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Abstract: A cooperative frequency-modulated differential chaos shift keying (FM-DCSK) ultra-wideband (UWB) systems,
named cooperative FM-DCSK UWB system, is investigated under indoor environments of IEEE 802.15.4a in this article. The
performance of the cooperative FM-DCSK UWB system is evaluated in such channel models (CMs), that is, CM1 – CM4, by
means of the moment generating function. Monte Carlo simulation results show that the bit-error-rate performance of the
proposed system is much better than the conventional multi-access FM-DCSK UWB system, which is showed to be highly
consistent with the theoretical results. The integration interval of the proposed cooperative UWB system is optimised to
further improve the system performance through the binary search algorithm. Meanwhile, aiming to provide a good
compromise between the system performance and implementation complexity, the number of received antenna at the
destination (single-input multiple-output architecture) is also investigated and discussed. For the aforementioned advantages,
the proposed system can be seen as a viable alternative to other multi-access FM-DCSK UWB schemes for the low-rate and
low-power wireless personal area network and wireless sensor network applications.

1

Introduction

Ultra-wideband (UWB) technology has dramatically received
attention as a promising candidate for many indoor
communication applications such as wireless personal area
networks (WPANs) and wireless sensor networks (WSNs)
[1]. A UWB signal has a wide bandwidth, which can be
extended from 3.1 to 10.6 GHz, that is, 7.5 GHz, with a
low-power spectrum density and therefore makes this
technology especially attractive. Several new standards
about the UWB technology are under development since
their ability to provide WPAN with low-power, low-cost
and low-complexity devices. Aiming for low-rate WPAN
applications, the IEEE 802.15.4a standard was established
in 2007 [2].
Owing to the wideband and no-periodic characters, some
chaotic modulation schemes have been proposed as
candidates of the UWB standards for WPAN by the IEEE
802.15.4a task group in recent years [3, 4]. Among all
the chaotic modulation schemes, frequency-modulated
differential chaos shift keying (FM-DCSK) has been proved
to have the prominent noise performance and excellent antimultipath fading capability [5– 7]. Consequently, some
researchers have focused on using FM-DCSK for UWB
transmission [8, 9] and optimising its performance. For
instance, some important system parameters have been
discussed and optimised in [10], which demonstrated its
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promising advantages for indoor applications. Besides that,
a data-aided timing synchronisation algorithm has also been
proposed for the FM-DCSK UWB system to resolve
technical difﬁculties regarding the receiver implementation
[11]. However, the performance of the FM-DCSK UWB
systems is still limited because of the non-coherent
detection and the power loss of the reference pulse.
Recently, cross-layer design [12] and cooperative
communication [13 – 15] have been widely investigated as
potential technologies for future wireless networks to
further improve their performance. In particular, some
cooperative-chaotic communication systems have been
proposed to combat multipath fading [16, 17] over
multipath fading channels. On the other hand, multi-antenna
techniques are also applied for improving the performance
and increasing the data rate of communication systems in
WPAN, for example, single-input multiple-output (SIMO)
architecture [18] based on chaotic modulation.
In this paper, we apply the cooperation technique to the
FM-DCSK UWB system so as to construct a cooperative
FM-DCSK UWB system. The bit-error-rate (BER)
expressions of the proposed system with the error free (EF)
protocol and decode-and-forward (DF) protocol are derived
under indoor environments of IEEE 802.15.4a exploiting
the moment generating function (MGF). Monte Carlo
simulations performed over the IEEE 802.15.4a indoor
channels not only validate the accuracy of the theoretical
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BER formulas, but also show that the proposed system are
remarkable superior to the conventional FM-DCSK UWB
system through the cooperative diversity gain without
increasing the implementation complexity. Furthermore,
several critical parameters of the proposed system including
integration interval and received antenna number at the
destination are optimised such that the performance has
been improved.

energy for decision can be shown as
n

EGML =

T −Td
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2

System model

In this section, we ﬁrstly introduce the multi-access FMDCSK UWB system, and then present the system model of
the cooperative FM-DCSK UWB scheme.
2.1

