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Abstract—We analyze the area energy efficiency (AEE) of
spatial multiplexing (SM) and transmit antenna selection (TAS),
considering a realistic power consumption model for small base
stations (BSs), which includes the power consumed by the
backhaul as well as different interference attenuation levels. Our
results show an optimum number of BSs for each technique that
maximizes the AEE. Moreover, we also show that TAS has a
larger AEE than SM when the demand for system capacity is
low, while SM becomes more energy efficient when the demanded
capacity is larger. Additionally, when the capacity demand and
the area to be covered are fixed, the number of BSs needed to
be deployed is smaller for SM than for the other techniques.
Finally, the system performance in terms of AEE is shown to be
strongly dependent on the amount of interference, which in turn
depends on the employed interference-mitigation scheme, and on
the employed power consumption model.

I. I NTRODUCTION
By 2020, the aggregate traffic is expected to be between 8
and 12 times greater than today [1], [2]. Such growing
demand requires more base stations (BSs), which in turn may
increase the network power consumption. An important task in
network planning is finding the optimal number of BSs that
achieves a desired quality of service while maximizing the
energy efficiency. Moreover, it is well known that choosing
a proper antenna technique can lead to either meeting the
increased traffic demand, or reducing the power consumption [3]. Looking forward to improve spectral efficiency, the
long term evolution (LTE) cellular network 4G standard [4]
employs multiple antenna (MIMO) technologies in order to
mitigate the effects of fading, providing diversity gains, or to
increase the network capacity, providing multiplexing gains
through spatial multiplexing (SM) techniques. However, these
techniques also lead to a greater energy consumption as a
result of the multiple radio frequency (RF) chains, specially
due to the power amplifier consumption that corresponds to
55-60% of the total consumption in a BS [5].
Another MIMO technique that has been already considered
for energy efficient deployments is the transmit antenna selection (TAS), in which only one RF chain remains active at the
transmitter [6]. It is worth noting that LTE already employs
TAS, but at the user equipment (UE) only [7], while at the BS

side it could lead to greater area energy efficiency (AEE), with
the same diversity order as in MIMO [8]. Moreover, according
to [3], when analyzed through a realistic power consumption
(PCM) model, TAS is more energy efficient when compared
to SM in the low to medium spectral efficiency region.
The use of a realistic PCM is important to evaluate the
energy efficiency, as shown, e.g., in [3], [9]–[11], which take
into account several components that consume power in a BS,
such as the AC-DC main power unit, cooling and DC-DC
power supplies, as well as the RF power amplifier chain for
communications. Additionally, the works in [12], [13] have
shown that the power consumed by the backhaul – i.e., the
power consumed by the aggregation switches, which is a
function of the network traffic – should not be neglected into
a complete network energy efficiency evaluation, since it may
be the bottleneck in terms of energy consumption.
Severe inter-cell interference may arise due to dense network deployments. This problem was first addressed in 3GPP
LTE standard release 8 [14], where the inter-cell interference
coordination (ICIC) was introduced to allocate different frequency resources to the UEs at the cell edge. Since then, the
releases 9 and 10 employ an enhanced ICIC [14], allocating
different subframes between macro and small cells, also enhancing intra-cell interference. Release 11 introduces coordinated multi-point transmit and reception (CoMP) [15], where a
dynamic coordination for transmission and reception of signals
at multiple cells is made. CoMP is a cooperation technology
where one or more BSs serve the UE in order to mitigate
interferences and to achieve better throughputs. In [16], the
combination of fractional frequency reuse and the cooperative/coordination of multiple separated cells, achieve an improvement for signal-to-interference-plus-noise ratio (SINR) at
the cell edge of approximately 13 dB. Nevertheless, channel
state information (CSI) must be constantly shared between
UEs and BSs in order to make scheduling possible, which due
to imperfections in channel estimation and number of served
UEs may lead to different levels of interference cancellation.
In this paper, we analyze the energy efficiency of SM and
TAS at the cell edge in a 4G cellular network consisting
of small BSs. In this scenario the UE is subjected to in-

