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Abstract. One of the most famous techniques of non-coherent differential chaos shift keying (DCSK)
is Quadrature chaos shift keying (QCSK) system, this system suffered from lowering the data rate
and increasing the bit energy during the bit transmission even though its rate doubling the one of
the DCSK. Short reference (SR) algorithm is proposed for the QCSK system to design the SR-QCSK
communication system that enhances these drawbacks. The main idea of the short reference technique
is minimizing the length of the reference chaotic signal (β) at a transmitter by a factor P comparing
to produce R samples for the new reference signal while the length of the information-bearing signal
remained unchanged, this occurs by duplicating the reference signal P times to get the same length
as the conventional QCSK. Therefore, the symbol duration is reduced from 2βTc to (R+β)Tc. The
data rate and energy saving improvement factor in a percent form is derived and compared with
the QCSK and DCSK systems. Also, the BER analytical expression is derived for the SR-QCSK in
additive white Gaussian noise and Rayleigh fading channel. The experimental simulation results proved
that the theory derivation gives a good analysis tracking for the BER performance. The SR-QCSK
system is compared with other DCSK techniques and the simulation results show that it has a superior
performance in the multipath Rayleigh fading channel.

Keywords: DCSK, SR-QCSK, high information rate, energy saving, performance analysis, chaotic
maps.

1. Introduction
During the last few years, chaotic signals became one
of the techniques of interest in digital communication
systems, especially in spread spectrum systems due to
the sensitivity to the initial condition that allows to
generate an infinite number of signals with low cross
correlation between them [1], simple in design with
low cost [2], having wideband continuous spectrum
with a good randomness nature that increased the
security of the system [3], immunity against multipath
fading channels [4], resistance to jamming with a low
probability of interception [5].
Chaos based digital communication systems can

be designed either as coherent or non-coherent detec-
tion. In the coherent detection like chaos shift keying
(CSK) system [6], the synchronization of chaotic car-
riers between the transmitter and receiver is required.
In the non-coherent detection like differential chaos
shift keying (DCSK) [4], the sending bit is recovered
without the need of the channel-state information at
the receiver side. For this reason, the non-coherent
detection is used in the digital communication systems
rather than the coherent detection.

The most popular study of non-coherent digital
communication systems is DCSK that was first pro-
posed in [7]. The approximation and Exact bit error
rate analysis of DCSK over a multipath fading channel
were derived in [4, 8, 9]. In the last 16 years, many
studies were aimed to explore the weaknesses in the
DCSK system. In [10, 11] frequency modulator FM-
DCSK is used to enhance the weakness of a variant
transmitter bit energy. In [12–15], quadrature chaos
shift-keying, high efficiency HE-DCSK, quadrature
amplitude modulation QAM-DCSK and Mary DCSK,
respectively, are proposed for improving the data-rate
and spectral efficiency of the DCSK system. In the
QCSK, quadrature phase shift keying (QPSK) is com-
bined with the DCSK to double the data-rate. Hilbert
transform is used to create an orthogonal chaotic sig-
nal that allows transmitting two bits on the same slot.
A similar scenario is used for the M-array DCSK, but
with Mary Phase Shift Keying (MPSK) instead of
QPSK. In the QAM-DCSK, the QAM modulation is
combined with the DCSK in a way so that the DCSK
orthogonal channels are used to carry the in-phase
and quadrature phase of the QAM signal. In the
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HE-DCSK, the two bits are carried in one data mod-
ulated sequence by recycling each reference slot. All
these techniques adding a complexity to the design
when compared to the DCSK. Another drawback in
the DCSK design is the weakened data security since
the reference slot and information bearing slot are of
an identical frequency analysis, this problem is fixed
in [16], by adding a permutation mapping after the
DCSK signal and scrambling the sequence that will
break down the similarity between the information car-
rier signals and the reference. In [17, 18], Code shifted
DCSK (CS-DCSK) and CS-QCSK, respectively, are
proposed to fix the weakness of the broadband delay
component in the DCSK using the Walsh code that
allows both the data bearing signal and reference sig-
nal joined together in the same slot. An extended
scheme to CS-DCSK is studied in [19], namely a high
data-rate code shifted HCS-DCSK in which chaotic se-
quences with unlike initial conditions are used instead
of the Walsh sequences to separate distinct informa-
tion. These later techniques increase the information
rate but require a synchronization technique, which
affects the DCSK structure, at the receiver side. An-
other drawback of the DCSK is the duplication of
the chaotic signal which slows the information rate
and wastes the bit energy. In [20–22] phase separated
PS-DCSK, improved I-DCSK, and short references
SR-DCSK, respectively, are designed to enhance this
weakness. In PS-DCSK, the symbol duration of the
transmitted signal is reduced to a half by separat-
ing the reference chaotic signals from the information
carrier signals using I and Q channels. I-DCSK is
another approach to reducing the symbol duration
to a half by adding the reference chaotic signals to
the information carrier signals after the time rever-
sal. The frame length of the transmitted signal in the
SR-DCSK is minimized by generating the information
bearing sequence from the R samples of the reference
sequence and then duplicated P times to become the
frame duration PR+R) samples. Therefore, it is only
needed to generate R samples of the reference signal
without a change of the received bit energy. Another
drawback of the DCSK is a performance degradation
in a fast fading channel, in [23], a continuous mobil-
ity DCSK (CM-DCSK) is designed to enhance the
performance of the DCSK over a fast fading channel
without a channel estimation. It uses a one-chip pe-
riod delay for each sequence instead of a delay with
β samples. This technique increases the strength of
the system to a rapid variation of the channel param-
eters during the overall transmitter symbol duration.
The Frequency Modulation (FM) combined with the
QCSK system, which is named FM-QCSK, enhances
the variation of the amplitude of the chaotic signal
and the bandwidth efficiency. Furthermore, different
studies were proposed in the last years to enhance
the DCSK communication system as demonstrated
in [24–27].

