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Abstract: The authors study the performance of a dual-hop plus a direct link multiple-input multiple-output (MIMO) wireless
communication system using orthogonal space—time block codes. The system under consideration is based on the decode-
and-forward relaying protocol and operates over spatially correlated Nakagami-m fading channels. The proposed analysis is
generic enough to account for any MIMO correlation model either from measurements or having theoretical and analytical
justification. Analytical expressions for the system end-to-end outage and average symbol error probability are obtained, while
critical parameters of the MIMO channel are taken into consideration such as the angle of arrival, the antenna array
configuration, the wavelength and non-isotropic scattering conditions. Various numerical and computer simulation results

demonstrate the proposed mathematical analysis and the impact of the above parameters to the system performance.

1 Introduction

Multi-hop relaying communications have recently attracted
significant interest as they are able to provide a broad and
efficient coverage in various contemporary communication
networks. In multi-hop transmission, several intermediate
nodes act as relays forwarding data from source to destination.
Many protocols that take advantage of the benefits of
multi-hop transmission have been proposed, with the
decode-and-forward (DF) one demonstrating a reasonable
trade-off between implementation complexity and error rate
performance [1]. On the other hand, multiple-input multiple-
output (MIMO) communication systems have received
considerable attention in the last years owing to their potential
for providing significant capacity and performance
enhancement over conventional single-input single-output
(SISO) systems [2].

Very recently, the application of MIMO systems in
conjunction with relaying protocols has become a topic of
increasing interest, due to the fact that this combination
enables the design of sophisticated and high performance
communication systems. For example in [3], assuming
independent Rayleigh fading channels, exact expressions have
been derived for the outage probability (OP) of the end-to-end
signal-to-noise ratio (SNR) over MIMO relay channels using
space—time block codes (STBCs) and the DF relaying
protocol. In [4], an error rate study has been presented for
the end-to-end performance of dual-hop regenerative and non-
regenerative wireless communication systems with orthogonal
STBCs (OSTBCs). The impact of spatial correlation on the
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performance of amplify-and-forward MIMO relay channels
has been investigated in [5], considering correlated Rayleigh
fading channels. Also in [6], closed-form expressions for the
OP and average symbol error probability (ASEP) have been
extracted for dual-hop transmissions with DF relaying over
independent and non-identically distributed Nakagami-m
fading channels employing partial relay selection. In that work
the relay hop are all equipped with one antenna element.

In this paper we provide an end-to-end performance analysis
of MIMO dual-hop DF systems. In an effort to generalise the
above-mentioned works, all nodes are employed with
multiple-antennas using OSTBCs, while not necessarily
identically distributed spatially correlated Nakagami-m
fading channels are considered. The adopted channel model
is generic enough to account for any correlation model, for
example, a model extracted from field measurements or
mathematical models available in the open technical
literature. We assume that a direct link between the source
and the destination also exists and that the signals received at
destination from the source and the relays are combined
using maximum-ratio combining (MRC). Our analysis
includes the effects of various parameters of interest such as
non-isotropic scattering around the user, antenna array
configuration and the mean directions of the signal arrivals.

Next, the following notations are used: I'(-) and T'(-,-) for
the gamma and the upper incomplete gamma functions [7,
Equation (8.350.2)], respectively, ,F,(-) for the generalised
hypergeometric function, Jy(-) for the zero-order Bessel
function of the first kind, /y(-) for the zero-order modified
Bessel function of the first kind, (I)gK)(-) for the confluent
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Lauricella hypergeometnc function of K variables [8, Equation
10, p. 62], F) ( ) for the Lauricella multiple hypergeometric
function of n variables [9, Equations (7.2.4.57) and
(7.2.4.15)], E(-) for the expectation operator with respect
to random variable X, Fx(-) and M () for the cumulative
distribution function (CDF) and the moments generating
function (MGF) of X, respectively, Pr{-} for the probability
operator, j = v/—1, Vec() for the vectorising operator that
maps the elements of a given matnx into a column vector,
()" for the Hermitian transpose, (-)" for the matrix transpose,
()" for complex conjugate, ® for the matrix Kronecker
product © for the matrix element-wise (Hadamard) product,
I -]/ » for the square Frobemus norm, R{-} for the real part,
and L{-; 3 and L7M-; -} for the direct and the
inverse Laplace transforms, respectively.

2 System and channel model

We consider an MIMO dual-hop system where a source
node S communicates with a destination node D both
directly (path «) and via a relay node R (path ). The
source and the destination are equipped with Ng and Np
antennas, respectively, whereas the relay is equipped with
Ny antennas. The relay uses the DF protocol to forward the
data received from the source to the destination.

2.1 Channel model

A narrowband channel model is assumed that is considered as
frequency non-selective. We denote as H, € CNo>Ns

€ CVM and H, € CM the § 3 D, S5 R and

R—B>D channels matrices, respectively. The (j,k)th
envelope element of the /th hop (/ =0, 1, 2) e, =|H " |
is Nakagamr -m  distributed, w1th probabrhty densrty
function ~given by f, (r)=2r 2= exp (— 7 )/F(ml)
where m, > 1/2 is the fa(flng parameter and [E(r[ ) =my.

