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The major drawback of the differential chaos shift keying (DCSK) system is that equal time and energy are spent on the reference
and data signal. This paper presents the design and performance analysis of a short reference multifold rate DCSK (SRMR-DCSK)
system to overcome the major drawback. The SRMR-DCSK system is proposed to enhance the data rate of the short reference
differential chaos shift keying (SR-DCSK) system. By recycling each reference signal in SR-DCSK, the data slot carries N bits of
data and by P times. As a result, compared with SR-DCSK, the proposed system has a higher data transmission rate and
evaluates the energy efficiency with respect to the conventional DCSK system. To further improve the bit-error-rate (BER)
performance over Rayleigh fading channels, the multiple-input single-output SRMR-DCSK (MISO-SRMR-DCSK) is also
studied. The BER expression of the proposed system is derived based on Gaussian approximation (GA), and simulations in
Rayleigh fading channels are performed. Simulation results show a perfect match with the analytical expression.

1. Introduction

CHAOS signals are suitable for spread spectrum communi-
cations due to broadband and nonperiodic characteristics.
In the past few decades, the coherent and noncoherent
algorithms of various chaotic communication systems have
been proposed [1–15]. Coherent detection requires synchro-
nization of chaotic carriers, for example, chaos shift keying
(CSK) [1]; therefore, its application is limited. In light of
the shortcomings of coherent detection, differential chaos
shift keying (DCSK) [2] becomes the most worthy consider-
ation in the development of chaotic communication system.
The reason is that the DCSK system can demodulate the
transmitted information at the receiver without the chaotic
carrier synchronization and channel state estimation. In
addition, DCSK has better antimultipath fading capability
than differential phase shift keying (DPSK) [3] and is more
suitable for ultra-wideband transmission. However, the
traditional DCSK system transmission efficiency is low, and
low security limits its application. To overcome the short-
coming of traditional DCSK, researchers have proposed a

number of improvements. For example, in [4], Herceg et al.
introduce the correlation multidelay shift keying (CMDCK).
In their proposal, the reference slot and the data slot that
delays different chip times are subtracted to transmit the
multibit information to improve the data rate. In [5], quadra-
ture chaos-shift keying (QCSK), an orthogonal chaotic
keying system, is proposed by Galias and Maggio through
the Hilbert transformation to obtain two completely orthog-
onal chaotic sequences for the transmission of two consecu-
tive time slots. This improvement of transmission rate is
sacrificed at the expense of the cost of modulation. In [6],
Kaddoum et al. propose the short reference DCSK (SR-
DCSK) system, a work in which the length of the reference
slot is shortened while the data slot remains unchanged.
Moreover, Cai et al. propose M-ary DCSK [7] and differential
DCSK [8], which are also aimed at improving the DCSK
transmission rate. Kaddoum et al. [9] introduced a multicar-
rier DCSK system to improve the safety of the DCSK system,
and [10] propose a new MC-DCSK system, where no RF
delay line is required, while improving the spectrum utiliza-
tion and reducing energy consumption. In [11], Xu et al.
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propose the code-shifted DCSK (CS-DCSK), which makes
the Walsh code to distinguish between reference slot and
data slot, thereby reducing the interference between the
signal and improving the performance of BER. The extension
of CS-DCSK is proposed in [12], in which N bits of informa-
tion are transmitted in the same time slot, while using only a
reference slot and obtaining a high transmission rate. In [13],
high-efficiency DCSK (HE-DCSK) is studied and inspected.
In this system, the data signal transmits 2 bits of data, where
the 1-bit signal is demodulated by the reference slot of the
previous frame. And it improves the utilization of the refer-
ence slot. In [14], reference-modulated DCSK (RM-DCSK)
is introduced. RM-DCSK is to use the previous frame as the
reference signal of the latter frame to improve the data
transmission efficiency. The permutation DCSK (P-DCSK)
proposed in [15] is to add the random permutation matrix
in the traditional DCSK system to disrupt the sequence of
chaotic signal samples, destroy the similarity between the ref-
erence signal and the information signal, and eliminate the
possibility of detecting the bit rate from the square spectrum,
thereby increasing the data security. However, P-DCSK does
not improve the DCSK system data transmission rate.