In this paper, we used a short reference quadrature
chaos shift keying, the reference signal length in it
is reduced to R samples in the same way as the SR-
DCSK in [22] with the following differences:
(1.) Short reference QCSK system is designed and
performance analysis is represented.

(2.) Evaluating the data-rate and energy saving im-
provement, compared to conventional QCSK and
DCSK systems.

(3.) Drive the theory performance of SR-QCSK in
AWGN and multipath Rayleigh fading channels.

(4.) Comparing SR-QCSK with other techniques of
DCSK including DCSK, HE-DCSK, I-DCSK, NR-
DCSK, PS-DCSK, SR-DCSK and CS-DCSK.

(5.) Comparing the effect of a different chaotic map
on the SR-QCSK performance.
The rest of the paper is structured as follows: the

QCSK system is briefly introduced and a block dia-
gram of the SR-QCSK is demonstrated in section 2.
Section 3 contains the performance analysis of the
SR-QCSK system. In section 4, simulation results
are presented and the conclusions are presented in
section 5.

2. Quadrature chaos shift keying
systems

2.1. Conventional QCSK communication
system

In the first of the QCSK systems, a bits-to-symbol
converter is used to map each two bits djdj+1 =
{00, 11, 10, 01} into the corresponding four phase con-
stellation symbol am + i bm = {(1 + i), (−1− i), (−1 +
i), (1− i)} in the same manner as in the quadrature
phase shift keying (QPSK). This symbol is then trans-
mitted using the QCSK modulator [12, 23] in which
two sets of chaotic sequences put in two time slots of
the same length in the same scenario as the DCSK
system but the difference here is to carry a complex
symbol instead of a bit. In the first time slot, the
reference chaotic signal is placed while the second time
slot contains the information carrier signals where the
real and imaginary parts of the symbol are located
in the same slot and separated by using orthogonal
chaotic sequences. The separation is presented by
adding the duplication of the chaotic reference mul-
tiplied by the real part of the mth symbol with that
of the orthogonal chaotic that is multiplied by the
imaginary part of the mth symbol. The orthogonal
chaotic sequence is generated by taking the Hilbert
transform to the reference-sequence, where the π/2
phase shift is created in every frequency component.
In the digital domain, the Hilbert transform is gen-
erated either by taking the fast Fourier transform
(FFT), eliminating the negative frequency coefficients
and then taking the inverse FFT, or by using a digital
filter design [28]. Let’s define 2β as the number of
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the spreading sequence that is transmitted for each
information symbol, called the spreading factor, where
β is an integer number and TQCSK = 2β Tc is the
QCSK symbol’s duration, where Tc is the spreading
time. The QCSK sequence of the mth sample and the
kth spreading signal sk,m, is given by:

sk,m =

=
{
xk,m for 0 < k < β

1√
2 (amxk−β,m + bmx̃k−β,m) for β < k ≤ 2β

(1)

where xk,m is the reference-sequence, xk−β,m is xk,m
the signal delayed by β value and x̃k−β,m is the orthog-
onal chaotic signal created by the Hilbert transform.
Furthermore, the bit energy of the QCSK transmitter
is Eb,m = βE

