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Abstract—A new multi-carrier M -ary differential chaos shift
keying system with code index modulation, referred to as CIM-
MC-M -DCSK, is proposed in this paper. In the proposed CIM-
MC-M -DCSK system, the reference and information-bearing
signals for each subcarrier can be transmitted simultaneously by
using the orthogonal sinusoidal carriers, where the information-
bearing signal adopts the M -DCSK modulation to further in-
crease the data rate. With an aim to making full use of the system
energy resources, the reference signals in all subcarriers are
coded by a Walsh code to carry additional information bits. The
analytical bit-error-rate (BER) expressions of the proposed CIM-
MC-M -DCSK system are derived over additive white Gaussian
noise (AWGN) as well as multipath Rayleigh fading channels.
Furthermore, a noise-reduction scheme and a hierarchical-
modulation scheme are designed for the proposed system. In
particular, the former scheme can significantly improve the
BER performance while the latter scheme can provide different
quality of service (QoS) for the transmitted bits according to
their different levels of importance. Simulation results verify the
accuracy of the analytical expressions and the superiority of the
proposed systems.

Index Terms—Code index modulation; Multi-carrier M -ary
DCSK; Bit error rate; AWGN channel; Multipath Rayleigh
fading channel.
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D IFFERENTIAL chaos shift keying (DCSK) system can
not only achieve excellent performance over multipath

fading or time-varying channels, but also be amenable to
low-complexity implementation [1]. In the past decade, the
performance of the DCSK system has been studied in various
communication scenarios, e.g., ultra-wideband applications
[2], two-way relay network-coded system [3], simultaneous
wireless information and power transfer system [4], contin-
uous mobility communication system [5], power line com-
munication system [6], cooperative scheme [7], coexisting
communication system [8], and multiple input multiple output
system [9]. Owing to the inherent low-cost and anti-multipath-
fading properties, the DCSK system can be considered as
promising candidate for low-complexity and low-power short-
range wireless-communication applications, e.g., wireless sen-
sor networks and wireless body area networks.

In the conventional DCSK system, a half of the symbol
energy is used to transmit the reference signal, thus resulting in
relatively low energy efficiency and data rate. To improve data
rate and increase energy efficiency, an orthogonal multilevel
DCSK system has been proposed by constructing a set of
orthogonal chaotic signal [10]. Based on quadrature chaotic
shift keying [11], a generalized constellation-based M -ary
DCSK (M -DCSK) system framework has been conceived
to obtain high data rate [12]. Moreover, the data rate and
energy efficiency of the DCSK system can be further improved
through optimizing the length of reference signal [13]. On
the other hand, to satisfy different quality of service (QoS)
requirements, two hierarchical M -DCSK modulations, i.e.,
multiresolution circle-constellation-based M -DCSK (MR-M -
DCSK) [14] and hierarchical square-constellation-based M -
DCSK systems [15], have been designed by exploiting the
non-uniformly spaced constellations. More recently, an adap-
tive MR-M -DCSK system has been conceived by adjusting
the constellation parameter so as to accomplish a more flexible
error performance [16]. Besides, to mitigate the negative effect
of channel noise, a noise-reduction DCSK system [17] has
been developed by sending and averaging multiple replicas of
the reference signal [18], [19].

The conventional DCSK system includes many radio-
frequency (RF) delay lines, which are extremely difficult
to be implemented. To remove the RF delay lines at the
receiver, a Walsh-code-based code-shifted DCSK system has
been proposed in [20], [21]. As a further advancement, a
multi-carrier DCSK (MC-DCSK) system has been developed
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by allocating different frequency carriers to the reference
and information-bearing signals [22]. As compared with the
conventional DCSK system, the MC-DCSK system not only
avoids the use of RF delay lines but also enhances the energy
efficiency and data rate. Following this work, a multiuser MC-
DCSK system has been further designed in [23] so as to
satisfy the requirements of practical wireless-communication
applications. As an alternative, the delay lines can be avoided
by using the orthogonal sinusoidal carriers. Therefore, an
orthogonal-sinusoidal-carrier-based DCSK system has been
conceived in [24], which can achieve a doubled data rate
compared with the conventional DCSK system.

Alternatively, index modulation is another desirable solution
to increase the data rate and to save energy [25]-[32]. In
recent years, the joint design of index modulation and spread
spectrum has been carefully investigated so as to explore more
potential benefits from the data-rate and energy-efficiency
perspectives [33], [34]. In [35], [36], spatial modulation has
been applied to DCSK system to increase the data rate,
where the antenna index is used to convey additional infor-
mation bits. In [37], [38], [39], code-index-modulation (CIM)
DCSK schemes, which select different Walsh codes to convey
additional information bits, have been proposed to increase
the data rate and to enhance energy efficiency. Moreover,
a permutation-matrix-based permutation-index DCSK system,
which is able to not only achieve multi-user high-data-rate
transmission but also enhance system security, has been intro-
duced in [40]. In addition, a carrier-index MC-DCSK system
has been conceived to further reduce the system complexity
and remove all RF delay lines [41]. In particular, the subcarrier
index in the carrier-index MC-DCSK system are exploited to
convey additional information bits. Aiming at further boosting
the data rate, the carrier-index MC-DCSK system has been
extended to M -ary domain, and thus formulating two carrier-
index MC-M -DCSK schemes [42].