In this work, we propose a novel DCSK modulation
scheme based on the SR-DCSK system, named short
reference multifold rate differential chaos shift keying
(SRMR-DCSK). In this system, a data frame is composed of
the reference slot and the data slot, and the data slot can
transmit N bits of data at a time. And the length of the
reference slot is 1/P of the data slot, where P is any integer
that can be divisible by a spreading factor. This solution
solves the problem that the DCSK reference slot does not
transmit information. In order to improve the BER perfor-
mance of the system over the Rayleigh fading channels, the
multiple-input single-output SRMR-DCSK (MISO-SRMR-
DCSK) is proposed. In the paper, we defineM as the number
of transmit antennas and S the number of receive antennas,
where M = 2 and S = 1. As a potential application, the
MISO-SRMR-DCSK is considered and the BER formula is
derived over the Rayleigh fading channel.

The rest of this paper is organized as follows: In Section 2,
a description of the SISO-SRMR-DCSK transmitter scheme
and demodulation structure is given, and the traditional
DCSK system is described briefly. Moreover, the energy
efficiency and data rate of SISO-SRMR-DCSK are analyzed
and the energy efficiency is evaluated with respect to the con-
ventional DCSK system. In Section 3, SISO-SRMR-DCSK is
extended to MISO-SRMR-DCSK and analytical BER expres-
sion is explained. MISO-SRMR-DCSK, the extension of the
SISO-SRMR-DCSK, is explained. The performance of the
MISO-SRMR-DCSK system is derived in Gaussian approxi-
mation (GA). Section 4 simplifies the channel model between
each antenna and the receiving antenna at the transmitter
to a two-way Rayleigh fading channel. Further, it is
assumed that the channel is slowly fading; that is, the chan-
nel is static in a one-bit period. If the gain of one channel is
zero and the other gain is 1, it is the Gaussian channel. The
simulation of the new system is compared with other
systems in Section 4. And the conclusion is presented in
Section 5.

2. Noncoherent Chaos-Based
Communication System

2.1. DCSK System. In the modulation of the DCSK system,
each bit represents the same length of two chaotic sequences
in the frame. The first time slot transmits a chaotic sequence
as the reference sequence, and the second one transmits the
chaotic sequence of the modulated data as data sequence.
If +1 is transmitted, the reference sequence is equal to
the data sequence, and if −1 is transmitted, the reverse
reference sequence is transmitted as a data sequence. The
spreading factor in the DCSK system is defined as the
number of chaotic samples used to spread each trans-
mitted bit and is presented by 2β, where β is an integer.
In addition, the bit period of the DCSK system is TDCSK =
2Tb = 2βTc, where Tc is the chip time and Tc = 1, and Tb is
a slot time, that is, half a bit of time. The ith bit interval at
the output of the DCSK system modulator can be expressed
as (1) below.

si,k =
xi,k, 0 < k ≤ β,
bixi,k−β, β < k ≤ 2β,

1

where xi,k is the chaotic sequence of the reference signal,
xi,k−β is the delay signal of xi,k, and k represents any one of
the chips in a frame. In order to demodulate the transmitted
information, the received signal will be compared with its
delay signal for the length of time Tb (Tb = βTc) correlation
calculation, and it is determined by the zero threshold in
the receiver. The transmitter structure and receiver structure
are given in Figures 1 and 2, respectively. In Figure 1, for
every bit of information, the transmitter outputs a chaotic
sequence xi,k of length β followed by the same sequence
multiplied by the information signal bi = ±1, where i is the
bit counter. In Figure 2, the received signal ri,k is multiplied
by the received signal delayed by β, ri,k−β. The product is
then averaged over the spreading sequence length β. In the
DCSK system, half of the frame time is used to transmit the
reference signal that does not carry any useful information;
thus, the data transmission rate is reduced.

2.2. SISO-SRMR-DCSK System. In the SISO-SRMR-DCSK
system, the length of the reference signal and the length of

xi,k

si,k

Delay 𝛽

Chaotic
generator

bi

Figure 1: DCSK transmitter.

k = 0
ri,k ri,k−b

𝛽−1
Delay 𝛽

ri,k Zi bi
^

Figure 2: DCSK receiver.
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the data signal are different. This is different from the tradi-
tional DCSK. For the SISO-SRMR-DCSK system, the length
of the reference signal changes from β to R, where R is
1/P of the data signal length. Meanwhile, the reference
signal is repeatedly transmitted by P times and carries N
bits of information as the data signal. The reference signal
is correlated with each section of the data signals. The
length of one frame changes from 2β to R + β = R + P ⋅ R.
By comparing Figures 3(a) and 3(b), we can see that
the SISO-SRMR-DCSK system improves the data trans-
mission rate and reduces the bit energy compared to
the DCSK system.

