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Abstract—Cooperative relay techniques are exploited to reduce
the transmission energy consumption which is very important
for average and long range transmission in wireless sensor
networks (WSNs). In this paper, the system having a two-antenna
source, two one-antenna relays and a one-antenna destination is
considered. Using distributed space-time code at relays, MIMO
simple cooperative relay model (MSCR) and MIMO full coop-
erative relay model (MFCR) are proposed in comparison with
MIMO normal cooperative relay model (MNCR) where the
relays forward signals consecutively to destination. The outage
probability analysis derives that all the models have the diversity
order of 4. However, the analytic and simulation results show that
MFCR has better performance than MNCR, whereas MSCR
provides better spectral efficiency than MNCR. Moreover, the
energy efficiency of these models is also considered by using a
realistic power consumption model where the parameters are
extracted from the characteristics of CC2420, a wireless sensor
transceiver widely used and commercially available. For each
transmission ranges, the optimal cooperative scheme in terms of
energy efficiency is provided by simulation results.

I. INTRODUCTION

Recently, space-time diversity Multi-Input Multi-Output

(MIMO) systems, especially distributed space-time coded

(DSTC) systems, have attracted many researchers because they

need less transmission energy for the same Bit Error Ratio

(BER). It is shown in [1], [2], [3] that a DSTC scheme using

different nodes to build a virtual transmit array can be very

effective to induce a useful diversity gain. Besides, relay trans-

mission has been identified as one of the core technologies that

could enable robust and high-reliable information transfer over

challenging wireless environment. In [4], cooperative relaying

is thoroughly considered in terms of outage probabilities in

the region of high Signal to Noise Ratio (SNR). The outage

probability analysis is extended for multi-node amplify and

forward relay networks in [5]. In [6], the performance of

all possible diversity combining schemes at the relays and at

destination is compared in a two-relay model. While in [1]-[6],

all terminals have only one antenna, the MIMO relay channel

in which the terminals have multi-antenna is considered in

[7], [8]. In [7], using beam forming technique and Amplify

and Forward (AF) relaying, a system having a two-antenna

source, two one-antenna relays and one-antenna destination is

proposed. In [8], the performance analysis of a multi-antenna

MIMO relay channel is derived.

The present paper extends the system of [7] by using

the DSTC at the relays and taking the direct transmission

from soure to destination into account to improve the per-

formance significantly. The transmission protocol of relays,

non-regenerative DSTC or Alamouti Amplify and Forward

(AAF), is considered in MIMO full cooperative relay model

(MFCR) and MIMO simple cooperative relay model (MSCR),

while MIMO normal cooperative relay model (MNCR) uses

AF protocol [4]. The difference between MSCR and MFCR is

that in MFCR there is a data exchange between the two relays.

We derive that MFCR, MSCR and MNCR have the diversity

order of 4 instead of 2 in comparison with the model in [7].

However, despite having the same diversity order, MSCR has

the best spectral efficiency and MFCR has the best Bit Error

Rate (BER) performance. The energy efficiency of the models

is evaluated in a realistic power consumption model using a

real wireless transceiver, the CC2420 from T.I.

The remainder of this paper is organized as follows. In

Section II, the protocols of MFCR, MSCR and MNCR are

thoroughly described. Then the analysis and the simulation

of outage probability for these models are considered in

Section III. Section IV presents the BER performance of these

models. In Section V, the energy consumption analysis is

briefly presented and the energy efficiency performance is also

simulated.

In the following, lower case and uppercase bold letters stand

for vectors and matrices, respectively. a∗ denotes the conjugate

of a, aaaT denotes the transpose of aaa and AAAH denotes the

Hermitian transpose of AAA.