Multi-access FM-DCSK UWB system

Consider a FM-DCSK UWB system with U users. M
(M ¼ 2U )-order Walsh code is used to accommodate the U
users. For example, given a two-user system, fourth-order
Walsh code is adopted for realisation, which is constructed
as follows
⎡
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Each user can select a couple of vectors to form the
transmit signal. Assume that Tc is the pulse duration and
c(t) is the frequency-modulated chaotic carrier, we have
Tc 2
c (t) dt = 1. Thus, the transmitted signal of the uth user
0
can be expressed by
X (t) =
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2
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dt

(3)

where Yk (t 2 i(T/M)) is the received signal of kth antenna
that has a delay of iT/M. The decision will be ‘1’ if
EGML . 0, otherwise ‘0’.
2.2

Cooperative FM-DCSK UWB system

The two-user cooperative FM-DCSK UWB system model
with DF protocol is illustrated in Fig. 3. In the proposed
cooperative system, the transmission period is divided into
two time slots. In the ﬁrst time slot, the source (user A)
broadcasts its information through FM-DCSK modulation
to both the relay and the destination. In the second time
slot, if the relay (user B) can decode received signal
correctly (for EF protocol, all the signals can be decoded
successfully); it forwards the decoded information to the
destination. Otherwise, the relay remains idle state. User B
works in a similar way. In the rest sections, we assume that
perfect synchronisation and perfect channel state
information are available and the channel coefﬁcients are
independent for different transmit-receive links. Moreover,
the equal-gain combiner (EGC) is adopted at the destination.
The received signals at the relay and each destination
antenna can be expressed as
First time slot
YA1 (t) = HB,A (t) ⊗ XB (t) + N (t)

w2u−b(u) ,i . c t − i

T
,
M

0,t,T

(2)

where wm,n denotes the element of m row n column of the
M-order Walsh code and b (u) represents the transmitted bit
of the uth user. The block diagram of the transmitter of the
multi-access FM-DCSK UWB system is described in
Fig. 1, where T is the bit duration.
During the demodulation process, the differential
correlation (DC) demodulation should be replaced by the
generalised maximum likelihood (GML) demodulation [19].
The block diagram of the GML demodulator of the kth
received antenna for the uth user is plotted in Fig. 2, where
Td is the integration time.
Thus, the weighted energy of all the received antennas is
accumulated to make a ﬁnal decision. The total weighted

YB1 (t) = HA,B (t) ⊗ XA (t) + N (t)

(4)

YD1 (t) = HA,D (t) ⊗ XA (t) + HB,D (t) ⊗ XB (t) + N (t)
Second time slot
YD2 (t) = HA,D (t) ⊗ X̃ B (t) + HB,D (t) ⊗ X̃ A (t) + N (t)

(5)

where ⊗ is the convolution operator, YA1 (t), YB1 (t) and YDi (t)
(i ¼ 1, 2) denote the received signals at user A, user B and
the destination, respectively. The superscript ‘1’ and ‘2’
represent the ﬁrst time slot and second time slot,
respectively. Moreover, XA(t) and XB(t) represent the
transmitted signals of users A and B in the ﬁrst time slot,
respectively, whereas X̃ A (t) and X̃ B (t) denote the messages
reconstructed by the relay corresponding to XA(t) and XB(t),
respectively. N(t) is a white Gaussian noise random
variable with zero mean and two-sided power spectral
density N0/2. Hi,j (t) (i, j ¼ A, B, D) is the channel impulse
response of the indoor channel models, that is, CM1 – CM4.
As shown in the IEEE 802.15.4a standard, the channel
impulse response is based on the Saleh – Valenzuela (SV)
model [20]
N

K

H(t) =

ai, j d(t − Ti − ti, j )

(6)

i=1 j=1

Fig. 1 Block diagram of the transmitter in the FM-DCSK UWB
system
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Fig. 2 Block diagram of the GML detection in the FM-DCSK UWB system

Fig. 3 Block diagram of the cooperative FM-DCSK UWB system with DF protocol

cluster, Ti is the delay of the ith cluster and ti,j is the delay of
the jth path component relative to the ith cluster arrival time
Ti .
To simplify the analysis, we can rewrite the channel
response H(t) as
L

H(t) =

al d(t − tl )