Figure 4 shows the transmitter of the SISO-SRMR-DCSK
system. The principle of the SISO-SRMR-DCSK system is
that the reference signal of the previous bit is modulated
and then added to the data signal of the latter bit in the
data slot of the latter bit while reducing the length of
the reference signal. The method reduces the wastage that
any information is not carried in the reference signal. Take
the signal transmitted by the ith frame as an example. In
the transmitter, the chaotic sequence of length R is gener-
ated by the chaos generator as the reference sequence of
this frame and then the chaotic sequence of length R
through the repeater. The output of the repeater is modu-
lated by the different delay devices on the corresponding
chaotic sequence, and the N channel-modulated chaotic
sequence is summed together by an adder as the data
signal of the ith frame. The ith bit interval at the output
of the SISO-SRMR-DCSK system modulator can be
expressed as (2) below:

si,k =
xi,k 0 ≤ k < R,

bixi,k−R +⋯ + bi− N−1 xi− N−1 ,k− N−1 P+N R R ≤ k < β,
xi,k−R ≡ xi,0, mod R ,

2

where xi,k is the chaotic sequence of the reference signal
and xi,k−R,… , xi− N−1 ,k− N−1 P+N R is the delay signal of xi,k.

For the design of the frame structure, the duration of the
corresponding frame is changed from TDCSK = 2βTc to
TSISO‐SRMR‐DCSK = R + β Tc. The SISO-SRMR-DCSK system

compared to the DCSK system to improve the data transmis-
sion rate can be expressed below:

RD = RSISO‐SRMR‐DCSK − RDCSK
RDCSK

× 100%, 3

where RD is the increase percentage that the transmission
rate of the SRMR-DCSK system is compared with the
conventional DCSK system, and RSISO‐SRMR‐DCSK =N/R + β
and RDCSK = 1/2β are the data transmission rate of the
SRMR-DCSK system and DCSK system and substituted
into (3), respectively.

The above would be simplified to (4) below:

RD = 2N − 1 β − R
β + R

× 100% 4

The SRMR-DCSK system can be used to describe the
bit energy savings compared to the DCSK system in the
same way:

ED = Eb,DCSK − Eb,SISO‐SRMR‐DCSK
Eb,DCSK

× 100%, 5

where ED is the increase percentage that the saved bit
energy of the SRMR-DCSK system is compared with the
conventional DCSK system.

𝛽

xi,k bixi,k

𝛽

(a) DCSK frame

Saved time and
energy

xi,k bixi,k+...+bi−(N−1)xi−(N−1),k bixi,k+...+bi−(N−1)xi−(N−1),k

𝛽R

(b) SISO-SRMR-DCSK frame

Figure 3: DCSK frame and SISO-SRMR-DCSK frame.
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Figure 4: SISO-SRMR-DCSK transmitter.
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Eb,DCSK = 2βTcE xk
2 , 6

Eb,SISO‐SRMR‐DCSK

= 1
N

〠
R−1

k=0
xi,k

2 + 〠
β+R

k=R
bixi,k−R + bi−1xi−1,k− P+1 R +⋯

+ bi− N−1 xi− N−1 ,k− N−1 P+N R

2
Tc,

7

which would simplify to

Eb,SISO‐SRMR‐DCSK = 1
N

Nβ + R TcE xk
2 8

Equations (6) and (8) are substituted into (5):

ED = Nβ − R
2Nβ

× 100% 9

The simulation curve in Figure 5 is obtained by (9).
Figure 5 shows the bit energy enhancement percentages of
SRMR-DCSK compared to DCSK for different values of R
when the spreading factor β = 100. As can be seen from
Figure 5, reducing the length of the reference signal can
significantly improve the transmission rate, and increasing
the number of transmitted bits can further increase the data
transmission rate. As the number of transmitted bits increases,
the rate of data transmission increases gradually close to 50%.

Figure 6 shows the receiver of the SRMR-DCSK system.
The principle of the receiver is that the received signal is
correlated with the signals after the delay different times, and
the outcome is compared to the zero threshold. In Figure 6,
the receiver employs N independent correlation branches to
decode the N-bit data signal in the second slot; that is,
the received signal ri,k is multiplied by the received signal
delayed by R, P + 2 R,… , N − 1 P +N R. The product is
then averaged over the spreading sequence length R.