II. SYSTEM MODEL

Fig. 1. Cooperative Model

For the transmission protocol at the relays, we can consider

either MNCR, MSCR or MFCR (Fig. 1). While MNCR uses

conventional AF protocol to forward the signals from relays

to destination, MSCR and MFCR uses AAF protocol to
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forward the signals from relays to destination. The difference

between MSCR and MFCR is that in MFCR there is a data

exchange between two relays before forwarding the signals to

destination. The transmission process of these communication

models can be divided into the following steps.

Step 1:
The two-antenna source (S1, S2) transmits simultaneously

the Alamouti coded signal XXX =

[
s[2k] s[2k + 1]

−s∗[2k + 1] s∗[2k]

]
to the

two relays (R1, R2) and to the destination (D) (where s[2k]
and s[2k + 1] are two consecutive signals at the source). The
received signals at two relays and at destination are ysr1ysr1ysr1 , ysr2ysr2ysr2 ,
ysdysdysd respectively:

yijyijyij =
√

PsXXXhijhijhij +nijnijnij i ∈ {s}, j ∈ {r1, r2, d} (1)

where hijhijhij =
[
hij [2k] hij [2k + 1]

]T are the Rayleigh chan-

nel coefficient vectors, yijyijyij =
[
yij [2k] yij [2k + 1]

]T , nijnijnij =[
nij [2k] nij [2k + 1]

]T are the AWGN noise vectors and Ps is

the transmitted source power.

Step 2:
For MNCR, the two relays use AF protocol to forward

the signals consecutively to destination. The received data at
destination from the relays is given by

yji[m] =
√

Prhji[m]rj [m] + nji[m] (2)

where j ∈ {r1, r2}, i ∈ {d},m ∈ {2k, 2k+1}, Pr is the transmitted
power of relays. The forwarded signal at relay, rj [m], can be
expressed as

rjrjrj = (HH
ijHH
ijHH
ij ỹijỹijỹij)/

√
Ps(H

H
ijHH
ijHH
ijHijHijHij) j ∈ {r1, r2}, i ∈ {s} (3)

with HijHijHij =

[
hij [2k] hij [2k + 1]

h∗
ij [2k + 1] −h∗

ij [2k]

]
, rjrjrj =

[
rj [2k] rj [2k + 1]

]T
and ỹijỹijỹij =

[
yij [2k] y∗ij [2k + 1]

]T
.

For MSCR, the two relays use the AAF protocol to trans-
mit simultaneously the Alamouti re-encoded signals RRR =[

rr1 [2k] rr2 [2k + 1]
−r∗r1 [2k + 1] r∗r2 [2k]

]
to the receiver, where the forwarded

signals at relay rj(m), j ∈ {r1, r2} are found by (3). The
received signal at the destination is

yrdyrdyrd =
√

PrRRRhrdhrdhrd +nrdnrdnrd, (4)

where hrdhrdhrd =
[
hrd[2k] hrd[2k + 1]

]T is the Rayleigh chan-

nel coefficient vector of the relay-destination link, yrdyrdyrd =[
yrd[2k] yrd[2k + 1]

]T , and nrdnrdnrd =
[
nrd[2k] nrd[2k + 1]

]T is the

AWGN noise vector of the relay-destination link.

For MFCR, before forwarding the signals to destination, the
two relays exchange their data (ysr1ysr1ysr1 and ysr2ysr2ysr2 ) with each other
to get the reception diversity. In this work, we assume that
there is no errors in the data exchange between two relays.
Because of the data exchange between the two relays, the
forwarded signals at two relays are the same, rr1rr1rr1 = rr2rr2rr2. The
forwarded signal at each relay can be represented by

rr1rr1rr1 = rr2rr2rr2 = rrr =
(HH

sr1
HH

sr1HH
sr1

ỹsr1ỹsr1ỹsr1 +HH
sr2

HH
sr2HH
sr2

ỹsr2ỹsr2ỹsr2 )√
Ps(HH

sr1
HH

sr1HH
sr1

Hsr1Hsr1Hsr1 +HH
sr2

HH
sr2HH
sr2

Hsr2Hsr2Hsr2 )
(5)

where HijHijHij =

[
hij [2k] hij [2k + 1]

h∗
ij [2k + 1] −h∗

ij [2k]

