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Ngoc Phuc Le, Student Member, IEEE, Farzad Safaei, Senior Member, IEEE, and Le Chung Tran, Member, IEEE

Abstract

In this paper, we investigate antenna selection strategies for MIMO-OFDM wireless systems from an
energy efficiency perspective. We first derive closed-form expressions of the energy efficiency and the
energy efficiency- spectral efficiency (EE-SE) trade-off in conventional antenna selection MIMO-OFDM
systems. The obtained results show that these systems suffer from a significant loss in energy-efficiency.
To achieve a better energy-efficiency performance, we propose an adaptive antenna selection method
where both the number of active RF (radio frequency) chains and the antenna indices are selected
depending on the channel condition. This selection scheme could be implemented by an exhaustive search
technique for a small number of antennas. Moreover, we develop a greedy algorithm that achieves a near-
optimal performance with much lower complexity compared to the (optimal) exhaustive search method
when the number of antennas is large. In addition, the efficacy of power loading across subcarriers for
improved energy efficiency in the conventional and proposed antenna selection MIMO-OFDM systems is

considered. Monte-Carlo simulation results are provided to validate our analyses.
Index Terms

Antenna selection, energy efficiency, MIMO,OFDM systems.

I. INTRODUCTION

Recent years have seen increasing demands for high speed wireless communications. Besides,
reducing energy consumption in wireless networks is of significant interest among academic and
industrial researchers. This is due the fact that there are rising energy costs and carbon footprint of
operating wireless networks with an increasing number of customers [1]. Consequently, energy
efficiency, which is conventionally defined as the number of transmitted information bits per unit
energy (bits/Joule), needs to be considered as one of the key design metrics for future networks [2],
[3]. The improvement of energy-efficiency in wireless systems could be tackled at the component

level (e.g., improve power amplifier efficiency), link level (e.g., discontinuous transmission and
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sleep modes), or network level (e.g., the layout of networks and their management) [3], [4].

A combination of MIMO (multi-input multi-output) techniques and OFDM (orthogonal
frequency division multiplexing) has been considered as a key technique for high-speed wireless
communications [5], [6]. This is due to the fact that OFDM transmission offers high spectral
efficiency and robustness against intersymbol interference (ISI) in multipath fading channels.
Meanwhile, MIMO techniques significantly increase data rate and/or link reliability. Specifically,
the ergodic capacity of MIMO systems over fading channels is shown to increase linearly with the
minimum of the number of transmit and receive antennas [7]. In fact, MIMO-OFDM has been
adopted in current and future standards, such as WiIMAX (Worldwide Interoperability for
Microwave Access) IEEE 802.16m, WLAN (Wireless Local Area Network) IEEE 802.11n, and
3GPP LTE (Long Term Evolution)/LTE-Advanced [6]. Among various MIMO schemes, antenna
selection appears to be a promising approach for OFDM systems. In antenna selection, only a
subset of antennas is selected (subject to a given selection criterion) for transmissions. Therefore,
this technique requires a low implementation cost and small amount of feedback information,
compared to other beamforming or precoding techniques [8], [9]. Owing to these advantageous
properties, antenna selection has been considered for the uplink of 4G LTE-Advanced [10].

In general, there are two fundamental approaches for the deployment of antenna selection in
OFDM systems, namely, bulk selection (i.e., choosing the same antennas for all subcarriers) [11]-
[13] and per-subcarrier selection (i.e., selecting antennas independently for each subcarrier) [11],
[14]. The main benefit of the latter over the former is that a larger capacity and/or better error
performance can be achieved by exploiting the frequency-selective nature of the fading channels
[11]. However, the per-subcarrier selection scheme needs a larger number of radio frequency (RF)
chains than bulk selection. Beside these two selection methods, a combined selection scheme has
been considered recently in [15]-[17]. This selection scheme combines the bulk selection and per-
subcarrier approaches. However, to the best of our knowledge, all these works only investigated
antenna selection OFDM systems from either capacity or error-performance perspective, for
example, analysing diversity gain and coding gain [11], [15]-[17], measuring capacity [13], or
evaluating error performance [12], [14].

Antenna selection is traditionally considered for improved capacity and/or error-performance.
Recently, some research works have investigated energy efficiency in antenna selection single-
carrier systems [18]-[20]. In [18], the authors jointly optimized the transmit power and the number
of active antennas to maximize energy efficiency. This work examined single data stream MIMO
systems, while energy-efficiency in multi-stream antenna selection MIMO single-carrier systems

was studied in [19]. Transmit antenna selection with a large number of equipped antennas at the
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transmitter was considered in [20]. In this study, the authors analysed the energy efficiency in a
large-scale array regime and proposed antenna selection algorithms to improve energy efficiency. A
large-scale distributed antenna system (L-DAS) that considered antenna selection for improved
energy-efficiency was also proposed in [21]. However, we note that these works only consider
single-carrier systems, and an extension to antenna selection OFDM systems is not straightforward.
The main reason is that there are several approaches for OFDM systems as mentioned before. From
an energy-efficiency perspective, it can be seen that each antenna selection approach possesses both
advantages and disadvantages. Specifically, per-subcarrier selection achieves better capacity than
bulk selection and combined selection at a cost of higher power consumption due to the requirement
of multiple active RF chains. These critical issues, which are pertinent in the setting of OFDM
systems, do not arise in single-carrier antenna selection systems. Hence, they have not been
considered so far. In addition, some recent works on energy-efficient MIMO-OFDM systems, e.g.,
[22], [23], focused only on spatial multiplexing MIMO schemes, which did not address the above
concerns. Therefore, a study is required to evaluate energy efficiency of antenna selection MIMO-
OFDM systems. Note that in [24], we investigated energy-efficiency in per-subcarrier antenna
subset selection OFDM systems with the objective of peak-power reduction. However, [24] only
examined the per-subcarrier selection system from a viewpoint of power-amplifier efficiency,
which is not the focus of the present work.

To the best of our knowledge, there is no comprehensive study about the efficacy of antenna
selection schemes in the context of OFDM systems from an energy-efficiency viewpoint in the
literature. Consequently, it is not clear if the existing antenna selection approaches (e.g., bulk
selection, per-subcarrier selection, and combined selection schemes) are optimal in terms of energy-
efficiency. Motivated by this, in this paper, we investigate energy-efficiency in MIMO-OFDM
systems with several antenna selection schemes. The main contributions of this work are

summarized as follows.

i) Energy efficiency in conventional antenna selection MIMO-OFDM systems is analysed for
the first time. In particular, we derive closed-form expressions of the energy efficiency and
the EE-SE trade-off in these systems. Our results show that the conventional antenna selection
systems are not effective with respect to energy efficiency.

i) An adaptive antenna selection approach is proposed to improve energy efficiency in MIMO-
OFDM systems. In this method, both the number of active RF chains and the antenna indices
are selected to maximize energy efficiency. We also show that the proposed adaptive
selection scheme achieves better EE-SE trade-off compared to the existing selection schemes.

iii) A greedy algorithm to implement the proposed adaptive selection method is developed. This
algorithm can attain near-optimal energy-efficiency while requiring much lower complexity
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compared to that with the optimal exhaustive search method, which is important when a
number of antennas is large.