For each one of the three hops, the impact of spatial
correlation can be captured by three corresponding positive
definite covanance matrices R, defined as R, £
Ey (h, hl ), with h, = vec(H,).

</ar1ous correlation models have been proposed to capture
the impact of MIMO spatial correlation. Representative
examples are the Kronecker product model [10, 11] and the
Weichselberger et al. model [12]. The Kronecker model is
capable of modelling both narrowband and wideband
channels, whereas the Weichselberger ef al. model can be
applied only to narrowband channels [13].

2.1.1 Kronecker correlation model: The Kronecker
model requires knowledge of the transmitter and receiver
correlations (hereafter one-sided correlations) and assumes
that they are independent, and therefore can be treated
separately. More specrﬁcally, for the $—> D hop, the
correlation matrix is given by

Rcco = RS,a ® RD,a (la)

with R, = E, (Hy Hy) € R"" and R, , = E,; (HyH'")
€ R~ being the source and destination one-sided
correlatron matnces of path «, respectively. Moreover, for

theS—>R andR—>Dhops

R. =Rsz®Ry g (1b)
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and
R., =R s®Rpg (Ic)

respectively, with Rgz=[Ey (HIH})y € RYs™Ms, Ry g =
Ey (H HY') € R™WN Ry o=, (Hy Hy) € RM™ and

Rpp =Ly (HZHH) S RNDXND being the source, relay as
receiver, relay as transmitter and destination one-sided
correlation matrices of path 3, respectively. Experiments
have shown that the Kronecker structure describes quite
well systems equipped with small number of antenna
elements, for example, 2 x 2, however, it looses precision
as the number of elements increases [13, 14]. Nevertheless,
it remains by far the most popular MIMO channel model in
the literature especially due to its simplicity.

2.1.2 Weichselberger et al. correlation model: The
Weichselberger et al. model is slightly more complex than
the Kronecker model, but has been shown to provide a
better match in predicting a variety of channel metrics [12].
This model requires knowledge of source and destination
one-sided correlation matrices, as in the Kronecker case,
while additionally, requires knowledge of power coupling
matrices, £2,s. By denoting the transmit and receive ends of
the /th hop as T, , and R, ,, respectively, an estimate of £2,
can be obtained from the measured impulse response, H,, as

Q= [EHe«ng,sz U;x,i,) © (U%x,eHZ UTx,z)> @)

where U, ~and Uy, are the eigenbases of one-sided
correlation” matrices “at receive and transmit ends,
respectively. The elements of this matrix, w,, s, denote the
average power of the virtual SISO channel bétween the ith
ergenmode of the transmit side and the jth eigenmode of
the receive side of the /th hop. The correlation matrix for
the S > D hop is [12, Equation (6)]

Ns  Np

Z Z wO (”S Re%) ® uDat)(”S ,a,f ® uDat)H (33)

=1 j=

where ug ,; and up ,; are the jth and ith eigenvectors of the
one-sided correlation matrices Rs, and Rp ,, respectively.

Also, for the S —B> R and R —B> D hops

s Nr
= Z Z w],»,_/.(”s,ﬁlj Qug,pi)Uspg; ® uRd,B,i)H (3b)

i=1 j=1
and

Np  Np

R ey — Z Z Wy, /-("RS,BJ ® ”D,B,i)("Rs,B,j ® ”D,B,i)H (30

i=1 j=1

with ug g;, g, p;» Ug_p; and up g, being the ith eigenvectors
of correlatlon matrices R, RRd B RR B and Rp g,
respectively.

2.1.3 One-sided correlation models: In general, the
elements of the one-sided correlation matrices can be
obtained from field measurements, for example, as in Section
2.1.1. Alternatively, various models can be used, such as the
Abdi-Kaveh [15], exponential, constant and so on [16].
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According to the Abdi-Kaveh model, the entries of the
correlation matrix are

= LI K2 — 47T2di’k + jd i sin( )@ 4)
Qlek _Io(K) 0 /\2 J n A

where ) € [— 1, ) is the mean direction ofthe angle of arrival
(AOA), k > 0 controls the width of the AOA (k = 0 denotes
isotropic scattering, whereas k = oo stands for extremely
non-isotropic scattering), A denotes the wavelength and d;
is the separation distance between the pair of receive
antennas j and k. In the case of isotropic scattering around
the user, (4) reduces to the Clarke’s spatial correlation model
OR|;, = Jo(2md;;/A) [17]. Furthermore, for the exponential

li—*l

and the constant correlation models, Ry, =P and

Qrj, = P respectively, with [p| < 1.

