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Abstract— Energy efficiency of MIMO techniques in wireless
sensor networks is analyzed. Assuming a cooperative sensor
network, the energy consumption of MIMO-based wireless sensor
networks is compared with conventional SISO sensor networks.
The dependence of energy efficiency on coherence time of the
fading process and communications distance is considered. Our
results show the applicability of MIMO techniques in such sensor
networks with judicious system design.

I. I NTRODUCTION

Energy-constrained wireless sensor networks have gained
considerable research attention in recent years. In such sensor
networks, battery-operated sensors are expected to work for
months, or even years, without replacement or renewing its
energy rendering energy optimization a critical issue in system
design.

In traditional wireless systems the main power consumption
is due to the actual transmissions power. However, this may
not be the case in a wireless sensor network. In fact, in some
cases it is the circuit energy needed for receiver and transmitter
processing that is dominant. Thus, usual energy optimization
techniques that minimize the required transmission energy may
not be effective in wireless sensor networks.

Multiple-input-multiple-output (MIMO), or multiple an-
tenna communication is one of the techniques that has gain
considerable importance in wireless systems during recent
years. These include various space-time coding schemes [1]–
[3], layered space-time architectures [4] and of course well-
developed smart antenna techniques [5]. However, a drawback
of MIMO techniques is that they require complex transceiver
circuitry and large amount of signal processing power resulting
in large power consumptions at the circuit level. This fact
has so far precluded the application of MIMO techniques to
wireless sensor networks consisting of battery-operated sensor
nodes.

A closer look at energy comparisons of MIMO and SISO
techniques in wireless sensor networks was taken recently in
[6]. There the applicability of cooperative MIMO techniques
to wireless sensor networks were considered based on total

energy consumption. The energy evaluations in [6] showed
that in some cases cooperative MIMO-based sensor networks
may in fact result in better energy optimization.

In this paper we refine the results presented in [6] taking
into account the training overhead required in MIMO sys-
tems. Although these were ignored in [6], a rigorous energy
optimization needs to take into account the energy spent
on training since this is crucial for the proper operation of
MIMO-based techniques. In a fading channel, depending on
the coherence time, the system will need to send periodic
training symbols. The number of required training symbols
may at least be equal to the number of transmitter antennas
[7] thereby resulting in large training overheads for MIMO
systems. We provide analytical methods for computing the
energy in MIMO-based sensor networks taking into account
these overheads.

This presentation is organized as follows: In Section II we
present the assumed MIMO system model for sensor networks
and the analysis of energy consumption. We will closely follow
the model developed in [6], but introduce overhead terms
associated with MIMO training requirements and also provide
exact analytical expressions. In Section III we investigate the
energy efficiency of fixed-rate MIMO systems compared to
that of SISO systems. In Section IV we consider variable-rate
M -ary quadrature amplitude modulation (M-QAM) MIMO
systems for wireless sensor networks. We evaluate the energy
efficiency of such systems with optimized transmission rates.
Next, in Section V we evaluate the energy efficiency of virtual
MIMO-based cooperative wireless sensor networks. Finally,
we conclude in Section VI giving some final remarks.

II. SIGNAL MODEL AND THE SYSTEM DESCRIPTION

We consider a narrow-band, flat fading, communication link
connecting two wireless sensor nodes, which can in general
be MIMO, multiple-input-single-output (MISO), single-input-
multiple-output (SIMO) or SISO. As assumed in [6], we will
omit the energy consumption in baseband signal processing
blocks and will assume uncoded communication in order to



keep the analysis simple. The transmitter and receiver are
equipped withNT andNR antennas, respectively.

As discussed in [6], [8]–[10], the total power consumption
along the signal path can be divided into two main compo-
nents: the power consumption of all the power amplifiersPPA

and the power consumption of all other circuit blocksPC .
Assuming that the power consumed by the power amplifiers is
linearly dependent on the transmit powerPout, the total power
consumption of the power amplifiers can be approximated as
[6], [8]

PPA = (1 + α) Pout (1)

whereα = ξ/η−1 with η being the drain efficiency of the RF
power amplifier andξ being the peak-to-average ratio (PAR)
that depends on the modulation scheme and the constellation
size. Throughout this paper we assume M-QAM systems, so
that [9]

ξ = 3
M − 2

√
M + 1

M − 1
. (2)

The transmit powerPout in (1) can be calculated according to
the link budget relationship [11]

Pout =
(4π)2 dκMlNf

GtGrλ2
ĒbRb (3)

whered is the transmission distance,κ is the signal attenuation
parameter,Gt andGr are the transmitter and receiver antenna
gains respectively,λ is the carrier wavelength,Ml is the
link margin compensating the hardware process variations and
other additive background noise or interference,Nf is the
receiver noise figure,̄Eb is the average energy per bit required
for a given bit-error-rate (BER) specification andRb is the
system bit rate. Note that the receiver noise figureNf is given
by Nf = Nr

No
whereNr is the power spectral density (PSD)

of the total effective noise at the receiver input andNo is the
single-sided thermal noise PSD at the room temperature.

