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Energy Efficient Parallel Concatenated Index
Modulation and M -ary PSK Aided OFDM-DCSK

Communications With QoS Consideration
Zhaofeng Liu , Lin Zhang , Senior Member, IEEE, Zhiqiang Wu , Senior Member, IEEE, and Yuan Jiang

Abstract—In this paper, we propose a parallel concatenated
index modulation and M -ary phase shift keying (MPSK) to inte-
grate with carrier interferometry (CI) codes into the orthogonal
frequency division multiplex (OFDM) differential chaotic shift
keying (DCSK) communication system. Our objective is to meet
different quality of service (QoS) user demands while achieving
higher energy efficiency and retaining reliable communications
with low peak-to-average power ratio (PAPR). In our design, one
input bit set is modulated by the index of the CI codes matrix whose
rows are rotated circularly, another bit set is mapped to the MPSK
symbols to realize the M -ary modulation. Subsequently, the resul-
tant MPSK symbols are modulated by reference chaotic sequences
and spread by the information-bearing rotated CI codes matrix
at the transmitter. After the OFDM modulations, the information
bearing symbols are transmitted over multiple subcarriers. At the
receiver, after the non-coherent chaotic correlation demodulation,
the maximum likelihood detection method is firstly applied to attain
the estimates of the index modulated bit set, which are then used
to recover the phases of chaotic sequences for further evaluation
of another MPSK modulated symbols. Since no additional energy
is required while more bits can be transmitted via the M -ary
modulation and index modulation, the energy efficiency can be
improved. In addition, thanks to the orthogonality of the CI codes
matrix and the spreading in the frequency domain, the PAPR could
be suppressed and reliability performances can be improved. Then
theoretical analysis is conducted and simulation results validate the
theoretical analysis. Moreover, the results demonstrate the superior
bit error rate (BER) performances to benchmarks and flexible data
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rate could be provided for user terminals via different combinations
of the index modulation and the M -ary modulation.

Index Terms—Carrier interferometry spreading, energy
efficiency and quality of service (QoS), index modulation,
orthogonal frequency division multiplex-based differential chaos
shift keying (OFDM-DCSK), parallel concatenated high order
modulation.

I. INTRODUCTION

CHAOTIC communications have attracted a lot of research
interests thanks to their anti-multi-path-fading capabili-

ties. They have been widely used in wireless systems to pro-
vide transmission services for users ends such as Internet of
Things (IoT) terminals or machines etc. Each user equipment
has different quality of service (QoS) demands [1]. For example,
due to limited battery capacity, IoT user equipment wants to
transmit information with high energy efficiency, while machine
to machine (M2M) communications [2] requires high-reliability
performances.

The chaos-based modulation schemes [3]–[5] have two main
types, which are coherent chaos shift keying (CSK) [5] and
non-coherent differential chaos shift keying (DCSK) [6] based
schemes. Since the chaos synchronization circuit at CSK re-
ceivers has high complexity and is difficult to implement,
DCSK [6] is regarded as a more practical scheme and has
attracted more research interests.

However, the conventional DCSK has the energy efficiency
as low as 1/2 since half of the time slots are used to deliver
chaotic reference sequences [7]–[11]. Many research works have
been conducted to improve the energy efficiency of single carrier
DCSK systems. Researchers propose a quadrature chaos shift
keying [7] (QCSK) and a high-efficiency DCSK [8] (HE-DCSK)
schemes to improve the energy efficiency by carrying more bits
on the chaotic sequences orthogonal to the chaotic reference
sequences via the Hilbert transformation. Moreover, the Walsh
code spread DCSK systems [12], [13] use Walsh codes to carry
more bits, while M -ary DCSK systems [14], [15] apply M -ary
modulation to improve the energy efficiency.

Recently, the index modulation (IM), which uses index bits
to modulate some indexes such as the time index, the subcarrier
index and the spacial modulation order index [16]–[18], has been
proposed to improve the energy efficiency by transmitting more
bits with no additional symbol energy required. Then researchers
apply the IM to DCSK systems [19]–[21] to utilize the index
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of Walsh codes to improve energy efficiency by delivering
index bits without the usage of extra symbols. Besides, [22]
and [23] use index bits to control the order of chaotic sequences,
while [24] uses index bits to transmit the carrier index. Thus with
the aid of the index modulation, the energy efficiency could be
effectively enhanced.

To further improve the energy efficiency and address an-
other issue of the DCSK scheme [6] that the delay line cir-
cuit is difficult to be implemented in practical systems [25],
multi-carrier (MC) based transmission schemes such as MC-
DCSK [9] and orthogonal frequency division multiplexing
(OFDM) DCSK [10], [11] have been proposed. In MC based
DCSK schemes [21], one subcarrier is used to transmit chaotic
reference sequences, and other subcarriers are used to trans-
mit information-bearing chaotic sequences, which means that
N − 1 information-bearing chaotic sequences will share one
chaotic reference sequence where N is the number of subcarri-
ers. Therefore, the energy efficiency can be improved, especially
for large N in the new radio system. Moreover, the direct
transmission of the chaotic reference signal removes the delay
line circuits, thus the system complexity is significantly dropped
and the practicality of implementing the system is enhanced.

Although both single carrier M -ary DCSK modulations and
MC-DCSK schemes improve the energy efficiency, overlapping
operations implemented in these schemes bring the problem
of a high peak-to-average power ratio (PAPR). In [26], the
authors proposed a low PAPR MC-M -ary DCSK scheme. Then
in our previous work [27], we propose to utilize the carrier
interferometry (CI) codes to spread the symbols in the frequency
domain to suppress the PAPR. Different from binary spreading
codes like Walsh code, CI code is a kind of phase code, which
can enable the subcarriers to be added non-coherently, thus the
PAPR performance of CI codes spreading multi-carrier system
could be improved.

Till now, few research works have been done to simultane-
ously improve energy efficiency and suppress the PAPR with the
considerations of different QoS demands. Notably, QoS usually
corresponds to a set of predefined service performance [28].
In this paper, we mainly focus on the service performances of
the data rate and the reliability of information transmissions in
the physical layer. In order to achieve higher energy efficiency,
lower PAPR, and adaptable BER performances to meet differ-
ent QoS demands, we propose a parallel concatenated index
modulation and M -ary phase-shift keying (MPSK) modulation
(PC-IM-MPSK) scheme to integrate with CI codes into the
OFDM-DCSK system.

Different from our previous research work presented
in [27], [29], and existing research achievements, we utilize
the index of the CI codes matrix to deliver the information
bits. Then we take QoS demands into account and propose a
parallel concatenated index modulation and MPSK scheme to
integrate into OFDM-DCSK systems. Furthermore, we analyze
the theoretical BER performances, energy efficiency, spectral
efficiency, complexity, and security performances.

