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Energy-Efficiency and Transmission Strategy Selection in
Cooperative Wireless Sensor Networks

Yanbing Zhang and Huaiyu Dai

Abstract: Energy efficiency is one of the most critical concerns
for wireless sensor networks. By allowing sensor nodes in close
proximity to cooperate in transmission to form a virtual multiple-
input multiple-output (MIMO) system, recent progress in wire-
less MIMO communications can be exploited to boost the system
throughput, or equivalently reduce the energy consumption for
the same throughput and BER target. However, these coopera-
tive transmission strategies may incur additional energy cost and
system overhead. In this paper, assuming that data collectors are
equipped with antenna arrays and superior processing capability,
energy efficiency of relevant traditional and cooperative transmis-
sion strategies: Single-input-multiple-output (SIMO), space-time
block coding (STBC), and spatial multiplexing (SM) are studied.
Analysis in the wideband regime reveals that, while receive diver-
sity introduces significant improvement in both energy efficiency
and spectral efficiency, further improvement due to the transmit di-
versity of STBC is limited, as opposed to the superiority of the SM
scheme especially for non-trivial spectral efficiency. These observa-
tions are further confirmed in our analysis of more realistic systems
with limited bandwidth, finite constellation sizes, and a target er-
ror rate. Based on this analysis, general guidelines are presented
for optimal transmission strategy selection in system level and link
level, aiming at minimum energy consumption while meeting dif-
ferent requirements. The proposed selection rules, especially those
based on system-level metrics, are easy to implement for sensor ap-
plications. The framework provided here may also be readily ex-
tended to other scenarios or applications.

Index Terms: Energy efficiency, sensor networks, virtual multiple-
input multiple-output (MIMO).

I. INTRODUCTION

Energy efficiency is one of the most critical concerns for

sensor applications [1]. Direct communications between sensor

nodes and the (possibly) distant data collector is in general en-

ergy inefficient, as each node needs to transmit highly redundant

data. By allowing sensor nodes in close proximity to cooperate

on communication, not only can the collected data be efficiently

fused, but recent progress in wireless multiple-input multiple-

output (MIMO) communications can be exploited to boost the

system throughput, or equivalently reduce the energy consump-

tion for the same throughput and bit error rate (BER) target.

However, concerning the analysis of energy efficiency in

wireless cooperative sensor networks, two additional factors
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should be given special considerations: The circuit energy con-

sumption and the cooperation penalty. The circuit power utiliza-

tion increases linearly with the number of cooperative nodes,

which is significant especially for short-range transmission. Fur-

thermore, as the elements of the virtual antenna array are not

wired together, cooperative nodes must communicate among

themselves to share information and coordinate transmission,

which consumes extra energy and induces additional delay.

Therefore, it may not always be better to enforce cooperative

transmission and vice versa. Determination of the optimal trans-

mission strategy depends on many interacting factors including

system demand, network topology, and availability of channel

information.
Energy analysis on cooperative MIMO in sensor networks

was investigated in [2], where it is shown that the Alam-

outi space-time block coding (STBC) scheme on a cooperative

MIMO is more energy efficient than the traditional single-input

single-output (SISO) approach when the transmission distance

is larger than a small threshold. [3] and [4] extend the idea of

virtual MIMO to the V-BLAST (or more general spatial multi-

plexing (SM)) architecture. In [5], the authors consider the en-

ergy efficiency of cooperative STBC with the low-energy adap-

tive clustering hierarchy (LEACH) protocol. An explicit dis-

tance threshold over which cooperative transmission is advan-

tageous is given. Synchronization problem is also addressed.

More recent work in this subject [6] endeavors to investigate the

diversity-multiplexing trade-off [7] considering the energy con-

sumption. Their results show that both diversity and multiplex-

ing gain should be exploited to obtain optimal energy efficiency.
Our paper assumes the following differences from previ-

ous work. First, we introduce a powerful mobile agent (MA)

at the receive side as advocated in [8], which are assumed

to be equipped with antenna arrays and complex processors

and transceivers. Therefore, while sophisticated detection tech-

niques can be safely employed at the receiver, its energy con-

sumption can be excluded from the budget of the overall sensor

network, which allows us to focus on the energy analysis at the

cooperative transmit end. This architecture assumes certain ad-

vantages in energy efficiency over the traditional flat multi-hop

ad hoc network [8]. Furthermore, it also well addresses the so-

called reachback problem in wireless sensor networks, where

information collected by multiple sensors needs to be sent back

to a (potentially more capable) collecting node or base station

within a given period. Secondly, we provide a unified and prac-

tical framework to analyze and compare the energy efficiency of

various transmission strategies in wireless sensor networks. And

lastly, we take an initial step to quantify the switching thresh-

olds among three representative transmission strategies: Tradi-

tional non-cooperative transmission, space-time block coding,

and spatial multiplexing, the latter two of which fall within the
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cooperative transmission category yet are feasible to implement

for sensor applications. The selection rules are decided such that

the best energy efficiency is achieved with given system or link

level demand or knowledge.

The rest of this paper is organized as follows. Section II

presents the system model and our assumptions on analysis.