In the model used in [6], it is assumed that the frequency
synthesizer (LO) is shared among all the antenna paths even in
a MIMO system. Using the same assumption, we may estimate
the total power consumption in all the circuit blocks as

Pc ≈ NT (PDAC + Pmix + Pfilt) + 2Psynth

+NR (PLNA + Pmix + PIFA + Pfilr + PADC)(4)

wherePDAC , Pmix, Pfilt, Psynth, PLNA, PIFA, Pfilr and
PADC are the power consumption values for the D/A converter
(DAC), the mixer, the active filters at the transmitter side,
the frequency synthesizer, the low noise amplifier (LNA), the
intermediate frequency amplifier (IFA), the active filters at
the receiver side and the A/D converter (ADC), respectively.
We estimate the power consumption valuesPDAC , PADC and
PIFA based on the models developed in [10].

Total energy per bit for a fixed rate system can then be
estimated using (1) and (4):

Ebt =
PPA + Pc

Rb
. (5)

The received discrete-time signal in a MIMO system can
be written as

y(i) = H(i)x(i) + n(i) , (6)

where y(i), x(i) and n(i) are the complexNR-vector of
received signals on theNR receive antennas, the complexNT -
vector of transmitted signals on theNT transmit antennas, and
the complexNR-vector of additive receiver noise, respectively,
at symbol timei. The components ofn(i) are independent,
zero-mean, circularly symmetric complex Gaussian random
variables with independent real and imaginary parts having
equal varianceNo/2. The noise is assumed to be independent
with respect to the time index.

The matrixH(i) in the model (6) is theNR×NT matrix of
complex fading coefficients. The(nR, nT )-th element of the
matrix H(i), denoted by[H(i)]nR,nT

, represents the fading
coefficient value at timei between thenR-th receiver antenna
and thenT -th transmitter antenna which represents the further
random attenuation of the signal on top of the square-law path
loss implied in (1). We will assume a flat Rayleigh fading
model in which each element[H(i)]nR,nT

is a zero-mean
circularly symmetric complex Gaussian random variable with
variance1

2 per dimension.
The MIMO technique that we consider in this paper is

the simple Alamouti scheme for a2 × 1 MISO system
or space-time block codes that provide its generalization to
more antennas. According to the Alamouti scheme, if two
consecutive input symbols to the space-time block encoder are
denoted byb(j) and b(j + 1) then x(i) = [b(j), b(j + 1)]T

andx(i+1) = [−b∗(j+1), b∗(j)]T where∗ denotes complex
conjugation.

III. E NERGY EFFICIENCY OFFIXED RATE MIMO
SYSTEMS

A. 2× 1 BPSK MIMO System with Alamouti Scheme
The instantaneous received signal-to-noise ratio

(SNR
(2×1)
i ) of a 2× 1 BPSK MIMO system with Alamouti

scheme can be written asSNR
(2×1)
i = ‖H(i)‖2

F
Ēb

2No
where

‖H(i)‖F is the Frobenius norm of the matrixH(i). Since
‖H(i)‖2

F is a random variable equal to the sum of the squares
of 2NT independentN

(
0, 1

2

)
Gaussian random variables,

the average BER of a MISO system based on the Alamouti
scheme is given by

P̄b =
1

2NT

1−
1√

1 + 1
Ēb/2No


NT

×

NT−1∑
k=0

1

2k

(NT − 1 + k

k

) 1 +
1√

1 + 1
Ēb/2No


k

. (7)
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Fig. 1. Comparison of (2-by-1) MISO Vs. SISO Energy Consumption for BPSK. (a) Transmission Energy Consumption. (b) Total Energy Consumption.

In order to obtain the required average energy per bitĒb for
a given BER requirement we numerically invert (7). For the
2× 1 Alamouti scheme (7) simplifies to

P̄b =
1
4

1− 1√
1 + 1

Ēb/2No

22 +
1√

1 + 1
Ēb/2No

 . (8)

Note that, in [6] simulation was used to estimateĒb as opposed
to the exact analytical method we propose above.

