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Error Probability for Coherent and Differential PSK
Over Arbitrary Rician Fading Channels With
Multiple Cochannel Interferers
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Abstract—This paper discusses the performance of communi- fading channel, with binary coherent and differential PSK
cation systems using binary coherent and differential phase-shift (BPSK and DPSK), and CCI modeled exactly. This framework
keyed (PSK) modulation, in correlated Rician fading channels g g jitaple for time-division and frequency-division multiple

with diversity reception. The presence of multiple Rician-faded . . .
cochannel l}/sers, F3/vhich mayp have arbitrary gnd nonidentical 2CC€SS (T/FDMA,) systems, in which guard intervals and guard

parameters, is modeled exactly. Exact bit error probability (BEP) bands ensure channel orthogonality within a cell, and CCI
expressions are derived via the moment generating functions only comes from cells in the next tiers that are using the same
(MGFs) of the relevant decision statistics, which are obtained frequency band.

through coherent detection with maximum ratio combining for — The a5sumption of the Rice distribution for the fading channel

coherent PSK modulation, and differential detection with equal . . . .
gain combining (EGC) for differential modulation. Evaluating (t]he is motivated by the fact that itis used to model propagation paths

exact expressions requires a complexity that is exponential in the Consisting of one strong direct line-of-sight (LOS) component
number of interferers. To avoid this potentially time-consuming and many random weaker components [1], [2], a situation thatis

operation, we derive two low-complexity approximate methods realistic in most wireless applications such as cellular communi-
each for coherent and differential modulation formats, which  .atinng. |tincludes the Rayleigh fading channel and the unfaded

are more accurate than the traditional Gaussian approximation Gaussian noise channel as two special cases. and thus analvsis
approach. Two new and interesting results of this analysis are: 1) USsI ' WO Specl ’ u ysl

unlike in the case of Rayleigh fading channels, increasing correla- Of Rician channels is very useful, but generally more difficult
tion between diversity branches may lead tdbetter performance than analysis of Rayleigh channels.
in Rician fading channels and 2) the phase distribution of the |f the fading channelis estimated at the receiver, coherent
line-of-sight or static fading components of the desired user has \,,qy|ation formats such as PSK can be employed. In this case,
a significant influence on the BEP performance in correlated L . . .
diversity channels. coherent d_et_ectlon is carried out at the receiver, and rr_la_X|maI
e Toms ey Fiinchannl, ey, (1) may e v o sty o
cochannel interferers, coherent and differentially coherent modu- - ! . . . !
lations, equal gain combining (EGC), maximum ratio combining ferentially coherent modulation such as DPSK, inwhich data are
(MRC). represented by the phase difference between successive trans-
mitted symbols, can be used in concert with differential detec-
tion instead. We should note here that differentially modulated
signals can also beoherentlydetected [3], in which case the
N CELLULAR mobile communications, the detectiondifferential modulation operation helps to resolve the phase re-
of one user is often corrupted by cochannel interferengersal problem which is encountered for coherent modulation in
(CCl) as well as background Gaussian noise. In code-divisifating channels. In this paper, we deal only with coherent BPSK
multiple-access (CDMA) systems, CCl is more often known asd differential detection of DPSK.
multi-access interference (MAI). It is generally acknowledged Diversity reception is known to substantially improve
that the MAI problem in CDMA is so severe that sophisticategerformance and is often employed in practice, for instance
multi-user detectors are required to achieve good performanaéth multiple receiving antennas. Optimum combining (OC) in
In this paper, however, we concentrate on a scenario where thging channels with multiple interferers has been analyzed in
level of CCl is low enough to allow the use of conventionahany papers, for example, [4]-[6] to name a few. However, the
detectors and study their performance for a very general Riciafplementation of OC requires channel estimates for all the
cochannel interferers as well as for the desired user. Therefore,
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In previous work on bit error probability (BEP) analysis foements closer together) does adtwaysimprove performance,
cellular mobile systems, a widely used technique is to obtaamd therefore designing a better receiver by using the new find-
the probability density function (pdf) of the signal-to-interferings will be a nontrivial task.
ence-plus-noise ratio (SINR) at the receiver output, and thenFinally, it should be mentioned that the analytical framework
average the conditional error probability over that pdf to get thoposed in this paper is very general, and so the theoretical
average BEP. Since the required pdf is difficult to obtain excepgsults are applicable to other modulation schemes like 4-
in the simple case of Rayleigh fading channels, the analysis pand 8-phase coherent and differential PSK (4-PSK/DPSK,
formed so far has been limited to such channels [7], [5], [6]. F8-PSK/DPSK) [11], [16], and NCFSK [11], since for all these
Nakagami fading channels, a pdf expression for the SINR wasdulation formats the BEP is given by the probability that the
derived in [8], but is applicable only to the case of single-channé¢cision variable, which can be written in a Gaussian quadratic
(nondiversity) reception. form, is smaller than zero (see, for example, [11]). The results

An alternative approach that is valid for many modulation fore also useful for analyzing linear multiuser receivers [10]
mats and receiver structures is to find the distribution function arbitrary Rician faded CDMA channels, after suitable
of the decision variable and then obtain the BEP as the prdbedifications.
ability that the decision variable is smaller than zero [1], [9]. Throughout this paper, we use the superscriptE, H, and
Using this method, BEP expressions for linear coherent CDMAL to represent the complex conjugate, transpose, conjugate
multiuser detectors in Rayleigh multipath fading channels wet@nspose, and matrix inversion operations, respectively.
derived in [10]. By working on the moment generating func-
tions (MGFs) of the decision variables, we derived in [11] both Il. SIGNAL MODEL
closed-form expressions and a numerical method to evaluatethgve consider a cellular mobile system where the signal
BEP for binary and qgaterngry DPSK (2/4'PPSK) and NONaceived from a desired user over a total bf diversity
cghergnt frequ-epcy ?h'ﬁ kgymg (NCFSK) _W'th pOStdeteCtIoB‘ranches is corrupted by cochannel interferers and additive
diversity combmmg, in arbitrary Rician fading chann.els. Fur\ivhite Gaussian noise (AWGN). After the matched-filtering
thermore, by using the MGF approach, BEP expressions of %{ﬁd sampling operations of the received signal, the complex

