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Abstract—In this paper we compare the energy efficiency has impact on the energy consumption of the BS [8].
of different multiple antenna transmission schemes for log- Multiple antennas (MIMO) systems can present a consider-
range wireless networks, assuming a realistic power consym  pia signal-to-noise ratio (SNR) improvement if compared t

tion model. We consider the downlink, between a base station _. .
and a mobile station, in which the Alamouti scheme, transmit single antenna (SISO) systems. For the same outage require-

beamforming, receive diversity, spatial multiplexing, ard transmit ~ ment, @ MIMO system may demand less transmit power. The
antenna selection are compared. Our analysis shows that, fo SNR gains of MIMO schemes for a given target data rate for
different types of base stations, outage probability requiements  cellular networks were analyzed in [10]. But the authorsyonl
and spectral efficiencies, the transmit antenna selectioncieme ., nqiger the transmit power, and other BS consumptionfacto
is in general the most energy efficient option. Although antena L . . . - .
selection is not the best in terms of outage probability, it ecomes as perUItry and 009"”9 are n(‘_’t '.nCIUded in their analym',
the most efficient in terms of overall power consumption as it [9] it is shown that if more realistic power models are consid
requires a single radio-frequency chain to obtain spatial dersity.  ered, the advantage of MIMO over SISO is not always evident
for short-range communication systems, as wireless sensor
networks. However, power models for cellular systems [8]
are considerably different than the power models for wiele
Energy efficiency has become one of the main concernssgnsor nodes [9]. The work in [11] showed that for realistic
the wireless network operators. Such increased concern &% power consumption models, MIMO techniques can be
be justified by two main reasons: ecological and economidaeks efficient when compared to SISO. However, the authors
interests. Regarding the ecological issue, the informadiod consider only the case of a spatial multiplexing MIMO system
communication technology (ICT) industry represents abowhere the multiple antennas are used for increased spectral
2% of the global C@ emissions, with the mobile networksefficiency and not for spatial diversity. In [12] we investtgd
operation representing around 10% of the ICT industry emigre limiting distances up to which transmit antenna sedecti
sions [1]. From the economical point of view, the rising gyer outperforms beamforming in terms of energy efficiency for
costs and also the operational costs of the base statiorsy (Bshy number of transmit antennas and a single receive antenna
led the network operators to an emerging concern with réspecin this paper we compare the energy efficiency of SISO and
to the energy efficiency. It has been reported that the IGMIMO schemes for a target outage probability in large-range
industry is responsible for 10% of the energy consumptianireless networks. We consider schemes in which either the
in the world, with the mobile communication networks alon8S, the mobile station (MS), or both, can be equipped with
representing as much as 0.5% of the global energy canultiple antennas. Spatial diversity and spatial muliipig
sumption [2]. Considering the increased demand for cellul®IMO systems are considered, including the vertical Bell
data traffic, with forecasts ranging between a hundredfold tLaboratories layered space-time (V-BLAST) scheme, trans-
thousandfold increment before 2020 [3], we can conclude thait antenna selection (TAS), receive diversity by means of
the required expansion of the cellular networks in the nearaximum ratio combining (MRC), the Alamouti scheme, and
future will reflect both in a significant energy consumptiotransmit beamforming (BF). Our results show that although
and CQ emissions increase. BF presents the best SNR performance in terms of the outage
Due to the above critical impacts, the energy consumprobability, when realistic power consumption models are
tion of large wireless communication systems has recentignsidered, the TAS scheme is the most energy efficient
attracted the attention of many authors, as [2]—[8]. A BS @owoption. Such energy efficiency advantage of the TAS scheme
consumption model, as presented in [8], needs to includemes from the fact that only a single radio-frequency (RF)
many additional aspects that are not usually considereddhain is used at the transmitter, while other MIMO schemes
modeling simpler devices, as the nodes from a wireless sengse a RF chain per transmit antenna, compromising their
network [9]. For instance, it is showed in [8] that considgri energy efficiency.
realistic power models, the cooling energy consumption of The rest of this paper is organized as follows. The system
a BS can represent a significant portion of the total energyodel is introduced in Section 1. The outage probability
consumption. Even the power amplifier module positioningnd energy efficiency of the different transmission schemes
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considered in this paper are presented in Section Ill, waieh I1l. TRANSMISSION SCHEMES
then numerically evaluated in Section IV. Finally, Sectddn