In [6] comparison of MIMO and SISO systems was per-
formed assuming that the receiver has perfect channel state
information (CSI), which is critical for the proper operation
of the Alamouti scheme, but ignoring the training overhead
required for the channel estimation. However, this distorts the
comparison results since MIMO system could require more
training symbols compared to the SISO system thus resulting
in extra energy consumption.

The results in [7] suggest that in general we need the number
of training symbols greater than or equal to the number of
transmit antennas if both training and data symbols were to
use the same transmit energy. However, the required number
of training bits is a function of the operating SNR and thus
could be much higher than this minimum required value. In
order to incorporate this extra energy term, suppose that the
block size is equal toF symbols and in each block we include
pNT training symbols where we assume thatp symbols are
used to train each transmitter and receiver antenna pair. The
effective bit rate of the system is then given by

Reff
b =

F − pNT

F
Rb. (9)

ReplacingRb in (5) with Reff
b we get the modified energy

consumption values for the2× 1 MISO system.

If the fading coherence time isTc, then the maximum
block size can be aboutbTcRsc symbols whereRs is the
symbol rate. We may obtain a best case energy consumption
value by settingF = bTcRsc. The fading coherence time
can be estimated via the relationshipTc = 3

4fm
√

π
where the

maximum Doppler shiftfm is given byfm = v
λ with v being

the velocity [12].
Reference BPSK SISO System with Alamouti Scheme:

The instantaneous received SNR in a reference single an-
tenna (SISO), BPSK communications system is given by
SNRSISO

i = |H(i)|2 Ēb

No
. Thus, the average BER of a SISO

system in Rayleigh fading is̄Pb = 1
2

(
1− 1√

1+ 1
Ēb/No

)
. By

inverting this we can obtain the average energy per bitĒb for
a given BER requirement

Ēb =
No

1

(1−2P̄b)2 − 1
. (10)

The effective bit rate for a SISO system can be obtained from
(9) by settingNT = 1.

Figure 1 shows the actual energy consumption values for a
2×1 MISO system and a SISO system for different lengths of
training symbols. Note that in all simulations we have assumed
B = 10 kHz, fc = 2.5 GHz, Pmix = 30.3 mW, Pfilt = 2.5
mW, Pfilr = 2.5 mW, PLNA = 20 mW, Psynth = 50 mW,
Ml = 40 dB, Nf = 10 dB, GtGr = 5 dBi andη = 0.35. Also,
in all simulations we have setκ = 2 unless noted otherwise.
Figure 1a compares the two systems based only on the
transmission energy consumption. In terms of this compariosn,
the MISO system always outperforms the corresponding SISO
system. However, in an energy-constrained wireless sensor
network it is the total energy consumption per bitEbt that



should be the performance criterion. In Fig. 1b we show this
total energy consumption comparison for different number
of training symbols per block. From Fig. 1b we see that
up to a certain transmission distance the SISO system is in
fact preferable over the MISO system based on Alamouti
scheme in terms of total energy consumption per bit. In the
(unrealistic) case that we assume we do not need any training
symbols per block (p = 0), the MISO system will be better
for transmission distances aboved = 130 meters. However, as
we include more and more training symbols we see that this
critical distance at which the MISO system becomes preferable
also increases. For example, ifp = 10 training symbols were
used per block, then according to Fig. 1b,d should be at least
about 169 meters in order to justify the use of MISO with
Alamouti scheme in a wireless sensor network.
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Fig. 2. Comparison of (2-by-2) MIMO Vs. SISO Total Energy Consumption
for BPSK.

B. 2× 2 BPSK MIMO System with Alamouti Scheme

The instantaneous received signal-to-noise ratio of a2 × 2
BPSK MIMO system with Alamouti scheme is given by
SNR

(2×2)
i = ‖H(i)‖2

F
Ēb

2No
where Z = ‖H(i)‖2

F has the

pdf pZ(z) = zNT NR−1

(NT NR−1)!e
−z. As a result, the average BER

is again given by (7) withNT replaced byNT NR, and we
may obtain the required average energy per bitĒb for a given
BER requirement by inverting the resulting expression. The
effective bit rate in the presence of training is still given by
(9).