Iv) Efficacy of power loading across subcarriers in several antenna selection MIMO-OFDM
systems is evaluated from an energy-efficiency perspective. Our results reveal that power
loading can improve energy efficiency in the low signal-to-noise ratio (SNR) region. Also, its
effectiveness depends on particular antenna selection schemes.

v) Impacts of a comparison between the transmit power and the circuit power consumption,
types of antenna selection criteria, the number of equipped antennas, and spatial correlation,

on the energy efficiency in the conventional and proposed systems are numerically evaluated.

The remainder of the paper is organized as follows. In Section Il, an antenna selection MIMO-
OFDM system model and an energy-efficiency metric are described. In Section Ill, we analyse
energy-efficiency in the MIMO-OFDM systems deploying conventional antenna selection
approaches. In Section 1V, we propose an adaptive antenna selection method to improve energy-
efficiency. In Section V, power loading across subcarriers in antenna selection MIMO-OFDM
systems is considered. In Section VI, we provide some simulation results and perform in-depth
analyses of energy-efficiency achieved in the considered systems. Finally, Section VII concludes

the paper.
Notation: Throughout this paper, a bold letter denotes a vector or matrix, whereas an italic letter
denotes a variable. (\)', ()", &{.}, and ||.||* indicate transpose, Hermitian transpose, expectation, and

a squared norm, respectively. Also, C° =bY/al(b—a)! denotes the binomial coefficient.

Il. ANTENNA SELECTION MIMO-OFDM WIRELESS SYSTEMS

A. System Model

We consider a point-to-point MIMO-OFDM system with K subcarriers, n, transmit antennas,

and n; receive antennas. The number of equipped transmit RF chains is N, Nge < N, . A simplified
block diagram of the system is shown in Fig. 1'. At the transmitter, the input data stream is mapped
onto a unit-energy M-QAM (M-ary quadrature amplitude modulation) or M-PSK (M-ary phase shift
keying) constellation. The subcarrier allocation block takes in a data frame of
u=[u(0), u@),..., u(K =1, and then allocates the data symbol u(k),0<k <K -1, to the selected

antenna, denoted as i, , associated with the k™ subcarrier. Thus, only one element in a transmit

1 This system model is used for all the considered antenna selection methods in this paper. The association

between RF chains and transmit antennas in each selection method is mentioned in Section I11.A and Section V.
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Fig. 1. A simplified block diagram of an antenna selection MIMO-OFDM wireless system.

vector X(k) =[x,(k), X, (K),..., X, (K)]" is assigned the data symbol, whereas the others are zero?. The

output sequences from the subcarrier allocation block are then fed into K-point IFFT (inverse fast
Fourier transform) blocks. Each time-domain OFDM signal is then added with a guard interval (GI)
before being transmitted via its corresponding transmit antenna. Note that the transmit branch
corresponding to the output of the subcarrier allocation block that is not allocated any data symbol

is turned off to save energy.

At the receiver, the received signal at each antenna is fed into the FFT block after the Gl is
removed. The received signal in the frequency domain corresponding to the k™ subcarrier can be

expressed as [5]
y(k) = RHK)x(K) +n(k) = Rh; (K)u(k)+n(K), &)

where H(k) denotes the subchannel matrix associated with the k™ subcarrier where its entries are

denoted as h,;,

i1=12..,n.,j=12,..,ng, hrk (k) indicates the effective channel vector obtained by
selecting the column of H(k) that is corresponding to the selected transmit antenna i, on the Kt
subcarrier, and P, is an equal transmit power allocated to each data subcarrier. Note that the total
transmit power in one OFDM symbol is P, = KR. Also, vectors y(k) =[y,(K), Y,(K),-., ¥y, K7
and n(k) =[n,(k),n,(k),....n,_ (K)]", where y;(k) and n;(k) denote the received signal and the
noise at the j™ receive antenna, respectively. Here, the noise is modeled as a Gaussian random

variable with zero-mean and variance o>. Assume that the receiver uses an MRC (maximum ratio

combining) method for signal detection, the detected signal at the k™ subcarrier is given as [26]

% In this work, we are interested in one-to-one mapping between data symbol and transmit antenna as in this

approach the post-processing SNR is maximized [25].



2(k) =R Ih; (k)2 u(k) +h" (k)n(k)
=R g, (u(k)+fi(k), )
where 9; (k)= hrk (k) ||I?, and A(k) is the effective noise (after MRC) with variance 9; (K)o, In

this system, the instantaneous post-processing SNR (signal-to-noise ratio) associated with the i"
transmit antenna and the k™ subcarrier can be calculated as® [7]
_PRak) PR

pi(k)—W—a—sgi(k) = pg; (k), ©)

where p=P/c?.

With respect to an antenna selection operation, many selection criteria can be used in this
system, such as maximizing SNR, maximizing capacity, or minimizing bit-error rate [8]. Details
about these criteria associated with different antenna selection approaches are presented in Section
I11LA. In addition, given that this work focuses on analyzing energy efficiency achieved in antenna

selection MIMO-OFDM systems, the following assumptions are adopted for simplicity.

Al. Channel state information (CSI) is available at both transmitter and receiver in TDD (time-
duplex division) mode. Thus, the transmitter and receiver can determine the selected antenna
indices by themselves. Note that channel estimation methods for antenna selection OFDM
system were well investigated in the literature, e.g., [27] and [28]. In addition, several
techniques to obtain CSI of all equipped antennas when only a few antennas are active were
also considered in [29].

A2. Effects of power unbalance across transmit antennas is not considered. The issue of power
unbalance arises when a large number of subcarriers are allocated to some particular antennas,
which may cause problems with power amplifiers (i.e., affects system performance). One
approach to deal with this issue is allocating the same number of data symbols to each
transmit antenna. This can be accomplished by formulating a linear optimization for

subcarrier allocation [14]. The readers are referred to [14] for further details.
B. Energy-Efficiency Metric in Antenna Selection OFDM Systems

To quantify the fundamental limits of the system, we consider an energy-efficiency (bits/Joule)

® In this paper, i (i=1,2....,n,) denotes the transmit antenna index. Meanwhile, i, denotes the selected antenna

expressions, e.g., (3) or (5), the index i is used as these expressions are evaluated for all transmit antennas before a

selection decision is made.



defined as a ratio between the achievable rate and the total power consumption [18]-[24], i.e.,

EE =C/Pyua . (4)
where C denotes the achievable rate per OFDM symbol (bits/s) and Py is the required total power
consumption (watts). Let us denote Ii(k) to be the instantaneous capacity (bits/s/Hz) associated with
the i™ transmit antenna and the k™ subcarrier [7], [30], i.e.,

(k) =log,(1+ pg,(K)), i=12,..,n; k=01,..., K -1. (5)
The achievable rate per OFDM symbol in this system is evaluated by [30]
1 K-1
C =We, {— >l (k)}, (6)
Ko *

where £,{.} denotes an expectation operation over the fading channel distribution, W (Hz) is the

system bandwidth.

