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Abstract—1In this paper, we propose a Sparse Code
Spreading-aided Multi-Carrier Differential Chaos Shift Keying
(SCS-MC-DCSK) transceiver to improve the efficiency and reli-
ability performances for multiuser transmissions. With the aim
to improve the spectrum efficiency and enhance the reliability,
we construct a multi-dimension codebook based on a factor
graph matrix to spread information bits in a non orthogonal
way, thus the signals could overlap and multiple users are
allowed to share all sub-carrier resources via the non orthogonal
spreading. The information bits using the same codebook are
regarded as a layer, while each user could choose to use one or
multiple layers. Then the resultant symbols are spread by the
reference chaotic sequence and its quadrature version generated
by Hilbert transform in the time domain. At the receiver,
reverse operations are conducted, and we propose the Minimum
Distance (MD) detection method to retrieve the estimates. Fur-
thermore, theoretical performances, including the Symbol Error
Rate (SER), capacity, energy efficiency, spectrum efficiency and
computational complexity, are analyzed and compared among
the proposed design and benchmarks. Simulation results are
then provided to validate the theoretical analysis. Moreover,
the Bit Error Rate (BER) performances under different channel
conditions demonstrate the superior reliability and efficiency to
benchmarks.

Manuscript received May 16, 2020; revised September 23, 2020; accepted
November 17, 2020. Date of publication November 25, 2020; date of
current version March 17, 2021. This work was supported Guangdong
Basic and Applied Basic Research Foundation (No. 2020A1515010703),
the Key Research and Development and Transformation Plan of Science and
Technology Program for Tibet Autonomous Region (No. XZ201901-GB-16),
the Project of National Natural Science Foundation of China (No. 61671395,
No. 61602531, and No. 61871337), and in part supported by Guangdong
Science and Technology Project (No. 2020A1010020009). The associate
editor coordinating the review of this article and approving it for publication
was L. Wei. (Corresponding author: Lin Zhang.)

Zuwei Chen is with the School of Electronics and Information Tech-
nology, Sun Yat-sen University, Guangzhou 510006, China (e-mail:
chenzw25@mail2.sysu.edu.cn).

Lin Zhang is with the School of Electronics and Information Technology,
Sun Yat-sen University, Guangzhou 510006, China, and also with the Southern
Marine Science and Engineering Guangdong Laboratory, Zhuhai 519000,
China (e-mail: isszl@mail.sysu.edu.cn).

Zhigiang Wu is with the Department of Electrical Engineering, Tibet
University, Lhasa 850000, China, and also with the Department of Electrical
Engineering, Wright State University, Dayton, OH 45435 USA (e-mail:
zhigiang. wu@wright.edu).

Lin Wang and Weikai Xu are with the Department of Electrical Engineering,
Xiamen University, Xiamen 361005, China (e-mail: wanglin@xmu.edu.cn;
xweikai @xmu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TCOMM.2020.3040422.

Digital Object Identifier 10.1109/TCOMM.2020.3040422

, Senior Member, IEEE, and Weikai Xu

, Member, IEEE

Index Terms—Minimum distance detection, multi carrier
differential chaos shift keying, non orthogonal sparse code
spreading, spectrum efficiency, symbol error rate (SER).

I. INTRODUCTION

HAQOTIC signals have a wide range of potential applica-
C tions in wireless systems to enhance the physical layer
security and resist the jamming [1], [2] or the interferences,
thanks to their natural properties such as being aperiodic and
sensitive to the initial value [3].

Since the non-coherent chaotic modulation scheme,
Differential Chaos Shift Keying (DCSK) [4], removes the
complex chaotic synchronization circuit required by the coher-
ent chaotic modulation, they have attracted more research
interests than coherent chaotic modulation schemes. Moreover,
the applications of the DCSK scheme in wireless systems
including cooperative communication systems [5], relay com-
munication systems [6], mobile communication systems [7],
Ultra Wide Band (UWB) systems [8] as well as Simultaneous
Wireless Information and Power Transfer (SWIPT) systems [9]
have been well investigated.

However, in DCSK systems, half the bit duration is required
for the delivery of reference chaotic signals, while the delay
lines used for the differential operation is difficult for imple-
mentations. Many research works have put efforts to improve
the data rate and the practicality of DCSK transceivers.

A. Related Research Works

Researchers have utilized resources in the time, code, space
and the frequency domains to address the above issues.
For example, the Quadrature Chaos Shift Keying (QCSK)
scheme [10] adopts Hilbert transform to construct a quadrature
chaotic signal to deliver more bits, while in [11], a Spa-
tial Modulation (SM) (SM-DCSK) scheme utilizes the space
domain to improve the efficiency. In addition, [12] has pro-
posed a Pulse Position Modulation (PPM) scheme to exploit
the position of pulses to modulate more bits while [13]
extends PPM-DCSK scheme to the Multi-User (MU) sce-
narios with low complexity, high energy efficiency and data
rate. Moreover, to remove the delay lines, a Code-Shifted
DCSK (CS-DCSK) [14] scheme is presented to separate the
reference and the data by Walsh codes. Furthermore, higher
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order modulation schemes are proposed, such as the Multi-
level CS-DCSK (MCS-DCSK) [15] method which uses high
order Walsh code, and the MCS-DCSK with M-ary Modu-
lation (MCS-MDCSK) [16] as well as the MCS-DCSK with
Code Index Modulation (CIM-MCS-DCSK) [17] schemes to
improve the data rate. Except for these achievements on
enhanced efficiency performances, research works have also
been done to improve the reliability performances. For exam-
ple, a Frequency Modulation (FM) scheme is proposed to keep
the symbol energy constant [18], then a low-complexity energy
detector is presented for the FM-DCSK system to combat the
narrow interferences [8].

