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Abstract: — This correspondence propose the outage probability and symbol error rate (SER) performance of
multiple-input multiple-output (MIMO) maximum ratio combining (MRC) in the existence of co-channel
interferences (CCls) with channel estimation error (CEE) and feedback delay (FD). In general, we derive the exact
closed-form expressions for the statistical properties of the signal-to-noise-plus-interference ratio (SINR), the outage
probability of the SINR and SER of M-ary constellation. Our outcome indicates that the system performance
enhances with the increment of number of transceiver antenna, however deteriorates with the harshness of CEE, FD

and CClIs.
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1 Introduction

WIRELESS multiple-input multiple-output (MIMO)
system have drawn lot of research interest due to their
potential to alleviate the performance reduction of
channel impairments such as multipath fading and co-
channel interference (CCI) via diversity and provide
high capacity along with reliability of the system [1]-[8].
Based on the channel state information (CSI), MIMO
maximal ratio combining (MRC) scheme maximize the
receiver signal-to-noise (SNR) by driving the transmit
power along the optimal eigen mode of the MIMO
channel, was introduced in [2], [3]. By considering the
impact of channel estimation error (CEE) in the absence
of CClIs, a MIMO-MRC system was first introduced in
[4]. Performance analyses of MIMO-MRC systems in
the existence of CCls with perfect channel estimation
were explored in [5]-[6]. In [7], authors evaluated the
outage probability performance of MIMO-MRC systems
in the existence of CEE and CClIs, however the result
derived in [7] was in the form of infinite sums of the
Whittaker’s hypergeometric function. All the research
work mention above was studied in the absence of
feedback delay (FD). Recently, authors derived the
performance of MIMO systems with CEE and FD under
Ricean fading channels in the absence of CCls in [8].

In this paper, we examine the outage probability and
SER for MIMO-MRC systems in the existence of CCls
with CEE and FD. Our outcomes provide a framework
of finite sums, permitting for effortless investigation of
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MIMO-MRC systems with respect to infinite sums
Whittaker’s hypergeometric function [7].

Notation: Matrices and vectors are expressed by bold
symbols. E(.),(.)Tand (.\)¥ stand for expectation,
transpose and complex conjugate transpose.

2 System and Channel Model

Considering a MIMO MRC system employing N;
transmit and N, receive antennas in the existence of L
independent CCls. Then, the N, X 1 signal vector y
received at the N,. antennas can be expressed as

y= \/P_OHtwtst + \/P_IH,wts, + v (D
where s, is the transmitted signal with average received
power P, of the desired user, v € CM*1 is a receiver
noise vector and are modeled as v~CN (O, U,%INr),
s; € CL*1 is the transmitted signal vector of the CCIs
and P; = diag (P1,1' Py, ., P,_L) is the average received
power of the ith CCIs where i = 1,2, ..., L. Let N, X N;
channel matrix H; and N, X L channel matrix of the L
interferers H; are independent and identically-distributed
(i.i.d.) complex Gaussian random variables (CGRVs)
with zero mean and unit variance and also assume that
the channel matrices H; and H; and noise vector v are
uncorrelated of each other. In (1) w, represents Ny X 1
unit energy weight vector at the transmitter, i.e.,
llw,]|? = 1. In practice, transmit weighting factor w, is
calculated at the receiver and forwarded to the
transmitter via a feedback channel. The CEE at the
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_ pzwolmax
- L H1y H P Ue wo H1y H 2 2 (4)
L 11 ||u A H |+ 1/1—||u B F, || + 02w, + 1
receiver and FD between receiver and transmitter is and
consistently present. Hence, with the existence of CEE, yNe=leg=y
the true channel matrix H, changes to be H, by an ) = T'(N,) ™)
estimation error E; = [€;;]y,xn, Whose elements are  Then, the pdf of z = x + y can be written as
i.i.d. CGRVs with zero-mean and variance ¢Z. In this 2 M Zi1e
correspondence, we consider feedback channel of delay f,(z) = 2 z Nij—arn— 0 (8)
7, thus we model H, as [8] i=1j=
H,=pH, .+ E,+F, (2)  where
E{[ﬁt]ij ﬁé{—T]ij} ¥ . .
where p = , Hy_; is the estimated channel 2 Ky imi 172 —ui
1-0¢ N = Vg’ A" [[Mgo,gils +v) '] ©)
matrix delayed by T time occurrence whose elements are Y g=1 (i — D! dsti=J

