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Abstract—In this paper, we propose a novel WSN framework local sensors, which convey their observations to the fusgém-
for one fusion center to monitor simultaneously multiple source ter over wireless channels. To be more specific, in the pexpos
\e/\‘/’gws (SEs), each of which has multiple states. In the proposed\ygN | after the observation of a SE, a local sensor transraits it
, every SE is observed by a range of local sensors, wh|chd . ftha/ states) to the fusi ina MOM
convey their observations to the fusion center in the principles of ecision (One,o sta es) to the fusion center using -
direct-sequence code-division multiple-access (DS-CDMA) assoc modulation with the aid of DS-CDMA [13]. Hence, for brevity,
ated with M-ary orthogonal modulation (MOM). Therefore, the ~ we refer to it as the MOM DS-CDMA WSN. In the MOM DS-
proposed WSN is referred to as the MOM DS-CDMA WSN. In - CDMA WSN, the local sensors serving the same SE convey
the MOM DS-CDMA WSN, the local sensors monitoring the same  1nair decisions to the fusion center in the TDMA principles.
SE transmit their signals to the fusion center in the principles H th d ti f ith h oth
of time-division multiple-access (TDMA), while the local sensors ence, these Sensors do no interfere wit eacr O'F er. By con
serving different SEs communicate with the fusion center in the trast, the sensors serving different SEs transmit sigoathe
principles of DS-CDMA. By making use of the advantages of fusion center in DS-CDMA principles. In this case, the signa
gﬂOMd thetLusion c_entclar 0t|¢tECtS tbh_e S(%Asés(';tﬁes-eitheﬁ coherelyt  arriving at the fusion center simultaneously may interfeit
ased on the maximal ratio combing usion rule, or non- ; ;
coherently based on the equal gain combining (EGC) fusion rule. ea((j;h othe(rj, lI)f tthhey are not orctjholgontil QUe tp thets_ptrea:jdlngd
The detection performance of the fusion center is investigated by ¢0d€S US€d Dy the Sensors and also the impairment introauce
simulations. Specifically, the impacts of the number of SEs, the DYy wireless channels. In this contribution, two fusion dem
number of local sensors per SE, the observation reliability of local rules are investigated associated with the MOM DS-CDMA

sensors, the reliability of the channels from local sensors to fusion WSNs, one is the coherent MRC fusion rule and the other one

center, etc., on the fusion detection performance are addresd. is the noncoherent EGC fusion rule. Since the MRC fusion
rule requires the knowledge of all the channels from thelloca
|. INTRODUCTION sensors to the fusion center, while the EGC fusion rule does

In WSNSs, signaling and detection are the very importamot, the MRC fusion rule may demand much higher complexity
issues, which have received a lot of research in recent y&ars than the EGC fusion rule. In this paper, the error perforraaric
10]. Specifically, for two-state (or binary) events morgwy the MOM DS-CDMA WSN is investigated, when the channels
optimum and sub-optimum fusion detection algorithms hayeom local sensors to fusion center experience independent
been proposed under various assumptions. Fusion detectRayleigh fading. Our focus is on the impact of the number of
rules found in literature include Neyman-Pearson detacfly SEs, the number of sensors per SE, the observation refjabili
9], Bayes detection [2, 5, 9], maximum likelihood detectjga of local sensors, the reliability of wireless channels,,&to the
6,9], maximal ratio combining (MRC) detection and equaletection performance of the MOM DS-CDMA WSNs.
gain combining (EGC) detection [3-6], Chair-Varshneydnsi  From our studies and performance results, we observe that
detection [4-6], etc. In order to improve the spectral-afficy the MOM DS-CDMA constitutes one of the promising signal-
and to reduce the detection delay, in [11], a multiple-ascesig schemes in WSNs for efficient transmission of signals from
model has been proposed for transmitting signals from lodakal sensors to fusion center. It is flexible to support iplét
sensors to fusion center and, furthermore, correspondsigri  SES, is suitable for operation with/-ary SEs and signals can
detection rules have been proposed and studied. Addiljpital be detected using either relatively higher complexity leitdy
[7], the fusion detection ol/-ary events has been investigategherformance coherent fusion rules or low-complexity nenco
by merging the fusion detection with channel decoding. @wirherent fusion rules. The MOM DS-CDMA WSNs are capable
to its low-complexity, in WSNs, noncoherent fusion rules aref achieving promising detection performance at rease@nabl
often preferred to the coherent fusion rules, which regextea  SNR level. Furthermore, our performance results show byat,
complexity and extra resources for channel estimation [12] deploying more local sensors, the EGC fusion rule is capable

In this paper, we propose and investigate a novel WSN franad-attaining the same detection performance as the MRCriusio
work, where multiple source events (SEs) are simultangoustle. In other words, the same detection performance of the
monitored by a number of local sensors. We assume that edd®M DS-CDMA WSN may be achieved either by the higher
SE hasM number of states, determined by the states of omwemplexity MRC fusion rule using a lower number of local
to several parameters. The proposed WSN has a parallettriensors or by the lower complexity EGC fusion rule with a
layer network structure [4], where the SEs are monitoredby thigher number of local sensors.
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Fig. 1. Triple-layer system model for the MOM-DS-CDMA WSN marihg n=12,...,N N}
multiple source events.

