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Abstract—Wireless sensor networks where neighbor nodes
can cooperate both at transmission and reception by using
the cooperative multi-input multi-output (MIMO) technique are
considered. Space-time diversity gain can be exploited to reduce
the transmission energy consumption which is very important for
average and long range transmission in wireless sensor network
(WSN). However, differing from classical MIMO systems, cooper-
ative systems suffer from the lack of synchronization between dis-
tributed nodes and the additive noise in the cooperative reception.
At the cooperative transmission side, we investigate the effect of
transmission synchronization error which generates inter-symbol
interference (ISI), decreases the desired signal amplitude and
makes the channel state information (CSI) more difficult to be
estimated by the receiver. At the cooperative reception side, two
strategies of wireless transmission techniques which are energy
efficient and have good performance are also presented. The
simulation of a cooperative MIMO system using Alamouti and
Tarokh space-time block codes (STBC) over Rayleigh fading
channels presents a performance degradation in the presence
of transmission synchronization error and additional noise of
cooperative reception techniques. For a small synchronization
error range at cooperative transmission and a reasonable ampli-
fication factor in reception, the degradation is negligible and the
cooperative MIMO performance is rather good.

I. INTRODUCTION

For radio transmission over a fading channel, space-time
diversity Multi-Input Multi-Output (MIMO) systems need less
transmission energy for the same Bit Error Ratio (BER)
requirement. The energy-efficiency of MIMO transmission
is particularly useful for Wireless Sensor Network (WSN)
where the energy consumption is the most important criterion.
However, the direct application of multi-antenna techniques
to WSN is impractical due to the limited physical size of
sensor nodes which can typically support a single antenna.
Fortunately, some individual nodes can cooperate in transmis-
sion and reception by using cooperative MIMO techniques [1]
which allow space time diversity gain [2], reduces the energy
consumption [3] [4] and increases the system capacity [5].

Since the nodes are physically separated in a cooperative
MIMO system, their different respective clocks lead to un-
synchronized transmission and reception. That generates ISI,
decreases the desired signal amplitude at the receiver and
makes it more difficult to estimate the CSI. Precise synchro-
nization techniques in [6][7] can be used for greater precision
but cost much energy and time. At the reception side, each

cooperative node has to forward its received signal through a
wireless channel to the destination node for signal combination
which leads to additional noise in the final received signal.
Consequently, due to the un-synchronized transmission and
the additional noise of cooperative MIMO system, the BER is
higher for the same SNR or the transmission energy has to be
increased for the same BER requirement.

The principle and the energy efficiency of cooperative
MIMO transmissions using Alamouti and Tarokh space-time
block codes (STBC) [8] were presented in [1]. But the
two articles do not consider either the impact of transmis-
sion synchronization error nor the additive noise in coopera-
tive reception techniques. The performance of Alamouti and
maximum-ratio-combining (MRC) diversity techniques in the
presence of synchronization error are investigated in [9]. The
cooperative MISO system has a good tolerance for the small
synchronization error range, but the study is limited to two
transmission antennas, the CSI is considered to be known in
the receiver and the effect of synchronization error is presented
for low range SNR.

The present paper extends the MIMO cooperative principle
to 3 and 4 transmission antennas using Tarokh STBC [10]
and the system performances are investigated also the chan-
nel estimation errors. The cooperative reception technique
presented in [1] considers that a cooperative node quantizes
one received symbol to Nsb bits and then forwards the bit
sequences to the destination node, increasing the amount of
data transmitted and the circuit energy consumption. In order
to achieve better energy efficiency, two cooperative reception
techniques derived from amplify-and-forward strategies [11]
are also proposed in this paper. Their effect on the cooperative
MIMO system performance is evaluated and their energy
efficiency superiority over the previous cooperative reception
technique is also explored.

