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Abstract—In this paper, we propose a tight closed-form approx- relay terminal in cellular networks. Moreover, the available
imation of the Energy Efficiency vs. Spectral Efficiency (EE-SE) spectrum resource needs to be efficiently used for the trans-
trade-off for the uplink of a linear cellular communication system mission of information bits and, consequently, the SE also
with base station cooperation and uniformly distributed user . ! - ' .
terminals. We utilize the doubly-regular property of the channel needs to be taken into account !n the deS|gn.0f cpmmunlcatlon
to obtain a closed form approximation using the Magenko N€tworks. However, the two objectives of minimising the en-
Pasture law. We demonstrate the accuracy of our expression ergy consumed in the network and maximizing the bandwidth
by comparing it with Monte-Carlo simulation and the EE-SE  efficiency, i.e. SE, are not achievable simultaneously and,
trade-off expression based on low-power approximation. Results hence, this creates the need for a trade-off.

show the great tightness of our expression with Monte-Carlo ) . . .
simulation. We utilize our closed form expression for assessing the The Shannon’s capacity _theorem |IIu.strates that there ex!sts
EE performance of cooperation for both theoretical and realistic @ trade-off between bandwidth, transmit power and the coding
power models. The theoretical power model includes only the strategy implemented to achieve a certain r&ein other
transmit power, whereas the realistic power model incorporates words, the trade-off between EE and SE. The low-power
the backhaul and signal processing power in addition to the approximation technique introduced in [3] has been used to

transmit power. Results indicate that for both power models, . . . .
increasing the number of antennas leads to an improvement in Nvestigate the EE-SE trade-off for single user, multi user [4],

EE performance, whereas, increasing the number of cooperating Single relay networks [5], multiple relay networks [6] and
BSs results in a loss in EE when considering the realistic power BS cooperation [7]. As far as the power consumption model

model. for the uplink of cellular system is concerned, three main
power components can be distinguished: the users transmit
power, BSs signal processing power and backhauling power.
In the past, communication network evolution has mainlyor instance, a theoretical power model that only takes into
been driven by spectral efficiency (SE) improvement. In reccount the users transmit power has been utilized in the low-
cent years, the reduction in network energy consumption haewer approximation technique of [3]. Meanwhile in [8], [9],
become of great importance for network operators. So hge authors considered the circuit power (signal processing
the importance of the energy efficiency (EE) as a metric fgower) in addition to the transmit power in their model for
network performance evaluation. improving the EE of sensor networks, however, they did not
The SE is the traditional metric for measuring the efficienayonsider the spectrum efficiency. Moreover, in [6], the authors
of communication systems. It measures how efficiently eonsidered the EE-SE trade-off of relay networks based on
limited frequency resource (spectrum) is utilized, however, liioth the circuit and transmit powers but without including the
fails to give any insight on how efficiently energy is utilizedbackhauling power.
A new metric that provides this insight, i.e. the bits-per-Joule In this paper, we derive a closed-form approximation (CFA)
(bits/J), was introduced in [1]. Then, the bits/J capacity aff the EE-SE trade-off for the uplink of a linear cellular system
an energy limited wireless network was defined in [2] as theith uniformly distributed user terminals (UTs) by considering
maximum amount of bits that can be delivered by the netwoekrealistic power model and full BS cooperation. We revisit
per Joule it consumed to do so. our previous work in [10], in which we derived a CFA of
Research work on EE was initially motivated by limitedhe EE-SE trade-off based on the Wyner cellular model, and
power applications [1] such as underwater acoustic telemetextend it to a more realistic and generic model with uniformly
sensor networks and home networks. Since most of thafistributed UTs, as it is shown in Fig. 1. Our CFA is based on
systems are operated on batteries, EE is a paramount facksxdom matrix theory for limiting eigenvalue distribution of
for designing such networks. The global trend towards enert@iyge random matrices and exploits the doubly-regular property
consumption reduction has led to the extension of the EE the channel via the Maenko Pasture law. Our approach
concept to unlimited power applications, e.g. devices withas a considerable advantage over the approximation method
constant power supply such as base station (BS) and fixad3] and Monte-Carlo simulation. It is more accurate than

