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SUMMARY

v

In this report we present some additional results on the performance of
carrier sense multiple access (CSMA) protocol for mobile packet radio networks
(MPRNET). This is followed by a review of bandwidth efficient digital
modulation for mobile radios and some results on a speech transmission scheme
and an analysis of mismatched continuous phase FSK (CPFSK) receivers.

Carrier sense multiple access protocol has been analyzed in detail for
mobile radio channel. Throughput and delay expression are derived to include
the effects of fading. The performance degradation due to hidden terminal
problems is analyzed. This is followed by an evaluation of the performance of
CSMA with collision detection (CSMA-CD) for FH-FSK spread spectrum mobile
packet radio networks.

A class of spectrally efficient modulation has been reviewed for
application to mobile radio systems. A speech transmission scheme using DPCM
coding and these spectrally efficient modulation is seen to compete with
existing schemes.

Mismatched CPFSK receivers have been analyzed to understand how time and
phase synchronization errors influence the performance. A set of curves is
provided to demonstrate the degradation due to imperfect carrier phase or

symbol time synchronization error for both low and high SNzR. ., ’
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CHAPTER 1

APPLICATIONS OF PACKET SWITCHING TO MOBILE RADIO COMMUNICATIONS

The need to provide computer network access to mcbile terminals and
computer communications in the mobile environment has stimuiated and motivated
the current develiopments in this area. Packet radio technology has developed
over the past decade in response to the need for reali-time, interactive
communications among mobile users and shared computer resources. In computer
communication systems we have a great need for sharing expensive resources
among a coliiection of high peak-to—average (i.e. bursty) users. Packet radio
networks provide an effective way to interconnect fixed and mocbile computer
resources. This repcrt presents the performance evaluation of various channel

access protocois for a mecbile packet radic network link,

1.1 INTRODUCTION

A mobile computer communication network can generai.y be defined by the
fellowing features: its host computers and terminalis, communication
processors, topoiogicali layout, ¢ mmunication ecuipment and transmissicn media,
switching technique, mobile uﬁit and protocol design {1 ]. These features are
chosen to accomplish the function of the network subject to specified
performance requirements. The performance measures most commonly guoted
inciude message delay, meSsage throughput, error rate, reliability, and cost.
When mobile operations are invclved, the measurements indicate temporary
degradation in the performance, affecting both throughput and celay. By proper
selection of the dominant network protocci parameters, the degradation can be
substantially reduced. Improved performance under mobile operations is needed
for aii traffic types, to reduce the load on the radio channel and improve

overali network performance., Several methods for such improvements have been

discussed in [2].
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The first analysis of packet radic performance assumed that packet
ccilisions were the major cause for loss of a packet and subsequent
retransmission. More recently, efforts to design packet radio systems to
operate over degraded channe.is have been undertaken. The channel throughput
and packet delay, the two primary performance criteria in computer
communications, have been extensively studied for basic system concepts such as
pure ALOHA, sliotted ALOHA, and CSMA [ 3,4 ). However, we need to consider the
effect of i1ink errors due to noise and fading toc. In the absence of fading
the nciseless assumption is quite good, but on a fading channel the signal-to—
noise ratio becomes a critical parameter. The approach here is to model the
probliem uncer fading conditicns and develop a protoccl for evaliuating the
performance of the mobile packet radio network in terms of packet error rate,
packet delay, throughput and average number of packets retransmitted per cycie,
as a function of packet transmission rate, packet size, the number of packets

transmitted per cycie and vehicle speed.

A potential appiication of packet radio inveclves mobilie users in an urban
envircnment. Here, because of signai reflecticns from buiidings anc other
structures, the signal arriving at the receiver consists of the sum of randomiy
se.ayed versions of the transmitted signal due tc multipath. Hence, the signai
ampiitude shouid be Rayleigh distributed, and this has been found in practice
[51. Of cocurse, if for some reason, packet radic were appiied to HF or

troposcatter systems, the Rayleigh, Rician and Nakagami-m models woulid also be

The mobile packet radic channel environment can be characterized as

e D T O SN
D . o

- 1.2 MOBILE PACKET RADIO CHANNEL CHARACTERISTICS

appiicable.
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a. Time~varying channel

b. Short-term characteristics - fading of the received signal envelope
due to multipath propagation. Statistics of the received signal
enve,cope is Rayleigh distributed and phase of the received signal is
uniformly distributed.

C. Long-term characteristics ~ shadowing of the received sighal envelcpe
due to buildings, hills, trees, etc. Local mean of the received
signal envelope obeys log-normal distribution.

d. Attenuation of the signal with distance - signal pcwer varies
inversely as the mth power of distance (3 < M < 4),

e. Doppier effect due to vehiclie motion.

£. 1Ignition and cther vehicular ncise.

Atmospheric optical paths, tropospheric and ionospheric channels and
intra-urban mobile radic channels all suffer from signal fading, a phenomenon
produced by partial reinforcement or cancellation among the signals which reach
the receiver by different paths. Although the traditional remedy has been
cgiversity transmission, a considerably mcre effective alternative exists, The 5
receiver can monitor the inst;ntaneous path gain and send back reguests for the
transmitter to stop sending when the signal is weak and to resume when the
signal is strong in order to compensate for the fading process. This and other e
adaptive methods have been the cbiective of study for some years, anc it has .
been establiished that they provide substantially better performance than

diversity systems.

1.3 MODEL AND PROTOCOL DESCRIPTION
Experiments in urban areas have shown that noise impulses occur every few
milliiseconds in both the UHF and L bands, principaily due to automcbiie

igrnition ncise. 2 packet has a very high probability of encountering one or
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~ereture some form of errcr correcticn is reguired [ 6], if

essenlla. .. ar error-iree performance for computer communication is desired. A

taraer LrheTt.ve Ut oo more than one undetected packet error per 1p6 packets is

gesirec assJaI.ng Ldi it packets, a 1l K-bit/sec. data rate and 108¢ percent
wccupancy.

In the grounc-tased mobile packet radic network performance degradation
occurs due to transmission errors resulting from packet ccllisions, noise,
fading, and probably shadowing too. The present model assumes that
transmission errors are caused only by fading i.e. errors due to other sources
of noise and interference are nct consioered.

Packet radio techniques are used for communications between mcbile
terminais and computer networks. In these technigues, a message is decomposed
into a number of packets which are transmitted individually to one or more

estinations wnere they are assemnc.ec to the original message. An
overhead message is attached to each packet. The overhead message contains
information abcut the aooresses of the erigirating scurce and the cestinatiorn,
routing information and checkssum bits for error detection [7,8).