Inspired by CIM and MC-M -DCSK modulations, we pro-
pose in this paper a new CIM-MC-M -DCSK communication
system. In the proposed system, the orthogonal sinusoidal car-
riers are used to simultaneously transmit the reference and the
information-bearing signals for each subcarrier. Specifically,
the M -DCSK modulation is adopted in each information-
bearing signal while the reference signals in all subcarriers
are coded by a Walsh code. The proposed CIM-MC-M -DCSK
system not only inherits the low-complexity advantage of
the MC-DCSK system, but also has a higher data rate and
achieves a better performance thanks to the Walsh-codes-
based index modulation. Moreover, the analytical bit-error-rate
(BER) expressions of the proposed CIM-MC-M -DCSK sys-
tem are derived over additive white Gaussian noise (AWGN) as
well as multipath Rayleigh fading channels. Besides, a noise-
reduction scheme and a new hierarchical-modulation scheme
are designed for the proposed system to further improve the
error performance and QoS, respectively. Last but not the least,
the simulation results are highly consistent with the analyti-
cal BER results, both of which illustrate that the proposed
CIM-MC-M -DCSK system and its hierarchical-modulation
system significantly outperforms the conventional MC-M -
DCSK system and its corresponding hierarchical-modulation

one, respectively. In summary. The main contributions of this
paper are as follows:

1) A new MC-M -DCSK with code index modulation
system, referred to as CIM-MC-M -DCSK system, is
proposed, where the code index modulation and the M -
DCSK modulation are used in the reference signals and
information-bearing signals, respectively.

2) A noise-reduction scheme and a hierarchical-modulation
scheme are designed and tailored for the proposed CIM-
MC-M -DCSK system. In particular, the noise-reduction
scheme significantly improves the BER performance
while the hierarchical-modulation scheme can provide
more flexible QoS for different transmitted bits accord-
ing to their different importance levels.

3) The analytical BER expressions of the proposed CIM-
MC-M -DCSK system are derived over AWGN and
multipath Rayleigh fading channels. Moreover, various
simulations are performed to validate the accuracy of the
theoretical analysis and the advantages of the proposed
system.

The remainder of this paper is organized as follows. Section
II gives the proposed system model. Section III derives the
analytical BER performance of the proposed system. The
noise-reduction and hierarchical-modulation schemes of the
proposed system are proposed in Section IV. Numerical results
and discussions are shown in Section V. Section VI concludes
the paper.

II. SYSTEM MODEL

A. Transmitter of the Proposed System

The block diagram of the proposed CIM-MC-M -DCSK
system is shown in Fig. 1. In the CIM-MC-M -DCSK system,
an M -DCSK modulation is used in the information-bearing
signal for each subcarrier while the code index modulation
is applied to the reference signals. Moreover, to ensure their
orthogonal transmission, the orthogonal sinusoidal carriers are
adopted in both the reference signals and information-bearing
signals. In this paper, the reference signal is referred to as the
in-phase baseband signal while the information-bearing signal
is referred to as the quadrature baseband signal.

At the transmitter as shown in Fig. 1(a), the serial informa-
tion sequences are first converted into N+1 parallel sequences
by using a serial-to-parallel converter, where each parallel
sequence is denoted by bi (i = 0, 1, . . . , N ), N = 2n, and
n is the number of transmitted bits by using the N -order
Walsh codes. The index bits b0 and modulated bits bi are
converted into a symbol S0 and a symbol Si by using an
N -ary and M -ary bit-to-symbol converter, respectively, where
S0 ∈ {0, 1, . . . , N − 1} and Si ∈ {0, 1, . . . ,M − 1}. Second,
the chaotic generator adopts a second-order Chebyshev poly-
nomial function, i.e., xk+1 = 1 − 2x2

k, to generate a chaotic
signal cx = (cx,1, . . . , cx,β) with a spreading factor β and a
chip duration Tc. The chaotic signal cx is transformed into
another orthogonal chaotic signal cy = (cy,1, . . . , cy,β) by
using a Hilbert filter, where

∑β
i=1 cx,icy,i = 0. For the i-

th quadrature subcarrier, the quadrature baseband signal can
be obtained as mSi = aSicx + bSicy by using the M -DCSK
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Fig. 1. The block diagram of a CIM-MC-M -DCSK system.

modulation, where aSi and bSi are regenerated via an M -
DCSK constellation. For example, Fig. 2 shows a generalized
8-DCSK constellation, where the constellation points are con-
trolled by the angle vector θ = [π/2 − θ1, θ2, . . . , θm−1] and
m = 3.1 As a special case, the angle vector of a uniform
8-DCSK constellation equals θ = [π/4, π/8].

Third, a code index modulation is used for all the in-phase
subcarriers. More specifically, the chaotic signals cx for all
in-phase subcarriers are encoded by an N -order Walsh code,

where the Walsh code is defined as W2n =

[
W2n−1 W2n−1

W2n−1 −W2n−1

]
and W20 = [+1], for N = 2n, n ≥ 1. For a given
S0, the (S0 + 1)-th row of the Walsh code matrix, i.e.,
wS0+1 = [wS0+1,1, . . . , wS0+1,i, . . . , wS0+1,N ], is used to
transmit the information for in-phase subcarrier, thus the in-
phase baseband signal is written as wT

S0+1cx, e.g., for the i-th
subcarrier one has wS0+1,icx, where (·)T denotes the transpose
of a matrix or a vector. Finally, the in-phase and quadrature
baseband signals are passed through the pulse shaping with a
square-root-raised-cosine filter q(t). The in-phase and quadra-