]
, rrr =

[
r[2k] r[2k + 1]

]T
,

rjrjrj =
[
rj [2k] rj [2k + 1]

]T , and ỹijỹijỹij =
[
yij [2k] y∗ij [2k + 1]

]T with

j ∈ {r1, r2}, i ∈ {s}. The received signal at the destination is

represented by (4) with the Alamouti re-encoded signals RRR =[
r[2k] r[2k + 1]

−r∗[2k + 1] r∗[2k]

]

Step 3:

At the destination, all the received signals are combined

together to take advantage of spatial diversity and the maximal

ratio combining technique is used to decode the signals.

We assume that the communication is performed over flat

Rayleigh fading channel. The channel coefficients remain

the same for two consecutive time intervals. Statistically,

we model hij [m] with i ∈ {s, r1, r2} and j ∈ {r1, r2, d} as

zero mean, independent, complex Gaussian random variables

with variances σ2
ij . Similarly, we model nij [m] as zero mean

mutually independent complex Gaussian random variable with

variance N0. The protocols of these models are summarized

in the following tables, Tab. I for MNCR, Tab. II for MSCR

and Tab. III for MFCR. Note that, the white cells represent

the transmission phases of the terminals, the light gray cells

represent the reception phases of the terminals and the bold

gray cells represent the sleep phases of the terminals.

Time Slot S1 S2 R1 R2 D
2k s(2k) s(2k + 1) ysr1(2k) ysr2(2k) ysd(2k)

2k + 1 −s∗(2k + 1) s∗(2k) ysr1(2k + 1) ysr2(2k + 1) ysd(2k + 1)
2k + 2 rr1(2k) yr1d(2k)
2k + 3 rr1(2k + 1) yr1d(2k + 1)
2k + 4 rr2(2k) yr2d(2k)
2k + 5 rr2(2k + 1) yr2d(2k + 1)

TABLE I
PROTOCOL OF THE MIMO NORMAL COOPERATIVE RELAY MODEL

Time slot S1 S2 R1 R2 D
2k s(2k) s(2k + 1) ysr1(2k) ysr2(2k) ysd(2k)

2k + 1 −s∗(2k + 1) s∗(2k) ysr1(2k + 1) ysr2(2k + 1) ysd(2k + 1)
2k + 2 rr1(2k) rr2(2k + 1) yrd(2k)
2k + 3 −r∗r1(2k + 1) r∗r2(k) yrd(2k + 1)

TABLE II
PROTOCOL OF THE MIMO SIMPLE COOPERATIVE RELAY MODEL

Time Slot S1 S2 R1 R2 D
2k s(2k) s(2k + 1) ysr1(2k) ysr2(2k) ysd(2k)

2k + 1 −s∗(2k + 1) s∗(2k) ysr1(2k + 1) ysr2(2k + 1) ysd(2k + 1)
2k + 2 ysr1(2k) ysr1(2k)
2k + 3 ysr1(2k + 1) ysr1(2k + 1)
2k + 4 ysr2(2k) ysr2(2k)
2k + 5 ysr2(2k + 1) ysr2(2k + 1)
2k + 6 r(2k) r(2k + 1) yrd(2k)
2k + 7 −r∗(2k + 1) r∗(2k) yrd(2k + 1)

TABLE III
PROTOCOL OF THE MIMO FULL COOPERATIVE RELAY MODEL

III. OUTAGE ANALYSIS

In this section, we characterize the performance of the
models in Section II in terms of outage probability in the
high SNR region. Let Ps = Pr = P and define the Signal
to Noise Ratio SNR = P/N0, we can determine the outage
probability of the models based on the SNR parameter. Note
that, for Rayleigh fading, |hij |2 is exponentially distributed
with parameter σ−2

ij . Its probability density function is given
by

px(x) =
1

σ2
ij

e
− 1

σ2
ij

x

, i ∈ {s, r1, r2}, j ∈ {r1, r2, d}. (6)