DPSK with post-detection EGC in correlated Nakagami fadirlgaseband output signal in thi#h bit interval can be expressed
channels were derived in [12]. conveniently by

In[11] and [12], only the case of single-user communications

is considered. Exact BEP expressions for cellular mobile com- N
munication systems, which take into account the effect of CClI, r(i) = Z e, (0)d,(4) + &(¢) 1)
are not available for Rician fading channels with diversity com- n=0

bining and is the topic of this paper. here r(6) =  [r(i) r@]T with m() =
For analysis of a desired user in the presence of mulltu%ix’zo 1 (1) dn (1) + &(0) r7epre75enting the received signal at
pochgqnel mterfgrers, we express the d('ECISI.On variable in @l antenna, foi = 1, ..., L. For BPSK,{d,()} is an
indefinite Gaussian quadratic form, derive its MGF condlé u
tioned on the interfering users’ data, and then obtain the ex (é:}
conditional BEP expressions. To compute the average B
we need to average over all possible interfering bit vector odulation andb, (i) = dn(i — 1)d, (i) for demodulation.
and that involves a complexity that increases exponentiafly (1), en(i) = FC () " . r(i)TiT is the I x 1 com-
with the number of interferers. To evaluate the performanC(feX c,hr:n nel coe;ffcien’t vec’:tonf7 for theth user, where the

of systems with a large number of interferers, we propo ‘abscript 0 represents the desired user, ane: 1, ..., N

two_low-complexity approximate BEP evaluation methOdsﬁepresent theN cochannel interferers. The noise vector

which are derived using the joint Gaussian distribution analysg i) = [41(4) ¢.(0)]" is a zero-mean complex Gaussian

frar’qgwork. This _technique.is si_gnificantly different from the roce_ss i/vith \;a{r}arfcel? for the Ith element,(i). Below we

traditional Gaussian approximation (TGA) approach [13]_[15§ssume the noise variance is identical for all the branches

in which the residual CCIl and noise is approximated as Ltis o? — o — — 2. For all the complex Gaussian '
o2 =0l = = o},

Gaussian random variable, which is assumed to be independent : . : . :
. . processes considered in this paper, including the channel
from the desired signal component.

) ) realization and the noise, we assume that they are wide sense
Numerical results show that the approximate schemes magfgtionary (WSS) and circularly symmetric. The receiver

the exact results well and are superior to the TGA approach. leﬂ‘?.)dels for BPSK modulation with MRC and DPSK modula-
results also show that the phase distribution of the static fadiﬁlgn with EGC are depicted in Figs. 1 and 2, respectively

components of the desired signal has a significant impact ONcor convenience. lek ~ CN(p, ) denote the vectok

the BEP performance in the case of nonindependent diversji{,se elements have the joint complex Gaussian distribution
branches. Depending on the phases of the static components,

the BEP does not necessarily degrade as the fading correlatichiere we assume that the received signal is matched-filtered and then sampled
. like th f Ravleigh fadi h Is. H at the symbol rate, as in most previous work. For the optimal detection of signals
Increases, unlike the case or kayleigh tading channeis. QWTading channels [17], the sampling operation no longer provides sufficient

ever, increased correlation (for instance, by having antenna siistics. However, optimal detection is not considered in this paper.

iprobablet1, independent data symbol sequence; while
DPSK, d,(¢) is obtained by differentially modulating
é original data bit,,(¢), i.e., d,(¢) = d,(i — 1)b,(¢) for
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Fig. 1. The signal model for BPSK receiver withfold MRC, and in the presence &f cochannel interferers. After the matched filtering and sampling at the
symbol rate, the received signals are coherently combined with MRC to form the decision variable
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Fig. 2. The signal model for DPSK receiver withfold EGC, and in the presence 8f cochannel interferers. After the matched filtering and sampling at the
symbol rate, the received signal goes through the product detector with EGC, and then the decisionVasigjgieerated.

with meang and covariance matriX. WhenX € CY*Y has  ~, ; = E[|cn, 1(4) — e n,1)?] is the power of the scattered com-
full rank, the pdf ofx is defined as [9] ponents. The temporal fading correlation coefficient between
1 Heao1 adjacent symbol intervals is then given by ; = E[(cp, (4 —
J0) = N ey O == @y (G () — e, )]/ m1, Which depends on the
For Rician fading channels, we assume that the fadif@ding power density spectrum and the Doppler fading band-
process for different users and adjacent symbol intervaidth B, ;. For examplep, ; = Jo(2r B, T) for Clarke’s
has a joint Gaussian distribution. Then the channel vect@ding spectrum [18] ang, ; = exp(—(w B, T)?) for the

c(i) = [ed (i), ..., ckL(i)]T has the Gaussian distributionGaussian fading spectrum [19], whefés a bit duration. If for
c(i) ~ CN(p,, 5(0)), wherep, = [ul o, ..., ul v]T, with €very branchk,, ; = 0, the Rician channel is reduced to the
e = E(ca(d) = [pen i, N;,n,L]Ty is the mean Rayleigh fading channel; wheR,, ; — oo, it is equivalent to

vector, andX(j) = E[(c(i) — p.)(c(i — j) — p.)H] is the an unfaded Gaussian noise channel.
fading channel covariance matrix, for= 0, +1, . . ..
If we make the realistic assumption that the fading processes . MGF OF THE DECISION VARIABLES

for different users are independent, then the covariance mayy, thjs section, we derive the MGF expressions for the BPSK
trix X(j) is block diagonal and can be expressed®#3) = and DPSK decision variables and then use these to evaluate the

diag(Zo0(4), - -, Bwn (), whereZ,.,.(7) = El(ea(t) = probability of error expressions in the following section.
e n)(Cn(i — §) — . )] is the fading covariance matrix for

the L diversity branches of theth usern =0, ..., N. A. BPSK With MRC
For thelth diversity branchi(= 1, ..., L) of thenth user,

the Rician factor is defined &, ; = |te. n.1|?/7n,1, Where Letthe data vector of all the users@@) = [do(7), d] (4)] T,

whered;(i) = [d1 (i), ..., dy(i)]" is the data vector of they
°The difference in the pdf shown here from that shown in [9, Appendix Bhterferers, For BPSK modulation with MRC diversity, the BEP

arises from the fact that we define the covariance matrix of a complex wector - .. . .
asE(xx™), rather thar(1/2) E(xx*) as in [9]. can be expressed by the probability that a decision variable is
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smaller than zero. This decision variable for the desired usard
conditioned oni(z) is given by 1
F(s) = P;1/? <(I - sP?;./?QPi./Q) - I) P2 (11