1Although the square-based constellations can be used in this paper, partial
channel state information (CSI) and high peak-to-average-power ratio (PAPR)
are required [12], [15]. To meet the requirements of low-complexity short-
range wireless-communication applications, in this paper the circle-based
constellations are adopted because they require no CSI and have low PAPR
[14].

ture signal components are xI,i(t) =
∑β

k=1 mSi,kq(t − kTc)

and xQ,i(t) =
∑β

k=1 wS0+1,icx,kq(t − kTc), respectively.
Therefore, as shown in Fig. 1, the transmitted signal of the
CIM-MC-M -DCSK system can be expressed as

s(t) =
N∑
i=1

(
xI,i(t) cos (2πfit)− xQ,i(t) sin (2πfit)

)
, (1)

where fi is the frequency of the sinusoidal carrier satisfying
fi ≫ 1/Tc, and any two frequencies, i.e., fi and fj (i ̸= j),
must be mutually orthogonal.

The transmitted signal is passed through a multipath fading
channel h(t) =

∑L
l=1 αlδ(t − τl), where L is the number of

paths, αl and τl are the channel coefficient and the path delay
of the l-th path, respectively, and ⊗ is the convolution operator.
In addition, in this paper we assume that αl (l = 0, . . . , L) are
independent Rayleigh distribution random variables. Hence,
the received signal is given by

r(t) = h(t)⊗ s(t) + n(t), (2)

where n(t) is the AWGN with zero mean and variance of
N0/2.

B. Receiver of the Proposed System
At the receiver as shown in Fig. 1(b), the received signal

r(t) is first processed by the in-phase and quadrature car-
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Fig. 2. A generalized 8-DCSK constellation.

riers and the matched filters, then one obtains the in-phase
and quadrature baseband signals. For example, for the i-th
subcarrier one has c̃ix and m̃Si . It should be noted that the
first component for any row of the Walsh code matrix is +1.
It is evident that the in-phase baseband signal corresponding
to the frequency f1 can be used as the reference signal. This
reference signal is adopted to demodulate the quadrature base-
band signals. Hence, the Walsh-codes-based demodulation and
M -DCSK demodulation can be simultaneously performed.2

Specifically, the energy detection is deployed in Walsh-codes-
based demodulation while the differentially coherent detection
is adopted in the M -DCSK demodulation.

When demodulating either the CIM or M -DCSK, a simple
product operation for the two matrices or vectors is performed.
For the demodulation of the CIM, the following expression is
first computed: A = [w1, . . . , wN ]T × [c̃1x, . . . , c̃

N
x ]T . Then,

energy vector ze = [ze,1, . . . , ze,Ŝ0+1, . . . , ze,N ] is obtained
by computing the energy value for any row of the matrix A.
Hence, the symbol S0 can be estimated using

Ŝ0 = arg max
i=1,...,N

(ze,i)− 1. (3)

For the demodulation of M -DCSK, the reference baseband
signal c̃1x is transformed into another orthogonal reference
signal c̃y by using a Hilbert filter. Afterwards, the two decision
values for the i-th subcarrier, i.e., za,Ŝi

= c̃1xm̃
T
Si

and zb,Ŝi
=

c̃ym̃
T
Si

, can be measured. We refer to zi = (za,Ŝi
, zb,Ŝi

) as
the decision vector. Further, one can calculate the distance
between the decision vector and all constellation points, and
thus find the position of the minimum distance corresponding
to the constellation point. Hence, the estimated symbol Ŝi

for the i-th subcarrier is obtained. The estimated symbols are
converted into the estimated bits by using the symbol-to-bit

2In the proposed CIM-MC-M -DCSK system, because the detections of the
code-index modulation and M -DCSK modulation are independent of each
other, the error detection of the code-index modulation does not affect the
demodulation performance of the M -DCSK modulation.

converter. Finally, all the parallel bits, i.e., b̂0, . . . , b̂N , are
converted into the serial bits b̂ via a parallel-to-serial converter.

III. PERFORMANCE ANALYSIS

In this section, we derive the analytical BER expressions
of the proposed system over AWGN and multipath Rayleigh
fading channels.

A. Bit Energy

Since the energy of a chaotic signal cx is expressed by
E1 =

∑β
k=1 c

2
x,k, the total energy of the proposed system

equals Etot = 2NE1. Moreover, the number of the transmitted
bits is

R = log2 N +N log2 M, (4)

As a result, the average transmitted energy of each bit, i.e.,
Eb, is given as

Eb =
Etot

R
=

2NE1

log2 N +N log2 M
. (5)

B. Derivation of Probability Density Functions (PDFs)

In this paper, we assume that the largest multipath delay τL
is much shorter than the symbol duration, i.e., 0 < τL ≪ β,
thus the inter-symbol interference (ISI) can be negligible [8],
[10], [13], [14]. Also, we assume that the channel is slowly
fading and the channel coefficients are constant during each
symbol duration but varies from symbol to symbol.3

For the Walsh-code-based demodulation of the CIM, the
j-th (j = 1, 2, . . . , N) energy metric can be written as

ze,j =

[
N∑
i=1

β∑
k=1

( L∑
l=1

αlwj,iwS0+1,icx−τl + wj,in
i
x,k

)]2
,

(6)

where ni
x denotes the AWGN for the i-th subcarrier.