[
x2
k,m

]
where E[.] is the expectation

value of the corresponding signal. The information
bits are detected by correlating the information car-
rier part of the received sequence with the chaotic
basis sequences xk,m and x̃k,m over the βTc duration
and then comparing the results to a zero threshold.
The received bit energy after the detection must be
designed to be equal to βE[x2

k,m]/2. The transmitter
and receiver block diagram of the QCSK system is
illustrated in figure 1.

2.2. Proposed SR-QCSK design system
The data-rate and energy efficiency of the QCSK
system is decreased because a half of the bit duration
contains the reference sequence without carrying any
information. To enhance the QCSK system, the short
reference algorithm is adopted with the QCSK to
generate the SR-QCSK in a similar scenario of the
SR-DCSK [22]. Figure 2a shows the scheme diagram
of the SR-QCSK modulator. Firstly, each two bits are
converted to a complex symbol using bit-to-symbol
mapping. For each mth symbol am + i bm, a chaotic
reference signal with the length R is produced and
used and put in the first slot. The reference signal is
repeated P times and these sequences are used as data-
carrier sequences that consist of P ·R samples. The
information carrier sequences are put in the second
slot and consist of adding two signals. In the first, the
real mth sample am is multiplied by the duplicated
reference sequences to produce a signal of a length β
where β = P ·R, while the 2nd signal has the imaginary
mth sample that is multiplied by the P replicas of the
Hilbert transform of the reference signal. These two
sequences are added together to produce a data-carrier
sequence with β samples. The SR-QCSK signal of
the mth sample and the kth spreading signal sk,m, is
given by:

sk,m =

=


xk,m for 0 < k ≤ R

1√
2 (amxk−R,m + bmx̃k−R,m) forR < k ≤ . . .

· · · ≤ (1 + P )R

and xk−R,m ≡ x0,m, x̃k−R,m ≡ x̃0,mmod(R) (2)

Figure 2d illustrates a block diagram of the SR-
QCSK demodulator. The received sequence rk,m is
a complex signal where the reference sequence is ex-
tracted from the first slot of the SR-QCSK frame. We
need two correlations to recover two bits. The 1st
correlation correlates the conjugate of the received
reference sequence with the length R over P consecu-
tive signals of the frame. The P correlations are then
adding together to get:

C1,m = Tc

p−1∑
p=0

R−1∑
k=0

r∗k,mrk+(1+P )R,m (3)

where r∗k,m is the conjugate of the received reference
signal and rk+(1+P )R,m are the received data-carrier
sequences. In the second correlator, the Hilbert trans-
form is carried out first for the reference signal, before
the correlation occurs, which results in:

C2,m = Tc

p−1∑
p=0

R−1∑
k=0

r̃∗k,mrk+(1+P )R,m (4)

where r̃∗k,m = (H(rk,m)) is the conjugate of the Hilbert
transform of the received reference sequence and H(.)
is the Hilbert transform function. The real and imag-
inary components of the mth symbols are then esti-
mated by comparing the real components of C1,m and
C2,m to establish the threshold. Finally, the symbol to
bit converter converts the symbol decision into stream
bits.

3. Design and analysis of
SR-QCSK systems

3.1. Information-rate and energy saving
enhancement factor

Minimizing the length of the frame will enhance both
the information rate and the energy bit of the trans-
mitted signal. The derivation of the enhancement
factor for the SR-QCSK system can be deduced in the
same scenario as in [22], where the enhancement factor
of the information-rate and energy saving is derived
for the SR-DCSK relative to the DCSK system. Let
us define Tb,SR−QCSK = R+ βTc/2, Tb,QCSK = βTc
and Tb,DCSK = 2βTc as the SR-QCSK, QCSK and
DCSK bit duration respectively. Then, the SR-QCSK
information-rate enhancement factors IRE1 and IRE2,
compared to QCSK and DCSK, respectively, are writ-
ten in a percentage form as:

IRE1 =
(

Tb,QCSK
Tb,SR−QCSK

− 1
)
×100% = β −R

β +R
×100%

(5)

IRE2 =
(

Tb,DCSK
Tb,SR−QCSK

− 1
)
×100% = 3β −R

β +R
×100%

(6)
From Eq. 5, it can be seen that the IRE1 is the

same information-rate enhancement factor as the one
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(a) . QCSK transmitter.