D(d) = Re(cq (1)r(1)) = vi(d)Qv(d) ®)
where whereP,b_.l/ % is the inverse of the symmetric square rooPqf,
coli) anddet(P) denotes the determinant of matiik
v(d) = [ 0 . } (4) From (9) and (10), some observations are in order. First, if
r(i) p., = 0forn = 1,..., N, thatis, all the interferers are
0, 0.5I, Rayleigh faded, then the MGF expression (10) is independent of
Q= L) 51, 0, } . ©) d;(¢), and so the complexity of BEP evaluation is independent

of the number of interferers.
In (5), 0, andI;, are theL x L zero and identity matrices, re- Second, for the single-user channel where only the desired
spectively. The average BEP of BPSK with MRC can be exiser is present, if there is fading correlation amongst different

pressed as diversity branches, then the phasegof, affect the BEP, in
. . contrast to the case of independent diversity branches where
Pe = 0.5[P(do(i) = 1) + Pe(do(é) = —1)]. (6) the static components can be regarded as real constants [23].
. To ill fine the ph for th i
For coherent detectionwe haveP. (do = 1) = P.(dy = —1), o illustrate, we define the pTase vector for the desired user
and therefore the average BEP is given b asby = [0o,1, o2, -, bo, 1] ", theny, , can be expressed
9 g y asp, o = diag(e/?1 ei%.2 e 1) |p |, where|p, |
P = Z Pr(D(d) < 0). @) denotes th_e vector obtaine_d after each e_Iemgr)tcg]‘ is re-
all d() placed by its modulus. For independent diversity chanii®]s,
do (i)=1 in (8) consists of four subblocks which are diagonal matrices,

iddiag(eifo. 1 @ifo2 i L
To evaluate the cumulative distribution function (cdf) expre§a-nd the phase matrldng(_e ) AN ) can .be
. . . absorbed in the exponential term of (10) without changing the
sionPr(D(d) < 0), we will use the moment generating funC'MGF expression. However, for the correlated fading case, these
tion (MGF) method, and the MGF dP(d) is derived next. b ' ' 9 ’

. . i . i P, will no | i I, iati
With the assumption that the fading processes for dn‘fere‘?wlflbmamceS of,, will no longer be diagonal, and so variation

. . . . in @y will result in different MGF expressions. This observation
users are independent, the covariance matrix(@f) is inde- 0 P

pendent okl (i) and can be expressed as is significant for the BEP evaluation.
1 Finally, in the presence of multiple interferers, we define the

¥00(0) do(i)X00(0) phase vectors for the static components of the interferers as
N ®) 0, = [0n.1,0n2, ..., 0, ], forn = 1,..., N. Whether
do(1)200(0) Z 3, (0) + Re(0) the diversity branches are independent or correlg@g}_,
n=0 must be taken into account for BEP evaluation.
To represent® (s|d) in a more compact form, we define a
matrix A = Pi./QQPi./2 and represent its eigen-decomposition
asA = U,A, UM, where

P, =

whereR, (j) = E[¢(5)€" (i — j)] € C* L is the noise correla-
tion matrix, for; = 0, &1, ....
The mean vector of (d) conditioned on a realization @lf(¢)

is given by A, = diag(\1, Ao, ..., dar) (12)
He,0 is the eigenvalue matrix cA. Also, we define
pa=Ee¢vd)]=| X )
> (Db, fro = Vit s fias - fian,d) | = URP;Y 2, (13)
n=0

whereE, ¢(-) denotes the expectation operation with respect to Equation (10) can now be simplified to
the channel vectot(i) and noise vectog(s).

,H ,
. A ex Als
Employing a result for the distribution of a noncentral dp(sld) = %
Gaussian quadratic form [9], [21], [22], the MGF 6f(d) in © 58
(3) can now be obtained as 2L |k, al? s A
H P 1 7 A
— SAk
exp (pq F(s)py k=1
Pp(s|d) = XD (i F(s)ma) (10) = T (14)
det(I — sA,) ;
: : : - : I —sw)
“When the noise variance{s?}L , is not identical at different bl
diversity branches, we shall change vectot,(:) in (3) to -
[co,1(d)/oF, ...\ co,r(i)/03] T, @siN[9]. 81t is furthermore observed from (10) that, for the single-user channel, only
SFor differential modulation, it has been shown [20] that the BEP conditionatle phase differences between the static components will affect the MGF ex-
on the transmitted symbol is a function of the symbol, and in gederal, =  pression. So, without loss of generality, the phase of the first static element may
1) # P.(do = —-1). be set to zero.
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wheref, is given by (13), and\(s) = (I - sA,)" ! —Tisa With the assumption that the fading processes for different
diagonal matrix. users are independent, the covariance matrix(@f) is given
Inthe case of repeated eigenvalues, the MGP@1) is given by

by
P, =
M2, 45Am N N
exp <r§:l 1o = S ) z_: 2n(0) + Re(0) Z: b, (HZH (1) + R?(l)
p(sld) = — "= as) | "= -
IT @ =sxp)om S (1) 4 Re(1) 3,0 (0) + Re(0)
m=1 =0 70
. N . (19)
whereu,,, is the multiplicity of the eigenvalug,,,, andM (0 <
M < 2L)is the total number of distinct eigenvalues. In (15) The mean vector o(d) is given by
bpya= D lfn.al® (16) N
7 kCK Z dn([’ - 1)”’c,n
n=0
bg = . (20)

wherek,,, denotes the set df indices associated with theth N

distinct eigenvalue. It is then clear th@t/;, ..., 1/\ys) are Z dn ()prc,

the M distinct poles of the conditional MG ,(s|d). For nu- =0

merical BEP evaluation, (14) will be used for convenience; howhe MGF expression for the decision variable can be obtained
ever, for deriving a closed form BEP expression, we will usgy using the same method proposed in Section I-A for BPSK.
(15). For BPSK with MRC in arbitrary Rician channels, thergjote that for DPSK there ar2®V+! such MGF expressions

will be 2V MGF expressions for (14) conditioned on the datgepending on the data pattern of the desired user and all the
pattern of the interferers. interferers.