The total power consumption corresponding to one OFDM symbol is given as [31]

P

total

:non(PPA+PcD<)+n P +Pbb’ (7)

R" crx

where no, is the number of active RF chains® (i.e., the number of active transmit branches) at the
transmitter, Ppa IS the power consumption by one power amplifier (PA), Pcx is the power
consumption per transmit branch (excluding the associated PA), Pc is the power consumption per
receive branch, and Ppp = Ppptx + Pporx Where Ppyi and Py are the power consumption of several
baseband processing units at the transmitter and receiver, respectively. These values are shown
clearly in Fig.1. Note that as power and insertion losses caused by RF switch are negligible [10], we
do not include it in (7) for simplicity. When there are no, active transmit branches, the number of

data symbols allocated per transmit antenna is K/n,, . Thus, the total transmit power per antenna is
P, (K/n,,) . Assume that the efficiency 7 of a power amplifier is invariant to the power output level,

we can express the power drawn from a DC source Ppa as [32]

PPA — Pt (K/non) - |DT/non , (8)
n n

where Pt = KP; is the actual total transmit power per OFDM symbol. Note that the above

assumption of constant efficiency can be realized by using PA with dynamic power supply [33].
Therefore, (7) can be rewritten as
Poa = Pr /1405, Py + NPy + Ry )

on’ ctx R" crx
* A transmit RF chain consists of digital-to-analog (DAC), mixer, filters, and power amplifier. A receive RF chain
consists of low-noise amplifier (LNA), filters, mixer, intermediate frequency amplifier, and analog-to-digital (ADC).

In addition, a transmit (receive) local oscillator is assumed to be shared among transmit (receive) RF chains.



From (4), (6), and (9), we can rewrite the (average) energy efficiency metric as

1 K-1
W {511, 00}
EE = k=0 .
P /n+n,,Py + NP, + Py

on’ ctx R crx

(10)

This metric will be used to evaluate energy efficiency in different antenna selection OFDM systems

in the next sections.

I1l. ENERGY-EFFICIENCY ANALYSIS OF CONVENTIONAL ANTENNA SELECTIONS SCHEMES

A. Conventional Antenna Selection Schemes
As mentioned in Section Il.A, several selection criteria can be used for antenna selection
schemes. For notational convenience, let ci(k) denote the cost associated with the selection of the i

antenna on the k™ subcarrier. Then, we can express

g; (k) formaximumchannel power gain criterion (i.e., maximumSNR)
c (k)= 1, (k) fora maximum capacity criterion 17
—BER (k) fora miminum error - rate criterion,

where BER;(k) is a bit-error rate, e.g., for a M-QAM modulation with Gray mapping [34]

PER) = M log, v V2w 1)

where erfc(.) denotes a complementary error function. Note that a negative sign is added to BER;(k)

in (11), as we aim to maximize the cost c;(k) for all cases.

As mentioned in the introduction, antenna selection for OFDM systems can be implemented on a
per-subcarrier basis or for a whole OFDM symbol. In per-subcarrier selection, antennas are selected
independently for each subcarrier (see Fig. 2b for illustration). Assuming that n.. =n;, the selected

antenna associated with the k™ subcarrier is determined by [11],[14]

i =arg max ¢, (k). (13)

1Ny

Note that in this scheme, RF chains are connected directly to transmit antennas. As all ny RF chains

are active, the total power consumption is Pr =P, /n+n.P, +n.P_ +P,.

total R" erx
Unlike per-subcarrier selection, in a bulk selection approach, only one among nt available
antennas is used to transmit data (see Fig.2a). The antenna that can attain the largest accumulated

SNR (i.e., the largest accumulated channel power gain) across subcarriers is selected for all
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Fig. 2. lllustrations of antenna selection methods: (a) Bulk selection, (b) Per-subcarrier
selection, (c) Combined selection, and (d) Proposed adaptive selection. (ht =4 and K = 6).

subcarriers within one OFDM symbol, i.e., [11]-[13]
i =arg max > c (k). (14)

In this scheme, a transmit RF chain is connected to the selected antenna by means of a RF switch.

As only one transmit RF chain is required, the total power consumption in this case is

PM¢ =P /n+P, +Nn.P, +P,.

total R" crx
Besides the two above fundamental approaches, a combined bulk selection and per-subcarrier
selection scheme was considered in [15]-[17] for MIMO-OFDM systems where only nge < nt RF
chains are equipped (see Fig.2c). Accordingly, the system first selects a subset of nge antennas and
then performs per-subcarrier selection on this subset. A RF switch is required to connect ngr RF
chains to the subset of ngr selected antennas. Note that in this scheme, the number of active RF

chains is n,, =ng . As an exact analysis for this scheme is difficult due to the dependence between

subsets of antennas, we will numerically evaluate this approach in Section VI.
B. Analyses of Energy Efficiency in Conventional Antenna Selection MIMO-OFDM Systems

In this subsection, we derive closed-form expressions of the energy efficiency and EE-SE trade-
off in antenna selection OFDM systems deploying per-subcarrier and bulk selection approaches. To

the best of our knowledge, such results have not been available in the literature. For analytical



simplicity, we assume that the fading coefficients h;;(k) are i.i.d. (independent and identically

distributed) Rayleigh random variables. This assumption is often adopted to analyze OFDM
systems, see e.g., [11], [15]-[17].

1. Per-Subcarrier Selection Scheme
In an antenna selection OFDM system using a maximum SNR criterion (i.e., maximum channel

power gain), assuming that subcarriers are independent, the capacity can be expressed as (cf. (6))

o =WeH{ : Kzll.k (k)} ~We, {log, 1+ pg; (K))}, (15)

which can be evaluated at any subcarrier k. Therefore, the energy efficiency in this system is
obtained as (cf. (10))

C We {log,(1+ og- (k
P PT/77+nTPctX+nP +PB,

total R" crx

To obtain a closed-form expression of (16), we need to derive an explicit expression for

uflog, 1+ pg; (k))}. The final result is stated in the following theorem.