(7)
Fig. 4 Received signal structure of the cooperative FM-DCSK
UWB system

l=1

where L is the total number of the multipath component, al
and tl denote the generalised gain and delay of the lth path
component, respectively.
Considering the small-scale fading of IEEE 802.15.4a
standard [20], in which the path gain is modelled as
Nakagami distribution, that is, the probability density
function (PDF) is given by
f|al | (a) =

2
G(ml )

ml
Vl

ml

a2ml −1 exp −

ml 2
a
Vl

(8)

where ml is the fading factor, Vl equals E(a2l ) and G(.) denotes
the gamma function. In this paper, we assume that each
channel has a uniform scale parameter, meaning that Vi/mi
is kept constant for all the paths
knows all
 and the receiver

multipath parameters, that is, Li=1 Vi = Li=1 E(a2i ) = 1.
Note that the cooperative SIMO FM-DCSK UWB system
can be constructed if the number of received antennas at the
destination is larger than one.
2.2.1 Comment about the integration interval: Fig. 4
shows the received signal structure of the cooperative FMDCSK UWB system, where T is the bit duration, Tc is the
duration of the chips and Tg is the guard interval duration
between the reference and the information chips. In the
conventional multi-access FM-DCSK UWB systems, the
60
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integration interval Td is set to T/M (M ¼ 4). Nevertheless,
Min et al. [10] illustrates that Td should be carefully
selected in [Tc , T/M] to capture the most signal energy as
well as the least noise energy and inter-pulse interference
(IPI). Based on the above-mentioned analysis, the inﬂuence
of Td on the proposed system should be investigated and
this parameter can be optimised by the ‘binary search
algorithm’. Binary search algorithm means that one can
initialise the Monte Carlo simulation with Td ¼ T/M, and
then perform other simulations as Td decreases by half
unless it is below Tc . Accordingly, we can ﬁnd the best
value of Td through the comparison of the simulated results.
The optimised result will be shown in Section 4.

3

Performance analysis

In this section, the performance of the two-user cooperative
FM-DCSK UWB system is evaluated under IEEE
802.15.4a indoor environments. Before deriving the BER,
we need to deﬁne some symbols. In a cooperative FMDCSK UWB system, dSD , dSR and dRD are used to denote
the distance of source– destination (S – D) link, source– relay
(S – R) link and relay – destination (R – D) link, respectively.
Moreover, fs denotes the sampling frequency. For ease of
the analysis, we assume that dSD:dSR:dRD ¼ 1:1:1 and the
IET Networks, 2012, Vol. 1, Iss. 2, pp. 58– 65
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time delay of each path is much shorter than the pulse interval
tl ≪ Tc .
The received signal-to-noise ratio (SNR) per bit gb at the
receiver is deﬁned as

gb =

Eb
N0

L

gl =
l=1

Eb
N0

gSR =

L

a2l

(9)

l=1

where Eb is the bit energy, N0 is the Gaussian noise power
spectral density and gl is the instantaneous SNR of the lth
path. It is well known that the square of a Nakagami
random variable follows a gamma distribution. Moreover,
the PDF of a gamma-distributed variable X with parameters
a . 0 and b . 0, denoted as X  G (a, b), is given by
f (x) =

destination can be written as

xa−1 e−x/b
, x.0
ba G(a)

(10)

gD =

gl =

 G(ml , (Eb /N0 ) Vl /ml )

L

gb  G

ml ,
l=1

L

Vl
l=1
l
N0 l=1 ml

Eb


= G mL,

(11)

Eb /N0
= G(x, y)
mL
(12)

where m1 ¼ m2 ¼ mL ¼ m, x and y are used as short-hand
notations for mL and (Eb/N0)/(mL), respectively. Hence, the
PDF of gb can be written as

gx−1 e−gb /y
f (g b ) = b x
y G(x)

l=1

L
l=1

a2RD,l

(19)

P(e|gSR )f (gSR ) dgSR
0
1

=

Q

√
wSR f (wSR ) dwSR

0

=

1
p

p/2

1

0

0

2

f (wSR )e−wSR /2 sin u d wSR du (20)

where wSR = g2SR /[2(gSR + BT c )]. The MGF
1of a random
variable w is deﬁned as [22] Mw (s) = 0 esw fv (w) dw,
applying this expression into (20) yields
Pe (gSR ) =

