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Abstract: In this study, a new non-coherent communication system, i.e. very high efficiency differential chaos shift keying
system, is proposed. This system is a generalised form of the high efficiency differential chaos shift keying (HE-DCSK)
system, with an arbitrary number (N ) of transmitted bits per frame. The major advantage of this new proposition is its
ability to significantly improve the spectral efficiency compared with DCSK and HE-DCSK. The theoretical bit error rate
of this system is found using the Gaussian approximation method under different communication channels: additive
white Gaussian noise and two-ray Rayleigh fading channels. Simulations in both environments show a perfect match
with the analytical expressions for large spreading factors. Simulation results for the two-ray Rayleigh fading channel
show clearly the diversity gain compared with the single-ray Rayleigh channel.
1 Introduction

Over the last decades, researchers have shown great interest in
communication systems based on chaos. Many modulation and
demodulation schemes have been proposed [1–13]. In [14], we find
a comprehensive survey of all the wireless radio frequency
chaos-based communication systems. Two main types of chaotic
communication systems, widely studied, are worth mentioning:
chaos shift keying (CSK) [1, 2] and differential CSK (DCSK) [3].
Several demodulation schemes exist for the CSK system, one of
them is non-coherent and is based on the bit-energy estimation. The
threshold-shift problem remains one of the drawbacks of this type
of demodulation. The DCSK system has been suggested to facilitate
the non-coherent detection and particularly to combat the problem
of threshold shift in the non-coherent CSK system. In the DCSK
system, each transmitted bit is represented by two chaotic
sequences. The first one is a reference sequence, while the second
acts as a carrier for the information. DCSK system has some
drawbacks. The transmission rate is reduced by half, since it takes
half the transmission time to transmit the reference sequence. Also,
transmitting the same sequence twice may adversely affect security.
To provide solutions to all these problems, at the expense of greater
complexity, other systems were implemented thereafter. For
example, in [4], the security of the DCSK system is enhanced by
introducing permutations, which allow destroying the similarity that
may exist between the reference sequence and the data-bearing
sequence. In [5], a quadrature chaos shift keying system is
proposed, where two perfectly orthogonal chaotic sequences,
obtained by Hilbert transform, are used to transmit two bits of
information in two consecutive time slots (TSs). This allows
doubling the rate obtained by DCSK modulation at the expense of a
higher complexity. The same bit rate is obtained in the improved
DCSK system [6], by using a time-reversal operation to obtain two
orthogonal signals, which will be used to transmit one bit of
information in one TS. Moreover, M-ary DCSK [7] and
differentially DCSK [8] are also proposed to enhance the data rate
of the DCSK system. In [9], a secure multicarrier DCSK
(MC-DCSK) is proposed to improve the security of the DCSK
system. More recently, a new MC-DCSK was proposed in [10],
where no RF delay line is needed. This system increases the
spectral efficiency and uses less energy in comparison with DCSK.
In [11], Xu and Wang propose the code shifted DCSK (CS-DCSK).
In their proposal, the reference sequence and data-bearing sequence
are separated by Walsh codes and are transmitted during the same
TS. In [12], an extension of the CS-DCSK named high data rate
DCSK is proposed to obtain a high data rate, where N bits of
information are transmitted in the same TS. Only one reference
sequence is used and transmitted, the other N chaotic sequences
used to separate the N bits are supposed to be known from the
receiver, making it a coherent system. In [13], Yang and Jiang
suggest the high efficiency DCSK (HE-DCSK) system. In this
system, a data frame consists of two equal length TSs. The first TS
is allocated to a chaotic reference sequence. The second one allows
transmitting two information bits by means of two data-bearing
sequences. The performances are slightly better than DCSK ones in
terms of data rate and bit error rate (BER), at reasonable noise levels.

In this work, we propose a generalisation of the HE-DCSK
system, named very high efficiency differential chaos shift keying
(VHE-DCSK). In this new system, a data frame is composed of
two TSs. The first TS allows conveying the reference chaotic
sequence, used to demodulate a portion of the transmitted
information. The second one can convey N information bits. This
ensures a bit rate N times higher, while occupying the same
spectral bandwidth. It also ensures a security comparable to that of
the system proposed in [4], without any additional blocks.
Analytical expressions have been derived, showing very good
agreement with simulation results. The new system is evaluated
over an AWGN channel and over a two-ray Rayleigh fading
channel. For the two-taps Rayleigh channel, the proposed system
is able to exploit the diversity of order two.

