BCH code the number of blocks per paéket 1s 8 each consisting of 63
bits. The extended ‘Golz;y code consists of 24 bl'is/block.,ln keeping with a 504 -
bit packet a t,otaluof 21\\g301ay blocks (codewords) must be sent for each pack‘et.
The flnal error correc‘jclng code employed In thls analysls Is the (63,55)_§_Jammmg
code which requires the same number of‘i)locks/p\acket as the (63,45) BCH code.
Depending on the code used the"eﬂ%cmve Informatlon rate 15 always less than 8

Kb/s due to the redundancy of the code. However, this Is taken Into consldera-

tion 1n, the throughput analysls as In equation (5.22)

“
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Figures (5.8) to (5.10) deplct the throughput for System A , System B, and

System C with varlous valuesbf’bé.ckoﬁ (BO) possibilitles (K; ==»1,2,4,8,16). In "

,Lllls part of Lhe. analysls, the number of data users were confined to value of 10

,with a probabllity of transmlitting a packet during a gacket time tp of Xd = 8 .

and only the M, \, component-of the nput load was allowed to vary enabllng us _
- )

to view the throughput performance of the .cell as the voice users' load is

4 o N

. Increased. In Figure (5.8) (System W) It iIs clearly se;en that as the valu'e. of K,
Increases the throughput improves especlalfﬁ" at higher Té?ads. For lower load,
va\lues (upto T, ==0.51), the amount of backoff given for the moblle transmitter
did ;mt‘have any eflect since the throughputs followed the optimum load llne up

N to 4 maximum througliput of 0.23. Fer backofl values of /K,;=1,2,4, the
P

throughputs beéln LO'decrea.S(g after diverging from -the optimum load line

w‘hereas the- throughputs I'owl'(d'——— 8,16 IWased slightly before sloping down-

+

ward. The general consensus for all values of K, Is that the.more backoff glven

-

. \] to the transmitter the more gentle the degradation of the throughput.

System é In Figure (5.9) h'as simllar perrorménce characteristics to that of
Sysiem A. For low loads, the load ‘lines of Systems A&B have the same' slope.

K Since Syst;m B has a hjgher bltlerr(‘)p rabé'than S&stem A, as expected, the max-
lm'ufn throughput of 0.18 for System B Is Ies§ then system A. T}ie value of the

" . «
ﬁput network load corresponding to the throughput peak Is at 0.22.

The best network capz;clty Is achleved through System C In Flgure (5.10)
where the: maxllmum -throughput .obt'a.dhed 1s 0.78 at 'I(d = 16 and Input load of
0.8. Compafing thesp, figures, 1t ﬁ’apparent, that as the P, decreases because of
better SS design, ‘t,he less steep t.he. drop of the throughput becomes. It can also
be sald that as the channel error rate decreases, as we change the SS system

parameters, less backdﬂ‘ will be requlred. So when a system ls operatlnughwlt,h a

e
»

e
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high P, more backoff Is needed, but when the.P, Is low' (because of better SS

5 ¢ LS l‘
system design), any additlonal backofl does not add much to the performance:
Thus a tradeoff can be made between a transmitter wltg\ backofl or a more com-

plicated recel%‘er design.

The delay of the BFSK 2 Hops/Symbol system In Figure (5.11) portrays

-

L]
some quite Interesting results. For low loads (7, = 0.38) the delay Is less for

lower values of K. When the transmitter s permitted to backofl for less time
\
the probabllity'of packet delay Is decreased for networks with longer backoff

times. However, the opposlte Is true when the load lncreas'es (T, >0.38). Ih this

case, when the transmitter backoffs for -l(;nger perlods the delay actually

IS

decreases. The tapering of the delay curve to 18.88 as the load Increases Is due

to the llmltation of the buffer size of 20 stages. -

System B delay characteristics In Flgure (5.12) re%yfc‘;une simtlar io“the

delay characterlstles of System A. Because of the larger P, of system B, the

benefits of BO are obvlous. For low loads (less than T, == 0.28), all curves
respond'lt{ a similar manner with the lower valued Kd» curv'es‘wlth slight)y better

resporise. After which curves for higher /{; values really show an Improvement

.

over the lesser.ones.”

1

Since System C has a relatlvély low P, and backing &ff just seems to
Increase the probabllity of packet delay for_ all BO values sh?wn In Figure (5.13).

Now as K, Increases so does the delay. The npature of the delay'curvés leads us
& [} N ©
to deduce that BO Is a burden for SS systems with low.P, and an asset for sys-

tems with high P, or systems which operate under sevére load conditlons.