2.3. MISO-SRMR-DCSK System. As the MISO-SRMR-DCSK
system, there are two transmission antennas (NT = 2) in the
transmitter and one receiving antenna in the receiver. So
the receiver is the same as the SRMR-DCSK receiver.

2.4. Channel Model. In the text, each antenna uses two
independent paths of Rayleigh quasi-static block fading
channels; the channel model is shown in Figure 7.

αn,1 and αn,2 are the channel coefficients following
Rayleigh distribution, and ξi is the Gaussian noise, which
follows Gaussian distribution with zero mean and vari-
ance N0/2.

At the receiver, the receiver signal can be given by

ri,k = 〠
NT

n=1
αn,1si,k + 〠

NT

n=1
αn,2si,k−τ + ξi 10

3. Performance Analysis

In this section, the performance of the MISO-SRMR-DCSK
system is analyzed on the AWGN channel and the multipath
Rayleigh fading channel. The mean and variance of this
system are derived. In the text, the normalized logistic cha-
otic map is adopted, that is, E x = 0 and E x2 = var x = 1,
where E x denotes the mean operator and var x denotes
the variance operator. Moreover, the signal components of
(13) are independent of each other. And the chaotic sequence
is independent of the Gaussian noise as well.

The decision variable Zi− m−1 (for the sake of generality
m ≥ 1) output by the correlator in Figure 6 can be expressed as
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Figure 5: Bit energy enhancement percentages of SRMR-DCSK
compared to DCSK for the spreading factor β = 100.

Di− m−1 = 〠
R−1

k=0

1
NT

〠
NT

n=1
αn,1xi− m−1 ,k− m−1 P+m R + 〠

NT

n=1
αn,2xi− m−1 ,k− m−1 P+m R−τ + ξi− m−1 ,k− m−1 P+m R

× 1
NT

〠
NT

n=1
αn,1 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R + 〠

NT

n=1
αn,2 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ + ξi,k ,

11

Zi− m−1 = 〠
P

p=1
Di− m−1 , 12
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Here,

A = P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,1xi− m−1 ,k− m−1 P+m R ⋅ 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R

+ P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,2xi− m−1 ,k− m−1 P+m R−τ ⋅ 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ

= P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,1bi− m−1 x

2
i− m−1 ,k− m−1 P+m R

+ P
NT

〠
R−1

k=0
〠
NT

n=1
〠
N−1

j=0
j≠m−1

α2n,1bi−jxi− m−1 ,k− m−1 P+m Rxi−j,k− jP+j+1 R

+ P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,2bi− m−1 x

2
i− m−1 ,k− m−1 P+m R−τ

+ P
NT

〠
R−1

k=0
〠
NT

n=1
〠
N−1

j=0
j≠m−1

α2n,2bi−jxi− m−1 ,k− m−1 P+m R−τxi−j,k− jP+j+1 R−τ

14

B = P
NT

〠
R−1

k=0
〠
NT

n=1
αn,1xi− m−1 ,k− m−1 P+m R

+ 〠
NT

n=1
αn,2xi− m−1 ,k− m−1 P+m R−τ ⋅ ξi,k

+ 1
NT

〠
P

p=1
〠
R−1

k=0
〠
NT

n=1
αn,1 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R

+ 〠
NT

n=1
αn,2 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ

⋅ ξi− m−1 ,k− m−1 P+m R

15

C = 〠
P

p=1
〠
R−1

k=0
ξi,kξi− m−1 ,k− m−1 P+m R 16

Since the sidelobe of the chaotic map is zero, (14) can be
simplified to

A = P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,1bi− m−1 x

2
i− m−1 ,k− m−1 P+m R

+ P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,2bi− m−1 x

2
i− m−1 ,k− m−1 P+m R−τ

17

The information bit b̂i− m−1 can be obtained by (13):

b̂i− m−1 =
+1 Zi− m−1 > 0,
−1 Zi− m−1 ≤ 0

18

From the above description, it can be concluded that the
terms of the decision variable in (14), (15), and (16) can be
approximated as obeying the Gaussian distribution. In (14),
(15), and (16), the calculation of the mean and the variance
are given by

