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Abstract

In this paper, we present a joint relay-and-antenna selection and power allocation strategy for
multiple-input multi-output (MIMO) amplify-and-forward (AF) two-way relay networks
(TWRNS). In our approach, we select the best transmit and receive antennas at the two sources,
a best relay and a best transmit and receive antenna at the selected relay based on maximizing
the minimum of the end-to-end received signal-to-noise-ratios (SNRs) under a total transmit
power constraints. We obtained the closed-form solution for the optimal power allocation
firstly. Then with the optimal allocation solution we found, we can reduce the joint
relay-and-antenna selection to a simpler problem. Besides, the overall outage probability is
investigated and a tight closed-form approximation is derived, which provides a method to
evaluate the outage performance easily and fast. Simulation results are presented to verify the
analysis.
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1. Introduction

Cooperative relaying has been shown to be an efffective means to extend service coverage

and increase system capacity[1-5]. In order to improve the drawbacks of low spectral
efficiency for the traditional one-way relaying, several techniques have been proposed, such as
full-duplex(FD) technique[6-8] and two-way relaying[9]. Especially, two-way relaying is a
promising spectral efficient transmission protocol for wireless networks with half-duplex
terminals. By using network coding [10] at the two-way relay, where multiple data streams
arriving from multiple sources are mixed or network-coded before being broadcasted, the
transmission phases required is reduced, resulting in an improved spectral efficiency. At the
destination, upon receiving the broadcast signals from the relay, each destination can decode
its intended information by using self-interference cancellation.

The performance of TWRNs can be improved by integrating multiple-input
multiple-output (MIMO) transmission technology [11]. However, the main drawback of any
MIMO system is the increased system complexity due to the additional cost for enabling
transmit and receive radio frequency (RF) chains. Antenna selection (AS) [12] scheme has
been proposed as a promising technique to achieve antenna diversity in MIMO system with
reduced hardware complexity. Although it has inferior performance compared to
beamforming-based schemes, it has the advantage of tractability and low implementation
complexity.

The impact of antenna selection in multiple-antenna two-way relay networks is considered
in [13-16]. Reference [13-14] investigate antenna selection for decode-and forward (DF)
TWRNSs. [13] proposed the use of Max-Min criteria for antenna selection with binary network
coding and transmit beamformig without binary network coding. [14] analyzed the
performance of a two-way relay system using Alamouti coding (open loop) and antenna
selection (close loop) with network coded messages.Then antenna selection for AF MIMO
TWRNSs is studied in [15-16]. [15] developed a computationally efficient scheme to select a
subset of relay antennas to maximize the achievable sum rate (ASR) of AF MIMO two-way
relay channels. Then in [16], a new framework for the comparative analysis of beamforming
and antenna selection with non-identical fading parameter m in the two source-relay links is
presented. However, the system models in the papers above employ multiple antennas either at
the relay or at the sources only. Furthermore, the antenna selection is considered at the sources
or the relay only.

For the sake of completeness, in [17-19], end-to-end antenna selection for AF MIMO
TWRNSs is studied. Two new transmit/receive (Tx /Rx) antenna selection strategies are
proposed and analyzed for two-way MIMO AF relay networks in [17-18]. These two
strategies select the best transmit and receive antennas at the two sources and the relay based
on (i) minimizing the overall outage probability and (ii) maximizing the sum-rate. The
performance of these selection strategies is quantified by deriving the overall outage
probability, its high SNR approximation and the diversity order. Then in [19], the impact of
relay location and power allocation on the overall outage probability are studied. But it just
optimized the power allocation approximately based on the expressions of the outage
probability, and didn’t get the closed-form solution for the optimal power allocation solution.

From the analysis above, it can be concluded that joint end-to-end(E2E) antenna selections
and power allocation strategy is rarely studied. We herein present a joint relay-and-antenna
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selection and power allocation scheme which has a closed-form solution. With the optimal
power allocation solution found, the joint relay-and-antenna selection problem can be reduced
to a simpler problem, which makes this protocol easier and less expensive for implementation
in distributed relay networks. Also, a tight closed-form approximation of the overall outage
probability is derived under the optimal power allocation. Using the expressions, one can
evaluate the outage performance of the proposed system easily and fast.

