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Abstract—Four joint relay and antenna selection strategies
for dual-hop amplify-and-forward (AF) multiple-input multiple-
output relay networks are studied. Two of them require full
channel state information (CSI) whereas the other two require
only partial CSI. The relays are either channel-assisted AF or
fixed-gain AF type. The first joint selection strategy involves
choosing the best relay and the best single transmit antennas
at the source and the relay. The second strategy jointly involves
choosing the best relay and the best single transmit/receive
antenna pairs at the source-to-relay and relay-to-destination
channels. Moreover, two partial selection strategies, which can
be used when the global CSI is not available, are also proposed
and analyzed. In order to quantify the system performance
analytically, the exact outage probability of all selection strategies
is derived in closed-form. Direct insights into the system-design
are obtained by deriving the asymptotic outage probability,
asymptotic average symbol error rate, diversity order and array
gain.

Index Terms—Relay networks, MIMO, antenna and relay
selection.

I. INTRODUCTION

RELAY selection strategies for dual-hop multi-relay net-
works have been actively investigated due to the poten-

tial advantages of transmit power savings and higher spec-
tral efficiencies [1]–[3]. The performance of single-antenna
single-relay networks can be further improved by integrating
multiple-input multiple-output (MIMO) transmission technol-
ogy [4]–[6]. However, MIMO systems have increased system
complexity due to the additional cost for enabling multiple
transmit and receive radio frequency (RF) chains1 [7]–[9].
Thus, there is considerable incentive for low-complexity and
low-cost MIMO techniques with comparable performance
benefits. One such technique is antenna selection, which has
been widely studied to circumvent aforementioned drawbacks
in the context of single-hop MIMO networks [7]–[9]. Specifi-
cally, MIMO antenna selection reduces the complexity and the
power requirements of the MIMO transmitter much more than
most other transmit diversity schemes such as beamforming
[10]. In this letter, joint relay and antenna selection strategies
for MIMO amplify-and-forward (AF) multi-relay networks are
developed and analyzed.

Best relay selection (BRS) for dual-hop cooperative net-
works has been widely studied [2], [11], [12]. In BRS, a
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1In particular, passive antenna elements and additional digital signal pro-

cessing are becoming increasingly cheaper; however, RF elements are still
expensive and do not follow Moore’s law [7]–[9].

single relay with maximum end-to-end (e2e) signal-to-noise
ratio (SNR) is selected for relaying. This scheme achieves the
full diversity while maintaining a higher throughput than the
repetition-based relaying [11]. However, in [2], [11], [12] and
many others, the selection of a relay is considered, but no
antenna selection is considered.

Nevertheless, for MIMO multi-relay networks, both relays
and antennas can be selected jointly. In the wide body of relay
literature, there appear only three references, [13], [14], and
[15], dealing with the issue of joint selection. In [13], joint
antenna and relay selection is studied for MIMO decode-and-
forward (DF) relay networks. References [14] and [15] inves-
tigate the joint antenna and relay selection to maximize the
channel capacity. Specifically, [14] uses the transmit antenna
selection algorithm from [16] with instantaneous channel state
information (CSI), while [15] extends [14] for statistical CSI.

Therefore, to the best of our knowledge, joint relay and
antenna selection to maximize the diversity gains for dual-hop
MIMO AF relay networks has not yet been studied.

This letter fills this gap by proposing four joint antenna
and relay selection strategies which are optimal in the sense
of the diversity order, and hence, in the outage probability.
Two of them require global CSI whereas the other two require
only partial CSI. The two selection strategies, which require
global CSI, are referred to as joint relay and transmit antenna
selection (R-TAS) and joint relay and antenna pair selection
(R-APS). Specifically, R-TAS implements the joint selection
of the best single transmit antenna at the source, the best
single relay and the best single transmit antenna at the relay.
Similarly, the R-APS strategy jointly selects the best single
relay, the best single transmit and receive (Tx/Rx) antenna
pairs at the source-to-relay and relay-to-destination channels.
Furthermore, two partial selection strategies, a highly useful
option when the global CSI is not available, are proposed and
analyzed. In the sequel, they are referred to as partial R-TAS
and partial R-APS, and only assume the availability of CSI of
source-to-relay channels.

The performance of these four selection strategies with
dual-hop MIMO AF relay networks over Nakagami-𝑚 fading
channels is studied. To this end, the exact outage probability
is derived in closed-form for both the CA-AF (channel-
assisted AF) and FG-AF (fixed-gain AF) relays. In order to
obtain direct insights into the system-design, the asymptotic
outage probability and the asymptotic average symbol error
rate (ASER), which are exact at high SNRs, are derived and
used to obtain the diversity order and array gain. The impact
of outdated CSI on the system performance is studied as
well. Furthermore, numerical results are provided to show the
performance gains of the joint relay and antenna selection, and
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our analysis is validated through Monte-Carlo simulations.
Notations: 𝒦𝜈 (𝑧) is the Modified Bessel function of the

second kind of order 𝜈 [17, Eq. (8.407.1)]. ∣∣y∣∣ and ∣𝑧∣ denote
the ℒ-2 norm and magnitude of the vector y and scalar 𝑧,
respectively. 𝒬 (𝑧) denotes the Gaussian Q-function. ℰΛ{𝑧}
is the expected value of 𝑧 over Λ.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a dual-hop AF MIMO multi-relay network
having a single source (𝑆), 𝑄 relays

(
𝑅𝑞∣𝑄𝑞=1

)
and a single

destination (𝐷). Specifically, 𝑆, 𝐷 and 𝑅𝑞 are half-duplex
[18], [19], and are equipped with 𝑁𝑆 , 𝑁𝐷 and 𝑁𝑅𝑞 antennas,
respectively. All channel amplitudes are assumed to be inde-
pendently distributed Nakagami-𝑚 fading, where 𝑚 ∈ ℤ+.
The feedbacks for relay and antenna selection are assumed to
be perfect unless otherwise stated2. The channel matrix from
terminal 𝑋 to terminal 𝑌 , where 𝑋 ∈ {𝑆,𝑅}, 𝑌 ∈ {𝑅,𝐷},
and 𝑋 ∕= 𝑌 , is denoted by H𝑋𝑌 . The elements of H𝑋𝑌 are
denoted by ℎ

(𝑖,𝑗)
𝑋𝑌 . The channel vector from the 𝑗-th transmit

antenna at 𝑋 to 𝑌 is denoted by h
(𝑗)
𝑋𝑌 . The additive noise

is modeled as complex zero mean white Gaussian noise. The
gains of 𝑞-th CA-AF and FG-AF relays are given by [18]

𝐺CA−AF =
√
𝑃𝑅𝑞/(𝑃𝑆 ∣ℎ𝑆𝑅𝑞 ∣2 + 𝜎2

𝑅𝑞
) and

𝐺FG−AF =
√
𝑃𝑅𝑞/(𝑃𝑆ℰ∣ℎ𝑆𝑅𝑞 ∣2 + 𝜎2

𝑅𝑞
), (1)

respectively. In (1), 𝑃𝑆 and 𝑃𝑅𝑞 are the transmit pow-
ers at 𝑆 and 𝑅𝑞 . Here, ∣ℎ𝑆𝑅𝑞 ∣ is given for R-TAS
and R-APS by ∣ℎ𝑆𝑅𝑞 ∣ = max

1≤𝑖≤𝑁𝑆

∣∣ℎ(𝑖)𝑆𝑅𝑞
∣∣ and ∣ℎ𝑆𝑅𝑞 ∣ =

max
1≤𝑖≤𝑁𝑆 ,1≤𝑖≤𝑁𝑟𝑞 ,

∣ℎ(𝑖,𝑗)𝑆𝑅𝑞
∣, respectively. Moreover, 𝜎2

𝑅𝑞
is the

noise variance at the 𝑞-th relay.