E A = PR
NT

bi− m−1 〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

, 19

E B = E C = 0, 20

var A = P2R

N2
T

N − 1 〠
NT

n=1
αn,1

4

+ 〠
NT

n=1
αn,2

4

, 21

Zi− m−1 = P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,1xi− m−1 ,k− m−1 P+m R ⋅ 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R +

P
NT

〠
R−1

k=0
〠
NT

n=1
αn,1xi− m−1 ,k− m−1 P+m R

⋅ 〠
NT

n=1
αn,2 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ +

P
NT

〠
R−1

k=0
〠
NT

n=1
αn,2xi− m−1 ,k− m−1 P+m R−τ ⋅ 〠

NT

n=1
αn,1 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R

+ P
NT

〠
R−1

k=0
〠
NT

n=1
α2n,2xi− m−1 ,k− m−1 P+m R−τ ⋅ 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ

+ P
NT

〠
R−1

k=0
〠
NT

n=1
αn,1xi− m−1 ,k− m−1 P+m R + 〠

NT

n=1
αn,2xi− m−1 ,k− m−1 P+m R−τ ⋅ ξi,k

+ 1
NT

〠
P

p=1
〠
R−1

k=0
〠
NT

n=1
αn,1 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R + 〠

NT

n=1
αn,2 〠

N−1

j=0
bi−jxi−j,k− jP+j+1 R−τ ⋅ ξi− m−1 ,k− m−1 P+m R

+ 〠
P

p=1
〠
R−1

k=0
ξi,kξi− m−1 ,k− m−1 P+m R = A + B + C

13
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var B = P2RN0
2NT

〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

+ PRNN0
2NT

〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

,

22

var C = PRN2
0

4
23

Themean and variance that can be obtained by (19), (20),
(21), (22), and (23) are

E Zi− m−1 = E A + E B + E C

= PR
NT

bi− m−1 〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

,

var Zi− m−1 = var A + var B + var C

= P2R

N2
T

N − 1 〠
NT

n=1
αn,1

4

+ 〠
NT

n=1
αn,2

4

+ P2RN0
2NT

〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

+ PRNN0
2NT

〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

+ PRN2
0

4
24

The BER of the system can be expressed as

BER = 1
2 prob Zi− m−1 < 0 ∣ bi− m−1 = +1

+ 1
2 prob Zi− m−1 > 0 ∣ bi− m−1 = −1

= 1
2 erfc

E Zi− m−1

2 var Zi− m−1

,

25

where erfc · represents a complementary error function,
erfc x ≡ 2/ π ∞

x e−μ
2
dμ.

The BER of the MISO-SRMR-DCSK system can be
expressed as

BER γb = 1
2 erfc 2 N − 1 Λ2

RΛ2
1

+ N + P Γ
γb

+ βΓ2
2γb2

−1

26

Here,

Λ1 = 〠
NT

n=1
αn,1

2

+ 〠
NT

n=1
αn,2

2

,

Λ2 = 〠
NT

n=1
αn,1

4

+ 〠
NT

n=1
αn,2

4

,

Γ = 1 + 1
PN

,

γb =
〠NT

n=1αn,1
2
Eb

NTN0
γ1

+
〠NT

n=1αn,2
2
Eb

NTN0
γ2

27

γ1 = E γ1 and γ2 = E γ2 represent the average signal-
to-noise ratio for each path. The PDF of γb is given by

f γb =

γb
γ1

2 e
−γb/γ1 , E α21 = E α22 ,

e−γb/γ1 − e−γb/γ2

γ1 − γ2
, E α21 ≠ E α22 ,

28

From formulas (26) and (28), the BER formula of the
MISO-SRMR-DCSK system in the multipath Rayleigh fading
channel is as follows

BER =
∞

0
BER γb f γb dγb, 29

In the channel parameters αn,1 = 1 and αn,2 = 0, the BER
of the MISO-SRMR-DCSK system under the AWGN
channel can be expressed as

BER = 1
2 erfc 2 N − 1

R
+ Γ N + P N0

2Eb
+ βΓ2N2

0
8E2

b

−1

30

The effect of the reference signal length on the bit
error rate and the derivation of the optimal reference
signal length corresponding to the minimum BER will be
analyzed in this part.

