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ABSTRACT that introduces two important aspects: First,some shit be
This contribution addresses a mathematical formula-Ween the carrier frequencies of different sensors evemgmo

tion and a comparison in performance of two realistic ap_those_ belonglng.to the same cluster are considered. This as-
proaches of cooperation in wireless sensor networks. Ton2€Ct is very critical because nodes need to be very cheap
linson - Harashima precoding has been used as representS© inaccurate) and also because full time / frequency syn-
tive of transmitter cooperation while V-BLAST equalizatio Chronization is unreachable even using very carefully PLL
technique was used as representative for receiver coopefl€Signs(5]. A second aspect is that it considers realistic
ation. The key point of this contribution is that non ideal Strategies of cooperation. Our work starts from this point
conditions of carrier synchronization are considered. &ec PUt introducing some new aspects that describe more accu-
theory suggests that cooperating at the transmitter result"ate the system under non idealities of carrier synchreniza
more beneficial than doing it at the receiver. In our hand wefion- In this contribution deviations to the center carfier
will show that, when carriers are not accurate synchronjzedduency are quantified in terms of the coherence bandwidth

receiver cooperation appears to be a more robust selectionOf the channel and the effects of phase rotation due to fre-
quency mismatch is considered even among nodes of the

same cluster. For our evaluation, Tomlinson - Harashima

1. INTRODUCTION Precoding (THP) based on the V-BLAST idea (THP-VE) [7]
A sensor networks and ad-hoc networks are receiving moiie used as transmitter cooperation strategy while equaliza
and more attention from the research community. It has bedmased on V-BLAST technique has been used as representa-
shown that, under certain assumptions, WSN can be viewede for receiver cooperation. THP based on the V-BLAST
as virtual Multiple-Input Multiple-Output (MIMO) systems idea and V-BLAST equalization are considered as two equiv-
[, [2]. This point allows to relate developed theory and ex-alent strategies. Both of them perform nearly the same in
perience in MIMO systems with WSN. One important topic MIMO applications although there is a small power penalty
of research in WSN is cooperative communications, that isn the THP case due to the modulo operator. To be more spe-
how the elements of a WSN arrange the distribution of someific, the approach we have followed in both cases is based
common resource to improve the system performance. Basin the QR decomposition of the estimated matrix, perform-
cally, there are three possible configurations for coop®rat ing sequential interference cancellation. Clearly, THR is
depending on the available information: a) at the trangmitt sub optimum implementation of Dirty Paper Coding (DPC)
side a group of nodes interchange their codewords and alg8], while V-BLAST is a sub optimum Multiuser Detector
the channel coefficients, b) at the receiver side nodes sha(®lUD). Joint cooperative approach is not considered here
their received signals and channel coefficients and c) cooppecause conclusions froi [8] show that this last one suffers
eration is performed jointly at both sides of the systems It i a high degradation when transmitter and receiver have dif-
important to say that if cooperation were ideal, i.e. nofest ferent or mismatching Channel State Information (CSI) and
tions on power or bandwidth and ideal cooperation channetherefore makes this approach nearly useless.
performance of a WSN can achieve that of a MIMO system.  Simulation results confirm what was said in [8] and give

However this assumption can not be applied as cooperatiafiore insight into about the problem. Our conclusions show
is always by some means penalized. [Ih [5] a very suitabléhat deviations of only a fraction of the coherence bandwidt

model is provided that addresses penalizations in terms ghakes the system degrade significantly when cooperation
power, bandwidth and even network topology and establishas performed at the transmitter. However these deviations
atrade-off between them in order to achieve cooperation bere too small to produce an appreciable degradation in
efits. Conclusions ir[[5] reveal that cooperating at thesran performance when cooperating at the receiver and hence,
mitter is more suitable than doing it at the receiver side angerformance of this cooperation strategy is only affected b

even better than doing it at both sides because extra gain e errors introduced through the cooperation channel.
negligible. However when considering some non ideal con-

ditions in the communication channel this assessment may ¢ paper is organized as follows: In Section Il the sys-

not hold an;l/(more. i this directi tem model for a sensor network with imperfect carrier syn-

Recent workl[B] goes in this direction and presents a modehronization is presented. Section Iil provides some exam-
This work has been partly supported by National SpanisheBsj ples and simulations and some conclusions and future direc-