The transmission of packets is conducted in cycies. Each cycle consists
of trie transmission of N consecutive packets pius & short time intervel to
aiiow for the reception of the acknowledgement message.

In any communication system, and in particular, & computer communication
system, it is essential to have a set of well-designed basic contrcl procecures
to insure efficient, correct, and smooth transfer of information in the systerm.

We describe and analyze a protocol deriveo from the "stop-ancd-wait"®
control procedures [8). According to this protocol, the transmitting unit
sends one packet of data at a time and waits for an acknowledaoement (ACK) from

tne receiving unit before proceeding, If the transmitting unit coes not
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receive an ACK after a certain time-out pericd, the same packet is
retransmitted., This operation is repeated for a predefined nunmber of times
until the ACK is received. However, when the channel is unreliable, the
transmitting unit may be instructed tc give up retransmitting the packet. We
assume that the acknowliedgement traffic is carried by a separate channel and is
received reliably. In this protoceol, the packet transmission is conducted in
cycies, Each cyclie represents the transmission of N packets plus an ACK time-
out period. The ACK message informs the sending unit of t-e first packet that

was found in error such that in the following cycle this packet and the

folliowing ones are to be retransmitted along with some new packets. Based on
an estimation of the signal level at the receiving location or on the freguency .!
of packet errcrs, the number of packets per cycie, N, can be adjusted. :

An important parameter of the algorithm described above is the number of
packets per cvcie, N, For a certain set of svstem parameters, N can be

adjusted to provioce the minimum delay per message. More impcortant is the fact

PP S

that N can be made adaptive to the status of the channel to achieve minimum

@

r
!

deiay in the ever chancing environment ¢f tne mobile systerm [5]. we notice

AN

g AT

Ed
A that the case when N=l1 represents the welli=-known stop-and-wait strategy, and

the algorithm descibed above is a generalization cf this strategy.
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Assuping constant P over the block length, the probebilizy of

block-error averaged over the fading sigrnel level s given
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rropegetion celey, & = C.Cl. The ecveticn (2.32) shews that
wren 2 = (, & trroughypus ¢f ! cen thecrezicelly be zrvciced
fcr &n Infinize cffered cheannel treffic zné &arn infinice
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E The generz] expression for the average packe: celzv, D,

F is given by equezion (2.11). Subsgtituting the clcsed fcerso
g expressions fer the probzbilizies ¢f errer, P nc ¥ frecco
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zve plotted this packet delay expressicnh zs & function cf
ttroughpuz, S, in figure (2.4). These curves provice 2

eoff for the two key system peremeters, S and D.

~. . PROBABILITY OF BLOCK ERROR IN FAST FADING

- e S Y - ——— T — S G - A ——

First we will start with the model suggested in [15] for rapid

fading in h.f. long distance propagation. The distribution function

of the amplitude strength under the fading assumption takes the

form:

e m - - -
Po(r) = e ”‘QR ) R>0, m>% (2.3

Where

T{m) - (Q

Q = R

is the inverse of the normalized variance of RZ.

Following a similar approach as in [16] one can write the signal to

noise ratio SNR as:
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where N 1S thie output nolse intensity.

) Hence the p.d.f. of y will be , -1
. x
P(Y) = 721 P.(r) (2.36) 4
Y Tl 'r R
p r = v2Ny
‘ Where 1J1= 3% ’y
,
[} rdl
R _ (28) 2y, % v
9] N GO
; 1
. —1 m
- 2y 2 m 5(2m-1) _M ooy
Then, PO =) T @ (@) exp[-g 2Ky) 7
X .
" (ZN)m mm m-1 _m L
: T @ Y exp(-g7 2NY) 5
.
2Nmom 1 1 _m
o) Ty Y expl-g 2% (2.37) -]
. X
g
. . . . 2Nm _
which can be recognized as a Gamma distribution with parameters K=-ﬁ— o
™
. , m, where both of them can only take positive values. N
) » Y
. For a packet length of N bits and a8 NCFSK modulation scheme, the ;
.
d probability that at least one bit in the block is in error takes !l
o the form [16] ]
‘ e
) Y .
T2\N A
= - - 2.38
Ppe = 1 (1-%e ) ( )

Averaging equation (2.38)over the fading signal level will be

.-} -l m
- " - _ 2 N k m-1 -kY (2.39)
Phe J (1-(-%e )] F(m) Y € dy
2N °
% - where k'-ﬁg
Y o -X
Y - K" e 2 N -ky _m-1
) Then Poe ™ 1l- (™) J (1~ 7 )) e Y dy
. 0
-kx, N N N -gqkx
4 But  (l-ke )N = T () &I (¢ (2.40)
y =0 9
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Then Py =1~ 5=~ ] ) G2 J e Y"1 gy (2.41)
g=0 9
0
After a substitution of Y(k-#%) =0
we obtain,
N ® -6 .m-1
- K" N, ,1.q e 8
p,.=1- 1 ) & I E—— 4o _ (2.42)
be T'(m) Q=0 q 2 A (k-+q)m
N
K" N, ,l.q , 1 .m '
=l-toy L Q@Y G Tm
q=0
or
— m N l.q 1 2
P, =1-K T ()@ —— (2.43)

We can easily evaluate equation (2.43)when the constants N,K,m are
specified.

Substituting eéuation (2.43) for5£e one can obtain the
modified expressionsfor both the channel throughput and the average

packet delay when raplid fading is considered.
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The zverzge number of times

e pecket was scheduled for traznszission belore success given

by G/S is plotted versus throughput § in Figure (2.2). Lower

. values ¢cf 6/S ere obrzined for higher SKR end fcr averege SKR

of about 30 ¢B the performance is close to the conventional
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nonpersistent CSMA cese. The 'channel cezpacity’, defined &s

the maximum achievable throughput, is plotted in Figure (2.3)
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3.2 DYNAMIC BLOCK FRROR RATE 3

Consider a block of length N bits corresponding to either & .
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where, p Iis assumed constant over the block length and £(p)

| is the probaebiliry density function (péf) of p given by,
- £ e 1 . P
Ik =z expi-— ) ,p2>¢C (3.8)
, F £
3
i
3

vhere P s the sverage value of P

? Fer the coherent signealing sutiect to AWGN, the t:i: errer
trezetility functien is given oy (117
i
!
J .
€.p, = = erfciner ) {3.¢
i
J -
. wvhere erfc(.) Is the cozp.ementery error funciion given by,
]
i
. «<
! L 2 2
; eric(xn) = — exz/-.") cu (3,283
NV
x
1
i
- en¢ C is 2 constent péereceter cefined fcr perticuler
; .
’ podulation scheme as fellows [ 11, 19);
i C= 1.0 for CPsK
- = (.30, fer ertncgenel LTFSK PN
i & (.E%, for s:icpie MSK (BT = =) 3=y
-
= (.68, fcx GMSEK (E.7 = C.13)
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CEAPTER IV
CARRIER SENSE MULTIPLE ACCEZSS WITH COLLISION DIZITECTION FOR

