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Abstract—Motivated by increased interests in energy efficient
communication systems, the relation between energy efficiey
(EE) and spectral efficiency (SE) for multiple-input multiple-
output (MIMO) systems is investigated in this paper. To provde
insight into the design of practical MIMO systems, we adopt
a realistic power model, as well as consider both independén
Rayleigh fading and semicorrelated fading channels. We dére
a novel and closed-form upper bound for the system EE as a
function of SE. This upper bound exhibits a great accuracy
for a wide range of SE values, and thus can be utilized for
explicitly assessing the influence of SE on EE, and analytittg
addressing the EE optimization problems. Using this tight E
upper bound, our analysis unfolds two EE optimization issus:
Given the number of transmit and receive antennas, an optimm
value of SE is derived such that the overall EE can be maximizg
Given a specific value of SE, the optimal number of antennas is
derived for maximizing the system EE.

Index Terms—Energy efficiency, Spectral efficiency, Multiple-
antenna systems, Rayleigh fading channels, Energy efficien
optimization.

I. INTRODUCTION

for the inverse function of the capacity, and therefore is a
mathematically challenging task. The first attempt to ana-
lyze the relation of EE and SE is given in [4], where an
EE approximation is derived according to the first and the
second derivatives of the capacity equation. Using the same
approximation method, the work is then extended to relay
networks in [5] and [6], where a full duplex mode at the
relay is considered in [5] and half duplex considered in [6];
the work is also extended to virtual-MIMO networks in [7]
and cognitive radio networks in [8]. These approximatiofis o
EE are accurate in the low SE region but largely inaccurate
otherwise. In addition, the circuit energy consumptionjolth

is often not negligible in practical wireless systems, i2 no
considered in the aforementioned papers. Most recently, a
more accurate approximation on the relation between EE
and SE for MIMO channels is presented in [9] and refined
in [10]: The approximation is in a closed-form expression
for independent and identically distributed (i.i.d.) Reigh
fading channels, but the expression cannot be extended to
correlated fading channels and the potential EE optinonati

Multiple-input multiple-output (MIMO) systems using mul-jsses are not addressed. Different from the existing wauk,

tiple antennas have drawn considerable attention, as ey
greatly improve spectral efficiency (SE) and link reliatyilin

Eontributions in this paper are three-fold:
« We derive a simple and closed-form upper bound (UB)

wireless communications [1]. However, the use of multiple
antennas will also lead to increased energy consumption for
the extra circuit and signal processing. To this end, the
traditional SE metric is not adequate for providing insight
on designing practical MIMO systems, if the system energy
efficiency (EE) is of interest. Furthermore, due to the iasre
ing global concern about the energy consumption, innogativ
technologies are required to improve the overall EE in wisl
systems [2].

Maximizing EE and SE are generally two conflicting ob-
jectives; but they can be linked and balanced through their
relationship as shown in [3]. For fading channels, caldoitest
of the ergodic capacity require to take expectations cariicgr
a random channel matrix. The problem of defining an explicit
expression for EE as a function of SE requires an express

for EE as a function of SE, for both i.i.d Rayleigh fading
and semicorrelated fading channels. The EE UB exhibits
a very good accuracy for a wide range of SE values.
We analyze the relation between EE and SE, and the
effect of increasing the number of antennas on the
overall EE. To assist practical system design, a realistic
power model including both transmit and circuit power
consumption is considered.

« An optimum value of SE is derived for which the overall

EE is maximized when the number of transmit and
receive antennas are fixed; In addition, for a given value
of SE, the optimal number of antennas is derived such
that the overall EE is maximized.

" The rest of this paper is organized as follows. Section Il
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Qﬂlacifies the system model. An accurate UB for the capacity
is derived in Section Il and that for EE is derived in Section
IV. EE optimization issues are investigated in Section V.
Simulation results are in Section VI, and Section VIl gives
a conclusion.