PCT-350100-2004-1, TEC2004-06915-C03-02/TCM, TEC208667- tions of research are given in Section IV. References are pro
C03-01/TCM and TIC2003-09061-C03-01 vided at the end of the paper.
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h According to this, thg-th transmitter will have access to
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whereny ; ~ 4¢(0,1) , j =1,...,N. In an analog wayi-th

) o ) receiver will have information related to
Figure 1: Sensor network consisting of two transmitters and _ L _ - _ -

two receivers. Y1 i Mr1
i ¥ N
2. SYSTEM DESCRIPTION I v I IR G I O I 5
yi=| Y = Yi + Ve , (B

Consider a sensor network consisting on a clusté wéns- Yi+1 Yir1 Mri+1
mitters and a cluster d¥l receivers. Assuming the flat fad- : : :
ing model, the channel coefficients from t{¢h transmit- Jw vy NN
ter to thei-th receiver are denoted &g, whereh;; are cir- - - - - -
cularly symmetric complex-Gaussian random variables wittwherenj ~ .4¢(0,1) , i=1,...,M.

zero mean and unit variancéij ~ 4¢c(0,1), Vij. Let

X = [X1,%2,...,%n] be a vector of complex transmit signals
andy = [y1,Y2,...,ym|" acomplex vector containing the re-
ceived signals. In matrix formulation, the system can be d
scribed as

For the sake of simplicity, let assume that no errors occur

ewhen cooperating nodes interchange information related to
the transmission channél, i.e. by appropriate coding of
the coefficients. All channels are supposed to have the same
available bandwidtiB.

y = Hx+n, D

Consider now that each element on the network has its

where n = [n,np,....nv]" is a vector of indepen- qwn operating frequency as it is illustrated in Fi. 1 and tha
dent and identically distributed (iid) complex-Gaussian-  inege Ff)requer?ciesqare gi)\//en by i

dom variables with zero mean and unit variance,~ )
A¢(0,1),i = 1,...,M and the matrixH contains the chan- fri=fo+le;, j=1...,N (©6)
nel coefficients fri=fo+At, 1=1,....M

whereA, ;. Afg; are iid uniform random variables.

hiy hpp - hin (o) veom i . )
hpy hoy - hon Let denotdwij0 theij-th channel coefficient when transmis-
. ) . sion takes place at a carrier frequerfgy In the following,
H= ; . : : (2)  we will see how these imperfect synchronization affects the
: ] : system.
s Pz fwn 2.1 ldeal case

Additional to the transmission channel and analog to th&Vhen all elements operate at the same carrier frequency
model in [5], there also exist two Additive White Gaussian fr; = fri = fo, Vi, j, transmissions in both directions of
Noise (AWGN) cooperation channels with channel gei®@  the link experience the same attenuation by the channel and
for the communication between elements of the same clusence, the channel matrix

ter, see Figll1. These channels are supposed to be orthogonal F R o h(fo) T
to the transmission channels by means of some frequency 1 12 IN
or time duplex technique. Denotingas the complex trans- h(zf) h<22°) h<2,\?>
mit signal, the received signal through cooperation channe Ho . . .
is given by -

y=vGxen, @ ROV

wheren ~ ¢ (0, 1). This means, transmitters / receivers Will be available at both transmitter and receiver sidegalh
interchange their information about the transmit / recgtive /G is large enough we can assume that no additional noise
symbols / signals and channel fading, resulting in a virtuatomponent is present due to transmission over cooperation
BC / MAC MIMO channel. The information provided by channels and the system can be viewed as a virtual MIMO
the other elements is used in order to appropriately encodesystem. Under this situation, the different approacheseof c
equalize data. operation will achieve ideal performance.
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2.2 Imperfect synchronization

The received signat depends oIt while transmitters have

Consider now the situation where each element has its owcc€SS tdHr. The coefficients of these two matrices are

operating frequency as given in E@l (6) and deridteand

Hp as the channel matrices for transmitter to receiver lin

and receiver to transmitter link, respectively. It is imigort
to note that transmitters will knoddgr, while Ht will be
available at receiver side.