A. R-TAS strategy

During the first time-slot, 𝑆 transmits its signal to the
best relay 𝑅�̂� by selecting its best transmit antenna, and
𝑅�̂� combines the signal by using maximal ratio combining
(MRC). In the second time-slot, the best relay amplifies the
received signal and forwards it again by using the best transit
antenna to 𝑅, where MRC is again used. The best transmit
antenna indexes at 𝑆 and 𝐷, and the best relay index are
denoted by 𝐼 , 𝐾 , and �̂�, respectively and given by

{𝐼,𝐾, �̂�} = argmax
1≤𝑖≤𝑁𝑆 ,1≤𝑘≤𝑁𝐷,1≤𝑞≤𝑄

(
𝛾
(𝑖,𝑘,𝑞)
e2e

)
, (2)

where the e2e SNR, 𝛾(𝑖,𝑘,𝑞)e2e , is given by [5], [6]

𝛾
(𝑖,𝑘,𝑞)
e2e = 𝛾

(𝑖)
𝑆𝑅𝑞

𝛾
(𝑘)
𝑅𝑞𝐷

/(𝜂𝑞𝛾
(𝑖)
𝑆𝑅𝑞

+ 𝛾
(𝑘)
𝑅𝑞𝐷

+ 𝜁𝑞). (3)

In (3), 𝛾(𝑖)𝑆𝑅𝑞
= 𝛾𝑆𝑅𝑞 ∣∣h(𝑖)

𝑆𝑅𝑞
∣∣2 and 𝛾

(𝑘)
𝑅𝑞𝐷

= 𝛾𝑅𝑞𝐷∣∣h(𝑘)
𝑅𝑞𝐷

∣∣2
are the equivalent instantaneous SNRs, and 𝛾𝑆𝑅𝑞 , and 𝛾𝑅𝑞𝐷

are the average SNRs of the 𝑆 → 𝑅𝑞 , and 𝑅𝑞 → 𝐷

2However, in practical MIMO systems, the estimated channel coefficient
matrices are generally perturbed by Gaussian errors due to channel estimation
errors. Moreover, the transmit antennas could be selected by using the
outdated CSI due to feedback delays [20], [21]. Thus, the impact of imperfect
CSI on the performance of our system model is studied in Section III-F.

channels, respectively. Moreover, 𝛾
(𝑖)
𝑆𝑅𝑞

and 𝛾
(𝑘)
𝑅𝑞𝐷

are in-

dependent Gamma distributed random variables; 𝛾
(𝑖)
𝑆𝑅𝑞

∼
𝒢 (𝑚𝑆𝑅𝑞𝑁𝑅𝑞 , 𝛽𝑆𝑅𝑞

)
and 𝛾

(𝑘)
𝑅𝑞𝐷

∼ 𝒢 (𝑚𝑅𝑞𝐷𝑁𝐷, 𝛽𝑅𝑞𝐷

)
,

where 𝛽𝑆𝑅𝑞 = 𝛾𝑆𝑅𝑞/𝑚𝑆𝑅𝑞 and 𝛽𝑅𝑞𝐷 = 𝛾𝑅𝑞𝐷/𝑚𝑅𝑞𝐷.
Further, 𝑚𝑆𝑅𝑞 and 𝑚𝑅𝑞𝐷 are the integer severity of the fading
parameters of the Nakagami fading in the 𝑆 → 𝑅 and 𝑅 → 𝐷
channels. In particular, in (3), the tuples {𝜂𝑞 = 1, 𝜁𝑞 = 1}
and {𝜂𝑞 = 0, 𝜁𝑞 ∕= 0} stand for CA-AF and FG-AF relays,
respectively.

B. R-APS strategy

In the first time-slot, 𝑆 transmits its signal to the best relay
𝑅�̂� by selecting the best Tx/Rx antenna pair of the 𝑆 → 𝑅�̂�

channel. In the second time-slot, 𝑅�̂� amplifies and forward
its received signal again by selecting the best Tx/Rx antenna
pair of the 𝑅𝑄 → 𝐷 channel. The best antenna pair indexes
of the 𝑆 → 𝑅�̂� and the 𝑅�̂� → 𝐷 channels, and the best relay

index are denoted by (𝐼, 𝐽), (𝐾,𝐿) and �̂�, and given by

{(𝐼, 𝐽), (𝐾,𝐿), �̂�}= argmax
1≤𝑖≤𝑁𝑆,1≤𝑗,𝑘≤𝑁𝑅𝑞 ,1≤𝑙≤𝑁𝐷

1≤𝑞≤𝑄

(
𝛾
(𝑖,𝑗,𝑘,𝑙,𝑞)
e2e

)
, (4)

where the e2e SNR, 𝛾(𝑖,𝑗,𝑘,𝑙,𝑞)e2e is given by

𝛾
(𝑖,𝑗,𝑘,𝑙,𝑞)
e2e = 𝛾

(𝑖,𝑗)
𝑆𝑅𝑞

𝛾
(𝑘,𝑙)
𝑅𝑞𝐷

/(𝜂𝑞𝛾
(𝑖,𝑗)
𝑆𝑅𝑞

+ 𝛾
(𝑘,𝑙)
𝑅𝑞𝐷

+ 𝜁𝑞), (5)

where 𝛾
(𝑖,𝑗)
𝑆𝑅𝑞

= 𝛾𝑆𝑅𝑞

∣∣∣h(𝑖,𝑗)
𝑆𝑅𝑞

∣∣∣2 and 𝛾
(𝑘,𝑙)
𝑅𝑞𝐷

= 𝛾𝑅𝑞𝐷

∣∣∣h(𝑘,𝑙)
𝑅𝑞𝐷

∣∣∣2
are the equivalent instantaneous SNRs. Similar to (3), 𝛾(𝑖,𝑗)𝑆𝑅𝑞

and 𝛾
(𝑘,𝑙)
𝑅𝑞𝐷

in (5) are independent Gamma distributed ran-

dom variables; 𝛾
(𝑖,𝑘)
𝑆𝑅𝑞

∼ 𝒢 (𝑚𝑆𝑅𝑞 , 𝛽𝑆𝑅𝑞

)
and 𝛾

(𝑘,𝑙)
𝑅𝑞𝐷

∼
𝒢 (𝑚𝑅𝑞𝐷𝑁𝐷, 𝛽𝑅𝑞𝐷

)
.

III. PERFORMANCE ANALYSIS

The outage probability3 is the probability that the instanta-
neous e2e SNR falls below a threshold, 𝛾𝑡ℎ, and is given by
𝑃out = Pr(𝛾e2e ≤ 𝛾𝑡ℎ) [22]. In this section, 𝑃out of R-TAS and
R-APS is derived and used to obtain valuable system-design
parameters such as diversity and array gains.