I. INTRODUCTION



where¢ is the time indexxj}'[:] is the transmitted vector of
the k" UT in them!” cell, H}™ is the MIMO channel matrix
between thek!” UT in cell m and thent® BS, w"[i] is
the additive white Gaussian noise at th& BS with zero
mean ando? variance. In addition, the signal transmitted
by the k** UT must satisfy the following power constraint
: tr(E(xxxl)) < Pi. The interference scaling factors!™
for the transmission path between ti& UT of the m*" cell
Fig. 1. Linear Cellular architecture with uniformly distributed UTS. gnd thent® BS are obtained from the modified power-law path
loss model given in [12] as

. . m n
the former and over a wider range of SE values. It requires far arm = [ Lo (1 n dkm> @
less computational complexity than the latter and can be used 0

for getting insight about the behavior of the EE-SE trade-off . . b h
at low or high SE. where d™ is the distance between thé" UT of the m

h ) ;
In Section II, we introduce the uplink cellular model withcell an? then BSf, 1S the(:j_path IOS:? expor}enno is the
uniformly distributed UTs. In Section llI, we first derive ourPOWer loss at a reference istanée To simplify notation,

tight CFA of the EE-SE trade-off for the uplink of cellularVe assume that all UTs t(;anhsmithwith equal POWer, Pe= :
system with BS cooperation and joint decoding at the central ¥ {{“, :d 16H K}, and that the LJTS ”_""”;m'g pg\r/]ver IS
processor by considering that UTs are uniformly distribut rmalized by the noise power suc that= P/o”, Jnus,
within cells, a multi-input multi-output (MIMO) Rayleigh the per-cell transmit power normalized by the receiver noise

fading channel between each user and the BS, as well PYVer 1S represented by wherey = K. Omitting the time
a theoretical power model. We numerically show its higﬂl ex i, when the BSs cooperate_ to receive data from UTs,
accuracy by comparing it with Monte-Carlo simulation and'@ Overall system model can be illustrated by

the approximation method of [3]. We then derived the low-
SE approximation of our CFA and numerically compared it
with the minimum energy-per-bit to noise spectral densityherey = [y(!) ... y()]T is the joint received signal vector,
ratio of [3]. Next, Section IV presents the realistic poweg — [XEB'”XE%X% ...... x%)_l)x%)~-~x%))}T is the
model of [11] for the uplink of cellular system and utilize ouk;gnsmitted signal vector and = [w(D .. .W(M)]T is the

CFA for analyzing the impact of the power model, nUMb&gint received noise vector . The aggregate channel matrix can
of cooperating BS and the number of antennas on the expressed as:

We show that for both the theoretical and realistic power
models, the EE-SE trade-off for BS cooperation improves as

the number of antennas at the nodes increases. In addition, @HereH,, is a Mr x K Mt with independent and identically
results indicate that the EE performance is highly dependgfiétributed random variables with zero mean and unit variance,
on the number of cooperating BSs when the realistic powey;, is a Mr x KMt deterministic matrix. As a result of the
model is considered. Finally, Section V concludes the papejellocation of the multiple antennas at the UT and BS; =

In this paper, we use boldface letters to denote matric@ss J, whereJ is ar x ¢t matrix with all its elements equal

and vectors and refer to the set of complex number€as to one and? is a M x KM deterministic matrix given by
Let Z be a matrix, then {Z) denotes its tracéZ* denotes its

complex conjugateZ” denotes its transpos&’ denotes its @0 ap  Qaz Oy
complex conjugate transpos#st(Z) denotes its determinant, :
|| Z || denotes its frobenius norm. In additidlog(-) denotes )
the logarithm to base Z[-] denotes the expectatio®,denotes az a1 O E a |+ O
the Kronecker productp denotes the Hadamard product and, :

y =Hx +w, ®)

I:I:QV © HV7 (4)

. . . . . . aq
I, is an identity matrix with sizell. ay1 o als alg oo |
Il. SYSTEM MODEL with o, = [of* - - - o] being al x K vector, containing the

interference scaling coefficients between all users inittie

cell and a reference BS. Assuming equal power allocation for
all users, the optimal per-cell sum capacity when the number
of cells tends to infinity is given by [13]

We consider the uplink of a linear cellular system wih
UTs uniformly distributed in each cell ansif BSs (Fig. 1).
Each UT and each BS is equipped withand » antennas
respectively. The received signal at th& BS is given by

1 ~
M K Copt = lim —ZI(x;y |H),
y"i] = apfHE™ ]xp ] + wd], (1) M= . .