Il. SYSTEM MODEL

We consider a point-to-point MIMO communication system
with ¢ transmit andr receive antennas. We define =



max{t,r} and m = min{¢,r}. The complex transmitted where m! denotes the factorial ofn, and L% (z) is the
signal vector is denoted by € C¢, and its total power is Laguerre polynomial of ordem [13] (eq. 8.970.1)

represented byP regardless of the number of antennas, i.e. 1 qm
E[xx] = P, wherex' denotes the transpose conjugatexof Lo(x) = —seam (e ™). (4)
The received signgl € C" is then given by = Hx+n, where . ' - .

ved signa| ! given by xHn, w In particular, for the case when SNR is high (i2.> N),

the channel matrixi € C"™*! is complex Gaussian distributed
[11]. The noise vecton is a zero-mean complexdimensional
additive white Gaussian noise (AWGN) with varianseper Cuimo = mlogy, (p/t) + logy [n!/(n —m)!] . (5)
dimension, i.en~CN,.(0, N1,.). The average signal-to-noise ] ] )
ratio (SNR) isp = P/N. We assume that perfect channel stafg00f: The closed-form UB foCiimo in (3) was first derived
information (CSI) is known at the receiver but unknown to thi& [14] (Theorem 2). To obtain (5), we implemeff,™" (0) =
transmitter side. n!/[m!(n —m)!] [13] (eq. 8.973.3)1

In a practical setting, the total power of a transmitter such
as a base station (BS) is not equalRe but includes various B. Spatially Semicorrelated MIMO Channels

elements such as the power for radio frequency (RF) ciscuitr |y practice, the MIMO channels are often correlated due to
baseband unit, or power amplifier. In general, the total powgmited angular spreads or restrictions on array sizestheei

has a nearly-linear relation with both the transmit pod®er end. The effects of spatial semicorrelation can be reflelaged
and the antenna number{2]. Consequently, a linear powerysing the Kronecker model

model has been abstracted for thex 2 antenna setting and 12 )
various types of BSs in [2]. We adopt this power model, i.e. H— { 2 1/(23, it t=>r ©)
the total power is Go'/7,  if t<,

Pot = t(£P/t + P.) = £P + tP,, Q) whereG ~ C/.\/M(O,.IT ® 1) and & (_jenotes thel spatial cor-
relation matrix at either the transmitter or receiver endteN
where P, is the load-independent circuit power at the minithat here we focus our research on the semicorrelated fading
mum nearly-zero output power, aids the scaling factor of channels where the correlation occurs at the end with the
the load-dependent power. Note that the scaling over sigmainimum number of antennas, in order to reflect the practical
load (i.e. the value of) largely depends on the type of themobile communication environments where insufficientarra
transmitter. spacing exists at mobile terminals [15]. In this ca8ehas a
complex central Wishart distributioB® ~ CW,, (n, ®).
Lemma 2: For a spatially semicorrelated Rayleigh fading
MIMO channel, i.e.H is given by (6), under the condition of
high SNR, the ergodic capacity in bits/s/Hz is upper bounded

we have

IIl. ERGoDIC CAPACITY OF MIMO: EXPLICIT
EXPRESSIONVS. UB

The ergodic capacity of the MIMO system specified iR |
Section Il is obtained by averaging the channel capacith wig, — mloe. (P +1o [ n } +log, det(®). (7
respect to the random channel matrx[12], i.e. MIMO gg(t) 82 (n —m)! B2 det(#). (7)
. P = : Proof: See Appendix A.
Cuivo = E [ng det (lm + t“)} bits/s/Hz Comparing (7) with (5), the capacity reduction because of
With = — HHT, t>7r @) the spatial semicorrelation is log, det(®) bits/s/Hz at high
=T HH, t<r, SNR. Note that, the results (5) and (7) provide simple artt tig
UBs of the ergodic capacity, which are less accurate than the
explicit expression (2), but have the advantage of beinges
in closed-form and can be used to evaluate the relation leetwe
EE and SE for MIMO systems.

where the random matri€ ¢ C™*™ and|,, denotes an
m x m identity matrix.