Theorem 1. A closed-form expression of the energy efficiency in per-subcarrier antenna selection
MIMO-OFDM systems is given by

Wn " Ly (g (ng+q-1)! gt u+l u+l
EE =—— T cht e n,—q+s,—— ||}, (17
per Pper(n _1)||n2 UZ;J{( ) qz_(:) [au,q an+q Z[ j [ rR—Q+S o J]} ( )

total

where ¢, , denotes the multinomial coefficient, and I'(a,x) = :we‘tta‘ldt is the incomplete gamma

function.
Proof: The proof is given in Appendix A.
2. Bulk Selection Scheme
For a bulk antenna selection OFDM system, the capacity can be expressed as (cf. (6))

Con =vveH{ 3, (k)} WeH{% Kzllogz(wgf(k))}- 9

By using an approximation of log,(1+ x) ~ xlog, e, when x is small, we can express the capacity at

the low SNR region as

z (k)}. 19)

— 1
Cou *W (plog, €) x &, {R

10



Consequently, the energy efficiency now becomes (cf. (10))

_ 1 K-1
W(plog,e)xe, < — ~(k
Cou (plog, e) H{Kkgog.( )}
pouk P /n+P, +n.P, +P,

total R crx

EE,k (20)

By calculating the expected value in the numerator of (20), we arrive at the following result.

Theorem 2. The energy efficiency in bulk antenna selection MIMO-OFDM systems in the low SNR

regime is approximated as

W(Plogz e)“T "o u N 71(nRK71)u —ngK—-t-1
~ =" Cr L. (N K+t (u+1)™™ , 21
bulk Ptggle(nRK 1)| l;) ( ) u t:zo u,t( R ) ( ) ( )

where £, denotes the multinomial coefficient.

Proof: The proof is given in Appendix B.

3. Energy Efficiency-Spectral Efficiency Trade-off

In this subsection, we derive closed-from expressions for the energy efficiency- spectral
efficiency (EE-SE) trade-off. Recall that EE (bits/Joule) is defined in (4) as EE = C/Pa. Also, the
spectral efficiency SE (bits/s/Hz) is calculated as SE = C/W, where C (bits/s) is the capacity and W
(Hz) is the system bandwidth. Thus, the relation between EE and SE can be expressed as [35]

c W x SE 3 W x SE
P KP/n+n, P, +nP, +P, (K/7)xf™*SE)+n,P, +nP, +P,’

total on’ ctx R" crx on’ ctx R" crx

EE = (22)

where f':SE e[0,+w) — P, €[0,+) is the inverse function of SE. In what follows, we consider

per-subcarrier and bulk selection schemes at the low SNR region for analytical simplicity.

In per-subcarrier selection, by using an approximation of log,(1+x) = xlog,e, when x is small, we

can express the capacity at the low SNR region as (cf. (15))
Crr *W(plog, €)x&,{g; (K)}. (23)

By performing similar calculations as in Appendix A, we have

ny-1 (ng-u
60 (K)}=—1 ,2{(—1)“ ot X au,q(nR+q>!(u+1)-“R-q-l}. (24)
(nR —1) u=0 q=0
Thus, (23) can be rewritten as
C., ~W(5l L) PN S P
per VW (0100, e)x Z (-D"C, Z au,q(nR+q)'(u+1) : (25)
(nR Dtz q=0

11



For notational convenience, let us denote

nr -1 (ng—Nu
_w Z{( 1) CnT—l z Yq(nR_{_q)!(u_i_l)—nR—q—l} (26)

(n—l)O' u=0 q=0

Also, recall that p =P, / o .Then, we can express the capacity Cper and spectral efficiency SEper,
respectively, as

Coer *W x B x 0, (27)
and

SE, =R x0. (28)

From (22), (27), (28), and noting that Pt = KP;, we arrive at the following result.

Proposition 1. The closed-form expression for the EE-SE trade-off in per-subcarrier antenna

selection systems in the low SNR regime is approximated as

W xSE
EEper
(K/n9)SE +nTPm+n P, +P,

R" crx

(29)

For the bulk selection scheme, an expression for the EE-SE trade-off is given below.

Proposition 2. The closed-form expression for the EE-SE trade-off in bulk antenna selection
systems in the low SNR regime can be approximated by

EE,x = W S5 (30)
(K/UZ)SEbqu + Pctx + nRPcrx + P
where
7= n |092 Z ( l) CnT—l niluﬂ (n K+t)'(U+l) ngK-t-1 (31)
K(nK -)lo? & u

Proof: The result is obtained based on (21) and (22).

4. Numerical and Simulation Example

To validate the analysis above, we run a simulation for the system with nt =4, ng = 1, K = 16,
W =1 MHz, 1 =0.35, and P¢x = Perx = Ppp = 50 mW. Note that although the number of subcarriers
K is small, they are assumed independent. Moreover, simulation results under more realistic
parameters will be provided in Section VI. Figure 3 plots the energy efficiency versus the total
transmit power Pt at the low SNR regime. It can be seen that the analytical curves based on the

analysis in the previous sections match the simulation curves.
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Fig. 3. Energy-efficiency in bulk selection and per-subcarrier selection: analysis vs. simulation.

IV. ADAPTIVE ANTENNA SELECTION FOR IMPROVED ENERGY-EFFICIENCY

The average energy efficiency in a generic antenna selection MIMO-OFDM system is given in
(10). It can be seen that the EE value depends on many factors, including the actual transmit power,
the power consumed by the electronics circuits (mainly RF chains), as well as the channel
condition. When one antenna (i.e., one RF chain) is activated/deactivated, the system will achieve a
higher/lower capacity. Meanwhile, the power consumption due to RF chains is increased/decreased.
Consequently, whether the EE value is increased or not depends on the changes of the capacity and
consumed power. Given fixed power values of Pt, P, Pcrx, and Ppy, Whether an antenna should be
activated or deactivated for improved energy-efficiency depends on the channel condition. Based on
these observations, we propose to improve the energy efficiency by adaptively selecting both the

number of active RF chains n,, (1<n, <ng) and the transmit antenna indices (see Fig. 2d for

illustration). In this adaptive scheme, n,, active RF chains are connected to the subset of n,, selected
antennas via a RF switch. The adaptive selection can be implemented by either an exhaustive search

or a low-complexity algorithm, which are described in detail below.
A. Exhaustive Search Method

When the number of transmit antennas nr is small, an exhaustive search method can be used to
achieve an optimal antenna allocation. In particular, this method checks all possible subsets of

antennas, and selects the subset that attains the highest energy efficiency value. Note that the

13



TABLE I. A PROPOSED LOW-COMPLEXITY ANTENNA SELECTION ALGORITHM.

1: Initial setting: A subset of unallocated subcarriers Q, ={1,2,..., K},
A subset of available transmit antennas S, ={1,2,...,n; },
A subset of selected antennas P;={}, and an energy-efficiency value EE, =0.
2: Calculate the cost c,(k),Vie S,, Vk € Q,, using Eq. (11).
3: for m=1:n, do
4:  Calculate the accumulated cost across unallocated subcarriers (used to select antenna)
\Pi(m) = Zkeg,H ¢ (k),ieS, .

