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Abstract

Cooperative multiple-input multiple-output (MIMO) relaying is investigated in the paper. We introduce DF-
AF selection MIMO relaying, where the relay equipped with multiple antennas can adaptively switch between
decode-and-forward (DF) and amplify-and-forward (AF) according to its decoding state of the source message.
We consider two wireless environment scenarios: 1)The scenario with traditional channels are considered
firstly. We analyze the outage performance of DF-AF selection MIMO relaying, and a closed-form expression
is derived. In addition, the diversity order is obtained based on the expression. For comparison purpose, we
also obtain the closed-form outage probability and the diversity order for the AF MIMO relaying and the

DF MIMO relaying. 2)We investigate the cooperative MIMO relaying in the presnece of keyholes secondly.
We present performance analysis of orthogonal space-time block coded transmission for a cooperative MIMO
relaying system with keyholes. For DF MIMO relaying, exact outage probability and symbol error probability
(SEP) are obtained. Regarding AF MIMO relaying and DF-AF selection MIMO relaying, the lower and upper
bounds are derived. In both traditional and keyhole scenarios, theoretical analysis which has been further
verified through Monte-Carlo simulations demonstrate that the DF-AF selection MIMO relaying has better
performance than the AF MIMO relaying and the DF MIMO relaying.
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1. Introduction applications in wireless networks. Additionally, As a

core idea in MIMO systems, space-time coding is an

Multiple-input multiple-output (MIMO) techniques  effective means for increasing the reliability of data
have gained huge attention in the past decade because  {;ansmission [4].

of their high spectral efficiency in both single-user and
multi-user communications [2, 3]. Deploying multiple
antennas at each node is a promising approach to

solve the increasing demand for data-rate-intensive As important modi operandi of combating fading

induced by multi-path propagation in wireless net-
works, cooperative diversity techniques have received
much interest [5, 6]. In cooperative communications, in
addition to the direct transmission from the source to

Ulnvited paper.
The material in this paper was presented in part at the I[EEE ICCC’13,

Xi’an, China, Aug. 2013.[1] the destination, some neighboring nodes can be used to
*Corresponding author. Email: tianzhang.ce@gmail.com relay the source signal to the destination, hence forming
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a virtual antenna array to achieve spatial diversity. Sev-
eral cooperative diversity protocols including amplify-
and-forward (AF), decode-and-forward (DF), selection
relaying and incremental relaying, were discussed in
[6]. DF-AF selection relaying protocol, where each relay
can adaptively switch between DF and AF according to
its local SNR, has been developed and investigated in
[7]-[10].

More recently, MIMO relaying technologies that
exploit the cooperative diversity as well as the
advantages of MIMO systems by accommodating
multiple antennas at the relay nodes have been well
developed [11, 12]. In [13], the authors obtained the
bounds for the capacity of MIMO relay channels. A
DF cooperative MIMO relay channel with orthogonal
space-time block codes (OSTBC) was analyzed in
[14]. MIMO cooperative diversity with scalar-gain
AF relaying was studied in [15]. MIMO with non-
coherent AF relaying was considered in [16] and [17].
In [18], the authors presented performance analysis
of a AF cooperative MIMO relaying system based
on Alamouti scheme [19]. The MIMO relay channels
with the channel-state information (CSI)-assisted AF
relaying technique was considered in [20]. DF MIMO
relay channels employing Maximum Likelihood (ML)
detection in Rayleigh fading was investigated in [21].
MIMO relaying with AF for UWB ad hoc networks was
analyzed in [22]. In [23], DF relaying for MIMO ad
hoc networks was studied, the authors demonstrated
that the use of cooperative relay in a MIMO framework
could bring in a significant throughput improvement.

It has been shown, both theoretically and experi-
mentally, that degenerate channel phenomena termed
“keyholes” may exist under realistic assumptions [24] -
[27]. A spatial MIMO keyhole is a propagation scenario
where the channel gain matrix has only unit rank, even
when multiple uncorrelated antennas are employed.
Thus, keyhole will degrade the MIMO channel capacity
to that of a single-input single-output (SISO) channel.

To date, the effect of keyholes on performance of
STBC over MIMO channels has been well investigated.
The average symbol error rate (SER) of orthogonal
space-time code (OSTBC) [28] with M-ary phase shift
keying (M-PSK) and M-ray quadrature amplitude
modulation (M-QAM) constellations over keyhole
MIMO channels was analyzed in [29]. In [30],
the authors derived exact analytical closed-form
expressions for the ergodic capacity and information
outage probability of keyhole MIMO channels in
Nakagami-m fading environments. Exact expressions
for the SER of OSTBC over a spatially correlated MIMO
channel, in which the signal propagation suffers from
a keyhole effect was derived in [31]. The performance
of OSTBC in MIMO fading channels under keyhole
condition was analyzed in [32]. The SER and BER of
OSTBC with antenna selection over keyhole fading
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Table 1. Summary of related papers

Typical Papers
MIMO relaying [11]-123]
MIMO with keyholes [29] - [40]
MIMO Relaying with keyholes  [41] - [44]

channels were examined in [33]. Exact expressions
of SER of OSTBC in Nakagami-m keyhole channels
with arbitrary fading parameters and the closed-form
asymptotic expressions were derived in [34]. SER/BER
and outage probability of OSTBC with M-PSK and M-
QAM in keyhole MIMO fading channels were studied
in [35]. Pairwise error probability (PEP) analysis of
general space-time codes (STCs) in keyhole conditions
was presented in [36]. In [37], the asymptotic PEP of
STCs in generalized keyhole fading was obtained. In
addition, the keyhole can be viewed as a special case of
double-scattering [38]. In [38], analytical performance
of Rayleigh-product MIMO channels (a special case
of double scattering MIMO channels) was studied.
Furthermore, the keyhole channel, which is regarded
as a special case, was investigated. With respect
to Rayleigh-product MIMO channels, the diversity-
multiplexing tradeoff (DMT) analysis and the ergodic
sum rate analysis can be found in [39] and [40],
respectively.

