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Multiple-Symbol Differential Detection
With Interference Suppression

Debang LapStudent Member, IEEEBNd Alexander M. HaimovighSenior Member, IEEE

Abstract—A multiple-symbol differential detector is formulated ~ fading channel was analyzed in [3], and for correlated fading
for M-ary differential phase-shift keying modulation where the jn [4]. MSDD application to multiuser code-division mul-
channel state information is unknown to the receiver. The max- tiple access (CDMA) was considered in [5]. Performance of

imum-likelihood decision statistic is derived for the detector, and MSDD with band interf fadi h |
its performance is demonstrated by analysis and simulation. Under with harrowband Interierence overa noniading channe

the Gaussian assumption for the aggregate interference plus noise,Was discussed in [6]. A system with MSDD and reception
an exact expression for the symbol pairwise error probability is de-  diversity was formulated in [7], while [8] considered MSDD
veloped for M -ary differential phase-shift keying modulation over  with transmit diversity. A class of algorithms different from

a diversity, slow-fading Rayleigh channel in the presence of an in- MSDD is based on approximations of the optimal noncoherent
terference source. A simpler expression of the pairwise error prob- . S
maximum-likelihood sequence detector [9], [10].

ability is developed for the asymptotic case of large signal-to-noise ) . .
ratio and small signal-to-interference ratio. It is shown that with In this paper, we derive an extension to MSDD for commu-

an increasing observation interval, the performance of the differ- nication in the presence of a single interference source. The
ential detector over an unknown channel approaches that of op- channel of the desired signal is a diversity Rayleigh channel
timum combining with known channel. with multiple outputs. For an antenna array at the receiver of
Index Terms—Differential detection, diversity reception, error a communication system operating over a slow-fading channel,
probability performance, interference suppression, optimum com- any signal source is spatially correlated. The channel realiza-

bining. tions at each output are mutually independent, constant over the
observation interval, and unknown to the receiver. The Gaussian

l. INTRODUCTION assumption is made with respect to the aggregate of interfer-

ence plus noise. The covariance matrix of the interference plus
oise is assumed known. The MSDD decision statistic is derived
Based on the principle of maximum-likelihood sequence detec-

ﬂ?n (MLSD). A closed-form expression for the pairwise error

. . . obability (PEP) is derived. A closed-form expression for the
MSDD is that it does not require a coherent phase refere y( ) P

. . : . EP is intractable; however, one is obtained for an approxima-
at the receiver (it does require, however, the ability to measyy

. . ) 3SY[8n to the union bound. The approximation utilizes only dom-
relative phase differences). MSDD performs maxmum-hkelrnant terms in the union bound and it is shown to be a good

hood detection of a block of information symbols based onazj roximation of the BEP
corresponding observation interval. The method was present #‘)he coherent counterp.art of MSDD is the optimum com-

3sta ?ridgef ol\f/ltgglgap (tj)etween i.he ple:jfg;frmant(;el C()J tht?rﬁming detector [11]-[13], which requires a coherent reference
f;’; lon g.ff i ial a: cor;]\(f(inklor?a ;\/Ielginslli 1e e_l(fr:oﬂnd the channel information of the desired signal. In this paper,
of M-ary differential phase-shift keying (M- ) [11- The, o show that with an increasing number of symbols in the ob-

channel phase was assumed to be unknown to the rece've@%%ation interval, the performance of MSDD approaches that

constant over multiple .Symb0| intervals. In [1] it was show f optimum combining (with differential encoding at the trans-
that for a long observation interval, the performance of MSD itter)
[in terms of the required signal-to-noise ratio (SNR) for a :

given bit-error probability (BEP)] approaches that of cohere&}

detection (with differential encoding at the transmitter). MSDQ) ), T . ;
. . e for MSDD with diversity. The computational complexity
was extended to trellis coded M-PSK in [2]. MSDD for they ey computation of the decision statistic grows exponen-

tially with the number of symbols in the observation interval.
. For single-channel MSDD, an optimum algorithm was proposed
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ULTIPLE-SYMBOL differential detection (MSDD)

was first proposed for detecting multiple phase-shi
keying (M-PSK) signals transmitted over an additive whit
Gaussian noise (AWGN) channel [1]. The main advantage

In the course of designing simulations for evaluating MSDD,
e realized that there was no efficient MSDD algorithm avail-
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tion Ill. The error analysis is developed in Section IV, while Sedength K as embodied by the vectoy,. The maximum-likeli-
tion V presents the numerical results. Conclusions are drawrhiood detector for the sequenggis given by
Section VI.
Sk = argmaxp (zy|sk) (5)
[I. SYSTEM MODEL
wherep(r,|sx) is the likelihood of the observed datg given