The rest of this paper is organised as follows: In Section 2, a
description of the VHE-DCSK transmitter scheme is given. In
Section 3, we present the receiver scheme and we derive
theoretical BER expressions for additive white Gaussian noise
(AWGN) channel. In Section 4, we analyse BER performances
using a two-ray Rayleigh fading channel. Simulation results are
compared with theoretical ones in Section 5. A final conclusion is
given in Section 6.
2 VHE-DCSK transmitter scheme

A generalised HE-DCSK communication system is proposed, as
shown in Fig. 1. The structure of the transmitter consists of a
. 10, Iss. 17, pp. 2300–2307
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Fig. 1 Transmitter structure

Fig. 2 Transmitted frames in VHE-DCSK
chaotic sequence generator and N delay components. Its complexity
evolves proportionally to the number N of bits to be transmitted. For
N = 1 and N = 2, the emitter structures obtained correspond to those
of the DCSK and HE-DCSK systems, respectively.

In our proposal, data frames consisting of two TSs of similar size
with durationM × Te are transmitted, whereM is the spreading factor
and Te is the sampling period or chip duration (see Fig. 2). During the
first TS, a reference sequence is transmitted. The second TS
transmits N information bits, which are modulated separately by N
chaotic sequences. One of these chaotic sequences is the reference
sequence transmitted during the first TS of the current frame; the
other N− 1 chaotic sequences correspond to the reference
sequences transmitted during the previous N− 1 frames. The sum
of all these modulated signals is transmitted during the second TS.
In the rest of this paper, vectors are in bold, while samples are in
normal.

Chaotic samples are: cn(n = −1, . . . , +1)
During TS number k(k even), only chaotic reference sequence of
length M is transmitted. The chaotic transmitted signal is
represented by a vector(1×M )

Ck = [ckM , ckM+1, . . . , ckM+(M−1)], (k even) (1)

Data bearing samples are en(n = −1, . . . , +1). During TS
number k (k odd), data are transmitted. The emitted signal is
represented by a vector (1×M ):

Ek = [ekM , ekM+1, . . . , ekM+(M−1)], (k odd) (2)

Data transmitted during this kth TS are bk,u(u = 0 to N− 1), where N
is the number of bits transmitted in the odd TSs

Ek =
∑N−1

u=0

bk,uCk−2u−1. (3)

ekM+i =
∑N−1

u=0

bk,uc(k−2u−1)M+i, i = 0, 1, . . . , M − 1 (4)

The signal transmitted during TS k is represented by a vector
(1×M )

Sk = [skM , skM+1, . . . , skM+(M−1)] = Ck , k even
Ek , k odd.

{

Zk,p = RkR
T
k−2p−1, p = 0, 1, . . . , N − 1 =

∑M−1

i=0

ekM+
(

=
∑M−1

i=0

∑N−1

u=0

bk,uc(k−2u−1)M+i + 1kM+i

( )
× (c(k−2p−1)M

gk,p =
∑M−1

i=0

∑N−1

u=0
u=p

bk,uc(k−2u−1)M+ic(k−2p−1)M+i +
∑M−1

i=0

∑N−1

u=0

bk,uc(k−2u−1)M+i1
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In the following two sections, we give the receiver scheme and the
performances analysis in the two cases: AWGN channel and a
two-ray Rayleigh fading channel.
3 AWGN channel case

3.1 VHE-DCSK receiver scheme

The receiver adopted in this paper is a non-coherent one. It is based
on the correlation between chaotic references and data TSs. Fig. 3
shows the generalised structure of the proposed receiver. Each
branch of the receiver demodulates one information bit. In this
paper, we suppose that the receiver knows perfectly the beginning
of each TS. This kind of synchronisation is easily realised by
means of autocorrelation of the incoming signal. The received
signal at the output of this channel is

rn = gsn + 1n, (5)

where g is a real channel gain and without loss of generality is taken
equal to 1.ɛn is zero-mean real stationary Gaussian random process
with variance N0/2.

