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Abstract—In this paper, a novel WSN framework, namely the
FH/MFSK WSN, is proposed, which monitors M -ary events
and conveys signals from local sensors to fusion center with
the aid of frequency-hopping (FH) and M -ary frequency-shift
keying (MFSK) techniques. The source events under observation
by local sensors are assumed to haveM states. The estimates
of local sensors are transmitted to the fusion center using
MFSK modulation aided by FH. Channels from local sensors
to fusion center are modelled either as additive white Gaussian
noise (AWGN) channels or as Rayleigh fading channels. At
the fusion center, signals are noncoherently detected based on
square-law principles aided by equal gain combining (EGC). In
this paper, the detection performance of the FH/MFSK WSN is
investigated by simulation approaches. Our studies show that the
FH/MFSK constitutes one of the promising schemes for efficient
information delivery in WSNs. Reliable detection can be achieved
at reasonable SNR levels for detection at local sensors and at
fusion center.

I. I NTRODUCTION

Due to the great potential for many applications and also
due to the advancement of emerging technologies, wireless
sensor networks (WSNs) have drawn intensive research in
recent years. In WSNs, signal detection constitutes one of the
very important tasks, and a lot of research effort has been
made for design of high-efficiency low-complexity detection
algorithms [1–10]. Specifically, for binary events monitored,
optimum and sub-optimum detection algorithms have been
derived under various optimization criteria. Detection schemes
found in literature include Neyman-Pearson detection [2, 9],
Bayes detection [2, 5, 9], maximum likelihood detection [2–6,
9], maximal ratio combining detection and equal gain com-
bining detection [3–6], Chair-Varshney fusion detection [4–
6], etc. In order to improve spectral efficiency and reduce
detection delay, in [11], a multiple-access model has been
proposed for transmission of signals from local sensors to
fusion center and corresponding fusion detection rules have
been studied. Furthermore, in [7], the fusion detection of
M -ary events has been investigated by merging the fusion
detection with channel decoding. Owing to its low-complexity,
in WSNs, noncoherent detection is often preferred to the
coherent detection, which requires extra complexity and extra
resources for channel estimation [12].

In this paper, we propose and investigate a novel WSN
framework, which considers noncoherent detection ofM -ary
events. Our proposed WSN has a parallel triple-layer network
structure [4]. Its source event observed hasM possible states,
which are assumed to be conveyed to the local sensors in
the form of M -ary amplitude-shift keying (MASK) signals
disturbed by additive white Gaussian noise (AWGN). After
the observation, the local sensors transmit their decisions to
the fusion center usingM -ary frequency-shift keying (MFSK)
modulation with the aid of frequency-hopping (FH) [12, 13].
Therefore, for brevity, the proposed WSN is referred to as
the FH/MFSK WSN. In the proposed WSN, the FH tech-
nique is introduced for the sake of enhancing the detection
reliability by making efficient use of the frequency diversity
existing in wireless channels. This frequency diversity turns
out to be more significant in performance delivery, when
the local sensors are located close to each other, resulting
in that their channels to the fusion center become highly
correlated. The MFSK is a well-known modulation scheme
that is beneficial to using square-law noncoherent detection.
Hence, low-complexity fusion detection is attainable. In this
contribution, the detection performance of the FH/MFSK
WSN is investigated, when the wireless channels from local
sensors to fusion center are modelled as AWGN or Rayleigh
fading channels. Our analysis and performance results illus-
trate that the FH/MFSK constitutes one of the promising
schemes for efficient information delivery from local sensors
to fusion center. It works withM -ary events, benefits from
the advantages of noncoherent MFSK and FH techniques, and
makes efficient use of the diversity existing in both space and
frequency domains. Furthermore, it is capable of achieving
reliable detection at reasonable SNR levels for the detection
at local sensors and at fusion center.