The rest of this paper is organized as follows. In section 2, we introduce the system model.
In section 3, the closed-form solution of optimal power allocation strategy is analyzed first,
then a simpler joint relay-and-antenna scheme is proposed. The outage performance analysis
are carried out in section 4. Simulations results are presented in section 5 and conclusion are
made in section 6.

2. System Model

We consider a MIMO AF TWRNs consisting of two transceivers (S;andS,) and K relays
(R k=1 K') as shown in Fig. 1. Specifically,S,, S, and R, are equipped with
N;,N,and N antennas, respectively. We assume the direct communication links between

the two transceivers is not available because of the poor quality of the channel between them.
Besides, all nodes are assumed to be half-duplex and all channel amplitude are assumed to be
independently identically distributed frequency-flat Rayleigh fading. The feedbacks for
antenna selection are assumed to be perfect unless otherwise stated. The channel matrix from

S, |i2:1 toR, is denoted by H o |i2:l . All the channels coefficients are assumed to be fixed over
two consecutive time slots unless otherwise stated. Thus the channel matrix from

.
R, toS, |i2:1 can be denoted as(HSiRk ) |i2:l . Furthermore, the (n, ,1)-th element of H; 2

is denoted by hg% and modeled as hgy' ~ CN(0,1).
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Fig. 1. System Model
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In this protocol, S, and S, exchange their information X, and X, in two consecutive

time-slots. Applying the proposed joint relay-and-antenna selection scheme, a single antenna
at the two source nodes, a best relay and a best antenna at the selected relay are selected.

Without loss of generality, we assume the j-th and I-th transmit antennas at S, andS,,
relay R, the n -th antenna of R, are selected. In the first time-slot, both S, and S,

transmit X, and X, simultaneously to the relays using the selected antennas. R, receives the
superimposed-signal using the Ng, -th antenna, then the received signal can be expressed as
follows:

MRy N Ngy |
YR = \/EthIRijl + \/thssz Xy +Ng, (1)

where P and P, are the transmit powers of transceivers S;and S, , respectively, and ng, is the
additive white Gaussian noise (AGWN) at R, with zero-mean and unit variance.

In the second time-slot, relay R, amplifies Yr, with a complex weight o, and then
broadcast it again using the n, -th antennato S, 2, over a broadcast channel. Then, S, and

S, receive the signal again using the j -th and |-th receive antennas respectively, thus, the
signal received at S; and S, can be represented respectively as

Mgy i
hisk

2 : _
_ LS Moy 1]
Ys, =+ Ra, X /Py hlekek hs:Rk Xy + @ hlekzk Ng +Ng )

_ N s Jpan
¥s, =\ R@hsk he'z X, + P

where Ng i2:1 is the noise at the two transceiver respectively, and they are assumed to be i.i.d.

2
Ng, ! Ng, |
hszgk X, + o, hszgk Ny +ng 3)

Gaussian with zero-mean and unit variance. The first term in (2), known as self-interference,
can be subtracted from Ys, - Similarly, the second term in (3) can be subtracted from Ys, - The

residual signals Vs and Ys after self-interference cancellation are expressed as
1 2

~ . 2 . -
— Mgy +J _ MR+ J 14 MR vl Ng, )
Ys, = Ys, —v R a, hsﬁk X =+/Po, hlekek hszﬁk X; + @y hlekek Ng, +Ng 4)
-~ 2 .
_ Ng, ! _ Ngy s J MR o Ng, !
Ys, = Ys, = P, hszﬁk X, =R oy hs1Fk<k hszﬁk X + @ hszﬁk Ng, +Ng, (5)

The residual signals can be used to decode the information symbols at S; and
S, respectively.

Then the E2E SNR at S, and S, can be derived as follows
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' P | |2 han j Ny ol
SNRJ'I’HRK 2 177k SR SRy
S Mo s 2 (6)
Rk
1+|o | g%
2 Mg+ ] Mg o
SNR],I,nRk Pl| k| hSle SRy
S, 2 (7)
1+|o | [he%
k S,R

3. Joint Relay-and-antenna Selection and Power Allocation Strategy

In this section, a joint relay-and-antenna selection and power allocation strategy is proposed
for MIMO AF TWRNs. The key design criterion is the joint selection of the best relay, single

transmit and receive antenna at S, S, and the selected relay, and optimal power allocation to
maximize the smaller of the E2E SNR, i.e., minimizing the overall outage probability.
The network is assumed to have a total transmit power constraint P. . Denoting the transmit

power at R, is PRk and assuming that the information symbols and noises are independent,
using (1), it can be shown that

