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Abstract— This paper deals with the performance of prede- the expense of increased implementation complexity, since
tection equal-gain combining (EGC) receivers operating o8 an  channel phase estimation is required. In predetection EGC,
interference-limited fading environment with cochannel nterfe- the received signals in each of tiieantennae are cophased

rence (CCI). It is considered that the desired components of ith t to the desired t I iahted
the received signals experience independent, but not nesasily Wt respect 1o the desired component, equally weighted, an

identically distributed, Nakagami-m fading, while the interferers Summed to give the resultant output signal [2].

are subjected to independent Rayleigh fading. The analysiss Several papers have been published in the open technical
not only limited to identically distributed interferers, b ut rather |iterature concerning the performance of predetectiorakqu
|nclud¢s the case of |nFerferers with distinct average pows. gain diversity systems under multipath fading (see [2]}[10
Following the coherent interference power calculation andby - .

using a useful lower-bound for the distribution of the sum of and references therein), while a_sma”er number of V_Vorks
Nakagami-n fading envelopes, novel closed-form upper-bounds have been presented when CCI is further being considered
for the outage and average symbol error probability for seveal [11]-[15]. In an early work [11], the outage performance of
modulation schemes are presented. Moreover, lower-boundsr  EGC receivers under Nakagami-fading channels and CCI
the Shannon average spectral efficiency are derived in clode has been studied. The same authors, in [12], have analytical

form. Numerical results demonstrate the effect of the numbe . . -
of the interferers, the number of the receiver branches, and derived the average bit error probability (ABEP) of dual-

the severity of the fading on the EGC performance. Computer branch EGC receivers witd/-ary-phase shift keying (/-
simulations are also performed to verify the tightness andte PSK) signalling operating over Nakagami-fading in the
correctness of the proposed mathematical analysis. presence of Rayleigh CCI. In another related work [13], a
useful analytical expression for the outage performance of
EGC receivers operating in an interference-limited Raylei
Demands for increased capacity cellular networks haftading environment with multiple cochannel interfererss ha
forced the systems designers to decrease the channel rdaessn derived, while in [14], the EGC performance for band-
distances, but according to this design scheme, the ovefilflited binary phase shift keying (BPSK) systems operating
network capacity can not be made as large as desired. TiheNakagamim fading with CCI has been analyzed. In that
deliberate reuse of radio channels over relatively short giaper, by employing spectrum raised-cosine and Beaulieu-
stances limits the reception quality mainly due to cochénrigan-Damen pulse shapes, the corresponding ABEPs have
interference (CCI) from adjacent cells [1]. Additionalthe been analytically derived. Very recently, by following the
reception quality is further degraded due to the multipathoments-based approach and the Padé approximants theory,
propagation phenomenon and thermal noise. A well-knovenunified framework for the performance of EGC receivers
challenging issue in order to mitigate the impact of fadind a in the presence of multipath fading, CCI, and additive white
CCl is diversity, which is considered as an attractive mea@aussian noise (AWGN) has been presented [15]. In that work,
for improving the performance of cellular radio networksthe desired components of the received signals is assumed to
Among the most popular diversity techniques, maximaleratexperience Rice, Nakagami; and Weibull fading, with the
combining (MRC), equal-gain combining (EGC), and selednterferers being subjected to Nakagamifading. However,
tion combining (SC) are included. EGC presents significaatunified performance analysis concerning predetection EGC
practical interest because it provides better performanae receivers in terms of tabulated functions has not been prede
SC and comparable to MRC, but with lower implementatiopet. The lack of a such solution stemmes from the difficulty
complexity. By comparing the two classical implementagiorof finding the distribution of the sum oV fading envelopes.
of EGC referred to as predetection and postdetection comlsi-all above mentioned papers, approximative solutionehav
ning, the former provides better performance than latter lbéen given where either a truncation error is involved or the
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results are in the form of unsolved integral with infinite isn  expectation)(, is the AWGN complex sample in thigh input
The use of bounds, as opposed to such analytical solutionsanch having single-sided power spectral dendigyidentical
serves as a safe method of tackling the performance of E&Call branches, and = /—1. With R,, the instantaneous
receivers in a computational efficient and easy way. fading envelope of the desired component of the received
In this paper, the benefits of employing predetection EG&Ignal in the/th input branch is denoted, with its PDF given
receivers in cellular radio networks are being addressed &y
studied in terms of tabulated functions. In this effort, énd me\ ™ g2me—1 me
pendent, but not necessarily identically distributed, &gdmi- fro(x) = (Q—) T (my) &P (—Q— z ) (2)
m fading and multiple Rayleigh distributed cochannel inter- ‘ ‘ ‘
ferers are being considered. The presented analysis is {ere ), = &(R?) andm, > 1/2 are the average fading
limited Only to independent and identica”y dlStrlbUteddl) power and the Nakaganfm_fading parameter, respective|y and
interferers, but it also includes the important case of indg (.) is the Gamma function [16, eq. (8.310/1)]. Moreover in
pendent and not identically distributed (i.n.i.d.) intdrs, (1), Gui = X, exp[) (0,0 — ®,)] is a zero-mean Gaussian
which more aCCUrately describes realistic cellular Wselecomp|ex random Variab|e' (RV), expressing the channel gain
channels. Following the coherent interference power ¢@iCuof the vth interferer in thefth input branch multiplied by
tion and by using a useful lower-bound for the probabilithe cophasing factoexp(—;®,), with (6,0 — ®;) being
density function (PDF) of the sum of Nakagami-fading yniformly distributed in[0,27) and X,, being Rayleigh
envelopes, novel upper-bounds for the outage probabi§))(  distributed. We further consider equal average fading powe