In the frequency domain, the Multi-Carrier DCSK system
(MC-DCSK) [19] has been proposed to utilize orthogonal mul-
tiple subcarriers to remove the delay line and to improve the
efficiency via allowing multiple information bearing signals to
share one reference signal. Then the improved versions of the
MC-DCSK system are proposed [20]-[23] to improve perfor-
mances including the energy efficiency, spectral efficiency and
the reliability.

In order to further enhance MC-DCSK system perfor-
mances, the carrier index is utilized in [20] to improve Bit
Error Rate (BER) performances, spectral efficiency and energy
efficiency. Then this scheme was further extended in [21] to
flexibly adjust the number of both index carriers and index bits
to enhance the practicality. Furthermore, in [22], the authors
proposed a hierarchical-modulation scheme called Multi-
Carrier M-ary DCSK system with Code Index Modulation
(CIM-MC-M-DCSK) which applied the M -ary modulation
for information-bearing signals over the cosinoidal carriers
and the index modulation for the reference chaotic signal
spread by Walsh codes over the sinusoidal carriers, to improve
the BER performances and flexibly serve different quality of
service demands. Furthermore, [9] proposed a new Multiple-
Input-Single-Output (MISO) SWIPT scheme for CIM-MC-
M-DCSK system [22] suitable for e-health internet of things
applications. Moreover, in [23], the Gram-Schmidt algorithm
is used to generate orthogonal chaotic basis to improve the data
rate, energy efficiency and spectrum efficiency for MC-DCSK
systems. Additionally, the authors proposed to perform car-
rier interference code to suppress the Peak-to-Average Power
Ratio (PAPR) [24].

Additionally, the MC-DCSK schemes applies in MU scenar-
ios are also investigated in [25]-[27]. Among these schemes,
the orthogonal subcarriers are respectively used to deliver
the information-bearing signals and the dedicated reference
chaotic signals in [25], while in [26], only multiple reference
chaotic signals are delivered separately over different subcarri-
ers whereas the information-bearing signals can be overlapped
and share the sub-bands. Then in [27], the analog network
coding is applied to improve the spectrum efficiency and the
energy efficiency.

In our previous works [28], [29], we proposed improved
MC-DCSK schemes to respectively enhance the reliability
or the robustness for the data respectively delivered via a
specific subcarrier. In [28], we presented a general iterative
receiver to improve the reliability performances with no need
to change the MC-DCSK transmitter structure, while in [29],
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we proposed to exploit the frequency diversity gain via the
frequency hopping to enhance the robustness to channel con-
dition variations over non contiguous bands.

To briefly sum up, most of the MC-DCSK and improved
designs deliver the data via orthogonal codes or subcarri-
ers. Although in [26] the chaotic modulated symbols can
be overlapped, since chaotic sequences are non orthogonal,
the transmissions would suffer from severe Multi-User Inter-
ferences (MUIs) which degrades the reliability performances.

B. Motivation and Contributions

Although a lot of research achievements have been pre-
sented to improve the performances of chaotic transmissions,
few research works take account of the skyrocketing through-
put demand and massive connectivity. When the number of
User Equipments (UEs) is large, the performance degrada-
tions induced by the interferences between chaotic chips will
become intolerable, and the spectrum efficiency is lowered by
the delivery of multiple reference chaotic signals.

Our motivation is to improve the reliability and the data
rate for chaotic systems serving a large number of UEs. In our
design, inspired by the Sparse Code Multiple Access (SCMA)
scheme [30]-[34] which utilizes the multi-dimensional code-
book to achieve non-orthogonal spreading, we propose to
exploit the sparse code spreading and multi-dimensional code-
book to allow the overlapping of chaotic signals.

Different from the existing research works based on the
orthogonal signal processing, in this paper, we propose a
Sparse Code Spreading-aided Multi-Carrier Differential Chaos
Shift Keying (SCS-MC-DCSK) transceiver, wherein the data
sharing the same reference chaotic signal would overlap over
subcarriers in an non-orthogonal way. Our objective is to
improve the spectrum efficiency while retaining satisfactory
reliability performances.

In the proposed SCS-MC-DCSK system, at the transmitter,
we construct the sparse codebook, and the information bits
from a specific user are mapped to a predefined sparse
codeword. Thus a multi-dimension constellation modulation
is implemented and the bits are spread in a non orthogonal
way. Notably, the information bits using the same codebook
are defined as a layer, while each layer has a unique sharing
pattern of the sub-carrier bands. Namely, the codebook of each
layer is different from each other to distinguish the signals
overlapping on the same sub-carrier which are generated by
the same mother constellation mapping. Then the resultant
symbols are modulated and spread by the reference chaotic
sequence and its quadrature version generated by Hilbert
transform in the time domain, thus the dimension of the
constellation could be doubled. Thanks to the sparse spreading,
the data from multiple users can overlap and share all the sub-
carrier bands.