’ 2 . 2 2
P, = (R [ng | + P, hg'| +D)|ea| (8)

Then when the relay and antenna are selected as the assumption, the total transmit power

can be written as
2 2
|| |+ P, | 1+

Then the joint relay-and-antenna selection and power allocation problem using Max-Min
criteria under the total power constraint P; can be represented as

Mgl Mg |
hSle hssz

2
P =R 1+ af il ©

: 1., 1.0, _
max  min(SNRy"™ ,SNRS"™)  subjectto P,

RPay, Julkong, < PT (10)

otal
Equation (10) is equivalent to the following expressions

ppanaX L subjectto SNRS'™ >, SNRI™ >t Py <P (12)
The joint optimization problem is equivalent to first optimizing over P, P,, @, , which is the
optimal power allocation problem, then optimizing over j,I,k,n,, which is the optimal

relay-and-antenna selection problem. In the following, we consider the two problems
separately.
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3.1 Optimal power allocation strategy

Firstly we consider the optimal power allocation problem, and it can be represented as
Max t subjectto SNRS"™ >t, SNRS"™ >, Py <R (12)

APt

It is a constrained optimization and can be solved using the SNR balancing technique [20].
As shown in [20], it is required thatSNRSjl"'nk = SNRs"Z"'nk . Using (6) and (7), we can obtain the

following equation
2
J-r(1+lafn

Using (13), the optimization problem (12) can be written as follows

an I an

P (1+|a)k| 2] (13)

max t
R.P ot
2 (yng . Ng, »l
j.lng RL |Cok | hSlRFsk SzRIF(zk
SNRJ'™ = =
. 2 1 2 han,I
subject to +loy | sk, (14)
P, =2P [1+ h;;; |a)k| j+|a)k| <P

Combining the two constraints in (14) leads to the following optimization problem

)

112

maxt
y t

zt[1+|wk|

(1+
@/ |h

The equation above is equivalent to the following expressions
an

(PT‘|“’k|2) SR | k|
max

n (16)
o [mw |wk|j( ’ k|)

From the formula above, we can see that the objective function does not depend on the
phase of @, , therefore, no phase adjustment is required at the relay. Differentiating the
objective function and equating it to zero lead us to the following equation:

an
SR

how !

subject to N3

“laf j+|wk| <P (19)

an

SR ssz

an

an
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P —(PT

Calculate the positive solution to (17), and we can get the optimal amplification coefficient
opt __ PT

atrelay R, as
\/1+\/(1+P hg ! j(up

Using (9) and (13) along with the fact that at the optimum the power constraint in (12) holds
with equality, we can get

2 12
han | han VJ an
S2R« SiRy

hanvj 2

SR, +

+

j|wk| af=0

hg an

2] (18)

h an h an

P, =2R (1+ |a)k| j+|wk| =2F, (1+ |a’k| j*|“’k|2 (19)

From the formula above, we can obtain the optimal power allocated to the two sources,
respectively, as

P o1+ P g
R = (20)
2\/1+P hg's ! 2\/1+P hg'
12
P.1+P he”
P = (22)
2\/1+ P; [ng ! +2\/1+P hg!

where P™ and P, denote the optimal value of P, and P,, respectively. Interestingly,
Rlopt+P20pt =0.5P. and thus P. =0.5P, " which shows that with the optimal power

allocation, the total transmit power is shared equally between the two transceivers on one side
and the | -th relay on the other side.