B. DPSK With EGC IV. EXACT BEP B/ALUATION

For some applications where the channel estimates are potNumerical Method
available, differentially coherent modulation, such as DPSK, is Using the MGF® » (s|d), the cdf of D(d) can be evaluated

often employed [1]. Post-detection equal gain combining (EG%}, using the saddle point technique proposed in [24], that is
is a widely used diversity scheme for DPSK signals. Letting

d = [d"(i —1),d"(4)]", we give the decision variable for 1 M $p(—s|d)

DPSK with post-detection EGC conditioned dras [9] Pr(D(d) < 0) = ds (21)

27Tj c—joo 5

D(d) = Re(e®(i — D)r(4)) = vH(d)Qv(d) (17) wherej = +/—1 andc is a positive real constant smaller than
the minimum positive root of® p(—s|d))/s.

wherev(d) = [r(ri(—i)l)] andQ is given by (5). The integral Iin (21) can be computed efficiently by a trape-
The average BEP can be expressed as zoidal summation [24]
1 o
P.=05 Pr(D(d) < 0) = Ay lil(so) + Z I(so + ymAy)| (22)
m=1
Z Pr(D(d) < 0) + Z Pr(—D(d) < 0) |. (18) wherel(s) = Re((®p(—s|d))/sn), so is the saddle point of
all d(i) all d(i) I(s), and can be computed recursively by Newton’s method,
bo(9)=1 bo(i)=-1 that is,so < so — (¢'(s0)/#" (50)). ¢ (s0), and¢” (so) are the

o ] ) . first- and second-order derivatives of functigfs) evaluated

If there is noise correlation between adjacent symbol mtervaj;‘t,SO, with ¢(s) being defined ag(s) = In(®p(—s|d)/s).

thatis,Re(1) # 0, then forbo(i) = 1 and—1 there are usually |n (22), Ay is the step size, whose initial value can be set to

different conditional BEPs, a phenomenon called channel non;, — [¢" (s0)]~/?), which roughly measures the width of the

symmetry that is peculiar to differential detection [20]. So wentegrand in (22) as a function gf[24]. The series in (22) can

shall evaluate both the casieg:) = 1 and—1. be truncated to achieve any required precision. The summation
in (22) is along a vertical line passing through the saddle point,
which is both simple and accurate. A more efficient algorithm

7To exploit this phenomenon to obtain better system performance, it is PYFrat converges faster than trapezoidal summation may be ob-

sible in principle to design an encoding scheme which gives a lower averat%e . .

BEP. However, this is a nontrivial task since the nonunifarpriori bit distri- ined by integrating along the curved path of Stee_peSt descent

bution may lower the source entropy. of the MGF [25]. There are also other low-complexity methods
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for evaluating (21), such as the saddle point approximation teathere
nique [25, Sec. 5.3].

The explicit expressions fa#(s), ¢'(s), andg” (s) are given va)()\) _ [S <7’ - 1)9}(:—1—1‘1)()\)

by1 = 1
1’1—1
2L /2 2L r1—1 (ri—1—r3)
i, as N > 9k M- @)
¢($):—Z : —Zln|1+s)\k|—1ns - < Ty ) k
Pt 1+ 8)\k Pt 19=0
¢ (s) =— i M _ i Aw 1 In (27),g,(€")()\) is given by
P (14 sAg)? = 1+sh s .
i 2415, 4\ i b 1 o )= .
¢//(3): — = 1 —r 4= A\ n+ 12 s
1+ sA)2 14+ sX)2  s2 ! kAm 1)_m.d
= ( K ( *) mzm:#k n <7)\k_)\m> Um +(n+ )4()%_)%) (28)

whereA, andgy, 4, fork =1, ..., 2L, are given by (12) and L

(13), respectively. Note that this method also applies to the gdf1€r€bm, ¢, form =1, ..., M, is given by (16).

eral case where there are some repeated eigenvajues Equation (26) gives a new and general closed-form BEP ex-
When the saddle point, is obtained, (21) can also be eVmupression for coherent and differentially coherent modulations

ated by using an efficient Gauss—Chebyshev quadrature (GC% r arbitrary Rician multipath fading channels with multiple
formula [26]. Lettings = so + jw andw = so tan(6/2), (21) cochannel interferers. Since (26) is derived using the fast-con-

is reduced to vergent power series expansion of the MBF(s|d) about its

negative poles, (26) is expected to converge rapidly with respect

1 [ ®p(—so— jw|d) to the indexn therein. However, a strict convergence rate anal-

Pr(D(d) <0) = T /0 s tjw dw ysis seems difficult, since it involves some high-order deriva-

1 T tives of the MGF at each of its negative poles. The numerical

=2/, D (6) db (23)  results for a single-user communications system given in [11]
showed that the series (26) converges more slowly as the Rice

where K-factor increases, therefore it is more suitable for analysis

of Rician fading channels with a smakl-factor, for example,
$(8) = ®p(—s0 — jso tan(8/2)|d)(1 — jtan(F/2)). (24) & < 7 dB.In this case, for the index summing from 0 to
nmax, 1€1ING nax = 10 usually gives a very accurate result.
Next, by defininge = cos(6) in (23), we obtain a GCQ formula In comparisop, the numgrical scheme [(22) or_(25)] which uses
for evaluating the conditional BEP as the saddle point integration looks more convenient for computa-
tions, since itis both easier to program and gives accurate results

1 XN (2n — 1) X with a moderate Complexity. _ _
Pr(D(d) < 0) = N Z ¢ <2—N 7r> + Ry (25)  The exact evaluation of BEP for coherent and differentially
n=1 coherent detection in arbitrary Rician channels will have a com-

. . plexity exponential in the number of interferers. For cellular
where®(x) is defined in (24), andiy is a residual term. Our radio systems with a large number of cochannel interferers, the
numerical evaluation shows that (25) usually converges fast@mplexity of an exact BEP expression will be overwhelming.
than (22), and it is also less sensitive to the computational acd@-evaluate the BEP efficiently and with an acceptable accuracy,
racy of the saddle poind,. we use approximations on the MGF expressions of the decision

variables, and then obtain approximate BEP expressions that are
B. Closed-Form Expressions much simpler. Several approximation techniques are proposed