The rest of the paper is organized as follows. Firstly, the
cooperative MIMO technique is represented in next section.
In section III, the performance of cooperative MISO systems
using Alamouti and Tarokh STBC is analyzed in the presence
of transmission synchronization error and the absence of CSI
in the receiver. The performance of different cooperative recep-
tion techniques is then investigated in section IV. Finally, the
performance of cooperative MIMO systems and their energy
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efficiency are illustrated by simulation results in section V.

II. COOPERATIVE MIMO FOR WIRELESS SENSOR

NETWORKS

Fig. 1. Cooperative MIMO scheme for wireless sensor networks

As illustrated by Fig. 1, the cooperative MIMO transmission
from source node S to destination node D over distance d
is composed of three phases : 1) local data exchange, 2)
cooperative MIMO transmission and 3) cooperative reception.

On the transmission side, node S can cooperate with
its neighbors and exchange its data (the distance between
cooperating nodes dm is much smaller than distance d).
STBC techniques are then employed to encode and transmit
the data simultaneously to the destination node or multi-
destination cooperative nodes like traditional MIMO systems
(each cooperative node plays role of one antenna of the MIMO
system). On the reception side, the cooperative neighbors of
destination node D receive the MIMO modulated symbols and
then sequentially retransmit them to the destination node D
for joint MIMO signals combination.

As the nodes are physically separated in a cooperative
MIMO system, the system performance suffers from the trans-
mission synchronization error on the cooperative transmission
side and the additional noise on the cooperative reception
side. Due to performance degradation, the cooperative MIMO
system BER is higher than the traditional MIMO system BER
with the same number of transmission-reception antennas.

III. EFFECT OF TRANSMISSION SYNCHRONIZATION ERROR

As the space-time combination can be performed indepen-
dently at each cooperative reception node, the effect of trans-
mission synchronization error in cooperative MIMO system is
the same as in corresponding cooperative MISO system (ex.
effect is the same for cooperative MIMO 4-3 and cooperative
MISO 4-1 system). Therefore, the cooperative MISO system
with Nt cooperative transmission nodes is considered in this
section for simplicity.

In cooperative MISO system, all Nt cooperative nodes
must transmit their STBC symbols simultaneously to the
destination. Due to the lack of synchronous clocks between
cooperative nodes, node k among the Nt cooperative nodes
will transmit its space-time coded sequence ck at ∆k and

the channel transmission delay is dk (for k = 1..Nt). Signal
sequences of Nt cooperative nodes do not arrive at a reception
node at the same moment. The received signal is:

r(t) =
∞∑

l=−∞

Nt∑

k=1

αkck[l]p(t − lTs − ∆k − dk) + n(t), (1)

where αk is the channel coefficient, ck[l] is lth symbol of
sequence ck, Ts the symbol period, n(t) the white Gaussian
noise and p(t) the raised cosine pulse shape with roll-off factor
of 0.25. The node 1 (node S) is considered like a reference
node (i.e. ∆1 − d1 = 0). Let us define the transmission
synchronization errors of cooperative nodes δk = ∆k + dk −
∆1 − d1, for k = 1...Nt, so the received signal is:

r(t) =
∞∑

l=−∞

Nt∑

k=1

αkck[l]p(t − lTs − δk) + n(t) (2)

The effect of synchronization error is that the composite pulse
shape (superposition of the pulses from each node shifted
by the corresponding δk) seen at the receiver is no longer
Nyquist. After the synchronization process, there will be the
ISI of the non-synchronized sequences and the space-time
coded sequences from different cooperative nodes are no
longer orthogonal. We have not the orthogonal space time
combination, which decreases the desired signal amplitude and
generates more interference [9].

For the case of 2 cooperative transmit nodes:

r(t) =
∞∑

l=−∞
α1c1[l]p(t−lTs)+

∞∑

l=−∞
α2c2[l]p(t−lTs−δ2)+n(t)

(3)
For simplicity, we consider the ISI is just created by the four
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Fig. 2. ISI generated by the transmission synchronization error (Ts = 1)

nearest neighbor symbols as in Fig. 2. Let s1 and s2 be the two
transmitted symbols in one Alamouti block, the two received
symbols are:

r(Ts) = α1c1[1] + α2c2[1]p(−δ2) + ISI(c2[1]) + n(Ts)
r(2Ts) = α1c1[2] + α2c2[2]p(−δ2) + ISI(c2[2]) + n(2Ts) (4)

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 proceedings.