A. Independent and Identically Distributed MIMO Channels
IV. ENERGY EFFICIENCY ANALYSIS OF MIMO CHANNELS

We first consider an i.i.d. Rayleigh-fading case. Without_We use the well known metric of the system achievable

Ios_s of gener-ahty,. the chaj(}nel matrix is asiumed éO have UBE 45 the number of information bits transmitted per Joule of
variance entries, i.ed ~ CN,.+(0,1, ® I), where® denotes energy, i.e.Evivo — Swivo / Pt in bits/Joule, whereuimo

the Krone-_cker prpdqct (.)f matrices. Thén has a complex yongtes SE of the system. For a system with unit bandwidth,
central Wishart _dlstr!butfn withh degrees of freedom_ and, o haveSumo = Cwimo in (2). The choice ofSymo and
covariance m.atrl)tm, €. =~ CWa (1, |1m). In the following Cwimo helps avoid the abuse of notations that correspond to
lemma, we give a preliminary result of UB dfmo. the functions ofEymo and P [6]. According to (1) and (2),

Lemma 1: If H ~ CN,.4(0,1,®l4), i.e. foraniid. Rayleigh poth b and Sywo are related toP. Thus the impact of
fading MIMO channel, the UB of the ergodic capacity N, o on Ewimo can be expressed as

bits/s/Hz, denoted aé’AMNo, is given by

_ Evmo =S P+tP.] "= (e P,
Cumimo = mlog, (g)—l—logQ(m!)—i—logQ [Lr-m(—t/p)], (3) o = Shanio |6+ o (&7 (Clao) 1] (8)



where f~1: Cyimo € [0, +o0) — P € [0, +00) is the inverse wherez means the complex conjugate :of This exponential
function of Cuimo. Equation (8) indicates that obtainingmodel may approximate the correlation in a uniform linear
an explicit expression ofiymo boils down to finding an array under rich scattering conditions [16]. We consideas
explicit formula for f =} (Cwimo ). However, due to the randoma x [ correlation matrix, and from (12), we have
Rayleigh channel realizations in (2J,!(Cwimo) cannot be — _
straightforwardly formulated. One feasil()le approach wdg det & = (1 - ¢9)'" " = (1 [g]*)"", (13)

to use the closed-form UB @fvimo in Lemma 1 or Lemma 2 wherel could equal eithet or » depending on the correlation
to find a solution tof ! (Cmimo ). This approach will help us at which side. Inserting (13) in (11), we will obtain the

obtain an EE UB as a function of SE, which can be utilized f@E UB of the Rayleigh fading channels with exponential
tracking the EE of MIMO systems, and thus will be discussesbémicorrelation.

in this section. Therefore, for both i.i.d. and spatially semicorrelatedWa
channels, the EE UBEyvo has been obtained in a simple
A. EE UB for I.I.D. MIMO Channels closed-form expression. The EE UB is very valuable to realis

We use the closed-form UB @fymo, and according to the Fic MIMO systems: It can help the system explicitly trgck thg
definition of EE, we obtain a closed-form UB for the systerffifluence of SE on EE, and also address the EE optimization
EE as follows. problems as will be discussed in the following section.

Proposition 1: If H ~ CN,..(0,1, ® l¢), i.e. for an i.i.d.
Rayleigh-fading MIMO channel, the UB for the number of

. ) . V. ENERGY EFFICIENCY OPTIMIZATION |SSUES
bits transmitted per Joule of energy, denoted Byvo, IS

given by In this subsection, we optimize the overall EE performance

~ Smimo of MIMO systems, by taking the factors, various values of SE

Emimo = Samo In2 L 1 —m) T\ as well as different numbers of transmit and receive antgnna
tFe + 4N exp {T tmln [T” into consideration. The optimization criterion is basedtios

_ ) tight EE UB derived above.
Proof: According to (8), whenSvimo is small (correspond-

ingly P is small), the value ofEqmo is dominated by

the circuit powerP.. In contrast, Emimo is more sensitive A Optimum SE to Maximize EE

and needs a more accurate expression whHeis large. We ] ]
thus consider the high SNR case and employ (5) to find anAs stated above, for a given numbertadndr, there exists

approximated solution t¢~!(Cyimo ) as follows a certain region of SE corresponding to a better EE. In the
oy following proposition, the optimum value of SE is derived to
Y Cwmimo) = ¢ N2 Swmo /mtlogy [T ] /m. (10) maximize the overall EE.