FR/TSK SPREAD SPECTIRUM MCBILE PACKET RADIO NETWORKS

The performance of nonpersistent CSMA-CD prozocol for
the FH/FSK Spread Spectrum mobile packet radio network
(MPRXEIT) is stucdied in this chepter. The mwebile recio net-

vork Jink is nmodeled &s consl

-

0n

ting <f seperete &nd incepen~

den: messzge chearnel ené eacknowlecgement chennel, Zcth erTe
considered as Rayleigh Zfecing AWGN Cnennels. Predbebtility of
Slczcx errcr for slow Revieigh fading is cderived f¢cxr FE/FSK

-Tenc ncice Iuzte

(X}
th
m
4]
m
4
[a)
m
.

The mocifiecé expression fcr the chennel throughput is cerivecd
>
fer the CSMe-CL protoccl inm the ccntext of groeu

rafio chennel ezpioyin

The throughput perfcroence cf CSMA-CD &nd Z:s depencenc on

Ccliisicn Tecovery tiwe, chenhel cepeciiy, P&CKet tTenstis-

sion time, and signal-tc-ncise power TeEtiC &Te provicec.
)

4.1 TINTRODUCTION

We have chosen a spread spectrum (SS)
enalyze the perforcance of the CSMa/CD MPRNE-T.
aspects c¢f spread spec:truc ceke Spreaec spectric

én attractive candidate for packet recio network environgent:
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pobile packetr recio environment the effect of link errors due
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we cern write the SKNR represemnting the interference as,
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- sizes. &4 cocpeariscn ¢f the exeact and approxicete result
I o shows an excellent eagreement.
i T Tigure (4.1) shows the (S,6) vrelationship for CSMA-CD
E ) ir FH/FSK bobile packet radio. This figure exhibits
g improvement in channel ceapecity geined by CSMEL-CD over the ,
: A
S: - CSMA scheme [18]. For random access schemes, in generzl, the ji
E { fact that throughput(f) drops to zero as the offered chermnel :
7 treffic (C) increzses incdefinitely s Znciceziive cf unsteatle
- behevier [25]. Eowever, we mnotice thet CSML-LD cen ceinte:ir
é ¢ throuvghput relectivery high end neer cepeciiy cver

™
-
"
3]
‘.

i lerge renge of the offerecd chernel treffic in 2 motile packe:
-
reCio ernvircnment 0C. -nls suvggests thet (CEMA-TI ey nes
} be &s uynstet.e &s the other schemes, therefcre, it the
- ebsence ¢ cdynenic cernirel, it g cepetle c¢f susteining
3
4 PTCrer tenevicr evern when the chennel l1cef exceece the:r feor
Y . » P .
} *hich the svstex hee” been oprimizecd.
PR | - . . . N N
-t g rnectited trhetr nizher
} throvghput Tesulzs fer lzrger velves ¢l SKE end &t edbov: (¢l .
ené zpove the ccovernctione. velilue ¢f C.%€ s echievec (See I
: Tzble .15, In Tiguvre (4.2) siziler relezticnehip is sheown

} irnterference exIistls. Tetter thrtoughput pecticroence i
]
crreited fcr = (.2 ez & sgsecriiice ¢f 2Zt s recuirveld I ve
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FSK cese in which dinterference is over the entire FE

‘ We know that (26 )] CSMA-CD provides zan improvement over

CO 7 . Y Ty e Y Y RN 2 4 A

CS™4 both in terms of channel cepacity and throughput-deley

]
.

v charzcteristics. Figures (4.3) and (4.4) show the sensiti-
- vity ©f this improvement to the packe: length T end the

collision detect time Y . The larger T gives better CSMA-CD
perfortence feor fixed Y . Frow Figure (4.3), we notice thet

the channel cepecity itcreeses froc GC.C0lE &2t 10c¢c® to C.SZ€

et
3CCE SKF. Llsc, bigher ¢ gives better chernel cepecity

- perfcrmence. In fTigure (b .4), ve plot the chennel cepecity
)

fer the nonpercicstent CSML-C versus Y for verious HeA
]
1 Keeping fixec 7. Elgher crenne. cepéecity Is chtezinec fcer
]

—cver Y enc tigher SNKNE egeinm. Best performence Is zachieved
i
] ’ f¢r Y& I zndé SWR = 30CE, im thet It gives chenTel cepecity
i close toc thet ctrteined fcr stetiomnery pecketr Tecic befcrTe

1227, Lisc, Tetles 4.) encé 4.2 svvmerize these numericel
\ . .
} velves fe¢r lerger renge ¢f peremerters ITLVCIVec.
1
3
1
i 4.4  CONCLUSIONS

We ©wmecified the model usel in the znelyeis of CEMa-CLD S

to the cezse c¢f petile pecret Tecic chennel. 1: ves shove

“w

ther the :throughput is sencsitive to the SNK &t the receiving \j
|
‘ Toce enC &2 etevs ¢(CE: tre throughput perfcromance clcecse te q

.
- } the converncicnel CEMa-CD Zg¢ obtteinec. The throuvghputl cegrée- =
- - - - - - > ) -'

fezicn is severe &T _cwer SHNEL velves, sar 20 d:. TheselicTe, o
: :
5 to ctrtein & setisfzcrory perfcrzerce ¢f  TE/FEK NPRNIT  ernc -
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gain &ll the advanteges of the nonpersistent CSMA-CD scheme,
it is cdesirztle to have SNR ztleast 30 dB or so. Further-
core, CSMA-CD for MPRNET is more steble then CEMLA, in thet
vith the former the channel cezpacity and packet delayv are
less sensitive to veariastions in the average retranscission
celay. Just 2zt the CS5MA (Cue to its caerrier sensing capabi-
lity before treansmisison) gives improved performance over
slotted ALOKL, the CSMA-CD (due to its collisicn detection
.

Ceépe ity ¢guri

y

o]
(2]

trenszissior) gives icproved perfecrrearnce
cver CSM4. The most interesting comnclusion wes thet :the SNF
becorves & criticel perepezeTr Imn the terforcence evelueztiorn c¢f

the CSMA-CD rrotocol in 2 FHE/FSK spread spectrur tctile
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CHAPTER V

e-w WEmEe v - .