4602

Authorized licensed use limited to: UR Rennes. Downloaded on July 10, 2009 at 08:13 from IEEE Xplore.  Restrictions apply.



where the inter symbol interference terms are:

ISI(c2[1]) = α2(c2[−1]p(2Ts − δ2) + c2[0]p(Ts − δ2)
+c2[2]p(Ts + δ2) + c2[3]p(2Ts + δ2)) (5)

ISI(c2[2]) = α2(c2[0]p(2Ts − δ2) + c2[1]p(Ts − δ2)
+c2[3]p(Ts + δ2) + c2[4]p(2Ts + δ2)) (6)

with [c1[1] c1[2]] = [s1 − s∗2] and [c2[1] c2[2]] = [s2 s∗1].
For the rest of this paper, ISI(c2[1]),ISI(c2[2]) are replaced
by ISI1,ISI2 and r(Ts),r(2Ts),n(Ts),n(2Ts) are replaced
by r1,r2,n1,n2. After space time combination, the estimated
symbols are:

s̃1 = α∗
1r1 + α2r

∗
2 = (||α1||2 + ||α2||2p(−δ2))s1

+α∗
1α2(1 − p(−δ2))s2 + α∗

1(ISI1 + n1) + α2(ISI2 + n2)∗

s̃2 = α∗
2r1 − α1r

∗
2 = (||α1||2 + ||α2||2p(−δ2))s2

+α1α
∗
2(1 − p(−δ2))s1 + α∗

2(ISI1 + n1) − α1(ISI2 + n2)∗(7)

Due to the synchronization error δ2, the desired symbols
amplitude decreases, ISI is generated and we do not have the
orthogonal combination.

For channel estimation, at the beginning of each fading
block (frame in case of static fading) of antenna i, a training
sequences Wi which is orthogonal from each other is inserted
(i = 1..Nt). Due to the un-synchronized transmission, the
training sequences from different nodes in the received signal
are no longer orthogonal and ISI appears. The precision of
CSI estimation procedures, depending on the synchronization
error range, will affect the total performance of cooperative
MISO system.

So that, in the presence of cooperative synchronization error,
the BER will increase due to the ISI, the non-orthogonal
combination and the less precise channel estimation. The
degradation depends on the synchronization error range and
increases with the number of cooperative transmit nodes.

IV. COOPERATIVE RECEPTION TECHNIQUES

The cooperative reception technique presented in [1] consid-
ers that the cooperative node quantizes one received symbol to
Nsb = 10 bits and then forwards the bit sequences to the des-
tination node D. For small distance range SISO transmission,
the circuit energy dominates the total system consumption. The
strategy of quantizing one symbol to Nsb bits will increase
the amount of data to be transmitted, the transmission time
and the circuit energy consumption, which increases the total
consumption and affects the energy efficiency of coopera-
tive reception techniques. In [11], decode-and-forward and
amplify-and-forward techniques of cooperative transmission
can be applied in cooperative reception for a better energy
efficient cooperative reception.

Because of the small received SNR in each cooperative
reception nodes it is better to transmit (amplify and forward
or combine, amplify and forward) the analog symbols’ values
(which requires just some small modification in the receiver
DSP circuit) than to transmit the decoded digital bits to the
destination node D.

For the case of 2 transmit antennas, the space time received
symbols at each cooperative node j are:

Rj = [rj
1 rj

2] = [αj,1s1 +αj,2s2 −αj,1s
∗
2 +αj,2s

∗
1]+[nj

1 nj
2]

(8)
After that, the space time combination can be performed

in each cooperative node or destination node that leads to 2
strategies of cooperative reception.

