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On the Energy Efficiency-Spectral Efficiency
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Centre for Communication Systems Research (CCSR), Faculty of Electronics & Physical Sciences,
University of Surrey, Guildford GU2 7XH, UK. Email: O.Onireti@surrey.ac.uk

Abstract—In this paper, we propose a novel closed-form ap- In this paper, we present a framework to analyze the EE-
proximation of the Energy Efficiency vs. Spectral Efficiency (EE- SE trade-off of the DMIMO system with two cooperating base
SE) trade-off for the uplink/downlink of distributed multiple- stations (2BS-DMIMO) over the Rayleigh fading channel by
input multiple-output (DMIMO) system with two cooperating followi h h in the i . ks of
base stations. Our closed-form expression can be utilized for ollowing the same approach as in the p'onee””g WOrKS 0
evaluating the idealistic and realistic EE-SE performances of [3] and [4] on the the EE-SE trade-off CFA for the single-user
various antenna configurations as well as assessing how DMIMO MIMO scenario. In Section Il, we introduce the system model
compares against MIMO system in terms of EE. Results show for the 2BS-DMIMO. In Section Ill, we first derive the CFA
a tight match between our closed-form approximation and the of the EE-SE trade-off for the uplink of the 2BS-DMIMO by

Monte-Carlo simulation for both idealistic and realistic EE- desiani tric functi d usi heuristi
SE trade-off. Our results also show that given a target SE esigning a parametric function and using a heuristic curve

requirement, there exists an optimal antenna setting that maxi- fitting method [3], [4], [11]. Then, we derive the CFA of
mizes the EE. In addition, DMIMO scheme can offer significant the EE-SE trade-off for the downlink of the 2BS-DMIMO

improvement in terms of EE over the MIMO scheme. by relying on a similar approach as in the uplink. Numerical
results show a tight match of our CFAs with Monte-Carlo
simulation for both uplink and downlink scenarios. In Section
The traditional approach for designing wireless networlk/, we utilized our CFAs along with the realistic power models
focuses on the spectral efficiency (SE) metric for optimizinigy [12] and [13], to obtain the realistic EE in the downlink
system performance. The current trend of increasing enemjythe 2BS-DMIMO and its EE gain against MIMO system
demand and increasing energy related operating cost is awer the Rayleigh fading channel. Our results show that there
rently steering research towards the design of energy efficiemxists an optimal number of BS antennas that maximizes EE
networks. However, a conflict of interest does exist betweamd that 2BS-DMIMO can be far more energy efficient than
maximizing SE, which is a ratio of the capacity in bits/s to th®1IMO system.
available spectrum, and maximizing energy efficiency (EE),
which is a ratio of the capacity to the total consumed power
Pr [1]. The SE is the spectrum utilization indicator while the We consider a standard DMIMO communication system
EE is the energy consumption indicator, hence the relationshijpere two base stations (BSs) equipped withntennas each
between both indicators needs to be carefully studied througboperate to transmit/receive data to/from a user terminal
their trade-off, i.e. the EE-SE trade-off. (UT) equipped withg antennas, as illustrated in Fig. 1. We
The EE-SE trade-off of the point-to-point additive whiteconsider only one active user in the system due to the use
Gaussian noise (AWGN) can be easily computed [2]. However, an orthogonal access scheme. We assume as in [6], [9],
closed-form approximations (CFAs) are required for explicitl{14] that all 2p antennas have a separate feeder to the central
expressing the EE-SE trade-off of more complex channghit where all signal processing is done. We also assume that
such as point-to-point multiple-input multiple-output (MIMO)p > ¢, which is a practical and reasonable assumption [7].
Rayleigh fading channel [3], [4] . Furthermore, the CFA of th&he matricex?; and H; represent the deterministic distance
EE-SE trade-off for the uplink of the symmetric coordinatedependent pathloss/shadowing and the MIMO Rayleigh fad-
multi-point (CoMP) system is given in [5]. In this work,ing channel, respectively, between tif¢ BS and the UT,
we are interested in obtaining a tight CFA for the EE: < {1,2}. The channel model of the DMIMO system which
SE trade-off of the distributed MIMO system, which is as depicted in Fig. 1 can then be definedtis= Q©H, where
promising technique for meeting the high data rate requiremddt = [HI,H;]T, (.)T is the complex conjugate transpose,
of the next generation mobile communication networks. Tteenotes the Hadamard produkf,c CN-*Nte H ¢ CN-xNe
DMIMO scheme combines both the advantages of point-tend Q € RfTXNt with R, = {z € R|z > 0}. Moreover,
point MIMO and distributed antenna system (DAS), i.e. micr® = A = [a;JT,axJT]T and Q@ = AT in the uplink and
and macro diversity, respectively [6], [7]. In [6], [8]-[10],downlink cases, respectively, whedeis ap x ¢ matrix with
closed-form expressions of the channel capacity of DMIM@Il elements equal to one ang represents the average channel
were presented. To the best of our knowledge, the CFA of thain between the UT and th&" BS. Furthermore, the total
EE-SE trade-off of DMIMO is yet to be presented. number of transmit and receive antennas of the 2BS-DMIMO

