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Delay-Component-Free Solution

for Chaotic Communications
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Abstract—In this brief, a phase-separated differential chaos
shift keying (PS-DCSK) modulation scheme is proposed as a sim-
ple delay-component-free version of DCSK modulation. Separated
by orthogonal sinusoidal carriers rather than time delay, the ref-
erence and information-bearing signals in DCSK are transmitted
simultaneously and parallel in the proposed system. As a result,
PS-DCSK not only can avoid the difficult-to-implement radio-
frequency delay line problem but also can achieve a doubled attain-
able data rate, enhanced communication security, and equivalent
bit-error-rate (BER) performance with respect to DCSK. Finally,
analytical expressions for the BER performance of the proposed
system are derived and verified by computer simulation results
over additive Gaussian white noise and Rayleigh fading channels.

Index Terms—Bit error rate (BER), chaos communications,
delay component, differential chaos shift keying (DCSK), phase-
separated DCSK (PS-DCSK).

I. INTRODUCTION

S INCE nonperiodic and easy-to-generate chaotic signals
were applied to digital communication, chaotic modulation

schemes have attracted considerable research interests and lots
of communication systems based on chaos have been suggested
and studied for different applications [1]–[10]. By utilizing the
wideband chaotic segments with perfect correlation property,
chaos-based communications demonstrate numerous attractive
features, including low probability of detection, high data secu-
rity, and resistance against multipath fading [11].

To avoid the chaotic synchronization problem, which is
rather difficult to solve at the receiver side, most noncoherent
chaotic communication systems (such as differential chaos shift
keying (DCSK) in [2] and [3], frequency-modulated DCSK
(FM-DCSK) in [4], permutation-based DCSK in [5], and en-
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hanced versions of DCSK for increased data rate in [6]–[8]) em-
ploy the transmitted-reference (TR) technique in [12] to achieve
good performance without channel estimation and chaotic
synchronization. In these systems, the chaotic reference and
information-bearing wavelets are sent separately in consecutive
time slots. As a result, delay components inevitably become
essential to both the transmitters and the receivers so that the
previously mentioned two signals can be separated in the time
domain.

Unfortunately, in ultrawideband (UWB) communications,
radio-frequency (RF) delay lines are rather difficult to integrate
in CMOS technology. To develop an alternative solution in which
the need for delay components can be avoided in receivers, the
code-shifted DCSK (CS-DCSK) scheme in [9] utilizes Walsh
codes to distinguish the reference and information-bearing
signals that are transmitted simultaneously. For a higher data
rate, the high-data-rate CS-DCSK (HCS-DCSK) uses chaotic
signals to substitute the Walsh codes in CS-DCSK [10].

Although all RF delay lines have been removed from the
receivers in both CS-DCSK and HCS-DCSK systems, many
more delay lines are introduced into their transmitters, making
the system design more sophisticated and hardly integration
friendly. Moreover, using Walsh codes or chaotic signals to
separate the reference and information-bearing signals also
brings CS-DCSK and HCS-DCSK systems additional syn-
chronization requirements, i.e., Walsh code synchronization in
a CS-DCSK system and chaotic signal synchronization in an
HCS-DCSK system. In fact, these new synchronization require-
ments, particularly the one associated with HCS-DCSK, are
quite difficult to satisfy at the receiver side, which will com-
plicate their system design and eventually limit the applications
of these two systems in many aspects.

To achieve simultaneous and parallel transmission of the
reference and information-bearing wavelets with a low cost of
implementation, a novel phase-separated DCSK (PS-DCSK)
scheme is proposed in this brief. In our scheme, the reference
and data-bearing signals are modulated separately onto in-
phase and quadrature sinusoidal wavelets so that these two sig-
nals could be sent via orthogonal I and Q channels at the same
time, respectively. In consequence, demands for delay lines and
switches have been eliminated in both the transmitters and the
receivers of PS-DCSK, making its system architecture free of
delay components. Furthermore, without any performance loss,
this new system can obtain doubled attainable bit transmission
rate and enhanced data privacy (like method presented in [5],
bit rate is also made undetectable from the frequency spectrum
in the proposed scheme) in comparison with DCSK.
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Fig. 1. Transmitter structure.