There are a few works on keyhole MIMO relay
channels. In [41], the authors studied MIMO relay
channels in the presence of keyhole effect. The ergodic
capacity is investigated when the source-relay channel
is keyhole-free. Moreover, they demonstrated that
cooperative diversity can mitigate keyhole effects.
Hence it is important to study the cooperative
MIMO relay channels with keyholes. In [42], the
authors derived the exact ergodic capacity for MIMO
AF relaying systems with a multi-keyhole effect on
the relay-destination channel. In [43], the authors
investigated the performance of MIMO AF relay
networks with keyhole and spatial correlation. The
SEP and outage probability were analyzed in Rayleigh
fading environments when the source-relay link is
keyhole-free.

Previous works related are presented in Table 1.

In this paper, we consider the cooperative MIMO
relaying in the absence and presence of keyholes,
respectively. First, DF-AF selection MIMO relaying
is introduced in traditional (keyhole free) wireless
channels. We investigate the outage probability of a
cooperative DF-AF selection MIMO relaying system
with OSTBC and selection diversity. A closed-form
solution at arbitrary SNR is obtained and the diversity
order is obtained based on the expression. Next, we
investigate the MIMO relaying in the presence of
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keyholes. The outage probability and SEP of OSTBC
over cooperative MIMO relay channels with keyholes
in Nakagami-m fading environments are analyzed.
DF MIMO relaying, AF MIMO relaying and DF-AF
selection MIMO relaying are considered, respectively.
Specifically, exact outage probability and symbol error
probability of DF MIMO relaying over keyhole channels
are obtained. The lower and upper bounds are derived
for the AF MIMO relaying and the DF-AF selection
MIMO relaying. Moreover, we prove by theoretical
analysis and simulations that the DF-AF selection
MIMO relaying has better performance than the DF
MIMO relaying and the AF MIMO relaying over
traditional and keyhole channels. To summarize, the
contributions of this paper are as follows:

(i) DF-AF selection MIMO relaying is introduced in
the cooperative MIMO channels. For the scenario
without keyhole effect, we analyze the outage
performance of DF-AF selection MIMO relaying.
The closed-from outage probability and diversity
order are derived.

(ii) We investigate MIMO relaying in the scenario that
the keyholes exist.

e We consider the MIMO relay channels
when the source-destination, the source-
relay and the relay-destination channels all
incur keyhole effect in this paper. As it
makes assumptions on the mobility pattern
or location of neither the relay nor the
destination, this scenario is more practical
and challenging.

e The outage probability and SEP of STBC over
keyhole channels for AF MIMO relaying in
Nakagami-m fading environments are inves-
tigated. Furthermore, the outage probabil-
ity and SEP of keyhole DF MIMO relaying
system and keyhole DF-AF selection MIMO
relaying channels are considered.

(iii) We compare the performance of the three
MIMO relaying schemes (i.e., the DF MIMO
relaying, the AF MIMO relaying and the DF-
AF selection MIMO relaying) in the scenarios
with and without keyholes, respectively. We find
that DF-AF selection MIMO relaying has the best
performance in both scenarios.

Throughout this paper, the notations in Table 2 will
be used.

2. System model

We consider a cooperative MIMO communication
system as depicted in Figure 1, where the source, relay,
and destination terminals have n,, n, and n, antennas,
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Figure 1. MIMO relay channel

respectively. The source-relay, relay-destination and
source-destination channels are denoted by H, F, G.
It is assumed that the instantaneous CSI is available
at the receiver, i.e., F is available at the relay and the
destination knows F, H, and G. We assume that the
source and the relay can employ OSTBC encoding. A
half-duplex relaying protocol where each transmission
period is divided into two time slots is assumed. In
the first time slot, the source transmits OSTBC coded
signal to the destination as well as the relay. In the
second time slot, the relay processes the received signal
and forwards the processed signal to the destination
according to some specific relaying protocol. In DF
MIMO relaying, the relay transmits the decoded
signal using OSTBC when the source message can be
correctly decoded. Otherwise, the relay remains idle.
In AF MIMO relaying, the relay simply amplifies and
forwards the received signal. In this paper, we introduce
an efficient MIMO relaying scheme referred to as DF-AF
selection MIMO relaying. In the DF-AF selection MIMO
relaying scheme, the relay equipped with multiple
antennas could adaptively switch between DF protocol
and AF protocol. Specifically, if the relay could fully
decode the source message, it decodes the source
message, and re-encodes the received signal by using
OSTBC before forwarding the signal to the destination.
Otherwise it amplifies and forwards the received signal
to the destination. Maximum Likelihood (ML) detection
is used at all receivers in the two time slots. The
destination uses a certain combining technique to
combine the signals of two time slots coming from the
source and the relay to decode the information.

3. MIMO relaying without keyhole

In this section, we analyze the introduced DF-AF
selection MIMO relaying in the cases that no keyhole
exits. We assume that all channel matrices are assumed
to undergo independent Rayleigh fading with elements
obeying CN (0, 2). As outage probability is an important
performance measure that is commonly used to
characterize a wireless communication system, we focus
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Table 2. Notations

Pr{-} The probability of random event

Fx(x) The cumulative density function (c.d.f.) of a random variable X

fx (x) The probability density function (p.d.f.) of a random variable X

Ex () The expectation operator associated with X. Specially, X = Ex (X).