iid. CNV(0,(1 —0d)). Finally F, = H, — pH,_, is the
CEE matrix incurred by the delay, consist of i.i.d
CN((l —pH(1 - o2 )) At the transmitter if the
weighting vector w; =1u; is picked in order to
maximize the receiver SNR, the weighting vector w,. at
the receiver is selected to w, = H,_ 1, where
eigenvector U, corresponding to the highest eigen value
Amasx of the Wishart matrix H,_ H! _. Then the output
signal at the receiver combiner can be written as
y=wy
= P\/P_oﬁltiﬁlti—rﬁt—rﬁtst + Ue\/P_oﬁItiﬁIti—rEtﬁtSt
+p0ePoltf HiL Fytlys, + [Paf HL H;s,
+ul i v (3
The output signal—to—interference—plus -noise  ratio
(SINR) y of the MIMO-MRC system in the existence of
CCIs with CEE and FD can be written as in (4), at the
top of the page. In (4), H;; means it" column of the
matrix Hj, F.; means kt" column of the matrix F,,
wo = Py/0? and w; = P;/0. Therefore, the SINR in
(4) can be expressed as the ratio of two independent
random variables and given by

= 5
v z+1 ®
where 4 =&y, Z=x+,
Bi 2
x = %11 [ HEH o
~ 2, .
y = Zk 1A | ufHI. Ftk” in which
pwg podwgy
5_0'(1)+1 ’81_ w+land60_ o2wy+1’

3 Evaluation of the pdf of output SINR

Based on [5], x and y follow gamma distribution, thus
pdf of x and y can be written as

L-1_,—x
ful) =22

ON (6)
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S=Vv;

Proof of (9),see Appendix A.

The probability density function (pdf) of highest eigen

value A of the matrix ﬁtH H, in (5) is given by [3]

m (m+m-=-2k)k

’W)_Z ) F(l+1)<f)

=
where m = mm(NT, Ng) and n = max(Ny, Ng) and
coefficient q;; have been defined in [3]. Using (8) and
(10), the distribution of (5) can be computed as

+1 k

Ae & (10)

£ = f C+DAGE+D)L@dz (1D

ki m (n+m-2k)k 1+1

2
Yy Y Zm?}fi"i D
i=1j=1k=1 I=n-m =
l—-( ) I+1 f
vr;rtj] (E) (l -ir_ 1) (112_;2)r+j (12)

The pdf in (12) can be evaluated by using binomial

o () ¥

expansion as a finite sum (a + x)"™ = x*a
u~"r'(n).

and the integral fooo st lemHsds =
4 Performance Analysis

4.1) Outage Probability
The nonergodic capacity of MIMO-MRC systems can
be written as [3]

C=log,(1+7y) (13)
The outage probability may be defined as the probability
that the random variable C drops under particular SINR
threshold y;;, hence the outage probability is given by
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Poyt(Ven) = Pr(C <yw) = f(f(fy(}/) dy, where

x =2Vth — 1,

X o
Pouc (ren) = f f @+ D Ay + D)@ dzdy (14)

m (m+m-2k)k
Z Z Nijqkt
THrA+ 1)
=n-m
k
Levizyle s W gz gy (15)

The integral f: t"le~tdt = (n,s) can be used to

simplify (15), where 1(n,s) is incomplete gamma

function and is defined as[9, (8.350.1)] ¥ (n,s) =
k

I'(n) [1—e‘5 k=0 (Z)%] Hence interchanging the

order of integration and utilizing the binomial expansion

(1+s)" as a finite sum as well as integral

fooo sV"le™#S ds = u VT (v) [9,(3.351.3)], the closed-

form expression of the outage probability is given as
i (n+m-2k)k

Pracr) _izz Y

i=1j=1k= l=n-m

SN

u=0r=0

T +7)) 1
u T(Hu! (kx ]
(F+v)
(16)

4.2) Symbol Error Rate (SER)

The SER of MIMO MRC with CEE and FD in the
existence of CCI over Rayleigh fading is computed by
averaging the instantaneous SER Py, (y) over the pdf of

Y-

o0

P, = f Pu() £, ()dy

0

17)

4.2.1 SER for M-PSK:
The Py (y) of M-PSK is given as [10]-[11]

1 2
Py(y) = 2Q< /2]/sin2 %) —E”L

ysian

e cos?0 df (18)

2 M
For high SNR and for high value of M the Py (y) of M-
PSK is approximated as

Py (y) = aQ(y/2by) (19)
where a = 2,b = sin? % Substituting (11) and (19)
into (17), we get