If j = S0 + 1, the energy metric is computed as

ze,j =

[
β∑

k=1

(
N

L∑
l=1

αlcx−τl +
N∑
i=1

wj,in
i
x,k

)]2
. (7)

Otherwise, if j ̸= S0 + 1, the energy metric is calculated as

ze,j =

(
β∑

k=1

N∑
i=1

wj,in
i
x,k

)2

. (8)

Accordingly, all the elements in the energy vector ze =
[ze,1, . . . , ze,j , . . . , ze,N ] are mutually independent. When the
transmitted symbol S0 equals j − 1, ze,j is a non-central
chi-square random variable with β degrees of freedom and
non-centrality parameter NE1

∑L
l=1 α

2
l , while ze,i (i ̸= j)

is central chi-square random variables with β degrees of
freedom. In addition, the noise variance of all the elements
in the vector ze can be obtained as NN0/2. Hence, the

3Although the investigation of the effect of the carrier frequency offset
(CFO) and time-varying channels on BER performance of the proposed system
is an interesting topic, it is beyond the scope of this paper. We will explore
this issue in the future.
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instantaneous PDFs of ze,j and ze,i conditioned on the bit
signal-to-noise ratio (SNR) γb respectively become

p(ze,j |γb) =
1

NN0
×

(
ze,j

NE1

∑L
l=1 α

2
l

) β−2
4

× exp

(
−
NE1

∑L
l=1 α

2
l + ze,j

NN0

)

× I( β
2 −1)

2
√

ze,jNE1

∑L
l=1 α

2
l

NN0

 , (9)

p(ze,i|γb) =
z

β
2 −1
e,i

(NN0)
β
2 Γ(β2 )

exp

(
− ze,i
NN0

)
, (10)

where γb =
(∑L

l=1 α
2
l

)
(Eb/N0), ze,j ≥ 0, ze,i ≥ 0, i ̸= j,

I(n)(·) denotes the n-th Bessel function of the first kind and
Γ(·) presents the Gamma functions.

For M -DCSK modulation, one can obtain the means and the
variances of the vector zi for the i-th subcarrier according to
[14], E[za,Ŝi

] = aSiE1

∑L
l=1 α

2
l , E[zb,Ŝi

] = bSiE1

∑L
l=1 α

2
l ,

and V ar[za,Ŝi
] = V ar[zb,Ŝi

] = E1N0

∑L
l=1 α

2
l +

βN2
0

4 ,
respectively, where E[.] and V ar[.] denote the expectation and
variance operators, respectively. Through the polar coordinates
transformations of the energy vector zi for the i-th subcarrier
and some simplified computations, the instantaneous PDF
conditioned on γb is calculated as

p (φ|γb) =
1

2π
exp

(
−γ2

8

)
+

γ cosφ

2
√
2π

× exp

(
−γ2 sin2 φ

8

)
×Q

(
−γ cosφ

2

)
, (11)

where φ denotes the phase error between the transmitted and
the received signal constellations as shown in Fig. 2, Q (x) =
1√
2π

∫∞
x

exp
(

−t2

2

)
dt, and the parameter γ is calculated as

γ =
2R
N γb√

2R
N γb + β

. (12)

C. Derivation of BER Expressions

According to the principle of the orthogonal modulation
in [43], the probability of incorrect symbol detection for
the Walsh-code-based index modulation can be obtained as
Ps,CIM (γb) = 1 − Pr(ze,i < ze,j ,∀i ̸= j|γb), where
Pr(·) is the probability of correct symbol detection. Since
the events of Pr(·) are not independent due to the exis-
tence of the random variable ze,j , one can add a condi-
tion on ze,j to make these events independent. In addi-
tion, one can easily find that the energy metric ze,k (k =
1, 2, . . . , N) is non-negative. Thereby, one has Ps,CIM (γb) =

1−
∫∞
0

[Pr(ze,i < ze,j |ze,j , γb)]N−1
p(ze,i|γb)dze,j . Using the

PDFs in Eqs. (9) and (10), the symbol error rate (SER)
expression of the Walsh-code-based index modulation can be

derived as

Ps,CIM (γb)

= 1−
∫ ∞

0

∫ ze,j

0

z
β
2 −1
e,i exp(− ze,i

NN0
)

(NN0)
β
2 Γ(β2 )

dze,i

N−1

×

(
ze,j

NE1

∑L
l=1 α

2
l

) β−2
4 exp

(
−NE1

∑L
l=1 α2

l +ze,j
NN0

)
NN0

× I( β
2 −1)

2
√

ze,jNE1

∑L
l=1 α

2
l

NN0

 dze,j . (13)

Let t = ze,i/(NN0/2) for i ̸= j and u = ze,j/(NN0/2), one
can further simplify Eq. (13) to

Ps,CIM (γb) =
1

2

∫ ∞

0

(
1− F (u)N−1

)
×
(

u

Rγb

) β−2
4

× exp

(
−Rγb + u

2

)
× I( β

2 −1)(
√
uRγb)du,

(14)

where F (u) =
∫ u

0
1

2
β
2 Γ( β

2 )
t
β
2 −1 exp(− t

2 )dt and denotes the

cumulative distribution function (CDF) of the central chi-
square distribution. According to the theory of orthogonal
signaling in [43, pp. 205], the BER expression of the Walsh-
code-based index modulation can be given by

Pb,CIM (γb) =
N

2(N − 1)
Ps,CIM (γb). (15)

For M -DCSK modulation in the proposed system, the BER
expression can be derived by using the PDF in the Eq. (11),
i.e.,