Knowing that the received signal vector is real, we obtain the pth
bit of the kth TS (k odd) by multiplying the received signal vector Rk
(1×M ) by RT

k−2p−1(1×M ). The decision variable is

Zk,p = < RkR
H
k−2p−1

[ ]
= RkR

T
k−2p−1, p = 0, 1, . . . , N − 1 (6)

where H, T and <(.) are the conjugate transpose, transpose and the
real operators, respectively. (see (7))

where (see (8))

The first term in (7) corresponds to the useful signal, from which the
information can be easily deduced. It may be positive or negative,
depending on whether the transmitted symbol is +1 or −1. The
remaining terms consist of noise and multiuser interferences. There
are exactly (N − 1) components of multiuser interferences from the
correlation between two different chaotic sequences, (N + 1) noise
components from the correlation between the noise and chaotic
sequences as well as one term related to the noise correlation. The
useful signal corresponds to the reference chaotic signal energy
computed on one TS. Due to the used chaotic sequence properties,
this energy can change from one bit to another; this is another
i + 1kM+i

)× (c(k−2p−1)M+i + 1(k−2p−1)M+i)

+i + 1(k−2p−1)M+i) = bk,p
∑M−1

i=0

c2(k−2p−1)M+i + gk,p. (7)

(k−2p−1)M+i +
∑M−1

i=0

1kM+ic(k−2p−1)M+i +
∑M−1

i=0

1kM+i1(k−2p−1)M+i. (8)
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Fig. 3 Receiver structure
source of disturbance for the received signal. Finally, each bit can be
decoded using the following equation

b̂k,p = Sign(Zk,p). (9)
3.2 Emitter/receiver implementation

Figs. 1 and 3 show the functional schemes of the emitter/receiver
using analogue delay line components, which are complicated
hardware components to implement. In order to use less complex
hardware components, the emitter/receiver implementation should
be done using a digital implementation. At the emitter side, the
digital implementation requires:

† At each TS: generation of M chaotic samples using (10).
† Storage of these M chaotic samples in memory (N ×M chaotic
samples have to be stored).
† Generation of signal sn using (3) and (4), where past chaotic
samples will be read in the corresponding memory.
† Digital-to-analogue conversion of signal sn.

On the receiver side, the received signal at the output of the
channel passes through an analogue-to-digital converter and a
digital implementation will be also adopted. Here also, a memory
with length 2 ×M × N is necessary in order to perform
computation of the decision variable of (6).

3.3 Performance analysis in AWGN

The Gaussian approach [15–17] is used in this section to evaluate the
theoretical performance of the proposed VHE-DCSK system in
terms of the BER. It is well known that this approach gives good
results for sufficiently large spreading factors, which are desirable
in a typical scenario of spread spectrum communication. For
smaller spreading factors, other approaches such as [16, 18] can be
used, which are not discussed here. Throughout this paper, the
second-order Chebyshev polynomial function (CPF) is chosen due
to its simplicity as chaotic sequences generator. This map is
defined as follows

ck+1 = 1− 2c2k . (10)

where − 1⩽ ck ⩽ + 1.
Chaotic sequences generated from this map are normalised in

order to be zero mean with unitary variance, i.e.

E[ck ] = 0, Var[ck ] = E[c2k ] = 1,

where E[.] and Var[.] are the expectation and the variance operator,
respectively. Higher orders moments are derived in [18] and are
equal to: Var[c2k ] = 0.5.

In (7), the noise plus interference terms gk,p can be considered as
Gaussian if central limit theorem can be applied. Due to the
BERAWGN = P(C+ gk,p . A) = 0.5erfc












Eb

N2N0

( )√⎛⎝
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correlation between ci and ci+k decreases rapidly and ɛi is
independent from 1j(∀i, ∀j), for sufficiently high values of M, this
assumption is verified. Equation (7) can be written as follows

Zk,p = bk,pA+ bk,pC+ gk,p, (11)

where

C =
∑M−1

i=0

c2(k−2p−1)M+i − A,

and

A = E
∑M−1

i=0

c2(k−2p−1)M+i

[ ]
. (12)

The proposed system allows transmitting N bits during two TSs. The
average energy per bit Eb is then

Eb =
M (N + 1)

N
E[c2] = M (N + 1)

N
. (13)

According to (12) and (13), it is easy to obtain

A = ME[c2(k−2p−1)M+i] =
NEb

(N + 1)
.