A. Exact outage probability of R-TAS strategy

The outage probability of R-TAS strategy can be derived as

𝑃 R-TAS
out = Pr

⎛
⎜⎝ max

1≤𝑖≤𝑁𝑆,1≤𝑘≤𝑁𝑅𝑞
1≤𝑞≤𝑄

𝛾
(𝑖)
𝑆𝑅𝑞

𝛾
(𝑘)
𝑅𝑞𝐷

𝜂𝑞𝛾
(𝑖)
𝑆𝑅𝑞

+𝛾
(𝑘)
𝑅𝑞𝐷

+𝜁𝑞
≤𝛾𝑡ℎ

⎞
⎟⎠

= Pr

⎛
⎜⎝ max

1≤𝑞≤𝑄

⎡
⎢⎣ max

1≤𝑖≤𝑁𝑆
1≤𝑘≤𝑁𝑅𝑞

𝛾
(𝑖)
𝑆𝑅𝑞

𝛾
(𝑘)
𝑅𝑞𝐷

𝜂𝑞𝛾
(𝑖)
𝑆𝑅𝑞

+𝛾
(𝑘)
𝑅𝑞𝐷

+𝜁𝑞

⎤
⎥⎦≤𝛾𝑡ℎ

⎞
⎟⎠. (6)

The second equality of (6) yields from the mutual indepen-

dence of 𝛾
(𝑖)
𝑆𝑅𝑞

∣∣∣𝑄
𝑞=1

and 𝛾
(𝑘)
𝑅𝑞𝐷

∣∣∣𝑄
𝑞=1

. Next, (6) can be further

3The information outage probability is defined as the probability that
the instantaneous mutual information ℐ falls below the target rate ℛ𝑡ℎ;
Pr

(ℐ = 1
2
log (1 + 𝛾e2e) ≤ ℛ𝑡ℎ

)
= 𝐹𝛾e2e (𝛾𝑡ℎ), where 𝛾𝑡ℎ = 22ℛ𝑡ℎ − 1.
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simplified by solving the inner maximization problem by using
[5] as

𝑃 R-TAS
out = Pr

⎛
⎝ max

1≤𝑞≤𝑄

𝛾
(𝐼)
𝑆𝑅𝑞

𝛾
(𝐾)
𝑅𝑞𝐷

𝜂𝑞𝛾
(𝐼)
𝑆𝑅𝑞

+ 𝛾
(𝐾)
𝑅𝑞𝐷

+ 𝜁𝑞
≤ 𝛾𝑡ℎ

⎞
⎠ , (7)

where 𝛾(𝐼)𝑆𝑅𝑞
= max

1≤𝑖≤𝑁𝑆

(
𝛾
(𝑖)
𝑆𝑅𝑞

)
and 𝛾(𝐾)

𝑅𝑞𝐷
= max

1≤𝑘≤𝑁𝑅𝑞

(
𝛾
(𝑘)
𝑅𝑞𝐷

)
.

Just as in (2), the tuples {𝜂𝑞 = 1, 𝜁𝑞 = 1} and {𝜂𝑞 = 0, 𝜁𝑞 ∕=
0} stand for CA-AF and FG-AF relays, respectively, in (6)
and (7) as well.

Next, (7) can further be simplified as

𝑃 R-TAS
out =

𝑄∏
𝑞=1

[
𝐹
𝛾
(𝐼)
𝑆𝑅𝑞

(𝛾𝑡ℎ)

+

∫ ∞

𝛾𝑡ℎ

Pr

(
𝛾
(𝐾)
𝑅𝑞𝐷

≤ (𝜂𝑞𝑦 + 𝜁𝑞)𝛾𝑡ℎ
𝑦 − 𝛾𝑡ℎ

)
𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑦) d𝑦

]
. (8)

By using a variable change, 𝑧 = 𝑦−𝑥, 𝑃 R-TAS
out can be expressed

in a compact single-integral form as

𝑃 R-TAS
out =

𝑄∏
𝑞=1

[
1−
∫ ∞

0

𝐹
𝛾
(𝐾)
𝑅𝑞𝐷

((𝜂𝑞(𝑧 + 𝛾𝑡ℎ) + 𝜁𝑞)𝛾𝑡ℎ/𝑧)

× 𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑧 + 𝛾𝑡ℎ) d𝑧

]
, (9)

where 𝐹
𝛾
(𝐾)
𝑅𝑞𝐷

(𝑥) is complementary cumulative distribution

function (CCDF) of 𝛾(𝐾)
𝑅𝑞𝐷

and given by [8]

𝐹
𝛾
(𝐾)
𝑅𝑞𝐷

(𝑥) = 1−
⎛
⎝1− e

− 𝑥
𝛽𝑅𝑞𝐷

𝑚𝑅𝑞𝐷𝑁𝐷−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑅𝑞𝐷

)𝑡⎞⎠
𝑁𝑅𝑞

=

𝑁𝑅𝑞∑
𝑝=1

𝑝(𝑚𝑅𝑞𝐷𝑁𝐷−1)∑
𝑙=0

(−1)𝑝+1
(
𝑁𝑅𝑞
𝑝

)
𝜙𝑙,𝑝,𝑚𝑅𝑞𝐷𝑁𝐷

𝛽𝑙𝑅𝑞𝐷

𝑥𝑙e
− 𝑝𝑥
𝛽𝑅𝑞𝐷 .

(10)

Similarly, in (9), 𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑥) is the probability density function

(PDF) of 𝛾(𝐼)𝑆𝑅𝑞
and given by [8]

𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑥) =
𝑁𝑆𝑥

𝑚𝑆𝑅𝑞𝑁𝑅𝑞−1e
− 𝑥
𝛽𝑆𝑅𝑞

Γ(𝑚𝑆𝑅𝑞𝑁𝑅𝑞)(𝛽𝑆𝑅𝑞)
𝑚𝑆𝑅𝑞𝑁𝑅𝑞

×
⎛
⎝1−e

− 𝑥
𝛽𝑆𝑅𝑞

𝑚𝑆𝑅𝑞𝑁𝑅𝑞−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑆𝑅𝑞

)𝑡⎞⎠
𝑁𝑆−1

=

𝑁𝑆−1∑
𝑎=0

𝑎(𝑚𝑆𝑅𝑞𝑁𝑅𝑞−1)∑
𝑏=0

(−1)𝑎𝑁𝑆

(
𝑁𝑆−1

𝑎

)
𝜙𝑏,𝑎,𝑚𝑆𝑅𝑞𝑁𝑅𝑞

Γ(𝑚𝑆𝑅𝑞𝑁𝑅𝑞 )𝛽
𝑏+𝑚𝑆𝑅𝑞𝑁𝑅𝑞

𝑆𝑅𝑞

× 𝑥𝑏+𝑚𝑆𝑅𝑞𝑁𝑅𝑞−1e
− (𝑎+1)𝑥

𝛽𝑆𝑅𝑞 . (11)

In (10) and (11), 𝜙𝑘,𝑁,𝐿 is the coefficient of the expansion of[
𝐿−1∑
𝑢=0

1

𝑢!

(
𝑥

𝛾

)𝑢]𝑁
=

𝑁(𝐿−1)∑
𝑘=0

𝜙𝑘,𝑁,𝐿

(
𝑥

𝛾

)𝑘
, where

𝜙𝑘,𝑁,𝐿 =

𝑘∑
𝑖=𝑘−𝐿+1

𝜙𝑖,𝑁−1,𝐿

(𝑘 − 𝑖)!
𝐼[0,(𝑁−1)(𝐿−1)](𝑖). (12)

In (12), 𝜙0,0,𝐿 = 𝜙0,𝑁,𝐿 = 1, 𝜙𝑘,1,𝐿 = 1/ 𝑘!, 𝜙1,𝑁,𝐿 = 𝑁
and, 𝐼[𝑎,𝑐](𝑏) = 1 for 𝑎 ≤ 𝑏 ≤ 𝑐 and 𝐼[𝑎,𝑐](𝑏) = 0 otherwise.

