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exhaustive search over all the possible subsets can hardly be
adopted in practice due to its high computational expense.
To avoid this problem, several literatures have focused on
low complexity AS schemes for AF MIMO relay systems
[4]–[6]. In these works, the circuit power consumption of
RF chains is not considered and the constraint is only the
transmission power. The goal is that of finding optimal antenna
subsets to maximize the capacity. However, the results of
these schemes cannot guarantee to be global energy efficient
when the performance metric is chosen as energy efficiency
(EE), which is defined as the ratio of rate to the total power.
Therefore, another aspect of the studies on energy efficient
MIMO relay is try to optimize the EE. In this case, a holistic
power model which includes the circuit power as well as
the transmission power should be adopted to comprehensively
quantify the energy consumption in the system. The EE
maximization in AF MIMO relay systems with both perfect
and statistical channel state information (CSI) is investigated in
the pioneer work [7], where antenna selection is not considered
yet. To the best of our knowledge, the energy efficient design
of AF MIMO relay systems considering the above-mentioned
two aspects, i.e., the EE maximization with antenna selection,
has not been investigated in a systematic way.
Motivated by this background, we investigate the EE maximization in AF MIMO relay systems combined with relay
antenna selection under a holistic power model. Specifically,
our task is to find the optimal number of active RF chains, the
corresponding receive and transmit relay antenna subsets as
well as the optimal transmission power of the source and relay.
Exhaustive search for this NP-hard problem is complexity
prohibitive, hence an iterative EE maximization algorithm
relying on a joint iteration of active antennas and transmission
power is proposed in this paper. We first derive an iterative
equation for the EE in AF MIMO relay system with relay
antenna selection under the holistic power model. Based on it,
at each step we select one pair of receive and transmit antennas
at the relay that achieves the largest increment of EE for an
initial transmission power. Then we update the transmission
power by using the tool of fractional programming and set the

Abstract—In this paper, we investigate the maximization of
energy efficiency (EE) in amplify-and-forward (AF) MIMO relay
systems combined with relay antenna selection. An iterative
algorithm is proposed to jointly select the active receive and
transmit antennas at the relay, as well as optimize the transmission power of the source and relay. Specifically, the antenna
selection process is based on a derived iterative property of EE,
which guides us to select a pair of receive and transmit relay
antennas that achieves the largest increment of EE under an
initial transmission power at each step. Then a power adaptation
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proposed algorithm achieves near-optimal performance at all the
transmission distances. Moreover, it is capable of simultaneously
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I. I NTRODUCTION
Wireless MIMO relaying is an extensively studied technique
to increase the reliability, data rate and coverage for communication systems [1], [2]. In this context, the amplify-andforward (AF) approach is widely used due to its advantage of a
low complexity design of relays. Meanwhile, there is a radical
increase in the energy consumption along with the rapid
evolution of modern wireless communications [3]. Therefore,
it becomes more and more important to design energy efficient
AF MIMO relay systems.
The investigations on energy efficient AF MIMO relay
systems concentrate upon two main aspects. The first one is
the antenna selection (AS) technique, which selects a subset
of active antennas for transmitting or receiving and thus holds
the promise of reducing the energy consumption. However, an
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where Pct and Pct,R are the power consumed by each source
and relay RF chain for transmission. Pcr and Pcr,R are the
power consumed by each destination and relay RF chain for
reception. Pc0 represents the power of frequency synthesizers
and other units of circuits. Thus, the overall power consumption in the system can be expressed as

new transmission power as the initial one for the next antenna
selection. Simulation results show that our proposed scheme
achieves near-optimal performance. The achievable EE with
our scheme is much better than that of conventional AF MIMO
relay protocol without antenna selection.
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION

P =

A. System Model
Consider a dual-hop AF MIMO relay system with one
source, one relay and one destination. The source, relay and
destination have Ns , Nr and Nd antennas, respectively. The
direct link between the source and the destination is ignored
due to the large distance. H ∈ CNr ×Ns and G ∈ CNd ×Nr
represent the source-relay and relay-destination channels, respectively. Assume that all the channels are Rayleigh flat fading with average power varied with the path loss. Throughout
this paper, assume the relay operates in half-duplex mode
and hence the transmission time interval is divided into two
time slots. The selected subsets of active receive and transmit
antennas at the relay are denoted by ωr and ωt , respectively. In particular, if the number of active RF chains at the
relay is L, then we have ωr = {r(1), r(2), . . . , r(L)} and
ωt = {t(1), t(2), . . . , t(L)} where r(l) and t(l) stand for
the indices for the lth selected receive and the lth selected
transmit antenna, respectively. Note that the relay has two
independent time slots for reception and transmission, and
hence the selected receive subset is not necessarily the same
as the transmit subset. The only constraint on the two selected
subsets is that they have the same cardinality, i.e., |ωr | = |ωt |,
which is equal to the number of active RF chains at the relay.
In the first time slot, the signal transmitted through the
selected subchannel between the source and relay. During the
second time slot, the relay amplifies the received signal and
transmits it from the selected active transmit antennas to the
destination. According to [1], [2], the achievable rate of our
considered AF MIMO relay system is given by

(3)

where ηs and ηr are the drain efficiency of the power amplifier
at the source and relay, respectively.
B. Problem Formulation
The main objective of this paper is to maximize the EE for
AF MIMO relay systems with antenna selection adopted at
the relay. According to the definition of EE in [3], the EE of
our system under the holistic power model is given by
R (Ps , Pr , Hωr , Gωt )
,
+
+ Ns Pct + Nd Pcr + |ωr | Pc,R + Pc0
(4)
where Pc,R = Pcr,R + Pct,R . To maximize the EE defined in
Eq. (4), a joint optimization over the transmission power and
the active relay antennas is needed. Specifically, our aim is to
solve the optimization problem given by
EE =

1
ηs Ps

1
ηr Pr

max

EE

(Ps ,P
r ,ωr ,ωt )

s.t.

 1 ≤ |ωr | = |ωt | ≤ Nr
R (Ps , Pr , Hωr , Gωt ) ≥ Rmin

0 < Ps ≤ Psmax , 0 < Pr ≤ Prmax .

(5)

In problem (5), Rmin is the minimum required rate. Psmax and
Prmax are the maximum transmission power for the source and
relay, respectively.
III. O PTIMIZATION OF THE E NERGY E FFICIENCY

H
INd + αGωt GH
ωt + αρ1 FF
1
,
R (Ps , Pr , Hωr , Gωt ) = log2
2
INd + αGωt GH
ωt
(1)
where Hωr is the |ωr | × Ns subchannel matrix between the
source and relay when the relay activates the receive antennas
in ωr , Gωt is the Nd × |ωt | subchannel matrix between the
relay and destination when the relay activates the transmit
/N0
is
antennas in ωt and F = Gωt Hωr . α = ρ tr HPr H
H
1 ( ωr ωr )+|ωr |
the power coefficient satisfying the relay power constraint Pr ,
where ρ1 = Ps /(Ns N0 ), Ps is the transmission power of the
source and N0 is the additive noise power.
The considered holistic power model in this paper consists
of two main parts: the power consumption for transmission,
and the power consumption of RF chains and other circuit
blocks Pc . The second part in our considered system is given
by [8]