The delay of the network behaves as suchi because during low loads the pro- -

.

S ~ I . o v
babllity of recelving a block in: €fror after backing Off Is less than at higher loads,

so any Increase of BO Just Increases the dé’iay. But as the trafllc Increases the low
A b3
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BO transmitter will be Jammed agaln with a high probabllity If 1t does not walt.

Y

»
This leads to retransmission of the entire packet and will be requested by the

base recelver and wlll augment the uplink:channel delays.

If the packet Is delayed lndeﬂnl@y_l_t 1s consldered to be blocked with no
chance of belng recelved by the base statlon. The probabllity of a bloc;(ed packet
for syste}ns A, B, and C are displayed in Figures (5.14), (5.15), and (5.1&) respec-
tlvely. The results of the packet blocking In the cell ‘upllnk channe! are simllar
for all of the three §S systems. There s aimost no packets blocked In System A
untll the load reaches 0.38, 0.28 for System B, and 0.75 for Syste‘m C whlich are

obtalned when the Lhroughput beglins to slope downward. It s seen that blocking

lncreases more rapldly as the probabllity of error lncreases

Up to thls polnt we have considered only the throughput, deluay,'and block-

Ing characteristics of the Spread-Spectrum uplink channel as the volce users' con-

2

tributlons are )n.creased. Due to the different methods of hahdling data and volce
L' .

users, the cellutar channel i1s some what dependent on the type of Input traffic

°

load present. To further examlne how the SS e¢ell operates, the Mv )\v component

of the Input load 1s held constant while the Md‘):d component-is-allowed to vary.

-~

We first survey the results obtalned for the t,hr‘oug\hpm~ of system A,'ngure

(5.17). ’I"h‘e number of volce users are conflned to 20 wlch a probabllity of

transmitting a packet dué;g a packet time of 0.8. Througbput curves ror

Kd = 1,2,4 react, simllarly. to what was obtalned when only t,he M Ay " com-

ponent was varled for system A In Flguxze (5 8) But In thls case, the ‘maximum

')
- - &5

throughpub ls only 0.32 which ls less thah when only the volce users were vaﬂed

It Is also seen tha& as the value of Kd lncreases the uhroughput, cdrves t1it down-

ward rather sharply. "~ o N . .
© T - A 2 ~ . . .\ ‘

A

v
. 4 -
- N R

n R N " * —_—

A . . . R - - . : !
,System B however,-portrays dlfferent results (FIgure (5.9)) whenthe possibll-+_

%
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1ty of BO Is 4 paclieh tlmes a'nd*t,he load Is determtned malnly o the data user *

“traffic. .In this case the throughput performance ’l’§ actually worse Lllan 1t 1s for

K,; = 2 (at high loads) which Is contrary to the results obtalned In System A.-
The ‘throughput for K; == 4 ‘advances,beyon.d the performance of the curves for

oL N - )
K; =12toa value of 0.32 after which 1t decpeases rather sharply and eventu-

’

'ally becomes -less than the perfor'mance of Kd =2 It:s observed that the
Lhroughput suﬁ'ers -as the number of dat,a users and the BO level Increases. To

explaln this, we -conslder a uplink channel ol‘ a slngle cell wth many data users

‘baeking-off for longer perlods, but during retransmission Lhe_v Interfere with Sther
data users once agaln.' In a uplink channel with increaslng number of volce users,_

the data usgrs can retransmit Lllel_r packet (upon request) with less chance of hit-

ting a volce users.

'
3 i
-

The above 'perforr'nance trends are also observed.In Figure (5. 19) where Sys- -

- <
tem C s subjecl;ed 1o varylng daLa users. The maxlmum Lhroughput ob;alned Is

-

0.78 whlch Is” much hlgher then the value obtalned when t,he lnput, load was
determlned many by the vOlce users ,(Figure (5 13)). But again Lhe the perfor-

mance decreases rapldly after obtaining Its maxlmum level.

» N 1

,The delay characterlsnlcs for Sﬂlstems,A are shown In Flgure' (5.20).. As

expected the packet delays are longer l‘or higher Lramc load values and l‘or upllnk

x

channeéls whose t,ransmm.ers backoff for longer t,lmes F‘or lower loads we see Lhat

-

’ the least amount of pac_ket Qelay,occurs,when BO Is minimal. One lme-x‘esmng

. } . T
note for System A Is when the Input load 1§ 0.36 all of the BO curves Intersect at

. . ' . B 8

a delay value of 10 packet times. “Thls behaves as a crosspolm where. dependlng -

on the expected load value ol‘ the upllnk channel, the cholce ol‘ Kpo1s det,ermfned

4 ~ 4

- v
n? N

“to selectasultable delay. o T

N .,
' * f * »
-

. The clelaly characterlstlcs for Sys'lté‘m‘s B and C In Figures (5.21) and (5.22)"




“the value of BO, the lesser the proBablllty of unsuccessful packet transmission.

