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Abstract—In this paper, we propose a novel closed-form approximation of the Energy Efficiency vs. Spectral Efficiency (EESE) trade-off for the uplink/downlink of distributed multipleinput multiple-output (DMIMO) system with two cooperating
base stations. Our closed-form expression can be utilized for
evaluating the idealistic and realistic EE-SE performances of
various antenna configurations as well as assessing how DMIMO
compares against MIMO system in terms of EE. Results show
a tight match between our closed-form approximation and the
Monte-Carlo simulation for both idealistic and realistic EESE trade-off. Our results also show that given a target SE
requirement, there exists an optimal antenna setting that maximizes the EE. In addition, DMIMO scheme can offer significant
improvement in terms of EE over the MIMO scheme.

I. I NTRODUCTION
The traditional approach for designing wireless network
focuses on the spectral efficiency (SE) metric for optimizing
system performance. The current trend of increasing energy
demand and increasing energy related operating cost is currently steering research towards the design of energy efficient
networks. However, a conflict of interest does exist between
maximizing SE, which is a ratio of the capacity in bits/s to the
available spectrum, and maximizing energy efficiency (EE),
which is a ratio of the capacity to the total consumed power
PT [1]. The SE is the spectrum utilization indicator while the
EE is the energy consumption indicator, hence the relationship
between both indicators needs to be carefully studied through
their trade-off, i.e. the EE-SE trade-off.
The EE-SE trade-off of the point-to-point additive white
Gaussian noise (AWGN) can be easily computed [2]. However,
closed-form approximations (CFAs) are required for explicitly
expressing the EE-SE trade-off of more complex channel
such as point-to-point multiple-input multiple-output (MIMO)
Rayleigh fading channel [3], [4] . Furthermore, the CFA of the
EE-SE trade-off for the uplink of the symmetric coordinated
multi-point (CoMP) system is given in [5]. In this work,
we are interested in obtaining a tight CFA for the EESE trade-off of the distributed MIMO system, which is a
promising technique for meeting the high data rate requirement
of the next generation mobile communication networks. The
DMIMO scheme combines both the advantages of point-topoint MIMO and distributed antenna system (DAS), i.e. micro
and macro diversity, respectively [6], [7]. In [6], [8]–[10],
closed-form expressions of the channel capacity of DMIMO
were presented. To the best of our knowledge, the CFA of the
EE-SE trade-off of DMIMO is yet to be presented.

In this paper, we present a framework to analyze the EESE trade-off of the DMIMO system with two cooperating base
stations (2BS-DMIMO) over the Rayleigh fading channel by
following the same approach as in the pioneering works of
[3] and [4] on the the EE-SE trade-off CFA for the single-user
MIMO scenario. In Section II, we introduce the system model
for the 2BS-DMIMO. In Section III, we first derive the CFA
of the EE-SE trade-off for the uplink of the 2BS-DMIMO by
designing a parametric function and using a heuristic curve
fitting method [3], [4], [11]. Then, we derive the CFA of
the EE-SE trade-off for the downlink of the 2BS-DMIMO
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
IV, we utilized our CFAs along with the realistic power models
in [12] and [13], to obtain the realistic EE in the downlink
of the 2BS-DMIMO and its EE gain against MIMO system
over the Rayleigh fading channel. Our results show that there
exists an optimal number of BS antennas that maximizes EE
and that 2BS-DMIMO can be far more energy efficient than
MIMO system.
II. S YSTEM M ODEL
We consider a standard DMIMO communication system
where two base stations (BSs) equipped with p antennas each
cooperate to transmit/receive data to/from a user terminal
(UT) equipped with q antennas, as illustrated in Fig. 1. We
consider only one active user in the system due to the use
of an orthogonal access scheme. We assume as in [6], [9],
[14] that all 2p antennas have a separate feeder to the central
unit where all signal processing is done. We also assume that
p ≥ q, which is a practical and reasonable assumption [7].
The matrices Ωi and Hi represent the deterministic distance
dependent pathloss/shadowing and the MIMO Rayleigh fading channel, respectively, between the ith BS and the UT,
i ∈ {1, 2}. The channel model of the DMIMO system which
is depicted in Fig. 1 can then be defined as H̃ = Ω H, where
†
H = [H†1 , H†2 ]† , (.) is the complex conjugate transpose,
denotes the Hadamard product, H̃ ∈ CNr ×Nt , H ∈ CNr ×Nt
r ×Nt
and Ω ∈ RN
with R+ = {x ∈ R|x ≥ 0}. Moreover,
+
Ω = Λ , [α1 J† , α2 J† ]† and Ω = Λ† in the uplink and
downlink cases, respectively, where J is a p × q matrix with
all elements equal to one and αi represents the average channel
gain between the UT and the ith BS. Furthermore, the total
number of transmit and receive antennas of the 2BS-DMIMO