E-ISSN: 2224-2864

508

Sudakar Singh Chauhan, Sanjay Kumar

2 Ui m (m+m-=-2k)k ©
pM-PSK :Z z anij 9k fzj_le_”iz
¢ (i r(Hvy/

i=1j=1k=1 I=n-m 0

X J 2b,§(1 +2),(+ 1)) dz (20)

whereJ (x,y,n) = (y"/T(M)) [;” Q (Yxf)e ™ f1df,
in which Q is defined as Q(f) = = = [ze~f*/2sn%0qg [9),
Applying the identity [9] fo x" te=MX dx = u"T'(v),

J(x,y,n) can be written as J(x,y,n) =T (% (Zx—y)n)
where I(¢,c,n) = (1/m) f0¢(sin29/sin29 +c)*db
for —m < ¢ < m. Utilizing the result in [11,(18)], for
integer n the function T(¢p,c,n) has closed form
solution [12, (5A.24)]. Let a function K (p, q, , m,n) is
defined as

o)

1 - q
— m-1 ,-pz
K(p.a.¢.mm) = [ 27 e (g, ) dz
0
2D
For ¢ =2 the function ‘I(— L n) can be
2 2 1+z
decomposed as

TS S () e
2 MZ\1+q+z (22)
. Inserting (22) into (21), the

function K (p, q, ¢, m,n) has a closed form expression
as given below

%(P' q, d)l m, n) = :]Cl - jCZ (23)
where
—mp
761 ¢p~™I'(m) (24)
T
¥, =1 Z Wy (1 + g)™Fks T + 1)

k=
><1p<m+l m+l—k+- ,p(1+q)> (25)

where (a;b;c) is the confluent hypergeometric
function defined by [9,(9.211.4)]. Utilizing (21) to (25),
(20) can be evaluated as

PM-PSK — z anqu"]l
i=1j=1k=1 l=n-m F(])‘Ul
X %(1 aa [+ 1)
v, k R

2 K m (n+tm-2k)k
_Z z an;jq (b§>
= > . &

i=1j=1k=1 I=n-m
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u

LS

u=07=0
Cr+)) /. b7
X0 (HT)
x¢<j+r;j+r—u—%;%(1+b—lf)>] (26)

4.2.2 SER for M-QAM:

The rectangular QAM is equal to two PAM signal on
quadrature carrier. Therefore SEP of M-QAM can be
computed as [10]

2
PO = 1 — (1 - pY-pam) 27)
The Pem_P AM can be obtained as
pylii-pan f P f,()dy (28)

where P g (y) = 2 (1 - \/%)Q(,/Zby) in whicha =

1 o
2 (1 _ \/_M) and b = ;. Substituting P 77(y) and

(11) into (17) and utilizing (21)-(25) we get

i m (m+m-2Kk)k

P\/_ PAM EZIZZ lnzm anuq“ (¥)§
AT
“EJQ( o
x¢<j+r;j+r—u—%;%(1+%)>] (29)

Hence inserting (29) into (27), we can achieve SER of
M-QAM.

S Numerical Results

This correspondence examines the analytical outage
probability and SER performance of MIMO-MRC over
uncorrelated Rayleigh fading channels. Fig. 1 illustrates
the outage probability against average received SINR per
branch with L =6,P, =02 =1, Py =5, ¥, = 10dB,
and (@ (N, Ny) = (2,2) (b)(Ng, Ny) = (4,4)
configuration in case of perfect CEE and perfect FD
(p=1,0, =0) and various imperfect cases (p =
0.99,07 = 0.01), (p=0.95,05=0.15) and (p=
0.90,62 = 0.25). It can be observed that the outage
performance improves in case of perfect CEE and FD
and with increase of antenna configuration. Fig. 2
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depicts the SER against average received SINR per
branch with L=4,P,=02=1, P,=5p=0.99,
2 = 0.01 for different antenna configuration using 4-

PSK constellation. It can be noticed that SER
deteriorates on increasing the antenna configuration.

6. Conclusion

In this correspondence we have analyzed the

performance of MIMO-MRC system in the existence of
CCI with CEE and FD. We have evaluated outage
probability and SER for M-ary constellation. It can be
observed that the system performance enhances with the
increment of number of transceiver antenna, however
deteriorates with the harshness of CEE, FD and CClIs.
The performance metrics were derived analytically and
avoids the necessity of integration methods. Our
outcome provide a framework of finite sums, permitting
for effortless investigation of MIMO-MRC systems with
respect to infinite sums Whittaker’s hypergeometric
function [7].
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Fig. 1 Outage Probability of MIMO-MRC in the existence of CCIs against SINR for different antennas configurations
(a)N; = N, = 2 and (a)N; = N, = 4 for perfect CEE and FD and imperfect CEEs and FDs.