Wy (s) The moment generating function (m.g.f.) associated with a random variable X, which
is defined by Wy (s) = Ex (e*¥)

I'() The gamma function

re,-) The incomplete gamma function

K, (%) The v'" order modified Bessel function of the second kind

W,e() The Whittaker function

X ~G(m)  Anrandom variable X has the p.d.f. given by fx(y) = ﬁ (%)m y’”*le_%

[IM||£ The Frobenius norm of a matrix M

CN(p,0?) Circularly symmetric complex Gaussian distribution with mean p and covariance o2

c" The set of n x 1 complex vectors

on the outage performance analysis. The closed-form
outage probability is obtained, and the diversity order is
derived thereafter. Since combining techniques do not
affect the diversity order, we utilize selection combining
(SC) for simplicity and conciseness in this scenario. In
addition, we perform comparisons with the DF MIMO
relaying and the AF MIMO relaying.

3.1. Outage probability of DF-AF selection MIMO
relaying

A closed-form expression of outage probability valid at
arbitrary SNR is obtained in the following theorem.

Theorem 1. The outage probability of the DF-AF
selection MIMO relaying scheme F,,; can be expressed
as

_ I (ngn,, Ofo%h) Iﬁ(”rnsralA)
Pout =|1-

Iﬁ(”d”s) r(nrns)

(1 _ I (ngn,, az%h) ) ( _ r (nrnSI a1A) )]
— |+ |l -
I (ngn;) I (n,n;)

(1)
where a = 1;';;11\%0, a = Iz'clill\%o, and a, = %. R is the
rate of the OSTBC.! A=y, =2*R~1. ¢y, ¢; and ¢,
represent the distance dependent power transfer factors
for the source-destination, source-relay and relay-
destination channels respectively. Py, P; denote the
transmit power of the source and the relay respectively.
Nj is the variance of the Gaussian noise at each receive
antenna.

1We consider the scenarios where the rates of the OSTBCs in the two
hops are the same.
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Proof. The equivalent instantaneous SNR per symbol of
source-destination, source-relay and relay-destination

R P
channels are y = RC,ESI?]OHHH%, Y1 = RC,;SI%OHF”% and y; =
by

RnrNOHG”sz respectively [45]. From the assumption of
the channel matrix, it can be derived that yy ~ G(n,n;)
with 5 = 13:1(5)11\)?0 ngng, as well as y; ~ G(n,ng) with y; =

2¢1 Ry s — _ 20D .
RN M1t and y, ~ G(ngn,) with y; = Rii-Ng "d r- First,

it can be derived that c.d.f. of Y ~ G(m) can be given by
my
T (m, 7)
I (m)

Fy(yp)=1- (2)

Consequently, the instantaneous equivalent end-to-
end SNR per symbol at the destination is

Y172
')/1+7/2+1)’ (3)

Y= max(?o’éyz +(1-¢)
where & denotes the decoding state at the relay,” and
Pr{€ = 0} = Pr{y; <A} =F, (A) (4)

and
Pr{& =1} =1-Pr{& =0} (5)

The outage probability can be given by

Pour = PI‘{)/ < yth}
Y172

= Pr{max Vo,éyz+(1—é)yl+72+1 < Vtn}
— _a_nr:
= Pr{yo <y} Pr{&y, + (1 (5)7/1 7 < Vin}-

(6)

2 Approximately, if the source-relay link is able to support a given
transmission rate R, i.e., % log, (1 +¥1) 2 R, or equivalently, if y; >

22R _1, the relay could fully decode the source message
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By conditional probability and the Theorem of Total
Probability, (6) can be rewritten as

Pyus = Priyg < m}(Pr{é = 1) Priy, < yulé = 1)

Y172
yi+y2+1
(a)

& By )| (1= By @) By + By ()] )

+ Pr{& =0} Pr{ <ymlé = 0})

(a) holds since when & =0, ie., y; <A, we have

Y172 Y172 — —
Y1ty2+l Tiayarl < Vinl€ = 0} =

1. Applying (2) and (12) along with some simple
manipulations, we arrive at (1), which completes the
proof. O

<y <A=yy, le, Pr{

3.2. Diversity analysis of DF-AF selection MIMO
relaying

LetP = Py+ P, Py = OP. Define SNR = NLO The diversity

order
IOg Pout

d=-
SNR oo log SNR

can be give by the following theorem.

Theorem 2. The diversity order of the DF-AF selection
MIMO relaying scheme is given by

d = ngng + n, min{n,, ny}. (8)
Proof. The lower gamma function
y(a,b) = (1/a)b" 9)

as b — 0 [46], where ~ denotes asymptotic equality. Let

F(SNR) ~ SNR denote 0 < |limgnr_,co L ngfjn <oo. Tt

can be shown that 1 — LUdnsaoym) _ y(tansaoym)
T(ngng) T(ngng)

SNR ™ "ds 1— L(nanyaym) ~ SNR"d"r and

’ L(nany) !
1- %ﬁlﬁ) ~ SNR™""s, Consequently, we obtain
Py ~ SNR—(ndnernr min{ns,nd}),
i.e., the diversity order is nyng + n, min{ng, ny}. O

Remark: If ng < ny, the diversity order is ng(ng + n,).
Otherwise, the diversity order is ny(ns + n,).

3.3. Comparison of DF-AF selection MIMO relaying
with AF MIMO relaying and DF MIMO relaying

First, we give the closed-form expressions of the outage
probability for AF MIMO relaying and DF MIMO
relaying.