Pc = Ns Pct + Nd Pcr + |ωr | (Pcr,R + Pct,R ) + Pc0 ,

1
1
Ps + Pr + Pc ,
ηs
ηr

(2)
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In this section, an iterative EE maximization algorithm is
proposed to avoid the computational expense of exhaustive
search in problem (5). The main idea of this algorithm has
two key points: 1) At each step, it judiciously selects a pair of
receive and transmit relay antennas that achieves the largest
increment of EE for a given transmission power pair. 2)
Then it calculates the optimal transmission power pair for
the current selected antenna subsets and set it as the initial
transmission power pair for the next step. The two key points
are respectively elaborated in subsections A and B.
A. Antenna Selection under Given Transmission Power
The antenna selection process under given transmission
power is based on the iterative property of the EE with relay
antenna selection, which is stated in Theorem 1. For clarity,
let us first define the notations used in Theorem 1.
At each step, one receive antenna and one transmit antenna
of the relay are selected and added into the subsets ωr and
ωt , respectively. For convenience, we denote the subchannel
matrix between the source and relay, and the subchannel
matrix between the relay and destination after n steps selection
by Hn and Gn , respectively. Φn = INd + αn Gn GH
and
n
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2

khl k
gs + βn+1 Fn h∗l . We can simplify
where q = αn+1 +βn+1
2
Eq. (15) with the rank-2 update property of determinant:

H
Θn = INd + αn Gn GH
represent the denomn + βn Fn Fn
inator and numerator of Eq. (1) for the nth step, where
0
αn = ρ tr HPrH/N
and βn = αn ρ1 . Pn stands for the
H
1 ( n n )+|ωr |
overall power consumption for the nth step, i.e., the number
of active RF chains is n. According to Eq. (3), we have that
Pn = nPc,R + η1s Ps + η1r Pr + Ns Pct + Nd Pcr + Pc0 . At the
(n+1)th step, if the l∗ th receive and the s∗ th transmit antenna
of the relay are selected, i.e., r(n + 1) = l∗ , t(n + 1) = s∗ ,
the new (n + 1) × Ns and Nd × (n + 1) channel matrices are
denoted by Hn+1 and Gn+1 , respectively. hl is the transpose
of the lth row of H and gs is the sth column of G.
Theorem 1: With the antenna selection at the relay and
given transmission power, the EE of AF MIMO relay system
under the holistic power model could be expressed by the
following iterative equation.

EE(n+1) = Λ(n)EE(n) + Dn+1 + ∆(l,s),n+1 ,

H
Θn+1 = INd + αn+1 Gn GH
n + βn+1 Fn Fn δθ,(l,s),n+1 ,
(16)
where
2


δθ,(l,s),n+1 = 1 + qH Tθ,n gs − gsH Tθ,n gs qH Tθ,n q ,
(17)

H
H −1
Tθ,n = INd + αn+1 Gn Gn + βn+1 Fn Fn
.
(18)

We may now apply the generalization of matrix determinant
lemma to Eq. (16) twice, i.e,. corresponding to Gn GH
n and
Fn FH
respectively,
and
thus
obtain
that
n
Θn+1 = Θn δθ,2,n+1 δθ,1,n+1 δθ,(l,s),n+1 ,
where

(6)

H
H
δθ,1,n+1 = |I − νn FH
n INd + αn+1 Gn Gn + βn Fn Fn

where Λ(n), Dn+1 and ∆(l,s),n+1 are defined after Eq. (23).
Proof: According to Eqs (1) and (4), the EE for the (n +
1)th step can be expressed by
EE(n+1) =

Rn+1
,
Pn+1

δθ,2,n+1

(7)

EE(n+1) = Λ(n)EE(n) + Dn+1 + ∆(l,s),n+1 ,

(8)
∆(l,s),n+1 =

and applying the matrix determinant lemma to Φn+1 , we can
obtain that
(9)

δφ,s,n+1 = 1 + αn+1 gsH Tφ,n gs ,
−1
Tφ,n = INd + αn+1 Gn GH
.
n

(10)
(11)

It’s worth pointing out that Eq. (9) can be further reduced by
using the generalization of matrix determinant lemma.
(12)

log

Dn+1 =

1
2

δθ,(l,s),n+1
δφ,s,n+1

Pn+1

δΦ,1,n+1 = I −

µn GH
n

IN d

−1
+ αn Gn GH
Gn .
n

δθ,2,n+1 δθ,1,n+1
δφ,1,n+1

Pn+1

and

.