By substituting 𝐹
𝛾
(𝐾)
𝑅𝑞𝐷

(𝑥) and 𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑥) given in (10) and

(11) into (9), the single-integral expression for 𝑃 R-TAS
out is

derived as

𝑃 R-TAS
out =

𝑄∏
𝑞=1

⎡
⎣1−𝑁𝑆−1∑

𝑎=0

𝑎(𝑚𝑆𝑅𝑞𝑁𝑆−1)∑
𝑏=0

𝑁𝑅𝑞∑
𝑝=1

𝑝(𝑚𝑅𝑞𝑁𝐷−1)∑
𝑙=0

(−1)𝑎+𝑝+1

𝛽𝑙
𝑅𝑞𝐷

×
𝑁𝑆

(
𝑁𝑆−1

𝑎

)(
𝑁𝑅𝑞
𝑝

)
𝜙𝑏,𝑎,𝑚𝑆𝑅𝑞𝑁𝑅𝑞

𝜙𝑙,𝑝,𝑚𝑅𝑞𝐷𝑁𝐷

Γ(𝑚𝑆𝑅𝑞𝑁𝑅𝑞 )𝛽
𝑏+𝑚𝑆𝑅𝑞𝑁𝑅𝑞

𝑆𝑅𝑞

× 𝛾𝑙
𝑡ℎe

−𝛾𝑡ℎ

(
𝑎+1
𝛽𝑆𝑅𝑞

+
𝑝𝜂𝑞

𝛽𝑅𝑞𝐷

)
𝕁
𝑚𝑆𝑅𝑞𝑁𝑅𝑞 ,𝑞

𝑎,𝑏,𝑝,𝑙 (𝛾𝑡ℎ)

]
, (13)

where the integral 𝕁𝑀,𝑁
𝑐,𝑑,𝑒,𝑓(𝑥) is given by

𝕁
𝑀,𝑞
𝑐,𝑑,𝑒,𝑓(𝑥) =

∫ ∞

0

𝑧−𝑓(𝑧 + 𝑥)𝑀+𝑑−1(𝜂𝑞𝑧 + 𝜂𝑞𝑥+ 𝜁𝑞)
𝑓

× e
−
(
𝑒𝑥(𝜂𝑞𝑥+𝜁𝑞)

𝛽𝑅𝑞𝐷
+ ((𝑐+1)𝑧)

𝛽𝑆𝑅𝑞

)
d𝑧. (14)

By first employing binomial theorem and then using [17, Eq.
(3.471.9)], 𝕁𝑀,𝑞

𝑐,𝑑,𝑒,𝑓(𝑥) in (14) can be solved in closed-form as

𝕁
𝑀,𝑞
𝑐,𝑑,𝑒,𝑓(𝑥)=

𝑓∑
𝑢=0

𝑀+𝑑−1∑
𝑣=0

2𝜂𝑢𝑞 (𝑒𝛽𝑆𝑅𝑞 )
𝑢+𝑣−𝑓+1

2

(
𝑓
𝑢

)(
𝑀+𝑑−1

𝑣

)
((𝑐+1)𝛽𝑅𝑞𝐷)

𝑢+𝑣−𝑓+1
2

× 𝑥
2𝑀+2𝑑+𝑓+𝑢−𝑣−1

2

(𝜂𝑞𝑥+𝜁𝑞)
𝑢−𝑣−𝑓−1

2

𝒦𝑢+𝑣−𝑓+1

(
2

√
𝑒(𝑐+1)𝑥(𝜂𝑞𝑥+𝜁𝑞)

𝛽𝑆𝑅𝑞𝛽𝑅𝑞𝐷

)
.

(15)

Now, by substituting (15) into (13), 𝑃 R-TAS
out can be derived in

closed-form as shown in (19) on the top of the next page.

B. Exact outage probability of the R-APS strategy

By using similar techniques to those in Section III-A, the
outage probability of the R-APS strategy can be derived as
follows:

𝑃 R-APS
out = Pr

⎛
⎝ max

1≤𝑞≤𝑄

𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

𝛾
(𝐾,𝐿)
𝑅𝑞𝐷

𝜂𝑞𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

+ 𝛾
(𝐾,𝐿)
𝑅𝑞𝐷

+ 𝜁𝑞
≤ 𝛾𝑡ℎ

⎞
⎠ , (16)

where 𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

= max
1≤𝑖≤𝑁𝑆,1≤𝑗≤𝑁𝑅𝑞 ,

(
𝛾
(𝑖,𝑗)
𝑆𝑅𝑞

)
and 𝛾

(𝐾,𝐿)
𝑅𝑞𝐷

=

max
1≤𝑘≤𝑁𝑟𝑞 ,1≤𝑙≤𝑁𝐷

(
𝛾
(𝑘,𝑙)
𝑅𝑞𝐷

)
. The outage probability of the R-

APS strategy can readily be derived by replacing 𝐹
𝛾
(𝐾)
𝑅𝑞𝐷

(𝑥)

and 𝑓
𝛾
(𝐼)
𝑆𝑅𝑞

(𝑥) of (9) with the corresponding 𝐹
𝛾
(𝐾,𝐿)
𝑅𝑞𝐷

(𝑥) and

𝑓
𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

(𝑥). They are given by

𝐹
𝛾
(𝐾,𝐿)
𝑅𝑞𝐷

(𝑥)=1−
⎛
⎝1−e

− 𝑥
𝛽𝑅𝑞𝐷

𝑚𝑅𝑞𝐷−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑅𝑞𝐷

)𝑡⎞⎠
𝑁𝑅𝑞𝑁𝐷

and (17)

𝑓
𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

(𝑥) =
𝑁𝑆𝑁𝑅𝑞𝑥

𝑚𝑆𝑅𝑞−1e
− 𝑥
𝛽𝑆𝑅1

Γ(𝑚𝑆𝑅𝑞 )(𝛽𝑆𝑅𝑞 )
𝑚𝑆𝑅𝑞

×
⎛
⎝1−e

− 𝑥
𝛽𝑆𝑅1

𝑚𝑆𝑅𝑞−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑆𝑅𝑞

)𝑡⎞⎠
𝑁𝑆𝑁𝑅𝑞−1

. (18)
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𝑃
R-TAS/R-APS
out =

𝑄∏
𝑞=1

⎡
⎣1− 𝜇𝑞−1∑

𝑎=0

𝑎(𝜆𝑞−1)∑
𝑏=0

𝜓𝑞∑
𝑝=1

𝑝(𝜉𝑞−1)∑
𝑙=0

𝑙∑
𝑢=0

𝜆𝑞+𝑏−1∑
𝑣=0

2(−1)𝑎+𝑝+1𝜇𝑞𝜂
𝑢
𝑞

(
𝜓𝑞
𝑝

)(
𝜇𝑞−1
𝑎

)(
𝑙
𝑢

)(
𝜆𝑞+𝑏−1

𝑣

)
𝑝
𝑢+𝑣−𝑙+1

2 𝜙𝑏,𝑎,𝜆𝑞𝜙𝑞,𝑝,𝜉𝑞

Γ(𝜆𝑞)(𝑎+ 1)
𝑢+𝑣−𝑙+1

2 (𝛽𝑆𝑅𝑞)
2𝜆𝑞+2𝑏+𝑙−𝑢−𝑣−1

2
(
𝛽𝑅𝑞𝐷

)𝑢+𝑣+𝑙+1
2

× 𝛾
2𝜆𝑞+2𝑏+𝑙+𝑢−𝑣−1

2

𝑡ℎ (𝜂𝑞𝛾𝑡ℎ + 𝜁𝑞)
𝑙+𝑣−𝑢+1

2 e
−𝛾𝑡ℎ

(
𝑎+1
𝛽𝑆𝑅𝑞

+
𝑝𝜂𝑞
𝛽𝑅𝑞𝐷

)
𝒦𝑢+𝑣−𝑙+1

(
2

√
𝑝(𝑎+ 1)𝛾𝑡ℎ(𝜂𝑞𝛾𝑡ℎ + 𝜁𝑞)