Consider a wireless communications system operating OVEL transmitted svmbol sequense Under the Gaussian as-
L independent branches. Each of the branches is a slow-fadin y q F

channel that attenuates, phase shifts, and adds noise to eptlon for the aggregate of interference and noise, the ob-

signal. Assuming perfect time synchronization, the sam Isgrvatiorgk conditioned on the ransmitted sequesgand on
gnal. 9p . y . J P ?he channet has a multivariate Gaussian distribution. The con-
output of the matched filter corresponding to tirheand the

sth branch is ditional probabilityp(r,|s,) can then be expressed as

KL K
- R.
Tre =/ PsceSk + 21,0, t=1,2,...,L 1) p(Exlsi, ) = [R-|

K-1 "
.eXp{— Z (rk—i - \/Fscsk—i)

where P, is the power of the desired signal, is the channel =

gain of the/th branch,s;, is the transmitted M-DPSK symbol,

andzy, ( is Gaussian correlated noise. For M-DPSK modulation, ‘R;! (rkﬂ, — /Pscskfi) . (6)

the transmitted signals can be expressed,as e/, 6, =

2r(iy, — 1)/M, i, = 1,2,..., M. The transmitted symbols are ) _ _ ) )
differentially encoded, i.ey, = 6x_1 + Afy,, whereAd,, is the Diagonalize the interference-plus-noise covariance matrix

. . . . . — H _ L.
phase representing the transmitted information at fime R. asR. = U.A.U7, whereA. = diag(y,..., ),
The signal model in vector notation is Ai,...,Ar are the eigenvalues @., and U, is a unitary
matrix whose columns are the eigenvectorsRof. It follows
i = /Pacsy, + 2y, ) that (6) can be written as
_. —KL —-K
where vy = [rpa,...,me]t, ¢ = ery..oen] p(rilsk, g) =m IR | )

. K-1

z = |zk1,--.,252])7 and the superscrip’ denotes = H

vector transposition. rexpq = ) (X’H o Psgsk’i)
1=0

The channel gaing, are assumed to be independent and
identically dlstr|puted (i.i.d.), zero-mean, cwcu!arly symmetng, AD! (Xk_i _ \/Egsk—i> } @)
complex Gaussian random variables (Rayleigh fading), with
variance),/2 per dimension. The correlated noise tesm
is the aggregate of an interference source and AWGN awtherex;_, = UFr,_; is the whitened received signal vector
it is assumed to be complex-valued, zero-mean, circulaindg = U%c is the modified channel vector. Note that since
symmetric, and governed by a Gaussian distribution willd. is unitary, the modified channel vectgrhas the same dis-
covariance matri®, = F[z,z}']. For a single interference tribution as the original channel vecterLet the components of
source and AWGN, the covariance matrix can be expressed #ge modified channel vectgrbe expressed ag = ae/?, £ =
1,..., L. Likewise, let the/th component ofk;_; be z,_; .
R. = E [z2}!| = Prcied + diag (07,03,...,01) (3) Expanding the exponent in (7) and grouping terms that do not
depend org or s;_;, we obtain
where Py is the interference powek; is the interference
channel vector, the superscrifit denotes the Hermitian trans-p (r|sk, g) =7 %% IR.| ™" exp {-Cp}

pose and4?, 02, ...,02) is the power profile of the AWGN. L
Consider a sequence &f symbols running from timé: — 1 exp { — KP A af + 2/ P e (si)|
(K — 1) to k. Assume the channel is static over the duration of =1

this sequence. Using vector notation

a g - g cos (g — b (s)) } (8)

r, =/ PsHs, + 2, (4)
where
wherer,; = [r{_(K_1)7 ...,rt]T, sg, andz, are vectors de- K-1 L
fined similar tor,,, andH = Ix ® c is the channel matrix for Co = Z Z At kil (9)
the signal of interest, where denotes the Kronecker product i=0 (=1 '
andIg is the identity matrix of ranks. K—1 _
ye (sk) = <Z l’k_i,zsz_i) = |ye (si)] /). (10)
[ll. DECISION STATISTIC i=0

We formulate the decision statistic for the symbol sequenbote thaty, (s, ) is a function of both the transmitted sequence
S = [sk_<K_1), ..., s1]T based on an observation interval ok; and the observed sequenge
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Recalling that the components of the modified channel vect [
g have the same distribution as the components of the chan

vectore, it follows thata, is Rayleigh withE[?] = Q,, andé, Calculation] 7(s1)
is uniformly distributed in the interval [0,7). To average the . |Algorithm
conditional distributiorp(r,, s, g) over the modified channel —
g, we need to evaluate the integral s
p(rlse) = / p (x50, &) pe(8)de .
Tk-1 Calculati
7KL R exp {—Co) ity L
L Te—(K-1) § = arg max n(s) | 8 | Differentiall Qutput bits

