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Abstract In wireless communication channels, the performance of the wireless com-
munication systems deteriorate due to the severe influence of interference, multipath
fading, path loss, shadowing, and noise, respectively. In this paper, we investigate the
performance of the system transmitting over correlated #—u frequency selective fading
channels in terms of average error rates. Based on moment generating function approach,
closed form expressions for average error probabilities for the system are derived and
represented in terms of Appell’s hypergeometric functions and Lauricella’s multivariate
hypergeometric functions. In addition, probability density function based approach is
employed to determine the formulae for average error probabilities of the system operating
over correlated y—u multipath fading channels. The numerical results reveal that, the
effects of correlation, decaying power factor and signal constellation size can be reduced
using frequency, spatial antennas and path diversities, respectively. Furthermore, we
confirm the correctness of the analytical approaches through Monte Carlo simulation
technique.

Keywords Average error probability - Correlated fading channels - Decaying power
factor - MC DS CDMA MIMO systems - #—u multipath fading channels

1 Introduction

The influence of multipath fading, intentional and unintentional interference, noise and
other destructive obstacles on wireless communication systems performance operating in
hostile environment results in system performance degradation. Then, the use of
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multiantenna systems in conjunction with wireless communication systems can increase
spatial diversity, improves channel capacity and reduces the detrimental effects of multi-
path fading and other obstructions as well. Therefore, multicarrier direct sequence code
division multiple access (MC DS-CDMA) system coupled with MIMO systems has the
potential to mitigate the deleterious impact of multipath fading, interference and noise
respectively. In this case, MC DS-CDMA is a digital modulation and multicarrier tech-
nique formed by combining orthogonal frequency division multiplexing (OFDM) with
direct sequence code division multiple access (DS-CDMA) [1]. The operation of this
system is based on time domain spreading code or combination of time domain and
frequency domain spreading codes respectively. Hence, the input data stream is serial to
parallel converted and spread using spreading code in time domain and then each sub-
carrier is modulated differently with each of the data stream [2]. In addition, the appli-
cation of multiple input multiple output systems to multicarrier wireless communication
systems can significantly increase the channel capacity and lower the error probability
without any increase in the transmission power or expansion of the required bandwidth. In
this case, wireless communication systems will be highly complex in structure and costly
because of the involvement of multiple radio frequency (RF) devices. Thus, the
portable mobile terminals may accommodate a small number of antennas due to the size
and power limitation [3]. The antennas are connected to both ends of the system forming
multiple input multiple output MC DS-CDMA (MIMO MC DS-CDMA) system. Based on
space time coding technique, information is spread across the transmit antennas and allows
the receiver to achieve transmit diversity. This, on the other hand, maximizes the diversity
gain of the wireless communication system over fading channels. Furthermore, space time
block codes (STBC) are utilised to orthogonalise the MIMO wireless channels, i.e., STBC
simplify maximum-likelihood decoding by decoupling the vector detection problem into a
simpler scalar detection problem [4]. Therefore, the operation of the system is based on
channel state information available at the receiver side and exploits space time block code
at the transmitter side. In addition, we incorporate a RAKE receiver into the system
receiver side to reduce the impact of multipath fading.

The performance of broadband multicarrier DS CDMA system operating over Rayleigh
frequency selective fading channels using space time spreading assisted transmit diversity
is explored [5]. The authors considered both the conventional MC DS CDMA system using
only time domain spreading code and broadband multicarrier DS CDMA system
employing time and frequency domain spreading codes respectively. They analysed the
systems in terms of average bit error probability of binary phase shift keying. In [6], the
authors explored the performance of space time block code multicarrier direct sequence
code division multiple access functioning over Rayleigh multipath fading channels in
terms of average bit error probability of BPSK modulation technique. They analysed
multiuser interference using standard Gaussian approximation method to derive instanta-
neous signal to interference noise ratio (SINR) at the output of the RAKE receiver. Hence,
based on probability density function (PDF) of instantaneous SINR, the expression for
average bit error probability was derived. The authors in [7] proposed a wireless com-
munication system (multicarrier) that reduces the effect of correlation among the sub-
carriers, suppresses partial band interference and operates over frequency selective
Rayleigh fading channels. They employed average bit error probability as a metric to
evaluate system’s performance. Elnoubi and Hashem [8] studied the bit error rate per-
formance of MIMO MC DS CDMA system operating over Nakagami-m multipath fading
channels. The impact of RAKE receiver in conjunction with maximal ratio combining
diversity on the system performance was also taken into account. Yang [9] studied the bit
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error rate performance of multiantenna MC DS CDMA system operating over correlated
time selective Rayleigh fading channels. The space time spreading technique based on the
family of orthogonal variable spreading factor (OVSF) code was proposed in order to attain
time diversity. He investigated the performance of the multiantenna MC DS CDMA
system over correlated time selective Rayleigh fading channels in terms of average bit
error probability. Peppas et al. [10] studied the performance of a wireless communication
system operating over n—u frequency selective, slowly fading channels with arbitrary
fading parameters in terms of average channel capacity, average error probability and
outage probability respectively. Furthermore, they also evaluated the performance of DS
CDMA system.

In this paper, we include the RAKE receiver at the receiver side of the multiantenna MC
DS CDMA system and evaluate its performance over correlated n—u frequency selective
fading channels in terms of average error probability. We derive instantaneous signal to
interference noise ratio (SINR) at the output of the RAKE receiver. Furthermore, we
develop moment generating function (MGF) and PDF of the instantaneous SINR of the
system. In this case, we exploit both MGF and PDF based approaches to derive average
error probabilities of binary phase shift keying (BPSK), multilevel phase shift keying
(MPSK) and square M-ary quadrature amplitude modulation (MQAM) modulation format
of the system communicating over correlated y—u frequency selective fading channels and
express them in terms of Gauss hypergeometric functions, Appell’s hypergeometric
functions and Laurricella’s multivariate hypergeometric functions, respectively. The closed
form expressions for average error probabilities obtained are novel contributions of the
authors.

The next section describes system model which includes transmitted signal, channel
model and received signal, respectively. In Sect. 3, we analyse the system and derive
instantaneous SINR at the RAKE receiver output. In addition, we obtain MGF and PDF of
the instantaneous SINR of the system transmitting over correlated #—u frequency selective
fading channels. The average error probabilities of BPSK, MPSK and square MQAM
modulation schemes for MIMO MC DS CDMA system operating over n—u frequency
selective fading channels are developed in Sect. 4. Whilst in Sect. 5, the numerical results
and discussions that illustrates the performance of the system are presented. Finally,
Sect. 6 outlines the conclusion of the paper.

2 System Model Description

In this section, we describe multiantenna MC DS CDMA system within the framework of
the transmitted signal, channel model and receiver model, respectively. In addition, brief
explanation about #—u fading distribution is considered.