3.2 Joint relay-and-antenna selection scheme with optimal power allocation

In this subsection, we proposed a joint relay-and-antenna selection scheme with low
complexity under the optimal power allocation solutions obtained in section 3.1. Substituting
(21) and (18) into (7), we can obtain the maximum balanced SNR, achieved by selecting the

J -thand I -th transmit antennas at S, and S, , relay R, , the n, -th antenna of R, , as follows
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) 2
. . . P2 [pMd | !
SNR;,I,an :SNRél,I,an :SNRSJZ,I,nRk _ T |"'SiRy S,Ry . (22)
.12 2
2(\/1+ P e’ +\/1+ P; [’ ]

In this case, the Max-Min criteria can be simplified to the following problem

(J°.1",k",n,")=arg max SNR}"™ (23)

j.Lk,ng

Then we just need to calculate the balanced SNR to achieve the joint relay-and-antenna
selections which results in low computational complexity. Besides, as the transmit power

constraint P is known to the relays, and they can get the channel information from itself to

the sources, distributed timer technique (DT) [21] can be adopted in the joint
relay-and-antenna selection. And it can be conducted as follows:
Step 1: The two sources send pilot information to all the relays, and relay

R, (k =1..... K) can get the channel matrix between S,|”, to R, which are denoted by
Hsr and Hgpr .

Step 2: As P; is known to the relays, R, can calculate the balanced SNR SNRb""‘nk when
the j-th, I-th and N, -th antenna is selected at S,, S, and R, respectively. Obviously, R, need

to computer N;x N, x Ny balanced SNRs. Then R, start up the timer, and the timing is set
up to 1/(rjnlanXSNRJ"’”*), where Max SNR/"™ denotes the maximum of the N;x N, x N

balanced SNRs at R, , and the corresponding j,|,an denotes the optimal antenna index
i, an*if R, is the optimal relay.

Step 3: The relay which has the shortest time will broadcast its index, and the other relays
back off. Without loss of generality, we assume R, expires first, it broadcast k and the other

relays keep silent after receiving the broadcast information. Then R, broadcast the optimal
antenna index j,1” by which the sources can select the best antenna.

n. il2 n 2
When P, >>1/|hg | and P, >>1/|h{%"|, we have

SNR, "™ = SNR"™ = SNR]""™

an,' an,I 2
R hiskJ hssz P
~ 7= 2 (24)
an ,j 2 an | 2 l 1
2| 4 JIhsk " 4|k 2 .
han,j han,I

S1Ry SRy
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It is observed that when P; is large enough, the balanced SNR increase linearly with P; .
Besides, as can be observed from (24), when P; is large, we can jointly select the relay and

antenna using the harmonic mean of the magnitude of the channel coefficients, i.e. h;‘;:k" and

Ng, sl
hSZEk
Certainly, DT technique also can be used in this case, and we just need to set the timing at relay

- Ng, |
R, to Jrrlunr: (1/ +1/‘hszgk
So with the balanced SNR, the joint selection of the relay-and-antenna become easy to

achieve and has low computation complexity, which results in reduction of the complexity and
energy consumption for the wireless device.

. The best relay-and-antenna corresponds to the largest values of the harmonic mean.

MRy +1
hisk

) in step 2.

4. Outage Performance Analysis with Optimal Power Allocation

In this section, the outage performance of the proposed strategy is studied. In particular, we
present an easy-to-computer approximated expression for the exact outage probability to
reduce the computational cost.

The overall outage probability (P,,) is defined as the probability that the instantaneous

ut

E2E SNR of the weakest source falls below a present threshold y,, , and it can be given by

P

out

- j.ling jling

= = k k <

Priz=_ max {min(SNRY'™  SNRL'™ )} < , (25)
1<k<K I<ng, <N,

Under the optimal power allocation, we have SNR;;IVHRk = SNRSJ'Z"’ﬂRk = SNRJ"'an , then the
formula above can be expressed as

J.Lng,

Pu=Pr|Z=_ max (SNR)'™ )<y, :Pr[ max_ (SNR] )Sz}(%)

out 1< <N, SIS, 1<k<K 1<ng, <Ng,

1<k=<K 1<ng <Ng,
J,L, . .
where SNR, "™ is defined as follows:
2
PT XanYan

2( JARX R, )2

)

SNR)™™ = max_ (SNRJ'™ )=

1< j<N, I<I<N,

(27)

han |

—_ nR vj
where X, = max (‘hsﬁk SR,

R I<j<Ng

2
)andY = max(

MRy 1<I<N,
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We assume that P X, >>land RY, >>1, then
Kk 3

P*X, Y,

T 2(\/PTXan +\/PTYan )2

In order to get the overall outage probability, the CDF of Zan should be first derived. Thus
the CDF of Z,

SNR, "™ =Z

(28)

. is given by (see Appendix for the proof)

R

N e T

0 g=0 p q
p=0 g (29)
. ( e—8(p+1)z/PT e—2(q+1)z/PT +e—2(p+1)z/PT e—8(q+1)z/PT _e—8(p+1)z/PT e—8(q+l)z/PT J
(p+D(a+1)

Define Z, = max (an ) by identifying that Z,_

1<ng, <Ng,

Ng . .
nR::l are statistically independent

identically distributed (i.i.d) random variables, the CDF of Z |ff=l can be derived readily
Rk
Ng,
asF, ()=(F, @)™

K
DefineZ = max Z;, , the CDF of Z can be expressed as F, (2) = 1;! R, (2).