5. Select the antenna i (m) that satisfies i (m) =arg max ¥™.

€Sy
Add i(m) to the subset of selected antennas, i.e., P, ={P, ,, i (m)}.
Assign the selected antenna i (m) to the subcarriers | that satisfy
C; (1) =argmaxc, (1),
i€Sy 1

e, i) =1(m),VleQ
loop, and i, (1) is the selected antenna at the subcarrier | in the m" loop.

where Q_ is the subset of the allocated subcarriers | in the m"

m?

8:  Update the subset of unallocated subcarriersas Q, =Q, , Q..
9:  Select antennas in P, for the remain unallocated subcarriers via
i (k) =arg rggn:( C(x),VkeQ,.

10: Calculate the accumulated instantaneous capacity (bits/s/Hz) corresponding to the subset Py,
(used to calculate the EE value) (cf. (5))

I :ij'f(m)(k)(k)-
11:  Calculate the EE value (cf. (10)):
EE, = (W/K)x I_m/(PT/n+ MPy + NPy + Bp)-
12: if EE, > EE, do

13: EE, =EE,,,

14: Poes < P

15: geet (K) = iy (K), K =1,2,..., K.

16: endif

17 Update the subset of available antennasas S, =S, —P,,.
18: end for

19: The subset of selected antennas and the allocation pattern for the maximal EE value are Pggject
and i, (k),k =1,2,...,K, respectively.

number of possible subsets is Y™ C:™, which incurs very high complexity if nr and/or nge are
large. Thus, a lower complexity method is preferred in this scenario.
B. Low-Complexity Algorithm

To realize the proposed adaptive selection method with low complexity, we develop a greedy
selection algorithm described in Table I. This algorithm selects antennas in an incremental fashion

and is based on the following principles:

P1. Given a subset P,_, consisting of (m-1) selected antennas, the best antenna i(m) that is

added to create the subset P, is the antenna that makes P, achieve the largest accumulated cost.

14



TABLE Il. COMPLEXITY COMPARISON (K = 64).

Number of transmit antennas ny 2 3 4 5 6 7 8
Sopt (exhaustive search) 3K 7K 15K 31K 63K | 127K | 255K
Cour = KNy (N +1)/2 (worst-case) | 3K 6K 10K | 15K | 21K | 28K | 36K
Saub (average) 2.3K 4.1K 6.1K 84K | 109K | 13.6K | 16.5K
Copt | oy (average) 1.3 1.7 2.5 3.7 5.8 93 | 155

P2. If the cost ¢

:m (1) is the largest among the available antennas at the I"™ subcarrier, then the

antenna i (m) is immediately selected for the I™ subcarrier when this antenna is added to the

Ith

subset P, ;. Note that the value c; (I) will be always taken as the cost on the I™ subcarrier

when measuring the accumulated cost for all nge subsets P,,m=1,2,...,n... Therefore, the cost

h
It

corresponding to the I subcarrier on the remaining available antennas will not be taken into

account when evaluating the accumulated cost of these antennas. Consequently, the optimal
antenna i, mentioned in P1 is the one that has the largest accumulated cost calculated only over

a subset of unallocated subcarriers.

C. Complexity Evaluation
With respect to a complexity comparison between the algorithm in Table | and the exhaustive

search, we consider the number of allocation operations as a measure of complexity. In the

exhaustive search, there are Y " C" possible subsets, and each subset needs K allocations for K

m=1"—"m

subcarriers. Thus, the number of allocations is ¢, =K> % C;". When n.. =n,, the value ¢, is

m=1"—m

givento ¢, = KY™ Cr =K(2" -1). Meanwhile, in the proposed algorithm, the mt" (m=1,2,..,

m=1"—"m

nre) loop searches for (n, —m+1) subsets and performs |Q, , | allocations for each subset. Here,

|Q, ;| denotes the cardinality of the subset Q _,, i.e. |Q, ,|<K . Therefore, the proposed

n =0 (n, —m+1)|Q, .| allocations. A complexity comparison

m=1

algorithm requires only ¢

S|
between the exhaustive search and algorithm methods based on numerical values is shown in Table
II. In this table, the results are averaged over 10° channel realizations. Details about other
simulation parameters are provided in Section VI. The obtained results show that the algorithm

attains very low complexity compared to the exhaustive search method.

Let us further consider the complexity of the proposed algorithm in the worst case, i.e.,

|Q,, . [FK,Ym=12,..,n. In this scenario, the number of allocations is ¢, =K> ™ (n, —-m+1).

m=1

When ng. =n;, we have ¢, =K> " (0, —m+1)=Kn.(n; +1)/2 (i.e., increase polynomially with
15



TABLE I11. NUMBER OF UNALLOCATED SUBCARRIERS (K = 64).

Ny || €| €| €2 ||
2 0.34K

3 K 0.46K | 0.14K

4 K 0.52K | 0.23K | 0.07K

5 K 0.56K | 0.29K | 0.12K | 0.03K

respect to ny) compared to g’opt:K(Z”T —-1) (i.e., increase exponentially). Consequently, the

proposed algorithm in Table I still incurs lower complexity, especially when nr is large. It is also
worth mentioning that the value g, (average) is smaller than ¢y, (worst-case) as the number of

unallocated subcarriers |Qn.1| becomes much smaller after each loop as shown in Table I11.

V. POWER LOADING FOR ANTENNA SELECTION MIMO-OFDM SYSTEMS

In the previous sections, we have considered the systems with equal power allocation across
selected subcarriers, i.e., P, =P /K:=P,vk. This equal power allocation may be required in
systems where a very strict spectral mask applied on each subcarrier, e.g., multiband-OFDM ultra-
wideband (MB-OFDM UWB) [36]. However, if a spectral mask constraint on the k™ subcarrier is
P power loading across selected subcarriers, which means dynamic distribution of the available

power among subcarriers, can be employed to further improve energy efficiency. This is because
power loading can increase capacity in OFDM systems [37], which in turn improves energy
efficiency (cf. (10)). Our formulation problem in this section is stated as follows: Suppose that the

total transmit power is P, find the optimal allocated powers {P:k,k =0,1..., K-1} that satisfy a
spectral mask constraint so that the energy-efficiency in antenna selection MIMO-OFDM systems is

maximized.