The reminder of this paper is organized as follows. In
Section II, we provide the details of the proposed FH/MFSK
WSN, where the source event, sensor processing and fusion
processing are considered. In Section III, the characteristics
of the FH/MFSK WSN is analyzed. Section IV provides
performance results and corresponding discussion. Finally, in
Section V, our conclusions are derived.
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Fig. 1. Triple-layer system model for the WSNs observing anM -ary event,
where information is transmitted to the fusion center based onFH/MFSK
scheme.

II. SYSTEM DESCRIPTION

The sensor network considered in this contribution is shown
in Fig. 1, which is a typical triple-layer WSN model widely
used for research in literature [4–10]. As shown in Fig. 1, the
L number of local sensors observe simultaneously an event
with M states and then transmit their observed states using
the FH/MFSK to the fusion center over wireless channels.
The fusion center finally makes a decision on the state of
the source event, based on the signals received from theL
sensors. Below we describe in detail the components of the
WSN considered as well as their operations and corresponding
assumptions invoked.

A. Source Event

The single source events hasM states corresponding toM
hypothesises, which are expressed byH0,H1, . . . ,HM−1. In
this paper, we assume for simplicity that theM hypothesises
represent theM amplitudes,A0, A1, . . . , AM−1, obtained by
quantizing a continuous event, such as temperature, pressure,
etc. Therefore, given at the statem, m = 0, . . . ,M − 1, the
event for the local sensors to observe can be represented as

rl = Am + nl, l = 1, 2, . . . , L, (1)

wherenl is the observation noise.

B. Sensor Processing

When thelth, l = 1, . . . , L, sensor obtains an observation in
the form of (1) for the source events, it decides the state ofs
based on the principles of MASK [12]. Let the states estimated
by theL sensors are collected tosss = [s1, s2, . . . , sL], where
sl = m, if the lth sensor estimates that the source event’s
amplitude isAm. Let us assume that the source event is
linearly and uniformly quantized. Then, the observation error

probability of the sensors is given by [12]

Pse = 2

(

1 − 1

M

)

Q

(

√

6 log2M

M2 − 1
γs

)

(2)

where γs represents the observation signal-to-noise ratio
(SNR) at the sensors, referred to as the sensor SNR for
convenience. In practice, the sensor SNRγs is depended on
the source event’s characteristics, the specific quantization ap-
proach used, the sensing method, etc. In (2),Q(x) is the Gaus-
sian Q-function defined asQ(x) = (2π)−1/2

∫∞

x
e−t2/2dt.

Note that, in our simulations in Section IV, we assume that an
erroneous observation leads to one of the(M−1) states other
than the correct one with the same probability ofPse/(M−1).

Following the sensing to determine a state of the source
event, as shown in Fig. 1, theL sensors transmit their observed
states to the fusion center with the aid of the FH/MFSK
techniques. The total transmission time is assumedTs seconds,
which is referred to as the symbol duration. Let us assume that
the WSN system hasM orthogonal frequency bands with their
center frequencies forming a setFFF = {f0, f1, . . . , fM−1}.
These M frequencies are used for both FH and MFSK
modulation, which are implemented as follows. Letaaa =
[a1, a2, . . . , aL] be a FH address used by the WSN, where the
integeral ∈ {0, 1, · · · ,M − 1}, l = 1, . . . , L. The purpose
of using the FH address is two folds. First, transmitting the
information about the source event on different frequency
bands is capable of providing frequency-diversity for the
detection at fusion center. This becomes even more important,
when some sensors are located close to each other, resultingin
that their signals received by the fusion center are correlated,
if the signals are transmitted on the same frequency band.
Second, with the aid of the FH, signals received from theL
sensors can be noncoherently combined, which will become
explicit in our forthcoming discourse. Based on the FH address
aaa and the estimatesss, the local sensors first carry out the
operation

mmm = [m1,m2, · · · ,mL] = sss⊕ aaa

= [s1 ⊕ a1, s2 ⊕ a2, · · · , sL ⊕ aL] (3)

where⊕ represents the addition operation in the Galois field
GF (M). Therefore, the value ofml, l = 1, . . . , L, is within
[0,M − 1], suitable for MFSK modulation.