With all the previous assumptions and based on the analytical results
obtained in [13, 15], the cross correlations between all the sum terms
of (7) are equal to zero. The decision variable Zk,p may easily be
characterised by its variance Var[Zk,p], which can be estimated by
calculating the variance of bk,pC + gk,p, such that

Var[Zk,p] = Var[bk,pC+ gk,p] = Var[C]+ Var[gk,p], (14)

where

Var[C] = MVar[c2(k−2p−1)M+i] =
N2E2

b

2M (N + 1)2
. (15)

Knowing that the noise has a variance equal to N0/2, we obtain

Var[gk,p] =
E2
bN

2(N − 1)

M (N + 1)2
+ NEbN0

2
+MN2

0

4
. (16)

The BERs performance calculated for all the decoded bits are
similar, consequently, the BER performance of VHE-DCSK
system is as follows: (see (17))

where erfc (.) is the complementary error function [19].
If we replace N with 2 and 1, respectively, we obtain the respective

expressions of the bit error rates of both systems HE-DCSK [13] and
DCSK [3] of the literature when CPF map is used.
4 Two-ray Rayleigh fading channel case

4.1 System model

In this subsection, we evaluate our system over a commonly used
channel model, named as the two-ray Rayleigh fading channel
model [20, 21]. Fig. 4 shows the scheme of this channel model.


















































Eb(2N − 1)

N2N0M
+ (1+ N )2

N3
+MN0(N + 1)2

2N4Eb

( )−1
⎞⎠. (17)
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Fig. 4 Two-ray Rayleigh fading channel model
The output of this channel is

output = g1sn + g2sn−t. (18)

where t is an integer. Without loss of generality, we consider that the
time delay of Fig. 4 is equal to

Time delay = t× Te(t integer).

g1 and g2 are two complex channel gains with Rayleigh module and
a uniformly distributed phase on [0, 2π].

The received signal is

rn = g1sn + g2sn−t + 1n, (19)

where ɛn is a complex circular white Gaussian noise with variance
N0/2 for its real and imaginary parts.

At the receiver side, a correlation detection is adopted to extract
each information as shown in Fig. 3. We obtain the pth bit of the
kth TS (k odd) by multiplying the received signal vector Rk
(1×M ) by the conjugate transpose of its delayed version Rk−2p−1
(1×M ).

4.2 Performance analysis

The correlator output Zk,p is presented as the real part of (see (20))

In the following, we consider that the time delay t between the two
rays is very small compared with the symbol duration 0 < t ≪ 2M.
Therefore, in (20), comparing its first and second parts, the former
can be neglected. Using the same approximation used in [21], (20)
can be approximated as (see (21))

where (see (22))

Looking at the decision variable given in (21) and (22), we see that
only the first two terms comprise of the useful signal, while all other
ones are interferences that arise from different cross products of
Zk,p = < RkR
H
k−2p−1

[ ]
, p = 0, 1, . . . , N − 1 = <

∑t−1

i=0

∑N−1

u=0

g1bk,uc(k

([

× g∗1c(k−2p−1)M+i +
∑N−1

u=0

g∗2bk−2p−2,uc(k−2p−1)M−t+i + 1∗(k−2p−1)M

(

+ <
∑M−1

i=t

∑N−1

u=0

g1bk,uc(k−2u−1)M+i +
∑N−1

u=0

g2bk,uc(k−2u−1)M−t+i + 1

([

Zk,p ≃ <
∑M−1

i=0

∑N−1

u=0

g1bk,uc(k−2u−1)M+i +
∑N−1

u=0

g2bk,uc(k−2u−1)M−t+i + 1k

([

≃ <
∑M−1

i=0

(g1g
∗
1bk,pc

2
(k−2p−1)M+i + g2g

∗
2bk,pc

2
(k−2p−1)M−t+i)