Energy efficiency of relevant transmission strategies is studied

in Section III, which provides a basis for selection of energy-

efficient signaling. Then in Sections IV and V, general guide-

lines are proposed for optimal transmission strategy selection in

some typical scenarios, based on system-level demand and link-

level knowledge, respectively. Some numerical results are given

in Section VI. Finally, Section VII contains some concluding

remarks.

II. SYSTEM MODEL

A. Channel Model

We assume a hierarchical network structure, in which most

plain sensor nodes, equipped with single antenna, are stringently

limited in processing capability and power, while a few pow-

erful mobile agents take over the burden of complicated net-

work operation and signal processing. These mobile agents,

furnished with superior communication and processing units,

can traverse the network to collect data, and reach back to re-

mote control centers through high-speed connections. Examples

of mobile agents include manned/unmanned airplanes or vehi-

cles, or specially designed light nodes that can hop around in the

network. In this paper, we further investigate the possible ad-

vantages of cooperative MIMO transmission in wireless sensor

networks with mobile agents (SENMA), which can be similarly

coined as M-SENMA.

We assume that at some moment NT neighboring nodes in a

SENMA intend to transmit to a designed MA equipped with NR

antennas. Independent frequency nonselective Rayleigh fading

is assumed for the channels between each node and the MA,

on top of the common path loss.1 The equivalent discrete-time

MIMO system can be described as

Y = HX + N (1)

where Y is the received signal at the MA; X contains the sub-

streams transmitted by the nodes; H is an NR × NT channel

matrix, whose entries are modeled as independent and identi-

cally distributed (i.i.d.) normalized complex Gaussian random

variables; and N is the background noise, assumed to be circu-

larly symmetric Gaussian with zero mean and variance N0 for

each component. The common path loss is incorporated in the

power of X. It is assumed that slotted time division duplexing

is employed for communication purpose. The optimal transmis-

sion strategy is decided at the MA, based on (available) relevant

information at the system or link level, and fed back to the sen-

sor group via a reverse signaling channel, which is also used

1Rayleigh fading is commonly assumed in MIMO and SENMA studies when-
ever rich scattering exists in environments. This is a pretty accurate assumption
when the distance between MA and the sensor fields is fairly large while sen-
sors are densely deployed. More complex channel models can be readily incor-
porated, which will complicate the expression but otherwise is not expected to
influence the results qualitatively.

to transmit beacons for synchronization purpose (as assumed in

[8]).

As mentioned before, three basic transmission strategies are

considered in this paper: Single-input multi-output (SIMO),

which corresponds to traditional non-cooperative transmission

with the SENMA structure, STBC and SM, which exploit diver-

sity and spatial multiplexing gains in MIMO systems, respec-

tively [9]. In the cooperative STBC scheme, NT nodes collabo-

rate to send out an NT × p space-time block X with orthogonal

rows to realize full diversity gain, where p represents the number

of time slots in transmission. As is known, the maximum like-

lihood (ML) detection of each transmitted symbol is decoupled,

equivalently represented as

y = ‖H‖Fx + n (2)

where ‖H‖F , the Frobenius of H, is gamma distributed with pa-

rameter NT NR and 1, and the equivalent noise n still has vari-

ance N0. It can be shown that the spectral efficiency (bits/s/Hz)

of the STBC system is given by [9]

CSTBC(SNR) = rE [log(1 + ‖H‖2
FSNR/NT )]2 (3)

where r is is the code rate of STBC, and SNR denotes the iden-

tical energy per user per block symbol divided by N0. This ex-

pression should be compared to that of a SIMO system (corre-

sponding to direct communications between a sensor node and

an MA) with maximum ratio combining [9]

CSIMO(SNR) = E [log(1 + |A|2SNR)] (4)

where |A|2 is Gamma distributed with parameters NR and 1.

For the cooperative SM scheme, each sensor node sends an inde-

pendent symbol each time, which can be viewed as a space-only

code without loss of generality:

y = Hx + n (5)

where y, x, and n denote column vectors. The spectral effi-

ciency of SM is given by [9]

CSM (SNR) = E [log |I + HHH · SNR|] (6)

where SNR is defined on the per-user basis as before to make a

fair comparison.

B. Energy Model

The transmit energy consumption per bit of a communication

link is given by [10]

ETX =
ξ

η

( Ēb

N0
· Nr

) (4π)2dn

GtGrλ2
Mg (7)

where Ēb/N0 is the energy efficiency of signaling schemes to be

discussed in the following, Nr is the single-sided power spectral

density of the receiver noise, (4π)2dn/GtGrλ
2 reflects the end-

to-end loss in transmission (n is the path loss exponential), Mg

is the link budget margin, and ξ/η is a coefficient accounting

2E[x] denotes the expectation of a random quantity x.
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for the RF power amplifier effect with ξ the peak-to-average ra-

tio of the modulation scheme and η the drain efficiency of the

amplifier.

Due to the stringent energy constraints and (relatively) short

transmission distances in sensor networks, the circuit energy

consumption, largely neglected in previous study, should be ex-

plicitly addressed. As the SENMA architecture is assumed, we

focus on the circuit energy consumption at the transmit nodes.