The outage probability can be derived readily by evaluating the CDF of Z at the threshold
Vi a8t Py = F; (1)

5. Numerical and Simulation Results

In this section we present the numerical and Monte-Carlo simulations results for the proposed
joint relay-and-antenna selection and power allocation strategy. The target transmission rate is
setasR =1bit/s/Hz.

In Fig. 2, the overall outage probability of the proposed scheme is compared with those of
other traditional algorithms. Specially, we compare our proposed joint relay-and-antenna
selection technique with two other schemes: scheme 1 where optimal relay-and-antenna
selection (the relay-and-antenna that results in the highest value of the smaller of the two
SNRs is chosen [11]) is used with equal power allocation and scheme 2 where random
relay-and-antenna selection is used with equal power allocation. For scheme with equal power
allocation, 1/3 of the total available power is allocated to each of the two transceivers and the
relay. As can be seen from the figure, a significant performance gain can be achieved via
optimal power allocation compared with scheme 1. It is also observed that as the total
transmission power increase, the performance advantage of optimal power allocation
decreases, for example, the proposed scheme get about 1dB gain in the middle SNR regions
while about 0.5 dB gain in the high SNR region. This is because that the increment of
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P; reduces the effects of the channel gain gap between the links from the two sources to the

relays, and if P; is big enough, the optimal power allocation is approximated to the equal

power allocation scheme. Besides, it is clear that the approximated closed-form expression of
the overall outage probability provides a good approximation to the simulated results
especially in the high SNR regions. Scheme 2 has the worst outage performance because it

can’t get any diversity order and coding gains.
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Fig. 3 depicts the overall outage probability of the proposed strategy for different relay
numbers versus P;. Simulations assumed that N, = N, = N =2. It clearly illustrates the

performance gains of joint relay-and-antenna selection of multi-relay TWRNs over that of

their single-relay counterpart. For example, at 107 outage probability, three-relay TWRNSs
provide a gain of 9.5dB over that of its single-relay counterpart. It also can be seen that the
approximated closed-form analytical result provides a good approximation to the simulated
results at almost all SNRs which verifies the correctness of the theoretical approximation.

Fig. 4 depicts the overall outage probability for different antenna configurations with K=4.
It can be observed that increase the number of the antenna both at the sources and the relays

could improve the outage performance. For example, with outage probability1072, it can get
13dB gains when all the nodes are deployed with 3 antennas.
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Fig. 4. Outage probability versus P for different antenna configuration with optimal power allocation

Fig. 5 gives the maximized achievable rate for different transmitting schemes with different
relay configuration. Simulations assumed that N, =N, = Ng =2. For the proposed strategy,

the maximized achievable rate is R =R, =0.5log,(1+SNR/'"™) . For scheme 1, the

maximizing rate can be given as Roo =0-5|092(1+ m%min(SNRSL""RK ’SNRSJWL"Rk )J owing to
j 1 2

that the two sources have different received SNRs. For scheme 2, the maximizing transmitting
rate of the two sources is also asymmetric, the maximizing rate of the system is

R =%Iogz (1+ min (SNRSjl,I,an , SNRSjZ,I,an )) where j,I, ng are all random. For scheme 1 and

scheme 2 the SNRs of the two sources can be denoted as follows
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Fig. 5. Transmission rate for different transmission scheme versus P;

In Fig. 5, it is observed that compared with scheme 1, the proposed scheme provides
obvious rate gains. For example, with P, =20dB, K =3, the proposed scheme could provide

1.2bit/s/Hz gains compared with scheme 1 using optimal power allocation and 2 bit/s/Hz gains
compared with scheme 2 using joint relay-and-antenna selection and power allocation.
Besides, it is observed that with the increase of K, the rate of scheme 1 and scheme 2 increase.
While for verity of K, the rate of scheme 2 keeps constant which shows that rand selection
scheme can’t get any performance gains.