(l,s)

µn = αn − αn+1 ,

log

(r(n + 1), t(n + 1)) = arg max

where
(13)

δθ,(l,s),n+1
.
δφ,s,n+1

(24)

Thus, according to Eq (24), we add the r(n + 1)th receive
antenna and the t(n + 1)th transmit antenna into the subsets
ωr and ωt respectively at the (n + 1)th step.

(14)

Now, we turn to find the iteration equation for the term
H
Θn+1 = INd + αn+1 Gn+1 GH
n+1 + βn Fn+1 Fn+1 . By using
the similar method in Eq. (8), we could rewrite Θn+1 as the
following equation
Θn+1 = INd

1
2

Pn
Pn+1 ,

(23)

Theorem 1 helps to decouple the effect of relay antenna
selection in AF MIMO relay systems. In particular, the term
Dn+1 represents the impact of the circuit power consumption
on the EE. The contribution to the EE of adding the lth
receive and the sth transmit antenna at the (n + 1)th step
is captured by the term ∆(l,s),n+1 . Therefore, it guides us to
find a pair of receive and transmit antennas that brings the
largest contribution to EE at each step. Moreover, since the
term Pn+1 is a constant for a given transmission power pair,
the selection of the pair of receive and transmit antennas can
be equivalent to the following problem

where

H
Φn+1 = INd + αn Gn GH
n − µn Gn Gn δφ,s,n+1
= Φn δφ,1,n+1 δφ,s,n+1 ,

Fn |,
(20)

H
H −1
= |I − µn GH
Gn |,
n INd + αn Gn Gn + βn Fn Fn
(21)
νn = βn − βn+1 .
(22)

where Λ(n) =

Φn+1 = INd + αn+1 Gn GH
n δφ,s,n+1 ,

−1

Having derived the two respective iterative equations for Φn+1
and Θn+1 , we are able to show the iteration of EE. Combining
Eqs (7), (12) and (19), we can conclude that

n+1
where Rn+1 = 12 log2 Θ
Φn+1 . Thus, in order to find the
iteration equation of Eq (7), we have to find the respective
iterations of Φn+1 and Θn+1 first. We begin with the term
Φn+1 = INd + αn+1 Gn+1 GH
n+1 . Noting that

H
H
Gn+1 GH
n+1 = Gn Gn + gs gs ,

(19)

B. Power Adaptation and the Proposed Algorithm

After the update of the selected receive and transmit antenna
subsets, we are now in the position to calculate the optimal
transmission power that maximizes the EE for the current
H
H
H
antenna subsets. It can be proved that the numerator of EE is
+ αn+1 Gn GH
+
β
F
F
+
g
q
+
qg
,
n+1 n n
s
n
s
(15) a concave function and the denominator is a convex function
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Algorithm I
O PTIMIZATION A LGORITHM FOR E NERGY E FFICIENCY

30
Exhaustive Search
Proposed Algorithm
Conventional AF MIMO Relay without AS

25

EE(bits/Joule/Hz)