In our design of the parallel concatenated index modula-
tion and MPSK aided OFDM-DCSK (PC-IM-MPSK-OFDM-
DSCK) scheme, the input data bits are divided into two parallel

subsets. One bit set is modulated by the index of the CI codes
matrix, while another set is modulated by the MPSK modulation
module. The first set of bits is converted to the decimal number as
the index for further circular rotation of the rows of the CI codes
matrix. Meanwhile, the bits in another set are mapped to MPSK
symbols. Subsequently, the MPSK symbols are modulated by
the chaotic sequence. Since chaotic chips are noise-like and
aperiodic, the amplitudes of information-bearing symbols would
be modulated by chaotic chips and also become chaotic. There-
fore, in order to avoid the interference to the amplitude variant
chaotic signals, we would not use the quadrature amplitude
modulation (QAM) scheme to modulate the information bit set.
Instead, we apply the MPSK modulation and the resultant MPSK
symbols will have constant envelops. Thus the interference can
be mitigated.

Then the resultant chaotic modulated symbols are spread by
the information-bearing CI codes matrix. After performing the
inverse fast Fourier transform (IFFT) and adding the cyclic prefix
(CP), the OFDM-DCSK symbols are transmitted via channels.
At the receiver, after removing the CP and performing the
fast Fourier transform (FFT), the maximum likelihood (ML)
detection is carried out to demodulate the index modulated
bits. Then the CI codes matrix is obtained to be used for the
chaotic demodulation. Thus after the MPSK demodulation, the
estimates of another bit set can also be obtained.

Since the proposed transmitter can carry more bits thanks
to the M -ary modulation and index modulation without intro-
ducing additional chaotic reference sequence, both the energy
efficiency and the spectral efficiency can be improved. More-
over, the parallel concatenation architecture makes it possible to
flexibly adjust the data rate and the bit error rate (BER) to meet
different QoS demands of users. Furthermore, the spreading
achieved by the CI codes matrix can suppress the PAPR.

Briefly, the main contributions of this paper include:
1) We propose the parallel concatenation architecture of the

index modulation and MPSK scheme; thus the equivalent
modulation order can be flexibly adjusted to meet different
QoS demands of the data rate and BER of multiple users.

2) We propose to utilize the index of the CI codes matrix
to deliver information bits; thus more bits can be deliv-
ered with no need for additional energy, and the energy
efficiency can be improved. Moreover, by spreading the
chaotic modulated symbols by the information-bearing CI
codes matrix, the PAPR can also be suppressed.

3) We derive the theoretical BER expressions and provide
energy efficiency, spectral efficiency. PAPR and complex-
ity performances analysis of our proposed design. Sim-
ulation results verify the effectiveness of our derivations
and demonstrate that our design outperforms counterpart
schemes.

This paper is organized as follows. Section II describes in
detail the proposed PC-IM-MPSK-OFDM-DSCK system, in-
cluding the transmitter and the receiver structures. Then in
Section III, we provide the theoretical analysis including the
spectral efficiency, energy efficiency, PAPR, BER and com-
putational complexity. Subsequently, Section IV presents the
simulation results for comparisons with the theoretical analysis
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Fig. 1. Transmitter structure.

and the benchmark schemes. Finally, Section V concludes our
findings.

II. PARALLEL CONCATENATED INDEX MODULATION AND

MPSK AIDED OFDM-DCSK DESIGN

In this section, we present the transceiver structure of the
PC-IM-MPSK-OFDM-DCSK in detail.

A. Transmitter Structure

Figure 1 illustrates the transmitter structure using the PC-
IM-MPSK-OFDM-DSCK scheme. The input information bits
are divided into two sets. The first set of bits is converted to the
decimal number based on which the row of the CI codes matrix is
circularly rotated. Meanwhile, another set of bits are modulated
by the MPSK module. It is worth pointing out that since different
bit rate and different BER could be provided by the CI code
index modulation and the MPSK scheme, the division of input
bits would be based on the QoS demands of the user data to
be delivered. In addition, in the following discussions, without
loss of generality, the available subcarriers are also assumed to
be occupied by a single user [21], [24], while different services
from the user could be delivered in our proposed system. Thus no
multi user interference would be considered in the performance
analysis.

Subsequently, the MPSK symbols are modulated by the
chaotic reference sequence. Then the chaotic modulated sym-
bols are spread by the information-bearing CI codes matrix in
the frequency domain to suppress the PAPR. After IFFT and
adding CP, the OFDM symbols are transmitted over multiple
subcarriers. More details are given as follows.

1) Index Modulation: The CI codes matrix can provide the
phase offset for the OFDM symbol over different subcarriers.
With the help of the phase offset brought by CI codes, the signals
delivered via multiple subcarriers can be added non-coherently,
thus the envelop of the overall OFDM waveform fluctuates
slightly. As a result, the PAPR can be reduced. One CI code

is denoted as u(n)i = ej2π·i·n/N [27], which represents the phase
offset on the nth symbol over the ith subcarrier. Notably, the
CI codes matrix is a square matrix and has a dimension of
N ×N . Thus the elements u(n)i (i = 0, 1, . . . , N − 1) consti-

tute a column vector un = [u
(n)
0 , u

(n)
1 , . . . , u

(n)
i , . . . , u

(n)
N−1]

T .
The length of un should be N . It is noticeable that these
column vectors are orthogonal to each other, i.e., uT

n1
un2 =∑N

i=0 e
j2π·i·(n1+n2)/N = 0 when n1 �= n2. Then all column

vectors constitute the CI codes matrix, which is denoted as
U = [u0,u1, . . . ,un, . . . ,uN−1].

In the index modulation, the maximum number of bits that
the CI codes matrix can carry is Ni = log2 N . Thus the first
set of bits is represented by b′0, b

′
1, . . . , b

′
(log2 N)−1 which are

converted to a decimal number denoted by i0. Then i0 having
the range of 0 ≤ i0 ≤ N − 1 is used to rotate the row of the
CI codes matrix circularly U. It is worth pointing out that the
orthogonality between the column vectors of the CI codes matrix
helps to the reliable information retrieval at the receiver.

After the circular rotation with i0, we obtain the information-
bearing rotated matrix Ũ as:

Ũ = [ũ0, ũ1, . . . , ũn, . . . , ũN−1], (1a)

ũn = [u
(n)
i0
, u

(n)
i0+1, . . . , u

(n)
i0+i, . . . , u

(n)
i0+N−1]

T , (1b)

u
(n)
i0+i = ej2π·(i0+i)·n/N . (1c)

It can be observed from (1a) to (1c) that the order of the
column vectors in Ũ are circularly rotated.