2.2 System model

The overall communication from § to D is achieved in two
time frames [18]. Each frame consists of L time slots during
which a complex M-ary phase-shift keying (PSK) or
quadrature amplitude modulation (QAM) symbol is
encoded by a OSTBC having code matrix Hy | € CchxMs
(or simply Hy when R = 1) and rate R,.; = L/Ng. For
example, OSTBC matricés are Hy, Hss/s and Hyszp H,
denotes the Alamouti OSTBC matrix, H; 5/, and Hy 5/, are
the R, =3/4 rate OSTBC matrices for three and four
transmit antennas, respectively. In the first frame, .S sends a
signal to R and D, with the equivalent SISO received SNRs
per symbol being

Yo

J——T) s N 5
Ysd myNgR | 1H ol (52)
Y 2
=——||H 5b
Yvr mlNSRc’l ” 1 ”F ( )

respectively, where Yy,, y,, are the corresponding average
SNRs, characterising the path-losses on the considered hops.
During the same time frame, the relay decodes the signal
from the source. If 1y, is above a specified SNR threshold vy;,
then the relay is assumed to be able to fully decode the
source message. The destination terminal has to wait for the
assistance of the relay during the second time frame. We
denote as E, the state of the relay [3] that when 7y, > y,(M),
E,=1and when v,,. < v(M), E, = 0, with y,(M) being the
required SNR for the successful decoding of the source
message, that depends on the employed modulation scheme.
Note that y,(M) increases with the number of constellation
points M in order to maintain a given level of error rate
performance. Therefore (M) may be written as
V(M) = Yoofsi*(mM) and (M) = (M — 1)/3  for
M-PSK and M-QAM constellations, respectively, where ;¢
is a normalisation constant.

In the second time frame and according to the DF protocol,
if the relay cannot correctly decode the signal, it remains idle;
otherwise, it transmits the decoded signal, after re-encoding it,
towards node D with the equivalent SISO instantancous
received SNR per symbol being

2|\, |1} (5¢)

Yrd = mZNRRC,Z
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with 7y, being the corresponding average SNR and code rate
R., = L/Ng.

The signals received in the destination node during the two
time frames are combined using the MRC scheme. Therefore
the equivalent SISO end-to-end SNR per symbol at node D is

Ya = Ysa + ErVra (6)

Based on the above equation, next, the statistics of 7, is
analysed.

3 Statistics of the end-to-end SNR

In this section, the statistical properties of the end-to-end SNR
are studied in terms of the CDF and the MGF.

3.1 Cumulative distribution function

Based on (6), the CDF of vy, can be expressed as [3, Equations
(4) and (8)]

F () ="Pr{y; <vIE, = IP{E, = 1}

+ Pr{‘Yd < ‘Y|Er = O}Pr{Er = O}
=F, (Wl -F, (v(M)]+F, (VF, (vM))
(7

With Ymre = ¥sa + Vra- The CDFs of ¥, Yo, ¥ra and Yinee
appearing in (7) can be obtained from their corresponding
MGFs using inverse Laplace transforms, that is,
F(y) = L7 {M,(s)/s; s; y}. Using (5a), (5b) and [19,
Equation (51)], these MGFs are given by

Ko

M, () =[] +spo) " (8a)
k=1
K,

M, (&)= []A+sp, )" (8b)
k=1
K,

M, (&) =[] +spy) ™ (8c)
k=1

where po = A ¥o/moNs R 15 o, = Moty Pr, = &1 /m Ny
Rc,ls Uy, =mng, Py = fk’Yz/mzNRRc,z and Uy, = MyVy.
In (8), {k)\l, Ay, . Mg} are the eigenvalues of R~ with

i being their corresponding multiplicities with Zfil

My = NsNp, {81, &, -, Lk, } are the eigenvalues of R,
with 7 being their corresponding multiplicities with Zf; .
My = NgNg, and {§, &, ..., &,} are the eigenvalues
of R, with u; being their corresponding multiplicities with
Zfil v, = NpNg. Furthermore based on (8), the MGF of
Ymre Can be expressed as

K3
M}’mrc(s) = MYvd(S)MYM(S) = l_[ (l + Sp3k)_"’3k (9)

k=1

where K3 = Ko + K, p3, = py,, if kK < K, and ps, =Dy
if k > K. Furthermore, u3 = u, if k < Ko, orus =u,
if k> K,. Using the above MGF expressions, it can beé
easily verified that in order to obtain the CDFs of vy, vy,
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Yrq and Y, inverse Laplace transforms

)1 - —u
Fy ) =L =TT +sp) s s y} (10)
k=1

should be performed. For / = 0, 1 and 2, the CDF of vy,y, ¥,
and v, are denoted, respectively, whereas for / = 3, the CDF
of Ymre- We may observe that each factor (1 4 sp,, )~ "o in
(10) is the MGF of a gamma-distributed random “Variable
(RV) with parameters 1/p, and u, . Hence, the product of
K, such factors may be considered ‘as the MGF of the sum
of K, 1ndependent gamma RVs, each with parameters 1/p,
and u, . Then using [20, Equation (2)] and the definition of
the 1ncomp1ete gamma function, (10) can be expressed as