2 [ 1 T r
H _/ exp{— (KP/\ +_> 2} ) Decode
1 (e Jo 2 '

1 27 S
- opdoyg— / exp{Z\/ sAp yg (sk)| e
Jo

2w

n(sm)

Calculation|

+ COS (45[ — 9[) }d(f)g} (11) : Algorithm

wherep, (g) is the probability density function @f. Averaging
over the uniform distribution of,, we obtain

p (zylse) =~ FF |R.| ™ exp {~Co} The decision statistic in (14) provides MSDD for an M-DPSK
L o oo sequence transmitted over multiple, independent fading chan-
H—/ eXp{ (KP)\ —l——) 2}
1 Sl Qe

nels in the presence of correlated Gaussian noise.
From (5), the MSDD decision rule is
1o (2V sAL "lye (sw |aﬁ) agder S = arg max7 (sg) . (16)
Sk
(12) For M-DPSK symbols, the relative complexity of this operation
wherel,(z) is the zeroth-order modified Bessel function of thes proportional toM %=1, A diagram of the MSDD receiver is
first kind. Now, averaging over the fading statisticscaf we  shown in Fig. 1.
obtain Some special cases provide insights into the operation of
I X > )
. _ A MSDD. For a channel with a flat gain profi®, = 1 and a
—KL K 14
p(rglsk) =777 R exp {=Co} (H m) flat AWGN profile 0? = o2 for £ = 1,2,..., L, (14) can be
=1 expressed as

L )2
Qe |ye (sk) }
eXp{P S :— . (13) ClpesP
)\g KP, Q(—l—)\{) g )\[ KP. +)\/) (17)

Fig. 1. Diagram of MSDD. For M-DPSK witfi{ symbols,M, = MK -1,

In (13), only the argument ofthe exponential function is depeov furth | 17 he ol |
dent on the transmitted sequesgesince only the termg(sy,) e further specialize ( )tOt e following special cases.
are fgnctlons pék.lDue to the monotomcny of the exp.onentlalA No Interference
function, maximizingp(r, |sx) with respect tcs;, is equivalent

to maximizing the following decision statistic: For this caseP; = 0, the noise covariance matriR. =
I 2 0?1, eigenvalues\, = ¢2,¢ = 1,2,...,L, andU, = I .
Z Qe [ye (se)l (14) Then (10) simplifies to
)\[ KP; Q/—I-)\/) K-1
From the previous relatlon and (10), it follows that the ye(sk) =) rhoinsii (18)
optimum MSDD for multiple-channel branches and in the i=0
presence of interference is a weighted sum of correlations Bie decision statistic in (17) becomes
whitened observations and hypothesis symbols. Note that this 1 L
decision statistic does not require knowledge of the signal n(sk) = =55 O e (s1)[- (19)
02 (KPs + o?)
channel vector. =1
The decision statistic is ambjguous with respect to an arl8ince the term outside the sum is independeny,othe above
trary phasé’. Indeed, let, = e7% s;, then decision statistic is equivalent to
L L |K-1 2
e (%) Z vimie (i) w0 =S sl = 3|3 mciesicy - (20)
(=1 (=1 | =0
- |y4 (Sk)| : (15)  This decision statistic is the same as that in [7, eq. (8)]. Indeed,

Differential encoding at the transmitter is required to resol@4) is the generalization of [7, eq. (8)] to MSDD in the presence
this ambiguity. of interference.
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B. Interference> Noise detectedq), # sosk, Wheres is an arbitrary M-PSK symbol)

For single interferer and a uniform AWGN power profile, théS denoted/asP(sk_, — sp). An error event occurs when
eigenvalues of the interference-plus-noise covariance matrix {§§+) < 71(si.)- Define the random variabl®
are_[13])\1 :PIZ£:1 |C]7-[|2+0:2,)\2:---:)\L:O'Z.FOI' D:n(sk)—n(sz). (23)
a high interference-to-noise ratid; > A, £ # 1. It follows

that the decision statistic in (17) can be approximated by tﬁlecnte thatD) is random due to both random interference plus

noise and the random channel. We seek to evaluate the proba-

expression bility that D < 0.
I . S .

n(ss) = Z lye (sx))| 1) Using steps similar to [18, App.+l$], it can be shown that

