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ABSTRACT

The problem of noncoherent
multi-h CPM signals received

dotection of
aver AWGN

channel is considered. Receiver  structures
for sYow- and fast~fading CASOeS are
presented.  Ewploying the well lkoown union
and Average Matched Filter (AMF)  bounds,
error rate performance of ihe optimam

noncoherent receiver is
minimization of -theses bounds optismen malii-h
schemes are determined, The  results reveal
that there seems to be no apparent advantage
in power in going for il ti—hb Kchemes
relative to single-b schemes for the case  of
noncoherent . detection.

estimated. Through

3. INTRODUCTY ON

Cont.i noous
an importont
applications
radio  links

Digital transmission employing
Phase-Modulated (CPM) signals is
signaling technigue t1hat find
over high speed digital mohile
11-33. In recent years sevoral construacti ons
of CPM have heen found whi chy of fer
significant bandwidtbh and power savings |4-5]
relative to more convent.ional digital
signaling that are in vogue. Some  of the
well known constructions of CPM are  MSK,
CPFSK, CORPSK etc., including M-ary versions.
Among the class of CPM signals multi-b phase
coded signals is a subclass of signals  that
have attractive spectral and power saving
properties [6-10]. In multi-h coding
time-varying modulation indices are employed
in a cyclic fashion in order Lo achieve
impressive tradeoff in powoer and bandwidlh.
In 6], some specific multi-b coded CPM
constructions, together with Viterbi
Algorithm (VA) decoder, were shown to permit
transmitter savings of 2-4 dB over binary PSK
in narrower bandwidth. Subsequently 17-101,
detailed analyses of various types of nulti-h
signals have been carried our for their power’

and spectral properties. All analyses,
however, are for coherent demodulation of

multi~h signals over AWGN channel.

In order to meet the stringent reguiremenis

in the utilization of bandwidth and yet
reliably transmit. data over mobile
communication channels 1131, it is important
to look for digital modulation techniques
that power as well as bandwi dib

are
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mul t.1 -h
empl oyead.

‘efficient. Thus, over such channels
signaling i Likely ta e

Furthermore, over  mohile radio chaphels
signal fading is a major problem accompaniod
with difficulties in maintaining phase
synchronization. 1t iz, thercofore, Lhoe
objective of {he paper wherein we consider
the problem of optimm noncoberent  detection
of multi-h CPM signals buried in  AWGN. 1y

the process  we arrive at  optimom mulii-b
schemes and estimate the sssociated error
rates. Two receiver structures for stow- and
fast-fading cases are alsa presented for
dotection of mutti-h CPM  sigpals. In the

Jight of the results presepled the tradeoff
‘available between power  and  bandwidth  is
discussed.s” Throughoul the paper we conmsider
several important input data pulse shapings.

The paper is organized as follows: In Section

2 the multi~-h CPHM signaling is hyiefly
di scussed. In Section 3 the: 1ecel ver
structures are presentoed. The 21710y
probability analysis in terms of bowds is
presented in Section 4. The optimum walii-h
schemes  and ) di scussion ahout thoeir

performance is given in Section B
is concluded in Section 6.

The paper .

7. MULTI-h SIGNALING FOKMAT

The general c:xpl;es:s:ion for a bibnary mulii-h
CPM signal aovoer an n-bit interval is given by

SCt,a3 = VPE Costant L4 ¢C1,a) +¢ 0
< [e)

O <t <nr, (1)
where .
~ t n
@¢(t,ad) = 2nsd ¥ hﬁ]aig('rw(.i»1)’1')(‘]1
o iz
O <t < nf Ced

~ . - N
and a = ( AL e 3 is an n-bit equal ly
> n

likely hinary sequence with S the signald
power per bit interval and f the carrieor
c

The modul ation index employed {or
is denotoed by h[ » and
v

frequency.
the ith bit inlerval

¢ i=s the starting pbase at the beginning of
o

the observation inlorval. In egqn. & gCr) is
the frequency pulse lasting T seconds,
Defining the baseband phase function by
[}
q(t) = y glridr O St & nT €3
N (¢}
the information carrying phase in egn. 2 can



be written as

a2 = 2y
1

h aqg(r-Ci-1310dr
i) v

0O < t <
As examples of phase functions we
linear phase (I.P) case, half{-cycle

nT 4D
cite  Lho
winpusoid

CHCSY and raised-cosine (RC) pulses:
(0, t = O3 LP, HCS,RC
ts27T, 0 < ¢ = 73 1P
gCtd) = 4 174 (1-Cosut/1), O < t = T3 HOS (5
S i t
socl o ginenk <4 =T
1 r{.r Sy \ln?n.r), [C N ]
172, t # T3 LP, HCS, RC
.
In the 1P case, the frequency is haeld
constant throughout. the data interval,
whercas with HCS and RC the  instantsncous

frequency varies smoothly. While in standard
digital FM h”, 3=, 2, cce,Dyoce, is
T
maintained constant, in mulii~-h CPH hr s is
A2

chosen cyclically from a set of K modulation
indices <h,h . b >; i.en. = h

PRoar e Y LK iy
i=1,2, 000
¥When the moedulation indices are restricted to

“be ratios of small inlegors
denominator h =1 D, i=1,7,...,K,
v

Pravi v
the

COMMNON
phaso

trellis assoaciated with {(h > is composcd only
1

of transitions between 2D phase values nish,
n=0, 4, ...,20-1., By c¢hoosing K modulation
indices of which no two subsets have the s
sum modulo 1, it is possible to achieve »
maximum possible constraint Jength for &
given K.