[ ]
+ gk,p

gk,p = <
∑M−1

i=0

∑N−1

u=0
u=p

g1g
∗
1bk,uc(k−2u−1)M+ic(k−2p−1)M+i

⎡⎢⎣ +
∑M−1

i=0

∑N−1

u=0

g1g
∗
2bk,uc

+
∑M−1

i=0

∑N−1

u=0

g2g
∗
1bk,uc(k−2u−1)M−t+ic(k−2p−1)M+i +

∑M−1

i=0

∑N−1

u=0
u=p

g2g
∗
2bk,uc

+
∑M−1

i=0

∑N−1

u=0

g2bk,uc(k−2u−1)M−t+i1
∗
(k−2p−1)M+i +

∑M−1

i=0

g∗1c(k−2p−1)M+i1
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different reference sequences and different Gaussian noises
sequences.

As in AWGN channel case, each bit can be decoded using (9).
As we have said previously, all correlators outputs can be

considered as Gaussian distributed and they can be fully
characterised by their variances and mean values. In order to
simplify the analysis, (21) can be transformed as

Zk,p = bk,pA+ bk,pC+ gk,p, (23)

where

C =
∑M−1

i=0

|g1|2c2(k−2p−1)M+i + |g2|2c2(k−2p−1)M−t+i

( )
− A,

and

A = E
∑M−1

i=0

|g1|2c2(k−2p−1)M+i + |g2|2c2(k−2p−1)M−t+i

( )[ ]

= M (|g1|2 + |g2|2)E[c2k ] =
NEb(|g1|2 + |g2|2)

(N + 1)
. (24)

Variance of Zk,p can be estimated by evaluating the variance of
bk,pC + gk,p as in (14), where
−2u−1)M+i + g2ckM−t+i + 1kM+i

)

+i

)]

kM+i

)
×(g∗1c(k−2p−1)M+i + g∗2c(k−2p−1)M−t+i + 1∗(k−2p−1)M+i)

]
. (20)

M+i

)
× (g∗1c(k−2p−1)M+i + g∗2c(k−2p−1)M−t+i + 1∗(k−2p−1)M+i)

]

. (21)

(k−2u−1)M+ic
∗
(k−2p−1)M−t+i +

∑M−1

i=0

∑N−1

u=0

g1bk,uc(k−2u−1)M+i1
∗
(k−2p−1)M+i

(k−2u−1)M−t+ic(k−2p−1)M−t+i

kM+i +
∑M−1

i=0

g∗2c(k−2p−1)M−t+i1kM+i +
∑M−1

i=0

1∗(k−2p−1)M+i1kM+i

]
.

(22)
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Var[C] = M (|g1|4 + |g2|4)Var[c2k ] =
N2E2

b(|g1|4 + |g2|4)
2M (N + 1)2

. (25)

If g1 = a + jb and g2 = c + jd and knowing that the noise has a
variance of N0/2 for its real and imaginary parts, we easily obtain

Var[gk,p] =
E2
bN

2((N − 1)(|g1|4 + |g2|4)+ 2N (ac+ bd)2)

(N + 1)2M

+ NN0Eb(|g1|2 + |g2|2)
2

+MN2
0

2
. (26)

BER2-Ray(g1,g2)= P(C+gk,p.A)

= 0.5erfc
(2N−1)(|g1|4+|g2|4)+4N (ac+bd)2

M (|g1|2+|g2|2)2
([

+ N0(N+1)2

NEb(|g1|2+|g2|2)
+ MN 2

0 (N+1)2

N2E2
b(|g1|2+|g2|2)2

)(−1/2)
⎤⎦.

(27)

Equation (27) gives the instantaneous BER of VHE-DCSK in the
case of two-ray Rayleigh fading channel for given gains g1 and g2.