2.1 Transmitted Signal

In this subsection, it is assumed that the system has M, transmit antennas and N, receive
antennas respectively. Thus, the configuration of the system is called multiple input
multiple output MC DS-CDMA (MIMO MC DS-CDMA) system. Basically, the system
operation assumption depends on channel state information known at the receiver side
while the transmitter utilises space time block codes (STBC) for the receiver to achieve
transmit diversity. The input datastream is first serial to parallel converted to U substreams.
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In this way, the symbols in each substream are spread in time domain and mapped to M,
transmit antennas. So each subcarrier signal is multicarrier modulated by invoking inverse
fast Fourier transform (IFFT) and then summation of the modulated signals is carried out
and transmitted [2]. On the other hand, it is assumed that each subcarrier signal experiences
flat #—p fading. In this case, let us suppose that the system MIMO MC DS-CDMA uses two
transmit antennas and two receive antennas respectively. Hence, we also assume two
symbols say xj (¢) and x(#) to be transmitted simultaneously based on Alamouti technique
[4] from transmit antenna 1 and transmit antennas 2 at the same first time slot. At the
second time slot, the complex conjugate of symbol —x7(¢) is transmitted from antenna 1
and complex conjugate of symbol x}(7) is transmitted from antenna 2 simultaneously. In
addition, we presume that the channel from either of the transmitters to any of the receivers
experience frequency selective n—p fading. The two transmitted symbols of user k are
given by

2P
MU

\/ ck (1) by (1) cos <2nf,j + ¢l.2j),
i

where b} (t) and b?(t) are odd and even data stream transmitted by the kth user, where
BE(t) =302 br[n]Pr,(t — nTy), bX[n] € {+1,—1} represent binary data sequence with
equal probability, modulating the uth subcarriers, Pr(f) is a rectangular pulse uniformly
distributed in [0, T) interval, ¢} () and c} () represent spreading codes in time domain in
transmitters 1 and 2, respectively, where ¢ (1) = > 02 cx[n|(t — nT.) is the spreading
code waveform of user k and T is the chip duration, where cﬁ € {+1,—1}, with equal
probability, while y(t) is a rectangular chip waveform of T-domain spreading sequence
which is defined over the interval [0, T.), U is the number of subcarriers, q is the number of
bits in the data stream, P is the transmitted power, f;; is the subcarrier frequency of the ith
bit at jth subcarrier, and ¢;; is the phase due to the multicarrier modulations. The channel
between the transmitter and the receiver during one time slot is assumed to be invariant,
i.e., the conditions of the two symbols during this interval of time slot remain unchanged.
But the characteristics of the channel vary after another interval of the time slot or another
symbol frame.
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2.2 Channel Model

The link between M, transmit antennas and N, receive antennas is assumed to be frequency
flat fading channels for each subcarrier. The fading envelope of the received signal is
modelled as #—pu fading distribution [11]. Hence, the impulse response for the kth trans-
mitted data over the jth subcarrier is given by

L
= Z OC;C(S([ — Tkl) eijlm, (2)
=1

where o, 7, 6(.) and ¥ denotes attenuation factor, time delay, Kronecker delta function and
phase shift respectively. The time delay (1) for the kth data is assumed to be uniformly
distributed over [0, T). Thus, the attenuation factor, time delay and phase shift are pre-
sumed to be constant over two symbol intervals.
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The y—p fading distribution is a generalized distribution that includes one-sided
Gaussian, Rayleigh, Hoyt (Nakagami-q) and Nakagami-m distribution as special cases,
respectively. Therefore, this distribution characterized a small scale variation of the fading
signal in a non-line of sight circumstance. Then, the power PDF of the instantaneous signal
to noise ratio in both formats is given by [11]

2ﬁﬂu+0'5hﬂy“70'5 2/,th“/ 2,tu
T 7 o0s—ut05 SXP| — 7 Iu—O.S 7

T 0507

o) = (3)

where I'(.) is the gamma function, /,(.) is the modified Bessel function of the first kind and

order x, it = 2€a£(>) (1 + ( ) ) is the number of multipath cluster, H and 4 are functions of

1 in both formats differently, 7 = E[y] is the average signal to noise ratio, E[.] and Var[.]
represent expectation and variance operators, respectively. In case of format 1,
h=@Q+n" 4+ n/4 and H= (y~" — )/4, where > 0 is the ratio between the powers
of the in-phase and quadrature scattered waves in each multipath cluster. In addition, for the
case of format2, h = 1/(1 — 112), and H = n/(1 — 112), where 7 is the correlation coefficient
between the power of the in-phase and quadrature scattered waves in each multipath cluster.
Le., —1 <5 < 1. Therefore, the two formats are related mathematically as in [11].

2.3 Received Signal

It is assumed that multiantenna orthogonal MC DS-CDMA system supports K asyn-
chronous CDMA active users communicating with the base station in a single cell. They
use the same number of subcarriers and spreading factor as well. It is also presumed that
the average power received from each user at the base station is the same, i.e., perfect
power control condition. In this case, the operation of the receiver is in a reverse form to
that of the transmitter. Thus, the received signal is demodulated by employing fast Fourier
transform (FFT) based multicarrier demodulation in order to obtain U number of parallel
streams that corresponds to that transmitted on U subcarriers [5]. Therefore, each stream is
space time despread to form a decision variable for each of the transmitted data bits.
Consequently, combining and detection of the received signals is carried out. Finally,
parallel to serial conversion is performed to yield output data. The received signals during
the first time slot interval is [12]
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Similarly, the received signals during the second time slot is

L
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where K is the number of active users of the system, L is the number of resolvable path, Ty
is the time delay, h, ,, is the channel impulse response or fading coefficients from nth

@ Springer



544 J. O. M. Amok, N. M. Saad

receive antenna and mth transmit antenna respectively, n{ and n%, n% and n% denote an
additive white Gaussian noise (AWGN) at the first and second time slot on receiver
antenna 1 and antenna 2 and modelled as independent identically distributed (i.i.d) com-
plex Gaussian random variables with zero mean and double sided power spectral density
(psd) of Ny/2.

3 System Analysis

The system is analysed by employing Gaussian approximation method for modelling
multiple access interference in order to derive the PDF of the instantaneous signal to
interference noise ratio (SINR) by employing MGF based method. But, first we have to
take the complex conjugate of (5) and express the results with (4) in matrix form as

L
= ZHXk t—‘Ck[ + (6)

k=1 I=1

1 1 2 24\ 1T hlll h121 hll*2 hlz*z
where r(t) = [rl (2),ry(1), r7*(2), 13 (t)] JH = Woon g e |
12 Mp 1,1 2,1

Xi(t — tg) = ¥ (0 — ) X, (1 — w)))” n=[n! ny ¥ n3*]" and T is transpose.

