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Antenna Selection and Power Allocation for Energy
Efﬁcient MIMO Systems
Mahdi Eskandari, Ali Mohamad Doost-Hoseini, Jaehoon Jung, and Inkyu Lee
Abstract: In this paper, we investigate a new solution for the
energy efﬁciency (EE) maximization and power allocation problem in point-to-point multiple-input multiple-output (MIMO) spatial multiplexing schemes. Different from conventional energyefﬁcient optimization approaches that require iterative numerical
algorithms, we derive an optimal solution in a closed form, which
provides an insight upon the relation between the optimum EE and
system parameters such as circuit power and channel conditions.
In addition, using the proposed closed form function, we present an
upper bound on the optimum EE in terms of the full active transmit
antennas parameters. Based on the derived upper bound, we also
propose a new antenna selection algorithm which achieves almost
the same performance as the optimum solution with much reduced
complexity.
Index Terms: Antenna selection, energy efﬁciency, multi-antenna
systems, optimal power allocation, water-ﬁlling algorithm.

I. INTRODUCTION

O

VER the past decade, the number of mobile subscribers
and base stations (BSs) in wireless communication systems has increased substantially, leading to a rapid expansion of
network infrastructures. In addition, more energy consumption
produces a greater amount of carbon dioxide in the atmosphere,
causing an environmental issue [1], [2]. Hence, attempts to minimize the energy consumption in communication systems have
gained a lot of momentum. Green communication is an active
ongoing research area for reducing the energy consumption and
decreasing the operational cost [3]. Designing communication
systems that maximizes the energy efﬁciency (EE) is a key aim
in this ﬁeld. Numerous research projects have been developed
to provide proper solutions for energy efﬁcient communication
systems over different protocol layers [4]–[7].
The EE is typically deﬁned as the sum-rate divided by the
total power consumption including the circuit power, and is
measured in bits/Joule [8]. Considering the circuit power consumption which comprises operations such as baseband signal
processing and digital-to-analog converter (DAC), transmission
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ing the EE. Consequently, ﬁnding the optimal transmit power
leading to the optimum EE, has been a critical task in wireless
systems [9].
The multiple-input multiple-output (MIMO) system is one of
the important technologies in wireless systems that has been
widely adopted in current wireless commercial standards, for
example, IEEE 802.11ac and LTE, and has been considered as a
key technology for the next cellular networks generation [4] due
to its potential of increasing capacity or diversity by exploiting
multi-path phenomena. To achieve the maximum capacity in the
MIMO systems, the optimal power at the transmitter should be
allocated to each spatial subchannel depending on its channel
quality through the water-ﬁlling algorithm.
However, as the MIMO systems require more circuitries that
consume greater energy, they may not be energy efﬁcient in
comparison with single-antenna systems. Several papers have
studied a variety of methods to maximize the EE of MIMO systems in different conﬁgurations. Energy efﬁcient power allocation in massive MIMO systems has been examined in [10].
A low-complexity beamforming in multi-user (MU) multipleinput single-output (MISO) based on large systems analysis was