~ 2 2\" 1 ootiE P (d

(=2 i (KPQ to ) P (Sk — S?C) = — 2— —D(JW) dw
T) J_cotic w
The interpretation of this result is that for a strong interference I + B (jw)

source, the decision statistic is similar to that of MSDD without =— ) Res [L; w[} (24)

interference and one fewer degree of freedom. This result will be Im(we)>0 w

further demonstrated in the ensuing error probability analysi%hereE is a small positive numbe (jw) is the character-

istic function of D, Res[(®?p(jw))/w;w¢] denotes the residue

of (Pp(jw))/w at polew,, and the summation is taken over the
An exact expression for the BEP for differential detectiopoles in the upper half of the complex plane.

can be obtained only for differential binary PSK (DPSK) mod- In Appendix A, the following expression is derived for the

ulation and the special case & = 2 symbols. The exact characteristic function of the random varialile

IV. ERRORPROBABILITY ANALYSIS

error analysis is intractable for the general case of MSDD wit (jw) = 1 1
M-DPSK modulation over diversity channels and in the pres-" (1= juw) (1 — jusw)
ence of interference. The alternative approach is to obtain an an- 1 1

: (25)

L-1

alytical approximate upper bound. In this section, we first derive
an exact expression for the PEP under the Gaussian assumption
for the aggregate interference plus noise. Then, using this lere

(1 - juaw)" ™ (1 = jpaw)

pression, we derive the union bound of the BEP. From the union | 3b? [CPS + /(?P2 +4(KP; + \1) C)\l] L i=1,2
bound, an approximate upper bound is derived. The appro¥i-=19 1 ,, 553 .
mate upper bound consists of relatively simple algebraic expres- 202 [CPS £ VPP + (KD + ) O‘Q] , 1=3,4

sions. Even simpler expressions are obtained for large SNR and (26)
small signal-to-interference ratio (SIR). In the numerical results 1

ion. it i i ' =, L=1,2 27
section, it is shown that the approximate upper bound is vely N (KP4 ) 5 (27)

close to the BEP obtained by simulation. )
¢ =K —|v(sk,s})] (28)

A. PEP Analysis . - . -
e ) andv(sg,s)) = si” sk is the correlation coefficient between

profile for the channel of the desired signfl = 1, and aflat thato < (s, s}) < K for s, # sosi, wheres is an arbitrary
] i 2 2 i -
AWGN profile with o7 = o* for £ = 1,2,..., L. The PEP is \_psK symbol.

developed for correlated noise characterized by the covariancgor ¢, (juw), sinceys, s > 0, andus, s < 0, only the poles

matrix in (3). —j/u2 and—j/p4 are in the upper half of the complex plane.

In general, the interference source is subject to effects of Wgpstituting (25) into (24) and carrying out the calculation of
fading channel (similar to the desired source). It follows th@gsidues [19], we obtain the PEP as

analysis using the covariance mati. in (3) is conditional oL—1
on the interference random chanwegl Results obtained from p (s, —s))=— (2) — —
such analysis need to be averaged over the distributiary.of (1 — p2) (p3 — )™ (pa — p2)
Fortunately, this complication can be avoided by recognizing (_1)L pl=t 1 L—2 (L—2+k)
that when the detector acts to suppress the interference, there is - 1 (L_2) A
only a small penalty in using in the analysis the average value H3 " k=0 '
of the interference poweP; E[cH c;] in lieu of the instanta- [ pk—1=k
neous powePrc c; (see [12]). Assuming that the interference x 1= (1 — p2) (1 — M4)L—1—k
channelc; is complex-valued, zero mean, and with variance L1k
Qr,¢/2 = 1/2 per dimension, it follows that the average eigen- + H2 P }
values ofR, are (m1 = p2) (g — pa)* ="

)\1 = P]E [C?C[] + 0'2 = LP[ + 0'2 (22) . u§71+k . (29)
and)\, = o2 for¢ =2,3,..., L. (3 — pa) =

Let s, ands) denote two sequences, each containfiig  The former expression is the exact PEP of MSDD with di-
M-DPSK symbols. The PEP thaj, is transmitted bus) is versity branches and a rank one interference source. The PEP is
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a function of the transmitted sequergeand the detected se-symbolis known). Leti;, be the sequence 6K —1) log, M in-
quences; . Note that the expression in (29) already incorporatésrmation bits encoded ag and letu;, be the sequence of infor-
statistical information on both the channel and interference. Thigtion bits which results from the detectionsgf The pairwise
form of the PEP is quite complicated and does not afford mu@EP associated with transmitting a sequengeand detecting
insight. Itis of interest to obtain simpler expressions for speciahother sequenag, is given by

cases. In the ensuing analysis, the symbol SNR is denoted as , 1 , ,
~ = P,/o% and the SIR i,/ P;. Po (s = s1) = ey iog, ar " (W W) P (s = )