and average symbol error probability (ASEP) for severglym each interferer to each receiver branch, e[ X2, ) =
modulation schemes as well as lower-bounds for the Shannon v

average spectral efficiency (ASE) are obtained in closeafo £ v+ ¥¢- The usual assumptions are made, that the desired and
Computer simulation are also performed in order to veriy tHnterfermg compqnents are _uncorrelated with each other an
tightness of the proposed bounds. that the channel is slow fading for both qf them.

The remainder of this paper is organized as follows. Sec-AS in [13], by following the coherent interference power
tion 1l presents the system and channel model, while in Se&glculatlon and the Gaussian interference model [17], the
tion 111, performance bounds for the OP, ASEP, and ASE afféstantaneous EGC output SINR per symbol can be expressed

obtained in closed-form. Numerical and computer simufetio S

results are presented in Sectibh, while concluding remarks N 2 N 2
are given in SectioiV. E, <Z Ri> ]’i—o <Z RZ—)
[I. SYSTEM AND CHANNEL MODEL zZ= 1:1L N 2~ = L )
Let us consider anV-branch predetection EGC receiver N No +aE; ;1 kZ:l Gik N+ag: Z; I

where the desired component of the received signal in each
branch undergoes frequency flat fading and AWGN, while it ighereq = 1 — p/4 with 0 < p < 1 being the roll-off factor

being corrupted by. independent Rayleigh cochannel interfepf hoth the transmitting and receiving RRC filters ahd=
rers. Matched filters with root raised-cosine (RRC) frequen 2

N
response are being employed at both transmitters and eecelé_:k—le”'k
sides. In each branch, the signal is passed through the RE¥EN DY

is an exponentially distributed RV with PDF

filter and the sampler, while perfect timing synchronizatio f1(x) = _i exp <__£) (4)
for the desired user is assumed. After cophasing the reteive i 1, I,
signals in each branch with respect to the phége(!/ = _ _ o )
1, 2,..., N) of the corresponding desired component and théid , = N P, being its corresponding average value. The
summed, the complex baseband signal at the output of §#m of L exponentially distributed RVs appearing in the
EGC receiver can be expressed as denominator of §), can be represented by another RV for
N LN the following two cases. In case of egual interferers’ pawer
S =dp ZRi + Zde Xk, exp [y (Ok,; — ;)] II.EerI.EllrIIDg;/ distP;ibvth,i()t:e PDF oft7 = a 3.i= Ii is given by the
i=1 k=1 j=1 o
+_ Ciexp(— ) Y (L—1)! (aNP)" P\TaNP

i=1
wheredy andd, (v = 1, 2,...,L) are the desired andth with corresponding average pow& = a L N P, while in

interfering complex transmitted symbols, respectivelythw case of distinct interferers powers, i.&; # P; Vi # j, by
average enerdyE, = & (|do|*) = £ (|d,|*) (£(-) denotes

L
1 Hk T
LOnly constant envelope modulation schemes are being @esido be fulz) = — — exp (— — ) (5b)
used with EGC. aN Z a N Py,
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with corresponding average powgr=a N Y.~ P; and whereR, = Q,/P is the average SIR of théh input branch
andA(n; x) is defined ag\ (n; z) 2 x/n, (x+1)/n,..., (z+