proposed in [11]. In [12], the weighted sum EE for a multi-cell
multi-user channel has been maximized by solving a non-convex
problem. In [13], the EE optimization for MU-MIMO systems with zero-forcing (ZF) transceiver was presented. In [14],
energy-efﬁcient power allocation for maximum ratio combining (MRC) schemes was considered. Authors in [15] consider
the energy-efﬁcient linear precoding for MIMO wireless sensor
networks. The EE of MIMO broadcast channels was maximized
in [16] by optimizing the transmit covariance.
In multi-antenna systems, the total power consumption is related to the number of active transmit antennas, and thus it may
be more energy-efﬁcient to transmit through the reduced number
of antennas. Selecting the best number of active radio frequency
(RF) chains and determining the antenna subset conﬁguration
can improve the EE in MIMO systems, as energy can be saved
by turning off the RF chains of inactive antennas. Hence, algorithms for antenna selection have been developed to improve
the EE in [16]–[24]. Exhaustive search and norm-based antenna
selection schemes were utilized in [16] to improve the EE. Antenna selection algorithms for energy-efﬁcient transmission in
MIMO-MRC systems was investigated in [17]. It is shown
in [24] that with an increasing number of active transmit antennas, the EE ﬁrst increases and then decreases.
In this paper, we address the energy-efﬁcient power allocation for point-to-point MIMO systems. We derive a closed form
solution for the optimum EE in terms of circuit power, eigenvalues of MIMO channels and noise power. In addition, to achieve
better EE performance, we present a low complexity antenna se-
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lection algorithm to determine the best transmit antenna set by
exploiting the derived closed form formula of the optimum EE
value.
The rest of this paper is organized as follows: Section II introduces the system model and problem formulation. In Section III,
we propose our closed form solution and compare its performance and complexity with conventional iterative methods. In
Section IV, we present a low complexity algorithm for antenna
selection based on the derived closed form solution. Simulation
results are provided in Section V. Finally, Section VI concludes
this paper.
Throughout this paper, vectors and matrices are denoted with
boldface lower and upper cases, respectively. (·)H and (·)T
represent the complex conjugate transpose and transpose operations, respectively. For a matrix A, tr(A) and |A| indicate trace
and determinant, respectively. Also, I is an identity matrix and
the ﬁeld of complex N -dimensional column vectors is expressed
by CN . |S| stands for the cardinality of a set S.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider a point-to-point wireless communication system
with NT transmit and NR receive antennas. The channel matrix
from a transmitter to a receiver is denoted by H ∈ CNR ×NT under a ﬂat fading assumption. We assume that NT ≤ NR and the
number of RF chains is equal to the number of transmit antennas. Channel state information (CSI) is assumed to be perfectly
known at the transmitter and receiver. As the number of active
transmit antennas and its selected subset can affect on the EE
signiﬁcantly, we determine the selected transmit antenna subset as S ⊆ {1, 2, · · ·, NT } with the number of active transmit
antennas |S|.
Denoting HS ∈ CNR ×|S| as the channel matrix between the
selected active transmit antennas subset and the receiver, the received signal is obtained as
y = HS x + n,