Firstly, we define f R from (30) as

f R = 2 N − 1
R

+ Γ N + P N0
2Eb

+ βΓ2N2
0

8E2
b

31

Next,

df R
dR

= −
2 N − 1

R2 + PΓ2
8

Eb

N0

−2
32

Then,

2 N − 1
R2 −

PΓ2
8

Eb

N0

−2
= 0 33
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Finally, the solution for (33) is the minimizing solution

Ropt =
N − 1
P

× 4Eb

ΓN0
34

4. Simulation

In order to validate the BER performance of the MISO-
SRMR-DCSK scheme and compare it with SR-DCSK
and HE-DCSK, the theoretic BER expressions are verified
and well justified by simulation results under AWGN and

multipath fading channels. In the next part, the simulation
diagram will be introduced and explained.

4.1. AWGN Channel. In this part, we will compare the
analytical expression of the BER performance in the AWGN
channel to simulation results. From Figure 8, we can clearly
see that the theoretic BER expression and simulation curves
are a perfect match in the AWGN channel. The result proves
the correctness of the theoretical derivation. Figure 8 com-
pares the simulated BER against SNR in the AWGN channel
for different values of other character. Values of N = 2, 4, and
6 transmit a different number of bits. However, as the
number of transmission bits increases, the BER performance
of the system is gradually deteriorating, which is due to
intersymbol interference. Figure 9 compares the simulated
BER against Eb/N0 of SR-DCSK, HE-DCSK, and SISO-
SRMR-DCSK in the AWGN channel for β = 100, N = 2,
where the HE-DCSK [13] system is the SRMR-DCSK system
in the case of P = 1 and N = 2. From the simulation curves,
we can see that the SR-DCSK [6] system has better BER
performance than the classical systems HE-DCSK and
SISO-SRMR-DCSK. The MISO-SRMR-DCSK system has a
higher transmission rate and a lower BER performance
than the SR-DCSK and HE-DCSK systems. And when

Delay R

...

Delay
((N − 1) P + N)R

ri,k

k = 0
ri,k ri,k − R

Zi−(N − 1)
bi−(N − 1)

R − 1
P

k = 0
ri,k ri,k − R((N − 1)P + N)R

R − 1
ΣP

Zi

bi
^

^

Figure 6: SISO-SRMR-DCSK receiver.

𝜉i

𝛼n,1

𝛼n,2 Delay 𝜏

Figure 7: Two-ray Rayleigh quasi-static block faded channel model.

N = 2, MISO-SRMR-DCSK, theory
N = 4, MISO-SRMR-DCSK, theory
N = 6, MISO-SRMR-DCSK, theory
N = 2, MISO-SRMR-DCSK, sim
N = 4, MISO-SRMR-DCSK, sim
N = 6, MISO-SRMR-DCSK, sim
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Figure 8: Simulation and analytical BER performance of MISO-
SRMR-DCSK in AWGN channels for β = 100, P = 2, and various N.
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Figure 9: BER performance of SISO-SRMR-DCSK, SR-DCSK, and
HE-DCSK for β = 100, P = 2, and N = 2 in AWGN channels.

7International Journal of Antennas and Propagation



N = 1, the SRMR-DCSK system is the SR-DCSK system;
when N = 2 and β = R, the SISO-SRMR-DCSK system is
the HE-DCSK system, under the same conditions to
increase the number of transmission antennas to improve
the original system BER performance. Figure 10 shows
the BER performance of the system with different trans-
mission antennas. From Figure 10, we can see that the
performance of the system is gradually optimized with
the increase in the number of transmission antennas.

The effect of the reference signal length R on the perfor-
mance of MISO-SRMR-DCSK for N = 2 in AWGN channels
is analyzed, and the simulation results are displayed in
Figure 11. In Figure 11, different SNRs almost show the same
trend; that is to say, with the increase in the length of the
reference signal, BER performance is gradually increasing.
In Figure 12, we can see that the optimal reference signal
length is related to Eb/N0, N , and P. In (33), Eb/N0, N , and
P are fixed, and the optimal reference sequence length at this
time can be obtained. As shown in Figure 12, in the case of
Eb/N0 = 15 dB, N = 2, and P = 2, it can be concluded that
the optimal sequence length under this condition is 71.5,
and the result is rounded to a final result of 72, because the
sequence length is an integer. It is found that under the above
conditions, the BER performance of the system is best at
15 dB when the reference sequence length is 72.