Because transmission follows the link transmitter to ne@ei
the received signat is then given by

y=Hrx+n. 7

2.2.1 Cooperation at the receiver

Taking all the previous considerations into account, thedr
mission channel matrik+ will be given by

hg_ff-mf“)ej b L. h:(LEJ+AfT-N )ej¢1N
Hr = : g : (8)
h'(v:iJrAfT'l)ejd’Ml . h'(\;?\l+AfT~N >ej¢MN

whereg;; is the phase difference introduced betweeritie
receiver and-th transmitter given as

¢ij = 27T(fR7i — nyj) = 27T(AfRi 7Af.|-'j) R Vi,j . (9)

different as they are the response of the channel to differ-

kernt frequencies and hence, reciprocity of the channel is los

his lost of reciprocity will translate into an error on theep
coding / pre-equalization procedure. Analog to the receive
cooperation case, we do not have perfect information about
the transmit symbols from other users. A noise term is in-
troduced by the cooperation channel and constellatiortpoin
will experience a rotation due to phase errors between coop-
erating nodes. This will cause that some symbols may not be
decoded correctly which will translate into an erroneous in
formation about symbols to be transmitted. The information
about the transmit signals at tfi¢h transmittex’; would be

Xj=[Z1j-%j], (12)

where [-| represents the hard-decision procedure that
takes place at the transmitterstitj is a diagonal
matrix with elements on the main diagonal equal to
{elbrin . @PTii-v 1 ePTiiw . elATiN} and At jm =
2n(Qtr; —Dtry,) 5 J,m=1,...,N, are the phase shifts in-
troduced due to the offsets between transmitters. Afjitie
transmitterx’; andHg will be provided to the precoder in-
stead of the correct informationandHr.

As receivers always knoddt, imperfections on the oscil-
lators do not degrade Channel State Information (CSI) and
therefore, equalization will not degrade due to these imper
fections. However when interchanging information throughApart from the noise component of variancgyiG intro-
the cooperation channel an additional noise term is presedticed by the cooperation channel, frequency offsets betwee
but also a phase shift will occur as elements within the reearriers of different users introduce additional distamti
ceiver cluster have different carrier frequencies. Based othat affects the system performance. In the case of receiver
this, at thei-th receiver the information available about the cooperation, this effect produces a rotation on the redeive
received signalg’; will be symbols from other users while still keeping the correct
_ information about the channel. On the other hand, when
(Y +nra/ VG)eltrit cooperation is performed at the transmitters, reciproafty
: the channel is lost and the information available about the
channel will be erroneous. This mismatch will depend on
how the channel is correlated. If it is highly uncorrelated,
only a small deviation will cause a strong degradation.
Additional to this, phase errors will rotate the transmit
symbols received from other users. These two effects are
expected to severe degrade performance.

3. SIMULATIONS

(yiflJrnr,i,l/\/é)ejARi(ifl)
Yi= yi N
(Vit1+Nrip1/V/G)eoRil+D

= ERJ Yyi, (10)

(Ym + e /V/G)elbrm

whereyi is given in Eq. [b)Ar ik = 2m(A gy, — Ay, ) , T, K=
1,...,M and XR; is a diagonal matrix whose elements are

For the simulations we will consider a scenario where
only two transmitters and two receivers operaies M = 2.
For simplicity, we will assume that a total transmit power

{elfri, . @ity 1 @ity elbrim} Receiver will
usey; to perform equalization of thieth symbol.

2.2.2 Cooperation at the transmitter

of Peoop is available for the cooperation channel and that
Pry corresponds to the transmission one, so no optimization
is carried out regarding the total transmit power constrain
P = Peoop+ Prx. It becomes clear that system performance

The information about the channel at the transmitter is aswill depend on how the channel is correlated when cooper-
sumed to be obtained from the receiver using pilot symbolating at the transmitters. Due to this reason, we will use the
transmitted via feedback channel. This means that at théoherence BandwidtBc to characterize frequency offsets.

transmitter the information about the channel will coriesp
to the matrixHg which, analog tdHr, is given by

R g L RN o
Hr = : :
hC R it O ARN oy
(11)
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That is, we will assumay, |, Ag,, ~ % (—a %, a%) Vi, j,
where 0< a is a parameter to quantify frequency deviations
in terms ofBc.

