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Abstract—Energy efficiency of MIMO techniques in wireless energy consumption. The energy evaluations in [6] showed
sensor networks is analyzed. Assuming a cooperative sensorthat in some cases cooperative MIMO-based sensor networks
network, the energy consumption of MIMO-based wireless sensor may in fact result in better energy optimization

networks is compared with conventional SISO sensor networks. In thi fi h | d in 161 taki
The dependence of energy efficiency on coherence time of the n this paper we refine the results presented in [6] taking

fading process and communications distance is considered. Our iNto account the training overhead required in MIMO sys-
results show the applicability of MIMO techniques in such sensor tems. Although these were ignored in [6], a rigorous energy

networks with judicious system design. 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
Energy-constrained wireless sensor networks have gainkg coherence time, the system will need to send periodic
considerable research attention in recent years. In such senggihing symbols. The number of required training symbols
networks, battery-operated sensors are expected to work rfigdy at least be equal to the number of transmitter antennas
months, or even years, without replacement or renewing [ thereby resulting in large training overheads for MIMO
energy rendering energy optimization a critical issue in systesgstems. We provide analytical methods for computing the
design. energy in MIMO-based sensor networks taking into account
In traditional wireless systems the main power consumptiehese overheads.
is due to the actual transmissions power. However, this mayThis presentation is organized as follows: In Section Il we
not be the case in a wireless sensor network. In fact, in somesent the assumed MIMO system model for sensor networks
cases it is the circuit energy needed for receiver and transmit@id the analysis of energy consumption. We will closely follow
processing that is dominant. Thus, usual energy optimizatitie model developed in [6], but introduce overhead terms
techniques that minimize the required transmission energy m@ssociated with MIMO training requirements and also provide
not be effective in wireless sensor networks. exact analytical expressions. In Section Il we investigate the
Multiple-input-multiple-output (MIMO), or multiple an- energy efficiency of fixed-rate MIMO systems compared to
tenna communication is one of the techniques that has géiat of SISO systems. In Section IV we consider variable-rate
considerable importance in wireless systems during recevtary quadrature amplitude modulation (M-QAM) MIMO
years. These include various space-time coding schemes [d}stems for wireless sensor networks. We evaluate the energy
[3], layered space-time architectures [4] and of course wedfficiency of such systems with optimized transmission rates.
developed smart antenna techniques [5]. However, a drawb@xt, in Section V we evaluate the energy efficiency of virtual
of MIMO techniques is that they require complex transceivéfiIMO-based cooperative wireless sensor networks. Finally,
circuitry and large amount of signal processing power resultinge conclude in Section VI giving some final remarks.
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 sensoe consider a narrow-band, flat fading, communication link
nodes. connecting two wireless sensor nodes, which can in general
A closer look at energy comparisons of MIMO and SIS®e MIMO, multiple-input-single-output (MISO), single-input-
techniques in wireless sensor networks was taken recentlyniltiple-output (SIMO) or SISO. As assumed in [6], we will
[6]. There the applicability of cooperative MIMO technique®mit the energy consumption in baseband signal processing
to wireless sensor networks were considered based on tdtimicks and will assume uncoded communication in order to

I. INTRODUCTION

Il. SIGNAL MODEL AND THE SYSTEM DESCRIPTION



keep the analysis simple. The transmitter and receiver arelTotal energy per bit for a fixed rate system can then be

equipped withNt and Ni antennas, respectively. estimated using (1) and (4):

As discussed in [6], [8]-[10], the total power consumption Ppa+ P.
along the signal path can be divided into two main compo- By = R, )
nents: the power consumption of all the power amplifiégs, The received discrete-time signal in a MIMO system can

and the power consumption of all other circuit blocKs. be written as
Assuming that the power consumed by the power amplifiers is
linearly dependent on the transmit powey,;, the total power y(i) = H()x(i) +n() , (6)
consumption of the power amplifiers can be approximated @ere y (i), x(i) and n(i) are the complexVy-vector of
[6l, [8] received signals on th¥ receive antennas, the compla -

Ppa = (14@)Pou 1) Vector of transmitted signals F)_n thér tr_ansmi'F antennas, gnd

the complexVr-vector of additive receiver noise, respectively,

wherea = £/n—1 with n being the drain efficiency of the RFat symbol timei. The components oh(i) are independent,
power amplifier and, being the peak-to-average ratio (PARYero-mean, circularly symmetric complex Gaussian random
that depends on the modulation scheme and the constellatianiables with independent real and imaginary parts having
size. Throughout this paper we assume M-QAM systems, squal varianceV, /2. The noise is assumed to be independent

that [9] with respect to the time index.
M — o/ + 1 The matrixH(:) in the model (6) is theVi x N matrix of
§ = 3?' (2) complex fading coefficients. Thevr, nr)-th element of the