Following the FH operation shown in (3), the components of
mmm are respectively passed to the MFSK modulators of theL
sensors, where they are converted to the MFSK frequencies
FFFm = [fm1

, fm2
, . . . , fmL

], where fml
∈ FFF . Finally, the

MFSK modulated signals of theL sensors are transmitted
one-by-one to the fusion center in a time-division fashion
using L time-slots of durationTh, where Th = Ts/L.
Specifically, the signal transmitted by thelth sensor during
the iTs < t ≤ (i+ 1)Ts can be expressed in complex form as

sl(t) =
√
PψTh

(t− iTs − [l − 1]Th)

× exp(j2π[fc + fml
]t+ φl), l = 1, . . . , L (4)

whereP denotes the transmission power, which is assumed the
same for all theL sensors,fc is the main carrier frequency
andφl is the initial phase introduced by carrier modulation. In



(4), ψTh
(t) is the pulse-shaped signalling waveform, which is

defined over the interval[0, Th) and satisfies
∫ Th

0
ψ2(t)dt =

Th.
Assuming that the signalsl(t), l = 1, . . . , L, is transmitted

over flat Rayleigh fading channels, at the fusion center, the
received signal duringiTs < t ≤ (i + 1)Ts can be expressed
as

rl(t) =hlsl(t) + nl(t)

=
√
PhlψTh

(t− iTs − [l − 1]Th)

× exp(j2π[fc + fml
]t+ φl) + n(t),

l = 1, . . . , L, (5)

wherehl = αl exp(jθl) denotes the channel gain with respect
to the ith symbol and thelth sensor, which is assumed con-
stant over one symbol-duration. Furthermore, when Gaussian
channels are assumed, we haveαl = 1. In (5), n(t) is the
Gaussian noise process presenting at the fusion center, which
has zero mean and single-sided power-spectral density (PSD)
of N0 per dimension.

C. Fusion Processing

When the fusion center receives the signals in the form of
(5), the source event’s state is estimated using noncoherent
detection approach detailed as follows.

First, corresponding to each of theL sensors,M decision
variables can be formed as

Rml =|(
√

ΩPTh)−1

∫ iTs+lTh

iTs+(l−1)Th

rl(t)ψ
∗

Th
(t− iTs − [l − 1]Th)

× exp(−j2π[fc + fm]t)dt|2, (6)

where m = 0, 1, . . . ,M − 1 and l = 1, 2, . . . , L, and
Ω = E[|hl|2] denotes the average channel power. Since it
has been assumed that theM number of frequency bands
invoked are orthogonal to each other, hence there is no
interference between any two frequency bands. Consequently,
upon substituting (5) into (6) and absorbing the carrier phase
φl into hl, we obtain

Rml =

∣

∣

∣

∣

µmml
hl√

Ω
+Nml

∣
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∣

2

, m = 0, 1, . . . ,M − 1;

l = 1, 2, . . . , L (7)

where, by definition,µmm = 1, while µmml
= 0, if m 6= ml.

In (7),Nml is a complex Gaussian noise sample collected from
themth frequency band over thelth time-slot, which is given
by

Nml = (
√

ΩPTh)−1

∫ iTs+lTh

iTs+(l−1)Th

n(t)ψ∗

Th
(t− iTs − [l − 1]Th)

× exp(−j2π[fc + fm]t)dt (8)

which has mean zero and a variance ofLN0/(ΩEs) = L/γ̄s,
whereEs = PTs represents the total energy for transmitting
one M -ary source symbol with each sensor’s transmitted
energy per symbol beingEh = Es/L, γ̄s = ΩEs/N0 denotes
the average SNR per symbol.

Having obtainedRml for m = 0, 1, . . . ,M − 1 and l =
1, 2, . . . , L, the fusion center removes the FH imposed by the
local sensors by carrying out the operation

Z(m	al)l = Rml, m = 0, 1, . . . ,M − 1; l = 1, 2, . . . , L (9)

where	 denotes the subtraction operation in the Galois field
GF (M). The operation in (9) means that the element indexed
by m is changed to the one indexed bym′ = m	 al.