Kl \ & F<k+ Z/I'{:[l“e.ﬁ’z/l?zm)
F = — 1) 1—
v, (Ye) g(ﬁz) kX:(; (A (k+z lue>

7

(11)

where p, = mll’l{p[ 4, j=1,2,..., K, and the coefficients

8, may be recursively obtarned as

k+1 i
64k+1 k+1 Z|:sz ( ) i|8ék+1i’
/

k=0,1,2, ... (12)

with 6, = 1. Two alternative expressions for /7, (y) may be
obtained using [21] as

| lro sin[ e 1“13 arctan(tpe)—ty]

F dr
W(y) 2 ), tl_[ (1+l )u(; /2
K Uy,
HJ[I(Y/pZ) b (KZ)
_—q)z

(1+Z 1”z>

% Y Y

x\uy,...;u, ,14+ Uy, ——, euey ———

R D

(13)

Note that the infinite series representatlon of F) (y)in (11) as
well as the integral representation in (13) are much more
convenient for accurate and efficient numerical evaluation
than the exact closed-form solution involving confluent
Lauricella functions. Now using (11) and (12), or (13), the
CDF of 7,4, vs- and vy appearing in (7) can be obtained,
and henceforth, F, (y) may be readily extracted. Note
that for uncorrelated Raylelgh fading channels (m/ =1,
A = = & = 1) and using the identity ® ( *) {1, ..., 1, l+
K, —z, ..., —2)=F|(K;, 1+ K,, — z) = yK,,2)K, /"
[7, Equation (8.351.2)], (13) reduces to a previously known
result [3, Equation (10)].

3.2 Moments generating function

The MGF of v,, defined as M, (s) = E(exp(—s7y,)), can be
directly obtained from (7) as /\/l AOEK L{F 7, (V)5 Vs s,
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yielding
M, () = M, = F, (v,(M)]+ M, 6)F, (v,(M)
(14)

Although the above expression is in a general form, by restricting
poys Uy, to 1nteger values, next we present a corresponding
expression which is simpler to handle. With the help of [7,
Equation (8.352.7)], the incomplete gamma function in (11)
may be expressed as a weighted sum of exponentials.
Furthermore, using direct Laplace transforms [7, Equations
(17.13.1) and (17.13.17)], M., (s) may be expressed as

K3 ”3,
M, () =[1 = F, (] | (pi)
=1 \P3

K3
k+2j:1 uz, 1

- 5p3
= = Gps, + DM

o (o, \
+F, (nOO) [ | (p)
j=1

0
o k+Z;(:Ol ”0/_1 Po
% 8 | 1— T Vm

(15)

4 End-to-end performance analysis

Using the results of Section 3, analytical expressions for two
performance metrics of interest are derived, namely the OP
and the ASEP of M-PSK and M-QAM modulations.

4.1 Outage probability

An important measure of performance in fading channels is
the OP, denoting the probability that the instantaneous end-
to-end SNR falls below a specified threshold v,. Using (7)
and (11), or (13), the end-to-end OP of the MIMO dual-hop
system under consideration may be obtained as

Pou(y) = Fy,(v) (16)

4.2 Average symbol error probability

To evaluate the ASEP performance of the considered MIMO
dual-hop system, we follow the MGF-based approach for the
error performance of digital communications systems over
fading channels outlined in [16].

4.2.1 M-PSK: The ASEP of M-ary PSK signals is given by
[16, Equation (5.78)]

m—1/M
Pse :lj M ( 'grz)sk >d0
)2 Y2\ sin” (6)
1 7T/2 g k
+=1 M = )de 17
77[0 v (Sinz (0) (17
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where g, = sin (7T/M ). Next, we consider two solutions for
Py,. The first one is for arbitrary values of Uy S, while the
second one is when restricting Z;J U, to integer values.

For arbitrary values of U » by substltutlng (14) to (17),
integrals of the form

1 /M Ke gpsk
Frsa = Wjﬁ/z ﬂ(l - n*(6) P

—lt‘elf
) do  (18a)

and

1 2 & gpsk
F =— | | 1+
PSK.,2 77]0 11 ( sin2 ( G)sz

)wk 40 (18b)

need to be evaluated, with / = 0, 1, 2. For the 1ntegra1 Fpsk.1
by performing the change of variable x = cos()/cos*(/M)
and after some necessary manipulations, one obtains

Frsk,1 = e (27;/M) j; (x —x* cos’ (%)) e

Ky
X 1_[<1 +
k=1

pekgpsk “
_ Thopsk dx
l—x cos2(7-r/M)>

K
1 L —u
=57o5(3 )ﬂ“  Gpape,)

[ o (T B
XH( cos (7T/M) ) Z/Cdx

1+ szgpsk

1K T
2 T+ g cos(

(K, +1) [t 3
x Fp* 5 {K,Lkl’i_zulk;z;
k=1
2 Ky
cos” (/M) 2 (T
X {— , cos"(— (19)
1 +gpskp£k k=1 M
where Fg)(v, ki,....k;cz,...,z,) is the Lauricella

multiple hypergeometric function of » variables defined as

FO0 koo kycizy, .. z,)

s My s “pn

_ F(C) : v—1 c—v—1 2 —k;
= 7I‘(c —OTo) Lx (1—x) H (1 —zx) " dx

R ()T () J
Lol seensdy =0 (C)]Tl 1]_'(l +1) zi, zl <l (20)

where [, =371, (®)g=T(a+pB) /M(a) is the
Pochhammer symbol. The integral in (20) exists when
R{c—v} >0 and R{v} > (. It can be seen from (19) that
the condmons for series convergence and integral existence

of F KD are satisfied. Note that the Lauricella function
can be evaluated numerically in a computational-efficient
manner using its integral representation with the help of any
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of the well-known popular mathematical software packages
such as Maple or Mathematica.