, ) ) matrix H(i), denoted by[H(i)],, . ..., represents the fading

The transmit poweF, in (1) can be calculated according 10, .t ent value at time between thez-th receiver antenna
the link budget relationship [11] and thenr-th transmitter antenna which represents the further
p _ Ny PR 3) randqm a_tten_uation of the _signal on top of the squgre-law_path
out bit loss implied in (1). We will assume a flat Rayleigh fading

GG, )2
whered is the transmission distancejs the signal attenuation Medel in which each elemeri(:)],, . is a zero-mean

parameter(¥; andG,. are the transmitter and receiver antenngrc.ularlylsymmgtric complex Gaussian random variable with
gains respectively,\ is the carrier wavelength), is the Vvariance; per dimension. S _
link margin compensating the hardware process variations and "¢ MIMO technique that we consider in this paper is
other additive background noise or interferendé; is the € Simple Alamouti scheme for @ x 1 MISO system
receiver noise figurelZ, is the average energy per bit require®” space-time block codgs that provide |ts.generallzat'|on to
for a given bit-error-rate (BER) specification arft), is the more ant_enr.las. According to the Alamoutl scheme, if two
system bit rate. Note that the receiver noise fighieis given CONSecutive input sympols to the space-time block encoger are
by N; = Y= where N, is the power spectral density (PSD)I€n0ted byb(j) andb(j +1) thenx(i) = [b(y), b(j +1)]

N, . _ * (0 *( \1T *
of the total effective noise at the receiver input aNigis the andx(i+1) = [=b"(j+1), b"(j)]" where" denotes complex

(47)? d= M,

single-sided thermal noise PSD at the room temperature. conjugation.
In the model used in [6], it is assumed that the frequency |||. ENERGY EFFICIENCY OF FIXED RATE MIMO
synthesizer (LO) is shared among all the antenna paths even in SYSTEMS
a MIMO system. Using th(=T same assumptlor.], we may estimale, . | gpsk MIMO System with Alamouti Scheme
the total power consumption in all the circuit blocks as The instantaneous received  signal-to-noise  ratio
(2x1) . .
Pe~ Nt (Ppac + Priz + Prit) + 2Psynen (SNR;”" ) of a2 x 1 BPSK l\(/I2IL\/I1§) system v;ntf;j Alamouti
scheme can be written &SV R, = [|[H(i)||% 55 where

+NR (PLya + Poie + Prea+ Prie + Papc)(8) - |H(j)|| is the Frobenius norm of the matrid(ij. Since
|H(i)||% is a random variable equal to the sum of the squares
where Ppac, Priz, Pritt, Psy”_th’ Pryas Prra, Prar and - o 2N independentV (0,1) Gaussian random variables,
Papc are the power consumption values for the D/A convertgie average BER of a MISO system based on the Alamouti

(DAC), the mixer, the active filters at the transmitter sideéscheme is given by

the frequency synthesizer, the low noise amplifier (LNA), the i ) ) Nt

intermediate frequency amplifier (IFA), the active filters at Poo= onp (1— \/1+1) X

the receiver side and the A/D converter (ADC), respectively. /2N .

We estimate the power consumption vali®s,c, P4pc and Ngl L(NT 14 k) (1 N 1 ) -
Prr4 based on the models developed in [10]. iz 2 k VIt 5w,



Comparison of (2-by-1) MISO Transmission Energy Consumption for BPSK Comparison of (2-by-1) MISO Total Energy Consumption for BPSK
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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 pettpifor If the fading coherence time i§., then the maximum
a given BER requirement we numerically invert (7). For thblock size can be aboutl.R,| symbols whereR; is the
2 x 1 Alamouti scheme (7) simplifies to symbol rate. We may obtain a best case energy consumption
2 value by settingF’ = |T.R;]. The fading coherence time
P, = i 1 1 1 91 1 : (g ¢an be estimated via the relationshiip — ifm?.where the
1+ T 1+ FTTA maximum Doppler shiftf,, is given by f,, = 5 with v being

N the velocity [12].
Note that, in [6] simulation was used to estiméfgas opposed  Reference BPSK SISO System with Alamouti Scheme:
to the exact analytical method we propose above. The instantaneous received SNR in a reference single an-