2) M -Ary DCSK Modulation: The information bits of an-
other set are mapped as MPSK constellation symbols. Then they
are modulated by the chaotic reference sequence output from
the chaos generator. More explicitly, at the chaos generator, the
chaotic sequence is generated with the second-order Chebyshev
polynomial function (CPF) xk+1 = 1 − 2x2

k, k = 0, 1, . . . , β −
1, where β denotes the length, xk ∈ (−1, 0) ∪ (0, 1) is the kth
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chip and the initial value x0 is a predefined value shared between
transceivers.

Then the chaotic sequence is used to modulate the MPSK sym-
bol. The chaotic sequence has the property of being aperiodic,
noise-like and sensitive to the initial value, thus the information
could be hidden behind the irregular chaotic behaviors, thus
the security of transmissions could be enhanced. Considering
that the chaotic sequence would be transmitted together with
the chaotic modulated symbols, to facilitate the expression, let
s0 = 1, and s, n > 0 denote thenth MPSK symbol. The symbols
input to the IFFT module are represented by:

dn,k = snxk. (2)

Then we denote the kth chip to be modulated by the OFDM
module in the form of a vector which is represented by dk =
[d0,k, d1,k, . . . , dn,k, · · · , dN−1,k]

T , where (·)T represents the
transposition operation.

Obviously, the number of information bits modulated by the
MPSK might be different from that by the index modulations
presented above. Thus the parallel index modulation and the
MPSK modulation will enable the proposed system to provided
different bit rate for user data collected from different users.
Hence different QoS in terms of the data rate could be provided.

3) Pre-Distortion and CI Coded Spreading: After the paral-
lel index modulation and MPSK modulation, the MPSK symbols
dk will be spread by the information-bearing rotated CI codes
matrix Ũ, as marked with red color in Fig. 1. Considering that
the information bits carried by Ũ will induce the phase offset
when performing de-spreading operations at the receiver, we
propose to add a pre-distortion module at the transmitter to
combat the phase offset and to avoid the phase ambiguity which
might induce high BER.

The pre-distortion operation is performed by using a diagonal
matrix V represented by:

V = diag([Vi0,0, Vi0,1, . . . , Vi0,n, . . . , Vi0,N−1]), (3)

where diag(·) transforms a vector to a diagonal matrix, and
Vi0,n = e−j2(M−1)πi0n/(MN).

Thus after the pre-distortion, the rotated CI codes matrix
becomes ŨV, whose vectors are denoted by ũnVi0,n and remain
orthogonal with each other. Moreover, since the amplitude of
Vi0,n in V is 1, the pre-distortion module will not increase the
PAPR.

Next, the chaotic modulatedM -ary symbols dk are spread by
the pre-distorted CI codes matrix ŨV in the frequency domain
as follows:

wk = ŨVdk = [w0,k, w1,k, · · · , wi,k, . . . , wN−1,k]
T , (4)

where wi,k is the kth information-bearing chaotic modulated
chip to be transmitted over the ith subcarrier.

4) OFDM Modulation: In the OFDM module, IFFT is per-
formed on wk restricted in the duration of a rectangular pulse
shaping waveform g(t− kNTc), where Tc denotes the chip du-
ration. Besides, the frequency interval of orthogonal subcarriers
is Δf , which is small enough to ensure the orthogonality. After

the IFFT, the resultant waveform s(t) is expressed as:

s(t) =

β−1∑
k=0

N−1∑
i=0

wi,ke
j2π(fc+iΔf)t × g(t− kNTc − kTCP )

=

β−1∑
k=0

N−1∑
n=0

dn,k

N−1∑
i=0

ej
2π
N ·( i0

M +i)·nej2π(fc+iΔf)t

× g(t− kNTc − kTCP ), (5)

where the time duration of s(t) is Ts = βTOFDM = βNTc and
TOFDM is the duration of an OFDM symbol [11]. Moreover,
TCP denotes the duration of CP, fc denotes the center fre-
quency of subcarriers, then the frequency interval is defined as
Δf = 1/TOFDM . Additionally, g(t− kNTc − kTCP ) denotes
the rectangular pulse shaping waveform for the kth chip with the
time delay of kNTc + kTCP .

B. Receiver Structure

At the receiver, the signal received from the channel can be
denoted in the time domain as:

r(t) = h(t)⊗ s(t) + n(t), (6)

where ⊗ denotes the cyclic convolution operator, n(t) de-
notes the complex Gaussian noise, which has mean value zero
and power spectral density N0, and h(t) represents the over-
all channel response. For multi-path fading channel, h(t) =∑L

l=1 αlδ(t− τl) [11], where L denotes the number of paths,
αl and τl, respectively, denote the independent and identically
distributed (i.i.d) fading coefficient and path delay, which remain
constant during the overall OFDM-DCSK symbol duration Ts
for the lth path and δ(·) denotes the unit impulse function.

As shown in Fig. 2, after the down-conversion transformation
and the removal of CP, the OFDM demodulation and inverse
CI de-spreading are performed. Then, chaotic demodulation is
carried out with the chaotic reference sequence. The resultant
symbols are then demodulated sequentially to provide the esti-
mates of two information sets for user equipment. More details
are presented as follows.

1) OFDM Demodulation: As shown in Fig. 2, the re-
ceived signal will be replicated N times, and the resul-
tant N data streams will be demodulated with the orthog-
onal waveform e−j2πiΔftg(t− kNTc). The obtained sym-
bols in the kth received vector can be denoted as rk =
[r0,k, . . . , ri,k, . . . , rN−1,k]

T .
Under the assumption that the phase of the channel frequency

response over the ith subcarrier can be estimated and counter-
acted with perfect channel estimation, while perfect channel
state information (CSI) could be learned at the receiver [30],
the received symbol ri,k can be calculated by:

ri,k = Hi,k

N−1∑
m=0

dm,ku
(m)
i0
M +i

+ ξi,k, (7)

where ξi,k denotes the complex Gaussian noise with the mean
value of 0 and the variance of N0. Hi,k denotes the channel fre-
quency response for the kth chaotic chip over the ith subcarrier,
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Fig. 2. Receiver structure.

which remains constant in the overall OFDM-DCSK symbol
duration Ts. That is to say, for ∀k′ �= k, in the duration of Ts,
we have Hi,k = Hi,k′ = Hi.

2) CI Codes De-Spreading: Subsequently, rk is de-spread
with the inverse CI codes matrix Φ represented by
Φ = [φ0,φ1, . . . ,φn, . . . ,φN−1]

T , where φn = [φ
(n)
0 , φ

(n)
1

, . . . , φ
(n)
i , . . . , φ

(n)
N−1]

T and φ(n)i = e−j2π·i·n/N = u
(−n)
i .