BANDWIDTH EFFICIENT DIGITAL MODULATIONS FOR
MOBILE RADIOS

:

. 1

Improving the capacity of Cellular Mobile Radio B
System calls for bandwidth efficient Digital Modulation Q
and bit rate efficient Speech Coding techniques, Though S
'

Spread Spectrum schemes received considerable interest
recently, formidable technological problems and

guestionablie cost effictiveness have prompted

L

investigation of conventional Digital Modulation

schemes. In this chapter we review a ciass of spectrally

.
L
1

1

3

efficient modulaticn schemes employing simple -

.-i

receivers. A speech transmission scheme using these
modulations and DPCM coding is considered in the next

chapter.

5.1. INTRODUCTION

The ever increasing demand for radio freguency
spectrum has 1ed to a wide variety of technigues for
soliving the probiem of spectral conjestion, Spectrally
efficient modulation systems has receivecd considerable

interest in this respect, Even though the primary

objective of spectrally efficient modulation is to

.

)
r
]

maximize the bandwidth efficiency, the scheme should
achieve this at a prescribed average bit error rate with

minimum expenditure of signel power. The desirability of

272077001 .
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constant enveigpe moduilation, in addition tc good errcr

U

performance, has l1ed tc & class of Phnase Mocduiation.
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Continuous Phase Modula:tion (CPM) has received
considerablie attention recently. It is seen that by
making the phase continuous thé spectral behaviour and
performance can be improved. Further improvement in
spectra can be obtained by introducing memory into the
system. Such schemes known as Partial Response CPM
introduce controliled intersymbecl interference to
improve the spectral behaviour. The spectral improvement
takes place without increase in probability of error at
practical SNR, but the price to be paid is the system
complexity especially with respect to the optimum
receivers. However, simple sub-optimum receivers are

found to yield very good performance in special cases.
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5.2 TRANSMITTER AND RECEIVER PRINCIPLLS

5.2.1 Modulation Schemes

The modulation schemes considered in this work
belong to a class of constant amplitude, Partial

Response CPM,

Let oo O o5 O 9s O Opi9s Opy40-..  be an infinite
sequence of statistically independent binary data
symbols taking values #1 with egqual probability. The

transmitted signal is of the form
s{t,a) = Y(2E/T) cos[2mf t + ¢ (t,2) +¢,] (5.1)
where the information carrying phase is

¢(t,a) = 2Th ] o g(t-iT) . (5.2)

R

where E is the symbol energy, T is the symbol time, f,

is the carrier fregquency, and h is the modulation index.

>

For coherent transmission and reception the arbitrary

phase co can be set to zerc. The phase response qg(t) is
defined by

t ~§

g(t) = J g(T)a8T1 (5.3) -

I :

where g(t) is the frequency response pulse. The

freguency pulse is time-limited.
o(t) = 0 £ < LqT , t > LyT (5.4)

where L = (L;-Lp)T is the duration of the freguency

pulse and
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For details, refer to [27] =[29]

For nT < t < (n+1)T, the information carrying phase is

given by

n-L
¢lt,a) = 2nh{ g(t-iT) (5.6)

{im—wx

At any time t = nT, the information carrying phase can
be seen as an intersymbol interference (ISI) around the
phase node 6 . The introduction of this controlled

intersymbol interference results in improved spectral

~

behaviour. Define the phase node
€ = hm ] o
i<n-1 i (5.7)
We see that 0  can be determined by
®n * (1/hm) (en+l - e‘n) (5.8)

The phase ambicuity can be resolved by differential

encoding [30].

The mocdulations considered in this paper have the

pulse shapes given by

Minimum Shift Keying (MSK)

g(t)={l/2T e <t
e otherwise (5.9)

The Raised Cosine scheme (RC)

i J/2LT){1 - cos(zmt/LT ¢ < v
g(t)-{ e (2mt/LT)} S FSLT (5.10)
otherwise .
i
R A R S R T RSO e
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5.2.2 Receivers

The optimum receivers for the partiai response CPM
based on the Viterbi Algorithm is often complex. But for
binary schemes with modulation index h = 1/2 simple sub-

optimum receivers of the modified offset guadrature type

TNV | APWEIW TR | S

yield good results. They can be constructed with only
two filters and simple decision logic. The receiver
structure is shown in Figure5.1.The filters are normally
identical and the decision logic consists of a delay and
logic for differential decoding. The optimum receiver
filter in this class is given by {31 ]

m/2

alt) = ] ays(t,o}) (5.11)
j=1

where s(t,g;) is the signal corresponding to the
transmitted seguence J in the subset having s(tbdg) > e,
where ty is the time when the decision is made, and a.,
5 = 1,2,... m/2, should be chosen to minimize the

-

probability of error. m = 2N*L-1 i¢ the number of

different transmitted seguences for a receiver filter of

gurez+tion NT.

We consider three different types of receiver
filters. The optimum filter for very small SNR, the

averaged matched filter (AMF), is given by ({31 ]

a.) (5.12)

The optimum filter for large SNR, the assymptotically

optimum filter (AOF), civen in reference [31] belongs tc

the MSK- type receivers and is anelysed,

Lnother filter concidered is +the MSE filter

I
r

in the receiver civen by
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[P DT IR WA W, T S . . P PR N DTN I UV T TR DRSPS PR PN DR Py AP I AR VO U P R S SR L Y




FAREFAr A g

¢ o

" l. l. l.

a(t) =

{sin(ﬂt/ZT) e <t <27
e

(5.13)

5.3 PERFORMANCE

The phase node is estimated by observing the
output of the cosine and sine channel at every odd and
even symbol intervals. This means that decisions are
made alternatively from the two quadrature arms. For any
given data sequence, the decision after the filter is a
comparision between a Gaussian random variable and a
threshoid which is zero. Therefore the mean and variance
of the random variable determine the error probability.