Theorem 3. The outage probability of AF MIMO
relaying is given by (10).
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Proof. The instantaneous equivalent end-to-end SNR of
AF MIMO relaying is used can be give by setting & =0
in (3), i.e.,

Y1i)2 )

Yaf = maX(VO' Mty il

Thus, the outage probability can be given by

Pr {yaf < Vth}

Pr{y < m}Pr{

By

Y172
yi+ry2+1

< Vth}- (11)

Meanwhile, c.d.f. of —£L22

147,41 can be expressed as [47]

205" (n,ng — 1)le~(@1+a2)y

F nn (y)=1

71+72+1 [(n,ng)(ngn,)
nng—1 i ngn,—1 . i
s allr 1/(i ngn, — 1 2i ];rk+1
X E E -1 . 0(1
. . Z il k
i=0 j=0 k=0
i1 jrktl  2i+2ngnp—j—k-1

x ot (1+y)777y 2

x Kjgor (2arapy(y + 1)) | (12)

With the help of (2) and (12), (10) can be obtained. O

Theorem 4. The diversity order of AF MIMO relaying
is
daf = ngng + min{ng, ngjn,

Proof. First, we have

Y172

— 1272 < minyy,
e {yi, 72}

1 .
5 min{yy, 2} <
when SNR — oo [48]. Then, we obtain

Pr {min{yy, y2} < v}

V172
< Pr{————«<
{’)/1+')/2+1 yth}
1 .
< Pr{imm{w,yzkm}- (13)

Using (2), it can be derived that

Pr{min{yy, y2} < v}
r (nrnSf aq Vth) r (ndnrf a27/th)

T T ) T nany)
(o Ty aym)) (T un, asym)
- [1 I (n,n5) ]+[1 I (ngn;) ]

(Do ayn) (| T Omany azym)
I (n,n5) I (ngn;)

~ SNR™ min{ns,nd}n,_ (14)
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Far = [1 ~ T(ngny)

T (ngns, OCOVth)] - 205" (nyng — 1)le~(@1+az)ym " i"d"’l 1(i
r(nrns)r(ndnr) )

k %

ji—k=1  2i+2ngny—j-k=1  2i—j+k+1
ngn, — 1\ == & :
( @ " Ve (I +ym) 2

i'\j
i=0 j=0 k=0

j+k+1

Kj i1 (2Varazym(ya + 1))] (10)

Likewise, we can obtain that
1 .
Pr {5 min{yy, y,} < Vth} ~ SNR™Min{rsmalny, (15)

Combining (13), (14), and (15), we get

ngn _ nyng—1 i ngn,—1
205" (n,ng — 1)le~(@rraz)ym Mg L MAETE

1 _ 2
!
I‘(nrns)r(nalnr) =0 ]Zo’ I; 1
i ngn -1 jok=1 0 2i-jrk+1l 2i42ngnp—j-k-1
X (])( ;{ )0‘2 Pag t oy
X (L4 ym) 7 Kjga (2\/a1a27th(7th + 1))
_ Y102 —min{ng,ng}n
= Prq———=—— < ~ SNR sl (16
r{7/1+7/2+1 Vth} (16)
Using (9), (10), and (16), we prove the lemma. O

Remark: The DF-AF selection MIMO relaying and the
AF MIMO relaying have the same diversity order.

Theorem 5. The outage probability of DF MIMO
relaying is given by

U (ngng, agym) | T (n.n,, a; A)
Pdf [1 - r(ndns) ][ I‘(nrns)
I (ngn,, a27/th) I (n,ns, a;A)
X (1 T (nyn,) )+ (1 T (n,ny) )]

(17)

Proof. For DF MIMO relaying, the instantaneous
equivalent end-to-end SNR can be expressed as y,r =
max (Yo, £y2). Therefore, the outage probability can be
obtained by

Pay = Pf{Vdf < Vth}
= Pr{yo <ym}Pr{&ys < ym} (18)
= Pri{yo <ym}

x (Pric =Py <yul+Prig=0) (19)
Combining (4), (5), (2), and (19), (17) can be
derived. O

Remark: The outage probability of the DF-AF selection
MIMO relaying and that of the DF MIMO relaying are
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the same when SC is utilized, and the diversity order is the
same thereafter.

When MRC is used, ¥ = yg+Eyr + (1 - 5)}/1711}3/22“ >

Yaf =Vo+ &y and ¥ > yur = po + )/1)‘:'1);}/224'1' Thus, the
outage probability of DF-AF selection MIMO relaying
is less than that of DF MIMO relaying and that of AF
MIMO relaying, i.e., Poys < Pyf, Pour < Py

4. MIMO relaying in the presence of keyholes

Keyhole effect (as illustrated in Fig. 2), under which a
MIMO channel has uncorrelated spatial fading between
antenna arrays but a rank-deficient transfer matrix, may
exist in MIMO fading environments in realistic prop-
agation environments. Keyhole effect will lead to sig-
nificant performance degradations. Fortunately, recent
researches demonstrate that cooperative diversity can
mitigate keyhole effects [41]. Then we investigate the
cooperative MIMO relaying in the keyhole scenario.

In this section, we consider the scenario that all
MIMO channels incur keyholes . Due to the keyhole
effects, H=hh¥/, h; eC", h, e C". F=ff}], f
Ch,f, eC. G = glg’;, g1 € C", g, € C". We assume
independent Nakagami-m fading on both sides of
the keyhole. Elements of h;, h,, f;, f,, gy, and
g, are statistically independent. The magnitudes of
elements of hy, h,, f;, f,, g1, and g, are modeled as
Nakagami-m variants with general fading parameters
My o My s TG T | TG, and Mg, whereas the
corresponding phases are uniformly distributed in
[0; 27). The destination uses Maximal Ratio Combining
(MRC) to combine the signals of two time slots coming
from the source and the relay. The outage probability
and SEP of OSTBC over MIMO relay channel with
keyholes are analyzed in this section. First, some m.g.f.s
are given as preliminary preparation. Next, m.g.f.-
based method for computing the outage probability
and SEP is introduced. Then we investigate the outage
probability and SEP for the DF MIMO relaying,
the AF MIMO relaying and the DF-AF selection
MIMO relaying over keyhole channels. Furthermore,
by comparison, we derive that DF-AF selection MIMO
relaying has the best performance.