𝛽𝑆𝑅𝑞𝛽𝑅𝑞𝐷

)]
, (19)

By substituting 𝐹
𝛾
(𝐾,𝐿)
𝑅𝑞𝐷

(𝑥) and 𝑓
𝛾
(𝐼,𝐽)
𝑆𝑅𝑞

(𝑥) given in (17) and

(18) into (9) and evaluating the integral again by using [17,
Eq. (3.471.9)] as in (13), outage probability of R-APS can be
derived as in (19).

Moreover, in (9), the tuples {𝜆𝑞 = 𝑚𝑆𝑅𝑞𝑁𝑅𝑞 , 𝜇𝑞 = 𝑁𝑆 ,
𝜉𝑞 = 𝑚𝑅𝑞𝐷𝑁𝐷, 𝜓𝑞 = 𝑁𝑅𝑞} and {𝜆𝑞 = 𝑚𝑆𝑅𝑞 , 𝜇𝑞 =
𝑁𝑆𝑁𝑅𝑞 , 𝜉𝑞 = 𝑚𝑅𝑞𝐷, 𝜓𝑞 = 𝑁𝑅𝑞𝑁𝐷} stand for R-TAS and
R-APS strategies, respectively.

Remark III.1: Eq. (19) is valid for both the CA-AF and
FG-AF relays. Specifically, for the CA-AF case, 𝜂𝑞 = 1 and
𝜁𝑞 = 1. For the FG-AF case, 𝜂𝑞 = 0 and 𝜁𝑞 =

𝑃𝑅𝑞
𝐺2
𝐹𝐺−𝐴𝐹 𝜎

2
𝑅𝑞

.

Furthermore, this 𝜁𝑞 can be derived by substituting (1) and
evaluating the integral by using [17] as

𝜁𝑞=1+

𝜇𝑞−1∑
𝑎=0

𝑎(𝜆𝑞−1)∑
𝑏=0

(−1)𝑎𝜇𝑞

(−1
𝑎

)
𝜙𝑏,𝑎,𝜆𝑞𝛽𝑆𝑅𝑞Γ(𝜆𝑞+𝑏+1)

𝜇−1
𝑞 Γ(𝜆𝑞)(𝑎+ 1)𝜆𝑞+𝑏+1

, (20)

where the tuples {𝜆𝑞 = 𝑚𝑆𝑅𝑞𝑁𝑅𝑞 , 𝜇𝑞 = 𝑁𝑆} and {𝜆𝑞 =
𝑚𝑆𝑅𝑞 , 𝜇𝑞=𝑁𝑆𝑁𝑅𝑞} stand for R-TAS and R-APS.

C. Asymptotic outage probability analysis

In order to obtain direct insights, the asymptotic outage
probability at high SNRs is derived for both the R-TAS and
R-APS strategies. For the sake of brevity, only the CA-AF
relays are treated.

The behavior of 𝑃out for a large average transmit SNR (𝛾)
is equivalent to the behavior of 𝑃out around 𝛾𝑡ℎ = 0. By
substituting 𝛾𝑆𝑅𝑞 = 𝑢𝑞𝛾, 𝛾𝑅𝑞𝐷 = 𝑣𝑞𝛾 and 𝛾𝑡ℎ = 𝛾𝑦 into
(19), and by expressing the exponential function and Bessel
function in terms of their Taylor series expansion around 𝑦 = 0
[17, Eq. (1.211) and Eq. (8.446)], 𝑃out at high SNR for both
R-TAS and R-APS can be derived as

𝑃∞
out =

𝑄∏
𝑞=1

Ω𝑞

(
𝛾𝑡ℎ
𝛾

)𝐺𝑑

+ 𝑜
(
𝛾−(𝐺𝑑+1)

)
, (21)

where Ω𝑞 is given by

Ω𝑞=

⎧⎨
⎩

(𝑚𝑆𝑅𝑞/𝑢𝑞)
𝑚𝑆𝑅𝑞

𝑁𝑆𝑁𝑅𝑞

( 𝜆𝑞 !)
𝜇𝑞 , 𝑚𝑆𝑅𝑞𝑁𝑆 < 𝑚𝑅𝑞𝐷𝑁𝐷[

(𝑚𝑆𝑅𝑞/𝑢𝑞)
𝑚𝑆𝑅𝑞

𝑁𝑆𝑁𝑅𝑞

( (𝜆𝑞)!)
𝜇𝑞

+
(𝑚𝑅𝑞𝐷/𝑣𝑞)

𝑚𝑅𝑞𝐷
𝑁𝐷𝑁𝑅𝑞

( 𝜉𝑞 !)
𝜓𝑞

]
, 𝑚𝑆𝑅𝑞𝑁𝑆 = 𝑚𝑅𝑞𝐷𝑁𝐷

(𝑚𝑅𝑞𝐷/𝑣𝑞)
𝑚𝑅𝑞𝐷

𝑁𝑅𝑞
𝑁𝐷

( 𝜉𝑞 !)
𝜓𝑞

, 𝑚𝑆𝑅𝑞𝑁𝑆 > 𝑚𝑅𝑞𝐷𝑁𝐷.

(22)

In (22), the tuples {𝜆𝑞 = 𝑚𝑆𝑅𝑞𝑁𝑅𝑞 , 𝜇𝑞 = 𝑁𝑆 , 𝜉𝑞 =
𝑚𝑅𝑞𝐷𝑁𝐷, 𝜓𝑞 = 𝑁𝑅𝑞} and {𝜆𝑞 = 𝑚𝑆𝑅𝑞 , 𝜇𝑞 = 𝑁𝑆𝑁𝑅𝑞 ,
𝜉𝑞 = 𝑚𝑅𝑞𝐷, 𝜓𝑞 = 𝑁𝑅𝑞𝑁𝐷} stand for R-TAS and R-APS
strategies, respectively. For both R-TAS and R-APS strategies,

the diversity order is given by

𝐺𝑑 =

𝑄∑
𝑞=1

𝑁𝑅𝑞 min (𝑚𝑆𝑅𝑞𝑁𝑆 ,𝑚𝑅𝑞𝐷𝑁𝐷). (23)

D. Asymptotic average symbol error rate analysis

The high SNR ASER for CA-AF relays can be derived by
using (21) and

𝑃∞
𝑒 =

𝛼

2

√
𝜑

2𝜋

∫ ∞

0

𝑥−
1
2 e−

𝜑𝑥
2 𝐹𝛾∞

𝑒2𝑒
(𝑥) d𝑥, (24)

where 𝛼 and 𝜑 are modulation-dependent constants of the
conditional error probability 𝑃𝑒∣𝛾 = 𝛼𝒬(

√
𝜑𝛾) [22]. Further,

𝐹𝛾∞
𝑒2𝑒

(𝑥) is the asymptotic CDF of the e2e SNR and can
readily be obtained by replacing 𝛾𝑡ℎ in (21) by 𝑥. The
asymptotic ASER is given by

𝑃∞
𝑒 =

𝛼
(∏𝑄

𝑞=1 Ω𝑞

)
2𝐺𝑑−1Γ

(
𝐺𝑑 +

1
2

)
√
𝜋(𝜑𝛾)𝐺𝑑

+𝑜
(
𝛾−(𝐺𝑑+1)

)
, (25)

where Ω𝑞 for R-TAS and R-APS is given by (22). The
diversity order is given in (23) and the array gain can be
obtained as

𝐺𝑎 =

(
𝛼√

𝜋(𝜑)𝐺𝑑

(
𝑄∏
𝑞=1

Ω𝑞

)
2𝐺𝑑−1Γ(𝐺𝑑 +

1

2
)

)− 1
𝐺𝑑

. (26)

It is important to note that both the R-TAS and R-APS achieve
the full diversity order (23) for the given system set-ups.