. + . .
Assuming that %j is transmitted, the mean vaiue

%.o=<s. T a> (5.14)

where < > is the inner product in the Eculidean space.
The variance c‘ is independent of any particular signa:

and is given by

22 . L RE: (5.15)

where N is the one sided spectral ocensity of additive
white Gaussian noise. Since the mean of the output of
the filter depends on the transmittd seguence, the
probability of error can be expressed in terms of the

squared Eculidean distance defined as

+ 2
, L<s, a>) (5.16)

12
‘a|

The error rate in estimating the phase node seqguence

En is then caicuiated by averaging over alil poussibLe

transmitted sequences, as a function of signal to noise

ratic.
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Q(m) (5.17)

j=1

where Q(x) is the Gaussian error function

, * 2
Q{X) = 1 f -y°/2
van € dy

Figure 5.2 gives the error probability in detecting the

(5.18)

.

phase node for MSK, 2RC, 3RC, 4RC and TFM schemes using

y TTY
F I I B

MSK filters. Reference [ 29) gives more exhausive results

v

for other types of filters. With differential encoding

to resoive the relationship between phase nodes and data

symbois, the bit error probability P 1is given by

P =
e ™ 2% A~p (5.19)

AN LASNRIARS: 2

5.4, DISCUSSIOXNS

A ciass of spectrally efficient modulations and

e e

simple sub-optimum receivers have been considred for

SN

application to cellular mobile radios. The simpile

-

receivers beiong to the Modified Offset Quadrature

receivers (MSK type). Error performance curves show that
bandwidth efficient schemes cen be used with MSK type
receivers with an assymptotic loss less than 1 dB
compared to MSK, The io0oss at intermediate error

probability is even smaller. The drawback of the

il ol Al o

receiver is that it can be used only for binary

signeliling with h = 1/2 CPM schemes. Many of the

interesting schemes are however in this class.
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Figure 5.1 Receiver structure for MSK type receivers S~
for partial response CPM. .
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CHAPTER VI

SPEECH TRANSMISSION USING DPCM CODING PARTIAL RESPONSE CPM AND DIVERSITY

In this chapter, we consider the performance of a speech transmission
scheme using DPCM coding and Partial Response Continuous Phase Modulation.
The performance measure is the audio signal to noise ratio. Both quantizing
noise and transmission errors contribute to the overall mean~sguare error. It
is seen that in a fading environment space diversity is very effective in
bringing down the threshold of channel signali to noise ratio to maintain the
audio signal to noise. The number of channels the systems can support is

evaluated under various conditions.

6.1 INTRODWCTION

Recent developments in speech digitization have prompted an examination of
digital coding as a possibility for mobile radio. The greater bandwidth
demanded by the digital representation can be overcome by bit rate efficient
speech coding schemes. In m;bile radio environments characterized by large
error rates the effect of transmission errors in speech coding schemes have
received considerable interest., However, for complex coding schemes, the study
has been limited to simuiations. The effect of channel errors in embedded DPCM
has been analyzed and found to be suitable for variable bit rate transmission
under Gaussian anc¢ Rayieigh fading conditions.

Mobilie radio channel which suffers from severe multipath fading results in
unacceptabliy high error rates. Channel coding has been suggested as &

possibility to combat high error rates. Fading can also be combated with space

diversity without expending additional bandwidth. Withtime division
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retransmission (TDR) mobile unit can be kept simple at the same time several
branches of diversity can be assured providing a reasonable error rate in the

fading channeil.

In this chapter we consider the ©performance of a speech
transmission scheme using DPCM coding, partial response CPM

and diversity over Rayleigh fading channel in additive white

Gaussian noise. Base to mobile transmission with three cells
per cluster and seven cells per cluster is considered.
Centrally located base station with omni-directional antenna

is assumed. Co-channel interference is assumed to be the main

DRI, | WU Ay

cause of interference. A recent investigation on the

performance of Partial Response CPM with MSK receiver shows
that, for the signal to co-channel interference ratio encoun-
tered in mobile radio channels, the adjacent channel
interference i1s negligible even when the spectra are allowed
to overlap partially [32]. Hence the capacity of the cellular
mobile radio system can be improved by allowing the spectra
of the adjacent channels to overlap partially, without

significant degradation in performance.

6.2 FADING AND DIVERSITY COMBINING

Two mejor impairments of mobile radio communication
systems are interference from other users and multipath

fading. Interference among users results from the frequency

. R
-l ata 4 ey

re~use designed to increase the capacity of the system. Each
cell in a cellular system Is assigned a number of channels in
8 frequency division system. The same set of frequencies ic
reused at a cell further awav. This results in mutual
interference betweern the users. The signel to co-charnnel
interference retio is zffected by the re-use factor, the bese
station locatior, signel s&sttenustion factor ancd the antenna

cenfiguration.
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For digitel transmission over fading channels the time
varjiations of the signal to noise ratio (s/n) results in a

changing error probability. This leads to clustering of

errors and 1increased average probability of error. Bit

scrambling prior to transmission assures random occurance of

DAV A, LR TR g T e e

error patterns. We assumé slow Rayleigh fading where the time

varying s/n is approximately constant over several

transmitted bits. The density function for the signal to

-

L

noise ratio 1is

- TEEA

; £(v) = (1/7) exp(-7v/T) (6.1)

where T is the average signal to noise ratic. The average

error probability for the fading «case is given by

oc
P = J f(v) Pe (v) dr (6.2)
o]
wvhere Pehd is the average error probability of the modula-
tion scheme for Gaussian noise at the s/n ¥. The increased
probability of error can be combated using diversity. For
maximal retic cortining the error prebebility of coherent MSK

tvpe detectiorn of partiesl response CPM signals is [33)

z 2
T L: /2 ¢, T

MOVA OIS S RERTEEREEEE - .o -
SRR IUURERAE AfAsnnsn  VULTRRENE

.
T I- 1+
T =, ecoe/a 112 2
- V=T (6.3)
- .2
p 1.3.5...(2%-3) 4 T o1
1 -+ , (1+ ) 3]
s ey ANl 2
- (M=-2)1 2
“~ N
~ vhere 7 is the average per branch s/n and M is the nucber of .
‘ -
A civersity brenches. For selection cowmtining the error X
I ¢
: prebatilicy i givern by [137 :
kN .‘J
. T :’ (=27 (},) -
I PemoL L P (6.4) :
B Y=l . e e
. =l F Jie ke
3
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Space diversity is commonly employed in mobile radios

to combat fading without the need for additional bandwidth.
With time division retransmission all diversity combining
takes place at the base station. The equipment at the mobile
can be kept simple and at the same time several branches of
diversity can be assured. The use of frequency offset
reference transmission for improved reference signal to
interference ratio [34)] can be emploved, with slight
modification, even when the adjacent channel spectra overlaps

partially.