For the 1ntegral Frpskp» by performing the change of
variable x = cos?(6) and after some manipulations, we obtain

F PSK.2 =

1
ZT]H(I +gpskp€k) b

1 <
Xj U YRy SRR IR
0

K, 1 Uy
xﬂ(l —1_+_kagPSkX> dx
(/24 X0 ) T (1 +gpape) ™
2y (14 X )
&) (1 "
ool

k=1

2

By restricting Z 1 Uy, 1O integer values and substituting (15)
to (17), 1ntegrals of the form

/2 . 2k-2
Tk, 4) =20 j ,S”;—(G)kdo (22a)
T Jo (A Sin (0)+gpsk)
and
m—1/M - 2k—2 )
Iz(k,A):gpSkf L O o (22b)
w2 (Asin®(0)+gpg)

need to be evaluated, with £ > 1 and 4 > 0. By substituting
cos® () = w and with the help of [7, Equations (9.111) and
(9.121.1)], Z,(k,A) can be expressed as

Vs T'(k—1/2)

Zi(k,A)= Zﬁr(k)(A+gpsk)k_l/2

(23)

Under the assumption of integer £, the integral in Z,(k, 4) can
be expressed in closed form as

A —k+1/2 2k—2
Iz(k,A):( +gpsk) |: T1 ( )

T/ JGw 1252\ k-1

2k =2\ sin[(2k —2 —2/)T,]
22“2( ) Ty ] 24)

where T, =arccos[(4—cos(2m/M))/(A+1)]/2. In (24)
and (30), when 2k—2/—2=0, sin(2k—2j—2)/
(2k—2j—2)=1. The proof of Z,(k,A) is given in
Appendix.
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4.2.2 Square M-QAM: The ASEP of square M-QAM
constellations is given by

4 77/2 am
P, = —BJ M, ( ,gg ) do
™ ) ?\sin” ()

2 /4
—ﬁj M%,<_gqam )dﬂ (25)

T Jo sin? (9)

where B=1—1/+/M and ggum = 3/[2(M — 1)]. Similar to
M-PSK, next, we consider two solutions for P,,. The first
one is for arbitrary values of Uy S, whereas the second one
is when restricting Z ‘ 1 Uy to 1nteger values.

For arbitrary values of Uy,s by substituting (14) to (25),
integrals of the form

4B /2 & < gqam
F = 1+ ——
QAM.L ™ _[0 ,g sin?( ) P,

>Wk 49 (26a)

and

4p% (" K Zqam
fQAMl_?L ,Q(H ()7

)Wk 49 (26b)

need to be evaluated, with / = 0, 1, 2. The first integral can be
easily recognised to be similar to the one in the M-PSK case,
and therefore it can be expressed as

K,
280((1/2)+ i, ) IO+ e

~7:QAM,1 = X,
A (14 2wy, )
1 ke
(Ky) .
x F =, {u 1+ Uy ;33—
? <2 b k l Z " {1+gqamp‘k}k 1)

27)

For the 1ntegra1 F gam2» upon making the change of variable
x=1—tan’ (9) and after some manipulations, we obtain

2 Ky

4B u Uy —
Foama=—— rkHﬁ&mpm qja_@z 0 —(1/2)

L 1+ggam Pe ) x\ 1
| L G 1-2) dx
Xﬂ( ) 2)

1 +2gqam ka

BT (14284 )"
m(1/2+4 Y3 uy,)

xFé“*”(l,{ugk}f“,, 1;

3 ¢ 1+ ggam Pe ‘o
. qa k
§+Z”@’{7} ’_2>
k=1 k=1

1+ 2gqam pik
(28)

By restricting Z]K:‘I Uy, to integer values and substituting (15)
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to (25), the first integral has a similar form to /;(k, 4), that is
4B [ sin*%(0)
ICI (k’A) = ) A
™ 0 (A Sin (0)+gqam)
_ 2B\/Baam (k= 1/2)/T(k)

29a)
ﬁ (A +gqam)k 12 (
while the second integral is
482 /4 229
K, G A) = Eaam [ s ©) -do (29b)
m 0 (A SIn (0)+gqam)

Based on Appendix (Section 8.2) and under the assumption
of integer k, the integral in /C,(k,A4) can be expressed in
closed form as

4B B T, (2k—2
’CZ(k’A)_ﬂ'(A+gqam)k_l/2 |:22k2( —1 >
(—1)" 12 2k =2\ sin[(2k —2 —2))T,]
T Z( DJ( j > 2k—2-2j
(30)
where T, = /2 —arccos(4/(4 +2gqm))/2-