1) No Interference:For this caseP; = 0, \; = Ay = 2. (35)
From (26) we have where h(uy, u},) denotes the Hamming distance betwagn

anduy,.
ﬁﬁ [C + \/C2 +4 (K + %) C%J , 1=13 The BEP thas,, is transmitted, but an error sequence (any
error sequence) is detected, and is upper bounded by the union of
21&5 (K:Y/j—l) [g — '\/C2 +4 (K + %) C%J , 1=2,4. all pairwise bit-error events. Sineg can be any input sequence
(30) (e.g., the null sequencg, = [1,0,0,...,0]T), we drop the
dependency or; from the notation. The union bound on the
BEP can then be written as

Substituting (30) in (24), we can get the PEP as

A
P(Sk — Sk) z - P < Z P, (Sk — sfk)
(—p2) (L-1+0!  pj ul Ay

(11— o)™ (L = 1)! 2 ! (1 —pa)" | ey 1

K1 — p2 +Le=o . K1 = H2 . =K = 1)log, M Z h (ug, ug) P (s, — sp)
For all the cases we tried, (31) yielded the same numerical re- 82 u) #uy,
sults as the PEP developed in [7]. However, (31) has the advan- (36)
tage that it provides the PEP in closed form without the need o

w[were the summation is taken over all the sequengesvhich

Integration. . L are different from the transmitted sequence of information bits
The case of no interference can be further simplified for Iarqle
k-

SNR7y > 1. In this case, (30) simplifies to Direct application of (36) does not shed light on the mech-

{ al i=1,3 anisms affecting MSDD performance. A clearer picture is

) KPS

Pi = :%7 i=2,4" (32) obtained by developing an approximation to the union bound.
: Note that the union bound in (36) is a function of the PEPs,

which, in turn, are determined i, po, 113, andu, [see (29)].

From (26), 41, p2, ps, and py are functions of the quantity

Substituting these results in (31), noticing that > u», and
using [20, eq. (0.151.1)], we have

o (2L-1 1 |v(sk, s, )|? through the relationl = K2 — |v(sk,s})[?. In
P (s — sp) = < L ) L (33) [1], it is shown that on the AWGN channel, for large SNR,
(?7) the dominant terms in the BEP occur for sequences for which
This expression clearly exhibits the-order diversity of the the quantityv(s;, s}, )|* is maximum. Carrying over the same
system. approach to the fading channel, keeping only the dominant

2) SIR< 1, SNR> 1: This special case is of theoreticalterms and noticing thal(sy — s},) is constant ifv(sy, s}, )| is
interest since it can show the ability of MSDD to suppress@nstant, we obtain the following approximation to the union
large cochannel interferer. By assumptidty, > P, > o2, bound:
therefore \; > P, > o2. After some manipulations, we have

p2 & £VC/ M, us ~ ¢/(Ko?), anduy ~ —1/P;. Substi- 1 ,
tuting these approximate values into (29) and keeping only tHe™ (K —1)log, M Z h (g, ug)
dominant term, we obtain " ’>|“L\¢(“k N
v(sg 8l )I=10(sg 50 ) lmax
o (2L-1)—1 1
P (Sk — Sk) ~ < (L _ 1) —(L )L—l - (34) X |:P (Sk — S;E) |‘U(SLWSL)I:lU(Sk75;0)‘111axi| . (37)
K7 The maximum value ofu(sy, s} )| for s}, # sosx was shown in

Comparing (34) with (33), we can see that the PEP for syig-, eq. (38)] to be
tems with diversityL and a large interference is equal to theFv (sk
PEP for systems with diversity.(— 1) and without interference.

This result is well known for interference suppression usingop- = \/(K —1)242(K -1) (1 — 95in2 l) +1. (38)
timum combining. This analysis proves that the loss of degree of M
freedom due to interference suppression carries over to MSB#s0 from [1, App. B], for sequences such tHatsy, s, )| =

752)|max

over a diversity Rayleigh channel. [v(sk, s}, ) |max, the accumulated Hamming distances are
L T, K=2
B. BEP Approximate Upper Bound Z (e, ) = 20K —-1), K>2
The sequence;, of M-DPSK symbols corresponds (& — |v<sk,s;v)r§i:,;,sfkﬂmx

1) log, M information bits (with differential encoding, the first (39)
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TABLE | Substituting (34) in (44), we obtain simplified expression for
COMPARISON OFAPPROXIMATE UPPERBOUND FROM (37) AND SIMULATED
BEPFORDPSK,L = 2 BRANCHES SIR= 3 dB, SNR= 10 dB K >2,SIR<1,and SNR> 1 as