_ . . . Proposition 3: For a spatially semicorrelated Rayleigh fad-
sruok:;t'gtmg (10) into (8), we obtain (9). This completes thing MIMO channel with correlation matri¥ andt transmit

andr receive antennas, the optimum value of SE for which
_ _ the system EE is maximized, denoted 8o, is given by
B. EE UB for Spatially Semicorrelated MIMO Channels
. . . . . m m P, 1. [(n—m)!
We now consider semicorrelated Rayleigh fading channelsSymo = (2 + 2 ENe P ——In Tdet & ,
and use the capacity UB in Lemma 2 for finding an explicit n(2)  In(2)" [€Ne m -ae 14)

) T i
solution of P = f~'(Cwmimo). Solving P from (7), and wherew{-} is the Lamberto-function satisfyingu(z)e“(*) =
inserting the solution in (8), we thus obtain an EE UB foL | ot jet & — 1, Siyuo is obtained for i.i.d. Rayleigh fading
spatially semicorrelated MIMO channels as shown in the,mo channels.

following.

Proposition 2: For a spatially semicorrelated Rayleigh fad
ing MIMO channel, i.eH is given by (6), the number of bits
transmitted per Joule of energy can be upper bounded by

Proof: We first consider spatially semicorrelated Rayleigh
fading channels, as the results of optimum SE for i.i.d.rfgdi
channels can be obtained as a special case. One can apply
the method for convex optimization: From (11), the firsterd

B . Smimo derivative ofEWMo with respect toSymo is given by
MIMO — .
S| In2 1 (n—m)! ~ _
tPC —+ th exp {% “+ m In |:n! Jot 45:| }(11) dEMdIMSQM(ljg”MO) _ |:tpc+t€NeXp{SMlM7SLIHQ +%1H [517;;1;}}} 1
. . S In(2) n—m)!
Example (Exponential Correlation Model): We take a com- _1EN Suwo In(2)exp{ MG 4 L In[ 15 dcr>4>]2}_
mon model that often used to effectively quantify the spatia m [tPttg Nexp{ Mo 2 4 1 n[lnomi] ]
correlation, i.e. the exponential correlation model [1&% uE (15)
an example. More specifically, the correlation matrix can 8y settingw = 0, one can obtain a unique closed-
constructed using a single coefficientwith |¢| < 1, from solution Sjyo € [0, +00). We introduce Lamberd-

i . function [17], andSy, o is expressed as shown in (14). As a
&, — ¢ _ i (12) Special case of (14), i.elet & = 1, we obtainSyye for the
! pli—il, > case of i.i.d. fading channels. This completes the prabf.



B. Optimization of the Numbers of Antennas t* andr* are

- [7), if Evimo (7)) > Emmo ([7])

(7], if Emimo ([7]) < Emimo ([71),

As shown in (9) and (11), for a specific value of SE, Svivo 4ENe[S n(2)+In(1-[9]?)] -1\t
different numbers of transmit and receive antennas result iwherer = 2/1n(2) w ( Stmo (22 P (1-[61%) > :

different levels of EE. Finding out the optimal number of (19)

antennas (bothandr) such that the overall EE is rT“"D('m'md'Proof: Considering the exponential correlation with coefficient

is practically appealing and thus analyzed here. As it is n8_tand consideringn — r, from (11) and (13), we have

always possible to place many antennas at the receiver'in_
practice,t > r (i.e. m = r) is considered in this subsection.  Ewmo (t) =