that the EE-SE trade-off can be formulated by finding an
explicit expression for f −1 (C). For example, f −1 (C) can
easily be obtained for point-to-point AWGN channel as in
[2], however, this is not as straightforward for more complex
channel scenarios such as DMIMO. Instead, approximating
f −1 (C) as in [3]–[5] is an effective solution for formulating
a closed-form expression of the DMIMO EE-SE trade-off.
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system is defined as Nt and Nr , respectively. In the uplink
case Nt = n = q and Nr = 2p, whereas in the downlink
case Nt = 2p, Nr = q and n = p, where n is the number
of transmit antenna per node. The received signal y ∈ CNr ×1
can be expressed as
y = H̃x + z

(1)

where x ∈ C
is the transmit signal vector with average
transmit power P and z ∈ CNr ×1 is the noise vector with
average noise power N . We assume that H is a random
matrix having independent and identically distributed (i.i.d)
complex circular Gaussian entries with zero-mean and unit
variance. The maximum achievable SE or ergodic capacity
per unit bandwidth of the DMIMO system given in (1) can be
expressed from [6] as
n
o
γ
C = EH̃ log2 INr + H̃H̃†
(2)
n
where INr is a Nr × Nr identity matrix, E is the expectation,
γ , NP
is the average signal-to-noise ratio (SNR), W (Hz)
0W
is the bandwidth and N0 is the noise spectral density.
Nt ×1

III. C LOSED - FORM A PPROXIMATION OF THE EE-SE
T RADE - OFF
The capacity per unit bandwidth of the Rayleigh fading
DMIMO channel given in (2) is such that
C = f (γ) .

(3)

The EE, CJ is the bit-per-Joule capacity and is equivalent to
R/PT , where R is the achievable rate and PT is the total
consumed power. Note that when considering the idealistic
model, PT = P and PT = 2P in the uplink and downlink
cases, respectively. Using the inverse function of f , f −1 (i.e.
fu−1 and fd−1 for the uplink and downlink case, respectively),
for expressing γ as a function of C, we obtain that
S

CJu =

,
N0 fu−1 (C)

(4)

C Jd =

S
,
2N0 fd−1 (C)

(5)

for the uplink and the downlink of the 2BS-DMIMO system,
respectively, where S = R/W . Equations (4) and (5) indicate

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

1 h
qln(1 + κα12 P u1 + κα22 P u2 ) + p ln 1 + α12 P w
C≈
ln(2)

 i
+ p ln 1 + α22 P w − p α12 P u1 + α22 P u2 w (6)

in bits/s/Hz, where κ = pq ui , i ∈ {1, 2} and w are the unique
solution to the following equations:
−1
ui = 1 + αi2 P w
i = 1, 2

−1
w = 1 + κα12 P u1 + κα22 P u2
(7)

Let us define g = κα22 P u2 (Δx + 1), d1 = Δα22 P w
d2 = α22 P w, where Δ is the SNR offset between the
α2
links i.e. Δ = α12 , α2 is the link with the lowest gain
2
x = u1 /u2 . In addition, let gˉ = 2g + 1, dˉ1 = 2d1 + 1
dˉ2 = 2d2 + 1. Then, equation (6) can be re-expressed as
1
C ≈ f˜u (γ) =
(Sq + Sp1 + Sp2 )
ln(2)

and
two
and
and
(8)

where Sq , Sp1 and Sp2 are given by


1
1
Sq = q − − ln(2) +
+ ln(1 + gˉ) ,
2
1 + gˉ


1
1
ˉ
+ ln(1 + d1 ) and
Sp1 = p − − ln(2) +
2
1 + dˉ1


1
1
ˉ2 ) ,
Sp2 = p − − ln(2) +
+
ln(1
+
d
(9)
2
1 + dˉ2
respectively. We can re-express the first equation in (9) as