Pb,MDCSK(γb) =
1

log2 M

(
1−

∫ π
M

− π
M

p (φ|γb) dφ

)
. (16)

In the high SNR region, one can obtain an approximated
closed-form expression of Eq. (16), which is expressed as

Pb,MDCSK(γb) ≈
2

log2 M
Q

(
γ sin( π

M )

2

)
. (17)

The detailed derivation of Eq. (17) can be found in Appendix.
In this paper, we make the assumption that the L paths of a

multipath fading channel are mutually independent and have
identical channel gains. Accordingly, the PDF of γb can be
written as [43]

f(γb) =
γL−1
b

(L− 1)!γL
c

exp

(
−γb
γc

)
, (18)

where γc is the average SNR per bit, defined as γc =
(Eb/N0)E[α2

j ] = (Eb/N0)E[α2
l ], j ̸= l, and

∑L
l=1 E

[
α2
l

]
=

1.
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Fig. 3. The noise-reduction receiver structure of the proposed CIM-MC-M -DCSK system.

Finally, combining Eqs. (4), (15), (16) and (18), the average
BER of the proposed system can be obtained as

Pb =

∫ ∞

0

( log2 N

log2 N +N log2 M
× Pb,MDCSK(γb)

+
N log2 M

log2 N +N log2 M
× Pb,CIM (γb)

)
f(γb)dγb

=
1

R

∫ ∞

0

(
(log2 N)× Pb,MDCSK(γb)

+ (N log2 M)× Pb,CIM (γb)
)
f(γb)dγb. (19)

IV. NOISE REDUCTION AND HIERARCHICAL
MODULATION FOR CIM-MC-M -DCSK SYSTEM

In this section, a noise-reduction scheme and a hierarchical-
modulation scheme are developed for the proposed CIM-MC-
M -DCSK system.

A. Noise-Reduction Scheme for the Proposed System
To obtain better BER performance we design a noise-

reduction receiver for the proposed system, whose structure
is shown in Fig. 3. In the CIM-MC-M -DCSK system, only
a reference baseband signal is adopted to demodulate the
quadrature baseband signals. In the proposed noise-reduction
scheme, the noise of all reference baseband signals is averaged
so as to reduce the negative effect [17], [18], [19]. The basic
principle of the noise-reduction receiver is depicted as follows.
First, the index bits are estimated. Based on the estimated
index bits, the corresponding Walsh code is selected to be
multiplied with the corresponding in-phase baseband signal,
thus the estimated reference baseband signals are obtained.
Finally, the estimated reference baseband signals are added and
averaged to get the average reference baseband signal, which
is used for demodulating the quadrature baseband signal from
a subcarrier. More specifically, the expression of the average
reference baseband signal can be written as

c̃x,ave =
1

N

N∑
i=1

wŜ0+1,ic̃
i
x

=
1

N

N∑
i=1

wŜ0+1,i

β∑
k=1

( L∑
l=1

αlwS0+1,icx−τl + ni
x,k

)
.

(20)

According to such an noise-reduction scheme, one can
derive the BER expression of the proposed noise-reduction
CIM-MC-M -DCSK scheme. There are two possible cases
when the demodulation error for the modulated bits happens.4

In the first case, if the index symbol is not correctly estimated,
Eq. (20) can be derived as

c̃x,ave =
1

N

N∑
i=1

wŜ0+1,in
i
x,k. (21)

It can be easily seen from Eq. (21) that the modulated bits are
not correctly estimated. Hence, the BER of the modulated bits
are formulated as

Pb,case1(γb) = Pb,CIM (γb). (22)

In the second case, the index symbol is correctly estimated.
It is assumed that the BER of the M -DCSK modulation for
the proposed noise-reduction CIM-MC-M -DCSK system is
denoted as Pber(γb). The BER expression of the modulated
bits is given by

Pb,case2(γb) =
(
1− Ps,CIM (γb)

)
Pber(γb). (23)

Because the index symbol is correctly detected, Eq. (20)
can be modified to

c̃x,ave =

β∑
k=1

( L∑
l=1

αlcx−τl +
1

N

N∑
i=1

wS0+1,in
i
x,k

)
. (24)

According to Eq. (24), one can obtain the means and the vari-
ances of two elements in zi, i.e., E[za,Ŝi

] = aSiE1

∑L
l=1 α

2
l ,

E[zb,Ŝi
] = bSiE1

∑L
l=1 α

2
l , and V ar[za,Ŝi

] = V ar[zb,Ŝi
] =

N+1
2N E1N0

∑L
l=1 α

2
l +

βN2
0

4N , respectively. Hence, the instanta-
neous PDF conditioned on γb is the same as Eq. (11), where
the expression of γ is changed to

γ =
2Rγb√

(N + 1)Rγb +Nβ
. (25)

4Differing from the proposed CIM-MC-M -DCSK system, the detections of
the code-index modulation and M -DCSK modulation of the proposed noise-
reduction CIM-MC-M -DCSK system are not independent, the error detection
of the code-index modulation does affect the demodulation performance of
the M -DCSK modulation.
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Fig. 4. A simple structure of the proposed hierarchical CIM-MC-M -DCSK system.