E. Joint antenna and relay selection under partial CSI

The implementation of both R-TAS and R-APS strategies
requires global CSI, i.e., the CSI of the 𝑆 → 𝑅𝑞∣𝑄𝑞=1 and

𝑅𝑞∣𝑄𝑞=1 → 𝐷. However, in practice, the realization of global
CSI can be difficult. Thus, in this subsection, two partial joint
relay and antenna selection schemes, where the best relay is
selected by only considering the 𝑆 → 𝑅𝑞∣𝑄𝑞=1 channels are
proposed and analyzed.

1) Partial R-TAS strategy: In this strategy, the single trans-
mit antenna index (𝐼) at the source and the single best relay
(𝑅�̂�) is jointly selected by considering only the 𝑆 → 𝑅𝑞∣𝑄𝑞=1
channels as follows:

{𝐼, �̂�} = argmax
1≤𝑖≤𝑁𝑆,1≤𝑞≤𝑄

(
𝛾
(𝑖)
𝑆𝑅𝑞

)
, (27)

where 𝛾(𝑖)𝑆𝑅𝑞
= 𝛾𝑆𝑅𝑞 ∣∣h(𝑖)

𝑆𝑅𝑞
∣∣2. Then the relay 𝑅�̂� forwards an

amplified version of its signal to the destination by selecting
the best single transmit antenna as {𝐾} = argmax

1≤𝑘≤𝑁𝑟
�̂�

(
𝛾
(𝑘)
𝑅�̂�𝐷

)
,

where 𝛾
(𝑘)
𝑅�̂�𝐷

= 𝛾𝑅�̂�𝐷
∣∣h(𝑘)

𝑅�̂�𝐷
∣∣2. Thus, the e2e SNR of the
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partial R-TAS is given by 𝛾𝑒2𝑒 = 𝛾
(𝐼)
𝑆𝑅�̂�

𝛾
(𝐾)
𝑅�̂�𝐷

/(𝜂�̂�𝛾
(𝐼)
𝑆𝑅�̂�

+

𝛾
(𝐾)
𝑅�̂�𝐷

+ 𝜁�̂�), where the tuples {𝜂�̂� = 1, 𝜁�̂� = 1} and
{𝜂�̂� = 0, 𝜁�̂� ∕= 0} stand for CA-AF and FG-AF relay types,
respectively. The outage probability of partial R-TAS is thus
given by

𝑃 R-TAS
out, partial = Pr

⎛
⎝ 𝛾

(𝐼)
𝑆𝑅�̂�

𝛾
(𝐾)
𝑅�̂�𝐷

𝜂�̂�𝛾
(𝐼)
𝑆𝑅�̂�

+ 𝛾
(𝐾)
𝑅�̂�𝐷

+ 𝜁�̂�

≤ 𝛾𝑡ℎ

⎞
⎠ . (28)

Now, (28) can be simplified by using similar steps to those in
(8) as

𝑃 R-TAS
out, partial = 1−

∫ ∞

0

𝐹
𝛾
(𝐼)
𝑆𝑅

�̂�

((𝜂𝑞(𝑧 + 𝛾𝑡ℎ) + 𝜁𝑞)𝛾𝑡ℎ/𝑧)

× 𝑓
𝛾
(𝐾)
𝑅
�̂�
𝐷

(𝑧 + 𝛾𝑡ℎ) d𝑧. (29)

For the sake of mathematical tractability, the 𝑆 → 𝑅𝑞∣𝑄𝑞=1
channels are assumed to be independent and identically dis-
tributed Nakagami-𝑚 fading, i.e., 𝛽𝑆𝑅𝑞

∣∣𝑄
𝑞=1

= 𝛽𝑆𝑅 and

𝑚𝑆𝑅𝑞

∣∣𝑄
𝑞=1

= 𝑚𝑆𝑅. Further, we assume that each relay has the

same number of antenna terminals (𝑁𝑅𝑞

∣∣𝑄
𝑞=1

= 𝑁𝑅). Thus,

the CCDF of 𝛾(𝐼)𝑆𝑅�̂�
can be derived as

𝐹
𝛾
(𝐼)
𝑆𝑅

�̂�

(𝑥)=1−
(
1−e

− 𝑥
𝛽𝑆𝑅

𝑚𝑆𝑅𝑁𝑅−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑆𝑅

)𝑡)𝑄𝑁𝑆

. (30)

Similarly, the PDF of 𝑓
𝛾
(𝐾)
𝑅
�̂�
𝐷
(𝑥) is given by

𝑓
𝛾
(𝐾)
𝑅
�̂�
𝐷

(𝑥) =
𝑁𝑅𝑥

𝑚𝑅
�̂�
𝐷𝑁𝐷−1

e
− 𝑥
𝛽𝑅

�̂�
𝐷

Γ(𝑚𝑅�̂�𝐷
𝑁𝐷)(𝛽𝑅�̂�𝐷

)
𝑚𝑅

�̂�
𝐷𝑁𝐷

×
⎛
⎝1−e

− 𝑥
𝛽𝑅

�̂�
𝐷

𝑚𝑅
�̂�
𝐷𝑁𝐷−1∑
𝑡=0

1

𝑡!

(
𝑥

𝛽𝑅�̂�𝐷

)𝑡⎞⎠
𝑁𝑅−1

.(31)

By substituting (30) and (31) into (29), and evaluating the
resulting integral by using [17, Eq. (3.471.9)] as in (13), the
outage probability of partial R-TAS strategy can be derived as
given in (33).