Ease to mobile transmission with centrally located base
station and orni-directional antenna 1s considered im this
work. The worst case signal to co-channel interference for e
three cell cluster for the above base station and entenna
configuration is 5.1 dB [ 35], Following calculations similar
to that in [35], the worst case signal to co-channel inter-
ference for a seven cela cluster yields 11.5 dB. The signal
zttenuztion is assumec to follow inverse cubic law in the
signzl to co-channel interference ratio calculations. The cc-
channel interference is modelled as stationary white Gaussian
noise with power spectral demnsity NO/Z and is assumed to be
the mein cause of interferemnce. It is alsc assumed that
fading of the total interference is negligible compared to

the fading of the signal.

SOURCE CODERS

~

T he source cocer consicderecd in this peper 1s enbeccec




DPCM operating at and

32 k.b.p.s.

Both gquantizing noise
digital noise due to transmission errors contribute to the

overall output mean squared error. Reference [3§ presents a

detailed analysis of the transmission errors in embedded

DPCM. The output signal to noise ratio is given in the form
2 2 e
s/n = E{x(k)}" JE{x' (k) = x(k)} (6.5

where x(k) and x' (k) are the encoder input and decoder output

respectively. The above reduces to

Csource (6.6)
s/n = ———
cq+ct

0 to

where C is a constant and depends on the codec
source

. . 2
configuretion and source statistics, C, 1is the quantising

’
noise power and th is the distortion duve to tramnsmission

errors inclucdirng the effects of correlation between

4

L

quantizing noise and noise due to transmission errors. With 3
-

single integration DPCM and 2 bit minimasl quantizer[37]

2 .2
1~ 2% L7/48
= — S - (6.7)
y;(l— Zac+ &)

C
source

where a is the predictor coeffecient of the DPCM feedback
loop, P is the adjacent sample autocorrelation and Lq isthe

quantizer overload factor.




Cit = PIEI(D) +b T,0M) +
P[T,(0) + b T,00) (6.9)
where
b= a1 - ad) (6.10)

and P is the probability of bit error. 51’ 2Ty, T, are R
constants associated with input statistics, overload factor,
binary representation and transmission format, D is the
transmission rate per sample and M is the minimum bit rate
per sample of the tranmission system. For embedded DPCM with

D=4 and M=2, an overload factor V10, Gauss-Markov input in

sign-magnitude representation, we have, for uncoded

transmission [36)

Coource = C.3056 (6.11)
. czt = P(0.723 + 0.725b) +7%(0.271 + 0.275b)  (6.12)

Evaluation of the embedded DPCM using computer simulation
technique over Gaussian and Ravleigh fading channels resulted i
in close agreement between the computed audio s/n and

simulated segmental signal to noise ratio [37]. This motivates

the use of audio s/n as a measure of performance in comparing

various schemes in the next section.

NUMERICAL RESULTS.

Aucio signel to noise rztio is computed as & function

of chennel s/n for wvarious modulztion schemes considered in




L e e R N W R T T T R T R R T R O v ey LRI Tl A aitie it RO N S ol i A i T B A v AT o B e A% Bt 2ie AL DL A0l W "1

this paper. The source coder is embedded DPCM with
transmission rate 4 bits per sacple and minimum bit rate 2
bits per sample. A Gauss Markov input signal with adjacent
sample correlation of 0.85 is assumed. The codec uses single
integration with coefficient a = 0,85 and @ load factor Lq=
V10. Formulas given in sections I11 and IV are used to compute

the probability of error and audio signal to noise ratio.

Figureb6.lshows audio s/n as a function of channel s/n
in a2 non-fading channel for MSK, 2RC, 3RC, TFM5, and 4KC
schemes. Figure 6.2shows the corresponding plots for a fading

channel without diversity. Curves are shown only for MSK and

TFM5. The relative positions of 2RC, 3RC and 4RC are

retained.

"

Figures 6.3t06.5show the audio s/n versus average per

brench s/n for an increezsing nucber of diversity branches

m

with maximal ratio combining. Figure 6.6 shows the
-

corresponding plot for 2 branch selection combining.

SO A

DISCUSSION AND CONCLUSIONS.

This chapterconsiders space diversity as an alternative

to chartnel cocding trezted in Reference [36], to extend the

threshold of channel s/n for maintaining the audio s/n in a :}

fading environment, for various modulsaztion schemes
considered. Diversity is used with and without time division
retransniscion. In the following discussion we evealuate the
nurber of chaznnels that cen be supported bty the availzble

bancdwidth o0f 40 M.Ez.
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It can be seen from Figure 6.1 that in & non-fading
channel an s/n of 10 dB is required for an audio s/n of 20
dB. The very large channel s/n required to maintain an

adequate audio s/n in a fading environment is evident from '

Figure 6.2 Considering the average signal to noise ratio
encountered in mobile radio environment it is clear that some
i form of diversity should be employed to bring down the thres-
ﬁ hold of channel s/n without sacrificing the audio s/n. &
three cell cluster has an average channel s/n of 5.1 ¢B. & &
ﬁ branch maximal ratio combining yields an audio s/n of 19 ¢B
;l for MSK and 15.5 dB for 4RC, with 2RC, 3RC, &and TFM5 in

R between., An & branch diversity with maximel ratio combining '

> vields over 23 dB audio s/n for all the modulation schemes :

condidered.

Since more than Z_ﬂiversity branches is inconvenient on
a mobile, time division retransmission is to be emploved. To

- achieve 32 k.b.p.s in each direction 2 syvmbol rete of £l

<

yn

kbauc ¢ Tecuvirec {35 ]. { the overhead over 6L k.b.p.s.
due to the co-phasing procedure for the TDR scheme.) With a l
channel spacing o¢f 64 KHz, a bit rate to frequency spacing

ratio of 0.79, 208 two way channels are possible.

1f we consider schemwmes without TDR endéd a 2 branch

- civersity it is necessary to consider 2 larger frequency re-

use factor. For 2 seven cell cluster the average per branch

s/t i 1.5 ct. Vith I trench meximel Tetio cornbtining thics

. vyields ar aucio s/m of 17 ¢B to 15 dB depencing on the

I NI e e e e e
7 P N T S T S T N T S



modulation scheme. With 2 branch selection combining the
corresponding figure is 15 dB to 13 dB. Employing 28 KHz

channel spacing, a bit rate to frequency spacing ratio of

IO AL

0.875, this results in about 102 channels.

LA & a4, 8, 1,

From the numerical Tesults and discussion above it is ’
seen that a large number of channels can be provided in a
digital wmobile radio system by the proper combination of
speech coding schemes, bandwidth efficient modulation
schemes, diversity and time division retransmcission. Base
station and antenna configuration, channel coding and more -
efficient speech coding schemes can further extend the

capacity of the system.