K 2 | 7 [12] 40 Appsi = 2 2(L-1)-1 1 .
Appr. upper bound (x1072) | 3.13 [ 2.74 [ 2.41 [ 2.13 L—-1 AL—1yL-1 (1 _ L)Lfl
Simulated BEP (x10~2) [3.15 [2.29 [2.14[1.71 K (45)
2) M-DPSK (M > 4): For M-DPSK, substituting (40)
TABLE I and (38) into (37), we obtain the following approximate upper
COMPARISON OFAPPROXIMATE UPPERBOUND AND SIMULATED BEP FOR bound.
DQPSK,L = 4 BRANCHES SIR= —6 dB, SNR= 6 dB :
2
K 2 7 12 40 AR’I—DPSK = — P (Sk — S;C)| s )|=2 M
Appr. upper bound (x10-3) | 7.67 | 4.13 | 3.43 | 2.87 log, M s e |46
Simulated BEP (x10~°) | 7.85 | 3.77 | 3.87 | 2.89 (46)

for K = 2 symbols. See (47) at the bottom of the page for
observation intervals of length’ > 2.

for binary modulation)/ = 2 and Substituting (34) in (46) and (47) we obtain a simplified ex-
pression for SIRK 1 and SNR> 1 as

Z h(uk.u;c):{l K =2
ol ’ 4K-1), K>2 2 AL—1)—1
(oo o8] )12 1o (o o8] max A -—ppsk = logy, M < L-1 )
_ _ (40) 1
for multilevel modulation M > 4. It =y (48)
Strictly speaking, (37) is not an upper bound of the BEP. Nu- 277y ¥ sin (1)
merical results (such as those in Tables | and I1), however, shﬂny = 2. and
thatitis close to the BEP obtained by simulation. Therefore, we
will use (37) to study the performance of MSDD in the presence 4 2A0L—1)—1
of interference. Am-pPsk = log, M < L_-1 )
Next, we evaluate the approximate upper bound for DPSK 1
and M-DPSK (// > 4) modulations. (49)

1) DPSK (M = 2): For this case, from (38) we have
|U (Sk, S;c)|max = K - 2 (41) for K > 2

For conventional differential detection, the observation interv&. Comparison With Optimum Combining

is K = 2 symbols,|v(sk, s})Imax = 0. In this case, there is |tis of interest to compare the performance of MSDD, which

only one error sequence, therefore, the PEP is also the BEPdoes not require a coherent reference and knowledge of the
channel, with that of optimum combining, which requires both

(42) a coherent phase reference and channel information. With both

methods, it is assumed that transmitted symbols are differen-

tially encoded. In [21], it is shown that for SIR 1 and SNR

> 1, the BEP for optimum combining with differential en-

coding at the transmitter is approximated by the expressions

Py = P (sp — S%)||ru(

si,s;)|=0 "

SubstitutingP (s, — sj,) from (31) into (42), we obtain the
exact BEP for DPSK ovek diversity fading channels without
interference. For high SNB> 1, using (33), we get

Py ppsk ~ <2LL_ 1) ﬁ (43) 2(L—-1)—1

Pb,DPSKz2<(L_1)_1># (50)
This expression is the same as the one in [18, eq. (14-4-48)] and
it demonstrates that familiar expressions for differential detefer DPSK, and by
tion can be obtained as a special case of the general case treated

in this paper. Py 2 ppsi & —— <2(L -1)- 1)
For a longer observation interval > 2, substitute (41) and logo M \ (L—1)-1
(39) into (37) to obtain the approximate BEP upper bound for _ 1 (51)
DPSK as 4L=1yL=1gjp2(L=1) (%)
Appgk =2 P (s — S?ﬁ‘,)||q;(sk,,52)|:K—2' (44) for M-DPSK.
— !
Ay-ppsk = P (s — Sk)||U(sk,s'k)|:\/(K—1)2+2(K—1)(1—2sin2(7r/M))+1 (47)

10g2 M
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The ratio of the BEP for optimum combining and the approx "4 TR PRSI ST T

imate upper bound of MSDDK > 2) is given by the ratios of
(50) to (45) and (51) to (49), respectively

1— —
K

BPyopsk _ Poy-ppsk _ < 1 )L_l (52)
Appsk Aprr—ppsk

This expression holds for the asymptotic case of &R and
SNR > 1. We conclude that for SIRK 1 and SNR> 1,

when the observation interval of MSDD increases to infinity
i.e., K — oo, the performance of MSDD with noncoherent de
tection approaches that of optimum combining with differentic

encoding.