At the SCS-MC-DCSK receiver, reverse operations are con-
ducted. After the Fast Fourier Transform (FFT), the correlated
chaotic demodulations are carried out to attain the received
information bearing vector. Then we reconstruct the possible
transmitted information bearing vector and use a Minimum
Distance (MD) detector to identify the layers. Afterwards, for
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each layer, the sparse de-spreading is implemented to recover
the data for different UEs.

Furthermore, we derive the Pairwise Error Probability (PEP)
and the Upper Bound (UB) of the Symbol Error Rate (SER)
expression by PEP for the proposed system. Then for the
sparse code aided multi-dimension mapping, based on the
discrete input constellation, we derive the Constellation Con-
strained (CC) capacity over the Additive White Gaussian
Noise (AWGN) and ergodic CC capacity over the multipath
Rayleigh fading channel. Moreover, the energy efficiency,
spectrum efficiency and complexity are also analyzed and
compared with benchmarks.

Briefly, the main contributions of this paper include:

1) We propose to construct the sparse codebook based
on the spectrum map, then we group the information
bits from different users into multiple layers in a non-
orthogonal way, where each layer uses specific subsets
of sub-carriers to transmit the signals. Meanwhile, all
UEs share the same reference chaotic signal. Thus the
spectrum efficiency can be improved by overlapping
multiple non-orthogonal layers and orthogonal multiple
subcarriers in a subset.

2) We propose to modulate the information data with
the chaotic sequence and its Hilbert version for each
subcarrier. Thus adjacent symbols are extended in the
in-phase and quadrature dimensions, accordingly the
Euclidean distance could be enlarged and the reliability
performances would be enhanced thanks to the shaping
gain.

3) We propose the receiver architecture for the proposed
SCS-MC-DCSK transmitter. After the correlated demod-
ulation with the reference chaotic signal, the MD detec-
tion is applied to identify which user equipment the data
would be transmitted. Then the sparse de-spreading is
conducted to recover the data of each layer.

4) We derive the UB of SER performances and the CC
capacity of the proposed system over AWGN channel
and multipath Rayleigh fading channel with consider-
ations of MUIs. Moreover, the spectrum efficiency as
well as the energy efficiency and the computational
complexity are analyzed. Simulation results are also
provided to validate the theoretical analysis, and to
demonstrate the enhanced reliability performances and
the anti-jamming capability of our design.

The remainder of the paper is organized as follows.
In Section II, the details of the SCS-MC-DCSK transceiver
are presented. Section III derives the upper bound of the
SER expression and CC capacity over the AWGN channel
and multipath Rayleigh fading channel, and analyzes the
efficiency as well as the complexity. Subsequently, Section IV
provides the simulation results for performance validations and
comparisons. Finally, Section V concludes the paper.

II. SCS-MC-DCSK TRANSCEIVER

In this section, the transmitter architecture, the code-
book design, the receiver architecture and the MD detec-
tor of the proposed SCS-MC-DCSK scheme are presented.
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Fig. 1. An example of the uplink multiuser communication scenario using
SCS-MC-DCSK transceivers.

Figure 1 illustrates the potential uplink multiuser communica-
tion scenario using the proposed SCS-MC-DCSK transceiver,
wherein the information bits from multiple UEs with the
number of A would be delivered to the Base Station (BS)
respectively using predefined sub-bands.

A. Transmitter

As shown in Fig. 2, at the SCS-MC-DCSK transmitter,
the bit streams are firstly grouped into layers. Then they
are respectively encoded by the sparse code spreader, and
modulated by the chaotic sequences and its Hilbert trans-
formation version in the chaos-based spreader. Subsequently,
the reference sequence and the information-bearing sequences
are transformed by the Inverse Fast Fourier Transform (IFFT)
module. Then after the Parallel to Serial (P/S) conversion
and adding the Cyclic Prefix (CP), the resultant signals are
transmitted over wireless channels. More details are provided
as follows.

1) Layering and Sparse Code Spreading: Let J, > 0,a =
1,..., A denote the number of layers used by the UE a and J
denote the total number of layers, then we have 23:1 Jo = J.
In other words, in the proposed system, UE 1, ..., UE A can
respectively use Ji, ..., Ja layers, which means that each UE
could use multiple layers, which are different from the layers
used by the other UEs, to deliver the data. When one UE
only use one layer, the maximal number of UEs served could
be achieved. In this case, J equals to the maximal number
of UEs.

To be more explicit, let b; (j =1,...,J) denote the infor-
mation vector of the layer j, which has logs (M) bits where
M represents the size of a codebook. Then b; is mapped to
X, where the mapping is expressed as f : Blo92(M) — x
X; C CK*2|X;| = M where the operator |-| represents the
evaluation of the size of a set, and K denotes the number of
sub-carriers used for transmissions of information bits, which
equals to the length of the sparse code. Namely, we have
X; = f(by).

It’s worth pointing out that the sparse code spreading mod-
ule will spread the signal in the frequency domain and will not
add redundant bits. Unlike the error correction coding which
lowers the efficiency due to the delivery of redundant bits,
thanks to the orthogonality in the time domain brought by the
sparse codes, the signals could overlap in an non-orthogonal
way, thus the spectrum efficiency could be enhanced. In addi-
tion, although the sparse code spreading would not correct
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Fig. 2. The SCS-MC-DCSK transmitter structure.
the transmission errors, it could improve the Signal to Noise
Ratio (SNR) and thus the reliability performances could be
enhanced.
Notably, X; is a 2K-dimension complex codeword of the
layer j’s codebook of size M, and is denoted by:
Sub- Sub- Sub- Sub-
X X carrier 5 carrier4  carrier 3  carrier 2
X, — Lj.1, ey T K (1)
J . . . .
TjiK+1y, -+ Tj2K Fig. 3. Factor graph representation, J = 6, K =4, N = 2 and dy = 3.

where ()T denote transpose and each column of X ; represents
a sparse complex vector having N < K-nonzero elements,
which is equal to the number of the occupied subcarriers by
each layer.