Smimo
Proposition 4: If H ~ CN,.+(0,1, @ I;) with ¢t > r, given SumoIns 1 -
A = ; SwmoIn2 1 1) — =1 — |62
a targetSwimo, for maximizing the overall EE, the optimal LP + tENexp { 208 7 In(t) ==~ In(1 — |g| )}(20)
numbers of transmit and receive antennas, denoted layd

r*, are given by

Treatt as a continuous variable. The first-order derivative of
Emimo (t) concerningt is given by

* * LTJa if EMIMO(LTD > EM|M0(|—T]) d B (1)
"I T L i Buwol(r)) < Buwo(77]) e
T T < T b
Swio 1n(2) o 4N M”\_A(; - (1o SM'MO{gNEQSMItMO (1-162)"% [Stwo ‘“(2)+ln(1—\¢\2)]—t21’c}
— o In e _
wherer = {w {(m) ]} ’ tz{fNest'tMo (g2 +tPc}2

where|-| and[-] denote the floor and ceiling integer functions, SM|Mo{£Ne2—SM'tMO [Swimo ln(2)+1n(1—\¢\2)]—t2(1—\¢\2)Pc}
respectively.Proof: To find the maximum EE, treat and r ~

as continuous variables. There are two natural restristmn

SmiMo

P
t2(1—|¢|2){5Ne2 3 (1_|¢|2)71+tpc}

o . 21)
t > 1 andr > 1. Consideringn = r, from (9), we obtain . . ( .
- "= gn=r ©) Setting (21) to zero, we get the non-integer solution
o = Swimo ——— (17) substitgtingt*: [ 7] *or t=[7] to Emivo (t), we thus obtain
tP, + tEN exp {M N %m[%” the optimalt* ands* as shown in (19). When the correlation

coefficienty = 0 (i.e., no correlation happened), (19) reduces
We can observe that for a specificincreasingr will result to (16), and therefore (19) still holds for the i.i.d. fading
in a higher value ofEymo . It is because the system capacityhannel<]
increases withr, as shown in (5), and no extra transmit power For a practical MIMO communication system with a spe-
is required. Thus, as the EE metric in (17) is a linear indreps cific type of base station, given any number of transmit and
function with respect to- and¢ > r > 1, the maximum value receive antennas, Proposition 3 can help the system akplici
of EE is located at* = . Let r = ¢, we haveEwmo (t). In find out the optimum value of SE, such that the system is
addition, we implement Stirling’s formula, i.ean! = nlnn— aple to save energy to the maximum extent. In addition, for
n, for approximation and extending factorials to_non-integey system having a specific SE requirement, Proposition 4 and
values of argument. Then the first-order derivativéfuo (t)  Proposition 5 show the optimal numberstaindr which can
concerning Is be used for the system to maximize the overall EE. These

R Smimo findings are therefore particularly valuable and appealing
d Emivo () Swimo {5N62 " Swaimo In (2) — tQPC} realistic wireless communication systems.

dt '

SmimMo

2
2 {gNez wo. tPC}

(18) VI. SIMULATION RESULTS AND DISCUSSIONS
Setting (18) to zero fot will yield the non-integer optimal
solutionr. Note that under the restriction 6> 1, the solution
of 7 is unique. Ast* andr* need to be integers, we substitut
t = |r] ort = [7] to Emmo(t), compareEwmo ([7]) and
Emmo ([7]), and thus obtain* andr* as shown in (16)J

In this section, we present the EE performance and the
relation between EE and SE for MIMO channels by using
%oth simulation and analytical results. The simulatiorultss
are obtained from the Monte Carlo method for random channel
realizations. Without loss of generality, we assume theeaoi