I. INTRODUCTION

Il. SYSTEM MODEL



Central Unit that the EE-SE trade-off can be formulated by finding an

explicit expression forf~1(C). For example,f~1(C) can
wislessorwied QA easily be obtained for point-to-point AWGN channel as in
packbaullinkg -~ o [2], however, this is not as straightforward for more complex
- channel scenarios such as DMIMO. Instead, approximating

f~YC) as in [3]-[5] is an effective solution for formulating
] \ / B2 a closed-form expression of the DMIMO EE-SE trade-off.
BSI O mOM, .
mon A. EE-SE Trade-off CFA for the Uplink of 2BS-DMIMO

ur The closed-form expression for the ergodic capacity per unit

bandwidth in the uplink of the 2BS-DMIMO system can be
expressed from [8] as

Fig. 1. Distributed MIMO system model (2BS-DMIMQO)

1

C =~ @) [qln(l + ka2 Puy + ka2 Pus) + pln (1+ a%Pw)
n

system is defined ad, and N,, respectively. In the uplink +pln (14 a3Pw) — p (e Pui + a3 Pus) w] (6)

caseN; = n = g and N, = 2p, whereas in the downlink )

caseN, = 2p,N, = ¢ andn = p, wheren is the number in bits/s/Hz, where: = % u;, 1 € {1,2} andw are the unique

of transmit antenna per node. The received signalCN-x1  solution to the following equations:

can be expressed as w = (1+ awa)_l i=1,2

y=Hx+z 1) w = (1 + ka2 Puy + f~<:o¢§Pu2)71 )
wherex € CN+*! js the transmit signal vector with average |et us defineg = ka2Pus(Az + 1),d; = AaPw and
transmit powerP andz ¢ CN~*! is the noise vector with dy = a2Pw, where A is the SNR offset between the two
average noise powen. We assume _thaH IS a randor_n_ dIinks ie. A = aé as is the link with the lowest gain and
matrix having independent and identically distributed (i.i.d) | aéd" lets — 9 L d = 2d +1 and
complex circular Gaussian entries with zero-mean and uﬁit__éld/w'ln_ri ition, e.tg _6 g+ ’b 1= 201+ dan
variance. The maximum achievable SE or ergodic capacffy = 22 + 1. Then, equation (6) can be re-expressed as
per unit bandwidth of the DMIMO system given in (1) can be 1

C= f,(7) = S+ S, S, 8
expressed from [6] as fu ) ln(2)( @+ S+ 5p) ®)
C=E; {10g2 ‘INT i jﬁﬁf‘} @) whereS,, S,, andS,, are given by
n
1 1
wherely, is a N, x N, identity matrix,E is the expectation, S = ¢ (—2 —In(2) + 173 +In(1+ g)) ,
yéNOLW is the average signal-to-noise ratio (SNRY, (Hz) g
is the bandwidth andVy is the noise spectral density. S, = p <_; —1In(2) + 1d_ +1In(1 + J1)> and
1 1+
[1l. CLOSED-FORM APPROXIMATION OF THEEE-SE 1 1 ' ~
TRADE-OFF Sp, = b (—2 —In(2) + T a +In(1 + d2)> ;o 9)
2
The capacity per unit bandwidth of the Rayleigh fadin . ' L
DMIMO channel given in (2) is such that gespectlvely. We can re-express the first equation in (9) as
1 1
¢=1). ® sy =-rrzew(-15). o