In this work, we assume that relay 1 and relay 2 have the
same relative distance to source and destination, so we can
note σsr = σsr1 = σsr2 and σrd = σr1d = σr2d. In addition,
the probability density function of random variable ||hijhijhij ||2 =
|hij(2k)|2 + |hij(2k + 1)|2 is given by

px(x) =
( 1

σ2
ij

)2
xe

− 1
σ2
ij

x

, i ∈ {s, r1, r2}, j ∈ {r1, r2, d}. (7)

All the outage probability approximations in the following

parts are based on Appendix I and II of [4].
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A. MIMO Normal Cooperative Relay model (MNCR)

For MNCR, the maximum average mutual information

between source and destination for random signals generated

i.i.d circularly symmetric, complex Gaussian at the source and

two relays can be shown to be

IMNCR =
1

3
log

(
1 + SNR||hsdhsdhsd||2 + f(SNR||hsr1hsr1hsr1 ||2, SNR|hr1d|2)

+ f(SNR||hsr2hsr2hsr2 ||2, SNR|hr2d|2)
)

(8)

The function of the fading coefficients f(.) is defined in [4].

The outage probability of MNCR for spectral efficiency R is

defined as

Pr[IMNCR < R] = Pr
[
|hsdhsdhsd||2 +

1

SNR
f(SNR||hsr1hsr1hsr1 ||2, SNR|hr1d|2)

+
1

SNR
f(SNR||hsr2hsr2hsr2 ||2, SNR|hr2d|2)

)
<

23R − 1

SNR

]
(9)

Using the approximation in [6, eq. (16), (17)], the lower
bound and upper bound of the outage probability of MNCR
can be derived as

1

48

1

σ4
rdσ

4
sd

(23R − 1

SNR

)4≤ Pr[IMNCR < R] ≤ 1

12

1

σ4
rdσ

4
sd

(23R − 1

SNR

)4

(10)

B. MIMO Simple Cooperative Relay model (MSCR)
The maximum average mutual information between source

and destination in MSCR for random signals generated i.i.d
circularly symmetric, complex Gaussian at the source and two
relays can be shown to be

IMSCR =
1

2
log

(
1 + SNR||hsdhsdhsd||2 + f(SNR||hsrhsrhsr||2, SNR||hrdhrdhrd||2

)
(11)

where ||hsrhsrhsr||2 = max(||hsr1hsr1hsr1||2, ||hsr2hsr2hsr2||2). Without the loss of

generality, we assume that ||hsrhsrhsr||2 = ||hsr1hsr1hsr1||2.
So, the outage probability of MSCR for the spectral effi-

ciency R is

Pr[IMSCR < R]

= Pr
[
||hsdhsdhsd||2 +

1

SNR
f(SNR||hsrhsrhsr||2, SNR||hrdhrdhrd||2) <

22R − 1

SNR

]
(12)

The outage probability of MSCR can be approximated in

high SNR region by

Pr[IMSCR < R] ∼ 1

4!

σ4
sr + σ4

rd

σ4
srσ

4
rd

1

σ4
sd

(22R − 1

SNR

)4
(13)

C. MIMO Full Cooperative Relay Model (MFCR)
For MFCR, the maximum average mutual information be-

tween source and destination for random signals generated i.i.d
circularly symmetric, complex Gaussian at the source and two
relays can be shown to be

IMFCR =
1

4
log

(
1 + SNR||hsdhsdhsd||2 + f

(
SNR||HsrHsrHsr||2, SNR||hrdhrdhrd||2

))
(14)

where ||HsrHsrHsr||2 = ||hsr1hsr1hsr1||2 + ||hsr2hsr2hsr2||2 because in MFCR there is

a data exchange between two relays.
The outage event for spectral efficiency R is given by

IMFCR < R and is equivalent to the event

SNR||hsdhsdhsd||2 + f(SNR||HsrHsrHsr||2, SNR||hrdhrdhrd||2) < 24R − 1 (15)

With the attention that the probability density function of

random variable ||HsrHsrHsr||2 is px(x) =
(

1
σ2
sr

)4
x3e

− 1
σ2
sr

x
, the outage

probability of MFCR can be derived as

Pr[IMFCR < R] ∼ 1

4!