4.2.3 Unified ASEP expression: Using the integral
solutions of both Sections 4.2.1 and 4.2.2, a unified
expression for the ASEP of both PSK and QAM when
Z]K 1t is restricted to integer values can be written as

P

se

5oy \
=[1 —F,v,w,(M))]]"[(p—m)

=1 \F3;

k+2/’_<:3] us

—1
© 1 - 1

8 | 1——— [4+1, —

szzg 3, i ; Psm;jr( + p3m>

Ky Do Ho;
+F, (%(M))]_[<p )

J
0 | k+2/[_<:01uo/71
SXAIETEDY

2
1
—1
Po, 2 I l+1a—)
=1 ; ( pom

€3]

where for M-PSK J,(k, A) £ Z,(k, A) and for M-QAM
Tk, )& Kk, A), i=1,2.

4.3 Asymptotic end-to-end performance analysis

We observe that for s — oo, M, (s) and M,
be expressed as

KO 1 71{01‘
”(s)—s Zk 1 Moy np Ok H(l —|——)

k=1 SPoy

(s) in (8) can

= C, s % 4 O(s ) 32)
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and
K K )
_V5 u 3 ) 3 1 g
M‘ymrc(s):S Zk:l 3k I[[]p3k k/!_[1<1 +E)
— = k
= Cies™ ™ + O(s™ ) (33)

—U, —u
where C; = l_lfilpok " Coe = Hfilpsk Ydy = Zfil Uy,
and d,, = Zfil Uy, . We write f(x) = O[g(x)] as x — xo, if
lim, . (f(x)/g(x)) = 0. Using [22, Proposition 3], it is
obvious that dy, is the diversity gain of the § — D hop,
whereas dp, is the diversity gain for the combined § — D
and R — D hop. The MGF of v, is then expressed as

My, (5) = [1 = F,, (v, (M))]Cppres™
+ F,/S'_(’)’t (M ))Csds i (34)

Using (34) along with (17) and (25), simplified asymptotic
expressions for the ASEP of M-PSK and M-QAM can be
obtained. Also, the corresponding CDF can be easily
obtained as

) o
F,(y)=[1-F, (v(M)]C,,. Td 11

+F, (n(M)Cyy #

(35)
with the help of which and (16), an asymptotic expression for
the end-to-end outage probability can be readily obtained.

5 Numerical and computer simulation
results

In this section, we provide numerical and computer
simulation results for the OP and ASEP performance of the
considered dual-hop MIMO system. In order to show the
generality of the presented results, the correlation models
that are used are both analytical (see Section 2.1.3) as well
from measurements.

We first consider a dual-hop system equipped with two
antennas at the source, the relay and the destination nodes,
where the Alamouti scheme is used. The impact of fading
correlation is taken into account using the Kronecker model,
where the transmit and receive correlation matrices at all hops
ends are obtained using the Abdi-Kaveh model. Such a
correlation has been derived under the assumption of a
Rayleigh channel. However, the choice of a particular
correlation structure is not an essential issue for the purpose of

Table 1

illustration. Since there is no alternative temporal correlation
model available for Nakagami-m fading [23], next, we will
use the Abdi-Kaveh correlation model in the following
numerical examples. For the evaluation of the OP, a fixed M
has been selected, so that /(M) = 0 dB, whereas for the
ASEP v,.s=0dB. Fig. 1 depicts the end-to-end OP using
the Alamouti scheme against the first-hop normalised
outage threshold, y,/v, for different values of the width of
AOA, « and as it is evident, the end-to-end OP improves
as k decreases. Furthermore, as expected, the balanced
test case (¥, =y, = ¥,) outperforms the unbalanced one
(¥ = 7, = 0.5%,) for all the corresponding values of k. For
the same scenario, Table 1 shows the number of terms
required in (11) to achieve an accuracy of up to the sixth-
significant digit. As it is obvious, the infinite series converges
rapidly and steadily requiring only a few terms for the target
accuracy, especially at medium and high values of %,/7y,.
Moreover, the number of required terms increases as k
increases and/or 7y, /7, decreases. For low values of 7y, /y,, the
integral representation in (13) may also be used to evaluate the
OP. Fig. 2 depicts the end-to-end OP using the Alamouti
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Fig. 1 End-to-end OP of dual-hop DF MIMO relay system with
orthogonal STBCs (H, scheme), against first-hop normalised
outage threshold under correlated Nakagami-m fading (Abdi-
Kaveh model, uniform antenna arrays with dr = ds= 10\,
Nns=mr=14, dp=0.2\ mp=m/32, k=0, 2, 5) my=2.5,
m; =my = 1.5, for unbalanced (yy)= vy, = 0.5y;) and balanced
(Yo = ¥1 = ¥2) hops