1
p

p/2
0

MwSR (mu ) du

(21)

where mu ¼21/2 sin2 u.
As shown in [21], the random variable wSR also
approximately follows a gamma distribution if gSR is a
gamma-distributed variable, namely gSR  G(x, y), denoted
as G (xSR , xSR), where

1

(15)

0

where f ( gb) is the PDF of gb .
Now we consider a dual-hop cooperative FM-DCSK UWB
system with DF protocol including one source, one relay and
one destination. The received SNR of the relay and the

(18)

1

(13)

p/2
√
2
where Q w = (1/p) 0 e−w/(2 sin u) du, b ′ is the decoded
bit, B is the equivalent bandwidth of the system or the
bandwidth of Gaussian noise N(t), w = g2b /2(gb + BTc )
denotes the received SNR of the decoded bit.
Hence, the average BER of the conventional FM-DCSK
UWB system can be shown as

(17)

where Pe( gSR), Pe( gD1) and Pe(gD2) represent the BER at the
relay, BER at the destination for Ẽ b,RD = Eb and the BER at
the destination for Ẽ b,RD = 0, respectively.
Substituting (13) [PDF of gSR , denoted as f (gSR)] and (14)
into (15), we have

(14)
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a2SD,l + Ẽ b,RD
N0

Pe |DF = (1 − Pe (gSR ))Pe (gD1 ) + Pe (gSR )Pe (gD2 )

Pe (gSR ) =

⎛⎞
⎛⎞
2
√
E
(b′)
g2b
⎠=Q w
⎠ = Q⎝
P(e|gb ) = Q⎝
2(gb + BT c )
var(b′)

P(e|gb )f (gb ) dgb

(16)

l=1

As seen from (18), the PDF of gSR is the same as (13).
Likewise, we obtain gD1  G(2x, y) and gD2  G(x, y).
The BER of the proposed system with DF protocol can be
described as

In terms of the conclusion in [21], the conditional BER of the
conventional non-cooperative FM-DCSK UWB system is
expressed by

Pe (gb ) =

a2SR,l

gSR  G(mL, (Eb /N0 )/(mL)) = G(x, y)

Combining (9) and (11) gives the distribution of the received
SNR


L

L

where Eb,SR , Eb,SD and Ẽb,RD are the transmitted energy per
bit of the S –R link, S– D link and R– D link, respectively.
Moreover, aSR,l , aSD,l and aRD,l are the m-Nakagamidistributed fading parameters of the S– R link, S– D link
and R – D link, respectively. We assume that
Eb,SR ¼ Eb,SD ¼ Eb , and Ẽb,RD = Eb if the relay decodes
the signal successfully, otherwise Ẽ b,RD = 0. In the
following analysis, we denote that gD ¼ gD1 if Ẽ b,RD = Eb ,
while gD ¼ gD2 if Ẽ b,RD = 0.
Based on (12), we further derive the distribution of gSR ,
resulting in

Since al follows an ml-Nakagami distribution, we have
(Eb /N0 )a2l

Eb,SD

Eb,SR
N0

Here, gSR

⎧
gSR + BT c 2
⎪
⎪
⎪
⎨ xSR = x g + 2BT
SR
c
(22)
2
⎪
y
g
(
g
+
2BT
⎪
SR SR
c)
⎪
⎩ ySR =
2(gSR + BT c )3


= Ll=1 gSR,l = (Eb /N0 ) Ll=1 E(a2SR,l ) = (Eb /N0 ).
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The MGF of a gamma-distributed random variable
wSR  G(aSR, bSR) can be written as [22]
MwSR (s) = (1 − sySR )−xSR

(23)

Substituting (23) into (21) gives the following expression
Pe (gSR ) ≃

1
p

p/2

(1 − mu ySR )−xSR du

(24)

0

Similarly, the formulas of Pe(gD1) and Pe( gD2) [note that
Pe( gD1) equals to the BER for the EF protocol] is given by
Pe |EF = Pe (gD1 ) =
≃