Therefore, (6) is decoded as in [4] and expressed in terms of desired user, interference
due to other users with the same subcarriers frequency, interference due to other users with
different subcarrier frequencies, and noise caused by AWGN. The detail analysis of the
system is similar to that carried out in [13]. The instantaneous SINR of the system with two
transmit antennas and two receive antennas is given as

v ﬁézzz ‘hvmnl|2 (7)

Hence, it is simple to generalise that the instantaneous SINR of the system with M, transmit
antennas and N, receive antennas is

U L
%Z Z |hvmn1|2: (83)

where
—1 Mt +(K_1)X(L75)+N8(K_ 1)X(L75)
" 200SNR 3N, 2m2)%q
1 — sinc (2ni((i—L}\)}+q(j—v))) (8b)

u=1 v=0 i=1 j=1iv ((i—u)+q(—v))°

X(L,d) = Yt ,e " and R is the code rate of the orthogonal space time block code. If
U = 1, the system reduces to a single carrier MIMO system and its instantaneous SINR
(8a) diminishes to that in [14, Eq. (4)]. In this case, it is assumed that the diversity branches
(antennas) of the wireless communication system are correlated at the receiver end. The
analysis of the correlated diversity branches is similar to that of the independent fading
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scenario, i.e., if the system operation is in conjunction with maximal ratio combining
diversity, the MRC needs the knowledge of MGF of the combiner output SINR in order to
determine the average error probability [15]. Hence, we can find the MGF of the instan-
taneous signal to interference noise ratio at the RAKE receiver output. Since the envelope
of the fading signal is modelled by #—u fading distribution, then, for arbitrary correlated n—
1 fading channels, we obtain the MGF as Eq. (55) in “Appendix 17

o~

Q

o) = [T1111

=1 m=1n=1

~Homnt

(det (I + 25C.,) det (1 + 2sD;_‘,)) 9)

~

=1

f
=

where I is the identity matrix, det represent determinant, C,, = BVWIC;;""I is the covari-
ance matrix of the inphase component and D;v = vanlD;;,”"l is the covariance matrix of the
quadrature component of signal fading envelope. Furthermore, we can represent (9) in

terms of eigenvalues of the covariance matrices C, and Dyy, respectively [16, 17].

U M,
= H 1+ 2s}'vmnl< ) o ( + 25/, vmnl) b (10)

v=1 m=1n=1 1

Z
=~

Hence, Eq. (10) represent an MGF of arbitrary correlation. For confirmation, putting
U=1,M,=1, N, =1, and K (user) = 1 into (10), it reduces to [18, Eq. (12)]. Le., the
system drops to a single carrier and single user system. Similarly, we can obtain PDF of
(10) by first expressing it in partial fraction form and taking inverse Laplace transform [19,
20]

l "

M, N: Lty vmnl

5 i
V=1 =1 n=1 =1 i=1 2Avmn1) (l ) L s ey s s 0V M (R D

3

“vmnl

.
f b Ly ot ﬁvmnl i1y ¥ >

(11)

where o; and [; are residues to be determined, i.e.,

vmnl __ 1 i B 1 25 Homnt )
i (:uvmnl l)' dsHom =1 (( +s vmnl) (S))yf_l/uvmn/
and
1 dPomn =i n
vmnl pvmn
ynl (142 o(s))
ﬁl (:“vmnl _ l)' dstomn—i (( + 254 »mnl) (S) c_—1/2/mm,

In case of validation, substitute U = 1, M, = 1 into (11), it lessens to [20, Eq. (44)], since
Nakagami-m is a particular case of y—u fading distribution. On the other hand, we can
consider constant correlation as a particular case in this system analysis. That is to say, all
channels are assumed to have the same average SINR and the same fading parameters 7
and p with constant correlation across all channels. In this case, we assume that the power
correlation coefficient p is the same between all the channel pairs, hence

COV('})S,'))S/) s 7§ Sl

) 0<p<l1 12
Var(yx)var(h))s’) g ( )

P = Psy =

Therefore, the eigenvalues of the covariance matrices C., and D/, are given by [21-23]

)’ y

i1 = (1 — p)fork — 1foldzeros, /5 = a>(1 + p(k — 1)) for single zero
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and

= 02(1 — p)fork — 1foldzeros, 4, = 03(1 + p(k — 1)) for single zero

where k = UM,N,L,. Therefore, the MGF becomes [24, 25]

O(s) = (1 +257) "V (1 +26) V(1 253) (1 252) 7 (13)

where p is the correlation coefficient between two adjacent antennas, o2 and q% are the
variances of the inphase component and quadrature component of the signal envelope.
Alternatively, we can express (13) in partial fraction form and obtain its inverse Laplace
transform [19, 20]

D *r i-1, o u i1 T U i1, 27
b’v ! ¢y e ™ Ey 2

o(y) = E E +y +
(2/1") 2/1V - i3 (22’5)’(}'— Nt = (2&;) (1— 1)!

(14)

where D = w(k — 1), o, f; C; and Ej are residues to be obtained from the following
differential expressions

1 gPi D

RNCERIPE ((1 +254) (D(s))s:—l/m’

pi = ﬁ% ((1 + zsﬂ)n(b(s))szfl/zl}"
j = M;;; ((1+25%)"®()) _ e
= e (120,

4 Average Error Probability Performance Analysis

In this section, the average error probabilities of binary phase shift keying (BPSK), M-ary
phase shift keying (MPSK) and square multilevel quadrature amplitude modulation
(MQAM) modulation techniques for MIMO MC DS CDMA system operating over cor-
related n—p frequency selective, slowly fading channels are determined. First, the condi-
tional error probabilities of BPSK, MPSK and MQAM modulation schemes under the
influence of additive white Gaussian noise (AWGN) is provided and then averaged over
the PDF of the instantaneous SINR at the RAKE receiver output to yield average error
probability of each modulation scheme for the system. In this case, both MGF and PDF of
the instantaneous SINR is employed for determining the average error probability of the
system.

4.1 Average Bit Error Probability of BPSK Modulation Technique

The average bit error probability of BPSK modulation scheme for MIMO MC DS CDMA
system working over arbitrarily correlated n—u frequency selective fading channels is
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obtained using (10) and (16). The conditional error probability of BPSK modulation
scheme is given as in [24]

Py(Ely) = 0(v/2) (15)

Then, the average error probability using MGF is as given in [24]

Py(E) = iy (Sm 9) d0 (16)

So putting (10) into (16), the average bit error probability of BPSK modulation
scheme using MGF is

71 [ 4 T 2) \fmnl Homt 1 j'ﬁmnl ot do 1
nO/HHHH( sin? ()) ( Jrsm 0) (17)

v=1 m=1n=1 I=1

Then, carrying out substitution t = cos?0 and using further mathematical manipulations,
the average bit error probability becomes

1 F(Z Z‘ 1 Zm 1 Zﬁzv;l Zfll Hymni + 05)
2\/‘ (2 Zl 1 Zm 1 Zi;/r 1 Zfrl Hymni + 1)

(H H H H 1 + Zﬂhmnl ~Homnt (1 + 2/“vmn[) :uvmnl>

v=1 m=1n=1 I=

Py(E) =

2UMN,L,
XF( )(05 Hyrins Hp112s - - - Bum,N, Lo Biaans B1112s - - - BUM,N,L, 3 (18)
- 1 1 1
2 :uvmnl+1 ) P y
21,; nz Z U422 T+ 200 71+ 2008,