terference from other neighbor small BSs. We also assume
that interference may not be fully canceled due to, e.g., the
interference mitigation technique or imperfect CSI estimation,
so that we consider a fraction of residual interference denoted
by κ. Moreover, we employ a realistic PCM that combines [3]
and [13], i.e., it scales with the number of active antennas at
the BS for the different MIMO techniques [3], at the same time
that it includes the backhaul power consumption [13]. Differently from [9]–[11], by considering TAS we observe different
trade-offs in terms of AEE between the MIMO techniques.
For instance, TAS stands out with the largest AEE when
the demand for system capacity is low, while SM becomes
more energy efficient when the capacity demand is larger.
However, the point of the demanded system capacity that
dictates the intersection between TAS and SM considerably
changes depending on the employed PCM, e.g., if the backhaul
or the fraction that scales with the number of antennas are
considered or not. Moreover, we observe an optimum number
of BSs that maximizes the AEE for each technique. By fixing
the capacity demand and the area to be covered, TAS is
more energy efficient but requires more BSs than SM. Finally,
the performance in terms of AEE is shown to be strongly
dependent on κ, so that conclusions in terms of the MIMO
scheme that achieves the largest AEE may change with the
performance of the interference mitigation technique in use.
II. S YSTEM M ODEL
Let us consider a cellular network composed by hexagonal
cells of radius R, covering an area A, in km2 , so that the
number of small base stations required for such area is NBS =
√2A . In the downlink direction, the signal transmitted by the
3 3R2
BS and received by the UE is given by
r
PL Ptx
y=
H x + w,
(1)
m
bt
2

Gλ
is the path loss, where d is the
where PL = L(4π)
2 dα
transmission distance, G is the antenna gain, L is the link
margin, λ is the wavelength and α is the path loss exponent,
bt
is the channel
Ptx is the transmit power of the BS, H ∈ Cmr ×m
matrix composed by the fading coefficients hi,j , where mt is
the number of transmit antennas, m
b t is the number of active
transmit antennas1 , mr is the number of receiving antennas,
b t ×1
x ∈ Cm
is the unit energy transmitted symbol vector,
mr ×1
y ∈ C
is the received symbol vector and w ∈ Cmr ×1
is the zero-mean additive white Gaussian noise with variance
N0 /2 per dimension, where N0 is the thermal noise power
spectral density per Hertz. Then, the average signal-to-noise
ratio (SNR) per receive antenna is written as

PL Ptx
,
(2)
N0 W
where W is the channel bandwidth.
Moreover, we also consider that the communication links
are subjected to interference, which may not be fully canceled
γ=

1 Notice that m
b t ≤ mt , while the active antennas are selected according to
the employed MIMO transmission scheme.

depending on the employed interference mitigation scheme, so
that in our model we include a factor denoted by κ ∈ [0, 1]
that multiplies the maximum interference power PI . Thus,
the signal-to-interference power ratio (SIR) in the case of
hexagonal cells becomes [17]
α

ζ=

32
PL Ptx
=
,
κPI
6κ

(3)

in which κ = 0 yields ζ → ∞, i.e., full interference
cancellation, while κ = 1 considers the worst-case scenario
with no interference cancellation at all.
Then, the average SINR for the UE at the cell edge is [17]
Γ=

γ
PL Ptx
=
.
N0 W + κPI
1 + γ ζ −1

(4)

A. Network Total Power
To compute the network total power consumption, Pnet , we
employ a PCM combining [3] and [13], which also takes into
account the number of active antennas at the BS. Thus,
Pnet = NBS [m
b t (P0 Ptx + P1 ) + P2 )] + Pbh ,