6. Conclusions

In this paper, we developed a joint relay-and-antenna selection and optimal power allocation
strategy for MIMO AF bidirectional relay networks consisting of two transceivers and
multiple relay nodes which all implemented multiple antennas. Under the total power budget,
we analyzed the optimal power allocation solution firstly, then with the optimal power
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allocation solution we proposed a joint relay-and-antenna selection strategy based on DT
technology with low complexity. Besides, a tight closed-form approximation of the overall
outage probability was derived for the proposed strategy. Simulation results indicate that the
proposed selection strategy improves the outage performance and the transmission rate
greatly; also, the approximated outage probability expressions provide good approximations
to the simulated results at almost all SNRs.

Appendix
In this appendix, we provide the derivation of the CDF foanR
The CDF of X, and Y, can be given by [22] as follows
Rx Ry

N,

Fe Q=] F (5 (%) =2(Nlj( -1)P e ™ (32)
"

R, =1 =§(qNZ](—1)q e (33)

Moreover, f, (x) and f, (y)are the PDFs of X, and Y, respectively, and can be
given by

N, -1
NOE ZN( lJ 1)°e (P (34)
N,-1
f, (V)= ZN[ J 1)'e (35)

According to Equation (26) and (28), the CDF of ZnR can be expressed as follows

PZX, Y, P X, Yo,
R, (z) = Pr . <zl|= (36)

] |
Wedefineﬁ:s, M:T, then
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PX, Y P

F, (z)=Pr =Pr| —L—=<z (37)

i 1,1
o))
S T
Assuming $, =1/8, I, =1/T , then the formula above can be written as

F, (2)=Pr %_ =1- [[ £ ()15 ()elsyelt (38)

"R 2(S1+1;) PT OAB '

To reduce the computation complexity and get a closed-form expression, we enlarge
slightly the integral region from OAB to OAD,EB which is the sum of OAD,D, and

D,CERB as in Fig. 6. Then we can obtain

Tia
81:1;
/
/
A ——il /

| /

L semeB
7N\ | ‘
a

a
>
0 D, B S,

Fig. 6. Integral region to determine overall outage probability
F, @=1 [ [ ()0 @)dsdt, ~
048

°
~1-| ([ 0 @dsdn+ fsl(sl)fﬁ(rl)dsldrlJ (39)

\ 041D, DCER

=1- I\/;fsl (S )I\/;f;"(l )d?dt+j§fsl (Sl)j.o\/gfii (Il)ds'ldtl]

Next, we derived the PDF and CDF of S, as follows
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Fs(s)=Pr(S<s)= Pr(\/Xi s):Pr(XmSS2 :Fxm(sz) (40)
F (s,)=Pr(S, < )Pr(; szr(lsszl—Fs(l)zl—Fxm[iz} (41)

1) 2% (N ;
fe (s1) =- 25 =S | S =Y N (<) T (2
31(1) (slj( ) 13 Xm[slzj Sf &~ 1 p ]( ) ( )

Similarly, we can get the CDF and PDF of T, as

1
FTl (tl) =1- FYm (t_z] (43)
1
_ -(a+1)
N,-1 N A
le (t)= 2 Nz( zj(_l)qe ) (44)
t1 4=0 q

Using (42) and (44), (39) can be calculated as follows

0 N (N
F 21| [ 2s DN | (1) e P [ 2t YN, |2 |(~1)%e @ dsdt
<o J e J
+ ‘FZSNfN b (1) et I 2tN221N 2 |(~1)"e " dsdt
N,-1N,-1
BRI (N 1J(N q 1J(_1)M

p=0 ¢=0 (45)

8z
x [f}? se" "< ds fj}z te™ @D gt + jﬁ se (P I:/Cﬁte(q“”zdsdtJ
P Pr E Pr
-1-3 Y NN (N 1J(Nq 1](—1)””

p=0 g=0

[e—g(pmzlpT e—Z(q+l)z/PT +e—2(p+l)z/PT e—8(q+1)z/PT _e—B(p+l)z/PT e—8(q+1)z/PT J
X

(p+D(a+1)
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