Denote o = RC,?SI;%O, o) = RC;SI;?]O, and o, = R%;&fo’ where
R is the rate of the OSTBC, P,, P, represent the
transmit power of the source and the relay. cq, c; and
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Figure 2. Keyhole effect in MIMO channel

¢ are the distance dependent power transfer factors
for the source-destination, source-relay and relay-
destination channels respectively. Nj is the variance of
Gaussian noise at each receive antenna. The equivalent
instantaneous SNRs per symbol of source-destination,
source-relay and relay-destination channels can be
given by

¢l
Yo = Rn,

IIHIIF = aplihy |17, (20)

b
V1= —RnsNOH Iz

a1l ]2 (21)

and

P

2 2
= —— 22
7= R IGIE = oallg Pl (22)

respectively [45, 49].

4.1. M.g.f. computation

Lemma 1. M.g.f. of 3y, ¥ and y, are given by

1
Oy Kwp Ty m

\I’yw( :ZZZZQMPJ wq,le -1

p=1j=1 gq=1 (A ,p'iwq) 2
1-j-1 1
X (=0yps) 2 Wijgju|-————|,w=0,1,2
7\ owSAupuyg

(23)

European Alliance
for Innovation

EAI

and m.g.f. of 6 := min{yy, y,} is given by

p=1 j=1 g=1 I=1 k=0 p=1 j=1 4=1 j=1 }=0
_ik [k
. 2 2
401p,j914102579:5791 © 9
jt+k j:?

PGIT(k + DEGIT (R + 1)(Aperg) T (Aopeag) T

o j+k+j+k

S A A Y
0 14,pclq

x Kﬁﬁ(z _* )dx+l, (24)
] 0 5E07

where 6, 7o denc denote the number of distinctive non-zero

values of 1} and {|h2t|2m } ,

i=1, t=1,-,ng

respectively. The dlstmct values are denoted

by {Ao,p}pzl,...,éo and {epglg=1,-,7o- Kop .and Voq

are defined as wxgp,= ) my, with A=
mh1,i€/\1

Y. my,, with

2 _
{mhl,,||h1,i| —/\O,pmhl’i}; and vo, = -
My €A

_ 2 _ S
A,y = {mh2,r||h2,t| = éo’thzlt}. 01, 11 denote the number
of distinctive non-zero values of { | fl,ilzm;ll_}
A )

i=1,,n,
2.1
and {|f2,t| mfz,t}tzlr“

are denoted by {A;,},-1,..

respectively. The distinct values

5, and {sl,q}qzl,...,ﬁ. Kip

and vy, are defined as xy, = )} myg, with Az =
mp €A
{mfl,inLilz = Al,mel,i}’ and vi,= )} mp, with
mp S04

Ay = {mfz’tllfz,tl2 = gl,quz,f}' 0y, T, denote the number

of distinctive non-zero values of {lglilzmgl}
! Li l‘*l, Mg

and {

values are denoted bY {A2plp=1,-.5,
k3, and vy, are defined as xy, =} my .
mgl,iEAS

2 _ _
) _/\Z,ngl,i}’ and vy, =

1} respectively. The distinct
g2f t=1,,n,

and {&34}g=1, 1
with

As = {m L Mgy,

&1,
ngte/\ﬁ

with Ag = {mgz,ngZ,tlz = EZ,qmgz,r}' In addition, py,p,;
and 9, 4 are given by

Owp,j =

1 Jruni [ Lo
L ]_I 1+ y/\wr) wr

(wp — ) Ay Oy r™
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and
Sw,q,l =
1 9 wa! [ ﬁ 1 ]
-1 w, 3 Vw,r _
(Vw,q - l)'éwq ayv - r=1,r=q (1 + yéw’r) y—ﬁ
respectively.

Proof. Using (20), (21), and (22) in addition with
Proposition 1 and Proposition 3 in Appendix, (23) can
be obtained. C.d.f. of 6 := min{yy, y,} can be given by

Fg()

1-Pr{0 >y} =1-Pr{y; >p}Pr{y, >y}

= 1-(1-F,®)(1-F),®). (25)
Consequently, m.g.f. of 6 is derived as
Wyls) = j & folx)dx = Lm e dFo(x)
S T N e
L Lm ¢ Fy(x)dx, Re (s} < 0 (26)

(a) is derived by using integration by parts, (b) holds
since when Re{s} < 0, we have e**Fg(x) = 0 for x = 0 and
x = o0. Using (A.5) and Proposition 2 in Appendix along
with some rearrangement, (24) can be derived. O

4.2. M.g.f-based method

Let y denote the total instantaneous received SNR. For
M-PSK, the outage probability can be computed as [50]

L[
an o—joo S

(K+1)R —-1.

eVds = for (W, (), (27)

out =

where y;, =2
Meanwhile, SEP can be computed as

(M-1)1

P(E) = lj " \yy(- Spsk
T Jo sm @

)d<p feen (% ()
(28)

where g, = sin? (%)
Remark: fo,1() and fsp() are mappings from a function
space to [0, 1].

4.3. Performance analysis

In this subsection, we first consider the DF MIMO
relaying, the AF MIMO relaying, and the DF-
AF selection MIMO relaying over keyhole channels
respectively. Subsequently, we compare the three
protocols.