4.2. Rayleigh Fading Channel. In this part, we will compare
the analytical expression of the BER performance in the
Rayleigh fading channel to simulation results in the two
following cases:

Case 1. The average channel gain of the first channel is
equal to the average channel gain of the second channel
E α2n,1 = 1/2 and E α2n,2 = 1/2.

Case 2. The average channel gain of the first channel is 3 dB
higher than the average channel gain of the second channel
E α2n,1 = 2/3 and E α2n,2 = 1/3.

In the simulation, we assume that the delay of the
multipath channel is τn,1 = 0 and τn,2 = τ, and the channel
delay is much smaller than the chaotic sequence length β,
that is, 0 < τ≪ β. In the actual simulation, τ will be similar
to 0 processing. Figure 13 compares the simulated BER

M = 1, MISO-SRMR-DCSK, theory
M = 2, MISO-SRMR-DCSK, theory
M = 3, MISO-SRMR-DCSK, theory
M = 1, MISO-SRMR-DCSK, simulation
M = 2, MISO-SRMR-DCSK, simulation
M = 3, MISO-SRMR-DCSK, simulation

2 4 6 8 10 12 14 16 180
Eb/N0 (dB)
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100
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R

Figure 10: BER performance of MISO-SRMR-DCSK for β = 100,
P = 2, M = 1, 2, 3, and N = 2 in AWGN channels.

Eb/N0 = 6 dB, MISO-SRMR-DCSK
Eb/N0 = 10 dB, MISO-SRMR-DCSK
Eb/N0 = 14 dB, MISO-SRMR-DCSK
Eb/N0 = 18 dB, MISO-SRMR-DCSK
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Figure 11: Simulation of the BER for a data signal length of β = 100
versus different values of R over the AWGN channel.
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R = 120, MISO-SRMR-DCSK
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Figure 12: Simulation of the BER performance for the effect of
optimal reference sequence length and general reference signal
length of MISO-SRMR-DCSK in the AWGN channel for Eb/N0 =
15 dB, N = 2, and P = 2.
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against different channel gains in the Rayleigh fading channel
for different values of N . At the same transmission rate, for
Case 1, the receiver receives two versions of the same signal
with the same average power gain. Consequently, each path
contributes significantly to the decision, but for Case 2,
where there is a dominant path. From the simulation results
obtained, we can say that increasing diversity allows combat-
ing the effect of the multipath Rayleigh fading channel. At the
same transmission rate, the performance of the same channel
gain of the two channels is about 3 dB higher than that of the
different channel gain.

Figure 14 shows the contrast between the theoretical
BER and the simulation results for β = 100, 500 and
N = 2 in the Rayleigh fading channel. As can be seen
from Figure 14, the BER performance at β = 500 is always
inferior to that of β = 100 when the channel gain is the
same or different.

5. Conclusion

In the paper, MISO-SRMR-DCSK is introduced and
analyzed. This system on the basis of the original DCSK
system improves the data transmission rate and reduces the
bit transmitted power. At the transmitter, two antennas are
used to transmit data, in which the length of the reference
signal in each frame of data is shortened to 1/P of the original
DCSK system, and the data slot repeats by P times of
reference slots and transmits N-bit data. The receiver uses
an antenna to receive the signal, the received signal is delayed
for different times, and the data signal P times the correla-
tion operation, the final operation results, and the decision
threshold comparison. In this paper, the theoretical BER

performance of the Gaussian channel and the two-ray Ray-
leigh fading channel is analyzed by Gaussian approxima-
tion, and the correctness of the system is verified by
Monte Carlo simulation. In the AWGN channel, the per-
formance of the MISO-SRMR-DCSK system is gradually
optimized with the increase in the number of transmission
antennas. At the same time, the system BER performance
under the best reference sequence length is verified and
analyzed. In the two-ray Rayleigh fading channel, for the
system in different reference sequence length is analyzed,
respectively. The simulation results show that the BER per-
formance of MISO-SRMR-DCSK gradually deteriorated
due to the increase in the intersymbol interference with
the increase in the number of transmission bits under the
same conditions.

For the complexity of the system, the MISO-SRMR-
DCSK system requires multiple transmission antennas,
but the system improves spectrum utilization and trans-
mission rates, so the complexity of the sacrifice system
is worthwhile.
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Figure 13: Simulation and analytical BER performance of MISO-
SRMR-DCSK in Rayleigh fading channels for β = 100, P = 2, and
various N .
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