1
p

p/2

1
p

p/2

MwD1 (mu ) du

0

(1 − mu yD1 )−xD1 du

(25)

0

where wD1 = g2D1 /[2(gD1 + BT c )] and
⎧
gD1 + BT c 2
⎪
⎪
⎪
=
2x
x
⎨ D1
gD1 + 2BT c
⎪
yg (g + 2BT c )2
⎪
⎪
⎩ yD1 = D1 D1
2(gD1 + BT c )3

(26)

and
Pe (gD2 ) =
≃

1
p
1
p

p/2
0
p/2

MwD2 (mu ) du
(1 − mu yD2 )−xD2 du

(27)

0

where wD2 = g2D2 /[2(gD2 + BT c )] and
⎧
gD2 + BT c 2
⎪
⎪
⎪
⎨ xD2 = x g + 2BT
D2
c
2
⎪
y
g
(
g
+
2BT
⎪
c)
⎪
⎩ yD2 = D2 D2
2(gD2 + BT c )3

(28)

Putting (24), (25) and (27) into (19), we thus obtain the total
BER of the proposed cooperative FM-DCSK UWB system as
Pe ≃

1
1
1−
p
p
+

1
p2

p/2
0

p/2

(1 − mu ySR )−xSR du

0

(1 − mu ySR )−xSR du

p/2

(1 − mu yD1 )−xD1 du

0

p/2

(1 − mu yD2 )−xD2 du

0

(29)
Consequently, given the speciﬁc channel model parameters of
IEEE 802.15.4a indoor environments, that is, CM1 – CM4, we
can calculate the theoretical BER of the proposed cooperative
FM-DCSK UWB system.

4

IEEE 802.15.4a, based on line-of-sight (LOS) indoor
residential (CM1), NLOS indoor residential (CM2), LOS
indoor ofﬁce (CM3) and NLOS indoor ofﬁce environments
(CM4), respectively. Furthermore, we optimise the
integration interval by adopting the binary search algorithm
and discuss the effect of the number of receive antennas at
the destination on the BER performance of the proposed
system. Unless otherwise mentioned, we assume that the
cubic chaotic map is chosen for chaotic pulse generation,
the DF relaying protocol is adopted and the channel
impulse response is invariant in a frame, that is, Eb is kept
constant. Also, the number of received antennas is set to 1
(i.e. n ¼ 1). Other simulation parameters are shown in
Table 1.

Simulation results and discussions

In this section, the numerical and Monte Carlo simulated
results of the proposed two-user cooperative FM-DCSK
UWB system are performed under indoor channels of the
62
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4.1 Performance comparison between the
conventional multi-access FM-DCSK UWB system
and the proposed cooperative FM-DCSK UWB
system
Here, we show the merit of the proposed cooperative FMDCSK UWB systems with DF protocol. For comparison,
the conventional non-cooperative FM-DCSK UWB and
the cooperative FM-DCSK UWB system with EF protocol
are used to gauge the performance. The results are
presented in Fig. 5, in which the CM1 channel
environment is assumed. The parameters used are
following those for CM1 [20]. Referring to this ﬁgure, the
BER performance proposed cooperative FM-DCSK UWB
system with DF is almost the same as that of EF and both
of the two cases have performance gains about 2 dB over
the conventional one at a BER of 2 × 1024 in CM1 owing
to the cooperative diversity gain. Moreover, we observe
that all the simulated BER curves are highly consistent
with the theoretical results in Section 3. Simulations have
also been performed in other channel models and similar
observations are obtained.
4.2 Performance comparison of the proposed
cooperative FM-DCSK UWB system among different
channel models
Fig. 6 plots the simulated BER curves of the proposed
cooperative FM-DCSK UWB system in CM1 – CM4. As
seen from this ﬁgure, the performance of proposed system
in CM4 is superior to that in other three-channel models,
showing the best BER performance, while the system
performs worst in CM2. For example, at Eb/N0 ¼ 17 dB,
the proposed system in CM2 and CM1 merely achieve
BERs of 5 × 1025 and 3 × 1025, respectively, while it can
accomplish BERs of 2 × 1025 and 1 × 1025 in CM3 and
CM4, respectively. In general, the channel models in which
the proposed system performs best to worst are in the
following order: (i) CM4, (ii) CM3, (iii) CM1 and (iv) CM2.