(1= 2 2, ok ")+ w (] = vy /KD = Ktv, g5 (G/KD, 6

M



. TABLE |
wherev,(y) is the Shannon transform of the random square POWER MODEL PARAMETERY 18]

Hermitian matrixZ such that

0o Parameter Value
valy) 2 Ellog(1+ y2)) = [ log(1+ g\ dF2(), () oo s
0 Ce .

. . . . . 14
with F,(\) being the cumulative function of the asymptotic 8:; 1009\4b2-t/8
eigenvalue distribution oF. Db 50W

w 5MHz
I11. CFA oF THE EE-SETRADE-OFF FOR UNIFORMLY No —169dBm/H 2
DISTRIBUTED UT 670 343553
In this section, we utilize the doubly-regular property of do 1

our channel model to obtain the EE-SE trade-off. According
to [13] a M x KM matrix Z, which is both asymptotically _ _ _ o
row regular and asymptotically column regular, is referred 8y following our same reasoning as in [10] and replacjpgn

as asymptotically doubly-regular. Such a matrix satisfies thE0] with y = q(2) %%, where the cell signal to noise ratio is
LM Y given byy = {5, we can approximate the EE-SE trade-off
lim — > Zi;= lim —— > Z;; (8) as follows
M—oco M . b KM—oco KM - b ’ 1
=1 j=1 By BW (1 + wimeyy] L+ wogteyy] — 1) (14)
i.e. the column average and row average are the same. Faw, ~ 2MRq(£2)(1 + B) ’

instance, uplink cellular models that meet the do“bly'reQUIWhereR < Cp is the achievable rat&;, andC, are functions
condition include: the Wyner model (linear-circular and thg¢ p Ebiis the energy-per-bit andv, is the noise spectral

planar) [14], Letzepis model [15] and the scenario Witlaensity. The energy efficiencg?; which is equal to- can
uniformly distributed UTs given in (5) when the linear Ce"“'%quivalently be expressed as ! By

architecture is modelled as circular.

For the Gaussian channH with CA (0, I), the asymptotic C; < 2M Rq(2)(1 + 5) .
eigenvalue distribution of:;H'H converges to the non- = BNoW([1+ worrreyy ) U+ wegiey) — 1)
random asymptotic eigenvalue distribution of the Marcenko- (15)
Pastur law [16] with Shannon transform given by; A. Low-SE Approximation of EE-SE Trade-off

vapgia(y) == vamp(y, B), 9) In order to analyze the EE of BS cooperation in the uplink
where of cellular system at the low-SE, we derive a simplified version

of (14) and compare it with the result from the approximation
varp(y, B) =log (1+y —T(y, 5)) of [3]. In the case thaB = 1, it can easily proved that (14)

1 1 , (10)  cimnlifi
+ 3 log (1+yB8—T(y,8)) — @p(y,ﬁ) simplifies as
Z1\ 2
2 W -1+ <1 + (W, (=2 (5+1) 3 )
I(y,B) = i(\/1+y(1+\/ﬁ)2—\/1+y(1_\/3)2) B ( 0( ))
with 6 = % representing the ratio of the horizontal dimegsion ﬁo ~ AMRq(Q) .
to the vertical dimension of the matrid. From [17], if H (16)

is doubly-regular, the Marcenko-Pastur law and the Shannhen, by assuming that the spectral efficienCy= 7+ ~ 0
transform of the limiting eigenvalue distribution gf H'H is  in (16) and using a similar approach as in [11], we obtain
given in [12] as .