We assume the circuit power consumption in transmission and

reception are the same for each sensor node, denoted as PCT

and PCR. According to [2], PCT typically includes that of the

digital-to-analog converter, the mixer, the transmit filters, and

the frequency synthesizer, while PCR typically includes that of

the analog-to-digital converter, the mixer, the receive filters, the

frequency synthesizer, the low noise amplifier, and the interme-

diate frequency amplifier. Therefore, the total circuit energy

consumption per bit when NT nodes simultaneously transmit

at an aggregate data rate Rb (b/s) is given by

EC = NT
PCT

Rb
. (8)

To quantify the extra cost for cooperative MIMO transmis-

sion, we assume a simple cooperation protocol for illustration

purpose, for which KT out of NT nodes have data to transmit

(while others serve as relays). It is also assumed that cooperative

nodes only communicate with one single MA at any moment, or

they can choose the one with the best signal quality, if in the

coverage of multiple MAs. Each of the KT data nodes broad-

casts its information to all the other nodes in this group using

different time slots. The energy consumption per bit required

for such cooperation is given as

ECP = KT

(PCT

Rb
+ ETX,SISO + (NT − 1)

PCR

Rb

)
(9)

where ETX,SISO accounts for the required transmit energy per

bit for the local SISO communications among cooperative sen-

sor nodes. Note that while one node transmits, the other (NT−1)

nodes receive simultaneously. Other system overhead is ignored

for simplicity. Depending on applications the local transmission

channels can be modeled with either additive Gaussian noise or

Rayleigh fading.

III. ENERGY EFFICIENCY OF NON-COOPERATIVE
AND COOPERATIVE TRANSMISSION

In this section, we first analyze the energy efficiency of sev-

eral relevant transmission strategies in the wideband regime to

obtain some insights, then turn to more realistic system settings.

A. Wideband Asymptote

The wideband asymptotic analysis is to approximate the

Shannon capacity C as an affine function of energy per bit nor-

malized to the noise spectral density (i.e., Ēb/N0) in the zero

SNR neighborhood (corresponding to high-to-optimal energy

Table 1. Wideband analysis of communications systems subject to
Rayleigh fading.

SISO SIMO STBC SM

(Ēb/N0)min ln 2 ln 2/NR ln 2/NR ln 2/NR

S0 1
2NR

NR + 1
2rNT NR

NT NR + 1
2NT NR

NT + NR

efficiency) as [11]

log
Ēb

N0
(C) =

Ēb

N0 min

+
C

S0
log 2 + o(C)3 (10)

where (Ēb/N0)min is the (normalized) minimum required en-

ergy for reliable communications, and S0 stands for the wide-

band slope of the spectral efficiency-energy efficiency curve (in

terms of bits/s/Hz/3 dB). These two key parameters can be ob-

tained as [11]

Ēb

N0 min

= β
ln 2
Ċ(0)

, S0 =
2[Ċ(0)]2

−C̈(0)
(11)

with Ċ and C̈ the first and second derivatives of the spectral

efficiency, (e.g., (3), (4), and (6)) at SNR=0, and β the parameter

relating Eb/N0, SNR and C(SNR) as

Ēb

N0
= β

SNR
C(SNR)

(12)

which equals to 1 for SIMO, r for STBC, and NT for SM. We

summarize these two key parameters for relevant transmission

strategies (with Rayleigh fading) in Table 1.

Wideband analysis shows that receive diversity effectively

lowers the minimum required energy by a factor of NR. How-

ever, (Ēb/N0)min alone does not reveal the whole picture as it

could not differentiate various communication systems with re-

ceive antenna arrays but different transmit signaling. On the

other hand, S0 demonstrates their differences in spectral effi-

ciency given certain energy efficiency in the wideband regime.

In general, we have

1 ≤ 2NR

NR + 1
≤ 2NT NR

NT NR + 1
≤ 2NT NR

NT + NR
. (13)

But as the number of antennas grows, the S0 of SIMO and STBC

approaches a limit of 2, while that of SM grows without bound.

We know that the wideband slope for the AWGN SISO channel

is 2, which is reduced to 1 here due to Rayleigh fading. Es-

sentially, the diversity in SIMO and STBC alleviates the fading

effect and brings it back to 2. The transmit diversity of STBC

facilitates this process, whose effect quickly diminishes when

there are sufficient receive antennas. On the other hand, with

sufficiently large NT , the S0 of SM approaches 2NR, resulting

a tremendous boost of spectral efficiency even in the low-power

regime. These observations are visualized in Fig. 1 for NT = 2,

NR = 4 , and will be further confirmed for realistic system set-

tings through the analysis below.

3The basis of logarithm is 10 unless specifically indicated in the following,
and o(C) denotes higher-order terms of C.
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Fig. 1. Wideband behaviors with Rayleigh fading.

B. Realistic Setting

Data throughput, bit error rate and power consumption are

three important and often competing optimization objectives

in the design of a wireless network. In this section, we relate

Ēb/N0 to a target BER Pe and the size of the employed mod-

ulation constellation and antenna arrays, with the latter two es-

sentially determining the system’s spectral efficiency R (b/s/Hz)

and data throughput Rb = RB (when the system bandwidth B
is fixed). Without loss of generality, we assume M -ary square

QAM modulation with Gray mapping in our analysis. Equal-

power and equal-rate allocations are assumed for cooperative

MIMO systems for ease of implementations. At the receiver

side, maximum ratio combining (MRC) is employed for SIMO,

and ML detection for STBC and SM. While ML detection is

decoupled for STBC due to orthogonal designs, it can be well

approximated by sphere decoding with polynomial complexity

for SM systems [12]. The reader is referred to [4] for discus-

sions of suboptimal detection methods for SM.