The exact outage probability and SEP of DF MIMO
relaying over keyhole channels is given by the following
theorem.
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Theorem 6. The outage probability and SEP of DF
MIMO relaying over keyhole channels can be given by

Pous = four (29)
Frep (W, (5)) W 9+ (1= frep (B, (5))) W (519, 5))

and
E) = foo (30)

fsep ( )\pyo ( fseP ( ))\Ij)/o (S)\Ij)/z (S))'

where P, = f, (\I’yl (s)), W, (s), W, (s), and W), (s) can
be given by Lemma 1.

Proof. By (28), the symbol error probability at the relay
over source-relay channel is given by

Pe = fsep (\yyl (5))

When MRC is used at the destination, the instantaneous
total SNR at the destination is

(31)

vif =vo+1ya (32)

where 7 denotes the decoding state, 7 = 1 if the relay
could correctly decode, else 7 =0, i.e., Pr{Z = 0} =P,

and Pf{ =1} =1 -P..” So we can derive f7,,(x) = (1 -
P,)f,,(x) + P,6(0). Consequently, we get
W1,,(s) = (1 = P)W,,(s) + P.. (33)

Considering the assumption of dependency, it yields
that

‘I’ydf(s) =W, ()W, (s). (34)
Substituting (31) and (33) into (34) and making some

manipulation, we have

\Ij)’df(s) = (35)

fep ( )\yyo ( = feep ( )) Wy (5)W, (5)-
Then, substituting (35) into (27) and (28), we arrive at
(29) and (30). O

Using (29), (30) and Lemma 1, we can obtain the exact
expressions for outage and SEP. This will be useful in
numerical evaluation for performance of DF keyhole
MIMO relay channels.

The following theorem gives the lower and upper
bounds on the outage probability and SEP of AF MIMO
relaying over keyhole channels.

3Correctly decode or not is exactly accessed here and thereafter.
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Theorem 7. The outage probability and SEP for the AF
MIMO relaying over keyhole channels can be bounded

by

fout (\PVO (S)\I’min{)’l!h}(s)) < Pout

< four (BNt (35)) 636)
and
Fiep (P (5)¥min(y2) (5)) < P (E)
< fp (B0 ¥hinyigel (35)) 37)

where W), (s) and W, (s) are given by Lemma 1.

in{y1,y2}
Proof. When MRC is used at the destination, the
instantaneous total SNR at the destination is

Y172
yitry2+1
On the other hand, when y; + y, > 1, i.e., high SNR, we
have

Yaf = Vo + <o +min{yy, y2} := y1,up. (38)

Y1)2
Y1it+t)2

Using the dependency assumption and Proposition 3 in
Appendix, we have

\ijl,up (s) = P, (S)\Ijmin{yl’)/zl(s)

1.
Vaf ® Yo+ 20+ 5 min{y1, Y2} = ¥11ow- (39)

(40)
and

W

V1,low

(5) = \Pyo(s)‘ymin{yl,yz} (%5) (41)

Consequently, the outage probability and SEP for AF
protocol can be bounded by

fout (\yyl,up (5)) < Pout < fout (\yyl,low (5)) (42)
and

Frep (Wypy () < P (E) < fep (W0, (9))

Substituting (40) and (41) into (42) and (43), (36) and
(37) can be obtained. O

(43)

It is not difficult to see that when [y; -y,
is sufficiently large, the lower bound will

become tight, i.e, Poutzfout(‘I’yo(s)‘l’min{yl,yz}(s)),
PS(E) ~ fsep (\pyo (S)Wmin{yl,yz}(s))- When |7/1 - 72'
is sufficiently small and 9, is sufficiently large,
the wupper bound will become tight. Then

we have P = four (\Ifyo(s)\lfmin{yl,yz} (%s)) and

PAE) = fiep (P (5)¥iminyy 7 ( 55))-

The following theorem gives the lower and upper
bounds for the outage probability and SEP of DF-AF
selection MIMO relaying over keyhole channels.
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Theorem 8. The outage probability and SEP for DF-AF
selection MIMO relaying over keyhole channels can be
bounded by

fout (\yyup (5)) < Pout < fout (‘I’Vlow (5)) (44)
and
Feop (Wyy 9)) < Po(E) < faop (W, (5)  (45)
respectively, where
W, =W, 9)|(1- (46)

fsep (W, (5)) )an(s) + foep (\ijl (5))\Pmin{y1,yz}(5)]’
and

\ijlow = \IIVO (S)[(l_ (47)

foep (B, () )%, (8) + fucp (B3, (5)) Umingy, ) (%S)]

Proof. The instantaneous total SNR at the destination is

Y172
yi+y2+1
< Yo+Zyy+ (1 =I)min{yy, y2} = Yup- (48)

y = n+Iy+(1-1I)

Meanwhile, we have

min{y,
y2yrTy e (-0 )
Subsequently, applying independency as well as
Proposition 3 in Appendix, we arrive at (46) and (47).
Combining (48), (49) in addition with (27) and (28), (44)
and (45) can be derived. O

It can be shown that f, (\Ify1 (s)) — 0 when y; is
sufficiently large. Then (46) and (47) become \ijup =

\y)’low = ‘I’VO(S)\I’VZ(S)’ we have Pout = fout (\Pyo(s)‘yyz(s))

and P(E) = fiep (W, ()W), ().