1
1
gq (Sq ) = −
,
(10)
exp −
1 + gˉ
1 + gˉ
S

where gq (Sq ) = − exp(−( qq + 12 +ln(2))). Using the Lambert
W function which is the inverse function of f (w) = w exp(w)
and is such that W (z)eW (z) = z, where w, z ∈ C [15], we
can reformulate (10) as
1
−
= W0 (gq (Sq ))
1 + gˉ


1
gˉ = − 1 +
.
(11)
W0 (gq (Sq ))
h
i
h
i
Similarly, dˉ1 = −1+W0 (gp1(Sp )) and dˉ2 = −1+ W0 (gp1(Sp )) .
1
2
Moreover, it can be easily demonstrated that

ˉ



d1 1
ˉ
gˉ d2 +
− +1 = 2 2α22 γ (κΔx + κ + 1) + 1 , (12)
Δ Δ
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which results in the following approximation for
in
(4)
h
ih
 
 i
1
−2+1+ W0(g1q(Sq) 1+ W0(g1p(Sp )) +Δ
2+W0(gp1(Sp )) −1
1
2
f˜u−1(C)=
4α22 (κΔx + κ + 1)
(13)
Note that u1 = 2/(1 + dˉ1 ) and u2 = 2/(1 + dˉ2 ) are such that
u1
W0 (gp (Sp1 ))
.
=
u2
W0 (gp (Sp2 ))

(14)

Thus, obtaining the closed-form expression of the EE-SE
trade-off for the uplink of the 2BS-DMIMO system is equivalent to expressing Sq , Sp1 and Sp2 as a function of C in
(13). Moreover, since Cˉ = C ln(2) ≈ Sq + Sp1 + Sp2 in
S
(8), we can define parametric functions Ψp,q (C) ≈ Spp2 and
1
Φp,q (C) ≈ Sq − (Sp1 + Sp2 ), such that we obtain Sq , Sp1 and
Sp2 as a function of C, p and q by solving a set of linear
equations. The equation Sq − (Sp1 + Sp2 ) can be simplified as


22p (1+ˉ
g )q
, (15)
Φp,q (C)≈ Sq −(Sp1+Sp2) = ln q
2 (1+ dˉ1 )p (1+ dˉ2 )p
since it can be proved that p(−1/2 + 1/(1 + gˉ)) − q(−1 +
1/(1 + dˉ1 ) + 1/(1 + dˉ2 )) = 0 as in the MIMO case [3].
Φp,q

40
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in %

In addition, we obtained that limC→0

x=

35

Sq −(Sp1 +Sp2 )

q
and utilize the
We define φp,q (C) = e q ≈ e
parametric function derived for Sq − Sp in the point-to-point
MIMO Rayleigh fading channel [3], such that

ˉ (qη1 ) and
Φp.q (C) = qη1 ln cosh C/



ˉ (qη1 ) η1 − 1 (16)
Φp,q (C) = q ln 1 + η0 cosh C/

tightly approximate Sq − (Sp1 + Sp2 ) as a function of C when
κ ≥ 2 and 1 ≤ κ < 2, respectively, where η0 and η1 are
obtained from a numerical search.
S
In order to obtain Ψp,q , we first numerically evaluate Spp2
1
as a function of C for a particular Δ and various antenna
2
2
configurations, we set α1 = 1 and α2 = 0.1 i.e., Δ = 10dB.

Sp2
Sp1

1
Δ,
Sp2
Sp1

=

such that the

as a function
parametric function that best fits the curves
of C is

1
ˉ 0 /n ,
(17)
Ψp,q =
+ ln 1 + δ1 tanh Cδ
Δ
where the values of δ0 and δ1 for Δ = 10dB are given in Table
I. We then plotted the approximation error as a function of C
for different antenna configurations. Results in Fig. 2 shows
that the accuracy of our approximation increases with κ.
Furthermore, by solving the linear equations (16), (17) and
Cˉ ≈ Sq + Sp1 + Sp2 , we obtain Sq , Sp1 and Sp2 such that