Next, due to practical constraints, we assume t
concludes the paper. P thiat €

{1,2} and M, € {1,2}. Moreover, we consider the following

schemes: single transmit and receive antennas (SISO); two
Il. SYSTEM MODEL transmit antennas using the Alamouti scheme and one receive

antenna (Alamouti 2x1); two transmit antennas applying TAS
We investigate the energy consumption per bit given a targgid one receive antenna (TAS 2x1); one transmit antenna

outage probability, considering the downlink between a B& agngd two receive antennas applying MRC (MRC 1x2); two
a MS. The BS power model follows [8], where the total energyansmit antennas using the Alamouti scheme and two receive

consumption per bit can be generalized to a linear model, §8tennas applying MRC (Alamouti+MRC 2x2); two transmit

that antennas applying TAS and two receive antennas applying
By = Nrrx - Po+4A,-P 1) MRC (TAS+MRC 2x2); two transmit antennas using BF and
Ry ’ two receive antennas applying MRC (BF+MRC 2x2); and

) finally two transmit antennas and two receive antennas using
whereNyrx represents the number of transceivers (TRXS) Qo \..BAST scheme (V-BLAST 2x2)

RF chains (with each of them serving one transmit antenna)
of the BS, P, corresponds to the non-load-dependent pow Note that, ashy
consumption at the minimum non-zero output powsey,is the
slope of the load-dependent power consumpt@mepresents
the RF output power at the antenna elements, Apds the
bit rate in bits/s. Furthermord?, = ¢ - B, whered represents
the spectral efficiency, an is the system bandwidth. As the
power consumption of the MS is not relevant compared 0 g9
the power consumption of the BS, it is not included in the
following analysis.

Considering M, transmit and M, receive antennas, the
complex M ,.-dimensional received message at the MS is

=+P-vyHX+n, 2 ) . o
y v @ Therefore, given a target outage probabili®y, the minimum

where~ is to the path loss between the BS and the MsS, réquired transmit poweP = Pg; 5 is

is the M, x M, matrix of fading gainsh;; representing the . —N§B

unity variance Rayleigh quasi-static fading from a trartsmi Psiso = T =07 (6)
antenna; to a receive antenng, x is the M;-dimensional

and unitary energy transmitted message, mfislthe complex B. Alamouti 2x1

M, -dimensional AWGN vector, with variancd,/2 per di-  |n a system employing the Alamouti space-time block code

mension, wheréV, is the thermal noise power spectral densityy;. . = 2) with only one receive antenna, the outage
per Hertz. The path loss between the BS and the MS is [18}obability can be written as [15]

and A, are fixed, andR,, is often also a
fiked design parameter, in order to minimize the total energy
consumption per bit as defined in (1), we must minimize the
required transmit power given a target outage probabibty f
each of the above schemes. Next we determine such minimum
required transmit power for the schemes under analysis.

In the SISO scheme, for whichrrx = 1, the outage
probability is [14]

Osrso =1—exp (_TF) . %)

2 =28
(3) Oalaizx1) =1 — (1 + 7ﬂ> e . 7)
Jhe minimum transmit poweP = P},,,,,, for a target
outage probability®* is thus

)\2
7T G

where \ is the wavelengthd represents the distance betwee
the BS and the MS, and is the path loss exponent. We
consider the path loss after the power amplifier module, thus . —26N

the antennas power consumption is already included in the Pata(2x1) = W (O —1)e 1) +1]7’ (8)

power model. The instantaneous SNR in the BS-MS link is ) ) _
whereW(-) is the inverse function of (w) = we®.