2) Partial R-APS strategy: In this strategy, the best single
relay (𝑅�̂�) and the best Tx/Rx antenna pair at the source and

𝑅�̂� by only using 𝑆 → 𝑅𝑞∣𝑄𝑞=1 as follows:

{(𝐼, 𝐽), �̂�}= argmax
1≤𝑖≤𝑁𝑆,1≤𝑗≤𝑁𝑅𝑞

1≤𝑞≤𝑄

(
𝛾
(𝑖,𝑗)
𝑆𝑅𝑞

)
, (32)

where 𝛾
(𝑖,𝑗)
𝑆𝑅𝑞

= 𝛾𝑆𝑅𝑞

∣∣∣h(𝑖,𝑗)
𝑆𝑅𝑞

∣∣∣2. In the second hop, 𝑅�̂� and

𝐷 select their best pair of Tx/Rx antennas as {(𝐾,𝐿)}=
argmax

1≤𝑘≤𝑁𝑅
�̂�
,1≤𝑙≤𝑁𝐷,

(
𝛾
(𝑘,𝑙)
𝑅�̂�𝐷

)
, where 𝛾

(𝑘,𝑙)
𝑅�̂�𝐷

= 𝛾𝑅�̂�𝐷

∣∣∣h(𝑘,𝑙)
𝑅�̂�𝐷

∣∣∣2
are the equivalent instantaneous SNRs. The e2e SNR is
given by 𝛾𝑒2𝑒 = 𝛾

(𝐼,𝐽)
𝑆𝑅�̂�

𝛾
(𝐾,𝐿)
𝑅�̂�𝐷

/(𝜂𝑞𝛾
(𝐼,𝐽)
𝑆𝑅�̂�

+ 𝛾
(𝐾,𝐿)
𝑅�̂�𝐷

+ 𝜁�̂�). By
following similar steps to that of Section III-A, the outage
probability of partial R-APS can be derived as in (33) on
the top of the next page. In (33), the tuples {𝜆 = 𝑚𝑆𝑅𝑁𝑅,
𝜇 = 𝑁𝑆 , 𝜉�̂� = 𝑚𝑅�̂�𝐷

𝑁𝐷, 𝜓 = 𝑁𝑅} and {𝜆 = 𝑚𝑆𝑅,
𝜇 = 𝑁𝑆𝑁𝑅, 𝜉�̂� = 𝑚𝑅�̂�𝐷

, 𝜓 = 𝑁𝑅𝑁𝐷} stand for partial
R-TAS and partial R-APS strategies, respectively.

TABLE I
DIVERSITY ORDERS OF THE FOUR JOINT SELECTION STRATEGIES.

Selection Strategy
Diversity Order

Perfect CSI Outdated CSI
R-TAS Eq. (23) min (𝑚𝑆𝑅𝑁𝑅,𝑚𝑅𝐷𝑁𝐷)
R-APS Eq. (23) min (𝑚𝑆𝑅, 𝑚𝑅𝐷)

Partial R-TAS Eq. (36) min (𝑚𝑆𝑅𝑁𝑅,𝑚𝑅𝐷𝑁𝐷)
Partial R-APS Eq. (36) min (𝑚𝑆𝑅, 𝑚𝑅𝐷)

As per remark III.1, (33) holds for both CA-AF (𝜂�̂� =
1, 𝜁�̂� = 1) and FG-AF (𝜂�̂� = 0, 𝜁�̂� ∕= 0) relays. Specifically,
𝜁�̂� for FG-AF relay is derived by using similar techniques to
those in (20) as

𝜁�̂� = 1 +

𝑄𝜇∑
𝑎=1

𝑎(𝜆−1)∑
𝑏=0

(−1)𝑎𝜇
(
𝜆−1
𝑎

)
𝜙𝑏,𝑎,𝜆𝛽𝑆𝑅Γ(𝑏+1)

Γ(𝜆)(𝑎+ 1)𝜆+𝑏+1
. (34)

The asymptotic outage probability and ASER of partial
R-TAS and partial R-APS strategies for CA-AF relays are

given by 𝑃∞
out = Ω

(
𝛾𝑡ℎ
𝛾

)𝐺𝑑

+ 𝑜
(
𝛾−(𝐺𝑑+1)

)
and , 𝑃∞

𝑒 =

𝛼Ω2𝐺𝑑−1Γ(𝐺𝑑+
1
2 )√

𝜋(𝜑𝛾)𝐺𝑑
+ 𝑜
(
𝛾−(𝐺𝑑+1)

)
, respectively. Here, Ω is

defined as

Ω=

⎧⎨
⎩

(
(𝑚𝑆𝑅/𝑢)

𝑚𝑆𝑅𝑁𝑆𝑁𝑅

( 𝜆!)𝜇

)𝑄
, 𝑚𝑆𝑅𝑁𝑆 < 𝑚𝑅�̂�𝐷

𝑁𝐷[(
(𝑚𝑆𝑅/𝑢)

𝑚𝑆𝑅𝑁𝑆𝑁𝑅

( (𝜆)!)𝜇

)𝑄
+

(𝑚𝑅
�̂�
𝐷/𝑣�̂�)

𝑚𝑅
�̂�
𝐷𝑁𝐷𝑁𝑅

( 𝜉�̂�!)𝜓

]
, 𝑚𝑆𝑅𝑁𝑆 = 𝑚𝑅�̂�𝐷

𝑁𝐷

(𝑚𝑅
�̂�
𝐷/𝑣�̂�)

𝑚𝑅
�̂�
𝐷𝑁𝑅𝑁𝐷

( 𝜉�̂�!)𝜓
, 𝑚𝑆𝑅𝑁𝑆 > 𝑚𝑅�̂�𝐷

𝑁𝐷,

(35)

where 𝑢 = 𝛾𝑆𝑅/𝛾 and 𝑣𝑞 = 𝛾𝑅𝑞𝐷/𝛾. Further, the diversity
order for both partial selection strategies is given by

𝐺𝑑 = 𝑁𝑅min (𝑄𝑚𝑆𝑅𝑁𝑆,𝑚𝑅�̂�𝐷
𝑁𝐷). (36)

F. Impact of imperfect CSI

In practical MIMO systems, the estimated channel matrices
are generally perturbed by the addition of Gaussian errors due
to channel estimation errors. Further, the transmit antennas
could be selected by using outdated CSI matrices due to
feedback delays. The channel matrices having these two
practical transmission impairments can be modeled as follows
[20], [21], [23], [24]:

H𝑙(𝑡)∣2𝑙=1 = 𝜌𝑙Ĥ𝑙(𝑡− 𝜏𝑙) +E𝑒,𝑙 +E𝑑,𝑙, (37)

where Ĥ𝑙(𝑡− 𝜏𝑙)
∣∣∣2
𝑙=1

is the 𝜏𝑙-delayed estimated channel

matrix having mean zero and variance (1 − 𝜎2
𝑒,𝑙) Gaussian

entries, and 𝜌𝑙 is the normalized correlation coefficient for the

𝜏𝑙-delayed feedback channel given by 𝜌𝑙 =
ℰ{ℎ̂𝑖,𝑗𝑙 (𝑡)ℎ̂𝑖,𝑗𝑙 (𝑡−𝜏𝑙)}

1−𝜎2
𝑒,𝑙

.

For Clarke’s fading model, 𝜌𝑙 = 𝒥0(2𝜋𝑓𝑙𝜏𝑙), where 𝑓𝑙 is
the Doppler frequency. Further, E𝑒,𝑙 = H𝑙(𝑡) − Ĥ𝑙(𝑡) is
the channel estimation error matrix, independent with both
Ĥ𝑙(𝑡) and E𝑑,𝑙, having mean zero and variance 𝜎2

𝑒,𝑙 Gaussian
entries. The additional channel estimation errors perturbed by
the feedback delay are modeled by E𝑑,𝑙 = Ĥ𝑙(𝑡)−𝜌𝑙Ĥ𝑙(𝑡−𝜏𝑙)
having mean zero and variance (1 − 𝜎2

𝑒,𝑙)(1 − 𝜌2𝑙 ) Gaussian
entries. The performance degradation due to imperfect CSI is
studied by using Monte-Carlo simulations in Section IV.
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𝑃
R-TAS/R-APS
out, partial = 1−