Explicitly, we haveCTC = I,;. With the aid of the above
settings, the discrete-time signal transmitted by ktte local
Il. SYSTEM DESCRIPTION sensor of thenth SE within its allocated time-slot can be

The sensor network considered in this paper is a typic%)fpressed as
triple-layer WSN model [4-10], whichis shown as Fig. 1. There s, = P,,,C wy,,., k=1,...,K;n=1,...,N  (2)
are N > 1 SEs, each of which is monitored by > 1 local L
sensors. Each SE has multiple parameters being monitord§€re . denotes the transmission power of tia sensor
which are represented by multiple states. After a local mens$€rving thenth SE. Note thats,,, is anN,-length vector.
observes a state of its SE, it conveys this state to the fusiort-€t US @ssume that all the local sensors have a similar dis-
center based on the MOM DS-CDMA principles, which wilfance from the fusion center and that all the sensors transmi
be detailed in our forthcoming discourse. Finally, at theign "9 the same power. We assume that fieensors serving the
center, the states of th&' SEs are estimated based on th§2Me SE transmit their signals one-by-one serially in TDMA
signals received from all théd N local sensors. Below we principles. Furthermore, synchronous transmission veitipect

describe in detail the operations carried out at the loqasees ©© the N SEs is assumed. Then, when assuming communi-
and at the fusion center. cations over flat Rayleigh fading channels, the discrete-ti

signal received by the fusion center within theh time-slot
can be written as

A. Sensor Processing N
In order to make the problem manageable, we assume that the TR = Z hnkSnk +n
N SEs being observed are uncorrelated. Each oMhimber n=1
of SEs is monitored by« local sensors, which observe the SE N
independently without interference with each other. Weliags = Z hoilCrwo,,, +n, k=1,... K 3
that the SEs have! states, represented B8y, Hy, -+, Hyr_1. n=1

When thenth SE is at the staté,,,, its local sensor, sa§,.x, \herer, is the N,-length observation vectok,,;, denotes the
generates an integer value,; = my, if its observation is f5qing gain of the channel from thieth local sensor moni-
correct; Otherwise, it generates an integer vaiug, 7 mn,  toring thenth SE to the fusion centeh,.;, obeys the complex
when the observation is incorrect. Note that,.x,m» €  Gayssian distribution with zero mean and a variand& oper
{0,1,..., M — 1}. We assume that all the local sensors havygmension. For convenience, in (3), the transmission pdaer
the same correct observation probability. Correspondingly, been normalized to one. The Gaussian noise vectior (3),

the incorrect observation probability /&, = 1 — P.. Once a g gistributed with mean zero and a covariance matfify ,
local sensor makes an erroneous observation, we assunie t ﬁereIN is the (N, x N,) identity matrix andos? = K/~
s s s - s

generates an integer value other than the desired one weith th ~, denoting the signal-to-noise ratio (SNR) per symbol.

same probability ot /(M — 1). _ Let b = log, M denote the number of bits pf-ary symbol.

The local sensors belonging to the same SE send signalsrffan e have,, = by,, wherey, represents the SNR per bit.
the fusion center in TDMA principles. Specifically, when thgqte that, the factor ok in o2 = K/, explains that the total
kth local sensor of theth SE assumes that its SE is at the stal€ower received fron¥ local sensors of one SE is the same,
Hy,,,, it conveys them,th column of the WalSh'Hadam"?‘rdregardless of the number of local sensors invoked. This mean
matrix W = [wo, w1, --- ,wa—1] to the fusion center within 14t jess power is transmitted by each sensor, when each SE is

i i T _ WIW — . ;
its allocated time-slot, whed/W* = W*W = Iy. LetCy  gpserved by more sensors. Let Us now consider the fusios rule
be an(N, x M) matrix for DS spreading, which is used by all

the K local sensors of theth SE. We assume thaf, = M x ) )

SF with SF being an integer denoting the spreading factoB- Fusion Detection Rules