II. PRINCIPLE OF PS-DCSK SCHEME

Here, a novel simultaneous and parallel transmission method
will be applied to DCSK, in which the separation of the
reference and the information-bearing signals is performed by
orthogonal sinusoidal carriers rather than the time delay in the
original DCSK in [2]. Without loss of generality, the proposed
method is also applicable to many other chaotic modulation
schemes that use TR technique (such as FM-DCSK, correlation
delay shift keying, and quadrature chaos shift keying), the
details of which will be described elsewhere due to brief length
limitation.

A possible PS-DCSK transmitter structure is given for simple
implementation in Fig. 1, in which no delay lines are involved.
In addition, as no switching is performed in Fig. 1, a continuous
operation of the transmitter is allowed. For each data bit, the
chaotic generator will first output certain chaotic wavelet as the
reference, and then, the generated reference and its identical or
inversed copy will be modulated onto quadrature and in-phase
sinusoidal carriers, respectively. Finally, the reference and data-
bearing signals will be transmitted at the same time via the I and
Q channels independently for minimized interference.

If the transmission of a single isolated data bit bk is consid-
ered, the reference signal generated by the chaotic generator is
given as

xk(t) =

kM−1∑
i=(k−1)M

xihT (t− iTc), (k − 1)MTc ≤ t < kMTc

(1)

where xi denotes the chaotic sample generated by the logistic
map xi+1 = 1− 2x2

i in [13]. Here, Tc is the chip duration, and
M is the length of the chaotic spreading sequence. hT (t) is the
pulse signal with duration of Tc, the shape of which could be
rectangular, raised cosine, or other ones. In this brief, hT (t)
is defined as the impulse response of the square-root-raised-
cosine filter, which has been normalized to have unit energy

(i+1)Tc∫
iTc

h2
T (t− iTc) dt = 1, i = 1, 2, 3, . . . (2)

Therefore, the transmitted signal in PS-DCSK system can be
described as

Sk(t) = bkxk(t) cos(2πf0t)− xk(t) sin(2πf0t),

(k − 1)MTc ≤ t < kMTc. (3)

Here, the frequency of the sinusoidal carrier is f0, which is
assumed not only to be a multiple of 1/Tc but also to satisfy
f0 � 1/Tc.

Fig. 2 shows an available design of PS-DCSK receiver, where
the received signal is first multiplied with the synchronized

Fig. 2. Block diagram of the receiver.

in-phase and quadrature carriers, respectively. The resulting
signals are then fed into two identical matched filters (MFs)
separately. Here, MFs, rather than low-pass filters, are utilized
to maximize the output peak pulse signal-to-noise ratio at each
sample time t = iTc. Both of these two filters are designed to
be matched to the pulse signal hT (t). Finally, the output of both
MFs are sampled every iTc time and the two obtained discrete
sequences are correlated over the spreading sequence length M .

With assumptions that the received signal is only corrupted
by additive Gaussian white noise (AWGN), the received signal
is given as

rk(t) = Sk(t) + n(t). (4)

In which, n(t) is a zero-mean stationary Gaussian noise with
power spectral density of N0/2.

If perfect carrier and bit synchronizations have been
achieved, the outputs of the two samplers in Fig. 2 can be easily
obtained by using the analysis method given in [14]

x(t = iTc) =xi + nQ
i , (k − 1)M ≤ i < kM (5)

y(t = iTc) = bkxi + nI
i , (k − 1)M ≤ i < kM (6)

where nI
i and nQ

i are independent Gaussian random variables
with mean values and variances given as

E
[
nQ
i

]
=E

[
nI
i

]
= 0 (7)

var
[
nQ
i

]
=var

[
nI
i

]
= N0. (8)

Here, E[·] represents the expectation operator, and var[·] repre-
sents the variance operator.

Consequently, the correlator output Zk for data bit bk is
given by

Zk =

kM−1∑
i=(k−1)M

(
xi + nQ

i

)
·
(
bkxi + nI

i

)
. (9)

According to the following rules, the binary information bit
could be easily retrieved, i.e.,

b̂k =

{
+1, if Zk > 0
−1, if Zk ≤ 0.