We assume that antennas are selected for all subcarriers based on a given selection scheme (e.qg.,
bulk selection, per-subcarrier selection, combined selection, or adaptive selection scheme) that has

been described in the previous sections. In what follows, we will derive the optimal allocation of

powers {P:k,k =0,1..., K-1}. Recall that the channel power gain (after MRC) and the allocated
power associated with the k™ subcarrier are g; (k) and P, respectively. Hence, the instantaneous

energy efficiency can be expressed as (cf. (3), (5), (10))

K-1
(W/K)x kZ log,(1+P,,g; (k)/o7)
=0
P /m+ng Py + 0P + Py

on’ cix R" crx

EE = (32)

16



We aim to allocate powers {P, .} such that the EE value in (32) is maximized subject to the
following constraints. The first constraint is that the power allocated on the k™ subcarrier P is not

larger than the corresponding spectral mask B™, i.e.,
0<R, <R™ k=01.., K-1. (33)

The second constraint requires the total power allocated all over the subcarriers to be equal to P,
ie.,

K-1
kZoPt,k = PT' (34)

Note that this constraint guarantees a fair comparison among antenna selection schemes as our
focus in this work is to determine which scheme can attain the highest EE value given the same
actual transmit power Pt. Due to the second constraint (34), the denominator of (32) is a constant

with respect to {R,}. Therefore, the power loading problem to maximize energy-efficiency can

now be expressed as

K-1
max 3" log,(L+R,,g; (K)/?) (35)

{P«} k=0

st. 0<P, <P™ k=01.., K-1

K—lP

k=0t

,k:PT'

It is obvious that (35) is a convex problem. Thus, its solution can be obtained as [38]

k
) Pkm as

* O,
p* —|9__%n k=01.., K-1, (36)
b { g;k(k)}0

where 3> 0 is the water-level that is chosen to satisfy the total power constraint of Zf;olP:k =R,

and [x] denotes the Euclidean projection of x on [a,b], i.e., [x] = min(b,max(x,a)). Efficacy of
power loading in associated with several antenna selection schemes that is evaluated numerically

based on (26) will be discussed in Section VI.D>.

Remark 1: Although power loading has been well studied for single-antenna OFDM systems, an
investigation of power loading for antenna selection MIMO-OFDM systems is necessary. The

> We use the optimal water-filling (WF) solution of (36) in this work as our main purpose is to evaluate the efficacy of
power loading in associated with several antenna selection schemes. However, it is worth noting that one can consider

some approaches, e.g., cross-zero adjustment WF [39], that converge to the solution in (36) with a lower complexity.
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TABLE IV. SIMULATION PARAMETERS.

Parameter Value

Carrier frequency f.=2.4 GHz

Bandwidth W =25 MHz

Modulation 4-QAM

Number of subcarriers K=64

Circuit powers P = 150 mW, Pgy = 120 mW,
Py =100 mW

Power amplifier efficiency 35%

PSD of noise -174 dBm/Hz

Path-loss exponent ¢ =4

Frequency-selective fading channel | IEEE 802.11n channel models

reason is that the effectiveness of power loading over equal allocation depends on a variation of
channel power gains. Meanwhile, in antenna selection, statistical distribution properties of channel
power gains corresponding to the selected subcarriers are altered due to a selection operation. Note
that this characteristic does not occur in single-antenna OFDM systems. Therefore, it is interesting
to know, from an energy-efficiency perspective, how effective power allocation is in the context of

antenna selection in OFDM systems.

Remark 2: In this work, we perform power loading after antenna selection. The advantage of this
approach is that it requires very low additional complexity. In fact, in this approach, the power
loading operation (26) is performed only once at the transmitter only. Note that one can perform
joint power loading and antenna selection. However, for a joint approach, as the allocated powers
on subcarriers are involved in the calculation of antenna selection metrics, we need to perform
power loading operation several times during an antenna selection process. Moreover, in a TDD
mode, this joint method needs to be performed at both transmitter and receiver. This clearly
introduces high complexity. An analysis of the joint approach as well as its performance-complexity

trade-off is beyond the scope of this paper.

V1. SIMULATION RESULTS AND DISCUSSIONS

In this section, we evaluate the energy-efficiency in several antenna selection OFDM systems via
simulation results. The simulation parameters are listed in Table IV. The IEEE 802.11n channel
model (channel model B) [40] is adopted in our simulations. This channel model has 9 Rayleigh

fading paths and is based on measurements of non-line-of-sight (NLOS) environments.

A. Energy Efficiency versus Transmit Power
We first consider antenna selection MIMO-OFDM systems with ny = 4, ng = 1, and the
maximum SNR criterion. The number of equipped RF chains in both combined selection and

adaptive selection is ngg = 3. Fig. 4 shows the energy-efficiency versus the total transmit power Pr.
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Fig. 4. Energy-efficiency of different antenna selection schemes (nt = 4, ng = 1).

The obtained results demonstrate the following. First, the proposed adaptive antenna selection
method achieves a better energy-efficiency performance than its counterparts. This comes from the
fact that the proposed method can adapt the number of active RF chains no, according to the
channel condition to achieve the maximal EE value. Recall that the numbers of active RF chains in
the conventional schemes are fixed. Second, the EE value attained based on the proposed low-
complexity algorithm is close to that with the exhaustive search method, which demonstrates the
effectiveness of this algorithm from a practical viewpoint. Similar observations can be made in the
systems with ng = 2 receive antennas, as shown in Fig. 5. It is also worth noting that there exists the
total transmit power Pt such that EE is maximized. In Appendix C, we provide an extended
discussion regarding this issue.

To have an insight into the adaptive mechanism of the proposed selection approach, we plot in
Fig. 6 the numbers of channel realizations that the numbers of active RF chains equal to one, two,
and three, when running a simulation with a total of 10° channel realizations. It can be seen that
when the transmit power Pt increases, a larger number of active antennas (i.e., number of active RF
chains) is likely selected to attain the maximal EE value. For example, when Py = 0.577 W, the
percentage of selection of ny, = 1, ngy = 2, and nyn = 3, are about 10%, 66%, and 24%, respectively.
Meanwhile, the corresponding numbers at Pt = 2.497 W are about 1% (non = 1), 34% (non = 2), and
65% (Non = 3).
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Fig. 5. Energy-efficiency of different antenna selection schemes with two receive antennas (ny = 4, ng = 2).

n__= 3 (i.e., 3 active RF chains)

Number of channel realizations

0.577 1.217 1.857 2.497 3.137 3.777
Total transmit power Pr (watt)

Fig. 6. Number of active RF chains n,, in the adaptive selection scheme (ny =4, ngr = 3, ng = 1).

20



;
x 10" X: Maximum SNR criterion x 10
3.2¢ % 0: Maximum capacity w
. /E/m Sy |+ Minimum error-rate 279 \ i
Q 3 N :
> -
< I TR —7 X
2 2.715 N
8 28 N
> N
Q
5 26 271 AN : (d)
% 0.634 0.636 0.638 |0.64
Z 24
= i :
< L[5 / 5 .
W2
x 10’ //Z 23x107 / N X -
2.725 ; & SR d
| —~ S~ 2.485 \\&\
2.72 ~ \
2.28 % . NN
T~ 2.48 N
2.715 ~ N N
296 T 24751 N —
2.71 @) TR ) i © T
T 2.47
0.37 10.38 0.39 ‘r 0.760.7650.77 . 0.76 0.765 0.77
1.4
0 0.5 1 1.5

Total transmit power P (watt)

Fig. 7. Energy efficiency under different antenna selection criteria: (a): Per-subcarrier selection;
(b): Bulk selection; (c): Combined selection; (d): Adaptive selection.