As mentioned above, thanks to the orthogonality of ũnVi0,n,
we have ũnVi0,n • vm = Nejπi0n when n = m, • denotes the
dot product between two vectors. and ũnVi0,n • vm = 0 when
n �= m.

Therefore, according to (7), the kth chip of the nth de-spread
data zn,k can be denoted as:

zn,k = φn • rk =

N−1∑
i=0

ri,kφ
(n)
i

=
N−1∑
i=0

Hixk

(
N−1∑
m=0

smu
m
i0
M

u
(m−n)
i

)
︸ ︷︷ ︸

An,k

+
N−1∑
i=0

ξ
(n)
i,k︸ ︷︷ ︸

Bn,k

(8)

where An,k and Bn,k denote the signal and noise term in zn,k,
respectively [29]. Notably, when n = 0, z0,k denotes the kth
reference chaotic chip, while when n ≥ 1, zn,k denotes the kth

information-bearing chaotic chip. Besides, ξ(n)i,k = ξi,kv
(n)
i and

ξ
(n)
i,k have the same mean value and variance as ξi,k.

Then the vector constituted by de-spread symbols is repre-
sented by:

zk = Vrk = [z0,k, z1,k, . . . , zn,k, . . . , zN−1,k]
T . (9)

3) Correlation Chaotic Demodulation: Next, the obtained
de-spread chaotic chips will be stored in the buffer and released
for chaotic demodulation every β chaotic chips duration. No-
tably, considering that the chaotic chip used at the transmitter is
real, hence we propose to only use the real part of the received
reference chaotic chips for correlation demodulation.

Thus, the reference chaotic chips matrix A and the
information-bearing chips matrix B are represented by:

A =
[
R{z0,0} R{z0,1} · · · R{z0,β−1}

]
(10a)

B =

⎡
⎢⎢⎢⎢⎣
z1,0 z1,1 · · · z1,β−1

z2,0 z2,1 · · · z2,β−1

...
...

. . .
...

zN−1,0 zN−1,1 · · · zN−1,β−1

⎤
⎥⎥⎥⎥⎦ (10b)

where R{·} takes the real part of a complex number, z0,k

denotes the kth element of the demodulated chaotic reference
sequence, zn,k (n > 0) denotes the kth element of the demodu-
lated information-bearing chaotic sequence.

Applying the chaotic correlation modulation on A and B, we
attain the information-bearing symbol matrix as:

Z = A ·BT =
[
Z1 Z2 · · · ZN−1,

]
(11)

where Zn =
∑β−1

k=0 R{z0,k} · zn,k.
4) Index Demodulation, Phase Recovery, and Data Sym-

bol Estimation: Subsequently, the index demodulation, and the
MPSK demodulation are carried out to recover the information.

Firstly, we evaluate i0. Let î denote the estimate of index sym-
bol. Corresponding to the pre-distortion module, we compensate
the phase offset induced by i0 to Zn and obtain

Zn,̂i = Zne
−j2πî·n/(MN) = Znφ

(n)

î/M
. (12)

To be more specific, Zn,̂i can be calculated by:

Zn,̂i = Znφ
(n)
î
M

= φ
(n)
î
M

β−1∑
k=0

(
A∗

0,kAn,k +A∗
0,kBn,k

+ B∗
0,kAn,k +B∗

0,kBn,k

)
, (13)

where the first term A∗
0,kAn,k represents the desired signal,

while other terms represent interference. Moreover, An,k can
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be evaluated by:

An,k = xk

N−1∑
i=0

Hi

(
N−1∑
m=0

smu
(m)
i0
M

u
(m−n)
i

)

= xksnu
(n)
i0
M

NH︸ ︷︷ ︸
Cn,k

+xk

N−1∑
i=0

Hi

⎛
⎝ N−1∑

m=0m �=n

smu
(m)
i0
M

u
(m−n)
i

⎞
⎠

︸ ︷︷ ︸
Dn,k

(14)

whereCn,k contains thekth chip of the desirednth symbol,Dn,k

denotes the inter-symbol interference and H =
∑N−1

i=0 Hi/N .
Substituting (13) into (14), except the desired signal item

Cn,k, we categorize all other items as the interference and noise
denoted by I0,n,k, then (13) is rewritten as:

Zn,̂i = φ
(n)
î
M

β−1∑
k=0

(C∗
0,kCn,k + I0,n,k)

= snu
(n)
i0−î

M

N 2H
2
β−1∑
k=0

x2
k︸ ︷︷ ︸

desired signal

+

β−1∑
k=0

φ
(n)
î
M

I0,n,k︸ ︷︷ ︸
overall interference

(15)

Since u(n)
(i0−î)/M

= ej2π·(i0−î)·n/(MN), it could be seen from the

above equation that the value of i0 determines the argument of
the desired signal.

Then we could utilize the argument of constellation points to
evaluate i0. We first find the MPSK constellation point which
has the lowest Euclidean distance with Zn,̂i, which is denoted
by ζn,̂i. Let ηn,̂i denote the argument of Zn,̂i, ψn,̂i denote the
argument of ζn,̂i, then we can derive the optimal estimate of the

row index i0, which is denoted as î0, as follows:

î0 = argmin
î

N−1∑
n=1

|ηn,̂i − ψn,̂i| (16)

As shown in (16), by minimizing the phase offset between Zn,̂i

and ζn,̂i, the optimal î can be calculated as î = î0, thus the
estimate of i0 can be obtained.

Moreover, from (15) and (16), we can find that the estimated
î is closely related to Zn,̂i; therefore, the optimal phase of Zn,̂i

can be calculated using î0. Assuming that the overall interference
can be ignored in the following analysis when i0 − î �= 0, the
phase of Zn,̂i changes with different n, and the number of the
phase can vary considerably compared with the phase ψn,̂i of

the constellation points. Otherwise, when i0 − î = 0, the phase
of u(n)

i0−î
is equal to 0, then the phase value ηn,̂i of Zn,̂i varies

little with n and becomes equal to the phase value ψn,̂i of the
constellation points ζn,̂i.

Accordingly, with the aid of î0, the phase recovery can be
performed to attain the estimate of Z as:

Ẑn = Zn · e− j2πî0n
MN = e−

j2πî0n
MN

β−1∑
k=0

R{z0,k} · zn,k, (17)

where Ẑn is the estimate of MPSK symbols. Notably,∑β−1
k=0 R{z0,k} · zn,k could be further denoted by

ρej2πi0n/(MN), where ρ represents the part containing the
desired symbol without the phase offset brought by CI codes
spreading and the index modulation. We can see that if the
estimated index symbol î0 deviates from the original transmitted
index symbol i0, the phase of the resultant symbol Ẑn will be
rotated, which leads to the BER performance degradation. Then
after the parallel to serial (P/S) conversion, the transmitted
information bits can be retrieved.