_ 2

SNR = |[H[[" - p, @ ¢ 1as2%1
wherep = % is the average SNR, anf = N, - B is the In the TAS 2x1 scheme, only one out of two transmit an-
noise power. tennas is selected during each transmission, thus onlygéesin

The following analysis is based on the outage probabilitRF chain is requiredN7rx = 1). The outage probability in
which is defined as the probability that in the transmissidfis case is [16]
from a BS to a MS, the instantaneous SNR falls below the g2
thresholds = 2° — 1 at the MS [13]. Oras@x1) = (1 - 67) : 9)



For a target outage probabilit¢)*, the minimum required G. BF+MRC 2x2

fransmit power is determined as The use of BF at the BS, in combination with MRC at the
e —BN (10) %S is f(:onsidergdg}_ tthT) BF+MR([3128]<2 schem€é/(zx = 2).
TAS(2x1) — — 7. — - e outage probability becomes
(2x1) 1n(1— _(9*)7
62 _98
D. MRC 1x2 Oprxs =1—¢" g (2 +—= 2 +e “r a7)

In the MRC 1x2 scheme the BS has one antenna and the MBile the minimum required transmit power f6r* is deter-
is equipped with two antennas, thus we have spatial diyersihined as N
only at the receiver, so th&f;zx = 1. The outage probability PEF(2><2) = Lj (18)
is given by [17] Uy
B\ s whereV represents the root @k% —e?4 4+ 0* —1+e4 2% =0
Onmroaxz) =1— (1 + ;) e (11) that minimizes (18).

H. V-BLAST 2x2

The minimum required transmit power for a given outage In a V-BLAST 2x2 system the information bit stream to be
probability is . o . .

sent is split into two substreams and transmitted in pdralle
by the two BS antennasNgrx = 2). The received data
is decoded in two detection steps [19]. Moreover, in order
to obtain the same throughput of the previous methods, we
E. Alamouti+MRC 2x2 consider that each transmit antenna in the V-BLAST scheme

As both the BS and the MS are equipped with two antenn@Berates at half the rate utilized in the other methods.

(Nrgx = 2), it is possible to consider the combination The outage probability at the first detection step is [19]
of transmit and receive spatial diversity techniques. la th B o8
Alamouti+MRC 2x2 scheme, the Alamouti code is employed Ovprastri=1-2¢ , ( ) 7 (19)
at the BS and MRC at the MS. The outage probability for this

RO T RO e ) + 15

(12)

scenario is [15] where 8/ = 25 — 1. The outage probability at the second
detection step is [19]
r <47 ﬁ) OVBLAST r2=0x (2-0n), (20)
O __\ rJ
Ala(2x2) T (4) where Oy = 1 — e (1+ £ ) Then, the overall outage

2 3
probability becomes
—1-|1+2 <é> +2 <é) +§ (E> =2,
P

p p
(13) Ovprast = Ovprast,r1 + Overast,r2 (1 — Overasr,ri) -
(21)
The minimum required transmit power for an outage pro#s for relatively high SNR or sufficiently small outage prob-
ability ©* can be found as ability values Oyprasr ~ Ovyprasr,ri, the minimum
transmit power for a target outage probability* can be
Pinana) = *251\7’ (14) approximated as
1/},7 €2<I>ﬂN

f P ~ (22)

where 1 is the root of —3e?Z2 + 6¢?Z + e?Z3 — 6e7 — VBLAST = 90 (2e® — 2% 4 O — 1)’

60" +6 = 0 that minimizes (14). where® is the root ofZe2Z 4 4¢4 — 222 +20* — 2 = ( that

minimizes (22). It is important to remark that for the outage

probability values considered in this paper the approxionat
In this case TAS is employed at the transmit®i-x = 1) Ovprasr ~ Ovprasr,r1 IS very tight.

and MRC is used at the receiver. The outage probability i [16

F. TAStMRC 2x2

IV. RESULTS
o _ 9.t 6 1 o8 (BB ) 2 15 The performance of the transmission schemes is numerically
TAS(2x2) =1 —2€ 7 0 +l)+e " P + » (19 avaluated in this section. The system parameters se=
—174 dBm/Hz, B = 10 MHz, a = 3. The parameters of

while the minimum required transmit power fér* is the macro power model follow [8], witi?, = 84 W and
_BN A, = 2.8. For increased efficiency, we consider that the macro
Pras(exa) = (16) BS uses a remote radio head (RRH), and as a consequence,

[W (— (1 - vO*) 6_1) + 1} g the power amplifier module is mounted at the same physical