No min,c

Y y Ey In (2)
VLfta (Ié) >~ UpPp ((J(Q)g,ﬁ) : (11) Nomine 2 (M (7)

where ¢(Q) =|| @ || /(KM?). The per-cell sum-rate can
thus be expressed as
Cp = Ktlog (1+y—T(y,3)) % > _EMtin(2) . (18)
r 12 min 1Y
+rlog (1+yB8—T(y,n)) — ST w:5), 12) ’ E [tr {HTHH

which is the minimum achievable energy per bit. Based on the
low-power regime approximation [3]%mm is given by

wherey = ¢(£2)}. We have proved in [10] that the per-cellg, Nuymerical Results

sum-rateC'p in bit/s can be re-expressed as We fix the number of cooperating BSsd = 10 , number

Cp = w (Cr+Cy), (13) of UTs per cell _toK =50 _anc_JI o2 = J_VOW unless othe_rwise
2In2 stated. The variance profile is obtained from (2) while other
whereC,. andC; are given in [10], andV is the bandwidth. parameters used in our evaluation are listed in Table I.
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Fig. 2. Comparison of our CFA, Monte-Carlo simulation and Low-
power approximation (LP approx) based on the theoretical power
model for various: x t antenna configurations. power Py, as

PM:aPsp+th+KPmsa (19)
Figure 2 depicts the trade-off between EE and SE for various ) ) )

antenna combinations when using the theoretical power modBft€ad 0fPy = K Py, in the theoretical model. This real-
It could be observed that our CFA results closely match thoi¢ model incorporates the per-cell signal processing power
obtained through Monte-Carlo simulation, whereas the lowse: the backhaul power, in addition to the total power
power approximation approach of [3] is only accurate in tHePnsumed by the UP,;. We assume thak,,; ~ P in (19),
low-SE regime. Increasing the number of antennas at the JICh iS an underestimation af,,;. The effects of cooling
or BS node results in an increase in the EE and SE of t@d battery backup are also taken into account via the factors
system since the slope of the trade-off curve becomes steefrefNd cou réspectively, such that = r(1 +c)(1 + c).The

- . _ CC’V‘
in this case. In Fig. 3, we show the great tightness betweBAckhaul powet;, is given asPy, = .p, Walts, where

our low-SE approximation of the EE-SE trade-off in (17) witf{ e iS the average backhaul requirement per base statlgn,

%, _of [3] given in (18) for various number of antennas a the Capacity of_the backhaul link with dissipation power
the BS. Results in Figs. 2 and 3 emphasize that our CFA }Pte thatPs, is given as

(14) is as accurate as the previous existing approximation of B 9

[3] in the low-SE regime and far more accurate for other SE Pop = pop (0~8 +0.1N, + O.1Nc), (20)

reglme.s. . i where p,, is the base line signal processing power per-
In Fig. 4, we utilized our CFA to obtain the EE of BSBS and N, is the number of cooperating BS. The effective

cooperation based on the theoretical power model. Increasg]%rgy efficiencyCj.; of the uplink cellular system with BS
the number of antennas at the nodes results in an increas%dﬂperation and jéint user detection is given by

the EE as a result of the diversity gain. However, increasing
the number of cooperating BS beyond three does not produce C;KP
Py

Cief = , (21)

any significant improvement in terms of the EE. This is due to
the fact that the first tier interference signal dominates other

tiers, hence little gain is achieved in terms EE whén> 3. WhereCj is expressed in (15).
Figure 5 shows the effective EE-SE trade-off which has

been obtained via our CFA in (15) when the realistic power
model of [18] is considered. In contrast with the result in
Fig. 4 for the theoretical model, it can be observed in Fig. 5

As an application for our CFAs in (14) and (15), wehat increasingV, leads to a reduction in EE, which is due
analyze the EE of BS cooperation for the uplink of cellulaio an increase in backhaul and signal processing consumed
system when a realistic power model is considered. We hgwewers without any significant increase in the per-cell sum-
derived our EE-SE trade-off expression in Section Il byate. However, increasing the number of antennas at the nodes
considering only the transmit power. Whereas in this Sectiomsults in an increase of EE as in Fig. 4. Thus, the EE can
we incorporate in our closed-form the realistic power model &e improved via antenna diversity but not via macro diversity
[18] for BS cooperation, which defines the average consumetien a realistic power model is considered.

IV. EE-SETRADE-OFF FOR THE LINEAR CELLULAR
ARCHITECTURE WITH A REALISTIC POWER MODEL
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