Remark: We consider the MIMO relay channels when
the source-destination, the source-relay, and the relay-
destination channels all incur keyhole effect in this paper.
This scenario is more complicated than the cases that
only one or two channels incur keyhole effect. Moreover,
we consider Nakagami-m fading environments. Since
Nakagami-m fading is the generalization of Rayleigh
fading, it is a more complex channel fading model than
Rayleigh fading. Based on the above two reasons, we
can explain why the derived results appear extremely
complex. The complexity mainly exists in computing the
MGFs (Lemma 1) and in the computation of the inverse
Laplace transform (Eqns. (27), (28)). Regarding Lemma
1, the computations of the parameters 0y, ; and Sy 4
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are somewhat complicated. However, there are numerical
methods to evaluate the partial derivatives [51], and
an efficient method can be found in [52]. In Eq. (23),

the Whittaker function Wk_j#ﬂ(- 1
2 2

m appears
complex. The computation complexity of such special
function has been investigated in [53]. In Section 4, we
use the "WhittakerW" function in the Matlab for the
computation, and the execution time is acceptable. With
respect to the inverse Laplace transform, there are a lot
of numerical computation algorithms [54]. In [54], the
comparisons of the accuracy and the computation time
were performed. In the evaluations, we use the method
proposed in [55]. This method can achieve better efficiency
and accuracy by accelerating the convergence of the Fourier
series obtained from the inversion integral using the
trapezoidal rule.
Finally, we compare the three protocols as follows.

Lemma 2. In terms of the outage probability and
symbol error probability over keyhole channels, the DF-
AF selection MIMO relaying protocol is better than the
AF MIMO relaying and the DF MIMO relaying.

Proof. Observe that y, > ylzl}z/;ﬂ. Comparing (32), (38)
with (48), we have ¥ > y;¢ and y > y,¢. Thus, DF-AF
selection MIMO relaying has lower outage probability

and symbol error probability. O

5. Numerical results

In this section, computer simulations are conducted to
verify the accuracy of our analytical results. We show
Monte-Carlo simulation results and compare them with
our analysis.

5.1. Keyhole free scenario

In the simulations, we set ¢y = 0.9, ¢; = 0.95, ¢, = 0.85,
Ny = 1, and the Alamouti code (n; = n, =2, R=1)[19]
is used.

Figure 3 shows the outage probability of DF-AF
selection MIMO relaying, AF MIMO relaying and DF
MIMO relaying with different numbers of antennas at
the destination, n;. We assume equal power allocation,
i.e., Py = P, = 1/2P. We can notice that DF-AF selection
MIMO relaying has the same outage performance as DF
MIMO relaying and has better outage performance than
AF MIMO relaying. It can also be noted that the number
of antennas at the destination has a strong impact of
the performance enhancement, since the diversity order
is ngng + n, min{ny, ny}. Observe that simulation curves
match in high accuracy with analytical ones.

Figure 4 plots the diversity order with respect to n;
and n,. In the simulations, we set 11, = 2. We can observe
the relations in the figure. For example, the diversity
order is 2n; + 4 for ny; > 2 when n; = 2.
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Figure 3. Outage performance of DF-AF selection MIMO
relaying, DF MIMO relaying, and AF MIMO relaying with
different values of n,.

. N\

30

Figure 4. Diversity performance of DF-AF selection MIMO
relaying

To further demonstrate the advantages of the DF-
AF selection MIMO relay scheme, we show the outage
performance of the three schemes when MRC is used in
Figure 5. In the simulations, we utilize different values
of power allocation, 6 = %. From the figure, we can
see that the DF-AF selection MIMO relay scheme has
better outage performance than DF MIMO relaying and
AF MIMO relaying. It can also be observed that the
outage probability first decreases and then increases
with the increase of 0. It is because that when 0 is small,
the decoding at the relay fails with high probability,
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Outage probability

0.2

Figure 5. Outage performance of DF-AF selection MIMO
relaying, DF MIMO relaying, and AF MIMO relaying with
ny; =2 and P = 10dB.

Yiy2
Yityat+l’
With the increase of O, |y; — y,|, i.e., the difference

Yiya s
between y; and y; dec're.ases and then eSS n?creases,
so the outage probability decreases. Once 6 is larger
than a certain value, the relay could correctly decode
the source message with high probability. Then DF
protocol will be used and y = y¢ + ;. In this case, y,
with decreases with the increase of 0, then the outage

probability will increase.

i.e., AF protocol will be applied, and y = yo +

5.2. Keyhole scenario

The outage probability and SEP of different MIMO
relaying schemes over keyhole channels are evaluated.
We set Py=P, cg=c; =c; =1 and employ BPSK
modulation in the simulations. The source and the relay
use the same OSTBCs. We consider two kinds of OSTBC
schemes: Alamouti code and G5 [56].

Figure 6 and Figure 7 plot the outage probability
performance and SEP performance of keyhole channels
with DF-AF selection MIMO relaying, AF MIMO
relaying and DF MIMO relaying when Alamouti code
is used at the source and the relay (n;=mn, =2,
R =1), respectively. To compare the impact of the
number of antennas at the destination (1n;), the outage
probabilities and SEPs at different the numbers of
antennas at the destination are presented.

Figure 8 and Figure 9 illustrate the outage probability
performance and SEP performance of keyhole channels
with DF-AF selection MIMO relaying, AF MIMO
relaying and DF MIMO relaying when G5 is used at the
source and the relay (ny = n, = 3, R = 1/2), respectively.
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Figure 6. Outage probability performance of Alamouti code
in Nakagami-m keyhole environments with fading parameters
My, = 2, Mp,, = 3,m, =2 and all other fading parameters

822
equal to 1
0

10
—&— Theoretical upper bound for AF
—<— Theoretical lower bound for AF
—&— Theoretical results for DF

1 0—1 —#— Theoretical upper bound for DF-AF i

—— Theoretical lower bound for DF-AF
- Simulation results for AF
X Simulation results for DF
=+ Simulation results for DF-AF

Py/N,(dB)

Figure 7. SEP performance of Alamouti code in Nakagami-m
keyhole environments with fading parameters my, = 2,my,, =

3,my,, =2 and all other fading parameters equal to 1

Different numbers of antennas at the destination are
also considered.