Finally, theM decision variables for detection of the source
event’s state can be formed in EGC principles [13] as

Zm′ =

L
∑

l=1

Zm′l =

L
∑

l=1

R(m′⊕al)l,

m′ = 0, 1, . . . ,M − 1 (10)

Then, the largest of{Z0, Z1, · · · , ZM−1} is selected and
mapped to an integer in the range[0,M−1], which represents
the estimate to the state of the source event observed by the
L local sensors.

III. A NALYSIS OF CHARACTERISTICS

First, the fusion detection scheme described in Section II-C
is a noncoherent detection scheme, which does not estimate
both the carrier phases and the channels associated with the
L local sensors. Hence, the FH/MFSK WSN is capable of
achieving low-complexity detection. Second, as shown in (10),
noncoherent EGC diversity combining scheme is employed,
which is optimum for noncoherent detection. Third, in the
proposed FH/MFSK WSN, the introduction of FH can improve
the diversity gain achievable. As shown in (10), the FH
operation makes the combined signals at the fusion center
become more uncorrelated, in addition to the uncorrelation
resulted from the spatial separation of the local sensors. The
FH operation turns out to become more important, if theL
local sensors are located close to each other in space. In
this case, signals transmitted by theL sensors may be highly
correlated in space and space diversity cannot be guaranteed.
Additionally, owing to the employment of noncoherent MFSK
and FH, the FH/MFSK WSN can benefit from the embedded
advantages of the noncoherent MFSK and FH techniques [12,
13].

In the FH/MFSK WSN, the final achievable detection per-
formance is jointly determined by the detection performance
of the L local sensors and that of the fusion center. If
the detection performance of theL local sensors is poor,
then, the overall achievable detection performance will be
probably poor, even when the detection at the fusion center
is very reliable. Similarly, the overall achievable detection
performance will become worse, if the detection at the fusion
center becomes less reliable. Hence, when considering the
optimization, the fusion detection and the local sensors’ detec-
tion need to be jointly optimized. Note that, the optimization
issue is beyond the scope of this contribution, which, however,
constitutes one of our future research topics in the contextof
the FH/MFSK WSN.

Let us below provide a range of simulation results, in order
to characterize the achievable performance of the proposed
WSN.



IV. SIMULATION RESULTS

In this section, the simulation results for the error perfor-
mance of our FH/MFSK WSN are depicted and analyzed.
Specifically, we consider the bit error rate (BER) performance
for the sake of unifying the WSN with the conventional one-
hop communication schemes. In this case, the number of bits
per symbol is obtained asb = log2M , and natural mapping
from binary toM -ary is assumed. In this section, the BER
performance of the FH/MFSK WSN is investigated, when
assuming that signals observed by the local sensors are only
disturbed by Gaussian noise, while the channels from the local
sensors to the fusion center are either Gaussian or Rayleigh
fading channels.
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Fig. 2. BER versus sensors SNR per bit performance of the FH/MFSK WSN,
when communicating over AWGN channels.

Fig. 2 illustrates the BER performance of the FH/MFSK
WSNs, when communicating over AWGN channels. In our
simulations, we assumed thatM = 16 frequency bands were
used for FH and MFSK, and the WSN usedL = 8 local
sensors. From the results, we can explicitly observe that both
the local sensors’ SNR and the fusion center’s SNR have
strong impact on the overall detection performance of the
FH/MFSK WSN. As shown in Fig. 2, when the channel SNR
is sufficiently high, such as10 dB per bit, the BER decreases
without observing error-floor, as the sensor SNR increases.
However, when the channel SNR is relatively low, such as
5 or 8 dB per bit, then, BER error-floors present, when the
sensor SNR increases to a certain level. Furthermore, as seen
in Fig. 2, when the channel SNR is5 dB per bit, the WSN
cannot work properly, even when the channel SNR is very
high.