B. Energy Efficiency under Different Antenna Selection Criteria

Fig. 7 shows the energy efficiency in the conventional and proposed selection systems under
different antenna selection criteria. Three criteria, namely maximum SNR, maximum capacity, and
minimum error-rate, introduced in (11) are considered. The results show that in the per-subcarrier
selection scheme, all the selection criteria achieve the same energy efficiency. This is due to the fact
that antennas are selected independent for each subcarrier in this case. Moreover, at any subcarrier,
the selected antenna for the maximum SNR is the one that attains the maximum capacity and
minimum error-rate (cf. (5), (11), (12)). For the bulk selection scheme, the maximum capacity
criterion achieves the largest energy efficiency. This is because this selection criterion directly
maximizes the accumulated capacity across subcarriers, which in turn maximizes energy efficiency
(cf. (20)). In the combined and adaptive selection schemes, the maximum SNR criterion can attain
higher energy efficiency compared to its counterparts. However, it can be seen that the difference in

energy efficiency between the selection criteria is quite small.

C. Energy Efficiency versus the Number of Transmit Antennas
Fig. 8 shows the energy efficiency versus the number of equipped transmit antennas in the
conventional and proposed systems. It can be seen that, in the bulk selection, combined selection

and proposed adaptive selection systems, the EE values increase when the number of antennas nrt
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increases. However, these EE values become saturated when ny becomes very large. This is because
the ergodic capacity in antenna selection systems is a logarithmically increasing function w.r.t. nt
[41]. Meanwhile, in the per-subcarrier selection system, the EE value first increases and then
decreases. This behavior can be explained by the fact that, when ny becomes large, the increased
power consumption due to the RF chains has more impact on the energy efficiency than the
capacity improvement does, which reduces the EE value (cf.(10)). In addition, we note that an EE
comparison among the selection schemes w.r.t. ny depends on particular values of the transmit
power and power consumed by hardware. For example, bulk selection is better than per-subcarrier
selection when ny > 3 at Py = 0.4 W, and when ny > 5 at Pt = 0.7 W. It is also important to note that

the proposed adaptive selection system outperforms its counterparts for all values of nr.

D. Energy Efficiency versus Spectral Efficiency

We now examine the EE-SE trade-off in antenna selection MIMO-OFDM systems. The achieved
energy efficiency (bits/Joule) versus spectral efficiency (bits/s/Hz) in the systems with ng = 1 and
ng = 2 are shown in Fig. 9 and Fig. 10, respectively. From an energy-efficiency perspective, it can
be seen that bulk selection is effective in the low-SE regime. Meanwhile, per-subcarrier selection
and combined selection are suitable in the high-SE and medium-to-high-SE regimes, respectively.
Moreover, it can be seen that by adaptively selecting the number of active RF chains, the proposed

selection scheme achieves a better the EE-SE trade-off performance compared to the existing
22
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selection schemes. Note that the behavior of these EE-SE curves can be explained from the case of
EE-Pt curves (e.g., in Fig. 4) given that increasing the spectral efficiency is typically associated

with the increasing of the transmit power.

E. Impact of Spatial Correlation on Energy Efficiency
We next consider the impact of spatial correlation at the transmitter on energy-efficiency in the
conventional and proposed systems. The spatially correlated channel is modeled using the

Kronecker model [42], i.e., H=RY*H,,RY?, where Rr and Rg are the n; xn, transmit and the
N, x N, receive correlation matrices, respectively, and H,, denotes the n,xn, channel matrix

consisting of independent channel realizations. The achieved energy efficiency is shown in Fig. 11.
It can be seen from Fig. 4, Fig. 5, and Fig. 11 that the presence of spatial correlation reduces the
energy-efficiency. This makes sense as, given a fixed number of antennas, the correlation between
transmit antennas reduces the system capacity, which in turn lowers the energy-efficiency (cf. (10)).
However, it is important to note that the proposed system remains superior with respect to energy-

efficiency compared to the conventional counterparts.

F. Efficacy of Power Loading on Energy Efficiency
We finally examine the effectiveness of power loading across subcarriers on the energy

efficiency. In the simulations, we assume that all subcarriers have an identical spectral mask
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constraint, i.e., P™* = P™* vk, for simplicity. Fig. 12 shows the EE values with different levels

of spectral mask & that is related to P™* via P™* = 5 x (P, /K). First, it can be seen that power
loading offers a better energy-efficiency performance than equal power allocation in all the systems.
However, the EE improvement at the high SNR region is marginal. This can be explained by the
fact that EE improvement comes from an increase of capacity. Meanwhile, it was shown in [43] that
the capacity improvement based on water-filling power allocation (i.e., (36)) is reduced when SNR
increases. Therefore, the EE improvement diminishes with an increasing SNR value. The second
observation can be made from Fig. 12 is that the EE improvement becomes larger when & is larger
(i.e., P™ is higher). However, these EE improvements depend on particular antenna selection
schemes. In particular, the EE value is improved quite significantly in bulk-selection and adaptive
antenna selection schemes. Meanwhile, in per-subcarrier antenna selection, the EE improvement is
marginal. To explain these behaviors, we note that the efficacy of power allocation across

subcarriers over equal power allocation comes from a variation of the channel power gains 9; (k)

across subcarriers. In per-subcarrier antenna selection, antennas are selected independently for each

subcarrier. Thus, it is likely that the difference in the value c; (k) among the selected subcarriers is

insignificant in per-subcarrier selection, compared to bulk selection. As a result, power loading is
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not effective in terms of energy-efficiency in the per-subcarrier antenna selection in comparison to

the bulk selection and adaptive antenna selection schemes.

VI1l. CONCLUSIONS

This paper has investigated the energy-efficiency in MIMO-OFDM systems with different
antenna selection approaches. Several important factors that affect the energy-efficiency, including
the comparison between the actual transmitted power and the power consumed by the transceiver
circuits, types of selection criteria, the number of antennas, and the spatial correlation among
antennas, have been examined. The closed-form expressions of the energy efficiency and the EE-SE
trade-off in the conventional antenna selection systems have been derived. It is shown that the
conventional antenna selection methods exhibit a loss of energy-efficiency. Thus, an adaptive
antenna selection method has been proposed to deal with this issue. A greedy algorithm has also
been developed to realize a low-complexity adaptive selection scheme. This algorithm can achieve
near-optimal performance, which is important when the number of antennas is large. In addition,
the energy-efficiency improvement when performing power loading in antenna selection MIMO-
OFDM systems has been evaluated. Our results show that the proposed adaptive selection scheme
outperforms (in terms of the energy-efficiency and the EE-SE trade-off) its counterparts. This work

can be extended to multiuser MIMO-OFDMA systems, and we left this for future investigations.