Lete, = [cno,Cn1, - 7cn(N5,1)]T, cni € {+1,—1}, be an One of the important advantages of the MOM scheme is that
N,-length spreading sequence assigned taSEhen,C,, isa it can be detected either coherently or noncoherently. i th
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paper, two relatively low-complexity detection rules ateds knowledge. With the EGC rule, the decision vector is formed a
ied, including one coherent detection rule and one nonevtter %
detection rule. The coherent detection rule is operatedhén t 5 :Z 2|2
MRC principles [13, 14], while the noncoherent detectiole ru " nk
is in the EGC principles [13, 14]. Note that, more advanced de =1
tection rules may be employed in order to improve the degacti
reliability, but usually at the cost of increased complgxit

In order to detect the states of theé SEs, the fusion center ;_ 19 N )
should know the spreading codes used by the local sensors. ST
This can be done either via assigning the local sensors thRen square-law based detection is considered.
corresponding spreading sequences by the fusion cergéy its Finally, based on the decision variable vectgy, n =
or via acquisition of the spreading sequences used by tla lot, . . .| V, the largest of its entries is selected and mapped to an
sensors. Based on either way, the fusion center can also kriatéger in the rang, M — 1], which represents the estimate to
which SE is monitored by which local sensors. Upon carryinge state of thexth SE.
out the de-spreading using thgh SE'’s spreading code, we

obtain I1l. ANALYSIS OF CHARACTERISTICS

- The MOM DS-CDMA WSN proposed in this contribution
Yk =C Tk employs a range of characteristics. First, it simultangous
N monitors multiple SEs each with multiple parameters (shate
=hnkWs,, + Z hn/kaC’n/wmn,k +Cfn, Second, there is no interference among Hiesensors serv-
n'=1 —~ ing the same SE, since they communicate with the fusion

Nk

2

)

K
= kW wi,, + W (L + mni)
k=1

center based on the TDMA principles. However, there exists
interference among the sensors that serve different SEs and
transmit signals simultaneously. In the proposed MOM DS-
CDMA WSN, this interference is mitigated with the aid of
where y,, I, and n,; are all M-length vectors. In (4), the spread-spectrum technique. Furthermore, it is weslan
hnkwsn,,, is the desired signal from theth sensor serving SE that the MOM s a typical on-off modulation scheme, which
n, Iy, is the interference from the sensors serving the other Siso has some capability to reduce interference. Thirdhén t

Ik
k=1,....K;n=1,2,...,N 4)

andn,,, is due to noise. MOM DS-CDMA WSN, signals transmitted from the local

When processing (4) using the Walsh-Hadamard m@#fix sensors to the fusion center are the DS spread-spectruaissign
we obtain which has the properties of low power-spectral density (R8D
Gaussian noise alike, wideband, interference suppression

2ok =Wy Most importantly, the MOM DS-CDMA may be implemented

T T to follow the requirements of ultra-wide bandwidth (UWB)

=hu W ws,, + W (L + 1), communications. In this case, the MOM DS-CDMA WSN

k=1,....K;n=12,...,N (5) may be developed without requiring the license of using the

frequency spectrum.

wherez,,;, is an M-length vector, one of its entries matches Forth, as mentioned previously, the MOM DS-CDMA WSN
to w,;,,,, transmitted by theith sensor of SE and, hence, it is suitable for using either coherent fusion rules or noeceht
contains the desired signal, interference and Gaussiaenofusion rules. For the MOM DS-CDMA WSNs with a low
By contrast, all the other entries 4, contain only undesired number of sensors per SE, if channel estimation is feasible,
interference and Gaussian noise. coherent fusion rules, such as MRC, may be employed in order

Finally, at the fusion center, the signals received from tH@ attain an enhanced reliability. However, when the number
K local sensors monitoring one SE are combined to form i Sensors per SE is high, estimating the channels between
decision variables. Specifically, when the fusion centepleys Sensors and fusion center may become very challenging and
the channel knowledggh,,;.} of all the channels from the local ime and power consuming. In this case, noncoherent fusion

sensors to the fusion center, the MRC can be employed, whighes will be preferred. With the noncoherent rules, altftou
generates the decision variable vector 3 dB of extra power is usually required for them to reach a

similar detection reliability as the corresponding colnérales,
however, noncoherent fusion rules do not require overhimds

K
5 :%{Z B 2} channel estimation, which fundamentally saves energye Not
" ke that, the overheads for channel estimation may become huge,
k=1 o
I when the number of sensors per SE is high. Furthermore,
20177, « T for those low-rate WSNs transmitting signals in burst fashio
=R {z:l k"W wi,, + W (L +nnk)]} ' the percentage of overheads against useful data may also be

significant. For these types of WSNs, noncoherent fusiorsrule
may also be preferred.
Fifth, as the other WSNs [1, 2], in the MOM DS-CDMA
The MRC rule requires the channel knowledge, which possSN, the WSN’s overall reliability is jointly determined by
bly demands extremely high complexity when there are mattye detection reliability of local sensors and that of fusio
sensors. In order to attain lower complexity detection B center. If the detection reliability of the local sensorda,
rule may be employed, which is not dependent on the chanttetn, the WSN’s overall detection reliability will most piatidy

n=12...,N (6)