(1)

where x ∈ C|S| is the transmit signal vector and n ∈ CNR
equals the zero-mean complex Gaussian noise vector whose entries are independent and distributed as CN (0, σ 2 ).
The capacity of MIMO systems is expressed by C =
W log2 |I + σ12 HS QS HH
S |, where W represents the bandwidth
and QS = E[xxH ] deﬁnes the transmit signal covariance matrix.
We adopt a common total power consumption model, the total
power consumption is expressed as
Ptotal = ζP + |S|Pd + Ps ,

(2)

where ζ is the reciprocal of the power ampliﬁer efﬁciency,
P = tr(QS ) indicates the transmit power and Pd accounts for
the dynamic RF circuit power consumption per antenna, including the power dissipation of the transmit ﬁlter and mixer, and Ps
stands for the static consumption power at the transmitter such
as power consumption of the baseband signal processing and the
power supply unit. Here, we assume that Ps is ﬁxed and independent of the number of transmit antennas and P . The EE is
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deﬁned as the capacity divided by the total power consumption
as
EE =

W log2 |I + σ12 HS QS HH
S|
.
ζtr(QS ) + |S|Pd + Ps

(3)

Since the channel capacity is a function of the channel conditions and the transmit power, from the spectral efﬁciency (SE)
viewpoint, transmitting with all antennas at maximum power is
optimal. However, this may not be true for the EE perspective, because increasing the number of active antennas consumes
more circuit power. We aim to optimize the EE over the transmit power and the active antenna subsets. It is clear that the
optimal subset is obtained by exhaustive search over all the possible subsets, choosing the subset with the maximum EE [16],
[17]. However, the complexity of such a scheme grows exponentially with the number of antennas.
In this problem, under a ﬁxed S, the EE function (3) is strictly
quasi-concave in terms of the transmit power P and therefore it
has a global optimum point [16], [20]. Besides, EE in (3) is
differentiable, and strictly increases ﬁrst and then strictly decreases [25]. Here, we propose a low complexity algorithm for
maximizing the EE. First, we ﬁnd the optimal power loading
under a ﬁxed transmit antenna subset S, speciﬁcally when all
antennas are active with |S| = NT , and present a closed form
solution for the optimum EE. Then, we propose a new technique
for antenna selection to acquire S. In the next section, we consider our closed form solution for the problem under the ﬁxed
transmit antenna subset.

III. ENERGY EFFICIENT POWER ALLOCATION UNDER
FIXED TRANSMIT ANTENNA SUBSET
In this section, we provide the optimal EE in a closed form
expression under |S| = NT . Applying singular value decomposition (SVD) to the channel matrix H, the normalized energy
efﬁciency with respect to (w.r.t.) the bandwidth ηEE , can be
computed as
N


ηEE =
ζ

i=1
N


log2 (1 + pi σλ2i )
,

(4)

p i + N T Pd + P s

i=1

where N is the channel rank and pi represents the transmit
power allocated to the ith subchannel, and λi /σ 2 indicates the
channel gain-to-noise ratio (CNR) at subchannel i, in which λi
equals the ith largest eigenvalue of HH H with λ1 ≥ λ2 ≥
· · · ≥ λN .
The objective of this problem is to ﬁnd the power allocation
pi for i = 1, · · ·, N that maximize ηEE under the maximum
available transmit power constraint Pmax . Then, deﬁning Pc =
NT Pd + Ps as the total circuit power, the energy efﬁcient power
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allocation problem can be deﬁned as
N

∗
ηEE

= max

i=1

pi ≥0

log2 (1 + pi σλ2i )

ζ

N


pi + P c

(5)

i=1

s.t.

N


pi ≤ Pmax .

i=1

A. Conventional Iterative Methods
As the numerator of (4) is concave and the denominator is
convex, the EE maximization problem (5) belongs to fractional
programs and can be solved by various convex programming
algorithms. In the Dinkelbach scheme [26], which is based on
Newton’s method, solving (5) is equivalent to ﬁnding a root of
the convex function F (η)
N



λi
log2 (1 + pi 2 ) − η(ζ
pi + Pc ).
F (η) = max
pi ≥0
σ
i=1
i=1
N

(6)

This problem is decomposed into two layers and solved iteratively [8]. Denoting ηn as η at the nth iteration, for the inner
layer under a given ηn , (6) is a convex problem and the optimal
power allocation can be written as
pi (ηn ) = [

1
σ2 +
−
] for i = 1, · · ·, N,
ζ ln 2ηn
λi

(7)

where [x]+ is deﬁned as max(x, 0).
At the outer layer, η is updated as
N


ηn+1 =

i=1

log2 (1 + pi σλ2i )

ζ

N


.
p i + Pc

p∗i = 0 for i = M + 1, · · ·, N . Furthermore, the optimal subchannel power allocation p∗i is achieved as

2
1
− σλi for i = 1, · · ·, M
∗
∗
ζ ln 2ηEE
pi =
(9)
0
for i = M + 1, · · ·, N.
Proof: See Appendix.
2
∗
Basically, (9) satisﬁes the water-ﬁlling principle, where ηEE
is related to the optimum water level. Thus, from the waterﬁlling structure, more power is allocated to the subchannels with
higher CNR. Therefore, the maximum number of active subchannels M depends on the CNRs and the total circuit power.
M
Δ  ∗
The optimum transmit power Psat =
pi has an important
i=1