97

“»

are similar to edch other, slnce they show a dramatic response for low valﬁes"or
BO. Examlrﬁg first’ ihe delay .of the Sysbem B when Kd == 1 we See that the
probablllty of packet delay Is almost zero for load values less then 0.28 and

~ 4

shoots~up to a delay of 17 when the load Is slightly increased to 0.29. This g)ves

" an Impression that higher BO walting tlmes are required wﬁen many data users

~are active on the uplink channel. . ' N

A dramatic lncreasg In f)ackex, delay Is also apparent. l}l System C for

K, = 1. At the load value of 14, the delay begins to Increase and continues to do
SO quite rapldly until it reaches a packet delay 0513.0 at an Input load of 1.12. ‘

In boch‘ of the latter cases, the delay curves for high BO poss!bllities Increase

“

smoothly.

' e .- L

Blocking chardcteristics for the three systems can be seen In figures (5.23),
(5.24), and (5.25), The general behavior is equlvalent to what we previously

observed for the three systems as the M, X\, component was varled. The larger '

»

Upto this polm, we have dlscussed Lhe cellulax uplink channel Lhroughput

performance de}av, and blochlng chax acLellsLlcs using a (63 45)'BCH code wlth a

correctability of 3 bits In error/block. Concentrating on the 2 Bank wlth 4

<

’ Hops/Symbol (Systemyﬁ\) spread-spectrum uplink channel, we shall examine the

systern performance uélng dlﬂ‘erlng'error correcting codes.

The ‘throughput performance of - System A ln Flgure (5.26) Is determlned

‘uslng a (63 55) Hammlng error correcmfg code wlth a correctablllty of 1 blt/

block. Even though the code rate for the (83, 55) Hammlngf code of 0.846'Is

greater‘than the code rate- of the (83, 45) BCH code (0. 78) the maxlmum

thpoughput obtalnéd uglng the BCH code Is greater When employing a Hamming

kY

code the throughput suffers because t,he number of correctable blts In error Is

»N.)

.



o | "
much less and more retransmissions of entire packets are requested lowering the

effectlve throughput. The results for the Golay cade In Figure (5.27) strengthens

E this argument further, with a maximum correctabtiity of 4 bits in errer pér'bloc‘k

»and a code rate of iny 0.5, the max!mum throughput obtalned is 0.39. Clearly,

as the number of correctable bits per block Increase the throughput performance

Improves regardless of the redundancy Introduced.

Blocking curves shown 1n Flgures (5.28) and (5.29) for the Hamming and
Golay codes deplct some Interesting results. Using a (63,55) Hémm\ng code the
cross-over delay curves are obtalned as we saw In Flgure (5.12) using the (83,45)

BCH code. But when we Introduce a code that has a higher correctabllity such \as

~-

. the Golay code, the c,rosé-over Is less apparent but sdlll exists. Now the delay for
- ‘ N ' , '
higher values of BO s worst for all load values except for higher load values . .

where the lovs"er values of Kd show less delay.

Flnally we compare the packet blocking characteristics of svsiem A using

~

Hammlng and Goley codes respectlvely From examining Lhe ﬁgmes, a general .
consensus is made for the two graphs As the correctabllity Is reducegl, the proba-

bility of packen blocking s lower for low values of K, durlng, small load values.

’

However. the blocklng lncreases for h\gh Kd values durlng mtense load condl-

tions. When the error correcting code uSed Is more pqwerful the above consensus

q__~’

1s less appargnb. . °
[
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Figure (5..28) Probablility of Packet Blocking For a (83,55) Hamm!ng Code.
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5.7 Comparison

In this sectlon we compare the network throughput performance obtalned In
the previous section with the results of Cooper [14]. Cooper propbsed a moblle
cellular network using non-coherent frequency hopping technlques with Raylelgh

faded signals. Each moblle user was assigned a unlque set of time-frequency

coded waveforms.
r'A .
The fundamental unit of system efliclensaeds the number of successful

calls/,MH; (satlsﬁéd by Lhe.a probablilty of error) for each cell denoted as lU/B pér
cell, Is ?;Llso called Erl'angs/Mhz. To determine the capaclty of the mobille fystem,
the Interference contributlon of other users must ).be analyéed. If we conslder.a
cell thét, Is clrcular In shape with eq;lal area, of the hexagon cell. Eaéh user Is

modeled as a unlt area d; and transmits with an Intenslty of W (r) Waits /m 2,

.