In Fig. 3, we illustrate the BER performance of the
FH/MFSK WSNs with respect to various sensor SNR val-
ues, when communicating over either AWGN (Fig. 3(a)) or
Rayleigh fading (Fig. 3(b)) channels. In our simulations, we
assumed that the WSNs employedL = 8 local sensors and the
source event hadM = 16 states. As shown in Fig. 3, when the
sensor SNR is not sufficiently high, error-floors appear, when
increasing the channel SNR. The reason for this phenomenon
is that, when the sensor SNR is relatively low but the channel

AWGN channel: M=16, L=8
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Rayleigh fading channel: M=16, L=8
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Fig. 3. BER versus channel SNR per bit performance of the FH/MFSK
WSN, when the WSN employsL = 8 local sensors andM = 16 frequency
bands for FH and MFSK modulation.

SNR is sufficiently high, the BER performance of the WSNs is
dominated by the sensor SNR, which does not decreases with
the channel SNR, once it reaches a certain level. By contrast,
as seen in Fig. 3, if the sensor SNR is sufficiently high, such
as15 dB for AWGN channels and18 dB for Rayleigh fading
channels, the BER performance of the WSNs improves, as the
channel SNR increases. There are no error-floors observed in
the BER range of interest.

Fig. 4 depicts the BER performance of the FH/MFSK WSNs
employing noncoherent detection, when operated over either
AWGN (Fig. 4(a)) or Rayleigh fading (Fig. 4(b)) channels.
The main objective is to investigate the impact of the number
of local sensors on the achievable BER performance of the
FH/MFSK WSNs. The cases ofM = 16 andM = 32 were
considered. In our studies, the sensor SNR was assumed to
be 20 dB for both AWGN and Rayleigh fading channels.
Explicitly, the results show that the BER performance of the
FH/MFSK WSN improves, as the number of local sensors
employed by the WSN increases. However, the gain of perfor-
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Fig. 4. BER versus channel SNR per bit performance of the FH/MFSK
WSN, when the WSN employs various number of local sensors andM = 16

or 32 frequency bands for FH and MFSK modulation.

mance improvement becomes less and less, as the number of
local sensors increases. From Fig. 3(b) as well as Fig. 4(b),we
can see that, if the sensor SNR is sufficiently high, the WSN
with L = 8 local sensors is capable of attaining a reasonable
detection performance, owing to the diversity obtained jointly
from the frequency and space domains. Furthermore, as the
results in Fig. 4 show, for a givenL value, the error perfor-
mance becomes slightly worse, as the value ofM changes
from M = 16 to M = 32.

Note again that, the BER performance of the WSN is
jointly determined by the detection performance of the local
sensors and that of the fusion center. In the WSN considered
in this contribution, the signals detected by the local sensors
are MASK signals, the error performance of which becomes
worse with the increase of the value ofM [12]. As shown
in [12], the BER versus SNR per bit performance of MFSK
signals improves with the increase of the value ofM , when
communicating over AWGN channels. It deteriorates, as the
value of M increase, when operated in Rayleigh fading

channels. Hence, the final achievable BER performance of the
WSN is jointly determined by the MASK signals detected at
the local sensors and the FH/MFSK signals detected at the
fusion center.

V. CONCLUSION

A WSN framework has been proposed, which monitors a
M -ary event whose states are conveyed to the fusion center
with the aid of an FH/MFSK scheme. The FH technique has
been introduced to enhance the diversity gain, in case that
the local sensors are located close to each other, resultingin
that their channels to the fusion center are correlated. The
MFSK modulation scheme is employed in favour of nonco-
herent detection for implementing low-complexity detection.
The error performance of the FH/MFSK WSN has been
investigated, when the channels from sensors to fusion center
are AWGN or Rayleigh fading channels. Our studies show
that the proposed WSN is capable of achieving promising
detection performance for reasonable values of the sensor
SNR and channel SNR. However, the achievable detection
performance of the FH/MFSK WSN is jointly determined by
the local sensors’ detection and the fusion center’s detection.
Hence, when given the total power or energy of the WSN, the
local sensor detection strategy and the fusion center detection
strategy should be jointly optimized. This constitutes oneof
our future research topics in the context of the FH/MFSK
WSNs.
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