" 1A

Throughout the discussion we have considered idealized

X
AR

conditions of tramnsmission and reception. Perfect timing and .

o
-
-
-
<
-
-

synchronization were assumed with coherent detection and

-+

ideal diversity combining. The performance depends highly on

the above assunptions.
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VII-PERFORMANCE DEGRADATION DUE TO RECEIVER MISMATCH

IN BINARY CONTINUOUS—-PHASE MODULATION SYSTEMS

Recently a great deal of attention has been focused on studying
the performance of continuous~phase modulation (CPM) systems. CPM
signals give constant envelope digital modulation schemes, which
have the potential of both power and bandwidth efficiency under
perfect synchronization conditions and complete knowledge of the
chanrnel,

Continuousrphase frequency shift keying (CPFSK) is a subclass
of CPM where the instantaneous frequency is constant over each
symbol interval and the phase is constrained to be continuous during
the symbol transition, This constraint of continuous phase affects
the signal in two ways:

1) Transients effects are lessened at the symbol transitions,

thereby offering spectral bandwidth advantages [38]-[40].

2) Memory, imposed upon the waveform by continucus transitions,
improves performance by providing for the use of several symbols to
make a decision rather than the common approach of making
independent symbol-by-symbol decisions,

This modulation has been investigated [41]-[45], and if the
parameters of the modulation and demodulation are chosen correctly,
binary CPFSK offers advantages in SNR over coherent PSK.

Inall of these studies, the assumptions have been made that, a

means is preocvided for establishing both, a perfect phase and bit
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synchronization references, and the channel is AWGN with known power
.. spectral density. B

The objective of this chapter is to analyze the performance
degradation of the CPFSK receivers under mismatch conditions. Closed
form expressions for an upper bound on the BER in terms of amount of
mismatch in time and phase are given,

This chapter is organized in three major sections. In the first
section an introduction to CPFSK modulation scheme is given and
thern the optimum and suboptimum receivers are presented. In the
final section the performance of the receivers under phase and time
- mismatch are derived and a brief discussion of the effect of
different parameters on the performance degradation of the system is

presented.
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7.1 INTRODUCTION

CPFSK modulation schemes are subclass of the continuous phase
modulation (CPM) signaling scheme where the instantaneous frequency
is constant over each symbol interval. Thus, for a full response

CPFSK systems the transmitted signal is

s(t, o) = /—2%3 cos(2m £t + o(t, @) +6) (7r1)

where the information carrying phase is
o
o(t, @) = mh J o (t-iT)/T; =<t <w (7=2)
j=-
is a continuous linear function of time t over each symbol interval
ard a=. .. Gy &y Qn O e e is an infinity long sequence of
uncorrelated M-ary data symbols, each taking one of the values

a; =+1,+3, ..., #M-1) : 1 =0, +1,+2, ... (7+3)

with equal probability 1/M. (M is assumed even.)

E is the symbol energy, T is the symbol time, £, is the carrier

0
frequency, 6, is an arbitrary constant phase shift.

The variable h is referred to as the modulation index, and as
will be shown later, for implementation reasons, rational values of
the modulation index are used. Fig.l is a schematic modulator for
CPM,

The signal is constructed such that two adjacent frequencies

in the M-ary set are separated by h/T Hz. The possible phase

o or s s v v on
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trajectories using the phase term

2-1
mh(t-1iT)/T+7h | a, + 6 (7-4)

o
J=1 i o

i

are shown in Fig.2, for binary modulation ande0 =@. As can be seen,
the phase trajectories have a tree-like quality. Furthermore, if h
is a rational number the tree will eventually fold on itself modulo
21, producing a trellis like depiction.

Note that although the scheme is full response, the actual
phase in any specific symbol interval depends upon the previous data

symbols,
7.2 RECEIVER STRUCTURE

The CPFSK signal is assumed to be transmitted over an additive,
white, and Gaussian noise (AWGN) channel having a ocne-sided noise
power spectral density N,. Thus the signal available for observation
is

r(t) = s(t, a) + n(t); - <t <@ (7=5)

where n(t) is a Gaussian random process having zero mean and one-
sided power spectral density N,. A detector which minimizes the
probability of erroneous decision must observe the received signal
r(t) over the entire time axis and choose the infinitely long
sequence § which minimizes the error probability. This is referred
to as maximum likelihood sequence estimation (MLSE) [46].

By restricting the modulation indices to rational numbers, all
CPM signals can be described as a finite state discrete time Markov

processes. It is well=-known [}7] that the Viterbi algorithm (VA) is
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h: a recursive optimal solution to the problem of estimating the state
sequence of a discrete time finite state Markov process observed in
memoryless noise. The complexity of the Viterbi receivers depends on o
the number of the states involved. From the performance view point
it is difficult, if not impossible, to calculate the symbol error ¢
" probabilities using the transfer function approach given by Viterbi
(48] This is because, first; the modulation is not linear, secondly
the channel cannot be viewed as a discrete memoryless channel (DMC).
" Linrearity makes it possible to choose a specific data sequence as a S
transmitted information sequence, hence we will have only one .
transfer function and the DMC makes it possible to use Hamming

distances instead of the more genreral Eucliden distance in the Y
general space,

. To be able to study the performance of an optimum receiver for

-

CPFSK systems, a suboptimum detector is studied instead. In the

i

coherent case, this suboptimum detector observes the received signal -

A

r(t) for N bit intervals to make decision about the first bit. In :
S the noncoherent case the receiver will observe 2N+1 bits of the
CPFSK waveform and make decisions on the n+lst (middle) bit the
receiver shown in Fig.3 is derived in [43] for the coherent
detection of CPFSK. The notation s(tal,Ak) is used to represent the -
signal waveform during the observation interval, where A, represents 5

a particular data sequence (the tuple {az,a3p..aN} ), and K

N k=1,2,...,M where M=2 (N-1)

-
»

N

Upper and lower bounds on the error probability are derived in the

- 7

same reference, where it is shown that these bounds are tight at

high SNR. -
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7.3 PERFORMANCE OF A MISMATCHED RECEIVER

The receiver shown in Fig. 7.3 computes the sums of random

variables in the form

NT
Xy = exp(ﬁ% J r(t) s(t, 1, Ak) dt). (7+6)

8]

At low values of SNR the random variables x;, can be approximated

by
NT
e "1t %o I re) s(e, 1, &) de : e
(o]

Using the approximation of Eq.(7-7) the receiver operating at low

SNR becomes,
NT N 1 NT M
J P ] s, 1, A)) < f r(e)( ] s(e, -1, A)). (7-8)
-1

K=1 K=1
o] (o]

and the probability of bit error is given by

. u v
. e

M
p = ) Pr(error | s(t, 1, A,)) p(A). (7-9)