~To ald In the determlnatlon of the total contribution computation, the cell

™ structure 1s lllustrated in Figure (5.34). “The total contributlon from each element

d, at base statlon Y; Is

dP = W(r)/r*D, (5.27)

~

e
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where o 1s the propagation law for moblle terrain. The recelved power from an
elements In cell Y, Is denoted C, so we can state that C--W(r )/r%. Then the

total accumulated power at the base station }

‘ s
) W ' 0 .
P = f U4 = crRp (5.28)
ra
. A -
L
thus
’ ‘f o ‘, . b .
W(r)=""P (5.28)
o ! mR,*?
. The base statlon X In another”cell recelves each element of power from the
Y, cell as ‘ ' ' .
4
Py = W) g (5.20)
] R o
1

By employlng the cos rule for the distance between users in cell Y: and base

Statlon X, we get
' JA ~ ’
Py = P a ’

\ (5.30) o
nR (D% +r%-2D, r cosOf‘/2 -

' ‘ _

By summing over the contributions of the total power from all lnterferlng\

cells N and dividing by the power P, we have the ratlo o
l er v —f
. .
K, = 1/mR,? ff drd 0 (5.31)
. 32_31 o (D;%+r2-2D; r cosf)*/? .

. If eachucell contains U number of actlve users, then the Interference contri-

Y

[
9

butlon from users In adjacent lnterrérlng cellsis K, U and tﬁe Interference from

; t( ' | v | ' " \.




) ' 125

' ! - ~

within the cell of concern 1s (U-1). Thus the tatlo of signal power for one moblie

user to the total Interference power Is

N

L S N
S : 1 1 . )
e = 5.32
I (U-1)+(K,U) UK, +1) (6.32)
“7 -
The signal to nolse at the 11 bank recelver Is
. S t 1 ‘
—_ == J———— 5.33
1T KU _(6:33)

where 1/tl Is the bandwldth of each fllter and B Is Lhe total avallable bandwidth

of the FH system By rearranging équatlon (5.33) we get,

— 1
B~ (n/t,)S/T)1+K,) v

IS

)
[l

* . Since {,=log,N/nR and the slgnal to nolse Is S/I=(E, /Ny)log,n /n?).
Thus by substituting | g -

U __ 1
B~ R /NJGTE,) ~ &

. LY
Includlr?g the speech tlme to total time ratlo K, In an average conversation

. ' ,
we get L |
LT U 1 ) SR
-E = = —® - A (5.36)

R (B, /N(+1G,) , o

Cooper selected the value of the blt rate as R = 30 Kblt/sec and a signal to
nolse ratlo of 8 dB. Typlcally the value K, =1 Is normally used after digital

computation and we get U/B = 5.28 Ejang/Mhz.'
- ) r ' 3 Y
Cooper flxes the data demodulated probabllity of error (or corre'spondmg

— -

performance, since a speclfic probabllity of error cqrrespon‘ds to a certaln signal

11

(5.34)

= | N
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to nolse ratlo S/R. He then finds the maximum nuniber of users that can
operate full tyme Within the above performance constraints (1@ U). Finally, divid-

. - []
“Ing by U /B the ‘afﬂc In Erlangs/Mhz Is obtalned.

For falr comparison with our Spread-Spectrum cellylar scheme, we divide
the total traflic per cell from all data gpd volce users .by the Spread-Spectrum

« . . , .
Bandwidth (per cell), and-multiply by the probability of packet success, 1¢ ~

— ——

’ .

O\ M, +3\, M
( V- vB‘vd d)*Pa . (5.37)

1 2

L
“‘ It 1s easlly seen that our an\z;lysls Is more restricted then his. What we aré
effectively sayling Is that the paeket has to be decoded successfully to be con-
sldered a success. In hls case, the S/N ratio should not fall below a certaln value e
for t,l'le transmission to be rellable. Our analysls Includes both data and volce |
loads as oppogegi to conslidering only the volce case as Cooper described. E\;\en if

his S/N ratio 1s high enough, few bits of a certaln packet may be erroneously )

detected, thus rendering the paci(eL usless and cut4ing down the thl:oughput.