role in the EE problem, because the EE maximization becomes
identical to the SE maximization for the region of the transmit
power below Psat termed as saturation power [27]. After deriving the unconstrained EE optimization, we develop the constrained case (5).
Corollary 1: The optimal transmit power of the EE maximization problem (5) is P ∗ = min{Pmax , Psat }.
Proof:
The strictly quasi-concave EE function
monotonously increases when P < Psat and monotonously decreases as P > Psat . If Pmax ≤ Psat , P ∗ = Pmax maximizes
ηEE in (5), i.e., transmitting at the maximum available power.
On the other hand, when Pmax ≥ Psat , P ∗ = Psat maximizes
ηEE . Hence, we have P ∗ = min(Pmax , Psat ).
When P ∗ = Pmax , the EE maximization turns into the SE maximization, therefore the subchannels power can be obtained from
water-ﬁlling algorithm.
2
Corollary 2: For a MIMO beamforming system with one
∗
data stream, ηEE
is obtained as
∗
ηEE
=

i=1

Because F (η) is continuous and strictly decreasing in η, a solution converges to the optimal point with a superlinear convergence rate [26].
B. Maximum EE in a Closed Form
In this subsection, we consider the unconstrained EE problem (5) to ﬁnd a closed form solution that maximizes ηEE . Then,
using the properties of the EE function, we will extend the result
to the constrained EE optimization problem.
∗
which maximizes probTheorem 1: The optimal value ηEE
lem (5) without the maximum transmit power constraint is given
by


M
M


1
P
e−1
1
c
W0 M ( λi ) M ( ζσ2 −
λi )
i=1
i=1
∗
ηEE
,
(8)
=
M

ζσ 2 ln 2 Pc
1
( ζσ2 −
M
λi )
i=1

where W0 (·) denotes the principal branch of the Lambert W
function deﬁned as the inverse function of f (x) = xex and M
is the maximum number of non-zero subchannel power levels
(1 ≤ M ≤ N ), which means p∗i > 0 for i = 1, · · ·, M and

W0 (e−1 γ( Pζc − γ1 ))
ζ ln 2( Pζc − γ1 )

,

(10)

where γ is the system CNR.
Proof: In this conﬁguration, the system CNR is related to
the maximum eigenvalue of HH H, that is γ = σλ12 . Hence, the
capacity becomes W log2 (1 + P γ) in which P is the transmit
power. Then, by substituting M = 1 in (8), it is straightforward
to show (10). In this case, inserting W0 (x) = exp(Wx0 (x)) , we
have
1  1+W0 (e−1 (γ Pζc −1))
Psat =
−1 .
e
γ
2
Corollary 3: In the low signal-to-noise ratio (SNR) regime,
∗
approaches σ2 ζλ1ln 2 .
the optimum EE ηEE
Proof: Consider the limiting case when Psat → 0. From
the water-ﬁlling algorithm and using (9), it is optimal to utilize the eigenmode with the largest eigenvalue. Thus, we have
∗
∗
M = 1 and ηEE
= σ2 ζλ1ln 2 . Inserting ηEE
in (22) yields
λ1
2
P
=
0.
Hence,
as
λ
=

0,
it
means
σ
→
∞
or
Pc → 0. 2
1
σ2 c
C. Complexity Analysis
We provide a brief complexity analysis for our proposed
scheme and the Dinkelbach method. As described in Section
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Table 1. Low-complexity energy-efﬁcient power loading algorithm.
Pc
Initialize φ = ζσ
2
For k = 1 : N
Set φ = φ − λ1k
If φ < 0, break
End
Set M  = k
Calculate η(M  ) from (11)



If η(M  ) ≥ ζσ−M
2 ln 2φ , set M = M − 1





 