The observations from numerical results can be
summarized as follows.

(i) The analytical results and the simulation results
are in excellent agreement. For DF MIMO relay-
ing, the analytical results and the simulation
results match in high accuracy. For AF MIMO

EAI Endorsed Transactions on Wireless Spectrum
n 05-07 2014 | Volume 01 | Issue 2 | e3



Tian Zhang et al.

6. Conclusion

—&— Theoretical upper bound for AF
e o oA Cooperative MIMO relaying is investigated in the
I eortca wpperbound fr OFAF paper. We introduce the DF-AF  selection MIMO
- Simulation results for AF relaying scheme. For the keyhole-free scenario, we
o e o o A investigate the outage probability of the DF-AF

selection MIMO relaying. The closed-form outage
probability and diversity order are derived. For
comparison purpose, we also obtain the outage and
diversity of the DF MIMO relaying and the AF MIMO
relaying. For the scenario that the keyholes exist,
the outage probability and symbol error probability
of OSTBC over MIMO relay channels with keyholes
are analyzed. Exact outage probability and symbol
error probability are obtained for DF MIMO relaying.
With respect to AF MIMO relaying and DF-AF
0 5 b /,\}O( o) 15 20 gelection MIMO relaying, lower and upper bounds are

oo derived. In addition, we proved that DF-AF selection
MIMO relaying protocol has the best performance in
both scenarios. Numerical results verify our proposed

Outage probability
S

L 23

Figure 8. Outage probability performance of G5 code when all
fading parameters equal to 1

analysis.
10" .
—oO— Theoretical results for DF Appendlx A'
—&— Theoretical upper bound for AF ...
—0— Thearetcal lower bound fr AF Proposition 1. Let a :=(ay,---,ak), p:=(Br, -, pL)
PN o Treraialuor oo O A with ;> ~ G(mg,)(i =1,--+,K), |B]* ~ G(mp,)(t =
107G e o DA 1 1,---,L) with all elements being independent. Then
- Simulation results for DF m'g'f' Of C — ||a”2”ﬁ||2 is given by
_ S Kp ot T 25K
i 10 N . : W, (s) Z ZZ Opjdqie P
* % p=1j=1g=1 1=1 (A eq) z
. N X (=5)727 Wi ju |- . (A1)
10 NS E 7\ sAyg
A Proof. P.d.f. of C = ||a|?||p]|? is given by [30]
=37 % d * i)
K T W j+l

0 5 10 15 20 felx) = Z Z
P,/N, (dB) .

9 ZQP’]‘S%[X771
Z il
Figure 9. SEP performance of G5 code when all fading y Kj—l(2 X ), (A.2)
parameters equal to 1 )

where 6, T denote the number of distinctive non-zero
|/5f|

relaying and DF-AF MIMO relaying, the analyti-  values of la E and respectively. The distinct values

cal results give lower and upper bounds for the are denoted by Ap and €q- Kp and v, are defined as Kp =
simulation results.
my. €dm a"‘zz/\ Ma; and Vo = Z'm € Iﬁr\27£ -
a; a; ey P Pt fit mg, q
(ii) Regarding outage probability performance and 4 addition,

Opj and 9,; are given by Opj =

SEP performance over keyhole channels, the DF- ‘i
AF selection MIMO relaying is better than the DF +p] ; :p = []_[, Lrep T W] and 941 =
MIMO relaying which is better than the AF MIMO (ep=i)idp™ = ¥ =%
layi . Vg1
relaying ﬁ%[ Felreg (1+V+)V’] respectively. By
-I)! 4 ’ r =
(iii) The OSTBC scheme used at the source and relay as s ) ) 'gq' o T
well as the number of antennas at the destination ~ definition, m.g.f. of C is given by
plays an important role in the performance ©
evaluations. Ve (s) = e fe(x)dx. (A.3)
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Substituting (A.2) into (A.3), after arranging terms,
(A.3) can be rewritten as

: 20p,i 9,1
T()T(I)(Apeq)ith2

% J;) esxx(j+l)/2—lKj_l(2 x,

)dx.  (A.4)

Apéq

Using equation (6.643.3) in [57], (A.4) can be reex-
pressed as

2017] gl

p=1j=1 9= 1oeq
) K vV
T Rl 1 el
X e “a(=s)"2 Wi |- =Z
7\ sAye .
p=1 j=1 q=1 I=1
1
T 2sApe
Op,jdqie =P 1l 1
% —S) 2 Wl—j—l i1 /\ (AS)
(/\pgq) 2 2 SApEq
O

Proposition 2. C.d.f. of C defined in Proposition 1 is
given by

w

K 1-1 Jii

p T Vg ==
2917] gl* 2

) )

=1 k=0 L(j k+l)(/\é )T

Proof. The proof is similar to the proof of Theorem 4 in
[30]. By replacing Y'(R) with x, we arrive at (A.6). O

-y

p=1j=1 q=1

Fe(x

(A.6)

X K]'_k (2 1

ﬁ

p€q

Proposition 3. Let Y = cX, where X is random variable
and ¢ # 0 is constant. Then Wy (s) = Wx(cs).

Proof.

Fy(x)

Pr{Y < x} =

Pr{X < lx} = Fy (lx)
c c

Pr{cX < x}

(A7)

By differentiating (A.7) with respect to x, we have
fr(x) = %fx (%x) The MGF of Y can be given by

i: fy(x)e*¥dx = i: %fx (%x)esxdx
- [ mwe

Wy (s)
Ndt = Wy (cs). (A.8)
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