The average BER of an orthogonal STBC, following the per-

formance analysis for diversity techniques in fading channels,

can be very accurately approximated as [10], [13]

Pe,STBC
.=

4
log2 M

(
1 − 1√

M

)(1 − μ

2

)NT NR

×
NT NR−1∑

l=0

(
NT NR − 1 + l

l

)(1 + μ

2

)l

(14)

with

μ =
√

α

1 + α
and α =

1
NT

3 log2 M

2(M − 1)
Eb

N0
. (15)

For most applications of interest, we can further simplify (14)

as

Pe,STBC ≈ 4
log2 M

(
1 − 1√

M

)

×
(

1
4(α + 1)

)NT NR
(

2NT NR − 1
NT NR

)
. (16)

The required Ēb/N0 with target BER Pe for STBC can in turn

be obtained as

Ēb

N0
|STBC ≈ NT

2(M − 1)
3 log2 M

×
(

1
4

(
4
(
1 − 1√

M

)(
2NT NR−1

NT NR

)
Pe log2 M

)1/NT NR

− 1

)
.

(17)

Note that by taking NT = 1 in (17), we readily get the analyt-

ical results for a SIMO system with MRC, and further letting

NR = 1 gives us results for SISO.

The performance of SM with ML detection can be tightly

upper-bounded by a (weighted) sum of pairwise error probabil-

ity (PEP). The summation can be over all pairwise error events

(union bound) or over just a few dominant events (typically with

minimum distance). An exact formula for the average PEP has

been obtained in [14]

P (xj → xi) =
( 1

1 + r

)2NR−1
NR−1∑

l=0

(
2NR − 1

l

)
rl (18)

with

r =
√

(Γ/2)2 + Γ + Γ/2 + 1 and Γ = ‖xi → xj‖2/N0. (19)

Seeming different, (18) is actually the same as the average PEP

for SIMO, given by (c.f. (14) with NT = 1)

P (xj → xi) =
(1 − μ

2

)NR
NR−1∑

l=0

(
NR − 1 + l

l

)(1 + μ

2

)l

(20)

when

μ =
r − 1
r + 1

. (21)

A detailed proof is given in Appendix A. After some algebra,

(21) readily leads to α = Γ/4 (c.f. (15) and (19)), which in turn

admits

‖xi → xj‖2 = d2
min =

6 log2 M

M − 1
Ēb (22)

the right hand side of which is readily recognized as the squared

minimum distance of a square QAM symbol with average en-

ergy per bit Ēb . Since error performance is typically dominated

by the minimum-distance error events, we make the following

assumption for the performance of equal-power and equal-rate

SM with ML detection:

Ēb

N0
|SM−ML ≈ Ēb

N0
|SIMO (23)

which is sufficient for our following study and has been verified

through simulations.

Based on the above analysis, we obtain the following sim-

ple linear relationship between energy efficiency and spec-

tral efficiency for the three transmission strategies of interest,

which bears a similar form with the wideband analysis (see Ap-

pendix B for details).

log
Ēb

N0
|SIMO ≈ S0(1)R + Emin(1), (24)
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Fig. 2. Transmit energy comparison with different spectral efficiency.

log
Ēb

N0
|STBC ≈ S0(1)

r
R + Emin(NT ), (25)

log
Ēb

N0
|SM ≈ S0(NT )R + Emin(1) (26)

where

S0(NT ) =
log 2
NT

, (27)

Emin(NT ) = log(NT )+
1

NT NR
log

(
4
(

2NT NR − 1
NT NR

)
/Pe

)
.

(28)

Note that again (24)–(26) are obtained with some simplifica-

tions. Nonetheless it is sufficient for our study and further veri-

fied through simulations. An example is given in Fig. 2 , where

transmission energy ETX of the three transmission strategies

as a function of spectral efficiency is plotted (see Section VI

for parameter settings). Qualitatively similar observations as re-

vealed in the wideband analysis are made here: compared with

SIMO, STBC lowers the required energy by exploiting the di-

versity gain, whose potential is somewhat limited; in contrast,

multiplexing gain in SM improves the system energy efficiency

by orders of magnitude,4 when high spectral efficiency is also

desired.

IV. OPTIMAL TRANSMISSION STRATEGY
SELECTION-SYSTEM LEVEL

The above analysis provides us a convenient framework to

make optimal transmission strategy selection with respect to

some system-level metrics. In the following, aiming at mini-

mum energy consumption with a target BER, we present design

guidelines for some representative scenarios. For simplicity, we

will assume KT = 1 and ignore ETX,SISO in (9), as this term

is typically negligible compared to the circuit energy part if the

local communication radius is small enough. We further assume

that the coding rate r = 1 for STBC without loss of generality.

4Note the difference in the slope: S0(1) and S0(NT ).