(10)

Compared with the original DCSK receiver in [2], merely
a few circuits for in-phase and quadrature demodulations have
been introduced into the receiver in Fig. 2, making our receiver
only slightly complicated and also deserve a label of “simple.”
In addition, if the synchronization problem is concerned, only
carrier and bit synchronization are involved in our receiver.
To achieve perfect bit synchronization, lots of traditional tim-
ing techniques could be adopted here, such as inserting a
synchronizing preamble as periodic reference. As for carrier
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synchronization, since the carrier recovery process in our
scheme is almost identical to that in QPSK modulation, lots
of techniques and circuits designed for carrier recovery in
traditional telecommunication systems could be directly used
in our system. For instance, the carrier-phase estimation circuit
that is composed of a squared-law device, bandpass filter tuned
to 2f0 and a phase-locked loop in [15] would be a nice choice.
Therefore, the complexity cost of synchronization design has
been greatly decreased in PS-DCSK, as the carrier synchro-
nization in our scheme is actually much easier to acquire in
comparison with the Walsh code synchronization in CS-DCSK
and the chaos synchronization in HCS-DCSK.

III. PERFORMANCE ANALYSIS

Here, the bit-error-rate (BER) performance of the proposed
system is analyzed over AWGN and Rayleigh fading channels,
respectively. Since the Gaussian approximation method fails to
be valid in case of small spreading sequence lengths, numerical
integration (NI) method in [16] and [17] has been adopted here
to improve the accuracy of the theoretical results.

A. AWGN Channel

To analyze the BER performance of the PS-DCSK system
with an NI approach, the bit-error probability has to be evalu-
ated first for a given transmitted bit energy. According to (3),
the transmitted signal energy for a given data bit bk can be
computed as

E
(k)
b =

kMTc∫
(k−1)MTc

S2
k(t) dt

=

kMTc∫
(k−1)MTc

x2
k(t) dt− bk

kMTc∫
(k−1)MTc

x2
k(t) sin(4πf0t) dt

=

kM−1∑
i=(k−1)M

x2
i

(i+1)Tc∫
iTc

h2
T (t− iTc) dt

=
kM−1∑

i=(k−1)M

x2
i . (11)

Considering E
(k)
b in (11) as a deterministic variable, the

decision variable in (9) can be regarded as a Gaussian random
variable [18]. Thus, its distribution can be fully characterized
by computing the conditional mean value and variance.

After simplification, (9) can be transformed as

Zk = bk

kM−1∑
i=(k−1)M

x2
i +

kM−1∑
i=(k−1)M

xin
I
i

+ bk

kM−1∑
i=(k−1)M

xin
Q
i +

kM−1∑
i=(k−1)M

nI
in

Q
i . (12)

Since the mean values of the latter three terms in (12) all
equal to zero, it is readily to shown that the conditional mean

value of decision variable Zk is

E
[
Zk|E(k)

b

]
= bkE

(k)
b . (13)

Based on the statistical characteristics of xi given in [13], it
can be proved that the cross correlations between the four sum
terms in Zk are zero. Therefore, the conditional variance of Zk

could be easily derived as

var
[
Zk|E(k)

b

]
= 2E

(k)
b N0 +MN2

0 . (14)

If bk is assumed to be equiprobable, the bit-error probability
of PS-DCSK system for a given E

(k)
b can be computed as

Pe

(
E

(k)
b

)
=

1

2
erfc

⎛
⎜⎜⎝

∣∣∣E [
Zk|E(k)

b

]∣∣∣√
2var

[
Zk|E(k)

b

]
⎞
⎟⎟⎠

=
1

2
erfc

⎛
⎜⎝
√√√√E

(k)
b

4N0

(
1 +

M

2

N0

E
(k)
b

)−1
⎞
⎟⎠ . (15)

where erfc(·) denotes the complementary error function [19].
By integrating the constant-bit-energy-assumption formula

in (15) over the bit-energy distribution, the overall analytical
BER expression of PS-DCSK system can be obtained as

BERAWGN

=

∫
1

2
erfc

⎛
⎜⎝
√√√√E

(k)
b

4N0

(
1 +

M

2

N0

E
(k)
b

)−1
⎞
⎟⎠·p

(
E

(k)
b

)
dE

(k)
b .