Number of required terms for convergence of the outage probability based on (11) and (17) to achieve an accuracy of up to the

sixth-significant digit (Abdi-Kaveh model, uniform antenna arrays with dg = ds = 10\, dp = 0.2\, ns=ng= /4, np= 732, k=0, 2, 5,

mg = 2.5, m; = my = 1.5), for unbalanced hops (yy = ¥, = 0.5%,)

¥1/7v:, dB k=0 K=2 k=5

S—D S—>R MRC S—D S—R MRC S—D S—R MRC
0 47 7 40 63 6 58 110 6 104
25 27 3 20 38 4 29 68 3 58
5 16 2 8 22 4 13 38 2 25
7.5 7 2 3 11 2 6 20 2 14
10 3 2 2 3 2 3 9 1 7
2112 IET Commun., 2011, Vol. 5, Iss. 15, pp. 2106-2115

© The Institution of Engineering and Technology 2011

doi: 10.1049/iet-com.2010.0305



L 1 T T T T T
; ‘-\. = symptotic
107 ko kS To=1=0257% ]
“i\ N T TH=1= [1-5 o3
> R ‘\,\ """" Yo=7= T
= s N 3 i i
= 102 AEANTR Simulation
2 %
= NN
is L
5 10°F " %, 1
) b
g .
. i
210 F 1
I.IIJ 3]
e 3
5 10° F 3
= 3
= 3
10° -
107 L : ' e\
0.0 25 5.0 7.5 10.0 125

First-Hop Normalised Outage Threshold (dB)

Fig.2 End-to-end OP of dual-hop DF MIMO relay system with
orthogonal STBCs (2 transmit and receive antennas, H, scheme),
versus first-hop normalised outage threshold under correlated
Nakagami-m  fading (exponential correlation model, ps= 0,
pr=0.1, pp=05), my=125 m; =075 m>=215 for
unbalanced (Y9 = vy, = 0.5y;, Yo = ¥> = 0.25%,), and balanced
(Yo = ¥1=%2) hops

scheme against %,/v, and its asymptotic behaviour for
exponential correlation, balanced and unbalanced hops. As it
can be observed, the asymptotic expression for the OP
obtained using (35) correctly predicts the outage performance
of the considered system at high values of %,/v,, thus
verifying the correctness of our analysis. In Fig. 3 the ASEP
of M-ary PSK and square QAM is depicted as a function of 7y,
for the Alamouti scheme, the Clarke correlation model and for
different values of M. As shown, the ASEP always improves
as 7, increases and/or M decreases.

www.ietdl.org

Next, we consider a dual-hop system equipped with four
antennas at the source, the relay and the destination nodes,
where the H, 5/, code is used. We consider a more realistic
propagation environment for the following two test cases.
The first test case corresponds to the propagation
environment presented in [24], where a narrowband
Kronecker model was used, while the correlation matrices
at both link ends were obtained from data collected in two
types of environments, namely microcell and picocell. The
term picocell and microcell refer to indoor-to-indoor and
indoor-to-outdoor environment, respectively. In the picocell
environment, the propagation scenario offers a decorrelated
case, whereas in the microcell a correlated one. Note that
although the Kronecker model generally performs poorly
for MIMO systems equipped with more than two antennas,
in this case, it agrees quite well with the measured data.
The correlation matrices at the base station and the mobile
terminal are [24, Equations (12) and 13)] (see (36a))

and (see (36b))
for picocell and (see (37a))
and (see (37b))

for microcell. Fig. 4 shows the end-to-end ASEP of the
considered system when square M-QAM is employed for
both considered environments under Rayleigh fading and
for different values of M. As it can be observed, the error
performance is slightly better in the picocell environment
than in the microcell for all values of M. This result is in
agreement with [24, Figure (12)], where the MIMO channel
capacity of the picocell environment is better than the
corresponding one of the microcell environment. The final
test case is based on the experimental setup presented in
[25]. Four-element single polarisation patches with half-
wavelength spacing are considered, while the transmitter is
fixed whereas the receiver can be at locations 2, 3 and
4. The Weichselberger et al. model has been adopted and
based on measurements for H,s [26], the parameters of this

1 —0.4540.53j 037-022/ 0.19+021 ]
R —0.45 — 0.53j 1 —0.35-0.02; 0.02—0.27/ (36a)
Topico ™ 1 037 4+0.22j —0.35+0.02/ 1 —0.10 + 0.545
| 0.19-0.21; 0.02+0.277 —0.10 — 0.54/ 1 A
i 1 —0.13 - 0.62/ —0.49+023/ 0.15+0.28 ]
R | —0.13+0.62f 1 —0.13 - 0.52j —0.38+40.12j (36b)
Repico ™ | 0,49 — 0.23j —0.13 + 0.52/ 1 0.02 — 0.615
| 0.15-028 —038—0.12/  0.02+ 0.6/ 1 i
i 1 —0.614+0.77/ 0.14—0.94j  0.24+0.89 ]
R — —0.61 —0.77j 1 —0.85+0.50; 0.57—-0.78; (37a)
Temicro ™ 1 (.14 4+0.94j —0.85 — 0.50j 1 —0.91 + 0.407
| 024-0.89  0.57+0.78 —0.91 — 0.40/ 1 i
i 1 —0.12—-10.18/  0.08+0.05; —0.02—0.13;]
R —0.12 +0.18j 1 —0.17—-0.16;  0.11 4 0.04j (37b)
Remicro = |0 08 — 0.05f —0.17 + 0.16/ 1 —0.17 - 0.167
| —0.02+0.13j  0.11 —0.04f —0.17+0.16 1 |
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(Clarke model, uniform antenna arrays with dp = ds= 104,
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Fig. 4 ASEP of M-ary QAM constellations of dual-hop DF MIMO
relay systems with orthogonal STBCs (4 transmit and receive
antennas, H, 3.4 scheme) against transmit SNR per symbol of the
first hop, under correlated Rayleigh fading (picocell decorrelated
and microcell correlated environments based on [24] for balanced