 

 

 

 

 
(b) . QCSK receiver.

Figure 1. Block diagram of the QCSK system.

of the SR-DCSK relative to the DCSK [22]. In a
similar way, the energy-saving enhancement factors
ESE1 and ESE2 for the SR-QCSK, relative to the
QCSK and the DCSK, respectively, are calculated in
a percent form as:

ESE1 =
(

1− Eb,SR−QCSK
Eb,QCSK

)
× 100%

and

ESE2 =
(

1− Eb,SR−QCSK
Eb,DCSK

)
× 100% (7)

Where Eb,SR−QCSK = Tc(β+R)Ex2
k)/2, Eb,QCSK =

TcβEx
2
k and Eb,DCSK = 2TcβEx2

k represents the en-
ergy bit of the SR-QCSK, QCSK and DCSK systems,
respectively, at the transmitter side. The ESE1 and
ESE2 are rewritten as:

ESE1 = β −R
2β × 100%

and

ESE2 = 3β −R
4β × 100% (8)

Eq. 8 proves that the ESE of the SR-QCSK, relative
to the QCSK, is identical to that of the SR-DCSK
relative to the DCSK, which is discussed in [22]. Fig-
ure 3 shows the percentage of the IRE and ESE of the
SR-QCSK versus R samples for β = 100. It can be
seen that, for the IRE1 and IRE2 curve when R = 0,
the enhancement reaches the maximum value of 100%
and 300%, when compared to the QCSK and DCSK,
respectively. This means that the SR-QCSK system
increased the information rate twofold, compared to
the QCSK, and sixfold, when compared to the DCSK.
When R = β, the SR-QCSK becomes the same as of
the QCSK IRE1 = 0 % and IRE2 = 100 %. Similarly,
for the ESE1 and ESE2 curves, the energy saving
enhancement factor ranges from 50% - 100% and
75% - 50%, when compared to the QCSK and DCSK,
respectively.

3.2. BER analytic performance of
SR-QCSK system

In this section, the BER performance of the SR-QCSK
is analytically derived over the AWGN and a multi-
path slow Rayleigh fading channel. The chaotic signal

is generated using the second order Chebyshev poly-
nomial function (CPF) with a unity variance and zero
mean [29].

xk+1 = 1− 2x2
k (9)

A multipath fading channel with an L independent
path number that is used in [2, 22] is considered. In
this channel, τ` and α` are the `th path time delay
and complex coefficient, respectively. Also, nk is an
additive white Gaussian noise with a variance equal to
N0/2 and zero mean. The channel coefficients α` are
independent and of an identical Rayleigh distribution
and considered to be fixed during the whole transmit-
ted frame, this means that it is a slow fading channel
with a probability density function (PDF) given by

f(α) = α

σ2 e
α2

2σ2 (10)

where σ2 is the variance of the received voltage signal.
The discrete output of the L-tapped delay Rayleigh
fading channel is written as

rk =
L∑
`=1

α`sk−τ` + nk (11)

where sk−τl is the channel delay version of the sending
signal sk,m, where the letter index m is omitted for
simplicity. To derive the bit error rate (BER) analy-
sis of the SR-QCSK over the AWGN and multipath
Rayleigh fading channel, first, it is assumed that the
maximum channel delay τmax is much less than the
reference length R in which 0 < τmax � R [22, 30].
For simplicity, Tc = 1 and the index m is omitted
from all analysis. Because the real and imaginary
parts of the data are identical in detection, only the
first correlation and decision is derived. By substitut-
ing Eqs. (2 and 11) into Eqs. (3 and 4), the received
correlation output can be expressed as

C1 =
p−1∑
p=0

R−1∑
k=0

(
L∑
`=1

((
1√
2
aα`xk+1+P )R−τ`+

+ 1√
2
bα`x̃k+1+P )R−τ`

)
+ np,k+R

))
4
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(b) . SR-QCSK frame.
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(d) . SR-QCSK demodulator.

Figure 2. a) The scheme of the SR-QCSK modulator, b) SR-QCSK frame, c) QCSK frame and d) SR-QCSK
demodulator.
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Figure 3. The percentage form of the information rate and saving energy enhancement of the SR-QCSK for β = 100.