Assuming that, among thef distinct poles ofp 5(s|d) given N the next section.
in (15), M; of them denoted by, ..., Ay ) are negative,
the cdf of D(d) can be evaluated by finding the residues of V. APPROXIMATE BEP ANALYSIS
®p(s|d)e P at theseM; negative poles. This method isp. BPSK With MRC
described in detail in [11]. Following the same approach, we

obtain a closed-form expression for (21) as To reduce the complexity for exact BEP evaluation, we try to

average the conditional MGF expression adefi) to obtain an

Pr(D(d) < 0) unconditional MGF expression, that is

My ﬁ <<L>”m eXP<M>> (I)D(S) = Edr ((I)D(8|d)) = % Z (I)D(8|d) (29)

k=1 \ m=1, m#k )\k o )‘rn )\k - )\7" ?1101((:;:(1]?
(26) Unfortunately, this operation has a complexity increasing expo-

o G )
) nentially with the number of interferers. In this section, we give

. - 2 = A )Ts
exp(—by, 4) <n§=:0 ;0 (= Ap)™
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an approximate MGF expressidry(s) for (29), and then an called Method II. We propose Method Il since, at least in inde-
approximate average BEP expression can be obtained as pendent fading channels, the cross correlation of the static com-
ponent amongst different branches will not affect the BEP. Fur-

) 1 oo G () thermore, for convenience, if the phases of the static fading com-
Po=— P ds (30) ponents of the interferers are assumed to be unknown, a good
275 Je—joo s approximation can be obtained by ensemble averaging over the

uniformly distributed phases. In this way, the off-diagonal ele-
which can be evaluated by using the closed-form expressionnoents inP,,, are set to zeros even for correlated fading chan-
the numerical method proposed in the previous section. nels.
The procedure to obtai:faD(s) is derived below. Inthe condi-  Since analytical differentiation of (34) to obtain the saddle
tional MGF expression (14), only the exponential term is a fungpoint is difficult, numerical methods can be employed instead.
tion of d7(¢). Without loss of generality, assumidg(:) = 1 we The MGF in (34) is obtained by averagiagp(sD(d)) firstly

can decomposg, to two vectorsu, = fi, + py,, Where over the distribution of the scattered components(@§ and
the noise£(¢), and then over the distribution @f, , with the
_ - T T multivariate Gaussian distribution approximationsgf . In fact,

By = [Hc,m He, o] (31)  sinceP, andP,,, are covariance matrices of two independent

joint Gaussian distributions, these two steps can be merged into
contains the static components of the desired user, and ~ ©ne- As aresult, we obtain a form equivalent to (34) as

0 éD(s) =
| S @ e (w7 ((1- B QP 1) P,
- det (I — s]_f’i./QQpi/?)
is the combination of static components of tNenterferers. (35)

Due to the equiprobable, antipodal data modulatip(¥) in
(32), we can apply the Central Limit Theorem and approximatenere (for Method I)
ug, as a zero mean complex Gaussian vector with covariance

matrix P,=P,+P,, (36)
O, O, S00(0) do()X00(0)
P, = al @) =, al al
g OL > p, b, do(4)200(0) E:O 2,0(0) + Re(0) + 221 Be e
TL=1 = n—
(37)

With this approximationg, is a complex Gaussian vector,

with meang, and covariance matrik,,, given in (33). andP, is given by (8). For Method lldiag(P,,,) is used in-

Now we find that the exponential terpa; F(s)uy in (10)  gioqg ofP,,, in (36). The equivalence between (34) and (35) is
can be regarded as a noncentral complex Gaussian quadr@é‘;i:ﬁed by our numerical comparisons

Iﬁm;’Lang ]jhrzs tlrt;I'\’/IGIT ?Xﬁlr(ejs;?? z?nlnbfhidenved.WNoti tna‘tlt is interesting to note that (35) is the MGF expression for a
€2k x a na 1S TANK QETiCIENt. S case, We Shaliz aussian quadratic form" Qx, wherex ~ CN(g,, P,). So

H . .
dgcomposePM asP,, = BB, whereB is a2l x r matrix it is clear that, in this approximation, the system is changed to a
with rlankr (r < L)_' , .__single-user diversity channel, whepg,, or diag(P,,, ), the co-
Using the resultin th.eNAppend|x, we can get an approximafgiance matrix Of,, , is directly incorporated into the covari-
average MGF expressiahp(s) for (29) as ance matrixP,,. This means that the Rician-faded interferers
are approximated to be Rayleigh faded, with modified covari-
dp(s) = ance matrixP,, instead ofP,,. In addition to the reduced com-
_ -1 _ plexity for BEP evaluation, Method Il also avoids the need to
eXp(”dHF(S) [I+B(I_BHF(S)B) BHF(S)} ”d> (34) knowé, ..., 8y, the phases of the static componegats, (for

2L n =1, ..., N) of the interferers.
det(I— BEF(s)B) [ ] (1 - shx) With the new approximate MGF expressions, we can eval-
k=1 uate the approximate average BEP of coherent modulation

with MRC and multiple cochannel interferers, by using the
whereg,; and );, are given by (31) and (12), respectively. Weslosed-form expression or the numerical method proposed in
call (33) and (34) Method | from now on. Alternatively, if weSection IV. By using the numerical method, these schemes need
consider only the energies of the static componenys,pf we to evaluate only one integral rather thafl integrals required
can useliag(P,,) instead ofP,,, in (34); this approximation is for the exact expression.
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B. DPSK With EGC analysis framework, thus it is significantly different from tradi-

This case is slightly different from that of BPSK; we need t§onal Gaussian approximation (TGA) technique for BEP anal-
first average (19) over the distribution fff, ()}, and obtain YSiS [131-[15], in which the residual CCI and noise is approxi-
"= mated as a Gaussian random variable.