(5)

where P0 is a constant that encompasses the effects of the
power amplifier drain efficiency, cooling, power supply and
battery backup losses, P1 represents the part of the circuitry
power consumption that grows linearly with m
b t , while P2 is
the power consumption that does not depend on m
b t [3], [9].
Moreover, Pbh is the power consumption of the backhaul2.
The power consumed by the backhaul takes into account
the power consumed by the downlink interfaces (Pdl ), uplink
interfaces (Pul ) and the power consumed by the access switch
(Ps ), being written as [13]


NBS
Pbh =
Ps + NBS Pdl + Nul Pul ,
(6)
maxdl
where ⌈.⌉ is the ceil operation, maxdl is the maximum number
of downlink
available in an aggregation switch and
l interfaces
m
tot
Nul = Ag
is
the
number of uplink interfaces (number
Umax
of ports used by the switch), where Agtot is the total traffic
aggregated at all switches and Umax is the maximum rate
supported by each uplink interface.In addition, the power
consumed by each access switch is
Ps = δPs,max + (1 − δ)

Agswitch
Ps,max ,
Agmax

(7)

where δ ∈ [0, 1] is a weighting parameter, Ps,max is the
maximum power consumed by the switch, Agswitch is the
traffic traversing the switch, and Agmax is the maximum traffic
supported by the switch.
B. Area Energy Efficiency
In order to compare networks with different cell sizes, we
define the area power consumption in W/km2 as [12]
Ω=
2 Let

Pnet
,
A

us remark that Pbh = 0 in [3], while P1 = 0 in [13].

(8)

while we also assume that the cells may have different area
throughput targets, which can be written as [13]

A. Spatial Multiplexing (SM)
In order to exploit the multiplexing gains provided by multiple antennas, SM transmits m = min {mt , mr } independent
and separate encoded data streams, one by each transmit
antenna3. Then, the average SNR per receive antenna is [3]
γ
,
(11)
m
while the capacity of the SM scheme is [3], [16]



γSM Ξ
(SM)
,
Cnet = NBS W log2 det Im +
1 + γSM ζ −1 Ξ
(12)
where Im is an m × m identity matrix and Ξ = HH† if mt ≥
mr , or Ξ = H† H otherwise, with H† being the conjugate
transpose of H.
γ SM =

B. Transmit Antenna Selection (TAS)
When TAS is employed, we assume that only m
bt = 1
antenna is selected from the set of mt transmit antennas, which
saves power since only one RF chain remains active. Assuming
maximum ratio combining (MRC) at the receiver side, the
average SNR of TAS is [17]
γTAS = γ max
i

mr
X

2

|hi,j | ,

(13)

j=1

where the maximum over i represents that only the best
antenna of the transmitter is chosen, while the sum comes
from the MRC at the receiver.
(TAS)
, is given by
Finally the capacity of TAS, Cnet


γTAS
(TAS)
= NBS W log2 1 +
Cnet
.
(14)
1 + γTAS ζ −1
Other MIMO schemes could also be considered, as e.g.
Space-Time Codes or Maximal Ratio Transmission (MRT).
However, these methods are outperformed by SM or TAS in
terms of energy efficiency [3]. Moreover, we restrict our investigation to techniques available in current LTE deployments,
especially for small BSs, so that we leave other approaches
such as Massive MIMO [19] for future investigations.
3 In

SM, we consider that all transmit antennas are active (m
b t = mt ).