A. Given Transmission Distance

Suppose the distance between the sensor nodes and the MA

d is given, and our objective is to find the most energy efficient

transmission strategy with no other constraints. In this scenario

SM is beyond consideration when spectral efficiency or delay

is not a concern; the other two schemes will employ BPSK to

save energy consumption. Denote the corresponding spectral ef-

ficiency as Rmin. If the transmit energy dominates (i.e., circuit

energy consumption and cooperation penalty is relatively negli-

gible), it turns out that STBC is always the best, as Emin(NT )
is a decreasing function of NT .

Criterion IV.1: Regarding transmit energy consumption, for

any transmission distance, the optimal transmission strategy is

STBC.

If circuit energy consumption and cooperation penalty can not

be ignored, it is expected that for small transmission distance,

the saving of STBC in transmit energy can not justify the ex-

tra costs. By solving ETX,SIMO + EC,SIMO + ECP,SIMO <
ETX,STBC + EC,STBC + ECP,STBC with respect to distance,

the selection criterion is obtained as follows.

Criterion IV.2: Regarding total energy consumption, given

a transmission distance d, choose SIMO when

d < dth1 =
α

2Rmin/n

β1((
eEmin(1) − eEmin(NT )

)
Rmin

)1/n

(29)

where

α =
(

GtGrλ
2η

ξ(4π)2NrMgB

)1/n

, (30)

β1 =
(
NT PCT + (NT − 1)PCR

)1/n

(31)

and choose STBC otherwise.

B. Spectral Efficiency Demand

In many applications a specific spectral efficiency demand R
is also imposed, due to either the Quality-of-Service require-

ments or the network stability concerns. If only the transmit en-

ergy is concerned, STBC is uniformly better than SIMO for any

spectral efficiency, and the switching threshold between STBC

and SM turns out not to depend on the transmission distance

(c.f. (25) and (26)).

Criterion IV.3: Regarding transmit energy consumption,

given a spectral efficiency demand R, choose STBC when

R < R0 =
Emin(1) − Emin(NT )

S0(1) − S0(NT )
, (32)

and choose SM otherwise.

If the total energy consumption is considered, selection

among the three schemes is more complicated and generally de-

pends on the transmission distance as well. A key observation

is that the switching threshold between STBC and SM is still

given by (32) and is independent of d. The following selection

criterion follows after some algebra.
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Criterion IV.4: Regarding total energy consumption, given

a transmission distance d and a spectral efficiency demand R,

when R < R0 if transmission distance d satisfies (c.f.(29)–(31))

d < d′
th1 =

α

2R/n

β1((
eEmin(1) − eEmin(NT )

)
R

)1/n
, (33)

choose SIMO, otherwise choose STBC; when R > R0, if the

transmission distance d satisfies

d < dth2 =
α

eEmin(1)/n

β2((
2R − 2R/NT

)
R

)1/n
(34)

where

β2 =
(
(NT + 1 − 1/NT )PCT + (NT − 1)PCR

)1/n

(35)

choose SIMO, otherwise, choose SM.

C. Delay Constraint

In some scenarios (emergency or real-time applications) a

hard limit is put on the total transmission delay. As one expects,

the delay constraints are closely related to spectral efficiency de-

mands. From the definition of cooperative MIMO transmission

strategies, they can be explicitly derived as below:

TSIMO =
N

RSIMO
Ts, (36)

TSTBC = Ts

(
N

RSTBC
+

N

RSTBC,l

)
, (37)

TSM = Ts

(
N

RSM
+

(NT − 1)N/NT

RSM,l

)
(38)

where N is the total number of bits to be transmitted, Ts is the

symbol duration, R denotes the spectral efficiency for long-haul

transmission while R,l for local cooperation.5 The second terms

in TSTBC and TSM represent the additional delay incurred by

cooperation. Therefore, for each given spectral efficiency-delay

pair, there is an achievable region dictated by (36), (37), and

(38), beyond which one has to meet one while violating the

other. Another point worth noting is that, if the delay constraint

is too stringent, then local cooperation can not be afforded, and

SIMO becomes the only choice. By defining the average nor-

malized delay per bit D̄ = T/(TsN) to remove the system de-

pendence, we formalize the selection rule for a given D̄ below.

For simplicity we assume the spectral efficiency for local trans-

mission is the same for STBC and SM, denoted as Rl . Substi-

tuting the above equations into (24), (25), and (26) leads to the

relationship of delay and energy efficiency for different trans-

mission strategies:

log
Ēb

N0
|SIMO =

S0(1)
D̄SIMO

+ Emin(1), (39)

5Here we only consider the time for data transmission and ignore the associ-
ated overhead for simplicity.

log
Ēb

N0
|STBC =

S0(1)
D̄STBC − 1

Rl

+ Emin(NT ), (40)

log
Ēb

N0
|SM =

S0(NT )

D̄SM − (NT − 1)/NT

Rl

+ Emin(1). (41)

From (39), (40), and (41), a tradeoff between delay and en-

ergy consumption can be observed. Stringent delay requirement

results in large energy consumption. With delay constraint re-

laxed, more energy savings can be achieved. Similarly, by solv-

ing the cross-points of delay-energy curves, we can get the fol-

lowing switching criterion.