O_ﬁr analysls 1s also more realistic by the ificlusion of the traflic varlations.

)

.- Whlle In his case, users are opérating full time, However, In our case, we are not

e . - . .
" exaggerating the value of the Input traffic since each value of Md or M, Is mul-

?

tipled by Its activity ratlo Ay or A, .

w

‘_éWe compare the capaclty of the three spréad-§pectrum systems obtalned In’
Chaptér‘Flve with the capacity obtalned by Cooper as cieplctéd in Table (5.2“).
The capacity values were calculated using the thr(.)ughp'ut performé{nce curves for
Spread—Spec‘;rum Systéms A, B, and C with the (63,4?) BCH code and é max-

Imum possible transmitter back-off of 16 (ie.K;=18).

Al
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Table (5.2). Capacity Performange Comparisons.

Proposed System Capactty Performance [~
. I . TQ
Spread-Spectrum Network »
- Proposed by Cdoper . 5.28
System A ) 10.65
System B 8.26
System C 26.56

o

® LS

The best performance achleved In thils falr basls comparison was System C
which employs the 8 Bank 4 hop spread-spectrum design, with almost 5 tintes the

capacity obtalned for the §p_read-spect,rum network proposed by Cooper. .

R ‘ .
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CHAPTER SIX

CONCLUSIONS

In the previous chapters, a plan for a high-capaclty spread-spéctrum moblle

. tcommunlcations network has been outlined In both theoretical study and possible

system Implementations.

" The FH/MFSK modulation techniques which provides the‘ best system per- '
formance in terms of the probabllity of error Is the 8-FSK 4 Hop/Symbol system
deslgn. Which 1s expected because of the large frequenc'y dlverélcy employed In
thls system. Retter performance margfﬁs can be obtalned for even higher rré-
quency dlversl‘t,y technlques, but for economlc and bandwldth conslderations,

practical systems must be designed with the tradeofl between better performance &

and a more complicated design.

Uslng the probabllity of error l'esu.lts obtalned In Chapter Tl‘free for seyerél
FH/MFSK parameters an overview of the,performanqe of a ceflular mobll.e net-
work was Investigated. The baslc cellular system requires non- overlapplné uplink
and downklink channels bevtween the moblle users and 'the cell base statlc;ns alqng

-
with a frequengy reuse scheme to keep the. overall spread spectrum network
* \ v .

I

‘bandw,ldt;h as low as ;')osslble.l The throughput performance, blocking, and aver-

age packet.delay characterlstics were studled for three different FH systenis using

three forward-error-correcting codes.“Thf; packet slze employed\ln the

was 504 bits, allowing the block slze of each FEC code to fit evenly Into the

packet. Varlous levels of packet backoff in the ARQ retransmission watting tim

- :
i b -

were also examlined.

1

It was found that In general, the “best throughput performance !s obtaiped'

n -

for larger values of the retransmission walting tlme. However, thls'lmpnés an

"
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increase In the average packet delay time. The performance of the BFSK 2
” : hop/Symbol system was studled uslng (63,45) BCH code, (63,55) Hamming code,
and an extended Golay code. We ,t‘ound that as the number of’ correct,able bits

-

per block Increased, the throughput performance Improves regardless of the code
redundancy lmroduced. ' \

We also discovered some lnLeresLlné results of the delay characteristics for
the, cellular uplink channel. The packet delay ‘obtalned for low values of BO are
less than t,han of higher values of BO upto a specific load polnt. Above this load
-polnt, the opposlite Is true, so If the network Is operated below the crossover

’

polnt, a smaller transmitter bufler slze can be employed with relatlvely good

.average packet delay in the SS uplink channel. N
Further study can be attempted In the calculations of the probab'lllt,y of blt

error for varlous spread-sbectrum systems. The assumptlons that we made in our

d analysls of a maxlmum of 3 Interfering lisers hoppling onto the Intended user's

slgnal can be Increased. This will allow accurate probabllity of error calculations

-

to be . performed for spread-spectrum systems with smaller processing galns then

we consldered In this analysis. Cellular moblle networks In heavlly-loaded traflic

areas may choose to use more cells per area as compa’red to low average load

)

areas, thus the bandwldth of each cell must be reduced to keep the overall net-
Y .work bandwidth t,he same.’ With probablility of error results obtalned for cells

with. smaller processlng galns calculated, the network characteristics can be

analyzed. ‘ ‘ N

i ‘ Of course, Increasing the number of posslble’ interferlng slgnals per hop -

requires an extremely large number of calculatlons, but can be done with power-

* ful computers within a reasonable amount or t.lmeb If the redundancles In the

t,lme- frequency matrlx are deleted, as discussed in appendix A.