The first term in (27) can be written as follows

(2N − 1)(|g1|4 + |g2|4)+ 4N (ac+ bd)2

M (|g1|2 + |g2|2)2

= (2N − 1)(|g1|2 + |g2|2)2
M (|g1|2 + |g2|2)2

+ 2(a2 + b2)(c2 + d2)

M (|g1|2 + |g2|2)2

− 4N (ad − bc)2

M (|g1|2 + |g2|2)2

≃ 2N − 1

M
. (28)

Since, for large M, the second and the third terms of (28) can be
neglected. After simplification, we obtain

BER2-Ray(g1, g2) = 0.5erfc

2N − 1

M
+ N0(N + 1)2

NEb(|g1|2 + |g2|2)
+ MN2

0 (N + 1)2

N2E2
b(|g1|2 + |g2|2)2

( )(−1/2)
⎡⎣ ⎤⎦
= 0.5erfc

2N − 1

M
+ (N + 1)2

Nlb
+M (N + 1)2

N2l2b

( )(−1/2)[ ]
= BER(lb).

(29)

where lb = Eb(|g1|2 + |g2|2)
( )

/N0

( ) = l1 + l2, l1 = ((Eb|g1|2)/
N0) and l2 = ((Eb|g2|2)/N0).
Table 1 Simulation scheme and parameters (part I)

Nb. paths Chaotic map IC M N

1 Chebyshev 0.01 100 4
1 Chebyshev 0.01 varying 4
1 Chebyshev 0.01 varying 6
1 Chebyshev 0.01 varying 8
1 Chebyshev 0.01 100 1
1 Chebyshev 0.01 100 2
1 Chebyshev 0.01 100 4
1 Chebyshev 0.01 100 8
1 Chebyshev 0.01 100 16
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lb is a Chi-square random variable with two degrees of freedom.
According to [21], the probability density function (pdf) of lb is

f (lb) =

lb

l
2
1

e−lb/l1 , E[|g1|2] = E[|g2|2]

1

l1 − l2
e−lb/l1 − e−lb/l2

( )
, E[|g1|2] = E[|g2|2].

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(30)

The mean BER is equal to the average of (29) computed for all
possible values of lb

BER2-Ray =
∫1
0
BER(lb)f (lb)dlb . (31)
5 Simulation results

In a first part, we will analyse the performances of our system under
an AWGN channel. Table 1 summarises the parameters of these
simulations, where SNR denotes the signal-to-noise ratio. IC
denotes the initial condition of the chaotic map. Nb. paths, Nb.
TSs and Nb. bits represent, respectively, the number of paths in
the channel, the number of TSs and the number of bits generated
during all the simulation time. Finally, Fig. Nb. represents the
name of the figure, where the results corresponding to the
parameters are plotted.

In the second part, we will analyse the performances of our system
when using a two-ray Rayleigh fading channel. Table 2 summarises
the parameters of these simulations.

First of all, we will compare the analytical expression of the BER
in AWGN channel with simulation results. For this purpose, the
values of N and M were set to N = 4 and M = 100. From the curves
obtained (Fig. 5), we note that there is a perfect match between
the analytical expression and simulation results in an AWGN
channel. This positively helps us to confirm the validity of (17)
with a large enough spreading factor M.

Our goal now is to check the performance of the VHE-DCSK
system for different values of the spreading factor M and three
different values of the number of transmitted bits per TS N. This
simulation is done in an AWGN channel with a fixed
(Eb/N0) = 15 dB. Simulated and analytical BER performances
against spreading factor for different values of N are curved in
Fig. 6. Looking at this figure, for small spreading factors, a gap
appears between the two curves (simulation and theory); this
proves that the Gaussian approach is not precise enough to
calculate the performance of spread spectrum systems in the case
where small spreading factors are used. Nevertheless, small
spreading factors have limited interest in spread spectrum
communications. A close observation of the BER values obtained
in Fig. 6 suggests that for very small spreading factor values, the
BER tends to worsen. This is due to large variations in the
average energy per bit Eb. For intermediate values of the spreading
factor (between 10 and 100), the BER performance improves until
it reaches a minimum. Beyond M = 100, calculated and the
simulated BERs are in good agreement. For large M, the
performance gradually degrades because the noise energy becomes
Nb. TSs Nb. bits SNR Fig. Nb.

150,000 300,000 varying Fig. 5
150,000 300,000 15 Fig. 6
150,000 450,000 15 Fig. 6
150,000 600,000 15 Fig. 6
150,000 75,000 varying Fig. 7
150,000 150,000 varying Fig. 7
150,000 300,000 varying Fig. 7
150,000 600,000 varying Fig. 7
150,000 1,200,000 varying Fig. 7
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Table 2 Simulation scheme and parameters (part II)

Nb. paths E[|g1|
2] E[|g2|

2] t Chaotic map IC M N Nb. TSs Nb. bits SNR Fig. Nb.