Figure 2 shows the total energy consumption values for a
2×2 MIMO and a SISO system employing BPSK. Comparing
Fig. 2 with Fig. 1b we may notice that the critical distance
at which the MIMO system outperforms the SISO system has
increased. As noted in [6], the reason for this is that although
the 2 × 2 MIMO system offers additional receiver diversity
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Fig. 3. Comparison of (2-by-1) MISO Vs. SISO Total Energy Consumption
for 4-QAM.

over the MISO system, it also consumes more circuit energy
according to (4). For example, the critical distances where
the MIMO system is preferable over the SISO system has
increased from130 meters to188 meters forp = 0 and from
169 meters to220 meters forp = 10.

C. 2× 1 QPSK MISO System with Alamouti Scheme

The distance at which the MIMO techniques outperform
the corresponding SISO systems in a sensor network can be
decreased by employing 4-QAM instead of BPSK. For a given
channel matrixH the probability of bit error of a4-QAM is

given by E
{

Q

(√
‖H(i)‖2

F
Ēb

No

)}
[11]. Hence, the average

BER is again given by (8) which we can invert to obtain
the required average energy per bitĒb. However, for a fixed
symbol rateRs = B, the bit rateRb and Reff

b are changed
sinceRb = bRs whereb = log2(M) with M = 4. We may
use the expressions derived in Section III-A earlier in order
to compute the total energy consumption values after these
modifications.

Figure 3 compares the total energy consumption values for
a 2× 1 MISO and a SISO system employing QPSK. We may
observe from Fig. 3 that forp = 0 training symbols, the
distance at which the MISO system has better performance
than a SISO system has reduced to66 meters. However, as
before the extra training symbols required for the channel es-
timation in the MISO system will increase this critical distance
beyond66 meters. For example, withp = 10 training symbols
the minimum required transmission distance for the MISO
system to outperform the SISO system is about86 meters.
However,this is still about half that of the corresponding BPSK
system.



IV. ENERGY EFFICIENCY OFVARIABLE RATE MIMO
SYSTEMS

Results observed in Section III-C suggests that by optimiz-
ing the rate (constellation size) of the communications system
over the transmissions distance we may be able to reduce the
minimum transmission distance at which the MIMO outper-
forms SISO even further. Assuming an M-QAM system, this
optimization results in the determination of the constellation
sizeM for various values ofd. In a cooperative sensor network
such rate-optimized transmission is possible when each sensor
a priori has knowledge on other sensor locations.

The bit error rate of an M-ary QAM MIMO system (M =
2b) with a square constellation (i.e.b is even) is given by, for
b ≥ 2,

P̄b =
4
b

(
1− 1

2b/2

)
1

2NT NR

1− 1√
1 + 1

Ēb/2No

NT NR

NT NR−1∑
k=0

1
2k

(
NT NR − 1 + k

k

)1 +
1√

1 + 1
Ēb/2No

k

.(11)

When b ≥ 2 is odd, we will use (11) after dropping the term(
1− 1

2b/2

)
as an upper-bound for the BER (forb = 1, theM -

ary QAM reduces to the earlier BPSK system). By inverting
(11) we obtain the required̄Eb for a specified BER valuēPb.
Then, from (1) and (3) the total energy consumption per bit
in the power amplifiers can be estimated as

EPA = (1 + α)
(4π)2 dκMlNf

GtGrλ2
Ēb

Rb

Reff
b

(12)

whereReff
b is given by (9). Note that, in (12)α depends on

the constellation sizeM via (2). SinceRb = bRs, for a given
bandwidthB and a symbol rateRs = B, the bit rateRb also
depends on the constellation sizeM (the ratio Rb

Reff
b

, however,

is independent ofM ).
Suppose that we have a total ofL data bits to transmit.

Then, the total number of data symbols to be transmitted is
L/b. Since in a block ofF symbolspNT number of symbols
are allocated for channel estimation, the number of blocks to
be sent are given by L

b(F−pNT ) . The total on-timeTon of the
system in order to transmit this L

b(F−pNT ) number of blocks
(each withF symbols) at a symbol rate ofRs is then given
by Ton = L

Reff
b

where we have used (9). Then, the total power

consumption per data bit in all the circuit blocks is given by
PcTon

L = Pc

Reff
b

with Pc given by (4). Hence, the total energy

consumption per bit for anM -ary QAM MIMO system with
M = 2b is

Eta =
1

µ

 3

η

(4π)2 dκMlNf

GtGrλ2

(
M − 2

√
M + 1

)
M − 1

Ēb +
Pc

bRs

 . (13)

where we have definedµ = Reff
b

Rb
= F−pNT

F . Note thatµ
specifies the energy penalty incurred due to extra symbols

needed for channel estimation. In a variable rate system we
employ the constellation sizeM that minimizesEta in (13)
for each transmission distanced.