III. PERFORMANCE ANALYSIS

In this section, we present the energy efficiency, spectral
efficiency, PAPR, BER, and complexity performances analysis
for our proposed system.

A. Energy Efficiency and Spectral Efficiency

Without loss of generality, in the energy efficiency analysis,
we ignore the energy cost of the CP.

Define Edata and Eref as the energy of data and refer-
ence symbols, respectively [11]. In OFDM-DCSK based sys-
tems [10], considering one chaotic reference sequence is needed
for transmitting information bits in otherN − 1 subcarriers, the
bit energy can be denoted asEb = Edata + Eref/(N − 1) [11],
where Edata = Eref = Tc

∑β−1
k=0 x

2
k. In order to facilitate the

analysis of energy efficiency, here we use the data-energy-to-
bit-energy-ratio (DBR) to define the energy efficiency denoted
as:

DBR =
Edata

Eb
. (18)

Based on (18), we can obtain that the energy efficiency of
the proposed system and benchmark systems. For example,
the conventional OFDM-DCSK system [10] has the DBR of
(N − 1)/N , while in this research work, with the proposed PC-
IM-MPSK-OFDM-DSCK scheme, the energy efficiency can
be remarkably improved. Moreover, thanks to the application
of the pre-distortion module at the transmitter, the number of
transmitted index bits in CI codes aided OFDM-DCSK symbol
can remain the same when the modulation order increases. Note
that our proposed scheme can use N subcarriers to transmit
(N − 1) log2 M bits via MPSK symbol and log2 N bits via
index modulated symbol, the DBR of our proposed scheme can
be evaluated as ((N − 1) log2 M + log2 N)/N .

Table I compares the energy efficiency of counterpart DCSK
system [6], OFDM-DCSK system [10], carrier index MC-
DCSK [24], MC M -ary DCSK [21], CI aided OFDM-DCSK
based system [27], the EECI aided OFDM-DCSK system [29]
and our proposed PC-IM-MPSK-OFDM-DSCK system. We can
conclude from the table that thanks to the parallel architecture
design, the proposed scheme can reach an energy efficiency
much larger than 1.

Moreover, it is noticeable that the proposed system achieves
relatively higher energy efficiency than benchmarks. The reason
why our proposed system has high energy efficiency is that on
the one hand, similar to the MC M -ary DCSK [21] scheme, the
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TABLE I
ENERGY EFFICIENCY COMPARISONS

TABLE II
SPECTRAL EFFICIENCY COMPARISONS

M -ary modulation increases the number of bit log2 M times. On
the other hand, the information bits carried by the CI codes will
not consume additional energy, thus more bits could be delivered
while the total energy remains unchanged. Namely, both the
M -ary modulation and the index modulation enable the multi
carrier DCSK system to deliver more bits with no requirement
of additional energy. As a result, the energy efficiency could be
improved.

Subsequently, we compare the spectral efficiency of the pro-
posed system with benchmark scheme. For fairness of com-
parisons, we assume that all considered schemes occupy the
same bandwidth ofB, and the duration is Ts. Then we calculate
the spectral efficiency by evaluating the number of bits trans-
mitted per bandwidth per duration. As shown in Table II , we
can observe that our proposed scheme achieves higher spectral
efficiency than other benchmark schemes.

B. PAPR Performance

The PAPR performance is evaluated by calculating the com-
plementary cumulative distribution function (CCDF) which is
denoted as: [26], [27], [29]

CCDF (PAPR0) = Pr(PAPR > PAPR0), (19)

where Pr(A) denotes the probability ofA and PAPR0 denotes
a PAPR threshold. The PAPR of samples χp in one OFDM-
DCSK symbol duration Ts containing β OFDM symbols is de-
noted as PAPR = max(|χp|2)/E{|χp|2}, where max(·) takes
the maximum value [29].

It is worth pointing out that both the index modulation and
MPSK will not increase the PAPR since their rotation operation

and constant-envelop constellation mappings will not change
the PAPR.

C. GA-Aided BER Analysis

We could use the Gaussian approximation (GA) method [31]
to derive the approximate BER expressions or apply the numer-
ical methods such as the series expansion to obtain the BER
bound [32]. In this paper, the GA method [31] is used to de-
rive the BER expression, which provides higher approximation
precision when the number of samples is larger, e.g., larger
chaotic sequence length β or larger number of subcarriers N
or modulation order M .

Considering the circular rotation pattern of the CI codes
matrix is limited, the number of information bits modulated by
the index is small. In addition, as indicated by (16), the estimates
of the index bits are obtained via calculating the argument of
constellation points. Since both the index modulated symbols
and the MPSK modulated symbols experience the same process-
ing OFDM modules and channel fading, the BER performances
would be close. However, since the orthogonality of the CI codes
matrix helps to reduce the interference among symbols, the
interference among symbols could be reduced, thereby leading
to slightly better BER performances, thus slightly different
reliability performances could be provided respectively by the
index modulation and the MPSK modulation. Nevertheless,
considering that no explicit statistical distribution could be given
for the index bits due to the irregular argument of constellation
points, here we mainly focus on the BER of bits modulated
by the MPSK module. It is worth mentioning that the overall
BER performances approach the BER performances of the index
modulated and the MPSK modulated symbols close to each
other, which will be demonstrated by the simulation results in
the following Section.

Assuming that the duration of one chaotic chip is Tc = 1,
the number of bits contained in the set modulated by the CI
codes matrix is Ni = log2 N , the number of bits in another set
modulated by MPSK is Nall = log2 M(N − 1) +Ni. Besides,
we assume that i0 can be recovered reliably at the receiver.

Based on the above assumptions, we can derive that
Edata = βE{x2

k} and Eb = N 2βE{x2
k}/Nall. For n ≥ 1, de-

fineKn = e−j2πî0n/(MN)(
∑N−1

i=0 Hi

∑N−1
m=0 smu

m
i0/M

u
(m−n)
i ),

then the demodulated symbol Ẑn can be further derived from
(8) and (17) as:

Ẑn =

β∑
k=1

xk

(
KnR

{
N−1∑
i=0

ξi,k

}
+ R {K0}

N−1∑
i=0

ξ
(n)
i,k

)
︸ ︷︷ ︸

G1

+ R {K0}Kn

β∑
k=1

x2
k︸ ︷︷ ︸

G2

+

β∑
k=1

R

{
N−1∑
i=0

ξi,k

}
N−1∑
i=0

ξ
(n)
i,k︸ ︷︷ ︸

G3

, (20)

whereG2 denotes the desired signal, whileG1 andG3 denote the
interference components. SinceG1,G2 andG3 are independent;
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we can further derive the expectation and variance of Ẑn as [31]:

E{Ẑn|sn}=
3∑

ω=1

E{Gω|sn}, var{Ẑn|sn} =

3∑
ω=1

var{Gω|sn}.