e

b
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APPENDIX A

To alleviate the huge computational requirements of equation (3.9) which

4 »

f ¥ )
can easlly exceed 10!* convolutlons and summatlons for a single polnt on the P,

-

graph, we use the fact that some of the patterns In the tlme-frequency matrlx

t

(Figure (3.3)) are redundant. The P, calculatlons need to be determined once for
ha LN

N
each unlque pdttern and then multliplled by a factor representln% the nurpber of

tlmes the pattern occurs.

First we examlne how redundant patterns of Interferers can exlst in each .

o

rec,elvei‘ bank after L hops. This corresponds to a row in the time-frequency
matrix, As stated before, the summation. of the L fandom vaflable outcomes of

-each hop In a speglﬁc row can be described by "

. ) L
) . Zl = E X]l ) (A.l)
. ~ =1 ‘ : ' :

< R
where X j; s the PDF of all recelved signals in hop § and row | after limiting. It 1s
clear phat the order of summatlon does not chan'g'é the filnal resuilt, thus any

speclfic pattern of (X11+Xa1Xar» * * * »X£1) only needs to be used 1n the calculation

of equatlon (3.9) once. - ) , \ h

oy

The sequence.-of unlque ’i)atierns in row ) and the multiplicity factors Mj v 1s

\

~

denoted as S’j.and can be determined by

N

)’

: ; . ‘ \
) h U,-l U{"'l ! Ug-l . . N‘ . : N
D YD by (uvbars o votp )M (A.2)
fu=0 fy+iy $ytig+ 00 +iy .

where 0.<,i2,‘i3,‘, <-4y <Uy, and the length of the sequence Is denoted as

. Lg ' :

E

Aol a ’Q
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- A

Processing LQe SJ sequences for each row, we now examlne any redundancles
;‘,hat may exlst In each Hop or column In the time-frequency matrix. We assum(?
that the lntendgd signal after dehopplng 1s-always located In th top row of the
matrix producing a Rlcean distribution. To observe how the redu~nda“§1b patterns

occur after L hops we useian example. Let us say for now that there are no

Interfering signals that hit the first row of the matrlx, namely

i ' (fyuign i) =0, 4 R .
The remaining M-1 rows cé‘m}ai(n only the Interferers’ contribution wltllriay-
lelgh distributlons. From equatlon (3.3) we see phéb at the decislon circult, the
. ‘ ‘probablllty that the slgnal level of the first row alter L hops. excee;is all other M-1

- slgnal levels Is

U ad

© , .
"P, = f.P, (Z,<2,.2,<Z,, " Zy<Z,/Z,)P,(Z,)dZ, (A.3)
-0 - ) .t
h 4
where Z,,Z,, ..., Z) are the decislon variables after L hops of the M recelver
banks. '
. .
Interchanging the varlables Z, to Z); leads to the same results for P, . Thus
we can obtaln an antiredundancy scheme In the columps of the matrix by taking .
the zfh unlque pattern composed of elements of the sequences S,,55, ..., Sy
This can be wrltten In the form
L32 ’ Lss .. LsM ’
S X 0 % Soe)Swa) 0 Sylay) (A4)

¥ ., %3 TotIs Totzat - - - iy %

Since the distribution for the top row: of the matrix differs from the m-1
) \ lower rows, no anflredundanqy scvheme' can be employed to_Include the top row.

" 8o for each pattern of S, equation (A.4) must be used.

- . *
\

v
£
¥
*®
?
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»

The ellmlnation of the redundant patterns present in the rows and columns

“ Y
of the time-frequency matrlx permit us to rewrite equation (3.9) as |

1
.
H

Uy Un Up -1 U1 U,-1
ky ky kiy 1ty Ty+20 TyHIgt o +ay

Prie [k, ki )P kg )R P R k)t

i
t

..*P(lu, e, le{)*....*P(l-Ll, C. ’iLM) (A.5)

- The total number of matrix patterns for low power users 1Is UtL'M. and the
N ¢ AN

number of unique matrix patterns for all low power users omitting the reduhdan-

cles Is.

Lg +m-1
(Ls,+M-2) - o . (A)

<

where Lg 1s the antiredundancy sequence length for L hops and U, actlive users,

so that'Lg = (U +L -1)(U;~L /2).

4

o
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