1 1 1
V422, T+24,, 7 "1+ 2;‘}[}M,N,L,)7

For verification, suppose U = 1, K = 1, M; = 1 and N, = 1, then (18) diminishes to [18,
Eq. (19)]. Alternatively, we determine the average bit error probability of BPSK modu-
lation technique for the system communicating over arbitrary correlated #—p frequency
selective fading channels by averaging the conditional error probability (15) over the PDF
(11) of the instantaneous SINR at the RAKE receiver output. i.e.,

M, Ny L vmnl

Py(E)=) > Z“—/ Q(\/ﬂ)yl’*e‘ﬁdy

v=1 m=1 n=1 I=1 i= (2;°vm111) ( - 1)' 0

M, N, L K ﬁvmnl

i / Q(\/Zy)vi‘le_mdy

v=1 m=1 n=1 I=1 i=1 (2)“{/ng) (l - 1)' 0

(19)

Therefore, carrying out integration as in [26], we have
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M, N, L i =1 k

1—w i—1+k\/1+w

— E [ 1 2 : 1
Fo(E) = ; g ( 2 ) < k )( 2 >

v=1 m=1 n=1 I=1 i=lI .k1:0 . (20)
U M, Ny L Hym | :
1—w i— 14kl 1+w
YY) (L) ()
v=1 m=1 n=1 [=1 i=1 k1=0
1A j') 1
where wi = 4/5 +2””5 and w, = i +2‘)’”J’ .

On the other hand, we reduce arbitrary correlation to its particular case constant cor-
relation and obtain the average bit error probability of BPSK modulation scheme using
MGEF based approach. Upon substituting (13) into (16), yields

o

1/ 9%\ ~H(UMN,L—1) 277\ ~HUMNL~1)
P, (E) = — 1422 1 ‘1
»(E) n/( +sinz()) ( +sin20)

0

25\ 7" 220\
x (1 2 1 2 dy
( + sin’ 0) ( + sin? 0) ”

Hence, let t = cos?0 be put in (21), simplifying further, then, we have

(21)

T (2QUMN,L,jt + 0.5)
2/nC(QUMN, L, + 1
x (14275) (1 +22) "xFp0.5, u(UMN,L, — 1), u(UM,N,L, — 1), pt, p;

—(UM,N,L,—1)p

Py(E) = S (122) (WMNL=DI (1 4 27)

1 1 1 1
QUMN, Lyt + 1: ,
ekt o+ ’1+2)81"1+2/1{’1+2)32"1+21’2>’

(22)

Similarly, we use PDF based approach to find the average bit error probability of BPSK
modulation format by averaging the conditional error probability over the PDF in (14), i.e.,

UMN,L,u—p o 0 ) oy
P = >, [ o(Va) e Ty
— (u 1).0

00
UM;N,L,n— B
1

+ — /Q(\/E) yle Ty

m)'(i— By

() 7e idy

u . .
+Z y ]E‘j Q(\/Z_’V) yi71€ Z%d’y

= (243)G = 1!

Hence, carrying out integration by parts [26, 27], gives

S o —
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UMN,L,pu—u
e =, ('

o f( aIES]
=1 =0 2
UMN,L,u—p i—1i k
1-— i—1+k 1+d2
IS D GANIES
=1 =
I3 j—1j-1 1+27
2e(5) S0
j=1 1=
“ PR =141\ (142
+Z‘@( 2) 5 ()
=0
here d; = z 25 and 7y = 4 )2,
where a1 = 1+2)*’ +2)"1 Tz an 2 =\ 1T

j=1
4.2 Average Symbol Error Probability of MPSK Modulation Scheme

In this subsection, the average symbol error probability of MPSK modulation format for
MIMO MC DS CDMA system transmitting over arbitrarily correlated n—u frequency
selective fading channels is first obtained using MGF based approach. The conditional
error probability of MPSK modulation scheme is given as

Pmpsk(EW) = 2Q( \ ngpxky) (25)
Hence, the average error probability of MPSK based on MGF approach is given by

| z | wM=1)
8mpsk 8mpsk
P, E)=—| M, do +— M, do 26
mpsk( ) 7'[/ /(Sing 6) + o / Y (sin2 €> ( )
0

where gnpo = sin®(m/M) and M = 2\, T is a positive integer (i = 1, 2, 3,...).
From (10) and (26), we have

1 U M, N, L 2% (S ~Hymni 2 ’I{mnlg ” ~Homnt
Pann(8) = | TITTTTTT (1 + 2ot ) ™ (14 Zomsions)
0 =

(S

[

sin” 0 sin” 0

U M, N, L, x . o 7,1:
¢ 2 18 mpsk Hyni 2 p— -

sin” 0 sin” 0

(27)

So in integrating the first integral, we set t = cos?0 and making necessary mathematical
manipulation, we arrived at
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_ (2 Zv 1 Em 1 Z;v,:l Zf;l Hymni + 05)
2\/_r(2 Zv 1 Z ZQJV 1 Z[Lrl Hymni + 05)

M,

v=1m=1n=1 I=

(2UM,N,L,) .
x Fp (0 5, Wiy B2y - - - Hum,L > B11115 B11125 - - s HUM,N, L, 5

XZZZZZ#vtnnl+l : :

V=1 m=1 n=1 I= 1+ 2201 8mpsk 14240 108mpsk

1 1 1 1
U+ 2000 n,0, 8mpsk 1+ 200111 8mpsk” 1+ 22 128mpsk .~ 1+ Qi{/MIN,-LrngSk>7
(28)

Hence, Eq. (28) reduces to (18) if g = 1. Similarly, we put t = cos>0/cos*(n/M) in the
second integral of (27) and manipulate, we have

cos(n/M) e e L , — —u
12 = T H H H (1 + 2/“);mnlg"m"l) " (1 + zj'imnlgmpsk) !

v=1 m=1 n=1 I=1

U
2UM,N,L,+1
><F(D ) 0-5,05_22 Homnt> B1111> K112 -3 MUM,N, L, »

cos’(n/M) cos?(n/M)
L2201 118mpsk " 1+ 227 10 8mpsic
cos?(n/M) cos?(n/M) cos?(n/M) cos?(m/M)
L+ 2201,n, 1, 8mpsk 14221 8mpsk 1+ 220 108mpsk T 1+ 2)“}1>MfNrLl-g’”p“k>

(29)

Hiti Mii12s - - - KumN, L, 5 1-5;0052(”/M)a

Therefore, the average symbol error probability of MPSK modulation technique for the
system operating over arbitrarily correlated n—u frequency selective fading channels is the
summation of I; and I,.