Binary malti-h CPFSK is a subciass of binary
mul ti~b CPM defined by ogn. G, for which the
phase function dis given by egnob, which
¥ correaesponds to having 1 near phaso
trajeoctories over esach bit interval. For PJCS
and RC pulsao functions Lhe phase
trajectorics are smoothed over cach Jsd b
interval. The phase over a  given hid
interval must  change slowly for fastor

spectral roll-off.

3. RECEIYRR STRUCTURES

Fn this Section . we dorive waltipio-hit
observation receivers for detecting bhinary
CPM signals subject to slow- and  fast-fading

in AWGN. The slow=fading refoers to the case
wherein the amplilude and phasce  of Lhe
received signal are random but constant  oves
the  contire decision interval. in 1he
fast-fading case the amplitude snd phasoe  are

of the
Lhe

derc:d 81 0on
detention

yrandom bul. over sub-intorvals
interval. In bath situstions,

strategy is to observe the roceoived signel

over n bit dintorvals and fo  produce an.
ostimate of a specific data bit trapomited
CPY 1<6<n, It is noted that Lhe doerivation

of the receivoer structures is indepondent of

the choice of the decision bil lovafion.
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3.1 Slow-fading caset

The detection problem at bhand is a composiic
hypothesis statistical test which way be

stated as
H::r(td=h Cos(anl t+alt, a =41, A 240340 L2
1 < k3 "
652
e, Akh +O3 40 12

&
Hz: r{td=b Cos(anf L4g4(L, n
<

&
where OSt<nT, j=1,7, ...,2 , b and 0O arc
composite parametors witlh Lhe Tatloeyr
uniformly distrihuted in (-1, 4+7) and  the

former having an arbitrary fading
distiyibution. Furthor, it is asswned that b

and 6 are independent. A dis the (n-i2-tluple
3

CA ,Aa ;eee,n, a ceey A ) and yepresoents
1” T 27 784 T Sas? s “ P ’

whose
Setting
CLRTD and
structuroce

another camposite parameter
distribuLion is easily daterminad.
up the Jlikelihood ratio test

simplifying it we gel thoe receivoer

shown in Fig. 1. The recciver structurce i
csame as  lhat derived in 114 for binary
CPFSK. For the case of multi-h (PM the only
madification is that tLhe roeceiver has  ibo
implicit knowledge of ilhe sequence  in which
the modulation indices arce omployed at  the
transmitter.
2.7 Fast-fading case:
The hypothesis testing problem for this case
may be stated ase

n
”,’ r(td :-L b_tS( 1, aé:-n » Aj’ Qii) +nd t.D

=4

'S
il
st = ; PR : .

H?. FCtd=§) b,LS( t, s Pt Aj, ﬂ») +nC )

1= %
where h SO, aé':-f!fl. » N i’ (£ is the signal

L 1
waveform  rocelived dun-i ng the itlh it
intorval, b and @ are random amplitude and

. v 1
pbase of the ith bil signal wavoelorm. These
are assuwned Lo be independont of each  olber.
Furthermore, it is assumed that fading s
independent from it o hit, Employing
wimilar steps usced for slow-fading casc, e
receiver structure obtained Jis  shown i
Fig. 2.
4. PERFORMANCE ANALYSIS ‘() T NONFO!H‘LRFIN’]'
K

The orror probhahility analysis of the
receiver shown in Fig. 3 can he carried oot
in a similar manner 113,541 hy using ihe
union Cupper and lfower) and  Average  Matoboed
Filter CAMED roceiver bounds. The:  biglh SRR
suboptimum recceiver is shown in Fig.1 itseld
and the low-SNR AMEF  roceiver, hoth for
wmulti-h sigpals, is  shown in Vige 3. The
performance  of the i gh- SR subopld mon
roeceiver  may  bo bounded  using  the  uniop

hound. The uvppaer bound is given byt
K m m

D<oy 3 L5110 ¥ c I € xR D LED
PSRN L DO.st-ac >_’,7/> 2, Rt

prdizd g4
where
x. = pE AN 11TV }plCE, 2170 e pTCE, gD e
3 b o . .