L J—
1, = H — P”_ : n—1)/n, with x an arbitrary real value anda positive integer.
i=1 Py =P 1) Outage probability:OP is defined as the probability that
v the instantaneous SIR falls below a given outage threshgld
[1l. PERFORMANCEANALYSIS Starting with
Starting with @), the instantaneous SIR at the output of the Yen
EGC can be expressed as Pout (Vin) = fy(z) d (12)
0
2
1 N substituting 11), and by using [19, eq. (26)], the OP can be
T ZRi : obtained in closed-form as
i=1 _ 1-N
Using the well-known inequality between the arithmetic andp s (en) = NE2 (V 277)
geometric mean [16, Section 11.116] for RRs o (L—1)! TV, T (my) 13
N N N
1 _ am; A(N;1-L),1
N ZRi > HRz'l/N (7) X GN]-\LIZYJL l%ﬁ H < R > ‘ml,mz,...,mN,O] :
i=1 i=1 i=1 v
(6) can be lower bounded as 2) Average symbol error probabilityThe most straightfo-
PN rward approach to obtain the ASEP,., is to average the
v > N? i (8) conditional symbol error probability,. () over the PDF of
, .e.,
where RV P is defined as the product ok, i.e., P = 7 — >
1Y, Ri, with PDF given by [18, eq. (4)] Pse = /0 Pye(2) fy(x) dz. (14)
2 Nol| o N m; _ For P,.(y) there are well-known generic expressions for
fr(a) = ———Gon |7 H (Q_Z) L e different sets of modulation schemes, including:
z le( i) =t i) Binary frequency shift keying (BFSK), BPSK and
= 9) for higher values of average SIR, differentially enco-
whereG [-] is the Meijer’'s G-functioA[16, eq. (9.301)]. It can ded BPSK (DEBPSK), quadrature phase shift keying
be easily recognized, that for the special caseéVof= 1 and (QPSK), minimum shift keying (MSK), and squané-
by using [19, eq. (11)],9) reduces to ). ary-quadrature amplitude modulatiod/(QAM), with
Since RVsP andU are mutually independent, by using) ( M > 4, in the form of
and [20, eq. (6.43)], an upper-bound for the PDFafan be =—
deriv[ed asq ( ) PP i Pe(y) = Aerfe ( B’Y) (15)
N > N/2 zy\N/2 where erf¢-) is the well-known complementary error
@) = 2NN, y(@y)™ fr [(W) fuly) dy. function [16, eq. (8.250/4)];

(10) i) Non-coherent BFSK (NBFSK) and binary differential
Next, the performances of EGC are studied for the two cases phase shift keying (BDPSK), in the form of

of equal and distinct interferers’ powers.

Pse(y) = A exp(=B); (16)
iii) m/4-differential QPSK £/4-DQPSK) with Gray enco-
ding, M-PSK, andM -ary-differential phase shift keying
(M-DPSK), with M > 4, in the form of

A. Equal Average Interferers’ Powers

By substituting 58 and @) in (10), an integral which is not
included in tables of classical reference books such as [16]
arises. By expressing the exponential functions as MsifgF’
functions [19, eq. (11)], using [19, eq. (21)], and after som B A
mathematical manipulations, the PDFpfcan be derived as Pee(v) = A /0 exp[~B(6) 7] df. 17)

NL+1/2 (ﬁ /2 7) =N . In the above expressions fét. (), the particular values o,
= (L—1) HN T (m,) B, andA depend on the specific modulation scheme employed
CAhi=l ! (11) and can be found in [21]. Next14) is solved in closed-form

N ﬂ (ami) A(N;1—L) ] for each one of the above sets of signals.
=1 RZ

f+(@)

N,N
X GNN Using (11), (14), and (5), it can be easily recognized that
for the first set of modulated schemes (i.e., BPSK, BFSK,
2By applying the transformation given by [16, eq. (9.303)I8), G [] can DEBPSK, QPSK, MSK, and squard-QAM), the evaluation
be expressed in terms of more widely used functions, sucheageneralized of definite integrals, which include Meijer’s, power, andoex

Hypergeometric [16, eq. (9.14/1)]. Both Meijer's G-furmctiand generalized . . . . . . . .
Hypergeometric function are included as built-in functiom most of the nential functions, is reqwmd' Since this kind of mtegrare

popular mathematical software packages such as Maple atiteMatica. not tabulated, the solution can be found with the aid of [19,
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eg. (21)], so that the ASEP can be expressed in a closed-fornBy using (3), the outage spectral efficiency can be also
as derived in a simple closed-form expression Bs..(z) =

- 1— Py (2% —1).
P AN o
VAL~ DI T (mo)

N3N N aNm;\ |AN;1—L),A(N;1),A(N;1/2)
X G 3NaN H BR, ‘ (N0 : By substituting $b) and Q) in (10) and by using [19, eq.