(21)

Based on the derived statistical characteristics given by (21),
we could further derive the signal-to-noise-plus-interference
ratio (SINR) expression for BER derivations as [30]:

Γ =
E{Zn|sn}2

var{Zn|sn} . (22)

Next, with reference to the general BER expression given
in [33], using the SINR expression presented above, we express
the BER performance over AWGN channel as:

Pb =
1

log2 M

log2 M∑
c=1

Pb(c). (23)

where c is the index of bits in an MPSK symbol, and 1 ≤ c ≤
log2 M . For c ≤ 3, Pb(c) can be defined as [33]:

Pb(c) =

η∑
m=0

{
22−�2/M�

M
·Q

(√
Γ log2 M sin

(2m+ 1)π
M

)}
(24)

whereQ(x) =
∫∞
x 1/

√
2πe−t2/2dt is the 1-D Q-function. When

c > 3, Pb(c) can be defined as [33]:

Pb(c)

=

2log2 M−2−1∑
m=0

{
C1(m) ·Q

(√
Γ log2 M sin

φ1(m)π

M

)}

+

M
2c (2c−2−1)−1∑

l=0

{
C2(l) ·Q

(√
Γ log2 M sin

φ2(l)π

M
,

√
Γ log2 M sin

φ3(l)π

M
;−ρ

)}
(25)

whereC1(m)=(2c/M)(−1)�n·2
c−1/M�, φ1(n)=2n+1, C2(l)=

(2k+1/M)(1+�(4l/M)+(1/2�23−c�+c−3)�)·(−1)�3/c�+�l·2c−1/M ,
φ2(l) = (M/2)− 2l − 1, φ3(l) = 2log2 M−k+1 +

∑log2 M−c
h=0

(2h · (−1)�l/2h�+1), ρ=cos((φ2(l) + φ3(l))π/M)[33], and the
2-D Q-function can be defined asQ(x1, x2, ρ) = 1/((1/

√
2π) ·

(1 − ρ2)) · ∫∞
x2

∫∞
x1
e−(x2+y2−2ρxy)/(2·(1−ρ2))dxdy.

Furthermore, the average BER over the frequency selective
fading (FSF) channel can be derived as the integration of the
conditional BER of each path, which can be denoted as [30]:

PFSF =

∫ ∞

0
· · ·

∫ ∞

0
Pbf(Ω1), . . . , f(ΩL)dΩ1, . . . ,dΩL

(26)

where Ωl = |αl|2 is the power of each path and its prob-
ability density function (PDF) can be denoted as f(Ωl) =
(e−Ωl/E{Ωl})/E{Ωl}.

Then the general BER over flat fading channel can also be
derived as:

Pflat =

∫ ∞

0
Pbf(Ω1)dΩ1. (27)

Specifically, take M = 2 and M = 4 as two examples, more
details about the derivations are given as follows.

1) M = 2: When M = 2, the constellation points are de-
noted as +1,−1. The conditional BER can be calculated by
the SINR as erfc(

√
Γ/2)/2, where erfc(x) = 2

∫∞
x e−t2

dt/
√
π.

For the flat fading channel, we have Hi = H for ∀i. Then the
statistical characteristics ofG1,G2, andG3 are derived as below.

E{G1|(sn = ±1)} = E{G3|(sn = ±1)} = 0, (28a)

E{G2|(sn = +1)} = −E{G2|(sn = −1)} = N 2|H|2βE{x2
k},

(28b)

var{G1r|(sn = ±1)} = N 3|H|2βE{x2
k}N0, (28c)

var{G1i|(sn = ±1)} =
1
2
N 3|H|2βE{x2

k}N0, (28d)

var{G2|(sn = ±1)} = N 4|H|4βvar{x2
k}, (28e)

var{G3r|(sn = ±1)} = var{G3i|(sn = ±1)} =
1
4
N 2βN 2

0 ,

(28f)

where G1r and G1i denote the real and imaginary part of G1,
respectively, and the real and imaginary part of G2, and G3 can
be defined in a similar way. Considering that when M = 2, sn
is a real number, then the imaginary part of Gω can be ignored.

Define γ = |H|2Eb/N0 and the PDF of γ as f(γ) where
f(γ) = (e−γ/E{γ})/E{γ} over the flat fading channel, thanks to
the statistical characteristics ofG1,G2 andG3. The average BER
over flat fading channel when M = 2 can be derived according
to (21), (22) and (28) as:

P2,flat =

∫ ∞

0

1
2
erfc

(√
Γ

2

)
f(γ)dγ

=

∫ ∞

0

1
2
erfc

(√
E{Zn|sn}2

2var{Zn|sn}

)
f(γ)dγ

=

∫ ∞

0

1
2
erfc

⎛
⎜⎜⎝
√√√√√

(∑3
ω=1 E{Gω|sn}

)2

2
∑3

ω=1 var{Gω|sn}

⎞
⎟⎟⎠ f(γ)dγ

=

∫ ∞

0

1
2
erfc

⎡
⎢⎢⎣
⎛
⎜⎝ 2

∑3
ω=1 var{Gω|sn}(∑3
ω=1 E{Gω|sn}

)2

⎞
⎟⎠

− 1
2

⎤
⎥⎥⎦ f(γ)dγ

=

∫ ∞

0

1
2
erfc

[(
1
β
+

2
γ
+

β

2γ2

)− 1
2

]
f(γ)dγ. (29)

For the additive white Gaussian noise (AWGN) channel, we
have H = 1 and γ = Eb/N0 becomes a constant value. Then
the integration is removed, and the BER over AWGN channel
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when M = 2 can be calculated by:

P2,AWGN =
1
2
erfc

[(
1
β
+

2N0

EbN
+

N 2
0β

2E2
b N

2

)− 1
2

]
. (30)

2) M = 4: When M = 4, the constellation points can
be represented as

√
2/2 + j

√
2/2, −√

2/2 − j
√

2/2,
√

2/2 −
j
√

2/2, −√
2/2 + j

√
2/2. For the flat fading channel, the sta-

tistical characteristics ofG1,G2 andG3 are evaluated as follows.