A. Strategy 1 (forward-and-combine)

Each cooperative node amplifies its space time received
symbols and then forwards its analog sequence to the desti-
nation D (the short distance channel between two cooperative
nodes is considered additive white Gaussian noise (AWGN)
channel). The amplification process ensures the amplification
factor K1 of the received signal R′j at destination node D.

R′j = K1[r
j
1 rj

2] + [n′j
1 n′j

2 ] ⇒ R̃j = [rj
1 rj

2] + [n′j
1 n′j

2 ]/K1 (9)

for j = 2..Nr. Let us define the effective Gaussian noise
nj

i eff = nj
i + n′j

i /K1 with i = 1, 2. After the space time
combination, we have the estimated symbols:

s̃1 =
Nr∑

j=1

(||αj,1||2 + ||αj,2||2)s1 +
Nr∑

j=1

(α∗
j,1n

j
1eff + αj,2n

j∗
2 eff)

s̃2 =
Nr∑

j=1

(||αj,1||2 + ||αj,2||2)s2 +
Nr∑

j=1

(α∗
j,2n

j
1eff − αj,1n

j∗
2 eff) (10)

B. Strategy 2 (combine-and-forward)

The space time combination is done at each cooperative
node and the combined symbols are:

s̃j
1 = (||αj,1||2 + ||αj,2||2)s1 + α∗

j,1n
j
1 + αj,2n

j∗
2

s̃j
2 = (||αj,1||2 + ||αj,2||2)s2 + α∗

j,2n
j
1 − αj,1n

j∗
2 (11)

Then each cooperative node amplifies its combined symbols
value and forwards it to destination node D. The amplification
process ensures the amplification factor K2 of the received
signal is:

R′j = K2[s̃
j
1 s̃j

2] + [n′j
1 n′j

2 ] ⇒ R̃j = [s̃j
1 s̃j

2] + [n′j
1 n′j

2 ]/K2

(12)
The final space time combined symbols are the addition of all
received R̃j :

[s̃1 s̃2] =
Nr∑

j=1

R̃j =
Nr∑

j=1

[s̃j
1 s̃j

2] +
Nr∑

j=2

[n′j
1 n′j

2 ]/K2 (13)

We have the estimated symbols:

s̃1 =
Nr∑

j=1

(||αj,1||2 + ||αj,2||2)s1 +
Nr∑

j=1

(α∗
j,1n

j
1 + αj,2n

j∗
2 + n′j

1 /K2)

s̃2 =
Nr∑

j=1

(||αj,1||2 + ||αj,2||2)s2 +
Nr∑

j=1

(α∗
j,2n

j
1 − αj,1n

j∗
2 + n′j

2 /K2) (14)

From (10) and (14), we can observe that the effective noise due
to the cooperative reception techniques depends on the number
of cooperative reception nodes Nr and the amplification factor
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K1 (or K2). For K1 = K2, the power of effective noise in
case 2 is smaller than in case 1. However, we must use more
energy to amplify and transmit in case 2 because the power of
input symbols in case 2 is greater than in case 1 (for Nt = 2
and Nt = 4, the average power is 3 times and 5 times greater).
However, if the number of cooperative transmission nodes is
3 or 4, we must use the STBC of Tarokh with the rate 3/4 for
complex symbols. So for case 2, we have 4/3 times less analog
symbols to be transmitted than for case 1. That will reduce
by 4/3 times the circuit energy consumption in cooperative
reception.

By using the two proposed cooperative reception techniques
rather than the quantization technique proposed in [1], the
transmission time can be reduced to Nsb/M where M is
the number of bits/symbol of modulation technique used
in cooperative transmission in [1]. The reduced cooperative
reception consumption will lead to a better energy efficient
cooperative MIMO system.