A. 2× 1 MIMO System with Alamouti Scheme

If we were to plotEta as a function of the constellation size
b for various transmission distancesd then we see that there
is an optimal constellation size for each transmission distance
for which the total energy per bit is minimized. Table-I shows
the optimal constellation sizeb for each transmission distance
d for both a SISO and a MISO system with2 × 1 Alamouti
scheme assumingp = 0.

TABLE I

OPTIMIZED M-QAM CONSTELLATION SIZES FOR2× 1 MIMO AND

SISO.

d (m) 1 5 10 20 40 80 100 150 200 250
bMISO 15 11 9 8 6 5 4 3 3 3
bSISO 13 9 7 5 4 2 2 2 1 1

0 50 100 150 200 250
0

5

10

15

20

25

30

35

40

45
Comparison of (2−by−1) MISO Total Energy Consumption with Rate Optimized M−QAM

Transmission Distance in Meters (d)

T
ot

al
 E

ne
rg

y 
C

on
su

m
pt

io
n 

pe
r 

B
it 

in
 u

J 
(m

ic
ro

 J
ou

le
s)

SISO with p=0
MISO with p=0
SISO with p=1
MISO with p=1
SISO with p=2
MISO with p=2
SISO with p=5
MIMO with p=5
SISO with p=10
MIMO with p=10

Fig. 4. Comparison of (2-by-1) MISO Vs. SISO Total Energy Consumption
for Optimized M-QAM.

The total energy comparison of a2 × 1 MISO system
employing optimized variable rate M-QAM is given in Fig. 4.
From Fig. 4 we observe that the use of optimized variable rate
M-QAM considerably improves the performance of a MISO
system compared to that of a SISO system. In fact, the critical
distance at which the MISO system starts to outperform the
corresponding SISO system in this case reduces to1.1 meters
and 4.8 meters forp = 0 and p = 10 training symbols per
block, respectively.
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V. ENERGY EFFICIENCY OFV IRTUAL MIMO- BASED

COOPERATIVEWIRELESSSENSORNETWORKS

In Fig. 5 we have shown the energy efficiency of a
cooperative sensor network of the form proposed in [10]
employing a2 × 1 virtual MISO system compared to that
of a traditional SISO communications based wireless sensor
network. In this type of virtual MIMO-based networks closely
distributed sensors at transmitter and receiver side act as
antenna elements of virtual multiple antenna arrays. The STBC
is implemented distributively via local transmissions among
these close sensors before the long-haul transmission. We
refer the reader to [10] for details of the cooperative MIMO
algorithm for a distributed wireless sensor network.

Figure 5 shows the effect of training overhead on the energy
efficiency of 2 × 1 MISO in a cooperative wireless sensor
network. From Fig. 5 we see that in order to justify the
use of virtual MIMO communications in a wireless sensor
network the long-haul transmission distance should be at least
21 meters withp = 0. However, in a more realistic scenario
with p = 10, this distance is about36 meters. This shows
clearly that even when we consider the end-to-end sensor
network, the effect of training overhead may not be negligible
in a virtual MIMO-based system.

Figure 5 also shows the enormous energy savings a virtual
MIMO-based system can offer in a well-designed wireless
sensor network. For example, withp = 0 and p = 10,
2 × 1 MISO system offers50% of energy saving compared
to SISO-based system ford = 309 meters and359 meters.
Note that, in these example we have been conservative with
κ = 2. In a typical wireless channel2 < κ < 4.5, and
increase inκ will result in greater energy efficiencies with
virtual MIMO-based sensor communications at shorter long-

haul transmission distances.

VI. CONCLUSIONS

We have investigated the energy efficiency of virtual
MIMO-based techniques in cooperative wireless sensor net-
works proposed in [6]. We have provided analytical methods
to obtain these energy consumption values for both MIMO and
SISO based sensor networks. Unlike [6], we have also taken
into account the effect of increased training overhead required
in MIMO systems in order to estimate the extra channel coeffi-
cient values. Our results show that even with these extra energy
overhead requirements, virtual MIMO-based techniques can
offer substantial energy savings in wireless sensor networks
provided the system is designed judiciously. These include
careful consideration of transmission distance requirements
and rate optimization.
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