Alternatively, we employ PDF based approach to determine the average symbol error
probability of MPSK modulation technique for MIMO MC DS CDMA system working
over arbitrarily correlated #y—u frequency selective fading channels. We average (25) over
(11), hence, ASEP becomes

Ly fomn OCvmnl

U N, 00 L
Pmpsk(E) = Z Z Z Z ’—/ 2Q(\ / 2’))gmpsk)’yiile 2/}:‘mnld’y
n=1

=1 i=l (2)“vmnl) ( - 1)' 0

M, Ny Lty ﬁvmnl

X e
[ 20(Fa) e o

T T (22 (l - 1) )

(30)

Using integration by parts, we have as Eq. (58) in “Appendix 2”
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u Ny Lyt X i1 R
vmnl Z/Lvmn]gmpsk r(] + 05)
mpxk o ;
1 T

V=1 m=1 n=1 I=1 i=1 (1 +2;'fmnlgmmk) j:Oj!(l +27~':m,11gmpsk)]

1n
U Ny Lt o 27 s i1 I'(j+0.5)

v=1 n=1 =1 i=1 ( +2)vanlglnl’-‘k) ijJ'!(1 +2/1imnlgm[”k)j
(31)

For the case of special cases, we employ (13) to obtain the average symbol error
probability of MPSK for MIMO MC DS CDMA system operating over constant corre-

lation n—u frequency selective fading channels. Then, putting (13) into (26), ASEP
becomes

z

2
1 20%g, —u(UMN,L,—1) W —W(UM,N,L,—1)
Pupa®) =7 [ (1+M> <1+M)
T

sin® 0 sin® 0
0

273 8mmsk N © 275 8ms\ "
X (1+ 28”") (1+—?g2”"‘> do
sin” 0 sin” 0

n—3 (32)

M
1 2)g, —u(UM;N,L,—1) 220 g —u(UM;N,L,—1)
+—/ (1+7.1g2""> <1+7.‘g2"">
T sin” 0 sin” 0

2

2)vxgm sk " 2)Vygm sk o
x | 14222 | 2200 do
( sin 0 ) sin’ 0

Substituting t = c0s?0 to the first integral and manipulate mathematically, we have
I'(2QUM,N, L+ 0.5)
ZﬁF(ZUM,N,L,u +1)
X (1 + 2;“)26gmp.rk) ( + 2)2gmpsk) ﬂF?)(Osnu(UMtNrLr - I)Hu(UMINrLr - 1)7/‘7 I8

1 1 1 1
2u(UMN,L, — 1) + 1; : , , : )
( ' ) 1 + 2i]gmpsk 1+ 2)”igmpsk 1+ 2/1)2(gmpsk 1+ 2i§gmpsk
(33)

Analogously, putting t = cos’6/cos*(t/M) to the second integral and manipulate using
algebra and calculus, we have

—uw(UM;N,L,—1)
I =

) —u(UM,N,L,—1) (

(1 + 2kylcgmpsk 1+ 2j'\l gmpsk)

_cos(n/M) ((UM,N,L,~1)
T

(14 225 gmpst) "N (1 20 gpt)

X (14 2758mpsk) " (14 2258mpst) ' Fp(0.5,0.5 — 2u(UM,N,L, — 1),
p(UMN,L, — 1), u(UM,N,L, — 1), u, jt; 1.5; cos*(n/M),
cos’(m/M) cos?(m/M) cos*(n/M) cos*(n/M)
1+ 22 gmpsk 1+ 22 gmpsic 1 + 225 8mpstc 1 + 2;“§gmpsk)

(34)

Hence, the summation of I; and I, yields the required average symbol error probability of
MPSK modulation scheme for the system working over constant correlated n—u frequency
selective fading channels.
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On the other hand, we utilise PDF based approach to calculate the average symbol error
probability of MPSK modulation format for MIMO MC DS CDMA system operating over
constant correlated —u frequency selective fading channels. Using (14) and (25), we have

UM,N,L,ji—pt ) x L
Pup(E)= Y [ 20(\/20gmpm) e Pd
p. ' N\ 1y mps)
i (2a) -y
UM/N, L, x ,
p—p e
+ Z ¥ 2Q 2})gmpsk “/ e 1d'y
i=1 (2/1 l — 1 ! s
(35)

o0
© o
+Z 2/1)( '/ Vgtnpsk V’ 2"zdy
I E: -
+ 47’/2 2vgma) ¥ e ady
; 25—} O(V/278mpst) 7 y

Hence, solving using integration by parts as Eq. (58) in “Appendix 2”, we have

UM,%Ha 1 2k <~ T(+0.5)
t (1 + 2/1b)1(gmpsk) =0 l'(l + Z)L)ICgmpsk)l

Pmpsk (E) -
i=1

1=

N Z ¢ 2;;gm,,yk i I(1+0.5)
1+ 2)2gmpsk 1=0 l' 1+ 2/12gmpsk)l
—1

2;Lygln sk (l + 0 5)
I E. 28 Mmp:s
Z ( 1 + 2)2gmp3k) ZZO: l'(l + 2}~2gmpsk)l

i UMI]VZLf# 'uﬁ 1— Zﬂ)llgmpsk 121: l+ 0. 5)
i=1 ' ( + Zilgmpsk l I+ 2;1gmp_sk) (36)

4.3 Average Symbol Error Probability of Square MQAM Modulation
Technique

In case of arbitrary correlation, the average symbol error probability of MQAM modulation
scheme for MIMO MC DS CDMA system is first obtained using MGF based approach.
The conditional error probability of square MQAM modulation technique is given by [26]

quam(EW) = 4qQ( V 2gmqamy) - 4qu2 ( V 2gmqamy) (37)

Then, the average symbol error probability of square MQAM modulation scheme based on
MGEF approach is given by

4 447 m
Pogan(E) == / (g'"q“’;)de— g / M, (g'"q“ 0) (38)
T s S
0

where g = 1 — VM~ and g,,p0m = 1.5(M — DLM= 2! is the constellation size, i is an
even positive integer (i = 2, 4, 6, ...). Therefore, putting (10) into (38), we have
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4 ; M N L 20 , ~Hypnt 2 cam — Lyt
quam(E) = q/H <] +M) (] +M) do
s 1
0

o ) -2
) sin” 0 sin” 0
4 2 H U M, N L, 2 )x ~ Myt 25 ~Hymni
/“vmnlgmqllm ~an1gmqam
TS S mSinst =1 sin” 0 sin” 0
o v=lm=in=l 1=

(39)

Let t = cos®0 be put in the first integral and carry out further mathematical approaches, we
have

I] — qu(z ZVU:] Zxr:] Zi:vél ZZL;I Hymni + 05)
ﬁF(Z 26]:1 Z%’:l ny;l Z[L:rl Myt + 1)

U M, N, L
—Homn 4y = Hymn
X H H H H (1 + 2)~)\fmn1gmqam) l (1 + 2/Lvmnlgmqam) l
v=1 m=1n=1 I=1
(2UM,N,L,) .
X Fp (0.5, Mt B2 - - o Rumn,L, o Bt Bz - - - Rumn, Ly

U M, N L

2530 D)D) I TS p— 1

5 X 5 X 5
V=1 m=1 n=1 I=1 L+ 2701118mgam 1 + 2411128mgam

—

1 1 1
U+ 220031, @magam " 1+ 223111 8mgam” 1+ 223 1128mgam” 1 + 2/1'¥/M,N,L,gmqam>
(40)