APPENDIX A
PROOF OF THEOREM 1

We assume that |h;;| follows a Rayleigh distribution with s {|h;;"}=1. It is clear that g, =| h, ||’

is a chi-square distribution with 2ng degrees of freedom. Here, the subcarrier index k is dropped for
simplicity as subcarriers are assumed independent. The pdf (probability distribution function) and

cdf (cumulative distribution function) of g, are given as f(x)=e *x"™"/(n,-1)!,¥x>0, and
F(x) =1—e X" x" /vl ¥x > 0, respectively [7]. By using order statistics [44], we can express the

pdf of g; (k) =l h; (k) |* that associated with the selected antennas i, at the k™ subcarrier as

—XNR-1 ng—1 yV nr -1
fo 00 =0 F OF™(x) =, L[l‘e‘x 2 X_J

(ng —D! v=0 V!
n; —XNR 1n - _1\u ~h7 -1 4-ux nRilX_V )
=—(nR_1)!e X uZ}){( D'CI e (V;) !} } (37)

where C’ =blal(b—a)! is the binomial coefficient. By performing a multinomial expansion as
YoRI X = i g X', where ¢, is the coefficient resulting from the multinomial
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expansion corresponding to x? (i.e., a,, is the g™ element of a vector a, that is defined as a, =1,

=[yor y1r /2! ..1/(n,-1Y, and e, =0, , ®a,, where ® denotes a discrete convolution
[45]), we have

ng-1u
fi, (x)—( _1)| R- z{( 1) Cr z a, x} (38)

The expected value of ¢, {log, (1+ P9; (k))} can now be calculated as

enflog, 1+ og; (k))}= T'OQZ (L+px) fyy (x)dx

= j(logz(1+px)( _1)Ie‘xx”Rlz{( )UClrte™ fua X }de

u=0

n i u N R o ng+ —(u+1)x
e T o D {(—1) Clr- Z a,, jlogz(1+px)x ilg-HD) dx} (39)
R 4)-u=0

By using the integral result in [46, Eq. (32) & Eq. (78)], we can express the integral in (39) as

Q= [log, 1+ p x)x"™ "9 le*Xdx
0

N +q=D! o0 (u+1) " u+1
:([—)RnR-i——qqlnz)e( 1)/p %(7J r(—nR—qﬁ-S,?], (40)

where T'(a, x):j:we‘tta‘ldt is the incomplete gamma function [47, Eq. (8.350.2)]. From (16), (39),
and (40), we finally arrive at (17).

APPENDIX B

PROOF OF THEOREM 2

Let us first denote w, = Zk Og (k). Then, we can explicitly express w; as (cf. (2))

W, = Zg(k) leh(k)ll —ZZIh,.(k)I (41)

k=0 j=1

As the channel coefficients |h;;(k)| are i.i.d. Rayleigh random variables, it follows that w; in (41) is
a chi-square distribution with 2ngK degrees of freedom. Therefore, we can express the pdf and cdf
of wi as f(y)=e?y™*/(n.K-1!,vy>0 and F(y)=1-e> " "y°/s| ¥y >0 respectively [7]. By
performing similar calculations as in Appendix A, we obtain the pdf of w. that is corresponding to

the selected antenna i , i _arg max w; (cf. (14)), as

27



N(y)_m Tyt u;){(—l)“ C efuy ; ut)’} (42)

where g, is the coefficient resulting from the multinomial expansion of ( ”RK - S/s') , 1.e.,

( AT /s') =& 5yt Consequently, the expected value of &, {w.} is calculated as

£ )= T Yy (y)dy

- (nRK-1)u
I[ (n K 1)| y" g{( D'C e = Z ﬂu,tyt}]dy

+00

(nrK-1)u
ﬁ l;) {( ) CnT -1 Z ﬂut JynRKH —(u+1)ydy}
i (ngK-1)u
:ﬁ UZ:(:) {(—1)u crrt Z B (NgK +1)1(u +1) "< 1} )

where, in the last equality, we have used the integral of [“x"e™*dx=n!x ™" [47, Eq. (3.351.3)]. By

substituting (43) into (20), we obtain (21). This completes the proof.

APPENDIX C

JOINT TRANSMIT POWER ALLOCATION AND ADAPTIVE ANTENNA SELECTION

It is shown in Fig. 4 and Fig. 5 that it is possible to allocate the total transmit power Pt to
maximize EE. Motivated by this, in this appendix, we further consider a joint power allocation and
adaptive antenna selection for the maximum EE under a quality-of-service (QoS) constraint. For
simplicity, we restrict ourselves to the system with equal power allocation across subcarriers. The

formulated problem is jointly select the number of active RF chains, transmit antenna indices, and

the optimal power per subcarrier P® to maximize EE subject to a QoS constraint. Note that the

optimal total power per OFDM symbol P™ is then obtained as P™ = KP™.

Let us first consider the optimal transmit power without a QoS constraint. As the instantaneous

energy-efficiency EE(R) is a pseudo-concave function with respect to P; [18]. The unique
maximum value occurs when 0EE(PR,)/dP, =0. Specifically, the instantaneous EE can be expressed

as (cf. (3), (5), (10))

(W/K)x:gjlogz(u Rg; ()/?)
EE(R)= KP/p+n P, +npP. +P, (44)

on" ctx R" crx
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Thus, an equation of 6EE(R)/0P, =0 is equivalent to

@ g, (Ko

K-1
log,(1+Pg. (k)/c?)—(P, +n(n, P, +n.P, +P,)/K =0.
kZ:;) g2( ’[glk( ) O-n) (t 77( on' ctx R" crx bb) )Xl(z_(:)(1+ Ptgfk(k)/of)mz

(45)

It is hard to obtain a closed-form solution for (45). However, numerical methods can be used to

obtain the optimal power value P, .

In systems with SNR constraint, it is required that Q > x,, where Q is the received SNR and x, is
the required SNR threshold. In multicarrier transmissions, each subcarrier has a different channel
gain in general. To facilitate a power allocation problem, the average channel power gain (or
average SNR) over frequency domain is often used in the literature [48]. The average SNR over all

the subcarriers in antenna selection MIMO-OFDM systems can be expressed as (cf. (3))

Q=—% g, (=R "
- GSK k:ngk =Y (46)
where a parameter y is defined as
=1 5 47
V.= (Ter I;)gi'k . ( )

As the SNR constraint requires that Py = y,,, the optimal transmit power can be determined as [18]

Popt _{P(*’ If l//P[*Z]/th,

t ]/th/l//' if P <yy.

Thus, a joint power allocation and adaptive antenna selection subject to SNR constraint can be

realized by inserting the following steps between Step (9) and Step (10) in the algorithm in Table I.

Step a) Calculate the power P by solving (45).
Step b) Calculate the parameter y based on (47).

Step c) Determine the optimal transmit power P™ via (48).
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