V. SIMULATION RESULTS

Simulations of cooperative MIMO performance using
Alamouti codes and Tarokh STBC in the presence of syn-
chronization error, channel estimation error and cooperative
reception noise are presented. The system uses an uncoded
quadrature phase shift keying (QPSK) modulation and the
channel is considered to be Rayleigh fading and independent
for each frame of 120 symbols. The traditional channel estima-
tion which the training sequences are Walsh orthogonal codes
with a length of 32 symbols was employed. Alamouti codes
was used for the case of 2 transmission nodes and Tarokh
STBC rate 3/4 for the case of 3 and 4 transmission nodes. For
the reliability of result, at least 106 frames have been sent for
assuring the BER = 10−5.

The cooperative reception nodes are considered to be per-
fectly synchronized to the source node S for simplicity and the
independent evaluation of cooperative transmission synchro-
nization error impact. The difference between the delays of
each MISO transmission channel is negligible in comparison
with the different clock timer. The contribution of transmission
delay is sometimes neglected or included in the different
timer clock. Neglecting timer drift in the nodes clock, the
clock jitters of different cooperative nodes are considered
fixed between two runs of synchronization process and have
a random distribution law (Gaussian, uniform,. . . ) around the
reference node clock. For our simulation, the synchronization
error δk is considered to have a uniform distribution in
[−∆Tsyn/2,∆Tsyn/2] with ∆Tsyn the synchronization error
range.

A. Effect of Transmission Synchronization Error

In Fig. 3, simulation results of cooperative MISO 2-1 and
MISO 4-1 systems with 2 and 4 transmit nodes (coop 2-1,
coop 4-1) are presented for the synchronization error ranges
∆Tsyn = 0.2Ts, 0.5Ts and the presence of channel estimation
error in the receiver.

We can see that for the case of synchronization error range
∆Tsyn = 0.2Ts, the cooperative MISO system is rather
tolerant and the performance degradation is acceptable until
∆Tsyn = 0.5Ts. For the BER = 10−4, in cooperative MISO
2-1, 0.3dB and 3dB are lost for a synchronization error range
of 0.2Ts and 0.5Ts, respectively. And in cooperative MISO
4-1, 0.5dB and 3.9dB are lost for error range of 0.2Ts and
0.5Ts, respectively. The performance degradation is increased
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Fig. 3. Effect of transmission synchronization and channel estimation errors

with the number of cooperative transmit antennas. Moreover,
∆Tsyn as large as 0.5Ts, we begin to see some performance
saturation of cooperative MISO in large Eb/N0 range due
to the ISI generated by the synchronization error, the non-
orthogonal combination and channel estimation error. And for
a large synchronization error range as 0.7Ts, the cooperative
MIMO performance degrades quickly.

B. Effect of Cooperative Reception Techniques

For the compromise of performance and energy consump-
tion of cooperative reception technique, let us consider the
amplification factors of the forward-combine technique (strat-
egy 1) K1 =

√
4 and K1 =

√
8 (6dB and 9dB en-

ergy amplification). In order to ensure the same cooperative
transmission energy, we choose the amplification factors of
combine-forward technique (strategy 2) K2 = K1/

√
3 and

K2 = K1/
√

5 × 3/4 respectively for Nt = 2 and Nt = 4.
The performance of cooperative MIMO systems in the pres-
ence of the synchronization error range ∆Tsyn = 0.2Ts is
presented in Fig. 4. The performance degradation of coop-
erative MIMO systems using strategy 1 (R1 in Fig. 4) with
2 and 4 cooperative reception nodes is acceptable for the
amplification factor K1 =

√
4 and negligible for K1 =

√
8.

The degradation increases when the number of cooperative
reception nodes increases or the amplification factor decreases.

For an amplification factor of K1 =
√

8 and the BER =
10−4 requirement, we lost 0.1dB or 2dB by using cooperative
reception strategy 1 or strategy 2 (R2 in Fig. 4) in cooperative
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MIMO 2-2 systems. And in a cooperative MIMO 2-4 system,
we lost 0.2dB or 1.2dB by using cooperative reception
strategy 1 or strategy 2.