1

σ4
rdσ

4
sd

(24R − 1

SNR

)4
(16)

D. Simulation of outage probability
Fig. 2 shows the outage probability of MNCR, MSCR and

MFCR versus the rate-normalized SNRnorm [4] in small, fixed

R regime (R = 1) for statistically symmetric networks, i.e.

σ2
ij = 1. Solid curves correspond to high-SNR approximations

obtained from the previous subsections. Dashed curves corre-

spond to the simulations obtained via Monte Carlo method.

From Fig. 2, the obtained outage probability approximations

for MSCR and MFCR match with the simulations at high

SNR, while for MNCR the simulation results is in the middle

of the lower bound and the upper bound approximations. Fur-

thermore, despite having the same diversity order of 4, MSCR

is the model which has the best outage probability. Moreover,

in comparison with the system [5] denoted by Karim06 (1-3-

1) which uses 1 source, 3 relays and 1 destination, MNCR,

MSCR and MFCR all have better outage probability.

Fig. 2. Outage probability versus SNRnorm, small, fixed R regime, for
statistically symmetric networks, i.e. σ2

ij = 1

Fig. 3. Diversity order Δ(Rnorm) versus Rnorm.

The tradeoff between the diversity order, Δ(Rnorm) [4]

and normalized spectral efficiency Rnorm [4] at high SNR

region is shown in Fig. 3. At the same Δ(Rnorm), the MSCR

has a larger normalized spectral efficiency than MNCR and

MFCR. However, we will see in the following section that

without taking bandwidth into account, the BER performance

of MFCR is better than that of MNCR and MSCR.
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IV. BER SIMULATION

In this section, the performance of MNCR, MSCR and

MFCR is simulated in terms of BER using BPSK modulation.

Using a common model for path-loss, we set σ2
ij ∝ d−α

ij where

dij is the distance between terminal i and j, and α is the

path-loss exponent. In our work, α = 2 is used. Counting

for the effects of geometry, the performance of the models

is simulated depending on the relative distance of relays r

which is defined by the ratio of the source-relay distance dsr

and the source-destination distance dsd.

A. MNCR vs MSCR

Fig. 4. BER of MNCR and MSCR at some values of r

BER of MNCR and MSCR is shown in Fig. 4. The

performance of MNCR is lightly better than that of MSCR.

However, from Fig. 3, the spectral efficiency of MSCR is better

than that of MNCR. Therefore, MSCR is a better choice than

MNCR for networks that require high spectral efficiency or

low latency. Furthermore, when r is high (i.e. the relays near

the destination) the performance of MSCR is not better than

that of Alamouti 2-1 scheme (using two-antenna source and

one-antenna destination). Fortunately, the outage probability

analysis in Section III makes sure that MSCR still have the

diversity order of 4 when SNR is high. However, MNCR and

MSCR are both worse than Alamouti 2-2 scheme (using two-

antenna source and two-antenna destination).

B. MSCR vs MFCR

Fig. 5 shows the performances of MFCR and MSCR using

AAF protocol at r equal to 0.1, 0.5 and 0.9. The performance

of the MFCR is always better than that of the MSCR.