IEEE 75TH VEHICULAR TECHNOLOGY CONFERENCE: VTC2011-SPRING, 6¥&Y 2012, YOKOHAMA, JAPAN. 4

EGC Fusion Rule, N=2, M=16, SF=8, P c=0.95 EGC Fusion Rule, K=5, M=16, SF=8, P ~0.95
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DS-CDMA WSN, when communicating over Rayleigh fading channels

low, regardless of the detection reliability of the fusianter.
Similarly, no matter how reliably detected at the local &8s
the WSN’s overall detection reliability will degrade, if the
detection at the fusion center becomes unreliable. Herloenw
considering the optimization of the MOM DS-CDMA WSN's
overall detection performance, the fusion detection arel t
local sensors’ detection need to be jointly optimized. Nbé,

by the EGC fusion rule. For both the fusion rules, the error
performance explicitly improves as the number of local eens
per SE increases, due to the increased spatial diversitynWhe
he number of local sensors is not high, error-floors apdéss.
ason behind is as follows. First, at a given time, there are

the optimization issue is beyond the scope of this confidbut two sensors belonging to th(_a two SEs, WhiCh send their signal
which, however, constitutes one of our future researclcoipi simultaneously and hence interfere W'th each other. Second
the coyntext of tr;e MOM DS-CDMA WSN the local sensors make error observatlon with an error rate
) P, =1 - 0.95 = 0.05, which results in that the fusion center
makes erroneous decisions, even when the channels from the
IV. SIMULATION RESULTS local sensors to the fusion center are ideally reliable.

In this section, we provide a range of performance resultsFigs. 4 and 5 show the BER versus average SNR per bit
obtained via simulations for characterizing the achiez&btor performance of the MOM DS-CDMA WSNs employing the
performance of the MOM DS-CDMA WSNs employing eitheEGC (Fig. 4) or MRC (Fig. 5) fusion rule, when the WSNs
EGC or MRC fusion rule. The parameters used for setting theonitor different number of SEs simultaneously. Both trealo
simulations are shown associated with the figures. sensors without observation erroB.(= 1) and that with a

Figs. 2 and 3 demonstrate the BER versus average SNR perrect observation probability af. = 0.95 are addressed.
bit performance of the MOM DS-CDMA WSN employing theExplicitly, the reliability of the fusion detection degresias the
EGC (Fig. 2) or MRC (Fig. 3) fusion rule, when the locahumber of SEs monitored simultaneously by the fusion center
sensors have a correct observation ratePof= 0.95. First, increases. Whe, = 1, the BER of fusion detection may go
when comparing Fig. 2 with Fig. 3, we can find that, for a givewery low, as the SNR increases. However, whén= 0.95,
number of local sensors per SE, the error performance autaithe BER of fusion detection is constrained by the error réte o
by the MRC fusion rule is slightly better than that attainetbcal sensors’ detection. The BER cannot be reduced fubther



IEEE 75TH VEHICULAR TECHNOLOGY CONFERENCE: VTC2011-SPRING, 6¥&Y 2012, YOKOHAMA, JAPAN. 5

EGC Fusion Rule, M=16, SF=8, P =0.95 several local sensors to transmit signals simultaneowstie

10 ; ! ‘ ! fusion center. The MOM scheme is employed in favor of either
R B ot iesisosotstos: coherent or noncoherent detection. The error performahce o
10-1,,;«;;5;,’;’;;;,’* % k- K KoK the MOM DS-CDMA WSN has been investigated and the

@ r effects of different aspects have been observed. Our studie
show that the MOM DS-CDMA WSN is capable of achieving a
promising detection performance for reasonable chann&.SN
However, the detection performance of the MOM DS-CDMA
WSN is jointly determined by the local sensors’ reliabilityda
the fusion center’s reliability. Hence, when the total powe
the WSN is given, the local sensors’ detection strategy aed th
fusion center’s detection strategy need to be jointly ojztia.
This constitutes one of our future research topics in théestn
of the MOM DS-CDMA WSNSs.
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V. CONCLUSION

In summary, a WSN framework has been proposed, which
monitors multipleM-ary SEs whose states are conveyed via
local sensors to the fusion center in the principles of TDMA
and DS-CDMA. The DS-CDMA has been introduced to allow