BER performance of strategy 1 is better than strategy 2
because of the smaller effective Gaussian noise. However in
strategy 2, most of the signal processing and combination
calculations are distributed among the cooperative nodes. For
some ad-hoc WSN applications, that is better than strategy
1 where all calculations are centralized in the destination
node D and the energy consumption of D will be more
than other cooperative reception nodes. Considering the energy
consumption model with the same system parameters as in [3],
the energy consumption of cooperative MIMO systems using
quantization reception technique and our two proposed cooper-
ative reception strategies is presented in Fig. 5 (including the
energy consumption of cooperative MISO 3-1 and 4-1 with
synchronization error ∆Ts = 0.2Ts). In comparison with the
quantization technique used in [1], the two proposed strategies

can significantly reduce the transmission time in cooperative
reception, which reduces the cooperative energy consumption
and total energy consumption.

For distances greater than 600 m, we can see the energy
consumption advantage of cooperative MIMO 2-2 over the
cooperative MISO 3-1 and 4-1.

VI. CONCLUSION

The effects of synchronization error, channel estimation
error and cooperative reception techniques on the performance
of cooperative MIMO were investigated in this paper. The
performance degradation increases with the synchronization
error range and the number of cooperative transmission and
reception nodes. However, the cooperative MIMO system is
rather tolerant for small ranges of synchronization error and
the degradation is negligible for synchronization error range
as small as 0.2Ts.

Two cooperative reception techniques were also proposed
for better energy-efficiency than the previous cooperative
reception technique. The first one consists of performing
the whole space-time combination at the destination node,
and in the second one signal processing and space time
combination are done independently at each cooperative node.
The cooperative MIMO system performance degradation due
to the noise of cooperative reception techniques decreases
as the amplification factor increases and is negligible for an
amplification factor of cooperative reception technique equal
to 9dB.

REFERENCES

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

[2] J. Winters, “The diversity gain of transmit diversity in wireless systems
with Rayleigh fading,” IEEE Transactions on Vehicular Technology,
vol. 47, no. 1, pp. 119–123, 1998.

[3] T. Nguyen, O. Berder, and O. Sentieys, “Cooperative MIMO schemes
optimal selection for wireless sensor networks,” IEEE 65th Vehicular
Technology Conference, VTC-Spring, pp. 85–89, 2007.

[4] S. K. Jayaweera, “Energy analysis of mimo techniques in wireless sensor
networks,” in 38th Annual Conference on Information Sciences and
Systems, Princeton University, USA, March 2004.

[5] D. Gesbert, M. Shafi, D. Shiu, P. Smith, and A. Naguib, “From theory
to practice: an overview of MIMO space-time coded wireless systems,”
IEEE Journal on Selected Areas in Communications, vol. 21, no. 3, pp.
281–302, 2003.

[6] M. Sichitiu and C. Veerarittiphan, “Simple, accurate time synchroniza-
tion for wireless sensor networks,” IEEE Wireless Communications and
Networking(WCNC), vol. 2, pp. 74 – 80, 2003.

[7] J. Elson, L. Girod, and D. Estrin, “Fine-Grained Network Time Syn-
chronization using Reference Broadcasts.”

[8] S. M. Alamouti, “A simple diversity technique for wireless communica-
tions,” IEEE Jour. on Selected Areas in Communications, vol. 16, no. 8,
pp. 1451–1458, 1998.

[9] S. Jagannathanand, H. Aghajan, and A. Goldsmith, “The effect of
time synchronization errors on the performance of cooperative MISO
systems,” in IEEE Global Communications Conference, 2004, pp. 102
– 107.

[10] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
codes from orthogonal designs,” IEEE Transactions on Information
Theory, vol. 45, no. 5, pp. 1456–1467, July 1999.

[11] A. Nosratinia, T. Hunter, and A. Hedayat, “Cooperative communication
in wireless networks,” IEEE Communications Magazine, vol. 42, no. 10,
pp. 1266 – 1273, 2004.

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 proceedings.

4605

Authorized licensed use limited to: UR Rennes. Downloaded on July 10, 2009 at 08:13 from IEEE Xplore.  Restrictions apply.