2 1/2 1/2 2 Chebyshev 0.01 100 4 150,000 300,000 varying Fig. 8
2 10/11 1/11 2 Chebyshev 0.01 100 4 150,000 300,000 varying Fig. 8
1 1 0 2 Chebyshev 0.01 100 4 150,000 300,000 varying Fig. 8
2 1/2 1/2 2 Chebyshev 0.01 100 1 150,000 75,000 varying Fig. 9
2 1/2 1/2 2 Chebyshev 0.01 100 2 150,000 150,000 varying Fig. 9
2 1/2 1/2 2 Chebyshev 0.01 100 4 150,000 300,000 varying Fig. 9
2 1/2 1/2 2 Chebyshev 0.01 100 8 150,000 600,000 varying Fig. 9
2 1/2 1/2 2 Chebyshev 0.01 100 16 150,000 1,200,000 varying Fig. 9
too high. In fact, the last term in (17) increases with M and the
degradation in BER is so important that it will dispel any
improvement due to the first term of the same equation. This
explanation is true, whatever the value of N, the only difference is
that, the greater is the value of N, the worser is the BER.

After, we will compare the performance of our new proposal in
terms of BER for different spectral efficiencies to the classical
systems DCSK and HE-DCSK. Fig. 7 compares the simulated
BER against SNR of VHE-DCSK, HE-DCSK and DCSK in an
AWGN channel for different values of N (various spectral
efficiencies) and for M = 100. For values of N = 1, 2 and 4 we
obtain almost similar BER for the same occupied bandwidth,
while we transmit a different number of bits. For example, for N =
4 we have a spectral efficiency four times greater than that of the
DCSK system (N = 1), while the penalty is lower than 1.5 dB for a
Fig. 5 Relationship between theoretical BER performances and Eb/N0 for
VHE-DCSK system (N = 4) with spreading factor M = 100

Fig. 6 BER performances of VHE-DCSK for different values of M and N
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BER equal to 10−3. It is also noted that for N = 2, this system has
a slight better BER performance than that of a DCSK system. This
result is in good agreement with the results found by Yang and
Jiang [13]. However, for N = 4 and 8 the system has better
performances than those of the DCSK system for Eb/N0 less than
14 and 12 dB, respectively. The more N increases, the quicker a
noise floor due to interferences emerges. These interferences grow
proportionally to N. For example, for N = 16, a noise floor of
about 10−2 appears very quickly. Increasing the value of the
spreading factor M may help combat interferences and delay the
appearance of the noise floor related to the multiuser interferences.

Now, we analyse the results obtained in two-ray Rayleigh fading
channel. For this purpose, we consider the three following cases:

† Case I: The average power gain of the first path is equal to the
average power gain of the second path E[|g1|2] = (1/2) and
E[|g2|2] = (1/2).
† Case II: The average power gain of the first path is 10 dB above
the average power gain of the second path E[|g1|2] = (10/11) and
E[|g2|2] = (1/11).
† Case III: E[|g1|

2] = 1 and E[|g2|
2] = 0.

For all cases, recall that t is taken equal to 2,M = 100 and N = 4. In
Fig. 8, we have plotted BER performances against Eb/N0 for the three
cases using Monte Carlo simulations and analytical expression of
(31). For the analytical results, a numeric integration has been
done using an histogram estimation of the pdf of variable lb. First
of all, we can see that analytical expressions are closely matching
with simulation results. Close matches between simulations and
theoretical expressions of (29)–(31) will be valid for small values
of t. When t is very small compared with 2M (meaning that the
timing delay is very small compared with the symbol duration),
the first term of (20) representing intersymbol interference can be
neglected and (21) can be used.