Criterion IV.5: Regarding transmit energy consumption,

given a delay constraint D̄ , choose SIMO when

D̄ < D̄0 =
1
Rl

, (42)

choose STBC when (cf. (32))

D̄ > D̄1 =
1

R0
+

1
Rl

, (43)

otherwise, choose SM.

The selection criteria regarding total energy consumption and

joint delay-distance consideration can be similarly addressed

and the details are omitted here since they don’t provide further

insights.

V. OPTIMAL TRANSMISSION STRATEGY
SELECTION-LINK LEVEL

In certain circumstances, when the channel is quasi-static and

sufficient feedback is affordable, transmission strategies can be

determined based on instantaneous channel characteristics. The

problem of switching between STBC and SM to minimize the

error rate has been addressed in [15] and [16]. Here we extend

the work to selecting among STBC, SM or SIMO to minimize

the required transmit energy for a given BER and spectral effi-

ciency. The problem regarding total energy consumption mini-

mization follows a similar approach as discussed above and thus

will not be explicitly addressed here.

With an MRC receiver, the (conditional) error rate for SIMO

is bounded as [9]

Pe|SIMO(hSIMO) ≤

N̄eQ

(√
Es|SIMO

N0
‖hSIMO‖2

d2
min,SIMO

2

)
(44)

where N̄e is the average number of nearest neighbors in con-

stellation, Es|SIMO is energy per symbol per transmit antenna,

‖hSIMO‖2 is the squared norm of the channel, and dmin,SIMO

is the minimum distance of a unit-energy symbol. For a target

Pe and spectral efficiency R, we have

Eb|SIMO ≥ 2N0

d2
min,SIMO‖hSIMO‖2R

(
Q−1

( Pe

N̄e

))2

. (45)



ZHANG et al.: ENERGY-EFFICIENCY AND TRANSMISSION STRATEGY SELECTION... 7

Similarly, an upper bound of the (conditional) error rate for

STBC is given by

Pe|STBC(HMIMO) ≤

N̄eQ

(√
Es|STBC

N0
max

1≤k≤NT

‖hk‖2
d2
min,STBC

2

)
(46)

where hk is the kth column of HMIMO, and

other symbols are defined as before. It is known that

max
1≤k≤NT

‖hk‖2 ≤ λ2
max(HMIMO), where λmax(HMIMO) is

the maximum singular value of the channel. So we have

Eb|STBC ≥ 2NT N0

d2
min,STBCλ2

max(HMIMO)R

(
Q−1

( Pe

N̄e

))2

.

(47)

An upper bound of the (conditional) BER for SM with ML

detection is given by [15]

Pe|SM (HMIMO) ≤ N̄eQ

(√
Es|SM

2N0

λ2
min(HMIMO)d2

min,SM

NT

)
(48)

where λmin(HMIMO) is the minimum singular value of the

channel, from which we can obtain

Eb|SM ≥ 2N2
T N0

d2
min,SMλ2

min(HMIMO)R

(
Q−1

( Pe

N̄e

))2

. (49)

Based on these results, a qualitative selection rule is given

below.

Criterion V.1: Regarding transmit energy consumption,

when instantaneous channel information is available, choose the

scheme that makes the corresponding metric dmin,SIMO‖hSIMO‖,
dmin,STBCλmax(HMIMO)√

NT

,
dmin,SMλmin(HMIMO)

NT
largest.6

VI. NUMERICAL RESULTS

In this section, some numerical examples are provided to bet-

ter illustrate our main results above. In simulations, a real system

operating at 2.5 GHz is assumed with bandwidth B = 10 kHz.

The following values are taken for the parameters in Equation

(7); η = 0.35, Nr = −161 dBm/Hz, GtGr = 5 dBi and

Mg = 40 dB. For square QAM, we have

ξ =
Ξmax

Ξmin
=

3(
√

M − 1)√
M + 1

. (50)

The typical energy consumption values of various circuit

blocks are quoted from [2], with PCT = 97.8 mW and

PCR = 112.8 mW.

First, the switching bounds given spectral efficiency demand

and transmission distance are exemplified for some values of

NT in Fig. 3. Based on Criterion IV.3, the potential transmission

scheme category (STBC/SIMO or SM/SIMO) is determined by

6For square QAM modulation d2
min,SM = 6

2R/NT −1
, d2

min,SIMO =

d2
min,STBC = 6

2R−1
.
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R0 (c.f. (32)), while the distance thresholds are plotted accord-

ing to Criterion IV.4 (c.f. (33) and (34)). Delimited by these

thresholds, the preferable working regions of different transmis-

sion strategies are indicated in the figure (by arrows). It can be

seen that with spectral efficiency growing, the curves converge

to the x-axis. So the system tends to have only one choice: SM.

Also note that since the advantage of STBC over SIMO in terms

of transmit energy is somewhat limited, it overtakes SIMO only

for a large distance.

We visualize the distance, spectral efficiency and delay-based

criterions jointly in Fig. 4, where unachievable regions have

been ignored. From this figure, we can draw a comprehensive

conclusion on the preference of transmission strategies for co-

operative wireless sensor networks: With stringent delay con-

straint, SIMO is the only feasible strategy; at the large-distance

low-spectral efficiency corner, STBC is preferable; and under

other conditions, SM is the optimal scheme.