III.A, in the iterative Dinkelbach EE maximization algorithm,
the fractional form of the EE problem (4) is transformed to
the non-fractional subtractive problem (6) and solved iteratively.
The outer layer converges to the optimal point with a superlinear convergence while the inner calculations are performed for
all N subchannels. Therefore, the overall computational complexity of this method depends on the number of iterations in the
inner layer MI and the outer layer MO , i.e., O(MI MO ). The
complexity of the inner layer costs 6N ﬂops and if the outer
layer converges to the optimal point within L iterations, then
this algorithm requires 6N L ﬂops.
On the other hand, in our proposed scheme, as the maximum
number of active subchannels M is not determined in advance,
from (9), it can be concluded that pM > 0 and pM +1 ≤ 0
and thus by evaluating (8) and calculating pM and pM +1 for
M = 1, · · ·, N in a logarithmic search, the maximum number
of active subchannels can be found. The complexity of (8) costs
2N
6L+ log
+ N4 ﬂops, where 6L indicates the complexity related
2N
to the evaluation of the Lambert W function. Thus, this method
has a complexity of log2 N (6L + N4 ) + 2N , on the average.
In order to further reduce the complexity of the proposed
method, we present a low complexity solution which shows almost the same performance as the optimal one. To ﬁnd an approximation of the maximum number of active subchannels M  ,
from (8), let us deﬁne


k
−1 
1
W0 e k ( λi ) k φ(k)
Δ
i=1
,
k = 1, · · ·, N, (11)
η(k) =
ζσ 2 ln 2
φ(k)
k
where

 1
Pc
φ(k) =
−
.
ζσ 2 i=1 λi
Δ

   
   
     

k

(12)

Assuming φ(M ) < 0, since the EE is always non-negative,
−M
we have −1 ≤ W0 (·) ≤ 0 and η(M ) ≤ ζσ2 ln
2φ(M ) . As
η(k) is decreasing with φ(k), we ﬁrst choose the smallest value
of k that keeps φ(k) negative (M  = k), which results in
−M 
η(M  ) ≤ ζσ2 ln
2φ(M  ) . Otherwise, φ(M ) should be positive.
Then, we update M  as M  = k − 1, because η(k) is an increasing function in terms of k. The complexity of the proposed
algorithm is reduced to 6L + 3N ﬂops in the worst case. Utilizing this approximation, the complexity is reduced substantially.
Table 1 summarizes this algorithm.
Fig. 1 compares the computational complexity of the proposed schemes with the optimum scheme. As seen in the plot,
the computational cost of the proposed algorithms is much lower























Fig. 1. Computational cost with respect to the channel rank.

than the conventional method. In addition, simulation will show
that the EE performance of the proposed algorithm is almost the
∗
same as the optimal one. Moreover, it is worth noting that ηEE
in (8) is a closed form solution of the EE maximization. Unlike
conventional iterative algorithms, our methods provide a valuable insight into the structure and the properties of the energy
efﬁcient designs.
IV. TRANSMIT ANTENNA SELECTION
So far, we have assumed that all of the transmit antennas are
active. In MIMO systems, increasing the number of antennas
usually leads to a higher data rate due to increased spatial multiplexing at the cost of higher power consumption. Thus, from
the standpoint of the EE, there is a trade-off between energy
efﬁciency and circuit power. In this section, we consider antenna selection to optimize the EE. This optimization problem
chooses the subset that can achieve the highest EE, which can
be expressed as
log2 |I + σ12 HS QS HH
S|
.
S,QS 0 ζtr(QS ) + |S|Pd + Ps

∗
ηEE
= max

(13)

It is clear that the optimal solution is obtained by exhaustive
search over all possible subsets of {1, 2, · · ·, NT } and selecting
the antenna subset with the largest EE. However, the complexity of such a scheme grows exponentially with the number of
antennas. Here, we propose a low complexity algorithm.
Theorem 2: For every selected active transmit antennas subset with the channel matrix HS ∈ CNR ×|S| and the optimum
∗
∗
EE ηEE
, ηEE
is upper-bounded by ηS as
W0
ηS =

e−1
ζσ 2 (

|S|


1

λi ) |S| (Pd +

i=1

ln 2(Pd +

Ps
|S|

−

Ps
|S|

ζσ 2
|S|

−
|S|

i=1

ζσ 2
|S|

|S|

i=1

1
λi )

1
λi )

where λ1 ≥ λ2 ≥ · · · ≥ λN are eigenvalues of HH H.