2) Chaotic Sequence Generation: On the other hand,
the chaotic sequences are generated by the chaotic generator.
Let c; denote the chaotic sequence with the length of §,
which is generated using the logistic map, i.e., cimy1 =
1—2¢2, (m=1,2,...), where ¢, is the my, chip of
the chaotic sequence. Subsequently, the Hilbert transforma-
tion [10] is applied on ¢; = (¢1,1,. .- ,01”3)T and we obtain
another quadrature chaotic sequence as ¢ = (c2.1, . - ., C2, g)T
Namely, we have Zi:l C1,mC2,m = 0.

We use E. to represent the energy of c;, namely F, =
Zm_ c? .m- Since the Hilbert transformation doesn’t change
the energy of the sequence, the energy of c; is also F.. Then
we normalize these two chaotic sequences to maintain the
energy as 1 to reduce the fluctuations of the energy and reduce
the variances. Let &; = \/C;T and éy = \/"% respectively
represent the normahzed chaotic se%ences where ¢; =
(é11,-.-,¢1 g) Gy = (02 1,-..,¢23) . Then the energy of
& will be Ei 1 &= B Zm:l i ,, = 1 and so does &;.
Notably, after the normalization, the two resultant chaotic
sequences still remain orthogonal, i.e. Eizr C1,mCo,m = 0.

3) Chaotic Modulation: Next, each row of X; is respec-
tively modulated with the chaotic sequences ¢; and &,. For
example, for the ky, (k = 1,..., K) row of X;, the chaotic
modulated symbol is expressed as:

k=1,..., K. 2)

ujr = xj,C1 + T gk4rCa,

Notably, for the K — N zero elements in the column of X,
the corresponding elements in the resultant u; 5, are also zero.

In addition, the modulated symbols obtained from the j;;, layer
are represented by U; = [u;1,...,u; x].

4) Multicarrier Modulation: Subsequently, U; from the
same UE will be collected and combined with the refer-
ence chaotic sequence to constitute the transmitted matrix
of each UE. For instance, the matrix of UE 1 is U} =
\/ﬁ[u,«e f, Zj;l UJ} where P is the energy of trans-
mitted signals and u,.;y = LAél. Then, each row
of U,(a=1,...,A) is modulated by the IFFT module,
the resultant symbols from different UEs are combined and
transmitted over wireless channels.

It is worth pointing out that in our design, J layers could
share the K sub-carriers with J > K, and each layer occupies
N sub-carriers, while the sharing pattern of information-
bearing signals is decided by a factor graph matrix denoted
by F with the size of K x J. If (F), ., the element of K,
row and j;, column in F, has the Value of 1, then it means
that the layer j uses the (k + 1),, sub-carrier. In addition, for
those symbols of different layers overlapping over the same
one sub-carrier band, we define dy = % to denote the number
of layers that overlap in one sub-carrier band, and define the
overloading factor as A = J/K.

For example, Fig. 3 illustrates a factor graph representation
F having 6 layer nodes and 4 sub-carrier nodes. Then we
could obtain F' as:

101010
00110 0 1

F=11 001 01 )
00101 10

Without loss of generality, we assume that the sub-carrier 1
is used for delivering the reference signal. At the receiver,
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Fig. 4. The mother constellation of the SCS-MC-DCSK system with J = 6,
M=4, K =4, N =2.

the codeword X; will be used to recover the data of the j;
layer from the received overlapped signals. In the following
subsection, we will present details about how to construct X;
with the predefined F.

B. Codebook Design

For the proposed system, we propose to construct the
codebook with considerations of the spectrum map. More
explicitly, we first insert K — N all-zero row vectors into
the rows of a unit matrix Iy based on the factor graph
matrix F to generate a sparse binary mapping matrix V; of
the layer j. Then we construct the mother constellation map
X’ = g(b;), and the data are modulated with the rotation
version of X; Afterwards, we compose the codeword X; =
V;(Ajg(by)) =V, (AjX;-) as the layer j’s codebook.

Take (J,M,N,K) = (6,4,2,4) as an example, X; would
be constructed as follows.

1) Generation of 'V ;: Let the element “1” denote that the
subcarrier is available for the information-bearing sequences
of jyn layer. For the jy, column of F, we insert K — N
all-zero row vectors within the rows of a unit matrix Iy to
generate V;. For example, when the first column of F is
(1,0,1, O)T, V is expressed as

100 o]
Vi= [0 0 1 0} @

2) Mother Constellation Mapping X, = g(b;) and the
Constellation Operator A;: Next we would construct the
mother constellation and the layer-specific constellation opera-
tor. Different from [30], [31], we take the proposed orthogonal
chaotic modulation scheme into account of the constellation
design. Explicitly, thanks to Hilbert transform, the constel-
lation could be constructed with a matrix with a dimension
of 2N. Thus a larger shaping gain [35] could be attained and
the reliability performances would be improved.