(16)

Here, p(E(k)
b ) is the probability density function (PDF) of the

transmitted bit energy E
(k)
b . Interestingly, the BER expression

in (16) is actually identical to that of DCSK system in [16].

B. Rayleigh Fading Channel

For easy of analysis, a simple slow fading channel model is
adopted here and the received signal can be denoted by

rk(t) = λ(t)Sk(t) + n(t) (17)

in which λ(t) is the channel coefficient that has the following
Rayleigh PDF:

fλ(y) =
y

σ2
e−

y2

2σ2 . (18)

As the channel is slow fading, the channel coefficients are
assumed to be constant during one bit duration and change to
different independent values from one bit to another. Therefore,
the decision variable for decoding bit bk can be rewritten as

Z ′
k = bkλ

2
k

kM−1∑
i=(k−1)M

x2
i + λk

kM−1∑
i=(k−1)M

xin
I
i

+ λkbk

kM−1∑
i=(k−1)M

xin
Q
i +

kM−1∑
i=(k−1)M

nI
in

Q
i . (19)
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Fig. 3. Comparison of the simulation results and the theoretical estimates over
an AWGN channel.

For a given bit energy E
(k)
b and channel coefficient λk, the

decision variable Z ′
k in (19) is necessarily a Gaussian random

variable, whose mean value and variance under same conditions
are listed as

E
[
Z ′
k|E

(k)
b , λk

]
= bkλ

2
kE

(k)
b (20)

var
[
Z ′
k|E

(k)
b , λk

]
=2λ2

kE
(k)
b N0 +MN2

0 . (21)

Finally, the overall BER performance of PS-DCSK system
over Rayleigh fading channel is

BERRayleigh =

∫∫
1

2
erfc

⎛
⎜⎝
√√√√E

(k)
b

4N0

(
1

λ2
k

+
M

2λ4
k

N0

E
(k)
b

)−1
⎞
⎟⎠

× p
(
E

(k)
b

)
p(λk)dE

(k)
b dλk (22)

where p(λk) is the PDF of channel coefficient λk.
If γb is used to denote the product λ2

k(E
(k)
b /N0) in (22),

expression (22) can be further simplified and rewritten as

BERRayleigh =

∫
1

2
erfc

([
4

γb
+

2M

γ2
b

]− 1
2

)
p(γb)dγb (23)

in which p(γb) is the PDF of γb.

IV. SIMULATION RESULTS

Here, PS-DCSK, DCSK, FM-DCSK, CS-DCSK, and HCS-
DCSK systems are simulated over different channels (including
AWGN and Rayleigh fading channels) at various Eb/N0 levels.
For comparison, relevant theoretical results are also computed
by using the rectangular integration method, in which the entire
integration interval is divided into 100 equal subintervals.

In Fig. 3, the simulated BER curves of PS-DCSK system
under AWGN channel are compared with the analytical ones
computed by (16). For comparison, Monte Carlo simulations
of DCSK system over the AWGN channel are also plotted.
Obviously, the simulated curves of PS-DCSK system match
the theoretical ones quite well not only for large spreading
sequence lengths but also for small spreading sequence lengths,
which help to prove the validity of (16). In addition, it can also
be found in Fig. 3 that the BER performance of the proposed
system is equivalent to that of the DCSK system under the

Fig. 4. BER performance of PS-DCSK and DCSK systems over a Rayleigh
fading channel with average gain power E[λ2 = 0.9].

Fig. 5. Performance comparison of FM-DCSK and frequency-modulated
PS-DCSK systems over AWGN channel.

AWGN channel, which also matches the theoretical analysis in
Section III.