E

{
G1|

(
sn = ±

√
2

2
± j

√
2

2

)}

= E

{
G3|

(
sn = ±

√
2

2
± j

√
2

2

)}
= 0, (31a)

E

{
G2r|

(
sn =

√
2

2
± j

√
2

2

)}

= E

{
G2i|

(
sn = ±

√
2

2
+ j

√
2

2

)}

= −E

{
G2r|

(
sn = −

√
2

2
± j

√
2

2

)}

= −E

{
G2i|

(
sn=±

√
2

2
−j

√
2

2

)}
=

√
2

2
N 2|H|2βE{

x2
k

}
,

(31b)

var

{
G1r|

(
sn = ±

√
2

2
± j

√
2

2

)}

= var

{
G1i|

(
sn=±

√
2

2
± j

√
2

2

)}
=

3
4
N 3|H|2βE{x2

k

}
N0,

(31c)

var

{
G2r|

(
sn = ±

√
2

2
± j

√
2

2

)}

= var

{
G2i|

(
sn = ±

√
2

2
± j

√
2

2

)}

=
1
2
N 4|H|4βvar{x2

k

}
, (31d)

var

{
G3r|

(
sn = ±

√
2

2
± j

√
2

2

)}

= var

{
G3i|

(
sn = ±

√
2

2
± j

√
2

2

)}

=
1
4
N 2βN 2

0 . (31e)

From (31) we can find that when M = 4, the statistical char-
acteristics of the real and imaginary part are identical. Moreover,
since the modulation of quadrature phase-shift keying (QPSK)
symbols can be regarded as two separate orthogonal binary

TABLE III
COMPLEXITY COMPARISONS

phase-shift keying (BPSK) modulation in the real axis and the
imaginary axis, the BER of the proposed system when M = 4
can be calculated by evaluating the real part or imaginary part
only. For the real part, the average BER over flat fading channel
when M = 4 can be derived similar to (29) as:

P4,flat =

∫ ∞

0

1
2
erfc

[(
1
β
+

3
2γ

+
β

4γ2

)− 1
2

]
f(γ)dγ. (32)

Then the BER over AWGN channel when M = 4 can be
evaluated by:

P4,AWGN =
1
2
erfc

[(
1
β
+

3N0

2EbN
+

N 2
0β

4E2
b N

2

)− 1
2

]
. (33)

Note that the BER performance with M = 4 will be better
than the BER performance with M = 2 owing to the larger
signal to noise ratio (SNR) value of information bits while the
Euclidean distances between adjacent constellation points are
the same, which will be validated via simulation results provided
in the following section. However, it is worth mentioning that
when the modulation orderM increases, the BER performances
will degrade great due to the narrowed distances between adja-
cent symbols.

D. Complexity

Table III compares the complexity of the proposed system
and counterpart systems. It is noticeable that the complexity of
our design is lower than that of the carrier index MC-DCSK
systems and similar to the other energy efficient schemes, while
the OFDM-DCSK system without any processing overheads has
the lowest complexity. To be more specific, for the OFDM-
DCSK system [10], the complexity is O(βN log2 N), which
is mainly dependent on the OFDM modulation involving the
FFT, while for the carrier index MC-DCSK [24], the FFT can
not be applied since the number of subcarriers is not the power
of 2, thus the complexity is O(β(N + 1)2). Besides, the FFT
cannot be applied in the MC M -ary DCSK system neither, thus
the complexity of MC M -ary DCSK is O(βN 2). Moreover, for
all CI codes spreading aided OFDM-DCSK systems, the com-
putational complexity is mainly determined by the spreading
operations, and the complexity is O(βN 2).
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Fig. 3. Spectral efficiency performance comparison.

IV. NUMERICAL ANALYSIS

In this section, we will firstly present the spectral efficiency
and PAPR performances, then we demonstrate the BER per-
formances under different settings. Moreover, the performances
are compared with benchmark schemes. For fairness and con-
venience of comparisons, the simulation parameters are set as
the same as those used in the references [6], [10], [21], [24],
[27], [29]. In addition, without loss of generality, with refer-
ence to [27], we also assume that perfect time and frequency
synchronization could be achieved in considered systems. More
details about the settings of parameters, including the number of
the subcarriers, the modulation order, the length of chaotic se-
quences and the channel conditions etc. are presented separately
in each of the following subsections.

A. Spectral Efficiency Performance

Figure 3 compares the spectral efficiency of the proposed
system with those of other benchmark systems when the number
of subcarriersN varies from 2 to 1000. It could be observed that
the proposed system obviously has achieved better spectral ef-
ficiency than benchmark schemes no matter what the subcarrier
number N is.

B. PAPR Performance

As shown in Fig. 4, the proposed parallel index modulation
and MPSK aided OFDM-DCSK system have similar PAPR per-
formances to the PAPR performance of our previous work [27]
and conventional DCSK systems. In this figure, PAPR0 repre-
sents the threshold, while the average PAPR refers to the average
value of PAPR obtained from multiple simulations. Moreover,
the PAPR performance of the proposed system is much better
than the PAPR performance of conventional OFDM-DCSK [10].
The reason is that the index modulation only rotates every row
of the CI codes matrix, which remains the orthogonality and the
spreading CI codes [29]. We can also notice from Fig. 4 that
the PAPR performance of our proposed system when M = 4
is equal to the PAPR performance when M = 2, which means

Fig. 4. PAPR performance comparison.

Fig. 5. The BER performance comparisons over AWGN channel.

that the larger value of the modulation order does not degrade
the PAPR performance.

C. BER Performance Comparisons With Benchmark Schemes

Figure 5 compares the BER performance over AWGN channel
of the proposed parallel index modulation and MPSK CI aided
DCSK system with the benchmark schemes when N = 128,
β = 100, and M = 2. It can be observed from the figure that
the proposed scheme achieves better BER performances than
the benchmark OFDM-DCSK scheme [10] and the CI-aided
OFDM-DCSK scheme [27], thanks to the removal of the imag-
inary part of the chaotic reference sequences as indicated by
(10a).

In addition, we investigate the impacts of the index demod-
ulation on the BER performance of the overall system. Let
PMPSK , Pindex, and Poverall, respectively, denote the BER
of MPSK modulated bits; the index modulated bits, and all
information bits. We compare the BER of the proposed system
in two cases that the estimate of the index î0 is obtained from the
ML detection, or the exact value of i0 is known to the receiver.
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Fig. 6. The BER performances over flat fading channels.

It can be seen that thanks to the orthogonality of the CI codes
matrix, Pindex is much lower than PMPSK and Poverall.

Moreover, it can be observed that the estimate precision has
slight influence on the overall BER, especially when SNR is
relatively high. Namely, PMPSK approaches Poverall, which
demonstrates the claim that the overall BER can be approxi-
mated by the BER of MPSK modulated bits as mentioned in
the above theoretical BER analysis. Therefore, we can apply the
analytical BER expression of PMPSK to evaluate the overall
BER approximately.

Next, we apply the derived closed-form BER expression
given by (29), and compare the theoretical analysis results
with the simulated BER performances over flat fading channels
when N = 128, β = 100, and M = 2 with the assumption of
τmax << 1/(NΔf). As illustrated by Fig. 6, the analytical
BER performances match the simulated ones. Moreover, similar
to the observations over AWGN channel, our proposed sys-
tem achieves better BER performances than the conventional
OFDM-DCSK system [10], and CI aided OFDM-DCSK sys-
tem [27] as our proposed system only uses the real part of the
chaotic reference sequences to perform the correlation demod-
ulation, which effectively suppresses the noise or interference
induced by the imaginary part.