Substituting (11) and (25) into (16) (or (17)) yields the BER of
the of M -DCSK modulation Pber(γb). Therefore, the overall
BER of the proposed system with noise-reduction scheme
becomes

Pb =
1

R

∫ ∞

0

(
(log2 N)× Pb,CIM (γb) + (N log2 M)

× (Pb,CIM (γb) + Pb,case2(γb))
)
f(γb)dγb. (26)

B. Hierarchical Modulation Scheme for the Proposed System

In practical short-range wireless-communication applica-
tions, the transmitted information bits usually have different
levels of importance. To satisfy different QoS requirements
for such transmitted information bits, a simple hierarchical
CIM-MC-M -DCSK scheme is conceived, whose structure is
illustrated in Fig. 4. It should be noted that the transceiver
in Fig. 4 is identical to that in Fig. 1, where the M -DCSK
modulation and the decision modules are replaced by the
hierarchical M -DCSK modulation and decision modules in
[14], respectively. To be specific, the index bits b0 have high
priority and are transmitted through the CIM module, whereas
the transmitted modulated bits bi for the i-th subcarrier vary-
ing from second to low priority are transmitted through the
hierarchical M -DCSK modulation module. Therefore, when
compared with the hierarchical MC-M -DCSK system, the
proposed hierarchical CIM-MC-M -DCSK system not only can
obtain better performance but also can satisfy applications with
high QoS requirements.

Here, we also carry out the BER derivation of the hierar-
chical CIM-MC-M -DCSK system.

To begin with, the BER expression of the transmitted index
bits with high priority is given by

Pb,High =

∫ ∞

0

Pb,CIM (γb)f(γb)dγb. (27)

Subsequently, the BER expressions of the transmitted mod-
ulated bits from second to low priority are summarized as
follows. Exploiting Eq. (11), the CDF of the proposed hierar-
chical CIM-MC-MDCSK scheme is written as

F (ϕ) =

∫ ϕ

−π

∫ +∞

0

p(φ|γb)f(γb)dγbdφ,−π < ϕ < π. (28)

In the high SNR region, Eq. (28) can be approximated as

F (ϕ) ≈ 0.5−
∫ +∞

0

Q

(
γ sinϕ

2

)
f(γb)dγb,−π < ϕ < π,

(29)

where γ =
2R
N γb√

2R
N γb+β

. Interested readers are referred to

Appendix for more details of the derivation.
The average BERs for the second priority bit i1 and the

third priority bit i2, are respectively expressed as

Pb (4, θ1, i1) = 1− F (θ1) + F (−π + θ1) , (30)

Pb (4, θ1, i2) = 1− F
(π
2
− θ1

)
+ F

(
−π

2
+ θ1

)
, (31)

Using Eqs. (30) and (31) and the recursive algorithm, the
average BER for the (k + 1)-th priority bit ik (k < m) can
be calculated as

Pb (M, θ, ik) =
1

2

[
Pb

(
M

2
, θ+, ik

)
+ Pb

(
M

2
, θ−, ik

)]
,

(32)
where θ+ = [π/2− θ1, θ2, . . . , θm−3, θm−2 + θm−1] and
θ− = [π/2− θ1, θ2, . . . , θm−3, θm−2 − θm−1].

Moreover, the average BER of the low-priority bit im is
given by

Pb (M, θ, im) =
1

2m

2m−1∑
i=1

2m−1∑
j=1

(−1)jF (a(j)− Φ0(i))

+
2m−1∑
i=1

2m−1∑
j=1

(−1)j+1F (a(j)− Φ1(i))

 ,

(33)

where a represents the angular positions of the decision
boundaries of the low-priority bit, Φ0 represents the angular
positions of those symbols whose low-priority bit is 1, and
Φ1 represents the angular positions of those symbols whose
low-priority bit is 0.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the BER performance of the
proposed systems over AWGN as well as multipath Rayleigh
fading channels. In simulation, the parameters of the multipath
Rayleigh fading channel are set as follows: L = 3, E[α2

1] =
E[α2

2] = E[α2
3] = 1/3, and τ1 = 0 , τ2 = 2 and τ3 = 5.

Moreover, the spreading factors are set to 128 and 256 for both
AWGN and multipath Rayleigh fading channels, respectively.

A. Theoretical and Simulated BER Performance of the Pro-
posed Systems

Figs. 5-8 shows the theoretical and simulated BER results
of the proposed CIM-MC-M -DCSK system, and its noise-
reduction counterpart (denoted by ‘CIM-MC-MDCSK-NR’ in
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Fig. 5. Theoretical, approximated, and simulated BER results of the CIM-
MC-M -DCSK system over AWGN and multipath Rayleigh fading channels.
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Fig. 6. Theoretical and simulated BER results of the CIM-MC-M -DCSK
system with noise reduction over AWGN and multipath Rayleigh fading
channels.