In Fig. 4, the analytical results computed by (22) are
shown with the simulated results of PS-DCSK system over the
Rayleigh fading channel. Here, relevant Monte Carlo simula-
tions of the DCSK system under Rayleigh fading channel are
also plotted for comparison. Apparently, simulation results per-
fectly agree with our analytical ones for all spreading sequence
lengths. In addition, the BER performances of DCSK and PS-
DCSK systems over the Rayleigh fading channel appear to be
identical too.

Simulated BER performances of FM-DCSK system and the
frequency-modulated PS-DCSK system over AWGN channel
are compared in Fig. 5. In our simulation, the center frequency
of the FM modulator is 36 MHz, the gain of the FM modulator
is 7.8 MHz/V, the bandwidth of the channel selection filter is
17 MHz, and the chip rate is 20 MHz. It can be discovered in
Fig. 5 that the frequency-modulated PS-DCSK system shares
the same BER performance with FM-DCSK system if identical
system parameters are used.

Fig. 6 displays the simulation results for the second type of
HCS-DCSK system (denoted as HCS-DCSK2 here), PS-DCSK
and CS-DCSK systems under AWGN channel. In our simu-
lation, the Walsh code sequence length in CS-DCSK system
is set to 4, the number of bits transmitted in each symbol in
HCS-DCSK2 is set to 1, and the length of chaotic spreading
sequence in all systems is set to 32 and 128, respectively. In
Fig. 6, performances of these three systems become worse
when M increases, which can be attributed to the increasing
negative contribution from the noise components (including the
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Fig. 6. Performance comparison between PS-DCSK, CS-DCSK, and
HCS-DCSK2 systems with different lengths of chaotic spreading sequences
under an AWGN channel.

noise-signal cross terms and noise–noise cross terms) in their
own correlator outputs. In addition, it can also be observed in
this same figure that the BER performance of PS-DCSK system
appears to be better than that of CS-DCSK system, which is
actually the result of reduced noise components in the correlator
output of PS-DCSK. Moreover, it is also very interesting to
find that our system performs slightly better than HCS-DCSK2
system in Fig. 6, and this performance gain over HCS-DCSK2
system seems more and more evident as M shrinks. This can
be explained by the fact that HCS-DCSK2 system uses chaotic
sequences to separate the reference and information-bearing
signals, which will increase the uncertainty of the useful signal
component in every correlator output, particularly in the case of
small spreading sequence lengths.

V. CONCLUSION

A novel PS-DCSK modulation scheme has been developed
and analyzed in this brief. Different from the conventional
DCSK scheme that utilizes time delay to separate the reference
and the data, the chaotic reference and data-carrying signals are,
respectively, modulated onto two orthogonal sinusoidal carriers
in the proposed system so that they could be simultaneously
sent at the transmitter side and easily distinguished at receiver
side. The analytical expressions for the BER performance of
PS-DCSK in monouser case have been derived under AWGN
and Rayleigh fading channels. Relevant computer simulation
results are also given to prove the validity of our theoretical
analysis.

With the help of this new signal separation method, the
PS-DCSK system not only obtains doubled bit rate and en-
hanced data security in comparison with DCSK system but
also has removed all delay components that might be difficult
to implement in UWB communications from the transceivers.
Furthermore, by comparing the BER performance of this novel
scheme with that of DCSK scheme, it is proved that PS-DCSK
and DCSK systems show equivalent BER performance in both
AWGN and Rayleigh fading channels. These benefits will make
the proposed scheme more attractive and more competitive in
situations where CMOS technology is used for system imple-
mentation in UWB communications.

Compared with other chaotic modulation schemes designed
for removing RF delay lines at the receiver side (including CS-
DCSK and HCS-DCSK), the proposed scheme turns out to be
a much simpler and cheaper solution to the simultaneous and

parallel transmission of the reference and data. In contrast to
CS-DCSK and HCS-DCSK systems, the proposed system dra-
matically simplifies the synchronization design and eventually
greatly decreases the complexity cost of system implementa-
tion, since the demanding code/chaos synchronization has been
replaced by carrier synchronization that is relatively easy to
acquire.

Due to brief length limitation, the noise performance analysis
of PS-DCSK modulation scheme over multipath fading chan-
nels or in multiuser applications will not be included in this
brief and will be discussed in our future work.
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