The slope of the BER varies with the three considered cases. For
case III, we have a slope of one (BER≃ 1/SNR1), which is the
Fig. 7 BER performances of VHE-DCSK system for various values of N
and for various spectral efficiencies over an AWGN channel (M = 100)
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Fig. 8 BER performances of VHE-DCSK system (N = 4) over a two-ray
Rayleigh fading channel (M = 100, t = 2)
classical decrease of BER in a Rayleigh channel, the probability of
error decreases by an order of 10−1 for an increase of 10 dB in Eb/
N0 (at 25 dB, we have a BER of 2 × 10−2 and at 15 dB, we have a
BER of approximately 2 × 10−1) and, in that case, the diversity
order is equal to one. For case I, the receiver receives two versions
of the same signal with the same average power gain.
Consequently, each path contributes significantly to the decision.
In that case, we have a diversity of order 2 (BER≃ 1/SNR2). This
can be seen in Fig. 8, where the probability of error decreases by
an order of roughly 10−2 for an increase of 10 dB in Eb/N0 (at 25
dB, we have a BER of 2 × 10−3 and at 15 dB, we have a BER of
7 × 10−2). For case II, where there is a dominant path, the BER
performance is intermediate between cases I and III. From the
results obtained, we can say that increasing diversity allows to
combat the effect of multipath Rayleigh fading channel as shown
in [22, 23] for DCSK system.

In Fig. 9, we have plotted the BER performances of the
VHE-DCSK system over a two-ray Rayleigh fading channel for
different spectral efficiencies. The simulated BER performances
against SNR for N = 1 (DCSK), N = 2 (HE-DCSK), N = 4, 8, 16
(our proposal) are presented. A two-ray Rayleigh fading channel
with two taps as shown in Fig. 4 of this paper, with the same
mean power (case I) and a timing delay of 2 × Te between the two
paths has been used. With the AWGN channel (Fig. 7) there was a
larger performance penalty when N was increasing: for a BER of
10−2 the VHE-DCSK with N = 8 was more than 4 dB worse than
DCSK. Here, with a multipath Rayleigh channel, if we observe
Fig. 9 BER performances of VHE-DCSK system for various values of N
over a two-ray Rayleigh fading channel with similar average power
gains(M = 100, t = 2)
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carefully all the curves (Fig. 9) obtained for N = 1, 2, 4, 8, we
notice that they are very similar (a maximum gap of 2 dB exists
between the curves for a BER of 10−2). This can be explained by
the fact that a Rayleigh channel tends to minor the BER
differences experienced in an AWGN channel. Furthermore, it can
be observed in Fig. 9 that the slope of the BER curves follows the
1/SNR2 slope because we are in a case where diversity order is
equal to 2.
6 Conclusion

In this paper, a new non-coherent communication system,
VHE-DCSK, has been presented and analysed. This system is a
generalisation of existing HE-DCSK and DCSK systems.
VHE-DCSK allows transmitting N bits of data in a two-TS frame
using chaotic signals. This new system can significantly increase
the spectral efficiency of HE-DCSK and DCSK systems with
limited impact on the BER at low and medium SNR. It also offers
better security since a chaotic signal is never transmitted twice.
Analytical expressions of the BER have been proposed using the
Gaussian approximation method in AWGN and two-ray Rayleigh
fading channels, which turned out to be in very good agreement
with simulation results for medium and large spreading factors.
Furthermore, simulations in AWGN channel showed that for
moderate Eb/N0, the VHE-DCSK system exhibits similar BER
performance and better spectral efficiency than DCSK one. When
the number of bits transmitted per frame, N, and thus spectral
efficiency increases, the penalty in terms of Eb/N0 is limited for
BER of the order of 10−3. Nevertheless, interferences between
users increase proportionally to N, and hence generate a noise
floor for very high values of Eb/N0. Simulations in the two-ray
Rayleigh fading channel showed that increasing the diversity order
improved the BER performances and fights against the effect of
this kind of channel. Also, for different spectral efficiencies, this
kind of channel tends to minor the BER differences obtained in an
AWGN channel.

Concerning complexity, the VHE-DCSK system needs additional
memory compared with classical DCSK system. Indeed, it is
necessary to store the N previous chaotic sequences in order to be
able to decode the N data bits of the kth data frame. Compared
with the DCSK system, implementation complexity of the
VHE-DCSK system is moderate compared with the enhancement
of the spectral efficiency.
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