,

(14)
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Table 2. Energy-efﬁcient antenna selection algorithm.

Table 3. Simulation parameters.

i=1

i=1

i

NA = arg max ηS ,

|S| ∈ {1, · · ·, N }.

(15)

It is interesting to note that for the given number of active antennas NA and transmit power P , the denominator of the EE
function is the same for all elements of the set. Thus, choosing the element with the maximum capacity is optimal as stated
in Theorem 2. Therefore, the optimal EE is obtained from the
SE maximization problem under the maximum available power
constraint with the water-ﬁlling solution and the energy-efﬁcient
antenna selection leads to the capacity-maximized transmitter
antenna selection. However, calculating the maximum capacNT
ity for all elements needs N
eigenvalue decompositions. InA
stead, as the capacity is a function of the matrix determinant,
a low complexity method which computes Frobenius norm of
the selected channel matrix HS can be chosen [16], [17]. Let
hi ∈ CNR indicate the channel vector between the ith transmit
antenna and the receive antennas with the norm hH
i hi , we perform a new matrix HO in which the columns are sorted by their
norms in descending order. After applying SVD on H, we ﬁnd
NA that maximizes (14) and then choose transmit antennas corresponding to the ﬁrst NA columns of HO . The energy efﬁcient
antenna selection algorithm is summarized in Table 2.
Compared to the transmit antenna selection algorithm in [16]
which requires NT eigenvalue decompositions and iterative EE
calculations, our scheme just requires the SVD of full active
antenna and hence the complexity of the proposed transmit antenna selection scheme is substantially reduced. In the following
section, we will present numerical results to illustrate the performance of the proposed algorithms.

   !  !"  #$%#&

i=1



i=1

function is an increasing function, using Theorem 1 to obtain
∗
ηEE
and substituting λi ’s for i = 1, · · ·, |S| and Pc = |S|Pd +Ps
∗
in (8), will result in ηEE
≤ ηS .
2
Hence, instead of calculating and comparing all available
combinations, we calculate and compare these upper bounds to
ﬁnd the number of active antennas with the largest EE. Thus, the
optimum number of active antennas NA can be computed as

10
10
150 mW
100 mW
−175 dBm/Hz
1
5 MHz
40 log10 d












   ' 
("   ' 





















 

Fig. 2. EE performance w.r.t. transmit power when all transmit antennas are
active.



  

Proof: Suppose λ1 ≥ λ2 ≥ · · · ≥ λ|S| be the eigenvalues

of HH
S HS , then we have λi ≥ λi for i = 1, · · ·, |S| [28]. For
two |S| active transmit antennas systems with a same amount
of the transmit power P , a system with larger eigenvalues has
higher capacity. As a result, this system has higher EE for a
same amount of the circuit power Pc .
|S|
|S|
|S|
|S|

  

1
1
λi ≥
λi ,
≤
Since
λi
λ , and the Lambert W

Number of transmit antennas NT
Number of receive antennas NR
Circuit power per transmit RF chain Pd
Static consumption power Ps
Noise power
Ampliﬁer efﬁciency
Bandwidth
Path loss (dB)

   

Compute eigenvalues of HH H and sort the columns of H
by their norms in descending order in a new matrix of HO .
Initialize NA = 1, α = 0
For K = 1 : N
Compute EE= ηK from (14)
If EE ≥ α, set α = EE , NA = K
End
Choose antennas corresponding to the ﬁrst NA columns of
HO .

!"  #$ #
%#"  #$ #























Fig. 3. Maximum EE w.r.t. distance when all transmit antennas are active.