As shown in Fig. 4, let X1, X2 represent the axis ¢;
while Y1, Y2 respectively represent the axis ¢ of the
first and second non-zero element of the codeword. Let the
2N-dimension vector X; represent the mother constellation
point corresponding to the information of the layer j, which

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 69, NO. 3, MARCH 2021

is expressed as:

! ’
Tjly---3T 4N
’ !
T jN+15 --->T j2N

X = 5)
where the first and second row vectors respectively corre-
sponds to the axes ¢; and ¢C,.

Then we rotate X;- to generate multiple rotation versions for
identifications of different layers at receivers. With considera-
tions of the complexity and the practicality, we propose that the
rotation angle keeps the same. Then let A; = (A, ., AN)T
denote the constellation rotation operator, we have the n., row
of A;X'; as

A" (01,02) (2,0, 2 j 0t )
= [(2jncosby — 2’ ,insinby),

(2 j nyn cosOy + ', sinby)] e n=1,...,N,
(6)
where i is the imaginary unit, §; = p?gl 0,...,dy — 1),
and 0, = pigz (0,...,ds — 1), which respectively denote the

rotation angle in the coordinate constructed by the axes of ¢;
and €9, and the coordinate constructed by the axes of cosine
and sine signals. pj, p2 are equal to the number of different
phases of the points for the practicality, while in this example,
p1 = p2 = 2, since the constellation for M = 4 only has
two phases as shown in Fig. 4. Besides, dids > dy, as well
as dy and dy should be as small as possible to enlarge the
Euclidian distance between different layers, hence here we set
dy =dy = 2.

3) Construction of X; : When (J, M, N, K) = (6,4,2,4),
we have

[ AL(0,0) ] Al (0, X
oo [2] o263
[ T\ A'(0,0)
s [5G e[y
[ Al 370 1 Al (E,O)
As = _A?(%,O))_ Ag = AQ(&%)]. )
Thus we could obtain X; using X; = V; (AjX;).

For example, X; = V; (A1X') = {37/1,1 0 —a'14 O}T

’ 230 212 0] °

According to Fig. 4, 2’13 = 2’14 = 0, and 2'11,2"12 €

{‘/75, —g} Referring to Eq. (4), (7) and Fig. 4, Eq. (3) can
be rewritten as (8), shown at the bottom of the page.

Then the information-bearing symbols as well as the refer-
ence chaotic symbols will be delivered over channels.

x'1 161 0 x'311€;
0 x'911€1 2’326
(Ellygég 0 0
0 x/Q’QéQ 0

0 J)/57162 0

0 0 .13/67162 (8)
(El4’161 0 £L'/6’22'61
(El4’22'61 (El5’261 0
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Fig. 5. The block diagram of the SCS-MC-DCSK receiver.

C. Receiver

At the receiver, operations reverse to the transmitter
are conducted. After removing the CP and the Serial to
Parallel (S/P) conversion, the FFT operations are carried out,
then the obtained symbols over the 1, and the (k+1),,
(k=1,..., K) sub-carriers undergoing the multiplicative fad-
ing and the additive noises are expressed as:

A
Y1 = Z dzag (ha,l) ula,l + ny,
a=1
A
Yit1 = Zdiag (ho k1) W k1 + Dy, )
a=1

where y; is the received reference chaotic signal and
Yi+1 is the received information-bearing signal. The myy,
(m=1,...,0) chip of y; and y; are respectively denoted
by y1.m and Yrqi1m. We1 and U, o1 are respectively 1,
and (k+1),, column of U’y, h,; and h, 1 denote the
multiplicative complex channel matrix respectively of the 1,5,
and (k + 1), subcarrier and both of the UE a. Both noises
n; and nyyq follow CAN (0, NoI). diag(-) is the diagonal
matrix generation operation, where the diagonal element of
output matrix corresponds to the entry of the input vector.
In addition, hyx41 = (hakt1,1,--->Pak+1,3) . Wherein
hajk+1m (m=1,...,0) represents the coefficient for the
(k 4 1),,, subcarrier and 1y, chip of the UE a, which is given
by [26], [36]:
L
ha,k+1,m = Zahr%]e

—27m friaT, [mTo

nel(10)

where L is the total number of multipath fading channel paths,
l is the channel path index, fx41 is the frequency of the
(k +1),,, sub-carrier, T, is the OFDM symbol duration while
Tyw = qT, is the time duration when the channel coefficient
o e maintains constant during the transmission of ¢
OFDM symbols. Namely, the parameter ¢ refers to the ratio
of the coherence time of the channel to the coherent time of
symbols. Besides, [-] is the ceiling operator for rounding up
to an integer, and ul ey denotes the channel delay of the

lth path

Due to the usage of the CP, in the case that the maximum
channel delay time is much lower than the multi-carrier
symbol intervals, namely TM—% 1 < T,, the multipath

interferences at the receiver become negligible, then we have
—2mm [T, [mTay —27rm(k’+1)7—] "L’TO“/ °
e T, = v, ~ 1 [26], [36].

Accordingly, Eq. (10) can be simplified as [26], [36]:

L
ha m — QG rmTo -
) Z LI=pe ]
=1

From Eq. (11), it can be seen that A, ,, is uncorrelated to
the subcarrier index k + 1. Then, h, ;11 can be simplified

Y

as hy = (ha1s- s ham,-- - haﬁ)T where hg ., is given in
Eq. (11).
In addition, h,; = (hml,l,...,ha,l,g)T in Eq. (9) is

the coefficient for the 1;, subcarrier of the UE @ and
haim (m=1,...,0) is the my, chip of h,, denoted

*27"mf17l, r mzh*; 1

by haim = Yorg ayrmye . For brevity of
expressions, hq k4+1,m 1S simplified as hg ., while h, 1 is
simplified as h,.