ˉ (qη1 )
Sq ≈ 0.5 Cˉ + qη1 ln cosh C/


ˉ (qη1 )
0.5 Cˉ − qη1 ln cosh C/
S p1 ≈
(18)
1 + Ψp,q


ˉ (qη1 )
ln (Ψp,q )
0.5 Cˉ − qη1 ln cosh C/
S p2 ≈
1 + Ψp,q
for κ ≥ 2. In addition, Sq , Sp1 and Sp2 can be formulated as
η1 

ˉ
−1
Sq ≈ 0.5 Cˉ +q ln 1+η0 cosh C/(qη
1)

η1 

ˉ
0.5 Cˉ −q ln 1+η0 cosh C/(qη
−1
1)
Sp 1 ≈
(19)
1+Ψp,q

η1 

ˉ
0.5 Cˉ −q ln 1+η0 cosh C/(qη
−1 ln(Ψp,q )
1)
Sp1 ≈
1+Ψp,q
when 1 ≤ κ < 2. Next, f˜u−1 (C) in (13) is obtained by
substituting Sq , Sp1 and Sp2 (equations (18) or (19) ). Our
CFA for the EE-SE trade-off of the uplink of the 2BS-DMIMO
system is then obtained by inserting fu−1 (C) ≈ f˜u−1 (C) in
(4). In Fig. 3, we compared our uplink CFA obtained from
equations (4) and (13) with the Monte-Carlo simulations for
various p × q antenna configurations. As it can be observed,
the results clearly show the tight fitness of our CFA with the
Monte-Carlo simulations, hence, it is a graphical illustration
of the accuracy of our uplink CFA.

TABLE I
κ|1/ˉ
κ
η0
η1
δ0
δ1

1
0.175
0.95
0.33
0.049

6/5
0.228
0.86
0.36
0.0298

AND δ1 AS A FUNCTION OF

3/2
0.278
0.73
0.38
0.0169

5/3
0.317
0.77
0.39
0.0131

2
2.220
0.41
0.0085

κ|1/κ AT Δ = 10dB

9/4
2.113
0.42
0.0065

3
1.916
0.43
0.0035

10
1.569
0.39
0.0003

B. EE-SE Trade-off CFA for the Downlink of 2BS-DMIMO
The closed-form expression for the ergodic capacity per unit
bandwidth in the downlink of DMIMO can be expressed as

1 h
C ≈f˜d (γ) =
κα22 ΔP w)
qln 1+α22 P (Δu1+u2 ) +pln(1+ˉ
ln(2)
i
+pln(1+ˉ
κα22 P w)−qα22 P w(Δu1 +u2 ) (20)
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q
p,

in bits/s/Hz, where κ
ˉ = ui , i ∈ {1, 2} and w are the unique
solution to the following equations:
−1
ˉ αi2 P w
i = 1, 2
ui = 1 + κ
−1
2
2
w = 1 + α1 P u 1 + α 2 P u 2
(21)

Similar to the uplink scenario, we define g = α22 P u2 (Δx +
1), d1 = κ
ˉ Δα22 P w and d2 = κ
ˉ α22 P w. Moreover, we define
gˉ = 2g + 1, dˉ1 = 2d1 + 1 and dˉ2 = 2d2 + 1. By following
the same approach as in the uplink scenario, we can express
(20) as in (8) and, hence, we can easily show that