TABLE |: Power Model Parameters

BS type Py W] | Ay - - -1x1: SISO .
Macrocell (RRH) | 84.0 2.8 —H—2x1: Alamouti .l
Microcell 56.0 | 2.6 -%2-2x2: V-BLAST i
Picocell 6.8 4.0 -3%-2x1: TAS
Femtocell 4.8 8.0 _a| | A—1x2: MRC
10°¢ —H=—2x2: Alamouti + MRC
—e—2x2: BF + MRC
10° ‘ ‘ ‘ = TAS + MRC
- - -1x1: SISO s
-¥X-2x2: V-BLAST
. -[E-2x1: Alamouti
S| -*-2x1:TAS 10°F
- v | A-1x2: MRC
=10t | =B 2x2: Alamouti + MRC |
2 —%— 2x2: TAS + MRC
‘9’ —e—2x2: BF + MRC
x ‘ ‘ ‘ ‘
o . 500 1000 1500 2000 2500
2 D Distance [m]
— N
8 10—27 \\ |
S ~ Fig. 2: Total consumed energy per bit considering the trans-
\\ mission from a macro BS fo® = 102, andd = 3 b/s/Hz.
[T 13‘}31 \\
}$§${ .
10° : - AR -
-5 0 5 10 15 20 25 30 35 40 T el
SNR S| 1x1: SISO _
10 “f| - E-2x1: Alamouti s
. - -%-2x1: TAS Bt
Fig. 1: Outage probability versus SNR for= 3 b/s/Hz. A 1x2- MRC
-22-2x2: V-BLAST
—H=—2x2: Alamouti + MRC
. . . . _s|| —®—2x2: BF + MRC . -
location as its corresponding transmit antenna. Table Wsho _. 10" 2« TAs+MRC |-~ : g
the power model parameters for other BS types. T
Figure 1 illustrates the outage behavior of the consider
transmission schemes. In general the SISO scheme pres

the worst performance, while the BF+MRC 2x2 requires tr
lowest SNR for most of the outage probabilities. Note als
the difference in diversity order achieved by each schen
However, as we show next, the best scheme in terms of out:
probability is not necessarily the most energy efficient.
Figure 2 presents the consumed energy per bit for a tar
outage probability ot = 10~2 andd = 3 b/s/Hz, considering _ . o
a macro BS with RRH. The SISO scheme is the least ener'g:;&g- 3 Total consumed energy per bit considering the trans-
efficient one for most of the BS-MS distances. HoweveRlission from a macro BS faP = 1072, andd = 1000 m.
for short distances the transmitting circuitry consumptio
is a quite relevant factor, and SISO outperforms Alamoulti
2x1, Alamouti+MRC 2x2, BF+MRC 2x2, and V-BLAST 2x2 advantage of the spatial diversity both in the transmisaioh
for d < 455 m. On the other hand, the combination ofn the reception, with lower transmit circuitry consumptio
TAS with MRC with two transmit and two receive antenna compared to the other MIMO 2x2 schemes. Finally, it is
(TAS+MRC 2x2) is the most energy efficient scheme for aripteresting to note that although the Alamouti+MRC 2x2 and
BS-MS distance, outperforming other 2x2 MIMO schemes, 8te BF+MRC 2x2 schemes are among the best in terms of
Alamouti+MRC 2x2, BF+MRC 2x2, and V-BLAST 2x2. It outage probability (from Figure 1), when the total energy
is also important to note that the TAS scheme with only or®nsumption is considered, these schemes are outperformed
receiving antenna (TAS 2x1) can outperform various MIM®y others that present worse outage performance.
2x2 schemes. The BF+MRC 2x2 scheme is outperformed bySimilar conclusions to those from Figure 2 can be obtained
TAS 2x1 ford < 1065 m; the Alamouti+MRC 2x2 scheme isfor other spectral efficiencies and the safle= 10-2, as
outperformed forl < 1115 m, and the 2x2 V-BLAST scheme shown in Figure 3. Note that with a fixed BS-MS distance
is outperformed for any distance. Thus, in this scenario thle = 1000 m, the TAS+MRC 2x2 scheme is the most
SISO scheme is the worst option for most of the distancesergy efficient for most of the spectral efficiencies, and is
and TAS+MRC 2x2 is the most energy efficient, as it takemly outperformed by the BF+MRC 2x2 far > 7 b/s/Hz.

1 2 3 4 5 6 7 8 9 10
Spectral efficiency [b/s/Hz]



schemes require a RF chain per transmit antenna, consigerab

- - - 1xL SISO . compromising their energy efficiency.
- #2-2x2: V-BLAST SRt
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