Moreover, the larger r is, the better the performance of MFCR

is. This simulation result matches with (16) when σrd is larger

(i.e. the relays near the destination), the outage probability

of MFCR is smaller. However, when r is small (r = 0.1)

the performances of MSCR and MFCR are the same. Due

to the best performance, MFCR is the most suitable model to

apply in WSNs, where the energy constraint is more important

than the bit rate constraint. On the other hand, in Fig. 5, we

can realize that the 3dB reduction of power in the best case

of MFCR in comparison with Alamouti 2-2 scheme can be

explained that the power of each constellation in MFCR is

normalized to be 1/4 while in Alamouti 2-2 scheme the power

of each constellation is only halved.

Fig. 5. BER of MFCR and MSCR at some values of r

V. ENERGY EFFICIENCY ANALYSIS

To evaluate the energy efficiency performance of these

models, instead of using the typical energy model in [9], the

present paper applies a realistic power consumption model [10]

which uses a wireless transceiver, CC2420 for a precise power

consumption estimation.
The total power consumption for transmitting and for re-

ceiving, denoted by PT and PR are

PT (dsd) = PTB + PTRF + PA(dsd) = PT0 + PA(dsd) (17)

PR = PRB + PRRF + PL = PR0 (18)

where PTB/PRB is power consumption (mW) in baseband

digital signal processing circuit for transmitting/receiving,

PTRF /PRRF is power consumption (mW) in front-end circuit

for transmitting/receiving, PA is power consumption (mW) of

the power amplifier, PL is the power consumption (mW) of

low noise amplifier and dsd is the transmission distance. Since

PTB and PTRF do not depend on the transmission range, the

two components can be modeled as a constant, PT0 . Similarly,

since PRB , PRRF and PL do not depend on the transmission

range, the power consumption of the receiving circuit can also

be considered as a constant, PR0.
In general, the power consumption of the power amplifier,

PA(dsd) depends on the desired transmit power P desired
Tx (dsd)

and the drain efficiency η

PA(dsd) =
P desired
Tx (dsd)

η
(19)

On the other hand, P desired
Tx can be derived as a function of

the desired receive power P desired
Rx at the destination.

P desired
Tx (dsd) = P desired

Rx × (4πdsd)
2L

GtGrλ2
(20)

where Gt and Gr are the transmitter and receiver antenna gain,

L is the system loss factor not related to propagation, λ is the

carrier wavelength and P desired
Rx is the desired receive power at

destination.
P desired
Rx can be referred as [11]

P desired
Rx = N0SNR(1 + α)NfRb (21)

with α the roll-off factor, Nf the noise figure and Rb the

transmit bit rate.

1091



The energy consumption per bit can be derived as

Eb =
(
PT (dsd) + PR

)
/Rb (22)

In a CC2420 chip, the maximum transmit power, Pmax
Tx , is

0dBm and the sensitivity of receiver low noise amplifier is
−95dBm. Therefore, in a real communication, the following
conditions must be satisfied

P desired
Tx ≤ Pmax

Tx (0dBm) (23)

P desired
Rx ≥ Pmin

Rx (−95dBm) (24)

Fig. 6 shows the total energy consumption per bit using

the realistic power consumption model at r = 0.5. In this

work, α = 0.25, L = 1, Nf = 10dB, N0/2 = −174dBm/Hz

are used and the other parameters are extracted from the

characteristics of CC2420 chip [12]. For the fair comparison,

the energy consumption of the models is all calculated at

BER = 10−5. Applying the characteristics of the CC2420

wireless transceiver, we see that each model has a maximum

application distance. While Alamouti 2-1 is the most energy

efficient model for dsd < 122m, for a transmission with

122m < dsd < 205m, MSCR is the suitable model to economize

the energy consumption and so on for the other cases.

Fig. 6. Total energy consumption per bit with the transmit power lower than
0dBm, and the receive power larger than -95dBm (BER= 10−5, r = 0.5)

Fig. 7 shows the best cooperative strategy of the system in

Fig. 1 at BER = 10−5 to minimize the energy comsumption.