Description
Coverage area
Antenna gain
Link margin
Path-loss exponent
Minimum required power at cell edge
Carrier frequency
Bandwidth
Noise psd/Hz
Number of transmit/receive antennas
Maximum transmit power
Constant for power consumption
Power consumption dependent on m
bt
Power consumption not dependent on m
bt
Maximum rate at each uplink interface
Weighting parameter
Maximum number of downlink interfaces
Maximum traffic per switch
Maximum power consumed by the switch
Power consumed by uplink interfaces
Power consumed by downlink interfaces

Value
41 km2
10 dBi
10 dB
3.5
-95 dB
2.5 GHz
5 MHz
-174 dBm
{2, 4, 8}
6.31 W
3.14
35 W
34 W
10 Gbps
0.9
24
24 Gbps
300 W
2W
1W

1000
2

III. MIMO T RANSMISSION S CHEMES

Parameter
A
G
L
α
Pmin
f
W
N0
mt / mr
Pmax
P0
P1
P2
Umax
δ
maxdl
Agmax
Ps,max
Pul
Pdl

Area Power Consumption (Ω) [Watt/km ]

Cnet
,
(9)
A
where Cnet is the total network capacity, which is different
depending on the employed MIMO scheme, as will be detailed
in Section III. Finally, to reflect the ratio between the overall
network capacity and the energy consumption, we adopt an
area energy efficiency metric, in bits/J/km2 , given by [18]
τA
.
(10)
ηA =
Pnet
τA =

TABLE I
S YSTEM PARAMETERS

900

SM
TAS

800
700
600

κ = 0.1
κ=1

500
400
300
200
100
6
10

κ=0
10

7
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8
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9
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2

Area Throughput [bps/km ]

Fig. 1. Area power consumption (Ω) as a function of the area throughput
(τA ), varying NBS , with mt = mr = 2.

IV. N UMERICAL

RESULTS

The simulation parameters are shown in Table I, according
to [12], with the constants regarding small BS power consumption based on [3], [10] and with the power consumption
parameters associated with the backhaul following [13].
Let us first analyze the area power consumption (Ω) as a
function of the area throughput (τA ). For each scenario, there
is a minimum NBS required to cover the area A, which is
obtained respecting the maximum transmit power Pmax for
each BS, while guaranteeing a minimum received power (Pmin )
for the UEs at the cell edge. Moreover, we also consider that
a maximum of NBS = 500 can be deployed. Fig. 1 plots
Ω as a function of τA in the case that only small BSs are
employed. From the figure, we can notice that TAS minimizes
the area power consumption, regardless of κ. However, if the
throughput is required to be increased, different trade-offs are
observed. For instance, when there is no interference at the
cell edge (κ = 0), TAS is more energy-efficient than SM for
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Fig. 2. Area energy efficiency (ηA ) as a function of the area throughput (τA )
for small BSs with mt = mr = 2 and κ = 0. The arrow “← •#” indicates
the NBS employed by SM and “← ×#” the NBS employed by TAS.
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Fig. 3. Area energy efficiency (ηA ) as a function of τA for small BSs with
mt = mr = 2 and κ = {0.1, 1}.

lower τA , but when τA increases, TAS is slightly outperformed
by SM due to the multiplexing gains that provide the required
system capacity. In addition, when interference is not fully
canceled and κ increases, TAS performs better since it also
generates less interference in neighbor cells. Finally, TAS is
only outperformed when the required τA is very high (higher
than 280 Mbps/km2), which is observed when κ = 1.
Moreover, Fig. 1 also shows an interesting behavior caused
by the backhaul power consumption. According to (7), when
a new switch must be turned on to support the traffic demand
through the backhaul, 90% of Ps,max is consumed (due to the
term δ in Table I), which is higher than the power consumption
of the network (Pnet ) in the case of small BS. Thus, the curves
exhibit a saw shape, indicating when a new switch starts.
Figures 2 and 3 show the area energy efficiency (ηA ) as a
function of τA , with mt = mr = 2. In Fig. 2, ηA is evaluated in
a scenario where all the interference is considered to be fully
canceled (κ = 0). As we can observe, in the region where
τA < 5.5 × 1010 bps/km2 TAS has higher ηA for a given area

0

0.5

1

1.5

Area Throughput [bps/km2]

2

2.5
×10

9

Fig. 4. Area energy efficiency (ηA ) as a function of the area throughput (τA )
for small BSs with mt = mr = 2 and κ = 1. The PCM in (5) is compared
with those of [3] and [13].