Similarly, putting t = 1 — tan®0 in the second integral of (39) and applying essential
mathematical manipulations, we have

U M, N, L
L = qzr(z szl Zmzl Zn:l Zl:l Hymni + 05)
2= U M, N, I
nF(2 Zv:l Zm:l Zn:l Zl:l Homni + 15)

U M, N, L,
X (H H H H (1 + 4;L§mnlgmqam) o (1 + 4)“§mn]gmqam) ”vmnl)

v=1 m=1n=1 I=1

FRUMNLA) (1 .
X Fp ( y Ly Bprns M1112s - - - Rum,n, L, Bt Bu2s - - - KM, L
U M, N, - x X
2 +15:05 I+ 2/11111gmqum 1+ 2/“1112gmqam
:uvmnl oy Y. 71 4/1)( 71 4,‘X g ooy
=1 m=1 n=1 I=1 + 4211118mgam 1 + 42471 1128mgam

1+ Z;L/Z/MrNrLrgmqam 1+ 21{]118mqam 1+ 2/1}1'1]zgmqam 1+ 2}“}1]/M,N,.Lrgmqam
1+ 4;“)£IM,N,~L,gqum 144y, 18mgam 142, 128mgam T+ 4}'¥JMfN,Lrg’"qam

(41)

Therefore, the difference between I; and I, yields the required average symbol error
probability.

On the other hand, we can determine the average symbol error probability of MQAM
modulation scheme for MIMO MC DS CDMA system operating over arbitrarily correlated
n—u multipath fading channels using PDF based approach. That is to say, averaging (37)
over (11), we have
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r_ Hymni vmnl

i=1 (2 vmnl '

f [ r_ Fymnt 'vanl
i

V=1 =l n=l =1 i (lemnz)i(' -1

00
/ 0 \/2 /gmqam) le ZZ}Y'LIIH[d’y
0

i
=
I
i
~
[
X

O\~ i

0\8

r Hymnl vmnl

_4422222 a—l),

v=1 m=1 n=1 =1 i=1 (ZAvmnl)l(l -

Q2 (\/zygmqam) 'J)i_ le Zmenl dy

Hymnt ﬁvmnl
i

O () ot

(42)

Therefore, carrying out integration by parts as Eqs. (58) and (60) in “Appendix 2”, we
have

U Homnt

N, L,
PaanlE) =235 355" S

v=1 m=1 n=1 I=1 i=1

20F ilmaam = T(j+0.5)
1— vmnlS Mg .
( \/TC (2)“.:mnlgmqam + 1) ]ZO:]' (2;uimnlgmqam + l)j

U M

. Nr Ly My
RS B3

v=1 m=1 n=1 I=1 i=1

( . \/ 272, Gmgam i T(j+0.5) )
y ; - -
Tc(zivmnlgmqllm + 1) j= 0]!(2)%mnlgmqam + l)j
U (43)

XD DHHU

v=1 m=1 n=1 I=1 i=

) ; 8mgam
(1 ! (it )'z‘:zFl(l,JJrl,JJrliﬁ))
n\4
U

;Limn[gmqam +1 j=0 (ZJ + )(4/1vmnlgmqam + 1)1

2 > vmnl 2) lg mqam
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For the case of special cases, we consider constant correlation as a particular case
of arbitrary correlation, then based on MGF approach, the average symbol error
probability of MQAM modulation technique is obtained by putting (13) into (38), we
have

z
2

4 20X maam —u(UMN,L,—1) 2)[\’ moam —u(UM;N,L,—1)
quam(E):_q/ <1+&) (1+L>

T sin® 0 sin® 0
2;LX mqam 7” Z;L’y mqgam 7“
X <1+—%g2‘é ) <1+—%gz‘é ) 0
: sin sin (44)
) —u(UMN,L,— ) —u(UM,N,L,—1
. % (1 N 2A)fgmqam) H(UMN,L,~1) (1 N ZA’ngqam) w )
i sin® 0 sin® 0
258 H 2258 I
« (1 28mgam 1 28 mgam d0
< + sin® 0 + sin® 0

Putting t = cos0 in the first integral and apply algebraic and calculus manipulation, we
have

_ 2qU(QUM,N,L,p+0.5)
VAT QUMN, L+ 1)
X (14223 8mgam) " (1 + 225 8mgam) " Fpp(0.5, ((UM,N,L, — 1), f(UM,N,L, — 1), p, 1

11 ) —W(UM,N,L,~1) (

)*H(UM:‘N:L: =1)

(1 + 2/1)1(gmqam 1+ 2)~Tg)nqam

1 1 1 1
QUMN, Lyt + 1; o T et ; )
! 1+ 2)~|gmqam 1+ 2/h}11gmqam 1+ 2/L2gmqam 1+ 2)~)2gmqam

(45)

In the same way, substituting t = 1 — tan” in the second integral of (44), and manipu-
lating further, we have

~ ¢*T(2QUMN,L,ji +0.5)
~ al(QUMN,L.u+ 1.5)
X (1 + 22 8mgam) " (1 + 2238mgam) "Fp (1,1, u(UM\N,L, — 1), ((UMN,L, — 1), , t;
1 + 2;L)1€gmqam 1 + 2)~)1vgmqam 1 + z;égmqam 1 + 2A)28mqam)
’ 1 + 4;“)lcgmqam ’ 1 + 4)-‘|)gmqam ' 1 + 4;“)2(gmqam ’ 1 + 4/1“;gmqam

)—H(UM,N,L,—I)( )—H(UM,N,L,,—I)

2 (] + 2/1)1(gmqam 1+ 2;v}lvgmqam

2UMN,L,u+ 1.5;0.5
(46)

Hence, the difference between I; and I, yields the average symbol error probability of
MQAM modulation format for MIMO MC DS CDMA system operating over constant
correlation y—u frequency selective fading channels.

On the other hand, we employ PDF based approach to calculate the average symbol
error probability of MQAM modulation format for MIMO MC DS CDMA system oper-
ating over constant correlated y—u frequency selective fading channels. Using (14) and
(37), we have
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UMN,Lji—p o
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UMN,Lri—p B
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= eR) -
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/ O (/27 8mgam) 7' e Pidy
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00 2
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UM,N,L,ji—pt o 0 .
- 4q2 %/ Qz(\/ Zygmqam> Vl_le ’ ldy
i=1 (Z/L)lc) (l — 1)' o
UMN,L,u—p ﬁ o0 )
Y, ot [ (T e
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Hence, integrating by parts as Eqgs. (58) and (60) in “Appendix 2”, we have
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1o Fy (1 1+ 1 55t )
> T ) (438w + 1)

P (1 1 1.5
> = (24 1) (4B Emgan +1)

K 4 2;\.Xg
2 28mgam
—q E cl1—-—
=1 ! T < /Iggmqam 1

(48)

d 4 ( 2408
2 2&mgam
— E El1=-2
4 — ! T \4X 8 mgam + 1

Generally, Egs. (18), (20), (22), (24), (28) 4+ (29), (31), (33) + (34), (36), (40)—(41), (43),
(45)—(46) and (48) are the novel contributions of the authors.