Step 1: Initialize all the channels, noise factors, and set L = 1.
Step 2: Select one pair of antennas at the relay (l∗ , s∗ )
according to Eq (24), respectively.
Step 3: Update the selected subsets ωr∗ and ωt∗ and calculate
the optimal transmission power pair (Ps∗ , Pr∗ ) and
maximum EE using the Dinkelbach method.
Step 4: Set the optimal transmission power pair (Ps∗ , Pr∗ ) as the
initial one for the next antenna selection.
Step 5: Set L = L + 1, if L ≤ Nr , go to step 2; else stop.
Step 6: Choose the L with the largest EE and the
corresponding antenna subsets and transmission power.
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Fig. 1. Energy efficiency VS. the transmission distance d with ε = 0.5
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over (Ps , Pr ) under the constraints of our problem. Thus
the EE maximization problem under certain antenna subsets
is pseudo-concave. As shown in Proposition 1, this pseudoconcave problem can be efficiently solved by using the tool
of fractional programming which is related to a parametric
program as stated in [9].
R(x)
Proposition 1: An optimization problem max{ P
(x) |x ∈ S}
is pseudo-concave when R(x) is concave and P (x) is convex
for all x ∈ S. It can be related to the following parametric
program
max{R(x) − qP (x)|x ∈ S}, q ∈ R.
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Fig. 2. The optimal total transmission power VS. the transmission distance
d with ε = 0.5

(25)

0.5(bits/s/Hz). n = 4 is the exponent of the log-distance path
loss model. The noise factors among the nodes are the same
and equal to N0 = −174 dBm/Hz. ε = dsr /d is the ratio of
the distance between the source and relay dsr , and the distance
between the source and destination d. Ns = Nr = Nd = 4.
Figure 1 demonstrates the performance of different algorithms as a function of the transmission distance between
the source and destination d for ε = 0.5. It can be seen
that near-optimal performance is achieved by the proposed
algorithm for all the distances. Moreover, we can see that the
EE gain over conventional protocol without AS is remarkable.
Thus antenna selection could not only reduce the complexity
of RF chains, but could also improve the EE significantly.
Figure 2 illustrates the total transmission power consumption
when achieving the optimum EE varies with the transmission
distance, i.e., Pt = Ps∗ +Pr∗ . It shows that more energy is saved
when our proposed scheme is adopted. The gap between our
scheme and the conventional protocol increases significantly
upon increasing of the transmission distance. This fact shows
that antenna selection could not only improve the EE, but
could also reduce the transmission power consumption.

R(x∗ )
P (x∗ )

The maximum value can be achieved q ∗ =
if and only
if q ∗ and x∗ satisfy F (q ∗ ) = F (q ∗ , x∗ ) = max{R(x) −
qP (x)|x ∈ S} = 0. The root of the F (q) can be efficiently
found by the Dinkelbach method [9].
Based on Proposition 1, the Dinkelbach method is employed
to calculate the optimal transmission power pair (Ps∗ , Pr∗ ) that
maximizes the EE for each step. Then, this optimal power pair
is set as the initial transmission power pair (Ps , Pr ) for the
next step. In the following iterations, we can always update
(Ps , Pr ) by the optimal pair (Ps∗ , Pr∗ ) of the last iteration.
It’s worth pointing out that the antenna selection for the first
step is independent with the transmission power because Tφ,n
and Tθ,n are both identity matrices. Therefore, for the first
iteration, the optimal pair of relay antennas can be selected
regardless of the transmission power. According to Theorem
1 and the above-mentioned power adaptation process, an
iterative EE maximization algorithm is proposed.1 The details
of the proposed algorithm are shown in Algorithm I.
IV. S IMULATION R ESULTS
In this section, we provide simulation results to demonstrate
the potential of the proposed algorithm. The EE is averaged
over 3000 channel realizations. The values for Pct , Pcr , Pc,R
and Pc0 are 120mW, 85mW, 150mW and 30mW, respectively
[8]. Psmax = Prmax = 300 mW, ηs = 0.38, ηr = 0.5, Rmin =

V. C ONCLUSION
An iterative algorithm was proposed to jointly select the
best antenna subsets at the relay, as well as optimize the
transmission power. The joint iteration of active antennas
and transmission power constitute the core of the proposed
algorithm. Simulation results demonstrated that the proposed
algorithm enjoys a low complexity and achieves near-optimal
performance.

1 It is the fact that a slight fluctuation in the transmission power has little
influence on the optimality of antenna selection makes our proposed algorithm
feasible, which has been validated in our previous work [10]
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