the figure) and hierarchical-modulation counterpart (denoted
by ‘HCIM-MC-MDCSK’ in the figure) over AWGN and
multipath Rayleigh fading channels, respectively, where ‘T’,
‘S’ and ’A’ denote theoretical, simulated and approximated
results, respectively, and ‘MP’ presents multipath Rayleigh
fading channel. We assume that the order of Walsh code is
N = 4. For a CIM-MC-M -DCSK system and its noise-
reduction counterpart, we also assume that θ = π/4 for 4-
DCSK and θ = [π/4, π/8] for 8-DCSK. For hierarchical CIM-
MC-M -DCSK system, we assume that θ = π/3 for hierarchi-
cal 4-DCSK and θ = [π/4, π/15] for hierarchical 8-DCSK.
Figs. 5-8 show that the simulated results are in good agreement
with the theoretical results. Furthermore, Fig. 5 shows that the
approximated results match well with the theoretical results
in the high SNR region while the former only has a little
difference compared with the latter in the low SNR region. For
the noise-reduction and hierarchical-modulation CIM-MC-M -
DCSK systems, one can make similar observations. Moreover,
it can be observed that the BER performance of the CIM-MC-
M -DCSK and its noise-reduction counterpart is deteriorated
with the increase of M . In addition, referring to Figs. 7 and
8, the proposed hierarchical CIM-MC-M -DCSK system can
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Fig. 7. Theoretical and simulated BER results of the hierarchical CIM-MC-
M -DCSK system with priority vector θ = π/3 over an AWGN channel.
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Fig. 8. Theoretical and simulated BER results of the hierarchical CIM-
MC-M -DCSK system with priority vector θ = [π/4, π/15] over a multipath
Rayleigh fading channel.

perfectly satisfy the QoS requirements for the bit streams that
have different levels of importance.

B. Effect of N and β on the System Performance

The effect of Walsh-code order N on the BER perfor-
mance of the CIM-MC-M -DCSK system, its noise-reduction
and hierarchical-modulation counterparts over a multipath
Rayleigh fading channel are shown in Fig. 9, where θ = π/4 is
used for hierarchical 4-DCSK and θ = [π/4, π/15] used for hi-
erarchical 8-DCSK. Fig. 9(a) shows that the BER of the CIM-
MC-M -DCSK system is not improved with the increasing of
N . However, as N increases, the noise-reduction CIM-MC-
M -DCSK system can achieve an improved performance. For
example, the noise-reduction CIM-MC-M -DCSK system with
N = 8 can accomplish a gain of about 1 dB with respect to
that with N = 4 at a BER of 10−6. In addition, it can be seen
from Fig. 9(b) that the high-priority bits in the hierarchical
CIM-MC-M -DCSK system with N = 8 can achieve a 2-dB
performance gain over that with N = 4 while the performance
of the second priority and low-priority bits is not improved as
N increases. Furthermore, Fig. 10 shows the effect of θ on
the BER performance of the HCIM-MC-DCSK system over
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Fig. 9. BER performance of (a) the CIM-MC-M -DCSK system and its
noise-reduction counterpart and (b) its hierarchical-modulation CIM-MC-M -
DCSK system with different values of N over a multipath Rayleigh fading
channel.
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a multipath Rayleigh fading channel, where θ = [π/4, π/15]
and θ = [π/4, π/50] are used. It can be observed that the
performance of the second-priority and low-priority bits is
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Fig. 11. BER performance of the CIM-MC-M -DCSK system, its noise-
reduction scheme and its hierarchical-modulation scheme with different value
of β (a) over AWGN at a bit SNR of 5 dB and (b) over multipath rayleigh
fading channel at a bit SNR of 20 dB.

related to the value of θ while the performance of the high-
priority bits is independent of this parameter.

The effect of spreading factor β on the BER performance
of the CIM-MC-M -DCSK system, its noise-reduction and
hierarchical-modulation counterparts over AWGN and mul-
tipath Rayleigh fading channels is shown in Fig. 11, where
θ = [π/4, π/15] used for hierarchical 8-DCSK. It can be
observed from Fig. 11(a) that the BER performance deteri-
orates as β increases, which is the same as the conventional
DCSK systems. Referring to Fig. 11(b), the proposed system
has an optimal value of β to obtain best BER performance.
This phenomenon is due to the fact that the ISI is severe when
spreading factor β is small. The ISI becomes negligible as β
increases, thus the performance is improved. However, with
increasing the spreading factor more noise is also involved as
β further increases, which leads to a performance degradation.

C. Comparison between the Proposed System and Existing
Counterparts

To further verify the superiority of the proposed systems,
we compare the BER performance of the proposed system
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TABLE I
COMPARISON FOR THE NUMBER OF THE TRANSMITTED BITS BETWEEN

CIM-MC-M -DCSK AND MC-M -DCSK SYSTEMS.

System order The number of the transmitted bits
MC-M -DCSK CIM-MC-M -DCSK

N = 4,M = 4 8 10
N = 4,M = 8 12 14
N = 4,M = 16 16 18
N = 8,M = 4 16 19
N = 8,M = 8 24 27
N = 8,M = 16 32 35

with the MC-M -DCSK system and its hierarchical-modulation
scheme over a multipath Rayleigh fading channel.

Table I compares the number of transmitted bits of the
CIM-MC-M -DCSK and MC-M -DCSK systems.5 It can be
observed that the proposed CIM-MC-M -DCSK system pro-
vides higher data rate compared with the conventional MC-
M -DCSK system under the same system order (i.e., under
the same N and M ). Fig. 12 shows the BER curves of
the CIM-MC-M -DCSK, noise-reduction CIM-MC-M -DCSK
and MC-M -DCSK systems over a multipath Rayleigh fading
channel. From Fig. 12 (a) and (b), it can be seen that
the proposed noise-reduction CIM-MC-M -DCSK system can
achieve the best BER performance among the three MC-M -
DCSK systems. For example, at a BER of 10−5, the noise-
reduction CIM-MC-4-DCSK system can achieve 4-dB and
6.5-dB gains compared with the MC-4-DCSK system when
N = 4 and N = 8, respectively. Moreover, the CIM-MC-M -
DCSK system can accomplish better performance than that
of the MC-M -DCSK system under the same system order.
Especially, at a BER of 10−5, the CIM-MC-16-DCSK system
can achieve about 1-dB gain over the MC-16-DCSK system
when N = 4, 8.