« [



the normalized complox corrvelalion . bhoetween
t:he onvel opes of compl ex signals
<Pe % - - <y s - .
SCt,a, =41,A) and S (t,a_=-1,A)D. Lach of
< & ! < (4 ]
these mignals is given by
STt a ,Ad=SPC, 8, AL, 0045 STCL o, A, s
[« o 1 . 1 é 1
The superfix p bhas bheen wused in Lhe  above
eqns. Lo take into account. all  possible
seguences of  modulaltion indices over tho
obsorvation interval.
The lowes bound on  the performance of the
oplimum receiver, at bhigh values of SNR, may
bo detormined by using the expression:
L
P =CKm) zx&ﬁ”ﬂ%ﬁ,ﬁ)mﬁh,ﬁ)
o ] - 4 - 4
poAied
[SSh]
where  in %o the correlation naod A
Bl
givoen by:
Jo i"‘-; max 4 |e"a, i ] C100
C i [
At Jow wvaluoes of @ SHE  Lhe e formance is
upper boundoed snd s gilven by:
wWoom .
PoaCKm Uy 3050 v, /b oan VD L YD
- » > , i - . 4
ja 3 1= 4
€133
- il 2 I 7 ke i o 13-,
TR ekl g i )
1 l'}l‘;ul I'“, ;J! v / -3,1‘,J "Jl’
b»} e 7 ’ - Py
rded 1 i‘u l
i3] 7y, F kd
O
bt - €120
¥i - !p‘ |'
whoro
.nT .
P =ce’ Py Contenf Lag a1, ADD
Haj e o AR
0O
by .‘,’s'( <L, :.)Csr:i“fl D odt a3
. nw 2
¢ = O.BN S |5 (t,a =413 |"dt 14D
o < &
(]
nyT Y
P _ 3 2y T ) Sy el .
@ = 0.8N S s (t,a‘n+1jllbc(t,aé 10 |dt
Ll
Cat)
with
™
St amt0s 1S (ha =, A0 Cie
ES
ITn [15) highly simplificd and _ very easy Lo

obtained for
the signaling

compute expressions have  heen
evaluation of cqpns. 8-i6, for
schoemes described in Section 2.

5. NUMERTCAL. VRI-'ISUI..'I'F{ % DI S(UQS] ON

performance of
multi--h

The error rate bounds an Lhe
the oplimum noncoberent recciver for

CPM arc functions of: i) Sigpal—to-Naise

Ratio, E /N5 §i0 Lhe number  of observalion
o

intervals, ny iii) the signal paramceter  set

iv) the phase fupcilion

<hi=1,2,...,K>;
i
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qCtd;
8.

and v) the location of the decision bit
The optimum {ht}s that minimize the orror

rate bounds, high- and low-SNR upper
have been determined 1151 as a

bounds,
function of

Fb/No, n, and & for RREC, HCS,  and  RC

functions. The wmodulation parawmeter space
has been chosen to be 0 < h < 1. For all
T

for n=, 3, 4 and 158<n,

phase. .

three phase functions,

t.he sels <h ,bh >, <{h,bh ,h >, and
17 2 1”7 2" A
{h’, hz’ ha’ h4} that minimizco .the high-SNR
upper bound turn out to be those with h’-:hz,
h =h_=h , h =h =h =h , On the other hand,
1 2 @ 1+ 2z 3 4
for =5, for oplimum decision decision bit
Jocation I = int(ns2)41, for »n odd and
S=(nse) or (ne2)+1, for n even)l we find that
the modulation indices in 1ihe optimum s<ets
are' different. An dinvestigaltion of {he

variation of oplimum modulation indices as a
function of SHNR reveals Lhat the variastion is

less Lhan about 1¢2% over the range GESHRSS
di. For high SNR (error rates less than
107 the upper  and lower bounds are
essentially the same. For WY obscervaltion
length, the optimum REC, HCS, and RC . omilti-h
systems are {0.68, 0.73», {0.57, 0.7, and
{0. 855, 0.71>, These systems oul.perform
coherent PSK by neéarly 0.8 dB. In Figs. 4,

b5, and 6 thesxe results are illustrated.
The performance of the AMF receiver has heon
analyzed in the same fashion using ‘the

low=SNR upper bound. The optimum performance
of this receiver is insensitive to the use of
mul ti-modulation indices. For n=% and &
the optimum modulation indices arce 0,750,
0.66G, and 0.G3 for REC, BCS, and RO systems,
respectively. In fact this behavior can  be
analytically observed (14%]. In Fige. 7, the
pos-farmance of AMF receiver for RC systems
with &7 obhservation length is shown.

6. CONC).USTONS
In the paper optimum noncoberaent mutti-h  CPM
recoiver Sor slow- and fast-fading cases have

been detormined. The performance of tho
optimum noncoherant recei ver has hoeen
determined via high- and low-5SNR - hounds.

Optimum noncoherenl multi-h mchoemes bhavoe been

detorminoed. There  seems no . significant
advantage, at lecast in terms of SNR gain, in
the use of multi-modulation indices comparoed
to the use of single wodulation indesx in  CPM
systems.
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