ˉ



d1 1
ˉ + 1) + 1 , (22)
− +1 = 2 2α22 γ (Δx + κ
gˉ dˉ2 +
Δ Δ

which results in the following approximation for fd−1(C) in (5)
ih
 
 i
h
1
2+W0(gp1(Sp )) −1
−2+1+ W0(gq1(Sq))) 1+ W0(g1p(Sp )) +Δ
1
2
.
f˜d−1(C)=
4α22 (Δx + κ
ˉ + 1)
(23)
Using a similar approach as in the uplink case, the closed-form
expression for the downlink of 2BS-DMIMO can be obtained
by expressing Sq , Sp1 and Sp2 as a function of C, p and q.
By utilizing the parametric expression given in (16) and (17)
S
for Sq − (Sp1 + Sp2 ) and Ψp,q ≈ Spp2 , respectively, we obtain
1
the expressions of Sq , Sp1 and Sp2 given in (18) and (19) ,
for 1/ˉ
κ ≥ 2 and 1 ≤ 1/ˉ
κ < 2, respectively. Our CFA for the
EE-SE trade-off of the downlink of the 2BS-DMIMO system
is then obtained by inserting fd−1 (C) ≈ f˜d−1 (C) in (5). In
Fig. 4, we demonstrate graphically the accuracy of the EE-SE
CFA in the downlink of 2BS-DMIMO system for various q×p
antenna configurations.
IV. E NERGY E FFICIENCY A NALYSIS OF DMIMO
In this section, we utilize our CFA of the EE-SE tradeoff for the downlink of 2BS-DMIMO to evaluate the impact
of the antenna configurations on the EE gain of the 2BSDMIMO over MIMO system when considering a realistic
power consumption model (PCM) as the ones in [12] and [13].
Combining these two linear PCMs, we obtain that the realistic
MP
total power PT = pΓ( pμ
+ Psp ) + Pbh , where M = 2,
PA
μP A, Psp and Pbh denotes the power amplifier efficiency, signal processing power and the additional backhauling induced
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power for supporting DMIMO, respectively. In addition, the
parameter Γ = (1 + cdc )(1 + cms )(1 + cc ) accounts for the
DC-DC, main supply and cooling losses i.e. cdc , cms and cc
respectively. The power Psp can be obtained from [12] such
that

Psp = psp (0.9 − v) + 0.1M + M 2 v .
(24)

where psp is the base value of the signal processing power and
(0.9 − v) + 0.1M + M 2 v represents the additional processing cost as a result of joint processing. Note that v% (where v
is between 1 and 10) of psp is used for MIMO processing, and
we assume that v = 5. The additional backhaul power Pbh is
d
given by Pbh = CCbh
M pb Watts, where Cbh is the capacity of
the backhaul link with a dissipation power pb . Consequently,
the EE-SE trade-off in the downlink of DMIMO can be reexpressed as
"
#−1
S 2f˜d−1 (C)Γ pΓPsp + Pbh
+
(25)
C̃Jd =
N
N0
μP A
when considering a realistic PCM. We set the parameters in
(25) by using the values related to the LTE system in Table 1
of [13], where psp = PRF + PBB = 42.5Watts. In addition,
we assume that α12 = 1, α22 = 0.1 (such that Δ = 10dB) and
N = 1 and the parameters in Table I unless otherwise stated.
In Fig. 5, we utilize our CFA of equation (25), for evaluating
the impact of various antenna configurations on the EE of the
2BS-DMIMO system. The results clearly indicate that given a
certain SE target, their exits an antenna setting that maximizes
the EE. In addition, we observe that in terms of the realistic
EE, having p > q is not desirable, i.e., we obtain a higher EE
for κ
ˉ = 1 than for κ
ˉ = 12 . Increasing p beyond q does not
give significant increase in the downlink capacity, however, a
significant increase in power consumption is experienced.
In Fig. 6, we utilize our downlink EE-SE trade-off CFA for
comparing the EE of DMIMO with that of MIMO system. We
define the EE gain GEE as GEE = C̃J,DM IM O /C̃J,M IM O ,
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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
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
the uplink and downlink scenarios.
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[10] F. Héliot, M. A. Imran, and R. Tafazolli, “Energy efficiency analysis
of idealized coordinated multi-point communication system,” in Proc.
IEEE 73rd Vehicular Technology Conf. (VTC Spring), 2011, pp. 1–5.
[11] N. C. Beaulieu and F. Rajwani, “Highly accurate simple closed-form
approximations to lognormal sum distributions and densities,” IEEE
Commun. Lett., vol. 8, no. 12, pp. 709–711, 2004.
[12] A. J. Fehske, P. Marsch, and G. P. Fettweis, “Bit per Joule efficiency of
cooperating base stations in cellular networks,” in Proc. IEEE Globecom,
Miami, USA, Dec. 2010.
[13] G. Auer et al, “How much energy is needed to run a wireless network?”
IEEE Wireless Commun. Mag., vol. 18, no. 5, pp. 40–49, 2011.
[14] W. Roh and A. Paulraj, “Outage performance of the distributed antenna
systems in a composite fading channel,” in Proc. IEEE 56th Vehicular
Technology Conf. (VTC Fall), vol. 3, 2002, pp. 1520–1524.
[15] R. M. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey, and D. E.
Knuth, “On the LambertW function,” Adv. Comput. Math., vol. 5, p.
329359, 1996.