Finally, we examplify the link-level selection criterion by

studying the statistical probabilities of selecting SM, STBC, and

SIMO with different spectral efficiency demands. In Fig. 5 , it is

seen that the probability of choosing SM tends to be 1 as spectral

efficiency demand grows.
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VII. CONCLUSIONS

In this paper, we have investigated the energy efficiency of

different transmission strategies in wireless sensor networks.

We have shown that, even though STBC and SM assume some

advantages in transmit energy efficiency over the corresponding

SIMO approach, such advantages fail to justify the additional

circuit energy consumption and cooperation penalty in some

cases. On the other hand, we have found that SM does offer sub-

stantial energy savings for high-rate communications,which sig-

nificantly reduces the critical distance over which MIMO trans-

mission overtakes the corresponding SIMO in sensor networks.

We have also quantified the switching thresholds among STBC,

SM and SIMO under various scenarios. The proposed selection

rules, especially those based on system-level metrics, are easy

to implement for sensor applications. The framework provided

here may also be readily extended to other scenarios or appli-

cations. Meanwhile, note that it is better to interpret the results

presented here qualitatively, and applications of them on real

systems might require a more careful examination of relevant

channel and energy consumption models.

APPENDIX

A. A Proof of the equivalence of PEP for SM-ML and SIMO

Proof: Comparing (18) and (20) with (21), we just need to ver-

ify:

(1 + r)L−1
L−1∑
l=0

(
L − 1 + l

l

)( r

1 + r

)l

=
L−1∑
l=0

(
2L − 1

l

)
rl.

(51)

We use mathematical induction for this proof. The case of L =
1 is trivial. Starting from L = 2, we can see that the left hand

side (LHS) is (1 + r)
[(1

0

)
+

(
2
1

)
r

1 + r

]
= 1 + 3r, while the

right hand side (RHS) is

(
3
0

)
+

(
3
1

)
r = 1 + 3r.

Assume (51) is satisfied for L = p, i.e.,

(1 + r)p−1

p−1∑
l=0

(
p − 1 + l

l

)( r

1 + r

)l

=
p−1∑
l=0

(
2p − 1

l

)
rl.

(52)

Consider the case of L = p + 1

LHS =(1 + r)p

(
2p

p

)( r

1 + r

)p

+ (1 + r)p

p−1∑
l=0

(
p + l

l

)( r

1 + r

)l

=
(

2p

p

)
rp + (1 + r)p

p−1∑
l=0

p + l

p

(
p − 1 + l

l

)( r

1 + r

)l

.

(53)

Substitute (52) in, we get

LHS =
(

2p

p

)
rp + (1 + r)2

p−1∑
l=0

(
2p − l

l

)
rl

−
(

2p − 2
p − 1

)(
2p − 1

p

)
rp(1 + r)

=
(

2p

p

)
rp +

p−1∑
l=0

(
2p − 1

l

)
rl

+ 2r

p−1∑
l=0

(
2p − l

l

)
rl + r2

p−1∑
l=0

(
2p − 1

l

)
rl

−
(

2p − 2
p − 1

)(
2p − 1

p

)
rp(1 + r). (54)

Using the formula

(
x

y

)
+

(
x

y − 1

)
=

(
x + 1

y

)
, we have

(
2p − 1

1

)
+ 2

(
2p − 1

0

)
=

(
2p + 1

1

)
(

2p − 1
2

)
+ 2

(
2p − 1

1

)
+

(
2p − 1

0

)
=

(
2p + 1

2

)
...(

2p − 1
p − 1

)
+ 2

(
2p − 1
p − 2

)
+

(
2p − 1
p − 3

)
=

(
2p + 1
p − 1

)
.

And also note

(
2p

p

)
+2

(
2p − 1
p − 1

)
+

(
2p − 1
p − 2

)
−

(
2p − 1
p − 1

)
×(2p − 1

p

)
=

(
2p + 1

p

)
. Substitute these expressions into the

last line of (54), we obtain

LHS =
p∑

l=0

(
2p + 1

l

)
rl (55)

which equals to the RHS of (51) for L = p + 1.
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B. Derivation of (24), (25), and (26)

Equation (17) can be further approximated as

Ēb

N0
|STBC ≈ NT

M

6 log2 M

(
4
(
2NT NR−1

NT NR

)
Pe log2 M

)1/NT NR

(56)

Taking logarithm on the both sides of (56), we have

log
Ēb

N0
≈ logM + log(NT )

+
1

NT NR
log

(
4
(

2NT NR − 1
NT NR

)
/Pe

)
(57)

where compared to (56), we further neglect log log M in (57).

Denote

Emin(NT ) = log(NT ) +
1

NT NR
log

(
4
(

2NT NR − 1
NT NR

)
/Pe

)
(58)

and a simple expression of log Ēb/N0 can be obtained as

log
Ēb

N0
≈ log M + Emin(NT ). (59)

Note Emin,SM = Emin,SIMO = Emin(1) and Emin,STBC =
Emin(NT ). For a given spectral efficiency R (bps/Hz), the con-

stellation size for STBC is M = 2R/r where r is the rate of

STBC, for SIMO M = 2R and for SM M = 2R/NT . So, if

we denote S0(NT ) = log 2/NT , (24), (25), and (26) can be

obtained from (59) directly.