N
Z 2 (0) + Re(0)  bo(1)Stp(1) + R (1) C. Comparison With the Traditional Gaussian Approximation
p,=|"" . To illustrate the differences between our technique and the
. N popular TGA method, we develop new results by applying the
bo(D)Zo0(1) + Re(1) D T (0) + Re(0) latter method to the signal model studied in this paper.
n=0 (38) Let the instantaneous SINR of the receiver output be denoted

Next, using the same method as in the previous subsection #¥rs7vr- The average BEP is given by
BPSK, we approximatg, as a complex Gaussian vector with

meang,, and covariance matri®,,,, which are respectively P, = / Py (ysinr) f(vs1NR) dysINR (43)
given by 0

B . . N where f(ysivr) is the pro_bability dens_it_y function (pdf)
By = [do(i — Lp, o, do(i)as, o] (39) of ~sivg and Py(ysinr) IS the conditional BEP. For

N BPSK modulation Pb(’YSINR) = Q(M'YSINR)! where

> pe 0L Qz) = [(1/V2r)e W' /2 dy is the Gaussia function.
_ | =t For DPSK with L-fold diversity, the conditional BEP is given

P,, N . (40) in [1]
0L Z B, nu?, n For MRC diversity reception of the signal model given in (3),
n=1

the output signal at thi#h branch,D;, can be expressed as (here
Assuming thaP,,, has full rank, we can use a derivation similalV® drop the bit index for simplicity)

to the one used to obtain (10), and get an approximate average

N
MGF expression

D; = ca = |c07l|2d0 + Z calcn,ldn + Ca 151 (44)
~ n=1
Op(s) =

Hiael/2 12 12\t 12 where the first term on the right-hand side is the desired signal
exp |:I_l’d P, <(I — P F(s)P, ) - I) P, I_l'd:| component, and the second and third terms are due to the CClI

Y7 and the noise, respectively. The variancd®fconditioned on
det(T—P,,,F(s)) H (1= sA) co is given by
k=1

N
(41) O’QDZ = |6071|2 <Z E[|Cn7l|2] +O’2> .

~ n=1
where, in the expression fdi(s), P, is replaced byP,, in (38). _ _
We call this scheme Method | for DPSK. If we use the diagondhe SINR forD; is then given by
matrix diag(P,,, ) rather tharP,,, in (41), we call the resulting

expression Method Il. WheR,,, is rank deficient, (34) can be Vb, = [0, )
used with the parameters replaced by those for DPSK. ‘ ) )

Similarly to the case of BPSK, we can obtain a simpler form Z Ellen, *] +o
that is equivalent to (41) as n=t

. To proceed further, we assume that the signals for all the inter-
Pp(s) = ferers arei.i.d. at thé diversity branches, then the denominator

—np-1/2((r _ Bl2ael/2\ 1) e-1/2- of vp, is independent of (I = 1, ..., L), and the SINR of the
€xp <Hd Py <(I sPQPy ) I) Py ”d) MRC output is given by

dot (I- 5P °QPY”) (el "

(42) YSINR = a—§ (45)

where, is given by (39). In (42), we sdt, = P, +P,, wheres? =" Ellc, 1| +0%=(1/L)SN_ w, +02is

for Method | andP,, = P,, + diag(P,,,) for Method I, where the average power of all the interferers and the noise per diver-

P, andP,,, are given by (38) and (40), respectively. By usingity branch, andv, = El[c!!c,] is defined as the mean signal

a numerical method, this scheme needs to evaluate only tpawer for thenth interferer, forn = 1, ..., N.

integrals rather thag?¥+! integrals for the exact evaluation Deriving the pdf expressiofi(ysivr ) is both tedious and un-

scheme. necessary. Instead, we can use the MGF method to evaluate (43)
Note that the approximation technique proposed in this sulmore conveniently. The MGF oking, ®~..x (), Can be eval-

section and the previous one is carried out in a multivariateted by using the method proposed in [27], as shown below.
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TABLE |
BEP VALUES (TRUNCATED TO FOUR MOST SIGNIFICANT DIGITS) COMPUTED BY USING THE ACCURATE AND THE TGA METHODS FORBPSK WITH MRC
(L = 3) IN INDEPENDENT AND CORRELATED FADING CHANNELS. Ky = 7 dB, K; = —co dB, N = 6, AND J4yg = 30 dB. 2(—n) DENOTESz X 10"

Independent Rayleigh channel (p =0)
YSIR (dB) 0 6 12 18 24
Accurate 1.226(-2) | 7.133(-5) | 5.057(-8) | 1.982(-10) | 5.222(-12)
TGA [(46), (47)] | 1.226(-2) | 7.133(-5) | 5.957(-8) | 1.982(-10) | 5.222(-12)
Correlated Rayleigh channel (p = 0.4)
vsrr (dB) 0 6 12 18 24
Accurate 4.370(-2) | 1.735(-3) | 1.457(-5) | 1.513(-7) | 5.168(-9)
TGA [(46), (47)] | 1.681(-2) | 3.895(-4) | 4.630(-6) | 8.027(-8) | 4.320(-9)

Define the eigen-decomposition of the covariance matrix b/ using (46), the analysis can be extended to many coherent

co asXgo(0) = UA U, with Ay = diag(\, ..., Ar). Then and noncoherent modulation formats (see [29]).

we define a transform of the static fading vectorcgf that is Although the new result using the TGA approach is quite

b= [, -, 6] = UHSe0(0)] /Py, o. The MGF is useful, itis still less versatile than the low-complexity Methods |

given by and I [(30) and (35)] in that the former only applies to the inde-
pendent fading channels, while the latter methods are applicable

Drran (8) to correlated fading channels as well. Some numerical compar-

L L : .
sA/0F o] ison of the TGA approach and our low-complexity methods are
= €xp <Z T)‘k/o’% || H (I —sh/o7)™". (46) given in the next section.
k=1 k=1

By using the alternative form of the Gaussi@nfunction VI. NUMERICAL RESULTS
[28], for BPSK demodulation the average BEP expression '"Numerical results on BEP performance of coherent and