V. NUMERICAL RESULTS

Numerical results presented in this section include Monte
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Bit Error Probability

‘04_ . o . ..’:"']I,.ZIZ.E'.IIZ i RN TR
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10

Bit SNR (dB)

Carlo simulation results and analysis results. In all cases, i@ 2. Comparison of optimum algorithm and iterative decision feedback
channel branches and noise power profiles are assumed t@/pgithm forL = 4 branches, DPSK modulation, SKR —6 dB.

uniform, i.e.,Q, = 1 ando} = o*for¢ = 1,2,...,L. The

bit SNR is (P,/log,(M))/o?. For comparison purposes, we 0 T
also provide BEP curves for optimum combining with differen SRS E

tial encoding. Simulation results were generated based on
Gaussian assumption.

As mentioned in Section I, the complexity of MSDD for g By
M-DPSK with a K -symbol observation interval increases witt <27~ T~
MX=1, For largek , simulations are impractical. To overcomes | T~
this difficulty, a practical suboptimal algorithm that uses dec g 2| .. . ' '
sion feedback was implemented. The basic idea of the algoritt§ |
is to make symbol-by-symbol decisions rather than testing t

full sequence of symbols simultaneously. The algorithm pr
ceeds from symbol to symbol along the sequendg sfymbols;

at symboli it maximizes a decision statistic, assuming that th
other (X — 1) symbols have been detected and are known. Se¢
eral iterations can be carried out to improve performance. T

algorithm was implemented as the following procedure:

1) Initialization:

a) Initialize iteration index m = 0.
itiali (m)

b) Initialize S},

[ s8™ _ayr S Uy - o si 1T = [1,0,0,...,0]7.

c) Initialize time index 1=K —2.

2) Increase iteration index m+1—m.

3) For i= (K -2) to 0O,

Evaluate

3
(>

(m) _

§)_, = argmax1
st

m m m—1 m—1 T
.([1,5;>(K2),...,s,g_g,s,g_i+;,...,s,g ) )

End loop .

4) If m is not equal to the required it-
eration number (which is determined empir-
ically), go back to step 2.

5) Differentially decode s,(cm) to get the
final output.

1) —— MSDD: K=2 (Analysis)
10071 © MSDD: K=2 (Simulation)
---{ = = MSDD: K=7 (Analysis)
<+ A MSDD: K=7 (Simulation)
.| =+ MSDD: K=40 (Analysis)
O MSDD: K=40 (Simulation)
. .=%=_OC (Simulation)

=

(

10°

107 L 1 1 1 | L 1 |
0 1 2 3 4 5 6 7 8 9
Bit SNR (dB)

Fig. 3. BEP versus SNR fal. = 4 branches, DPSK modulation, SIR
—6 dB.

To demonstrate the performance of this suboptimal algo-
rithm, Fig. 2 compares the suboptimal and optimal [based on
(16)] algorithms. The comparison is for the caselof= 4
diversity branches, DPSK modulation, and SR —6 dB.

For an observation interval dK = 12 symbols, with just
two iterations, the performance of the suboptimal algorithm
is within just 0.2 dB of that of the optimum algorithm. In
the results reported below, this suboptimal iterative decision
feedback algorithm was applied to detection with observation
interval K = 40.

All the ensuing figures are fof. = 4 diversity branches.
Fig. 3 shows the BEP versus SNR for DPSK at StR-6 dB.

The diamonds, triangles and circles labeled “Simulation” rep-
resent simulation results, while curves labeled “Analysis” show
analytical results as yielded by the approximate upper bounds
(42) (for K = 2) and (44) (forK > 2). In all cases, PEPs
were exact as computed by (29). The interference-plus-noise
term was generated such that its covariance matrix followed (3).
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©1... MSDD: 8-DPSK : D i 1] e-o- MSDD: K=2 (asymp)

....|= = 0C:8-DPSK o I --{ = = MSDD: K=2 (exact)

;|- =+ MSDD: DPSK o R <= MSDD: K=40 (asymp)
.| = OC : DPSK — MSDD: K=40 (exact)

Bit Error Probability
8\
Bit Error Probability

K Bit SNR (dB)

Fig. 4. BEP versus the number of symbols in the observation intéfvidr ~ Fig. 6. Comparison of asymptotic results and exact resultsZfor= 4
L = 4 branches, SIR= —6 dB, SNR= 10 dB. branches, DQPSK modulation, SIR —6 dB.

the observation interval’. It is evident that for both DPSK (bi-
nary modulation) and for 8-DPSK\{ = ), the performance

of MSDD approaches that of optimum combining as the obser-
vation interval increases.