B. Distinct Average Interferers’ Powers

mi,ma,...,mN,A

i=1 i9) (21)], the PDF ofy can be derived as
Similarly, by substituting 11) and (6) in (14) and by using N3/2 (\/2 W)I*N .
[19, eq. (21)], for the second set (i.e., NBFSK and BDPSK) fy(x) =- 15, T (m) z ZH’C
the ASEP for can be derived as =1 ‘ (23)
o L 1-N am; A(N;0)
se = AN (2]\7;) XG%% NH(R ) my,ma,..., mN‘|
(L—=1)!TLL, T (ma) 19) ik ;
N —
G N:2N a N'm; \ |A(N;1-L),A(N51) whereR,, = Q,/P, is the average SIR of theth interferer
X 2N,N H BR; M1,M2,...,;MN i i
iy i 12y in the ¢th input branch.
while for the third set (i.e.sr/4-DQPSK with Gray encoding, 1) Outa_ge probability:Starting with (2), SUbSt'FUtmg_ £3).
M-PSK, andM-DPSK), as and by using [19, eq. (26)], the OP can be obtained in closed-
form as
” ANL (2m)N .
se — - L
(L— 1) TIY, T (my) oo (un) — \/NN(\/z 7) S
A ven |17 (@ Nmi \ |awia-L).ami) i T (mi) =t (24)
X GaoxN H NR. ‘ do.
o =5 \B( ) R; MM, MmN N Nt1 am; A(N;0),1
n (20) GN+1 N+1 lyth H mi,ma,..., mn,0 ’

The integral in the last equation can be evaluated via nuwaleri N o

integration using any of the well-known mathematical sefiey ~ 2) Average symbol error probabilityBy substituting, 15),

packages (e.g. Mathematica and Maple). and @3) in (14) and by using [19, eq. (21)], for BPSK, BFSK,
3) Average spectral efficiencyfhe Shannon capacity of aDEBPSK, QPSK, MSK, and square/-QAM, the ASEP can

channel defines its theoretical upper-bound for the maximupf expressed in a closed-form as

data transmission rate at an arbitrarily small bit erroerat

without any delay or complexity constraints. Therefores th 5  AVN (27)'™" XL:H

Shannon capacity represents an optimistic bound for maicti =~ *¢ N Hf\; T (m;) &= k

communication schemes, and also serves as a benchmark N (25)
against which to compare the spectral efficiency of all pcatt GSJJVV321>/V H (aNmi) ‘A(N;O)yA(Nz,l),A(N;lﬂ) '
adaptive transmission schemes [22]. In an interferemoédd P BTR; m1,ma,...,mn,A(N;0)

environment without fading the Shannon spectral efficiescy
given by S.(v) = log,(1 4+ 7). As this equation reads, sinceSimilarly by using (6), for NBFSK and BDPSK, the ASEP
S.(v) is directly connected tey, it can be also consideredfor can be also derived as

as another RV. Hence, the ASE can be obtained by averaging

. A N L
S.(7y) over the PDF ofy [23], i.e., & N ( Z
— o0 ]._.[7, 1 (mZ k=1
S, = / logy (1 + z) £ (z) da. (21) N (26)
! c Gy | T (40 [am.awy
By transforming the logarithm to Meijer’s G-functions [16y. NN TL\BRiy ) | mamascimay

(11)], averaging over the PDF afas represented byL{) and
(21), and by using [19, eq. (21)], the ASE yields in closedwhile for 7/4-DQPSK with Gray encoding)/-PSK, andM -

form as DPSK, as
5 _ NL-1/2 (\/27T)3(1_N) AN 20N )i-N L A
e — N J—
111(2) ( - 1)' H I (mz) Pse HN (m ZHk ‘/0
N i) k=1 27)
3N.2N am;\ | A(N;1-L),A(N;0),A(N;1) (
X G3N 3N lH ] ) M1 ma,m, AN;0),A(N;0) | % G N2N H a N my; A(N 0), A(N 1) do
i=1 Ri e o ’ 2N,N :
(22) ’ i—1 B(O) ik M1,M2,0y
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Fig. 1. OP as a function of the normalized outage thresholtheatoutput Fig. 2. OP as a function of the normalized outage threshotdi.foi.d.
of EGC receiver with three branches. desired and interfering components at the output of EGGverceiith three
branches.