In [6] comparison of MIMO and SISO systems was pefenna (SISO), BPSK communications system is given by
formed assuming that the receiver has perfect channel stgtg RSSO — |H(i)|21%- Thus, the average BER of a SISO
information (CSI), which is critical for the proper operation -
of the Alamouti scheme, but ignoring the training overhea@y/stem in Rayleigh fading i#, = § | 1 - 1+11> By
reOIuirqu for the chanhel estimation. However, this digtorts tri}%/erting this we can obtain the average enerEb/NO
comparlson results since MIMO system could require moéegiven BER requirement
training symbols compared to the SISO system thus resulting
in extra energy consumption. E, = IL (10)

The results in [7] suggest that in general we need the number (=
of training symbols greater than or equal to the number
transmit antennas if both training and data symbols were

use the same transmit energy. However, the required num

of training bits is a function of the operating SNR and thu « 1 MISO system and a SISO system for different lengths of

could be much higher than this minimum required value. In_. . . : .
. . aining symbols. Note that in all simulations we have assumed
order to incorporate this extra energy term, suppose that the

o ) ) = 10 kHz, f. = 2.5 GHz, P,,;z = 30.3 mW, Pt = 2.
block size is equal td& symbols and in each block we include 0 / 5 30.3 fite o

. mw, Pfilr = 2.5 mW, Prya = 20 mW, Psynth = 50 mW,
pNr training symbols where we assume thasymbols are ;

) i . . =40dB, Ny = 10dB, G;G, = 5 dBi andn = 0.35. Also,
used to train each transmitter and receiver antenna pair. T 6 . .
. . . . in all simulations we have set = 2 unless noted otherwise.
effective bit rate of the system is then given by

Figure la compares the two systems based only on the

szf _ I —pNr Ry, 9) transmission energy consumption. In terms of this compariosn,

F the MISO system always outperforms the corresponding SISO

Replacing R in (5) with R‘;ff we get the modified energy system. However, in an energy-constrained wireless sensor
consumption values for th2 x 1 MISO system. network it is the total energy consumption per i, that

gy petFpifor

(H]e effective bit rate for a SISO system can be obtained from

@ by settingN; = 1.
igure 1 shows the actual energy consumption values for a



Comparison of (2-by-1) MISO Total Energy Consumption for 4-QAM
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up to a certain transmission distance the SISO system is it
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 trainin
symbols per blocky{ = 0), the MISO system will be better
for transmission distances abave= 130 meters. However, as
we include more and more training symbols we see that this
critical distance at which the MISO system becomes preferables | |
also increases. For examplepif= 10 training symbols were ] P R RO 99 PR
used per block, then according to Fig. tbshould be at least o A
about 169 meters in order to justify the use of MISO with o—
Alamouti scheme in a wireless sensor network. Transmission Distance in Meters (d)

30

25 : AR g

o8
oo
DDDDDD
o
g g oo
*****

Total Energy Consumption per Bit in uJ (micro Joules,

Comparison of (2-by2) MIMO Total Energy Consumption for BPSK Flg 3 COmpariSOn Of (Z'by'l) MISO VS. SISO TOtaI Energy COnSUmptiOn
‘ for 4-QAM.

80

T
—— SISO with p=0

+- MIMO with p=0
—— SISO with p=1

= MIMO with p=1
H —e— SISO with p=2

o MIMO with p=2
—— SISO with p=5

*- MIMO with p=5
—=— SISO with p=10

s MIMO with p=10

~
=)

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 fromi30 meters tol88 meters forp = 0 and from

169 meters to220 meters forp = 10.
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C. 2 x 1 QPSK MISO System with Alamouti Scheme

Total Energy Consumption per Bit in uJ (micro Joules)
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o

The distance at which the MIMO techniques outperform
the corresponding SISO systems in a sensor network can be
ol : ‘ ‘ ‘ ‘ ‘ ‘ decreased by employing 4-QAM instead of BPSK. For a given

0 50 100 10 200 250 %00 350 400 channel matrixH the probability of bit error of al-QAM is