V. SIMULATION RESULTS
In this section, we verify the effectiveness of the proposed energy efﬁcient power allocation and antenna selection algorithms
via numerical simulations. Simulation parameters are listed in
Table 3. In the simulations, we assume that the channel has
Rayleigh fading and path loss of 40 log10 d with a distance d in
meters. The results are averaged over 5000 realizations.
First, we compare the performance of our closed form solution
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Fig. 4. EE performance with respect to the number of active antennas (d =100
m).
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In Fig. 4, we demonstrate the effect of antenna selection algorithms on the EE performance. The plot shows that using
the antenna selection method, we can achieve higher EE compared to the full active transmit antennas case. For example,
when 4 antennas are selected 20% gain is achieved compared
to the full antenna case (NT = 10). A performance gain is
obtained by choosing active antennas with a better channel condition and less circuit power. In addition, both 4 and 5 number
of active antennas yield the EE performance that is very close to
the optimum one. In such a case, the rate or the transmit power
constraints would inﬂuence on decision. In this ﬁgure, the performance of the derived upper bound on the optimum EE (14)
w.r.t the number of active antennas is also depicted. We can see
that the optimum EE curve is well estimated.
Fig. 5 illustrates the maximum EE as a function of the distance for different antenna selection algorithms. As expected,
the antenna selection algorithm has better performance in comparison with the case where all transmit antennas are selected. The proposed low complexity antenna selection algorithm achieves almost the same performance as the optimal exhaustive search algorithm with much lower computational complexity. When the distance increases, the effect of antenna selection algorithm on the EE is negligible, because as described
in Fig. 3, the role of the transmit power in the denominator of
(3) is dominant.



VI. CONCLUSIONS




















Fig. 5. EE performance with respect to the distance under different antenna
selection algorithms.

with the suboptimal method. The optimum EE in terms of the
transmit power at the distance of d = 100 m is evaluated in
Fig. 2. The results show, for P < Psat (Psat = 27 dBm), the
EE maximization is equal to the SE maximization. However,
while the SE increases for P > Psat , the EE decreases. Therefore, it is not energy-efﬁcient to transmit more than Psat . In this
ﬁgure, the proposed suboptimal algorithm achieves almost the
same performance as the optimal EE performance with signiﬁcantly reduced complexity.
The maximum EE w.r.t. distance is presented in Fig. 3. Because of the path loss, as the transmission distance increases, the
received power decreases and consequently the transmit power
should be increased to save the performance. However, the
capacity of the system increases logarithmic in power, meanwhile the total power consumption increases linear in P . Therefore, the maximum EE degrades when the distance increases and
hence distance is an important factor for the EE design. Again,
we can check that the proposed suboptimal algorithm provides
almost the same performance as the optimal one.

In this paper, we have proposed a new solution for the EE optimization in point-to-point MIMO systems. We have derived
the optimum EE and power allocation in a closed form in terms
of the Lambert W function. By utilizing the proposed closed
form EE function, we have obtained an upper bound on the optimum EE in terms of the number of active antennas and developed a low complexity antenna selection algorithm. Simulations results have shown that antenna selection improves the EE
performance compared to the full transmit antennas case. The
performance of the proposed method is almost the same as the
optimal exhaustive search algorithm with a signiﬁcant reduction
in the system complexity.
Appendix
Proof of Theorem 1
Let us deﬁne

N


f (p) =

i=1

ζ

ln(1 + pi σλ2i )
N


,
pi +

i=1

Pc

where p = [p1 , · · ·, pN ]T , ζ  = ζ ln 2 and Pc = Pc ln 2. The
Lagrangian function of the unconstrained optimization problem
in (5) is obtained as
L(p, ν) = f (p) +

N

i=1

pi ν i ,
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where ν = [ν1 , · · ·, νN ]T , and νi is the Lagrange multiplier chosen to meet the condition pi ≥ 0. By differentiating with respect
to pi , we have

Psat as
Psat =

M


p∗i

i=1
λi
σ2
λi
1+p∗
i σ2

ζ

N


i=1

−

p∗i + Pc



=

∗

ζ f (p )
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Equation (21) reﬂects a closed form relation between the optimum EE and the transmit power.
Finally, using the two last equations, we can drive
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Equation (22) can be solved through
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