We then analyze the case of spatially semicorrelated MiMm¢§rianceN' is normalized to unity. The values of the power
channels, which is more complicated than the i.i.d. case, B@del parameters for the transmitter are assumefl-a.4
det @ is not independent to the number of antennas. We th@8d Fe = 130, which are adopted from [2] where a Macro

choose the exponential correlation model with coefficignt tyPe Of transmitter is considered. _
and obtain the following proposition. Firstly, we consider i.i.d. Rayleigh-fading MIMO channels

and verify the accuracy of the EE UB given by Proposition 1 in
Proposition 5: For an exponentially semicorrelated Rayleiglfrig. 1 (a). This figure shows that the EE UBs are quite tight to
fading MIMO channel with correlation coefficieptandt > r, the simulation results for the entire range of SE, regasdids
given a targetSyimo, to maximize the overall EE, the optimalthe number of antennas. Using the EE UBs, Fig. 1 (b) shows



how the load-independent circuit power (i#.) and load- 0035 *  EESimulations for Spatially Correlated MIMO i
dependent power (i.¢.P) components impact the overall EE. EE UBs for Spatlly Conelaied MIMO
When only load-dependent power is considered, a monotonic %% e, =6
tradeoff relationship between EE and SE exists, i.e., Bsirg 2 oozl > A i
SE leads to a decrease in EE. With the total supply power, as 2 ) < “\ R
. . . . . . 2 & t=4, r=4 *a
illustrated in both Fig. 1 (a) and (b), there is a certain oegi il N PN
of SE that corresponds to better EE: When SE is low, the ¢ | ) b
overall EE is dominated by the constant circuit power. As SE 5 =4 )
. . 5] ) r= x
increases, the load-dependent power contributes mofg,to & oo} 2 .
thus, EE increases up to a certain level but finally decreases t=2, RN
0.005 r=2 x -
004 ‘ ‘ ‘ R
EE UB, t=2, r=2 (with total power) 0 L L -
O EE Simulations — — = EE UB, t=4, =3 (with total power) 0 10 20 30 40 50
0.035 EE UBs =6, 1=6 — = EE UB, t=4, r=4 (with total power) Spectral Efficiency (bits/s/Hz)
'9.@0... .. Only load-dependent power is
oU O considered for various t and r.
003 005 Fig. 2. EE simulations and UBs for spatially correlated Righ-fading
5 0045 channels witht transmit and- receive antennas (The receiver-side correlations
3 0.025 o are exponential correlations with = 0.5. )
E % 0.04
g 0.02 5%0'035 : =k 0.035 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
5 g 003 AN SE=20 bits/s/Hz
5 0015 S 0.025 SR 0.03
5 5 002 b NN =
0.01 E 0.015 // \\ : \\ g 0.025}
S / A \ %
0.005 g oo ; oo S o02f
0.005 7 s g
& oS / e % EE Simulations for
00 1‘0 26 30 40 00 10 20 30 40 LIE.I 0.0151 Spatially Correlated MIMO
Spectral Efficiency (bits/s/Hz) Spectral Efficiency (bits/s/Hz) 3 EE UBs for Spatially
(a) (b) S 001F Correlated MIMO
&
Fig. 1. The relation between EE and SE for i.i.d. MIMO chasneith ¢ 0.0055
transmit and- receive antennas (EE simulation results and UBs are shown in
(a), and the effects of load-dependent power on EE are iy (b). 0 i i i i i i

I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Correlation Coefficient @

Fig. 2 shows the EE performance for Rayleigh-fadir(lag' ' » '
MIMO channels with exponential correlation at the receivéf9: 3: The EE performance as a function of coefficigrfor exponentially
. . . ) . Semicorrelated Rayleigh-fading MIMO channelsSyiimo = 20 bits/s/Hz.