Subsequently, Fig. 7 gives the BER performances when
N = 128, β = 100, and M = 2 over the frequency selective
fading (FSF) channel. The channel has three paths with the
average energy of E{Ωl} = E{Ω1}e−ε(l−1) [34], where the
power decay factor is ε = 3 and

∑L
l=1 Ωl = L. Moreover, the

time delays of each path in the FSF channel can be defined as
[τ1, τ2, τ3] = [0, 0.05, 0.1]μs and the subcarrier spacing can be
defined as 312.5 kHz [30]. It can be concluded from Fig. 7
that the analytical BER performances match the simulation
results. Moreover, our proposed system achieves better BER
performances than the OFDM-DCSK system [10] and CI aided
OFDM-DCSK system [27] while enhancing the energy effi-
ciency thanks to the parallel concatenated index modulation and
MPSK modulation.

Fig. 7. The BER performances over frequency selective fading channels.

Fig. 8. BER performance comparison with carrier index DCSK [24] over
AWGN channel.

Notably, comparing the results given in Fig. 6 with those in
Fig. 7, we can find that the BER performances over the FSF
channel are better than those over the flat fading channel. The
reason is that with the aid of the CI codes spreading, larger
frequency diversity gain can be achieved over the FSF channel,
wherein each subcarrier might experience different channel
fading, than that over the flat fading channels.

Then we select the carrier index DCSK [24] as the benchmark
index based chaotic modulation scheme, which also deliver
information via multiple carriers, to compare the BER perfor-
mances with our design over AWGN channel. The parameters
are set as N = 64, β = 80 and M = 2. It can be observed from
Fig. 8 that our proposed system could achieve considerable BER
performance gain when Eb/N0 is relatively higher, while for
lower Eb/N0, the BER performances of our proposed system is
slightly worse than those of the carrier index DCSK system since
the orthogonality of CI codes could not be well guaranteed.
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Fig. 9. BER and bit rate performance trade-offs serving different QoS demands
over AWGN channel.

D. Data Rate and BER Trade-Offs With QoS Consideration

In this paper, as mentioned in Section I, the QoS corresponds
to the data rate and the BER. In practical systems, such as
IoT networks with massive connections, user terminals might
have different QoS demands. For example, some user terminals
might require more reliable transmissions of the data collected
from the sensors, while some user terminals need high data rate
transmissions to serve the real time voice delivery.

Next, inspired by the observations that the BER of index mod-
ulated bits Pindex is lower than PMPSK , in Fig. 9, we demon-
strate the proposed parallel modulation scheme can provide
different BER and different data rates using various combina-
tions of the index modulation and MPSK modulations. Namely,
different QoS in terms of the data rate and the BER could be
provided. To be more explicit, the user data bits modulated
by the M -ary modulation could be delivered with higher data
rate of (N − 1) log2 M bits per slot, while the bits modulated
by the indexes would be transmitted with the data rate of Ni

bits per slot and lower BER of Pindex. From Fig. 9, we can
observe that when the modulation order of MPSKM = 1, 2 and
the number of information bits Ni = 1, 7, the index modulated
bits, and MPSK modulated bits are transmitted with different
BER. It is noticeable the index modulated bits can be delivered
more reliably thanks to the orthogonality of the CI code matrix.
Therefore, we can use the index modulation module to transmit
the key information requiring higher reliability and use the
MPSK module to deliver information for users having demands
of higher data rates.

E. BER Performances With Different Setting
Over AWGN Channel

Then Fig. 10 shows the BER performance over the AWGN
channel whenN = 128 andM = 2. We can conclude that when
β ≥ 100, the BER performances will become worse when β
increases. This is because longer chaotic sequence can collect
more noise so that the noise power increases. Moreover, we

Fig. 10. The BER performances over AWGN channel when N = 128 and
M = 2.

Fig. 11. The BER performances over AWGN channel when β = 100 and
M = 2.

can also find from Fig. 10 that the analytical BER matches the
simulated BER well.

Figure 11 illustrates the BER performance over the AWGN
channel when β = 128 and M = 2 in the condition of correct
i0 estimation. We can conclude from Fig. 11 that whenN ≥ 16,
the BER performance will become worse when N increases.
This is because of (30) we can calculate that when N is large,
BER will increase with the increase ofN . Moreover, we can also
find from Fig. 10 that the analytical BER approach the simulated
BER.

Figure 12 demonstrates the BER performance over the
AWGN channel when N = 128 and β = 100. In Fig. 12, the
BER performances whenM = 4 are better than the BER perfor-
mance whenM = 2, which matches the conclusion jointly made
by (30) and (33). Moreover, it can also seen that the analytical
BER performance can also fit the simulated BER performance
well.
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Fig. 12. The BER performances over AWGN channel when N = 128 and
β = 100.

Last but not the least, it is worth pointing out that if higher
order modulation scheme or the amplitude modulation schemes
such as QAM or amplitude shift keying (ASK) are applied,
due to the narrowed Euclidean distances between symbols or
the increasing interference to chaotic transmissions, the BER
performances would degrade accordingly.

V. CONCLUSION

In this paper, we propose a QoS-aware parallel concatenated
index modulation and MPSK modulation aided OFDM-DCSK
scheme, to simultaneously provide different QoS services, en-
hance the energy efficiency as well as the reliability, and suppress
the PAPR. We divide the information bits into two parallel sets.
One set of bits is converted to the decimal number to rotate
the CI codes matrix circularly; thus the index is utilized to
carry the information bits. Another set of bits are modulated by
the MPSK modulation module. Then we add a pre-distortion
module to avoid the phase ambiguity induced by the index
modulation. Subsequently, the MPSK symbols are modulated
by the chaotic reference sequence and further spread by the
information-bearing CI codes matrix. After IFFT and adding
CP, the user data are delivered via multiple subcarriers. At
the receiver, the information bits embedded in the index and
modulated by MPSK are sequentially recovered. Furthermore,
we analyze the energy efficiency, spectral efficiency, PAPR,
BER and complexity performances and compare them with
benchmark schemes. Simulations demonstrate that our proposed
scheme outperforms the benchmark schemes. With our design,
various BER and different data rate can be provided by different
combinations of the index modulation and the MPSK. Moreover,
better energy efficiency, spectral efficiency and reliability perfor-
mances can be achieved than benchmark schemes. The potential
applications include IoT terminals with low power consumption
requirements or millimeter-wave band communications serving
massive nodes with different QoS demands.
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