Without loss of generality, we assume each UE experiences
the statistically independent and identically distributed channel
conditions. Subsequently, we could retrieve the estimate of ¢,
¢y denoted by ¢, = (¢1,1, - -, Elyg)T,

o = R{VAS o
a=1

while & = (é21,. . -, 6275)T is obtained by performing Hilbert
transform on €;. Besides, R {-} takes the real part of a
complex number and ()" is the conjugate operator.
After the correlated demodulation with ¢&;, ¢, we obtain
the information-bearing vector as
Y = (Yi,...,Yag)"
The ¢y, element in Y is denoted by

{Zm 1 Za cAL a7 mYk+1, mCl m}
J
{Zm LD e, Moy mYrt L m}

p=K+k

C
{Zm— Z(l EApix aJ, mYk+1,m 2771}

—2K+

) 3 b oYkt 1mC }
{ m=1 a; €Akt K aj,mYk+1,mC2m [

o =3K +k,

where k = 1,..., K, R{-} and Z{-} respectively take the
real part and imaginary part of a complex number and (-)" is

(12)

13)

(14)
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the conjugate operator. In addition, UE a; (a; € {1,...,A})
represents the UE which delivers the information via the j;p
layer, which constitutes a set Ay = {a;|z;r # 0}. Besides,
ha;,m represents the channel response experienced by the j,
layer and the my, chip.

Then the obtained vector is processed by the MD detector
to separate symbols to obtain the estimates of the information-

bearing symbols X = {Xl, LX)
Specifically, let Y denote the received symbol, then the
estimate of the codewords X = [Xi,...,X], which is

denoted by X, could be obtained by evaluating the joint
optimum Maximum A Posteriori (MAP) as

X =arg max

Xe(x7_;)X;

p(X|Y), (15)

where (x;-’zl)Xj = X} X --- x Xy is the set of trans-
mitted codewords, x denotes the Cartesian product operator,
X denotes the set of all the possible X;.

Furthermore, considering that the MAP method has high
complexity due to the probability calculations, we proposed
to estimate received symbols by calculating the MD between
estimates and received symbols. More explicitly, since the
information bits “1" and “0" are uniformly distributed,
the information-bearing symbols X are also uniformly dis-
tributed, hence we have p(X) = # In addition, using the
Gaussian Approximation (GA) methods, we could approxi-
mate the elements of Y as statistically independent Gaussian
random variables. Then according to the Bayes Theorem, i.e.
p(X|Y)p(Y) =p (Y| X)p(X), the MAP problem becomes

X=arg max pX|Y)<arg max p(Y]|X)
Xe(x.;lzl)XJ XE(XJle)Xj
exp (_ (Y*E[YIX])TCOV[E’\X]_1(Y*E[Y\X]))
&arg  max
Xe(x7o0) % \/(2m) ™ det (cov [Y | X))
<arg min ||[Y-=E[Y|X]|, (16)
XE(><j]=1)2‘f.7

where E[-] and cov[] respectively denote the numerical expec-
tation and the covariance of the random variable vector, det (-)
represents the determinant of a matrix, ()T is the transpose
operator and ||-|| denotes the Euclidean norm of a vector.
In addition, for all X € (x 3]:1) X;, since the same transmit
power has been applied and the statistical characteristics of
channels is assumed to remain the same during the data
transmission of a specific user, the influences of cov [Y | X]
on the detection performances could be neglected. Therefore,
the estimate could be evaluated approximately with the Euclid-
ean norm of Y — E[Y | X].

After the sparse de-spreading, i.e., Bj = f’l(f(j), the esti-
mates from different layers are grouped and delivered to the
destination users.

III. THEORETICAL ANALYSIS

In this section, we apply the GA method to analyze
the theoretical SER performance, then we analyze the
CC capacity, the energy efficiency, the spectrum efficiency and
the complexity.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 69, NO. 3, MARCH 2021

A. Expectation and Variance of Received Signals

1) Statistical Characteristics of the Reference Chaotic Sig-
nal: Based on Eq. (12), we could rewrite the estimate of the
reference chaotic signal ¢; ,, as:

A 2 A
Ern = VP haim| Erom + RVAI WG i}
a=1 a=1

2
C1,m + Em, (17)

A
= \/]_3} Z ha,m,
a=1

where nq ,, represents the my;, chip of noise imposed on
the first sub-carrier and &,, represents the noise term of
¢1,m. denoted by R {\/szzl hZ,anm}. |-| represents the
absolute value of a scalar.

As mentioned above, the logistic map is applied to generate

the chaotic sequence c; . In this case, we have E [C%m] = %
and var [cim} = é [37]. Then for the normalized chaotic
sequence 6%,” with the energy equal to anzl 6%,” =1,
we have

. 1 1

E [Cim} = EE [Cim] = ) Ecv
. 1 1
var [cim} = E_f var [cim} = S—ECQ (18)

The approximate numerical expectation and the variance of
& are

El¢, |H] =0, var[é, |H]=E ¢, |H]

A

where H represents the matrix of [hy,..., ha].