3) Average spectral efficiencyBy substituting 23) in (21)
and following a similar procedure for the derivation @2), with an exponentially decaying PDP for the desired compo-
the ASE for i.n.i.d. interferers can be obtained in closedr nents of the received signals with, = 0.2 and for several

as values ofm and L. Fig. 1 is plotted for i.i.d. interferers, while
3(1-N in Fig. 2, i.n.i.d. interferers withd; = 0.2 are being considered.
3 _ VN (\/ﬂ) ( : XL:Hk As expected, the results clearly show t#gt,, improves with
‘ In(2) vazl I (mi) i— a decrease aof and/ory,,/R1,; and/or an increase of.. For
N comparison purposes, the curves for the corresponding exac
x NI (ﬂ) AN;0),A(N;0),A(N31) P,.:, obtained via computer simulations, are also included in
P \ Rk J Imasmayema, AN50),A(N;0) these figures. By comparing the numerically evaluated tesul

(28) with the computer simulated ones, we deduce a close match

between them. Specifically, asincreases, the bounds become

ﬁghter. For example, from Fig2 for L = 1, and P, (-) =

6 x 1074, for m = 1 andm = 4, the differences between

exacts and bounds are 3 dB and less than 0.3 dB, respectively.

The trend of the results can be explained as follows. As it is
In this section, representative performance evaluatisalte clear, the lower the difference between the terms of the left

for N-branch EGC receivers operating in the presence band side (LHS) and right hand side (RHS) @f, (the tighter

multipath fading and CCl, such as the OP and ABEP for digitare the bounds. In fact, equality i)(holds if and only if all

communication systems are presented. Without loss of genek,'s are equal with each other, i.€; = Ry = --- = Rx.

lity, the presented results are for identical values & m) and For relatively large values of:, all fading envelopes?, will

integer-order fading parameters. When i.n.i.d. desiredpm  be with high probability close to their average value, angth

nents and/or interferers are being considered, expotigntiat is expected thaRk,’s will take similar values.

power delay profiles (PDP)s which are determined(hy= Using (18)—(20) for i.i.d. and @5—(27) for i.n.i.d. inter-

0 exp[—dp (¢ —1)] and/orP, = Py exp[-§; (v —1)] are ferers, the ASEP performance upper-bounds of\abranch

being assumed, respectively, with andd; being the respec- EGC receivers, operating in the presence of Nakagami-

tive power decaying factors. fading and CCI, can be numerically evaluated for various
Having numerically evaluatedl®) and @4), the performa- coherent or non-coherent and binary or multilevel modaiati

nce upper-bounds for the OP,,,;, of a three-branch{ = 3) schemes. As an indicative example, the ABEP performance,

EGC receiver are presented, in Figsand 2, respectively, as Py, = Ps./log,(M), of Gray encoded 8-PSKM = 3) is

a function of the normalized t®, outage thresholdy;, /R, illustrated in Fig.3. In Fig. 3, P, is plotted as a function

while by using 24), the outage ASE can be also derived in
simple closed-form.

IV. NUMERICAL AND COMPUTER SIMULATION RESULTS
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Fig. 3. ABEP performance of 8-PSK signalling for an EGC reeeiwith

four branches operating in a i.n.i.d. Rayleigh fading emvinent.

of the average SIR per bit of the first input branep, =

Ra1,1/logy (M), for a Rayleigh fading environment with 8-
PSK signalling,N = 4, p = 0.8, and for several values of
L andm. As expected, the obtained performance evaluatiéi!

results show thaP;. improves with an increase d¥ and/or

m. For comparison purposes, results obtained by means of
[15]

computer simulations are also included in F8y.verifying
the tightness of the proposed bounds. Similarly to Figand

2, the numerically evaluated results for the bounded ABERS]
are close to the simulated ones, while as previously meatio

the higherm, the tighter the bounds are.

V. CONCLUSIONS

in an interference-limited environment was studied. Coesi
ring independent, but not necessarily identically disiigal,

lower-bounds for the ASE were derived in closed-form. Co

fading parameter, the tighter the proposed bounds are.

[20]

[12]

"7
[18]

[19]
The performance of equal-gain diversity receivers opegati

[20]
Nakagamim desired and Rayleigh interference components,
novel closed-form upper-bounds for the OP and ASEP, akdl
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