hops (Yo = ¥>= Y1)

model can be easily extracted. More specifically, based on
[26], we first performed an estimation of coupling matrices
L5 using (2) assuming that for a specific indoor location, a
reasonable assumption is R..o = R..; = R.,. Then, the
correlation matrices were estimated using (3). Furthermore,
according to the findings of all experiments performed in
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antennas, Hy 3.4 scheme) against transmit SNR per symbol of the
first hop, under correlated Rayleigh fading (Weicshelberger et al.
model, based on the experimental setup in [25]) for balanced

hops (Y9 = Y= Y1)

[25], Rayleigh distributed channel envelopes were assumed
for all considered hops. To demonstrate our analysis, Fig. 5
shows the ASEP of 4- and 16-QAM over Rayleigh fading
as a function of 7, in locations 2, 3 and 4, and as it is
evident, ASEP improves as Yy, increases.

To verify the correctness of the proposed analysis, our
numerically evaluated results are accompanied with semi-
analytical Monte-Carlo simulations, where in our simulations,
we form (6) with more than 10’ samples. Note that the
Frobenius norms involved in (5) are sums of correlated gamma
variates. Hence, we can reduce the computational effort by
using the fact that the sum of correlated gamma variates can be
expressed as the sum of independent gamma variates with
suitably scaled parameters, which depend on the elements of
the covariance matrix. This result was first proved in [27],
where the Karhunen-Loeve expansion was used to decorrelate
arbitrarily correlated, non-identical, Erlang distributed RVs.
Standard built-in functions available in popular mathematical
software packages, such as the Matlab gamrnd function,
can be readily used to generate gamma distributed samples
with suitably defined parameters. Therefore, in Figs. 1-5,
corresponding results are included (square signs) for
comparison purposes. It can be observed that for all curves, we
have an excellent match with the analytically evaluated results,
validating the mathematical formulation.

6 Conclusions

A performance study of a DF dual-hop wireless
communication system, employing OSTBC and operating
over spatially correlated Nakagami-m fading channels was
presented. Analytical expressions for the CDF and MGF of
the end-to-end SNR were derived, valid for any orthogonal
design and correlation model. Based on these formulas, a
thorough performance analysis of the considered system
was presented in terms of OP and ASEP of M-ary

IET Commun., 2011, Vol. 5, Iss. 15, pp. 2106-2115
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modulation schemes. Extensive numerical and computer
simulation results were presented that demonstrate the
proposed mathematical analysis.
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8 Appendix
8.1 Evaluation of Z,(k, A)

We first employ the change of variables 6 = ¢ — @/2 in
Z,(k, 4) yielding

cos? 2 )
(cos? (6) + g,/ A)"

S F”/M (1 + cos (&)
A+ 2g,g) 7)o (1 +d cos (&)

Iy(k, A) =

gpsk w/2—mw/M
Ak’ZTJ

d¢
(38)

where d £ A/(4 + 2g,.«)- By employing the Euler—Legendre
change of variables {1 4+ dcos(¢) = (1 — d*)/(1 — dcos(x)),
dé=+1—-d?/(1 —dcos(x))dx} and after some algebraic
manipulations, the following form is  obtained
Ty (k, A)= g/ (A+28p) MU +d) >4/ T=d [ (1+
cos(x))" ! dx, where 27, = arcos[(4 — cos(2m/M)))/(4 + 1)].
By performing the change of variables x = 2¢ and after some
algebraic and trigonometric manipulations, Z,(k, A) can be
expressed as

Ty
T,(k, A) = V/Epsk A+ gy ? j cos* 2 (ndt  (39)
T 0

where using [7, Equation (2.513.3)], (24) is obtained.

8.2 Evaluation of K(k, A)
After some algebraic and trigonometric manipulations,
Ky(k,A) can be expressed as K,(k, A) =4p° Zqam/

(74 + Zga) )y (0 — cos()* /(1 — dcos®))d¢ where
d £ A/(A + 2gqam). Similarly to Section 8.1, using the
Euler—Legendre change of variables, the following form
is obtained

b
Kok, 4) = (4B A + gou) > /2 j st s
(40)

where T, = m/2 — arccos(A/(A + 2gqam))/2, while further
using [7, Equation (2.513.1)], (30) is obtained.
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