Since Hilbert transform would not change the statistical
characteristics, we can derive that ¢ ,, has the same condi-
tional numerical expectation and variance as Ci .

2) Numerical Expectation and Variance of Information-
Bearing Signals: Based on Eq. (14), we could estimate the
expectation and variance of Y. For different ¢, E[Y,] and
var[Y,] could be evaluated in a similar way. Take Y, with
k =1,---,K and ¢ = k as an example. We define a
set Jrx = {jlz;r # 0}. With &, given by Eq. (17) and
Y e1 C1,mCa,m = 0, we could derive Y, for k =1,--- | K
and ¢ = k as (20), shown at the bottom of the next page,
where ng41,m (k=1,...,K) denotes the my, chip of the
noise imposed on the (k + 1), sub-carrier. Besides, from
Eq. (20), we could see that Y, consists of the information-
bearing component s, and the noisy components wy ,, W2,
and w3 .

Next, we evaluate the numerical expectation and the vari-
ance of Y. Without loss of generality, we assume the channel
response and the energy of the reference chaotic sequence
could be learned. Thus for the known E. and H, the con-
ditional expectation and the variance of Y, are derived as
follows:

EY, | X H,E,]
= Els, | X,H, E] + E[w, | X,H, E]
+ E [U)Q’@ | X, H, EC] + E [w3,¢ | X, H, Ec] s

2

19)
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var [Y, | X, H, E.]
=var[s, | X,H, E.] + var [wi , | X, H, E,]
+var[we,, | X, H, E;] + var [ws , | X, H, E,].
Subsequently, we calculate the expectation and the variance

of each item in Eq. (21) respectively. First, for the information-
bearing item s,, we have

21

[s¢|X H E]
_PZR{‘Zham\ (D2 M) D haymin
m=1 a;€Ay JeTn
XE[61HJ
A
ZR{‘Zham‘ ( Z haj7m) Z ha],mxj,k}a
a; €Ak JETk

Var[s¢|XH E.

SRSl (2

m=1

aJ,m) Z haj,mx] k}

a; EAL JE€ETk

X var [cfm]

p2 2 < i
~wm Rl Sl (3 ) S}

a; EAL JE€ETk

(22)
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Considering that Zm 1(:1 m = 1, we can deduce that

E Zm 1 & | =1 and var [Zm 16 m} = 0. In the case
that the channel responses remain constant over the whole
symbol duration, i.e., ¢ = 3 and ham = has Najm = ha;,
Eq. (22) becomes

Els, | X, H]

RS RL(S ) S e[ )

a; EAg JETk m=1
2
= R{ of (02 1) 2 i
= a; €A JE€ETk
var [s, | X, H]
- R{ @ 2( Z h:‘]) Z h%'xjﬁk}Q
a=1 ajEA JETk
g
X var{ Cl,m:| =0 (23)
m=1

For wi 4, w2, and ws,, since E[¢, | X, H,E.] = 0
E ngt1,m | X, H, E.] = 0, we can derive that Ejw; , | X,
H,E.]=0,Elws, | X, H,E]=0,Ews, | X,H E]=0

szn{zﬁj

z : % -
h“] mYk+1,mClLm }
a; €Ay

m=1
8
- R{ Z ( Z h:; m)(Z haj,m\/]_gl'j7kél7m
m=1 " a;€AL JETk

J

m

Tkt K

A
2
+ ha],m\/ﬁxj,kJrKéQ,m + nkJrl,m) (ﬁ‘ Z ha,m‘ 6l,m + gm) }
a=1

B A
—R{PS S b (X Hi) B b sn
m=1 a=1 aj;EAL FETn

R{P S [S b (5 i)}
m=1 a=1

a; €Ay
W1,p
B8 A 2
RS St () S msieinian)
m=1 a=1 a; €A JETk+ K
=0
&
R (X i)
m=1 aj;EAL
W2,

@

JETk

(Z haj,m\/l_ng,k@,m-f- Z ha],m\/ﬁxj,kJrKéQ,m)fm}a

(20)
JEITk+ K

w3, e
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Thus we obtain:

ElY, | X,H E]=E[s, | X,H, E.]. 24)

On the other hand, the variance of wy ,, w2, and w3,
could also be derived as:

var (w1, | X, H, E.]

PN°Z\zhamH

var[w2¢,|XH E]

— z\zhm\ [ Y o]

m=1 a= a; EAL
var[w3¢,|XH E]

AN S [ (R (X 1)

Z haw

a; EAL

m=1 a=1 a; EAL
<3 homaia +R{(E )
JETk a; EAL
2
Z haJ ,m,xj,k-i-K} } (25)
JETk+K

Substituting Eq. (22), (25) into (21), we can obtain the
var [Y, | X, H, E.].

Similarly, for the other ¢ = K + k, 2K + k, 3K + k,
we could derive var [Y,, | X, H, E.] and E Y, | X, H, E.| as
similar methods.

B. SER Analysis

Considering the decision making is based on a decision cell
of a multidimensional signal point and thus only the PEP could
be determined explicitly, hence in the following SER analysis,
we derive the union bound based on the PEP.

According to Eq. (16) and Eq. (24), the estimates of X could
be obtained by

X~ arg min HY Efs | X, H, E]|, (26)
Xe(x7_,
T
where s = (S1,...,8¢,...,81K) .