(43) is given by differentially coherent detection are presented, including
1 /2 the effect of diversity reception, fading correlation, and
Py = ;/ @ (—1/sin® 6) db (47) multiple cochannel interferers, etc. For the Rician fading
0 channel, the Rician factors at all the diversity branches that

where®., .. (s) is given by (46). To the best of our knowledgebelong to the same user are assumed to be identical, that is
(47) and (46) are new and exact results for MRC diversity of&, = K, ; = --- = K,,  forn = 0,1, ..., N. Further-
Rician-faded signal in the presence of multiple Rayleigh-fadedore, when the fading correlation is considered, we assume a
interferers with arbitrary mean signal powers. In this fadingonstant correlation model for all the users. For example, for
channel case, the TGA method [(46) and (47)] is equivalent 1o = 3, we set
our exact approach (7), and also to our low-complexity Methods

| and 11 [(30), (35)], which is verified by our numerical evalu- $5,(0) = " L T

ations. This can be explained by two facts: 1) when the inter- T 1+ KL P f

ferers are Rayleigh fade{;_, ¢, 1(1)d,. (i) + &(4), the sum pr

of the NV interferers’ signal and the noise at ealth branch for all n, wherewy andw; = ws = --- = wy are the normal-
(l=1, ..., L), is azero-mean Gaussian variable with varianéeed mean signal powers of the desired user and the cochannel
o2 and 2) the sum of the interference components and the naiseerferers, respectively. The iid fading channel model is ob-
is independent between different branches. tained by setting = 0. The average signal-to-noise ratio (SNR)

Based on a different approach, the work in [7] presengt the combiner output is defined @gyr = wo/0?, and the
another expression for the distribution of the SINR adverage signal-to-interference ratio (SIR) is definedqgg =
one Rayleigh-faded signal in the presence of multipley/ Eﬁ;l W, -
Rayleigh-faded interferers with.-fold MRC diversity. In First, we compare the TGA approach [(47), (46)] with the
[7], a pdf expressionf(vsinr) Was derived by analyzing the exact result for BPSK modulation with MRC diversity & 3),
probability density distributions of both the interferers andhen the desired user is Rician faded with the SNRy = 30
the desired signal. In comparison, our TGA result [(47), (46YB, and in the presence &f = 6 Rayleigh-faded interferers.
applies to more general cases. First, our result applies to fftee desired user has the Rician factdg = 7 dB and real
case when the desired signal is Rician-faded with nonidenticitic fading componenis. , (thatisf, = 0). The BEP values
statistics at different branches, while in [7] the desired signebmputed by using the exact and approximate expressions for
was limited to be Rayleigh faded with i.i.d. statistics. Secondjfferent operating SIRs are presented in Table I.
for the case of different mean powers of the CCl, [7] givesa  For independent diversity with Rayleigh-faded interferers,
result for up taV = 3 interferers, while our result is valid foranthe TGA gives accurate results as expected. However, in
arbitrary number of interferers with distinet,. Equation (46) the presence of correlated diversity branches= 0.4), the
can also be used to obtain the outage probability expression T@A approach is quite inaccurate. Note that, in this case, the
the desired signal, in the form of a single integral. Furthermorapproximate schemes using (35) is accurate.
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TABLE I 1 : —A’— bEx;nct Anz:lysis
BEP VALUES (TRUNCATED TO THE THREE MOST SIGNIFICANT DIGITS) | = Approx. Ara. |
COMPUTED BY USING THE ACCURATE AND THE APPROXIMATE METHODS FOR 10 | =7 Approx. Ana. 1|

N=§, L=2
Ko=7dB, K =3dB

BPSK WITH MRC (L = 3) IN INDEPENDENT AND CORRELATED FADING
CHANNELS. g = 7dB, K; = 3dB, N = 6, AND Jyg = 30 dB.
2(—n) DENOTESz x 10~

Independent Rician channel (p =0, K1 = 3 dB)
YSIR (dB) 0 6 12 18 24
Accurate | 1.61(-2) | 6.63(-5) | 5.03(-8) | 1.85(-10) | 5.14(-12)
Method I | 1.44(-2) | 9.80(-5) | 7.97(-8) | 2.25(-10) [ 5.43(-12)
Method 11 | 1.23(-2) | 7.13(-5) | 5.96(-8) | 1.98(-10) | 5.22(-12)
Correlated Rician channel (p = 0.4, K1 = 3 dB))
YSIR (dB) 0 6 12 18 24
Accurate | 2.25(-2) | 1.67(-4) | 1.77(-7) | 6.66(-10) | 1.81(-11)
Method I | 1.93(-2) | 2.04(-4) | 2.50(-7) | 7.87(-10) | 1.91(-11)
Method 11 | 1.72(-2) | 1.70(-4) | 2.19(-7) | 7.47(-10) | 1.88(-11)

8it error probability

1 L t

N
@l
nk

5 6 7 8 9 10
Normalized reuse distance
TABLE 11l
BEP VALUES (TRUNCATED TO THE THREE MOST SIGNIFICANT DIGITS) Fig. 3. BEP versus the normalized reuse distance for BPSK with MRC in
COMPUTED BY USING THE ACCURATE AND THE APPROXIMATE METHODS FOR  independent and correlated Rician fading channels, Witk= 2, Ko = 7
BPSK WITH MRC (L = 3) IN INDEPENDENT AND CORRELATED FADING dB, Ky = 3 dB, and withNV' = 6 cochannel interfererg:, , is real and
CHANNELS. Ky = 7dB, Ky = 6 dB, N = 6, AND 74, = 30 dB. {w. ,}7_, are complex.

a(—n) DENOTES2z X 107"

Independent Rician channel (p =0, K; = 6 dB)

VSIR (dB) 0 6 12 18 24 10" _'-A-_ E;ﬁ:fr'sflls
Accurate | L.64(-2) | 5.35(-5) | 4.16(-8) | 1.71(-10) | 5.03(-12) = Ropocava
Method 1 | 1.48(-2) | 1.05(-4) | 8.55(-8) | 2.33(-10) | 5.50(12) 1 Kb

Method 11 | 1.23(-2) | 7.13(-5) | 5.96(-8) | 1.98(-10) | 5.22(-12)
Correlated Rician channel (p = 0.4, K; = 6 dB))
~vsrr (dB) 0 6 12 18 24

Accurate | 2.14(-2) | 1.23(-4) | 1.35(-7) | 5.05(-10) | 1.76(-11)
Method I | 1.84(-2) | 1.92(-4) | 2.44(-7) | 7.86(-10) | L.91(-11)
Method 11 | 1.59(-2) | 1.55(-4) | 2.12(-7) | 7.42(-10) | 1.88(-11)

107

Bit error probability

o
.