Symbol Error Rate

Average received SNR(dB)per branch

Fig. 2 SER of MIMO-MRC with CEE and FD in the existence of CCIs against SINR for different antennas
configurations with p = 0.99,062 = 0.01 using 4-PSK constellation
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Appendix A
Let x = x4 and y = x5, then from (6) & (7), the pdf
of x; and x, are evaluated as

x L—1e—x1/c
fr, (1) = O (30)
and
szt—le—xz/d
fr,(X2) = W AR (31)

Since z = x; + x, follow gamma distribution function,
the pdf of z can be achieved by applying inverse Laplace
transform of moment generating function (MGF) of z.
From (17) & (18), the MGF of x; and x, is given by

Gy, (s) = v#1(s +vy)7H (32)

Gy, () = vH2(s + vy)7H2 (33)
where v, =% M =L,v, = % and u, = N;. Hence
the MGF of z can be yield as

2

G,(s) = va#g(s + vg)_ﬂg
g=1
By using partial fraction and taking the inverse Laplace
transform of G,(s), we can achieve the pdf of z in (8).

(34)

REFERENCES

[1] L. E. Telatar, “Capacity of multi-antenna Gaussian
channels,” Eur. Trans. Telecommun. Related
Technol., vol. 10, pp. 585-595, 1999.

R. A. Dighe, R. K. Mallik, and S. S. Jamuar,
“Analysis of transmit-receive diversity in Rayleigh
fading,” IEEE Trans. Commun., vol. 51, no. 4, pp.
694-703, Apr. 2003.

A. Maaref and S. Aissa, “Closed-form expression for
the outage and ergodic Shannon capacity of MIMO
MRC systems,” IEEE Trans. Commun., vol. 53, no.
7, pp. 1092-1095, Jul. 2005.

Y. Chen and C. Tellambura, “Performance analysis
of maximum ratio transmission with imperfect
channel estimation,” IEEE Commun. Lett., vol. 9,
no. 4, pp. 322-324, Apr. 2005.

M. Kang and M.-S. Alouini, “A comparative study
on the performance of MIMO MRC systems with
and without co-channel interference,” IEEE Trans.
Commun., vol. 52, no. 8, pp. 1417-1425, Aug. 2004.
L.Yang and J. Qin, “Outage performance of MIMO
MRC systems with unequal-power co-channel
interference,” IEEE Commun. Lett., vol. 10, no. 4,
pp- 245-247, Apr. 2006.

X. Rui, R. Jin, and J. Geng, “Performance analysis
of MIMO MRC systems in the presence of self-
interference and co-channel interferences,” IEEE

(2]

(3]

(4]

(5]

(6]

(7]

E-ISSN: 2224-2864

511

Sudakar Singh Chauhan, Sanjay Kumar

Signal Process. Lett., vol. 14, no. 11, pp. 801-803,

Nov. 2007.

E. K. S. Au, S. Jin, M. R. McKay, W. H. Mow, X.

Gao and 1. B. Collins, “Analytical Performance of

MIMO-SVD Systems in Ricean Fading Channels

with Channel Estimation Error and Feedback Delay

IEEE,” Trans on Wireless Commun, vol. 7, no. 4,

pp. 1315-1325, April 2008.

I. S. Gradshteyn and M. Ryzhik, “Table of Integrals,

Series, and Products,” 6th ed. San Diego, CA:

Academic, 2000.

[10]S. S. Chauhan and S. Kumar, " Bit Error Probability
and Capacity Analysis of Space-Time Block Codes
in Spatially Correlated MIMO Weibull Fading
Channels," WSEAS Trans. on Commun., vol. 13,
pp- 209-216, 2014.

[11]S. Chennakeshu and J. B. Anderson, “Error rates for
Rayleigh fading multichannel reception of MPSK
signals,” IEEE Trans. Commun., vol. 43, no. 2/3/4,
pp- 338-346, Feb./Mar./Apr. 1995.

[12]M. K. Simon and M. S. Alouini, Digital
Communication over Fading Channel: A Unified
Approach to Performance Analysis. New York:
Wiley, 2000.

(8]

[9]

Volume 14, 2015