Fig. 5 shows the BEP versus SIR, for bit SNR10 dB and
for the cases of¢ = 2 and K = 40 symbols. It is observed
that whenK = 40, MSDD achieves performance close to that
of optimum combining with differential encoding regardless of
the SIR.

Fig. 6 is intended to verify the asymptotic large SNR approx-
imation to the PEP. The signal modulation is DQPSK. Curves
labeled “asymp” represent asymptotic results computed by ap-
plying (48) (for K = 2) and (49) (forK = 40); curves labeled
“exact” represent exact results from (46) (fer= 2) and (47)

(for K = 40). Itis observed that for most SNR of interest (SNR

- > 10), the approximate upper bound based on asymptotic PEP

o 20 30 4 50 jsveryclose to the approximate upper bound based on the exact
PEP.

Bit Error Probability
5
IS
T

0
SIR (dB)

Fig. 5. BEP versus SIR fat = 4 branches, DQPSK modulation, bit SNR
10 dB.
VI. CONCLUSION

The optimum combining curve was generated by simulation. It|n this paper, we developed and analyzed an MSDD for dif-
can be observed that analysis results are very close to simulatgrential PSK modulations over a Rayleigh fading channel with
results. It is also observed that the performance of MSDD amultiple independent outputs and in the presence of a Gaussian
proaches that of optimum combining with differential encodingterference. A decision statistic utilizing blocks of observa-
as the observation intervdl increases. For example, at BERjons was derived based on the maximum-likelihood criterion.
=2x 1073, whenK = 2, the SNR difference between MSDDClosed-form expressions were obtained for the PEP. Simpler ap-
and optimum combining is about 2.2 dB. Wh&n= 7, the dif- proximations to the PEP were developed for the special case of
ference is about 1.0 dB. At = 40, the difference becomes anjarge SNR and small SIR. It was shown that an approximation to
insignificant 0.2 dB. Numerical results for DQPSK and 8-DPSithe union bound can be used as an approximation to the BEP for
(which are not included in this paper) show the same trendsisiary and multiple-level differential PSK modulation. More-
DPSK. over, it was shown that the MSDD detector could achieve per-

The results shown in Figs. 4-6 are all analytical results. farmance close to that of optimum combining for an increasing
these figures, BEPs are represented by their approximate uppaservation interval. Theoretical results were demonstrated by
bounds. The approximate upper bound is computed basedcomparison with Monte Carlo simulations. A suboptimal iter-
the exact PEP expression in (29), except for Fig. 6. Fig. 4 shoative MSDD algorithm was presented to facilitate the Monte
the BEP of MSDD as a function of the number of symbols i€arlo simulation for long observation intervals.
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APPENDIX where
CHARACTERISTIC FUNCTION OF MSDD
In this Appendix, we derive the expression (25) for the char- b1, = 2(KP, + /\5) AeCb?
acteristic function®p(jw) of the MSDD test statistid. To 555
that end, using (17) and (23), we express the test stafistic [\/C P2+ 4(KPs + Ae) A€ — CP} (62)
guadratic form 0
2= (KP, +—Ag)Ale§
L
1 . 2 p2
= st (e ) = S [VEPTFIRR 30 + (P (69
— KP + A ) = 2 7712
- (53) C=K"—|v(sk,sp)|"- (64)
where It follows that the characteristic function @ is
de =b7 (lye (s1)I* = lye (s3)I” (54) Lo 1
( ) w) = H ba, (jw) = H ,
b = ! (55) = =1 (1= dwgt) (14 wgt 2
TN XN (EP, + N _ o 65)
For a system with a single interference source, the eigen-
Define vector v:;llues of the interference-plus-noise covariance matrix are
o“for¢ =2,3,..., L. It follows thatf; , = 6; 2 andfy, =
T 620 for £ = 2,3,..., L. Hence, the characteristic function can
y (Sk) = [y;((sf) » Y2 (Sk) yeos YL (Sk)] be expressed as
= Z Xk—isz_i) . 1 1
; Op(jw) = - -
<Z=° o) (1= jmw) (1= jpow)
=Uul st - 56 : - — (66)
’ (go " ") (%) (1= jngw) "™ (1 = jpaw) ™™
. . . h = 1/614, = —1/651, = 1/6;,, anduy =
From the signal model in Section K[y (sx)] = E[y(s},)] = V_Vl%e/“ [0 12 /0210 13 /61,2, andyig
0. After some algebra, the covariance matrixydk;) can be 2
evaluated as REFERENCES
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E [y (Sk).V(Sk)H} =k

vl <Kz_lrk ST )
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H
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=K?PJI; + KA., (57) M
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