The EE,C} is the bit-per-Joule capacity and is equivalent to S, .
R/Pr, where R is the achievable rate anBy is the total wheregq_(Sq) - 7?Xp(7(7+%+ln(2?))‘ Using the Lambert
consumed power. Note that when considering the idealishic function which is the‘zj[/lr&\;erse function gi(w) = w exp(w)
model, Pr = P and Py = 2P in the uplink and downlink and is such thaWw(z)e = z, Wherew, z € C [15], we
cases, respectively. Using the inverse functionfoff ! (i.e. can reformulate (10) as

f.tand fd‘1 for the uplink and downlink case, respectively), . = Wolgq(S,))
for expressingy as a function ofC, we obtain that 1+g R
s ) = -
- ° g + ~ (11)
CJu Nofu_l(c) ) (4) WO (gq(Sq))
H J. 1 j.o_ _ 1
ST 5 Similarly, d = it 2nddz = Ef LaemiE
2Nofd_1(0) Moreover, it can be easily demonstrated that

for the uplink and the downlink of the 2BS-DMIMO system, _| - dy B 9
respectively, wheré = R/W. Equations (4) and (5) indicate g{ 2+(AA+1)] =2[2a3y (kAz + £ +1) 1], (12)
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s Fig. 3. EE-SE of the Uplink of 2BS-DMIMO
Fig. 2. Accuracy ofﬁ in%
1

In addition, we obtained thdimc_,¢ g”“‘ = 1 , such that the

which results in the following approximation fof;, (C') in  parametric function that best fits the curvg@ as a function
(4) of C'is

F10)= _2*{“ Wocq?sq)}[(l* Wo@i(sm>))+i(2+wo(gj<sp2)))—1} Upg= % +1n (1+ 0y tanh (Cdo/n)) , a7

403(kAz + K+ 1) where the values ofy andd; for A=10dB are given in Table
I. We then plotted the approximation error as a functiorCof
for different antenna configurations. Results in Fig. 2 shows
_ur Wo(gp(Sp,)) (14) that the accuracy of our approximation increases with

T Wo(gp(s )’ Furthermore, by solving the linear equations (16), (17) and
Thus, obtaining the closed-form expression of the EE- S% Sq + Spy + Spy, We obtainSy, S, and Sy, such that
trade-off for the uplink of the 2BS-DMIMO system is equiv- S, ~ 0.5 (C + gn1 In (cosh (C/ (gm))))
alent to expressing,, S,, and .S,, as a function ofC in 0.5[C — ani In (cosh (C
(13). Moreover, sinc&l = Cln(2) ~ S, + Sp, + Sp, In Sp, & (€= am In (cosh (€ (any)) )] (18)
(8), we can define parametric functiofis, ,(C) ~ % and 0.5[C — llnjL(C\I;;’}’f(C/( )] (%, ,)
®,,(C) = S;—(Sp, + Sp,), such that we obtaits,, S,, and Sy, A~ — 7 mn P4
Sp, as a function ofC,p and ¢ by solving a set of linear L+ Wy
equations. The equatia$y, — (S,, +S,,) can be simplified as for ~ > 2. In addition, Sy, S, andS,, can be formulated as

B B (13)
Note thatu; = 2/(1+d;) andug = 2/(1+ ds) are such that

220(1+9) i i
Ppq(C)=Sg —(Spi+Spy) =In <2q(1+d1)i’(£1]+d2)1’>’ (15) Sy~ 0.5(C_’—|—qln(l—i—no[cosh(C_’/(qm))m—1]))
since it can be proved that(—1/2+1/(1+3)) —q¢(-1+ g ~ 0.5[C—gIn(l+nofeosh(C/(gm))" ~1])] (19)

1/(1 +di) +1/(1 + d»)) = 0 as in the MIMO case [3]. 1+,

®p.q SLI*(SIH +S:Dz) . ~ ~ 1
We defined, ,(C) = e« =~e s and utilize the ¢ 0.5[C—gIn(L+nofcosh (C/(gm)) " —1]) | In(¥y,q)
parametric function derived faf, — S, in the point-to-point P 1+%,,

MIMO Rayleigh fading channel [3], such that when1 < x < 2. Next, f=1(C) in (13) is obtained by