throughput, which is due to the energy saved by employing
only one antenna for transmitting. However, SM performs
better beyond that point since the multiplexing gain provided
by this technique allows to use lower transmit power given
the required area throughput. In addition, “← •#” indicates
the NBS employed by SM and “← ×#” the NBS employed
by TAS. Notice that even when TAS is more energy efficient
than SM, it requires a higher number of deployed small BSs.
Next, Fig. 3 presents the same analysis as in Fig. 2, but
considering that κ = 0.1 (interference is not fully canceled)
and κ = 1 (no interference cancellation at all). As we can
observe, this analysis corroborates with the results of Fig. 1,
so that TAS achieves the best performance when κ = 0.1. In
this case when a fixed NBS is chosen TAS has more ηA and
SM has higher τA . Moreover, notice that ηA is an increasing
function of NBS when κ 6= 0, so that the area energy efficiency
increases with the number of base stations.
The effect of different PCMs is illustrated in Fig. 4, which,
besides (5), also considers [3] which does not include the backhaul power consumption (i.e. Pbh = 0), and [13] which does
not include the fraction that scales with m
b t (i.e. P1 = 0). As
we can observe from the curves, the intersection between TAS
and SM considerably changes depending on the considered
PCM. For instance, if we consider the curves when the optimal
NBS = 131, the PCM in [13] indicates SM as the most energy
efficient scheme, with ηA ≈ 3500 bits/J/km2 , while the PCM
in [3] indicates TAS, with ηA ≈ 1750 bits/J/km2 , whereas the
more elaborate PCM in (5) leads to the intersection between
TAS and SM, with ηA ≈ 1500 bits/J/km2 .
Figures 5a and 5b evaluate ηA as a function of the number
of antennas, considering that mt = mr ∈ {2, 4, 8}, and with
a target network capacity of Cnet = 1 × 1011 bits/s in Fig. 5a
and Cnet = 7 × 109 bits/s in Fig. 5b. As we can observe, SM
performs better when the demanded network capacity is higher
(Fig. 5a) and with smaller number of antennas. On the other
hand, TAS outperforms the other schemes when the number
of antennas is higher (with mt = mr = 8 in Fig. 5a) or with

3
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Area Energy Efficiency (ηA) [bits/J/km2]

SM
TAS
2.5

2

1.5

1

0.5

×10

the demand for system capacity is lower, while SM becomes
more energy efficient when the demanded capacity is higher.
Additionally, when the capacity demand and the area to be
covered are fixed, we also show that although achieving the
highest AEE, TAS also demands more small BSs than SM.
Finally, the system performance in terms of AEE is shown to
be strongly dependent on the amount of interference, which in
turn depends on the employed interference-mitigation scheme,
and on the employed PCM, if the backhaul or the fraction that
scales with the number of antennas are considered or not.
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less demand for network capacity (Fig. 5b). This behavior is
explained by the lower energy consumption of TAS compared
to SM, which increases its energy efficiency unless the demand
for traffic is too high, so that SM performs better.
Finally, Fig. 6 evaluates the area power consumption as a
function of κ, with mt = mr = 2 and a target network capacity
of Cnet = 7×109 bits/s. Consistent with Fig. 5b, TAS achieves
the highest area energy efficiency in this scenario. However, it
is interesting to notice that this increased performance comes
at the cost of employing more small BSs than SM to supply
the same target network capacity. For each point in the curve,
SM always requires less BSs than TAS, but the AEE is lower.
V. F INAL C OMMENTS
In this paper we evaluated a cellular network employing two
different multiple antenna techniques: SM and TAS. The goal
was to optimize the AEE by calculating the optimal number
of BSs given some requirements, such as demanded network
capacity, amount of interference and employed MIMO scheme.
Our results show that TAS achieves the higher AEE when
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