Table 1

Simulation parameters

Parameter

Value

pulse duration (Tc)
bit duration (T )/bit rate (v)
integration interval (Td)
sampling frequency ( fs)
dSD:dSR:dRD

2.5 ns
400 ns (2.5 Mbits/s)
50 ns
8 GHz
1:1:1
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Fig. 5 BER performance of the conventional multi-access FM-DCSK UWB system and proposed cooperative FM-DCSK UWB system in CM1

Fig. 6 BER performance of the proposed cooperative FM-DCSK UWB system in different channel models, that is, CM1, CM2, CM3 and CM4

4.3 Discussion about the number of received
antennas (cooperative SIMO FM-DCSK UWB
system) and the integration interval
Firstly, we adopt multiple (n . 1) received antennas to
investigate the performance of the cooperative SIMO
FM-DCSK UWB system, while other parameters used are the
same as Section 4.1. Fig. 7 shows the BER performance of the
system with different received antenna numbers in CM1. It
indicates that the system performance is improved as antenna
IET Networks, 2012, Vol. 1, Iss. 2, pp. 58– 65
doi: 10.1049/iet-net.2011.0017

number n increases by means of obtaining the spatial diversity
gain. However, the multiple-antenna scheme has some
drawbacks: (i) the performance gain is decreasing gradually as
n becomes larger since the transmitted energy per bit (i.e. total
energy of all the transmit-receive antenna pairs) is constant and
(ii) the system complexity is growing at the same time. We
also observe that the performance gain can almost be neglected
when n is larger than ﬁve. Accordingly, n ¼ 5 is considered as
the optimised value to realise the goal of achieving a trade-off
between performance and system complexity.
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Fig. 7 BER performance of the proposed system with different received antenna numbers in CM1

As described in Section 2, integration interval Td is a
signiﬁcant parameter for the system performance. Thus, it is
necessary to study the effect of Td (Td [ [Ts , T/M], that is,
[2.5, 100 ns]) on the proposed cooperative SIMO FM-DCSK
UWB system. For simple analysis, we adopt the binary
search algorithm to optimise this parameter. In other words,
we perform the simulations begin with Td ¼ 100 ns, then we
gradually decrease the integration interval by half (i.e.
Td′ = Td /2) for other simulations unless it is below 2.5 ns
(Ts). The BER performance of the proposed system with
different integration interval values Td in CM1 is shown in

Fig. 8. The parameters used are the same as Section 4.1
except that Td now varies and n is set to 2. Referring to this
ﬁgure, the BER performance is signiﬁcant improved as Td
decreases from 100 ns to 25 ns. Yet, once Td is smaller than
25 ns, it is found that the BER performance will be
deteriorated with the further decreasing of Td . This
phenomenon may attribute to much severer IPI when the Td
is less than a certain value, although less noise energy exits
for a small Td . As a result, we should carefully choose Td in
order to capture the most signal energy as well as the least
noise energy and IPI. In our case, Td ¼ 25 ns is the best value.

Fig. 8 BER performance of the proposed system with different integration interval values in CM1
64
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Conclusions

In this paper, the cooperative architecture was adopted for the
FM-DCSK UWB system to achieve the spatial diversity gain
without increasing the implementation complexity. The BER
performance analysis of the proposed system is provided for
such a system. Monte Carlo simulations showed that the
proposed system has a gain about 2 dB compared to the
conventional one at a BER of 2 × 1024 under indoor
environments of IEEE 802.15.4a, which agrees well with
the theoretical results. Furthermore, several critical
parameters, for example, the received antenna number of
destination and integration interval, were optimised and thus
found that n ¼ 5 and Td ¼ 25 ns were the optimal values
to achieve the best BER performance through simulated
results. The proposed cooperative FM-DCSK UWB system
can be easily extended to more than two users by
modifying the cooperative protocol. Based on the
superiorities of excellent BER performance and relatively
low complexity, the cooperative FM-DCSK UWB system is
believed to be a competitive scheme for the low-rate and
low-power WPAN and WSN applications.
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