Transmission Distance in Meters (d)
_ , _given byE< Q ( /|H(9)||Z £ | ¢ [11]. Hence, the average
Fig. 2. Comparison of (2-by-2) MIMO Vs. SISO Total Energy Consumption °

for BPSK. BER is again given by (8) which we can invert to obtain
the required average energy per Bif. However, for a fixed
. _ symbol rateR, = B, the bit rateR;, and R;’/ are changed
B. 2 x 2 BPSK MIMO System with Alamouti Scheme since Ry, = bR, whereb = log,(M) with M = 4. We may
The instantaneous received signal-to-noise ratio @f-a2 use the expressions derived in Section Ill-A earlier in order
BPSK MIMO system with Alamouti scheme is given byto compute the total energy consumption values after these
SNR®® = ||H(i)||3. & where Z = ||H(i)||? has the modifications.
pdf pz(z) = %e‘z. As a result, the average BER Figure 3 compares the total energy consumption values for
is again given by (7) withV replaced byNrNg, and we a2 x 1 MISO and a SISO system employing QPSK. We may
may obtain the required average energy petthifor a given observe from Fig. 3 that fop = 0 training symbols, the
BER requirement by inverting the resulting expression. Thiistance at which the MISO system has better performance
effective bit rate in the presence of training is still given bthan a SISO system has reduced6to meters. However, as
(9). before the extra training symbols required for the channel es-
Figure 2 shows the total energy consumption values fortianation in the MISO system will increase this critical distance
2x 2 MIMO and a SISO system employing BPSK. Comparingeyond66 meters. For example, with = 10 training symbols
Fig. 2 with Fig. 1b we may notice that the critical distancéhe minimum required transmission distance for the MISO
at which the MIMO system outperforms the SISO system hagstem to outperform the SISO system is ab8@itmeters.
increased. As noted in [6], the reason for this is that althougftowever,this is still about half that of the corresponding BPSK
the 2 x 2 MIMO system offers additional receiver diversitysystem.
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IV. ENERGY EFFICIENCY OFVARIABLE RATE MIMO needed for channel estimation. In a variable rate system we
SYSTEMS employ the constellation siz&/ that minimizesE;, in (13)

Results observed in Section 11I-C suggests that by optimig2r each transmission distande

ing the rate (constellation size) of the communications system

over the transmissions distance we may be able to reduce the » 1 MIMO System with Alamouti Scheme

minimum transmission distance at which the MIMO outper-

forms SISO even further. Assuming an M-QAM system, this If we were to plotE;, as a function of the constellation size

optimization results in the determination of the constellationfor various transmission distancésthen we see that there

size M for various values ofl. In a cooperative sensor networkis an optimal constellation size for each transmission distance

such rate-optimized transmission is possible when each serf@which the total energy per bit is minimized. Table-I shows

a priori has knowledge on other sensor locations. the optimal constellation siziefor each transmission distance
The bit error rate of an M-ary QAM MIMO system\{ = d for both a SISO and a MISO system wighx 1 Alamoulti

2b) with a square constellation (i.6.is even) is given by, for Scheme assuming= 0.

b>2,
TABLE |
NrNgr

B 4 1 1 1 OPTIMIZED M-QAM CONSTELLATION SIZES FOR2 x 1 MIMO AND
P (1-77)

" 9b/2 | 9NrNg 1- M+ 1 _ SISO.
+ Eb/QNo
k
N No—1 d(m) |1 |5 |10 20] 40] 80 100 150 ] 200 | 250
TZR i NTNR-l“‘k' 1+; 1) b]u]so 15 11 6 5 4 3 3 3
2k k 1+ 1 bsiso | 139 |7 |5 |4 |2 [2 |2 1 |1
Ey /2N,

Whenb > 2 is odd, we will use (11) after dropping the term
(1 — 57z) as an upper-bound for the BER (fbr= 1, the M-
ary QAM reduces tO the ea.r“er BPSK System) By Invertlng s Comparison of(2 by-1) MISO Total Energy Consumption with Rateopllm\ZEdM QAM
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(11) we obtain the required for a specified BER valué,. T WSO with peo

. . || —— SISO with p=1 A
Then, from (1) and (3) the total energy consumption per bit _“|| - gllggvﬁ{tgz’;l /
in the power amplifiers can be estimated as H 2 S pes . /
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EP A = (l
( ) GtGTA b RZ“ J

12)

N
a

WhereRfo is given by (9). Note that, in (12} depends on
the constellation sizé/ via (2). SinceR;, = bR, for a given
bandwidthB and a symbol rat&?, = B, the bit rateR, also
depends on the constellation sixé (the ratio-2%, eff1 however,
is independent of\/).