5 Numerical Examples and Discussions

In this section, the derived closed form expressions for average error probabilities of
BPSK, MPSK, and square MQAM modulation techniques for multiantenna MC DS
CDMA system communicating over correlated #—pu frequency selective fading channels are
analysed and represented graphically. Invariable parameters are indicated at the top of each
figure and changeable ones are placed within the graphs respectively. Throughout the
system analysis, it is assumed that lambda (L), that is the space between two adjacent
subcarriers, and spreading gain are fixed and equal because the system represent orthog-
onal MC DS CDMA multicarrier communication system.

Figure 1 exemplifies the effect of correlation coefficient on the system’s performance
over ny—u multipath fading channels in terms of average bit error probability. It is noted
that increasing the correlation coefficient increases the average bit error probability of
the system. Hence, the performance of the system degrades. But as shown, increasing

K=15 Users, g=4, Mt=2, U=2, L=6,Nr=2, Ne=128, Lamda=128,d=0.2
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Fig. 1 Average bit error probability of BPSK digital modulation scheme versus average SNR for
multiantenna MC DS CDMA system transmitting over correlated #—u multipath fading channels (¢ = 1,
n = 0.5: format 1 scenario)
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the number of RAKE branches reduces the effect of correlation coefficient on the
system’s performance. In Fig. 2, we demonstrate the performance of the system over
correlated y—u multipath fading channels under the influence of multipath intensity
profile. In this case, increasing the multipath intensity profile increases the average bit
error probability of the system and diminishes the system’s performance. It is seen that
the effect of decaying power factor on the system’s performance is more diminishing if
the correlation coefficient is small otherwise it is less destructive. In Fig. 3, the influ-
ence of 5 fading parameter on the system’s performance is considered in format 1
scenario. As shown in the figure, it is observed that the performance of the system
improves if n fading parameter increases. This is due to the increase in in-phase and
quadrature components power ratio of the received signal within a cluster. Figure 4
shows average bit error probability of BPSK modulation scheme versus average SNR of
the system operating over correlated n—u frequency selective fading channels in format
2 scenario. In this figure, it is noted that as 5 fading parameter increases the perfor-
mance of the system deteriorates. This is because the in-phase and quadrature com-
ponents of the received signal in one cluster are correlated. Hence, Figs. 1, 2, 3 and 4
are derived from (22).

On the other hand, Figs. 5, 6 and 7 are obtained from (33) + (34). Figure 5 illustrates
average symbol error probability of MPSK modulation scheme against average SNR for
SIMO MC DS CDMA system operating over correlated #—u multipath fading channels in
format 1 scenario. It exemplifies the effects of correlation coefficient and signal constel-
lations on the performance of the system functioning over correlated #—u multipath fading
channels with two users. It is shown that the system performance degrades as the corre-
lation coefficient increases and also when the signal constellation size increases as well.
Similarly, Fig. 6 shows the effects of correlation coefficient and signal constellation size. It

K=15 Users, gq=4, Mt=2, U=2, L=6, Lr=4,Nr=2, Ne=128, Lamda=128
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Fig. 2 Effect of multipath intensity profile on average bit error probability of the system communicating
over correlated y—p multipath fading channels (n = 0.5, u = 1: format 1 scenario)
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Fig. 3 Average bit error probability of BPSK modulation technique against average SNR for multiantenna
MC DS CDMA system operating over correlated #—u frequency selective fading channels with varying 5
parameter in format 1 scenario (u = 1)
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Fig. 4 Average bit error probability of BPSK modulation technique versus average SNR for MIMO MC DS
CDMA system transmitting over correlated n—u multipath fading channels with variable 1 parameter in
format 2 scenario (u = 1)
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Fig. 5 Average symbol error probability versus average SNR of MPSK modulation technique against
average SNR for SIMO MC DS CDMA system working over correlated y—u multipath fading channels
(n = 0.5, ¢ = 0.5: format 1 scenario)
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Fig. 6 Average symbol error probability of MPSK modulation scheme versus average SNR for SIMO MC
DS CDMA system operating over correlated #y—u multipath fading channels with two active users (n = 0.5,
1 = 0.5: format 1 scenario)

is noticed that the effect of correlation on the performance of the system is more severe
than that of the signal constellation size. Figure 7 demonstrates the average symbol error
probability of MPSK modulation technique versus average SNR. In this figure, the effects

@ Springer



Performance Analysis of Multiantenna MC DS CDMA System Over... 561
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Fig. 7 Average error probability of MPSK modulation technique as a function of average SNR for SIMO
MC DS CDMA system communicating over correlated #—u multipath fading channels (n = 0.5, u = 0.5:
format 1 scenario)
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Fig. 8 Average symbol error probability of MQAM modulation scheme against average SNR for
multiantenna MC DS CDMA system transmitting over correlated y—u multipath fading channels with
varying correlation coefficients (n = 1.5, u = 1, 6 = 0.2: format 1 scenario)
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Fig. 9 Average symbol error probability of 4.16 QAM modulation technique against average SNR for
multiantenna MC CDMA system functioning over correlated #—u multipath fading channels with varying

fading parameter u (n = 1.5, 06 = 0.2, p = 0.2: format 1 scenario)
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Fig. 10 Average symbol error probability of square MQAM modulation scheme versus average SNR for
multiantenna MC DS CDMA system transmitting over correlated n—u frequency selective fading channels in

format 1 scenario (n = 1.5, u = 1.5)

of multipath power profile and signal constellation size are considered. We observe that the
average symbol error probability increases if either the constellation size or decaying
power profile increases. Therefore, the performance of the system degrades. It is also
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noticed that the effects of signal constellation size and correlation coefficient on the
system’s performance can be reduced by increasing the number of RAKE branches, i.e.,
multipath diversity.

Based on (45) — (46), Figs. 8, 9 and 10 are plotted to illustrate the influence of cor-
relation on the system’s performance. Figure 8 represents the effect of correlation coef-
ficient on the system’s performance in terms of average symbol error probability. We note
that when the correlation coefficient increases, the symbol error probability increases as
well which leads to the deterioration in system’s performance over #—u fading channels. In
this case, we cannot also ignore the influence of the signal constellation size on the system
operation. Furthermore, Fig. 9 demonstrates the impact of fading parameter u on the
system operation over correlated n—u multipath fading channels in terms of average
symbol error probability. It is seen from the figure that increasing the fading parameter u
decreases the average symbol error probability and enhances the system’s performance.
Figure 10 depicts average symbol error probability of square MQAM modulation
scheme versus average SNR. It demonstrates the impact of decaying power factor and
signal constellation size. We observe that both decaying power factor and constellation
size affect the system’s performance.

Generally, providing sufficient space between two adjacent antennas can alleviate the
destructive effect of correlation and enhances the system’s performance. In addition,
increasing spatial diversity as well as path diversity can further improves the performance
of the system operating over fading channels. We confirm the correctness of the analytical
approaches via Monte Carlo simulation technique.