Next, we show the accuracy of our low-complexity methoc
(35) for the case of a Rician-faded signal in multiple Ri "
cian-faded interferers. We assume the static components
the desired usep,. , are complex, with the phase vectol s i
0y = [0, w/4, 7r/2]—'1. The phases of the static components ¢ ’ Normalized reuse distance
the interferersfy, ..., @y, are independent and uniformly dis-_ ) ) ) )

. _ Fig. 4. BEP versus the normalized reuse distance for BPSK with MRC in
tributed betweer0, 27). We seti(, = 7 dB andygsyp = 30 independent and correlated Rician fading channels, with 2, K, = 7 dB,
dB. LetK; = K; = --- = Ky denote the Rician factor of k; = 3 dB, and withV = 6 cochannel interfererg, , is complex with
all the interferers. The BEP results using the exact analysis prgse®o = [0, 7/2] 7, and{x, . };_, are also complex.
and the approximate methods (35) #6f — 3 dB and 6 dB are
given in Tables Il and Ill, respectively. from the different interfering base stations to the mobile are

The results show that our low-complexity methods give quiqual. Since the interference is considered to be overwhelming
a good approximation to the accurate result, and the accurawgr the background noise in cellular radio systems, we ignore
improves when the SIR becomes high. In comparison, Methttk effect of the additive noise. We 96t = 7 dB andK; = 3
Il is more accurate than Method | for medium to high SIRs. dB below.

After showing the accuracy of our low-complexity methods, InFigs. 3and 4, we plot BEP curves agaifidor BPSK with
we apply them to the analysis of BEP performance of cohereMRC diversity (L = 2) over independent and correlated Rician
and differentially coherent modulations in a cellular radifading channels, and with = 6 cochannel interferers.
system and study in detail the effects of correlated diversityIn Fig. 3, the static fading components of the desired user are
branches and nonidentical phasesfin In the system, the assumed to be cophased (i, = 0), while in Fig. 4 the static
normalized reuse distanck is defined as the ratio of the components have the same powers but different phases which
distances between the centers of two nearby cochannel calis arbitrarily set t#y = [0, 7 /2]". We use this set of values
and the cell radius of the desired station. As in [30], thioré,justto demonstrate th@§ have a significantimpact on the
fourth power path loss law is assumed for the user and all tB&EP performance, nevertheless it should be understoodghat
interferers; we also use the approximation that the distangeay be arbitrarily distributed in reality. The phases of the static

| : L I s N
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RN “A- Exact Analysis :
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Fig. 5. BEP versus the normalized reuse distance for DPSK with EGC kig. 6. BEP versus the normalized reuse distance for DPSK with EGC in
independent and correlated Rician fading channels, With- 2, Ky = 7  independent and correlated Rician fading channels, With 2, Ko = 7 dB,
dB, K; = 3 dB, and withN' = 3 cochannel interferergt, , is real and K; = 3 dB, and with’V = 3 cochannel interfererg, , is complex with the

{p, , }}_, are complex. phase vectob, = [0, 7/2]7, {p, ,}} _, are complex.
components of the interfere,, . .., 8y, are still assumed to the Rayleigh-fading approximation for the interferers becomes
be independent and uniformly distributed betwéer2z). more accurate for larger reuse distance. Whéncreases the

As the reuse distanc® increases, the BEP in all cases desame trend as the coherent modulation is observed, that is, the
creases, and the approximate methods give a good matchiegformance degrades for largewith real static components,
to the exact results in the whole reuse distance range studietiile itimproves for complex static components with the phases
For independent channels, the BEP curves are insensitive tofi¢hat we set. Itis interesting to see that with complex, and
phase vectdy, which can be observed by comparing the curvdsgherp, the BEP curves and their error floors are significantly
for p = 0 in Figs. 3 and 4. However, for correlated fading charlewer than the others.
nels,f, has a substantial impact on the BEP performance. It is
interesting to observe that, whép = 0, the BEP curves de-
grade significantly as the fading correlatipincreases. On the VII. CONCLUSION

— T
F:ontrary forop = [0, /2] " that we have set, th? BEP curves In this paper, we proposed a general mathematical framework
Improves ap increases. Our extensive computations (notsh0v¥8 determine the BEP performance for binary coherent and dif-

here) also demonstrate that channels with cophasgdnor- . . IR :
. . ; ferentially coherent modulation formats with diversity reception
mally cause higher BEPs than those with noncophased In . : - . :

. : . e arbitrary Rician fading channels, and in the presence of mul-
otherwords, static fading components with phase differences |orle cochannel interferers. The effects of arbitrary and distinct
the desired user will in many cases give lower BEPs, as shoyn . . > . y .
in Fig. 4 ading correlation and noise correlation between different diver-

Next we consider DPSK modulation with EGC diversity, WithSIty branches for the desired user and the interferers were mod-

L — 2and N — 3 cochannel interferers. The exact resu led exactly. By expressing the decision variables in Gaussian
for DPSK is computed from (18) and (22), by using the MG'guadratic forms an.d using _the MGF approaph, we derivgd the
expression (10) and (11), wheRs, andp, are given by (19) gxactBEP expressm.ns,wh.lch howeverentallsacomplexn.y that
and (20). BEP versug is plotted in Fig. 5 for reals, ,, and increases exppnentlally with the numbgr of cochannel mter-
in Fig. 6 for complexu, ,, respectively. The tempofal fadingferers. To facilitate performapce evaluation for systems with a
correlation coefficients are assumed to be identical for all /g€ number of cochannel interferers, we proposed two low-
branches and for all the users, that, (1) = p;S,.,,(0), for COMPplexity approximate BEP evaluation methods which yield
n=0,1,..., N.We setp, = 0.995: it is known that a larger accurate results and are far superior to the TGA method.
p: corresponds to a smaller Doppler frequency bandwidth for aln independent Rician fading channels, the BEP performance
given fading power spectrum [1], [9], thus a better performami;@insensitive to the phase distribution of static fading compo-
will result for differential detection. nents for the desired user. However in correlated diversity chan-
As R increases, the approximate BEP curves become m&&ls, the phase distribution plays an important role and may
accurate and merge with the exact BEP curves, and they r&sult in significantly different BEP performance. Numerical
give almost identical error floors for the same spatial correléesults also showed that increasing fading correlation will not
tion p. The appearance of error floors when the CCI vanishegcessarily degrade the detection performance in Rician fading
is due to the fact that, < 1 (or the nonzero Doppler fading channels, but on the contrary may significantly improve it, un-
bandwidth) for the desired signal. This also demonstrates thi&e the case for the Rayleigh fading channels.
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