AR

IR e e TR T

Sy

At high SNR the union bound provides a tight upper bound. It can be
shown that the probability of error for the receiver in Fig. 7.31is

overbounded by

M M
z z Prix,, < x_,. | s(t, 1, A,)), (7+10)
4=1 J=1 19 13 2

X

p <

Sy
“ oAb

where X1 is the output of the correlator matched to the signal

e ¥
o .

s(t,l,AQ).
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Case 1: Receivers Mismatched in Phase B :

At low SNR the decision variable, A, is a Gaussian random
variable. The mean as a function of the phase error is derived in

[49] and is given by

The variance of A is independent of ¢ and also is independent of a

N
E{A | s(t, 1, A} = ] u, , (7+11)
i i
. i=1
where
W o= E(cos ¢ - (sin(2m h + ¢) -~ sin 8)/27 h) , (7-12)
i-2 ,
wy = E cos (7h) sin Uﬂu)(sin(ei + ¢) +
g’
; sin(6, +7h a; + ¢) sin(vh o )/2nh ai] 1=2,3,...,N (7=13)
t-
.. and
b
& i-1
b 6, = ) mhoy . (7+14)
L J=1

particular transmitted sequence and has the form

-
AR
el

var(h) = N E (1 - sinc (2mh) +

1 (l-cos(Znh))(l+—s1nc (2nh))(cos N 2(nh)-l)
cos (nh) ~ 1

(7+15)

The probability of error, given a particular transmitted sequence,

is given by

E(A|s(t, 1, Aj))

.
"-
i
". .
v
E
‘L‘.
b

Pr(error | s(t, 1, Aj)) = War % , (7-16)
where
0(x) = J L exp(—y2/2) dy . (7+17)
v2m

X
In order to illustrate the effect of different values of the

‘. ‘l

J—

.
5
F

o
]
I3
b,
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phase mismatch on the behavior of the upper bound under low SNR
conditions, EqQ.(7-9) is evaluated and plotted for an observation
intervéi of 5 bits and modulation index, h, of 8.715. These results
are plotted in Fig. 4. The set of curves show that for SNR<6 4B
phase errors of less than 18° have small effects of the upper bound.
The reason for restricting N to 5 bits is that it has been shown
that increasing N beyond 5 will not improve the performance
significantly. h=0.,715 is the optimum value for the modulation index

for birary CPFSK.

In order to compute Eq.(7-18), the statistics of the random

variable X)17%.14 are needed, Again this random variable is Gaussian X
with mean value . E
E{x” X5 | s(t, 1, AQ)} = E(N cos ¢ - ' :
N i-1 h (7-18) 0
121 sinc(mh (o, - £,)/2) cos(JZl ﬂh(aj _Bj)+_2—(ai-ei) +¢)) , q:
where the ay are the data bits Al, the ei are the data bits Aj, and .
where o, =1 and B =~1. §
and variance
Var{x , - X1 | s(e, 1, AQ)} = NN E(1-0(%, 3)), (7=19)
where the correlation p(l,j) can be written as
N ' K-1
1 Th mh
p(L, j) == 2 sinc(=-(a, - R,)) cos(——-(a -R )+ Znh(u.-B.))
n k=1 2 K K 2 K K 31 3 (7-20)
Further, the individual terms Eq.(7-10) are
E{xu-g(_lj | s(t, 1, A)
Pr(xlf illj s(t, 1, Aj) =0 I (7-21)
. Var{le_x—lj | s(t, 1, AQ)})

e
Calu a2’ a’ e o

The results are plotted in Fig.5. The plot shows that for high

SNR a small mismatch in phase has a little effect on the upper

Ve AR

bound, but larger errors ¢ >28° tend to degrades the performance of

[ o]
-,




the suboptimum receiver, as a matter of fact a mismatch of 28° at 8

dB SNR degrade the the upper bound by about @.065 dB.

Case 2: Receivers Mismatched in Time

Following the same procedure, for a time error AT, Closed form
expressions for the upper bound on the probability of bit error
under low and high SNR can be derived (see [49]). The results are
summarized in Fig.6-Fig.9. In these figures 1=AT/T. The fact that
the results depend on the factor K, where wOT=K is of no surprise,
since higher K means larger carrier frequency for the same bit
duration. The important conclusion at this point is that time errors
affect the upper bounds more severely than phase errors do. for
example when K=2, 5% error in timing degrades the upper bound at lew
SNR by about 2 dB and about @.2 dB at high SNR. Increasing K has a
severe effect on the upper bound for time errors>10%. Note at 80 M
b/s,10% time error is equivalent to 1.25 nsec. The results emphasize
the importance of time synchronization especially for channels which

suffer time delay (e.g.; multipath charnels, etc. ).
7-4 CONCLUSION

The results demonstrate the various effects of phase and time
mismatch at the receiver. The amount of degradation depends on the
SNR range of interest., The often used assumption,on=K, (this
assumption has been done in previous analysis of receiver
performance [5i] ) is a critical assumption, and it 1is the

responsibility of the designer to choose the minimum possible value

of K, preferably K=1l.
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Figure 1. Schematic Modulator for CPM.




RD-A168 484 SPRERD SPEI:TRU!I HOBILE RRDIO CONNUIICHTIDIS(U) SOUTHERN 272
HETHODIST UNIV DﬁLLﬂS TEX DEPT OF ELECTRICAL
NGINEERING C GUPTA 31 MAR 86 ﬂFOSR-TR-S‘-.I?
UNCLASSIFIED ﬂFOSR-82-03 6 17/72.1




S Yy
}.”.\. AN

i

M)

=l

(W ]

1.6

——
16
==

: EEEE
S =

b Of ~Bm o2

@ =EEE]

mkwkkhutm

I

| Eyiry

r.

-

S s a2,




-wo1s4g NSigH @suodsaa TIn3 LIEUTq B 103 soTao03d3aleay aseyq

+z @2an31y

asuwty ™

w I-=e3ep INdU] - — = =

RRAL

N 1 = eaep andug

Yuy-

yug -

Sy

yuz- X

o,
YR

o

yu- N

P Wi P TR Y »




g
.

4

DA O AN

O_S-r

S—— 2
o =

s(t, 1, Al)

Exp( )

bﬁz
° =

s(t, 1, A)

Exp( )

ff

s(t,'—l, Al)

Exp( )

s(t, -1, AM)

Exp( )

11

Figure 3. Block Diagram of Optimum Coherent Receiver.
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