®,,(C) = gmln(cosh(C/(gm))) and subs’:cituti;:g:’a‘q,Sp1 ang szﬁ (efqu:atior;s k(1?)hor (29) ). Our
~ m CFA for the EE-SE trade-off of the uplink of the 2BS-DMIMO
p.a(C) aln (1410 [cosh (C/ (gm))™ — 1]) (16) system is then obtained by insertinfg ' (C) ~ f;1(C) in
tightly approximateS, — (Sp, +Sp,) as a function of” when (4). In Fig. 3, we compared our uplink CFA obtained from
k> 2and1l < k < 2, respectively, wherej, andn; are equations (4) and (13) with the Monte-Carlo simulations for
obtained from a numerical search. variousp x ¢ antenna configurations. As it can be observed,
In order to obtain¥, ,, we first numerically evaluatéLz the results clearly show the tight fitness of our CFA with the
as a function ofC for a partlcularA and various antenna Monte-Carlo simulations, hence, it is a graphical illustration
configurations, we set? = 1 anda3 = 0.1 i.e.,, A = 10dB. of the accuracy of our uplink CFA.



TABLE |
PARAMETERS 10, 11, 00 AND 01 AS A FUNCTION OFk|1/Kk AT A = 10dB

R[1/E][ 1 |6/5 |3/2 [5/3 |2 9/4 |3 10
no ||0.175]0.228 [0.278 |0.317 - -
m__ ||0.95 [0.86 [0.73 [0.77 |2.220 |2.113 |1.916 |1.569
5o ||0.33 [0.36 0.38 |0.39 |0.41 |0.42 [0.43 |0.39
5, ||0.049]0.0298/0.0169]0.0131]0.0085 | 0.0065|0.0035 | 0.0003

B. EE-SE Trade-off CFA for the Downlink of 2BS-DMIMO

The closed-form expression for the ergodic capacity per ul
bandwidth in the downlink of DMIMO can be expressed as

Idealistic energy efficiency C; (bits/J)

] 1
C~fy(7) :@{qln (1402 P(Austuy) J+pln(l+EaZ A Pw)

Monte-Carlo

——— (5) and (23)

=2 2
+pIn(l+Ray Pw) —gay PuAuy +u2)}(20) 0 5 10 15 20 25 30 3 40
Spectral efficiency, (C) (bits/s/Hz)

in bits/s/Hz, wherex = % u;, 1 € {1,2} andw are the unique

solution to the following equations: Fig. 4. EE-SE of the Downlink of 2BS-DMIMO

up = (1+ szfpw)f1 i=1,2
w = (14+aiPui+ a%Puﬁi1 (21) _ . -
o _ _ ) ) power for supporting DMIMO, respectively. In addition, the
Similar to the2upl|nk scenario, we define= a5 Pus(Az +  paramete = (1 + cge)(1 + ¢ms)(1 + ¢.) accounts for the
1),dy = kKAazPw anddy = Ka; Pw. Moreover, we define pc-pc, main supply and cooling 10Sses i@, ¢,ns and ce

g=2g+1, di =2di +1andd, = 2dp + 1. By following  respectively. The poweP,, can be obtained from [12] such
the same approach as in the uplink scenario, we can exprgfsg