REFERENCES
[1] A. J. Goldsmith and S. B. Wicker, “Design challenges forenergy-

constrained ad hoc wireless networks,” IEEE Wireless Commun. Mag., vol.
9, no. 4, pp. 8–27, Aug. 2002.

[2] S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of MIMO and
cooperative MIMO in sensor networks,” IEEE J. Sel. Areas Commun., vol.
22, no. 6, pp. 1089–1098, Aug. 2004.

[3] S. K. Jayaweera, “An energy-efficient virtual MIMO communications ar-
chitecture based on V-BLAST processing for distributed wireless sensor
networks,” in Proc. 1st IEEE Int. Conf. on Sensor and Ad-hoc Communi-
cations and Networks (SECON’04), Santa Clara, CA USA, Oct. 2004.

[4] H. Dai, L. Xiao ,and Q. Zhou, “Energy efficiency of MIMO transmission
strategies in wireless sensor networks,” in Proc. 2004 Int. Conf. on Com-
puting, Communications and Control Technologies (CCCT), Austin, TX
USA, Aug. 2004.

[5] X. Li, M. Chen, and W. Liu, “Application of STBC-encoded cooperative
transmissions in wireless sensor networks,” IEEE Signal Process. Lett.,
vol. 12, no. 2, pp. 134–137, Feb. 2005.

[6] W. Liu, X. Li, and M. Chen, “Energy efficiency of MIMO transmissions
in wireless sensor networks with diversity and multiplexing gains,” in
Proc. 2005 IEEE Int. Conf. on Acoustic, Speech and Signal Processing
(ICASSP’05), Philadelphia, PA, USA, Mar. 2005.

[7] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: A fundamental
tradeoff in multiple antenna channels,” IEEE Trans. Inf. Theory, vol. 49,
no. 5, pp. 1073–1096, May 2003.

[8] L. Tong, Q. Zhao, and S. Adireddy, “Sensor networks with mobile agents,”
in Proc. 2003 Military Communications Int. Symp., Boston, MA, USA,
Oct. 2003.

[9] A. J. Paulraj, R. Nabar, and D. Gore, Introduction to Space-Time Wireless
Communications. Cambridge, UK: Cambridge Univ. Press, 2003.

[10] J. G. Proakis, Digital Communications, 4th Ed. New York:McGraw-Hill,
2001.

[11] S. Verdu, “Spectral efficiency in the wideband regime,” IEEE Trans. Inf.
Theory, vol. 48, no. 6, pp. 1319–1343, June 2002.

[12] B. Hassibi and H. Vikalo, “On sphere decoding algorithm-Part I: Expected
complexity,” IEEE Trans. Signal Process., vol. 53, no. 8, pp. 2819–2834,
Aug. 2005.

[13] M. K. Simon and M. S. Alouini, Digital Communications over Fading
Channels. New York: John Wiley, 2000.

[14] S. J. Grant and J. K. Cavers, “Performance enhancement through joint de-
tection of cochannel signals using diversity arrays,” IEEE Trans. Commun.
vol. 46, no.8, pp.1038–1049, Aug. 1998.

[15] R. W. Heath Jr. and A. J. Paulraj, “Switching between multiplexing and
diversity based on constellation distance,” in Proc. Allerton Conference on
Communication, Control and Computing, Sept. 2000.

[16] R. W. Heath Jr.and D. J. Love, “Dual-mode antenna selection for spa-
tial multiplexing systems with linear receivers,” in Proc. IEEE Asilomar
Conference on Signals, Systems, and Computers, Pacific Grove, CA USA,
Nov. 2003.

Yanbing Zhang received the B.E. and M.S. degrees in
electrical engineering from Tsinghua University, Bei-
jing, China, in 2001 and 2004, respectively. He is cur-
rently working toward the Ph.D. degree in the Depart-
ment of Electrical and Computer Engineering, North
Carolina State University. His research interests are in
the general areas of wireless communications and net-
working, signal processing for wireless communica-
tions. His current research focuses on distributed es-
timation and collaborative information processing in
wireless sensor networks.

Huaiyu Dai received the B.E. and M.S. degrees in
electrical engineering from Tsinghua University, Bei-
jing, China, in 1996 and 1998, respectively, and the
Ph.D. degree in electrical engineering from Prince-
ton University, Princeton, NJ in 2002. He was with
Bell Labs, Lucent Technologies, Holmdel, NJ, during
summer 2000, and with AT&T Labs-Research, Mid-
dletown, NJ, during summer 2001. Currently he is an
Assistant Professor of Electrical and Computer Engi-
neering at NC State University, Raleigh. His research
interests are in the general areas of communication

systems and networks, advanced signal processing for digital communications,
and communication theory and information theory. His current research focuses
on distributed signal processing and crosslayer design (with a physical layer em-
phasis) in wireless ad hoc and sensor networks, distributed, multicell, multiuser
MIMO communications, and associated information-theoretic and computation-
theoretic analysis.