side considering the same numbers of antennas as in Fig. 1

(a). The correlation coefficient is set to 0.5, and the UBs

are plotted using Proposition 2. Compared to the i.i.d. d:ase¢ is set to 0.5 for the case of correlated fading channels.
Fig. 1 (a), both EE simulations and UBs in Fig. 2 are slightiynen the number of antennas are fixed, there exists an
lower due to the effects from channel cor.relation. Nev_éeﬂ;&a _optimum value of SE corresponding to a maximized EE, as
for both cases, the EE UBs are very tight to the simulatiqfystrated in Proposition 3. In addition, for certain vetu
results for the whole range of SE, which is important fogs SE, Fig. 4 (b) shows the optimal numbers of antennas
the optimization purposes. Tak_ing practicgl_ small numimérs ¢« _ 7*) for maximizing the overall EE, using Proposition
antennas as examples, by using Proposition 3, we have Migng proposition 5 for i.i.d. fading and semicorrelatedrfgd
optimum value of SE equal to 9.65 bits/s/Hz 0F= r = 2, channels, respectively. Every step changing in Fig. 4 (b) ar
and 16.54 bits/s/Hz fot = 4,7 = 3; their accuracies are 5|mqst in correspondence with Fig. 4 (a) for a maximized EE,

demonstrated by simulation results in Fig. 2. . which also demonstrates the accuracy of Proposition 4 and
Fig. 3 shows EE of exponentially semicorrelated Rayleighyyoposition 5.

fading MIMO channels as a function of correlation coeffitien
¢ at Sumo = 20 bits/s/Hz. As expected, EE decreases
significantly with an increase in correlation coefficiepf
particularly for largert andr as the correlation is worse. But This paper has investigated the EE performance and the
the case oft = r = 6 makes an exception: It is becausénfluence of SE on EE in MIMO systems over Rayleigh fading
that when SE equals 20 bits/s/Hz, circuit power (i€.) channels, while considering a realistic power model. Weshav
dominates EE (as shown in Fig. 2), and EE under this casalirived a simple and closed-form UB for the system ergodic
more tolerant to the channel correlation. In contrast, wiven capacity, and based on which we have proposed a novel and
transmit power dominates, EE will be more sensitive to thedosed-form UB for EE as a function of SE. The effects of
value of ¢. various fading channels have been considered, includialg i.
Using the accurate EE UBs, Fig. 4 (a) demonstrates tRayleigh fading channels and semicorrelated fading cHanne
effects of varying the numbers of antennas on the relatidine EE UB exhibits a very good accuracy for a wide range
between EE and SE for Rayleigh-fading MIMO channelaf SE values, and thus is utilized for analytically addnegsi

VIl. CONCLUSION
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0.005 RSN RN '\\\
W B ST Ciumo <1og, E [det (1 + 22)] ~log, E [det (£2)] . (25)
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[4]
Fig. 4. The effects of varying the numbers of antennas ondla¢ion between
EE and SE for Rayleigh-fading MIMO channels (The correlatamefficient (5]
¢ is set to 0.5 for the case of exponentially semicorrelateghohbls.)

[6]
the EE optimization issues. Our results have demonstrated
that, compared to the existing work only considering traihsm{7]
power (where a monotonic trade-off relation exists between
EE and SE), there is a certain region of SE that correspongs
to better EE performance. The optimum value of SE has
been derived such that the overall EE is maximized when the
number of transmit and receive antennas is given. In aaditio g
our results have shown that different numbers of antennas
result in different levels of EE. Given a target SE, the oplim
number of antennas has been derived for maximizing the g
performance.
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APPENDIXA
PROOF OFLEMMA 2 [13]
If Y ~ CW,,(n, @), the density function o¥ is [18] [14]
_ 1 —n n—m '
py(Y)—Fm(n) [det( D) [det(Y)]" "et(—=®~"Y), Y >0 (15

(22)
where tfA) denotes the trace ok and etfA) = exptr(A).
Tp(n) = amm=D2TMAT(n — j) is the multivariate
gamma function and’(-) is the gamma function. From the
density ofY, we have

E[det(Y)] =

[16]

[17]

'Y) ay.
(23)

oy U B g fder (V) e~ @ ®

AS E ~ CWp,(n,

&), we letE=Y. Using (24), we get (7).
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