Suppose that we have a total &f data bits to transmit.
Then, the total number of data symbols to be transmitted is
L/b. Since in a block off’ symbolsp N7 number of symbols % 50 0 150 200 250
are allocated for channel estimation, the number of blocks tc Transmission Distance in Meters (d)
be sent are given bgﬁ The total on-timeT,,, of the
system in order to transmit thlﬁi number of blocks
(each W|thF symbols) at a symbolprate aR, is then given

by T,,, = Reff where we have used (9). Then, the total power

consumptiobn per data bit in all the circuit blocks is given by The total energy comparison of 22 x 1 MISO system
P?” = %+ with P, given by (4). Hence, the total energyemploying optimized variable rate M-QAM is given in Fig. 4.
consumptlon per bit for ads/-ary QAM MIMO system with From Fig. 4 we observe that the use of optimized variable rate
M =2 M-QAM considerably improves the performance of a MISO
3 (amy? a Ny (M =2V + 1) . p system compared to that of a SISO system. In fact, the critical
0 GG -1 P2tor |0 @9 distance at which the MISO system starts to outperform the

o corresponding SISO system in this case reducdsiteneters
where we have definegd = R;;Lb = = ”NT Note thaty and 4.8 meters forp = 0 andp = 10 training symbols per
specifies the energy penalty incurred due to extra symbdleck, respectively.

Total Energy Consumption per Bit in uJ (micro Joules)
= = N
o o o

o

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

haul transmission distances.

60 -

VI. CONCLUSIONS

L = 20kbits, Local channel - Rayleigh fading

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.
Fig. 5. Energy Efficiency of (2-by-1) MISO Vs. SISO with Rate Optimized

50

Energy Efficiency
w B
o o
T T

N
=]
T

10

o

BONRO

o

cocoToT

%‘

I I I I I I
150 200 250 300
Transmission Distance in Meters (d)

350 400

M-QAM.

ACKNOWLEDGEMENT

This research was supported in part by Kansas NASA EP-

V. ENERGY EFFICIENCY OFVIRTUAL MIMO-BASED
COOPERATIVEWIRELESSSENSORNETWORKS

In Fig. 5 we have shown the energy efficiency of ayy
cooperative sensor network of the form proposed in [10]
employing a2 x 1 virtual MISO system compared to that
of a traditional SISO communications based wireless sensgl]
network. In this type of virtual MIMO-based networks closely
distributed sensors at transmitter and receiver side act &8
antenna elements of virtual multiple antenna arrays. The STBC
is implemented distributively via local transmissions among

SCOR program under grant KUCR # FED33144/KAN33145.

REFERENCES

S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,1IEEE Journ. Select. Areas. Commuwol. 16, no. 8,
pp. 1451 — 1458, October 1998.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block

codes from orthogonal designsEEE Trans. Inform. Theorwol. 45,

no. 5, pp. 1456 — 1467, July 1999.

V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes
for high rate wireless communication: Performance criterion and code
construction,”|IEEE Trans. Inform. Theoryvol. 44, no. 2, pp. 744 —
765, March 1998.

these close sensors before the Iong-haul transmission. \Mé G. J. Foschini, “Layered space-time architecture for wireless comunni-

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 x 1 MISO in a cooperative wireless Sensor g
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 Ieasl
21 meters withp = 0. However, in a more realistic scenario
with p = 10, this distance is about6 meters. This shows (&l
clearly that even when we consider the end-to-end sensor
network, the effect of training overhead may not be negligibléo]
in a virtual MIMO-based system.

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

cation in a flat fading environment when using multi-element antennas,”
Bell Labs Tech. Journvol. 1, no. 2, pp. 41-59, 1996.

[5] A. J. Paulraj and C. B. Papadias, “Space-time processing for wireless

communications,"|lEEE Sig. Proc. Mag.vol. 14, pp. 49 — 83, Nov.
1997.

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of mimo and
cooperative mimo techniques in sensor networkSEE Journ. Select.
Areas. Commun2003, submitted.

B. Hassibi and B. M. Hochwald, “How much training is needed in
multiple-antenna wireless links?EEE Trans. Inform. Theoryol. 49,

pp. 951 — 963, Apr. 2003.

S. Cui, A. J. Goldsmith, and A. Bahai, “Modulation optimization under
energy constraints,” inProc. IEEE Intl. Conf. Commun. (ICC 03)
Alaska, USA, May 2003.

——, “Energy-constrained modulation optimization for coded systems,”
in Proc. IEEE Globecom ConfSan Francisco, CA, USA, December
2003.

——, “Energy constrained modulation optimization for both uncoded
and coded systemslEEE Trans. Commun2003, submitted.

J. G. ProakisPigital Communications New York: McGraw-Hill, 2001.

T. S. RappaportWireless Communications Principles and Practices
2nd ed. Upper Saddle River, NJ, USA: Prentice Hall, 2002.