(
L∑
`=1

α`xk + nk

)∗
(12)

and

C2 =
p−1∑
p=0

R−1∑
k=0

(
L∑
`=1

((
1√
2
aα`xk+1+P )R−τ`+

+ 1√
2
bα`x̃k+1+P )R−τ`

)
+ np,k+R

))
(
H

(
L∑
`=1

α`xk + nk

))∗
(13)

where np,k+R is pth Additive white Gaussian noise
(AWGN) vector added to the pth information sequence,
nk is the AWGN sequence that remains constant dur-
ing all P correlations and (.)∗ is the conjugate operator.
It can be noticed that the chaotic signal is periodic
with period R, therefore, xk+1+P )R−τ` = xk−τ` and
xk has the same sequence for each P correlations,
also, for large value of R, the following expressions is
approximated as [22].

R∑
k=1

xk−τ`xk−τV ≈ 0, ` 6= V (14)

And from the Hilbert transform property, the following
expression is used [12]

R−1∑
k=0

xk−τ` x̃k−τ` = 0 (15)

From Eqs. 12-15, the first decision variable D1 =
Real C1, and the second decision variable D2 =
Real C2, that represent the input to the 1st and 2nd

thresholding blocks respectively, are expressed as:

D1 = Re
(
P

R−1∑
k=0

(
a√
2

L∑
`=1
|α`|2x2

k−τ`+

+ 1√
2
n∗k

L∑
`=1

aα`xk−τ` + bα`x̃k−τ`

)
+

+
p−1∑
p=0

R−1∑
k=0

(
np,k+Rn

∗
k + np,k+R

L∑
`=1

α`xk−τ`

))
(16)

and

D2 = Re
(
P

R−1∑
k=0

(
b√
2

L∑
`=1
|α`|2x̃2

k−τ`+

+ 1√
2
ñ∗k

L∑
`=1

aα`xk−τ` + bα`x̃k−τ`

)
+

+
p−1∑
p=0

R−1∑
k=0

(
np,k+Rñ

∗
k + np,k+R

L∑
`=1

α`x̃k−τ`

))
(17)

where Re(.) is the real part of the sequence, ñ∗k is
the conjugate of ñk and ñk = H(nk) where, for an
ideal Hilbert transform, it is matching with nk that is
AWGN [12]. From the two equations above, the first
term is due to the required data a and b, respectively,
while the remaining expressions are due to the noise
and interference signal.

From the central limit theorem, the decision variable
is considered as Gaussian distribution. Therefore, the
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BER of the SR-QCSK is expressed as

BER = 1
4 Pr (D1 < 0|a = +1) +

+ 1
4 Pr (D1 > 0|a = −1) + 1

4 Pr (D2 < 0|b = +1) +

+ 1
4 Pr (D2 < 0|b = −1) (18)

Since each term in Eq. 18 is symmetric, the BER
is calculated in terms of the complementary error
function (erfc) and is given by:

BER = 1
2erfc

([
2V D1

ED2
1

]− 1
2
)

(19)

where erfc(z) = 2√
π

∫∞
z
e−z

2
dz, V (.) and E(.) are the

variance and the mean value of the corresponding
sequence. By assuming that Eb is constant for all
transmitted symbols with a long duration R, write
E(x2

k) in terms of bit energy Eb (E(x2
k) = 2Eb/R+β),

and substitute a = +1. The average of the decision
variable D1 is given as

E(D1) = PR

(R+ β)
√

2Eb
L∑
`=1
|α`|2 (20)

Since all terms in Eq. 16 are independent, the vari-
ance of the decision variable D1 in terms of Eb is given
by

V (D1) = P 2R

(R+ β)N0

L∑
`=1
|α`|2Eb + PR

N2
0

4 +

+ PR

(R+ β)N0

L∑
`=1
|α`|2Eb (21)

If we substitute Eq. 20 and 21 into Eq. 19 and define
γ =

∑L
`=1 |α`|2Eb/N0, then the conditional BER for

the SR-QCSK system is given by:

BER = 1
2erfc

([
R+ β

Rγ

(
p+ 1
p

)
+ R+ β2

4RPγ2

]− 1
2
)
(22)

The average BER over the PDF of γ is calculated as:

BER = 1
2

∫ ∞
0

erfc
([

R+ β

Rγ

(
p+ 1
p

)
+

+R+ β2

4RPγ2

]− 1
2
)
f(γ)dγ (23)

where f(γ) is the pdf of γ that is expressed as [22]

f(γ) =
L∑
`

1
γ`

 ∏̀
j=1, j 6=`

γ`
γ` − γj

 e
− γ

γ` (24)

where γ` is the expectation value of γ` = |α`|2Eb/N0
which is the `th instantaneous signal-to-noise ratio

Eq. 25 is calculated for a set of classes here 1000
set is taken) using numerical integration with unit
integration step size [22]. Moreover, the BER of the
SR-QCSK over the AWGN can be calculated from
Eq. 24. By defining

∑L
`=1 |α`|2 = 1 and assuming R

is large, we get the following

BERSR-QCSK = 1
2erfc

([
(R+ β)N0

REb

(
p+ 1
p

)
+

+R+ β2N2
0

4RPE2
b

]− 1
2
)

(25)

4. Simulation results and
discussions

In this section, the simulation results and a compari-
son under the AWGN and multipath fading channel
is presented. Matlab program 2015 is used in this
simulation.

4.1. AWGN channel results
Figure 4 shows the BER performance SR-QCSK over
the AWGN channel for P = 1, 2, and 4 when β = 100.
The performance is also compared with the DCSK sys-
tem. As can be seen from this figure, the simulation
performance follows the analytic expression given in
Eq. 25. In [22], the relation for an optimal value of R
named Ropt is derived for the SR-DCSK system and
it is proven that Ropt depends on Eb/N0 and reaches
optimal values when R = 50 for β = 100. From this
figure it can be seen that the best BER performance
is obtained when P = 2. In a similar way, Figure 4
shows the optimal performance of the SR-QCSK sys-
tem for R = 50, this performance is superior to any
other results. Also when R = 25, there is a little dif-
ference in performance as compared to QCSK and its
performance being better than the one of the DCSK.
According to Eqs. 5, 6 and 8, when R = 25 or R = 50,
the SR-QCSK enhanced the information rate by 60 %
and 33 %, respectively, in comparison to the QCSK
system, and by 220% and 166%, respectively, in com-
parison to the DCSK system. Also, the energy saving
is enhanced by 37% and 25% in comparison to the
QCSK and enhanced by 68% and 62% in comparison
to the DCSK for R = 25 and 50, respectively.
Figure 5 shows the BER performance of the SR-

QCSK for β = 50, 100,and 200 when P = 2 and
compares the results with the QCSK P = 1). It can
be seen that doubled β will degrade the Eb/N0 gain
by a factor less than 1 dB, since increasing β will
increase the noise power at the same time. Also, a
short reference technique enhances the information
rate of QCSK by 33% and 166% in comparison to
the QCSK and DCSK, respectively. And it enhanced
the saving energy by 25% and 62% in comparison to
the QCSK and DCSK, respectively, when R = β/2
with the BER performance being better than the one
of the QCSK system.
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Figure 4. The BER performance analysis and simulation of the SR-QCSK over the AWGN channel for P.R = 100
and R = 100, 50 and 25. 

 

 

 

 

 

 

 

 

  

 

Figure 5. Simulated BER performance of the SR-QCSK under the AWGN channel for P = 2 and P.R = 50,100 and
200.

In Figure 6, the SR- QCSK for P = 2 is compared
with different families of the DCSK system, includ-
ing the DCSK, HE - DCSK, I-DCSK, NR-DCSK,
PS-DCSK, SR-DCSK and CS-DCSK for β = 100.
The SR-QCSK has a better performance than the
DCSK, HE-DCSK, SR-DCSK, PS-DCSK and CS-
DCSK, while it’s Eb/N0 gain lowered by about 0.8 dB
and 1.3 dB at BER = 10−3 in comparison to the I-
DCSK and NR-DCSK, respectively, over the AWGN
channel. Notice that, in NR-DCSK, p = 5 represents
the number of the repeating chaotic sample and, in
CS-DCSK, N represents the Walsh codes order.

4.2. Multipath Rayleigh fading channel
results

In this simulation, two paths of the Rayleigh fading
channel are considered with the same channel parame-
ters used in [4]. The mean power in the two paths are
E(α2

1) = 2/3 and E(α2
2) = 1/3 with corresponding

delays for each path τ1 = 0 and τ2 = 2Tc respectively.