Each colored area represents the model which gives us the

minimum energy consumption at a given dsd, fixed r. The

white is the out of range area in which using CC2420, with

MNCR, MSCR and MFCR it is impossible to get the desired

reliable transmission (BER = 10−5). Fig. 7 is very useful for

real applications. Given a system as the one of Fig. 1, when

r and dsd are set and at desired BER = 10−5, we can choose

the suitable model to optimize the energy consumption for the

system.

VI. CONCLUSION

In this paper, the MSCR and MFCR techniques are shown

to have more advantages than the MNCR technique. Although

MSCR, MFCR and MNCR all have the diversity order of 4,

MSCR brings us the best performance in terms of spectral

efficiency while MFCR brings us the best performance in

terms of BER or energy efficiency. The outage probability

Fig. 7. The best cooperative strategy at BER= 10−5 to minimize the energy
consumption.

analysis of MNCR, MSCR and MFCR is totally suitable with

the simulation results. Using a realistic power consumption for

a real wireless transceiver, CC2420, we show a precise energy

consumption estimation for MNCR, MSCR and MFCR. Each

model has a maximum application transmission distance which

is determined based on r and desired BER. The optimal energy

efficient model selection is also shown as an example of how

to choose the best model to optimize the energy consumption.

REFERENCES

[1] J. N. Laneman and G. W. Wornell, “Distributed space-time-coded
protocols for exploiting cooperative diversity in wireless networks,”
IEEE Transaction on Information Theory, vol. 49, no. 10, pp. 2415–
2425, Oct. 2003.

[2] P. A. Anghel, G. Leus, and M. Kaveh, “Multi-user space-time coding
in cooperative networks,” IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP03), pp. 73–76, Apr. 2003.

[3] S. Barbarossa and G. Scutari, “Distributed space-time coding for mul-
tihop networks,” IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP04), pp. 501–504, May 2004.

[4] J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Transaction on Information Theory, vol. 50, no. 12, pp. 3062–3080,
Dec. 2004.

[5] K. G. Seddik, A. K. Sadek, W. Su, and K. R. Liu, “Outage analysis of
multi-node amplify-and-forward relay networks,” Wireless Communica-
tion and Networking Conference, vol. 2, pp. 1184–1188, Apr. 2006.

[6] M. Yuksel and E. Erkip, “Diversity in relaying protocols with am-
plify and forward,” Global Telecommunication Conference (Globecom),
vol. 4, pp. 2025–2029, Dec. 2003.

[7] S. Wei, M. H. Lee, and G. Ying, “A simple alamouti code communi-
cation scheme for synchronous cooperative relay system,” Journal of
Communication and Computer, USA, vol. 6, no. 1, pp. 379–423, Jan.
2009.

[8] V. Ganwani, B. Dey, and G. Sharma, “Performance Analysis of Amplify
and Forward Based Cooperative Diversity in MIMO Relay Channels,”
Vehicular Technology Conference, VTC Spring, pp. 1–5, 2009.

[9] S. Cui, A. Goldsmith, and A. Bahai, “Energy-efficiency of MIMO and
cooperative MIMO techniques in sensor networks,” IEEE Journal on
Selected Areas in Communications, vol. 22, no. 6, pp. 1089–1098, Aug.
2004.

[10] Q. Wang, M. Hempstead, and W. Yang, “A Realistic Power Consumption
Model for Wireless Sensor Network Devices,” Sensor and Ad-hoc
Communications and Networks, SECON’06, vol. 1, pp. 286–295, Sep.
2006.

[11] Y. Li, B. Bakkaloglu, and C. Chakrabarti, “A System Level Energy
Model and Energy-Quality Evaluation for Integrated Transceiver Front-
Ends ,” IEEE Transactions on Very Large Scale Intergration Systems,
vol. 15, no. 1, pp. 90–103, Jan. 2007.

[12] Chipcon, Smart RF CC2420, 2.4GHz IEEE 802.15.4/ZigBee-ready RF
Transceiver.

1092



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