(20) as in (8) and, hence, we can easily show that Py = Dsp ((0.9 —0) +0.1M + sz) _ (24)
g |:d2 +(62 —i+1)] =2 [20437 (Az+R+1)+1], (22) wherep,, is the base value of the signal processing power and
((0.9 — v) +0.1M + M?v) represents the additional process-
which results in the following approximation fgi; {(C)in (5) ing cost as a result of joint processing. Note tht (wherev
. L . L is between 1 and 10) gf;,, is used for MIMO processing, and
o *2*‘{1+ Wo(qq(Sq)):||:<l'+ Wo(qp(sm))>+z(2 ’ Wo(gp(sm)))*l} we assume that = 5. The additional backhaul powe?,, is
fa €)= 403(Ax + R +1) © given by Py, = C%Mpb Watts, whereCy,;, is the capacity of
(23) the backhaul link with a dissipation powpg. Consequently,
Using a similar approach as in the uplink case, the closed-fothe EE-SE trade-off in the downlink of DMIMO can be re-
expression for the downlink of 2BS-DMIMO can be obtaineéxpressed as
by expressingS,, S,, and Sp, as a function ofC,p and gq. ~ =
By utilizing the parametric expression given in (16) and (17) ~ S |2f;' (O pI'Py, + Py,
for S, — (S, + Sp,) and ¥, , ~ 222, respectively, we obtain Coa = Ny * N (25)
q P1 D2 Pa 5, 0 HPA
the expressions of,, S,, and.S,, given in (18) and (19) , o o .
for 1/& > 2 and1 < 1/& < 2, respectively. Our CFA for the when congldermg a realistic PCM. We set the pargmeters in
EE-SE trade-off of the downlink of the 2BS-DMIMO system(25) by using the values related to the LTE system in '_I'able 1
is then obtained by insertin_cjd‘l(C) ~ sz—l(c) in (5). In of [13], wherepsg = PRF2+ Ppp = 42.5Watts. In addition,
Fig. 4, we demonstrate graphically the accuracy of the EE-8¢¢ assume thaty = 1,35 = 0.1 (such thatA = 10dB) and
CFA in the downlink of 2BS-DMIMO system for various< p N =1 and the parameters in Table | unless otherwise stated.
antenna configurations. In Fig. 5, we utilize our CFA of equation (25), for evaluating
the impact of various antenna configurations on the EE of the
IV. ENERGY EFFICIENCY ANALYSIS OF DMIMO 2BS-DMIMO system. The results clearly indicate that given a
In this section, we utilize our CFA of the EE-SE tradeeertain SE target, their exits an antenna setting that maximizes
off for the downlink of 2BS-DMIMO to evaluate the impactthe EE. In addition, we observe that in terms of the realistic
of the antenna configurations on the EE gain of the 2BE&E, havingp > ¢ is not desirable, i.e., we obtain a higher EE
DMIMO over MIMO system when considering a realistidfor = = 1 than fork = % Increasingp beyondq does not
power consumption model (PCM) as the ones in [12] and [13]ive significant increase in the downlink capacity, however, a
Combining these two linear PCMs, we obtain that the realistéignificant increase in power consumption is experienced.
total power Pr = pF(ﬂ—PZ + Psp) + Py, Where M = 2, In Fig. 6, we utilize our downlink EE-SE trade-off CFA for
upa,Psp and Py, denotes the power amplifier efficiency, sigeomparing the EE of DMIMO with that of MIMO system. We
nal processing power and the additional backhauling inducddfine the EE gailGgr asGgg = C‘J,DMIMO/C‘J,M,MO,
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V. CONCLUSION

In this paper, we have derived an accurate closed-form
approximation of the EE-SE trade-off for both the uplink and
downlink of the 2BS-DMIMO system over the Rayleigh fading
channel and also show its accuracy over a wide range of SE
and numerous antenna configurations. We then utilized our
CFA to analyze the effect of using multiple antennas on the EE
while considering a realistic PCM. It was revealed that their
exists an antenna setting that maximizes the EE. Furthermore,
our CFA was also used for assessing the EE gain of the

Realistic energy efficiency Cy (bits/J)

10

10

2 3 4 5 6 7 8 9
Number of antennas at UT ¢

10

the

Fig. 5. Effect of number of antennas on the realistic EE ()

2BS-DMIMO over MIMO system. The DMIMO scheme can

provide significant gain in terms of EE, especially when the
MIMO links are in deep fade. In the future, we would extend
our method for defining a more generic DMIMO system and
deriving a more compact CFA of its EE-SE trade-off for both

uplink and downlink scenarios.
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Fig. 6. Realistic EE gain of the downlink of a 2BS-DMIM@®, = 2
andq = 2
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whereCs parraro is given in (25) andC'y arraro is obtained [10]
from [3]. The PCM for MIMO can be obtained by setting
M =1,Py, = 0 andv = 0 in Pr. In order to make the 1]
comparison fair we assume an average channel gain for Eﬁe
MIMO system ofa; = 1 while we assume for the DMIMO
thata; = 1 anda, varies between/10-1 to +/10. We obtain 12
the values ofy, 11, 9o andd, by numerical search. Our results
indicate that at low SE, the MIMO scheme outperforms tH&3]
2BS-DMIMO over all channel offset range. However, at hig
SE, the DMIMO scheme performs better when the channel
gain of its other link, i.e.a3 - o, which include scenarios
where both channels are not in deep fade and scenarios wih

a better channel than the MIMO channel can be exploited by
DMIMO i.e., very good macro diversity gain.
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