Figure 7 illustrates the BER performance of the SR-
QCSK system under a multipath fading channel for
P.R = 100 and for P = 1, 2 and 4. It can be seen
that even though there are slight gaps between the
analytic and simulation results, especially when R
is decreased due to neglection of the inter symbol
interference (ISI)(τ � R) the simulation follows the
analytic BER results. From this figure, it can be seen
that the SR-QCSK is robust against the multipath
fading channel and does not need any information
about the channel at the receiver. Also, For R = 100
and P = 1, the SR-QCSK is the same QCSK system.
The performance comparison of the SR-QCSK

with different techniques of the DCSK, including
DCSK, HE-DCSK, I-DCSK, NR-DCSK, PS-DCSK,
SR-DCSK and CS-DCSK, for β = 100 is illustrated in
Figure 8. It can be seen that the short reference tech-
nique has not only improved the information-rate and
energy-saving of the system, but also improved the
BER over all families of the DCSK mentioned here due
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Figure 6. A comparison of the BER performance simulation with the SR-QCSK with different techniques of the
DCSK for P.R = 100 in the AWGN channel.

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The BER performance of the SR-QCSK system under two paths of the Rayleigh fading channel for
P.R = 100 and P = 1, 2 and 4.

to reduction of the reference chaotic length to R value.
Also, the SR-QCSK has the best BER performance
of all. Even though I-DCSK and NR-DCSK systems
have a better BER performance than other techniques
in the AWGN referred in Figure 7, the priority of the
best BER performances are weaker in the multipath
fading channel especially for the I-DCSK. The degra-
dation of the performance of the I-DCSK is due to
the reverse reference chaotic signal being added to
the information-bearing signal, which causes an inter-
symbol interference increase and the orthogonality to
detect the transmitted data is missing. Table 1 shows
the comparison of different techniques for Eb/N0 at
BER = 10−3.

5. Conclusions
In this paper, a short-reference quadrature chaos- shift
keying (SR-QCSK) is presented to enhance the data
rate and to put a bit energy in a conventional QCSK
without adding extra complexity in the transmitter
or the receiver side or influence the BER performance.
The main idea of the short reference technique is mini-
mizing the length of the reference chaotic signal at the
transmitter by a factor P and comparing the new to
the original length to produce R reference sequences,
while the length of the bearing information signal re-
mains unchanged. This is done by duplicating the
reference signal P times to get the same length as
the conventional QCSK. Therefore, the symbol dura-
tion is reduced to (R + β)Tc instead of 2βTc. This
reduction will improve the data rate, energy saving
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Figure 8. A comparison of the BER performance simulation with the SR-QCSK with different techniques of the
DCSK for P.R = 100 over a multipath fading channel.

Channel/Method Proposed DCSK SR-DCSK HE-DCSK CS-DCSK
AWGN 15 15.8 15.2 15.8 16.6
Multipath fading channel 22 24 23 23.5 24

Table 1. Eb/N0 comparison of different techniques under the AWG and multipath fading channel.

per bit and BER performance in comparison to the
conventional QCSK and DCSK. The energy saving
enhancement factor and the information rate are de-
rived by a comparison to the traditional QCSK and
DCSK systems. When R = 25 or R = 50, it can be
seen that the SR-QCSK enhanced the information
rate by 60% and 33%, respectively, in comparison
to the QCSK system and by 220% and 166%, re-
spectively, in comparison to the DCSK system. The
BER analytical expression of the SR-QCSK in mul-
tipath Rayleigh fading and AWGN channels are also
derived and compared with computer simulation re-
sults. The results show that the theory and simulation
are in an agreement. Furthermore, the SR-QCSK sys-
tem is compared with other DCSK techniques in the
AWGN and multipath fading channel. In AWGN,
the performance is superior to the DCSK, HE-DCSK,
SR-DCSK, PS-DCSK and CS-DCSK by about 0.8 dB,
0.4 dB, 1 dB and 2 dB, respectively, at BER = 10−3

while it’s Eb/N0 gain decreased by about 0.8 dB and
1.3 dB at BER = 10−3 in comparison to the I-DCSK
and NR-DCSK, respectively. Also, the results of the
multipath fading channel show that the SR-QCSK
is superior to all DCSK techniques mentioned here,
having a gain of about 1 dB over the SR-DCSK at
BER = 10−3. The SR-QCSK shows a good promise to
be the one of the superior techniques in non-coherent
differential chaos shift keying systems.
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