6 Conclusion

In this paper, we have incorporated a RAKE receiver into the system (MIMO MC DS
CDMA) receiver side and investigated its communication over correlated n—u frequency
selective fading channels. The performance of the multiantenna MC DS CDMA system
over correlated n—u frequency selective fading channels in terms of average error proba-
bility have been explored. Based on MGF, closed form expressions for average probability
of error for the system have been derived and expressed in terms of Appell’s hypergeo-
metric functions and Lauricella’s multivariate hypergeometric functions, respectively.
Similarly, PDF have been employed to determine closed form formulae for average error
probability of the system operating over correlated #—u multipath fading channels.

Based on average error probabilities of BPSK, MPSK, and square MQAM digital
modulation technique for the system operating over correlated #—u frequency selective
fading channels, we obtained the numerical results. From these results, we deduced that the
effects of correlation, decaying power factor, and signal constellation size on the system’s
performance increases the average error probability. Consequently, the performance of the
system over correlated n—u frequency selective fading channels is reduced. On the other
hand, we employed spatial and path diversity to enhance the system performance. Finally,
we validated our results by reducing the expressions for average error probabilities to those
already available in the literature and the exactness of the analytical methods through
Monte Carlo simulation approach.
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Appendix 1

The MGEF of the instantaneous SINR at the output of the RAKE receiver is derived in this
appendix. The envelope (R) of the fading signal is modelled by #—u fading distribution.
Then, the random variable y = ||R*| has the PDF of #—u distribution. Hence, a set of
NM,UL, variates of #—u random variables is equivalent to a set of 2u independent
Gaussian random variable vectors with N;MUL, dimensions. Since the instantaneous
signal to interference noise ratio is given as in (8a)

N, U L
Vs = Ve Z Z Z Zan]lz (49)

n=1 m=1 j=1 I=1 i=1
where anﬂI R,,,,,J;,anju Xm,,jl,X mjli + Y,gnjl,'Ynmjlis Kit=nmji = [Xit1, X1z, ..o Xizu]T
where i; = nmjl =1, 2, ..., NNM,UL, represent dependent inphase random variables.
Hence, Xy are independent and identically distributed Gaussian random variables with
zero mean and variance E[X7,], k = 1, 2, ..., 2p. Similarly, Yijomj = [Yiir, Yiia, .o

ilZu] denote dependent quadrature random Variables. Therefore, Yj;, are independent
identically distributed Gaussian random variables with zero mean and variance E [lelk]
[27]. Both are mutually independent Gaussian variables with E[X,ui] = E[Yumu]
=0,E[X nm]h] =} E [Y,fmﬂl] pi, w is the number of clusters of multipath. Therefore, the
instantaneous SINR can be rewritten as

A ;20 N, M, ;20

M, u
Vs = Ve Z Z Z Z nmjli yC Z Z Ynmjll (50)

n=1 m=1 j=1 [=1 i=1 n=1 m=1 j=1 [=1 i=1

,,
3

Considering the inphase random variates X7 A1 Xi1k, similarly for quadrature random Y, 1 «Yitk. For
the case of inphase random variates, we assume the arbitrary covariance matrix as C,y, then
we can form a scalar quadratic function of vector X, i.e., suppose Z = Xnm 1iBnmii Xnmii, Where
Bimii is 2 2) by 2pu matrix. Hence, the joint PDF of [X2_ o + X2 o + -+ + Xnmli2p] is[16, 28]
1 1
f(Xnmli) = 2— exXp 2 nmlt Cnmlanml' (51)
(2m)™*det(Cyy)

Then, the MGF of Z is

l
z nmh

(I)x(s) _ E{e sXT  BumiiX, nmh Cy Xﬂmll) e —sX"  BumiiX, i X

/ : e X (G 2B Xomi) g%
(2m)™det(Cyy)

ei%xl Flx _ 1

Xx) /\/2n 2% (det(F)) det(Lynii + 2B i Cxx)"

(52)

where det denotes determinant. Therefore, for N;M,UL, diversity branches, we have
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N, M, U L
——— (53)
n=1 nlz[l i=1 111 det (Lunit + 25B i Ci)""
Similarly, for Y,y (quadrature Gaussian variates), we have
N, M, L, 1
-1 (54)

n=1m=1 i=1 I=1 det( nmil + Sanm,leml)

where D is the matrix. Therefore, overall MGF of instantaneous SINR at the RAKE
receiver output is

N, M,

U
x+y H

. . 2\ Hami
n=1m=1i=1 1=1 \ det (Inmil + 2sB,,mi1C)';;”’1)””m”det (Inmil + 2SBnmi[D;f;"’1) l
(55)

\

L 1

Appendix 2

In this appendix, we provide some hints for the solutions of (31), (36), (43), and (48),
respectively. We consider

o0

G = [ 20(V/2)s ey = [ enetvgmy ey (56)
0

0

Hence, we integrate using by parts
o8]
U=erelVEny = | 2= [ e raro!
N
Ver
and dV = e~ “dy, then

w = (=B 4 - et )y

and V = —_e ", then
(i — 1) / y’;zerfc(\/ﬁ)eﬂyd“/ _ i/ yiflASef(ochg)ydy'
o 702
0 0
We have to integrate the first integral by parts, yields
i—1)i-2) [ . 1 [ s o
ot ig )/“/’ Yerfe(\/gy)e " dy — ;/?’ ey
0 0

(o]
% / Vif 1.5 ef(ochg)ydy
T

0
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Therefore, the last two integrals are obtained from [29, 30, 31, Eq. (3.371)], again applying
successive integration by parts to first integral, the general solution is given as

i —1)! il 0.5)
R
o g+0( ) l'g+0€

Next, we consider the integral given below

(58)

oo

= / 2Q2(\/2gy)vi‘le‘“"'dv: / erfc(\/gy)y' e Mdy (59)

0 0

Then, let z = /gy and y = 7*/g, dy = 2zdz/g, we have

(o]
2 .
Gy = _i/ zz’flelfcz(z)eszzdz
8
0

where k = a/g, then integrating by parts
4
e

U= 6’1‘62(1)7 dU = — 'fC(Z)eizde

and

\/_'
dv = z2i’1e’kzzdz, V= /szeszzdz

Hence, from [31, Eq. (2.326.11)]

KO L
then the integral becomes
(=1 4D T e
Ko /ak =0 _'0/ e :
then considering the integral part
=(1+k7, z= Ly‘”, dz=0.5 Ly*“dy
I+k k+1

and putting

ezfc(\/ATJ) :F(O\.;%Ay)

Then from [27, 32, 31, Eq. (6.455.1)], the solution is

= ()01 (55)3

i

—_

O(l

21+ 1)(2g +

,2F1(1,1+1;1+1.5; g”)
) 2¢g+ o

(60)

Il
=)
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Therefore, the expressions for G; can be employed in (30), (35), while for both G; and G,
in (42), and (47), respectively.
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