The channel will consists on two rays with a number of
zeros between them in the form

h(n) = hpd(n) + hxd(n—K), (13)
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Figure 2: V-BLAST degradation for different values of the Figure 3: V-BLAST degradation for different values of the
parametetr andG = 10 dB. parameten andG = 20 dB.

wherehg, hk ~ .4¢(0,1/2). The corresponding Power Delay introduced by the cooperative transmission causes a signif

ProfileR,(n) of h(n) is given by icant performance degradation. This is due to the fact that
1 no decision can be made when cooperating between receiver
_ < _ nodes and hence, an additional noise component is present.

Ph(m) = 2 (8(n) +0(n—K)). (14) On the other hand, error phases cause a rotation of the re-

, . . ceived signals which produces an increase in BER. It is im-
Time dispersiom, of the channel can be computed as portant to note that degradation will be higher for modolati
schemes of higher order as constellation points are closer.
Th _ Zn (n B D)zpn(n) D= Znn%(n) ) (15) . .
3 0 Ph(n) ’ S 0 Ph(n) 3.1.2 Transmitter cooperation
_ _ For the transmitter cooperation case, simulation resuts d
And the Coherence BandwidBt can be then obtained as pending ona are presented in FigurEk 4 did 5 for the cases

the inverse of the time dispersion such that whereG = 10 dB andG = 20 dB, respectively. It can be
observed that these two simulations coincide although they

Bc ~ i (16) are realizations to different values of the cooperatiomeha
Th nel's gainG. This means that the decision procedure that

. o takes place at the transmitter provides a very few errors on
For our particular channel of two rays delayed in tie,  the cooperation channel for these valueSaind small val-
takes the value 2 ues ofaBc. Phase errors also cause a rotation on the received
Bc = —. (17)  symbols through cooperation channel but if these values of
K aBc are small, this rotation is negligible and has no effect on
the decision of the received symbols from other transnsitter
3.1 Simulation results However, having a look at FigurEk 5 &dd 4, we can see that
for phase offsets uniformly distributed jr0.05B¢, 0.05B¢],
the system degrades significantly. This means that mismatch
G. For all simulations QPSK have been employed for mogPétWeenHr andHy dominates BER performance as sym-

ulating the data. Two different techniques to mitigate the?C!S aré precoded using erroneous CSI.

impact of the channel have been considered. V-BLAST

is used as equalization technique for receiver cooperation 4. CONCLUSIONS

and Tomlinson-Harashima precoding based on the V-BLASTh herformance evaluation of two realistic cooperationtstra
idea has been selected as representative strategy when cogghs ynder non-ideal conditions of carrier synchronizatio
erating at the transmitter. In all simulations the ideavesr ¢ heen studied. V-BLAST equalization has been consid-
(a =0,G — ), labeled as “ideal”, have been included for greq for receiver cooperation while Tomlinson-Harashima
the ease of comparison. based on the V-BLAST idea has been selected as representa-
. . tive for transmitter cooperation. Simulation results shbat
3.1.1 Receiver cooperation the effect of the cooperation channel g&@nhas a greater
Simulation results for the receiver cooperation case ae diimpact when cooperation is performed at the receiver than
played in FigureBl2 ald 3 for values®f= 10 dBandG =20 cooperating at the transmitter. The reason for that is that a
dB, respectively. We can observe that @@= 10 dB, noise decision procedure can be performed at the transmitter and

We will consider the case whet¢ = 4 and will provide
the simulations in terms of BER and dependingamrand
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in performance. The reason is that at the receiver we only
have the effect of a phase shift due to frequency offsets
between nodes of the cluster while in the transmitter case,
an additional error is present as we are precoding with
channel coefficients that correspond to a different frequen
response.

Based on the results, we can say that receiver coopera-
tion appears to be a more robust approach under non-ideal
conditions of synchronization than transmitter cooperati

Future work on the topic could include some constraints and
optimizations related to the total available bandwidth Ao

power in order to get a more robust model and be able to es-
tablish a criterion when selecting the appropriate codpeya
strategy.

BER
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Figure 4. THP-VB degradation for different values of the
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Figure 5. THP-VB degradation for different values of them
parametetr andG = 20 dB.

The effect of carrier mismatch has, however, much mor l
impact on performance when cooperating at the transmitter
than at the receiver. Frequency offsets of only a small
fraction of B¢ at the transmitter cause a severe degradation
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