As a further insight, Fig. 13 shows the BER performance
of the proposed hierarchical CIM-MC-4-DCSK and the hi-
erarchical MC-4-DCSK systems over a multipath Rayleigh
fading channel, where θ = π/3 and N = 4 are used. It
is shown that the hierarchical CIM-MC-4-DCSK system can
provide better BER performance than that of the CIM-MC-4-
DCSK system for any priority bits. For example, at a BER
of 10−5, the high-priority bits of the hierarchical CIM-MC-
4-DCSK system can achieve a 4-dB gain over the MC-4-
DCSK system. In addition, one can observe that the second-
priority bits of the hierarchical CIM-MC-4-DCSK system can
achieve a 1-dB gain over the high-priority bits of the MC-4-
DCSK system. Consequently, the hierarchical CIM-MC-M -
DCSK system can provide higher QoS and data rate with
respect to the hierarchical MC-M -DCSK system under the
same system order and angle vector.

VI. CONCLUSIONS

In this paper, we have proposed a new MC-M -DCSK
system with code index modulation, called CIM-MC-M -
DCSK system, in which the code index modulation and

5The number of the transmitted bits for the MC-M -DCSK system can be
calculated as N log2 M .
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Fig. 12. BER performance of the CIM-MC-M -DCSK, noise-reduction
CIM-MC-M -DCSK, MC-M -DCSK and conventional DCSK systems over
a multipath Rayleigh fading channel, where (a) N = 4 and (b) N = 8.

M -DCSK modulation are exploited in the reference signals
and information-bearing signals, respectively. The proposed
MC-M -DCSK system not only inherits the low-complexity
advantage of the conventional MC-DCSK system but also
achieves better performance by using Walsh-codes-based index
modulation. Furthermore, we have designed a noise-reduction
scheme and a hierarchical-modulation scheme for the proposed
CIM-MC-M -DCSK system. In particular, the former scheme
can significantly improve the BER performance, while the lat-
ter scheme can provide a more flexible QoS for the transmitted
bits that have different levels of importance. In addition to the
system design and optimization, we have derived the analytical
BER expressions of the proposed systems over AWGN and
multipath fading channels. Both the theoretical analyses and
simulation results have demonstrated that the proposed CIM-
MC-M -DCSK and its hierarchical-modulation systems can
achieve better performance over the existing MC-M -DCSK
and its hierarchical-modulation systems, respectively. Thanks
to the excellent performance and simple implementation, the
proposed CIM-MC-M -DCSK system appears to be an out-
standing candidate for the low-cost and low-power short-range
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Fig. 13. BER performance of the hierarchical CIM-MC-4-DCSK and the
hierarchical MC-4-DCSK systems over a multipath Rayleigh fading channel.

wireless-communication applications.

APPENDIX
DERIVATION OF (17) AND (29)

To obtain Eqs. (17) and (29), we first derive an approxi-
mated closed-form expression for the integration of p (φ|γb),
i.e.,

Fe =

∫ b

a

[
1

2π
exp

(
−γ2

8

)
+

γ cosφ

2
√
2π

× exp

(
−γ2 sin2 φ

8

)
Q

(
−γ cosφ

2

)]
dφ. (34)

Exploiting Q(−x) = 1 − Q(x), Eq. (34) can be expanded
to

Fe =

∫ b

a

1

2π
exp

(
−γ2

8

)
dφ

−
∫ b

a

γ cosφ

2
√
2π

exp

(
−γ2 sin2 φ

8

)
Q
(γ cosφ

2

)
dφ

+

∫ b

a

γ cosφ

2
√
2π

exp

(
−γ2 sin2 φ

8

)
dφ

= Fe1 + Fe2 + Fe3 . (35)

One can easily calcluated Fe1 as

Fe1 =

∫ b

a

1

2π
exp

(
−γ2

8

)
dφ =

b− a

2π
exp

(
−γ2

8

)
. (36)

Utilizing the approximated expression of Q function, i.e.,
Q(x) ≈ 1

x
√
2π

exp(−x2

2 ), for large x, one has

Fe2 =−
∫ b

a

γ cosφ

2
√
2π

exp

(
−γ2 sin2 φ

8

)
Q
(γ cosφ

2

)
dφ

≈− b− a

2π
exp

(
−γ2

8

)
. (37)

Based on Eqs. (36) and (37) and let u = γ sin(φ)
2 , Eq. (35)

can be reduced to

Fe ≈
∫ b

a

γ cosφ

2
√
2π

exp

(
−γ2 sin2 φ

8

)
dφ

=
1√
2π

∫ γ sin(b)
2

γ sin(a)
2

exp

(
−u2

2

)
du. (38)

Suppose a = −π/M and b = π/M , Eq. (38) becomes

Fe ≈
2√
2π

∫ γ sin( π
M )

2

0

exp

(
−u2

2

)
du

=1− 2Q

(
γ sin

(
π
M

)
2

)
. (39)

Likewise, assume a = −π and b = ϕ, Eq. (38) becomes

Fe ≈ 0.5−Q

(
γ sinϕ

2

)
. (40)

As a consequence, substituting (39) into (16) yields the
closed-form expression (17). Moreover, substituting (40) into
(28) obtains the closed-form expression (29).
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