𝑄𝜇∑
𝑎=1

𝑎(𝜆−1)∑
𝑏=0

𝜓−1∑
𝑝=1

𝑝(𝜉�̂�−1)∑
𝑙=0

𝑏∑
𝑢=0

𝜉�̂�+𝑙−1∑
𝑣=0

2(−1)𝑎+𝑝+1𝜓𝜂𝑢
�̂�

(
𝑁𝑅−1

𝑝

)(
𝑄𝜇
𝑎

)(
𝑏
𝑢

)(
𝜉�̂�+𝑙−1

𝑣

)
𝑎
𝑢+𝑣−𝑏+1

2 𝜙𝑏,𝑎,𝜆𝜙𝑙,𝑝,𝜉�̂�

Γ(𝜉�̂�)(𝑝+ 1)
𝑢+𝑣−𝑏+1

2

(
𝛽𝑅�̂�𝐷

) 2𝜉
�̂�

+2𝑙+𝑏−𝑢−𝑣−1

2

(𝛽𝑆𝑅)
𝑢+𝑣+𝑏+1

2

× 𝛾
2𝜉
�̂�

+2𝑙+𝑏+𝑢−𝑣−1

2

𝑡ℎ (𝜂�̂�𝛾𝑡ℎ + 𝜁�̂�)
𝑙+𝑣−𝑢+1

2 e
−𝛾𝑡ℎ

(
𝜂
�̂�
𝑎

𝛽𝑆𝑅
+ 𝑝+1
𝛽𝑅

�̂�
𝐷

)
𝒦𝑢+𝑣−𝑏+1

(
2

√
𝑎(𝑝+ 1)𝛾𝑡ℎ(𝜂�̂�𝛾𝑡ℎ + 𝜁�̂�)

𝛽𝑆𝑅𝛽𝑅�̂�𝐷

)
.(33)
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Fig. 1. The outage probability of R-TAS and R-APS strategies.

Remark III.2: It is worth noticing that in fast-fading
environments, the channel coefficients have to be estimated
more frequently [25], [26], and hence, the selected antenna
indices have to be fed back to 𝑆 and 𝑅 accordingly. This
results in fast antenna switching, which may result in perfor-
mance degradation due to antenna switching delays. Moreover,
higher feedback rates significantly degrade the spectral effi-
ciency. However, to reduce channel load caused by feedback,
and thereby, to mitigate the antenna switching error, various
channel-prediction algorithms can be adopted [25], [26].

IV. NUMERICAL RESULTS

Fig. 1 shows the exact outage probability of the R-TAS and
R-APS strategies for several system set-ups over Nakagami-𝑚
fading channels (𝑚𝑆𝑅𝑞

∣∣𝑄
𝑞=1

= 2 and 𝑚𝑅𝑞𝐷

∣∣𝑄
𝑞=1

= 2). Both
the CA-AF and FG-AF relays are treated. First, the outage
probability of a dual-relay (𝑄 = 2) network having dual-
antenna terminals is plotted. In order to depict the diversity
order clearly, the asymptotic outage curves for CA-AF relays
are plotted by using (21). In particular, the outage probability
of a dual-relay network having single-antenna terminals is
also plotted by using (19) with 𝑁𝑆 = 1, 𝑁𝐷 = 1 and
𝑁𝑅𝑞

∣∣2
𝑞=1

= 1, for comparison purposes. Fig. 1 shows clearly
that the dual-relay network with joint relay and antenna selec-
tion outperforms the dual-relay network having singe-antenna
terminals. Further, a dual-hop single-relay network is also
treated as a reference set-up to show the performance gains
obtained by using relay and/or antenna selection strategies.
Fig. 1 reveals that the FG-AF relays achieve the full diversity
order just as the CA-AF relays, however, the CA-AF relays
outperform FG-AF relays significantly in terms of array gain.

In Fig. 2, the average bit error rate (BER) of the binary
phase shift keying (BPSK) for the R-TAS and R-APS strate-
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Fig. 2. The average bit error rate of BSPK of R-TAS and R-APS strategies.

gies is plotted for several system set-ups. The exact average
BER is plotted by using Monte-Carlo simulations, and the
asymptotic average BER is plotted by using (25). The average
BER curves of the R-TAS and R-APS strategies behave just
as they do in terms of the outage probability.

Fig. 1 and Fig. 2 reveal that the R-TAS strategy always
outperforms the R-APS strategy whenever the terminals have
multiple antennas. This result is not surprising because the
former uses MRC at 𝐷 whereas the latter uses one form
of selection combining. The R-TAS strategy obtains this
performance gain at the expense of additional hardware cost
at the receivers at 𝑅 and 𝐷; in particular, the R-TAS requires
a separate RF receiver chain for each receive antenna at 𝑅 and
𝐷 whereas the R-APS requires a single RF receiver chain at
each receiving terminal4. Whenever the system set-up consists
of all single-antenna terminals, both R-TAS and R-APS are
equivalent.

Fig. 3 compares the outage probability of full R-TAS/R-
APS strategies and partial R-TAS/R-APS strategies. This fig-
ure reveals clearly that the diversity order degrades due to the
partial selection (see Table I for more details). For instance, at
10−5 outage probability, full R-TAS for a dual-antenna dual-
relay network achieves about 5.6 dB gain over partial R-TAS.
However, the former achieves this gain at the expense of global
CSI compared to the latter’s partial CSI requirement.

Fig. 4 shows the impact of outdated CSI on the average BER
of BPSK of R-TAS and R-APS strategies. This figure clearly
reveals that the joint relay and antenna selection based on
the outdated CSI has a severe decremental effect on the BER
performance (see Table I for more details). For example, at

4Both R-TAS and R-APS require only a single RF transmitter chain at 𝑆
and 𝑅.
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Fig. 3. The outage probability comparison of R-TAS and R-APS strategies
with full and partial CSI.

−10 −5 0 5 10 15 20 25 30
10

−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

Average First Hop SNR (dB)

A
ve

ra
ge

 B
it 

E
rr

or
 R

at
e

 

 

R−TAS (CA−AF) − Simulation
R−TAS (FG−AF) − Simulation
R−APS (CA−AF) − Simulation
R−APS (FG−AF) − Simulation

           Perfect  CSI
Asymptotic BER Curves

    3 Relays (Q=3)

N
S
=2, N

D
=2, N

R
q

=2

mSRq

∣
∣
Q

q=1
= 2 mRqD

∣
∣
Q

q=1
= 2and

Perfect  CSI
 ρ

0
=ρ

1
=ρ

2
=1

Outdated CSI
ρ

0
=ρ

1
=ρ

2
=0.1

Outdated CSI
ρ

0
=ρ

1
=ρ

2
=0.8

Fig. 4. The impact of outdated CSI on the average BER of BPSK. The
𝑆 → 𝑅 and 𝑅 → 𝐷 are modeled by using (37) with E𝑒,𝑙 = 0.

10−6 BER, outdated CSI with 𝜌1 = 𝜌2 = 0.8 results in 4.5 dB
loss compared to perfect CSI case.

V. CONCLUSION

Four joint relay and antenna selection strategies for dual-
hop MIMO AF relay networks were proposed and analyzed.
Two of them require global CSI while the rest are highly useful
whenever partial CSI is available. The exact outage probability
was derived for all selection strategies and used to obtain high
SNR approximations for the outage and ASER, diversity order
and array gain. Our analysis reveals that both R-TAS and
R-APS, which require global CSI, achieve the full diversity
order compared to suboptimal diversity gains provided by
their partial selection strategies. The detrimental impact of
imperfect CSI on the system performance was studied as well.
Our results and analysis were verified through Monte-Carlo
simulations. These results will spur further research on joint
relay and antenna selection.
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