As shown in Eq. (22), the evaluation of E[s, | X, H, E]
requires the known FE., which could be delivered via the
dedicated control channel or be approximately calculated via
the numerical average value. With considerations that E [E,] =
BE [c3,,] = 2. we could obtain the approximate value of
E[s | X,H, E.], which is denoted by S. Accordingly, Eq. (26)
becomes

X~ arg min HY S| 27
J

Xe( x5y
Next, we derive the PEP. Let PEP (X ~X|H, EC) rep-

resent the PEP of mlstakmg X for X with the known H and
E., where X € (x7_,) X;, X € Gl )a, X, and B, _1)X7X

denotes the set of all the possible error symbols and C is the
operator of the complementary set. Then, the average PEP can
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be derived by averaging conditional PEP over the distribution
of H and FE. as:

PEP (x = X) _E [PEP (x X HE)] (28)

According to Eg. (27), we could observe that when
Y -S| > , the symbol decision error will occur.
Then we could derive the PEP as follows:

PEP (X=X | H,E.) =p (IY - || > Y-8 | H, E.).

(29)
Then the inequality of |Y — S| > ||Y - SH can be equiva-
lently evaluated by:
1Y — S]]
. 112
> ||Y -S| & Y -s|*> Y-S
o Y =S|*> Y -S+S-§|
S Y -S|*> Y =S|*+2(S=8)" (Y -8) + s - §|°
8112
_ls—9]
2
(5-9)" (s -E[Y|XHE))

s (5-5)"(Y-5)<
s (S-8)" (Y-5)+

S112
< —@Jr(S—S)T(S—E[YD&H,EC])
<:>(S_S)T(Y_E[Y|X7H7Ec])

Is-SI° %
<—T+(S—S) (S—-E[Y |X,H,E]). (30

Using the GA method, (S—S)T (Y-E[Y|X,H, E.]) can
be treated as a gaussian random variable with the expectation
of zero and the variance of (S—S)Tcov [Y | X,H, E] (S-S).

Then we obtain the expression of the conditional PEP as:
PEP (X —X | H,E.)

<2 N
Is=8|"+2(5-8)" (E[Y|X,H,E] -5)

=Q — \
2y/(5—8) cov [Y | X, H, E] (S—8)

3D

where @ (z) is the complementary cumulative distribution
function of a standard normally dlstrlbuted random variable,
which is expressed as Q (z f \/—exp( t2) dt.
cov[Y | X, H,E,] is a dlagonal matrix and the diagonal
element is the variance of Y. Note that the item HS — SH
calculates the errors of the estimates induced by imper-
fect transmissions including the non-orthogonal sparse code,
the fading fading and noises etc. Moreover, since in Eq. (31),
there are multiple random variables so that the calculation of
the expectation in Eq. (28) is a multiple integration which
can be evaluated approximately by applying the Monte Carlo
integration method [38] as:

n=1

PEP (X - X) 1y (PEPn (X ~X|H, EC) 2;2)

where y denotes the number of trials.
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Finally, we can derive the union upper bound of the
SER as [39]:

1
> <
Xe(x7_,)x; \XeC

J=

SER <

2.

(xd) %™

C. Capacity Analysis

1489

dyY.

>

Xe(x7_,

x logy p(Y | X) (37

)X

On the other hand, H (Y | X) in Eq. (34) can be calcu-
lated by:

The CC capacity is measured by the mutual information H(Y]X) )
. . !
between the input and the output, where the input belongs to = Z p(X)H (Y | X")
a finite set (x7_,) &; and is uniformly distributed. Then we Xre(xI_,)x;
calculate 7 (X : Y) as 1
= Z / (¥ | ") logs (p (¥ | X")) dY
IX:Y)=H(Y)-H(Y|X), (34) e
where H (Y) is given by H (Y) = — [p(Y)log, (p (Y)) dY (38)
where Y is a vector with the length of 4K and thus Using the GA method, p (Y | X) is derived as (39), shown
at the bottom of the page.
/ dY = / / dYy---dYak. (35) With the aid of Eq. (37), (38) and (39), we can calculate
the CC as (40), shown at the bottom of the page.
K Then, substituting the numerical expectation and covariance
Since X is uniformly distributed, we have p(X) = % p(Y) of Y obtained in subsection III-A into Eq. (40), we can
would be calculated by: calculate the ergodic CC capacity over the multipath Rayleigh
fading channel using Monte Carlo integration method.
p(Y)= > pX)p(Y|X)
J
Xel(xle)xj D. Energy Efficiency Analysis
=7 Z p(Y | X). (36) The definition of the energy efficiency is given by [25], [26]
X J_ VA&,
E(XJ:J ! U — Einformation (41)
Then we could evaluate H (Y) by: Ey, ’
H(Y) where Eip formation 15 the energy of the information-bearing
signal and FEj represents the transmitted energy for each
1 bit. Note that the bit energy satisfies Fy = Ercference +
=— / p(Y)log, M Z p(Y[X) | dY Eirn formation and the reference signal energy is Eycference =
Xe(x7_;)a; ﬁEmfm«mamn. For the proposed scheme where K is the
number of the subcarriers for information-bearing signal and
X = <L denotes the overloading factor. We use K,;; to denote
— _ J K a
- / p (Y) [logy Z p(Y[X) log, (M ) dY the number of all subcarriers and thus, K,; = K + 1 for our
Xe (%)%, scheme. Therefore, the energy efficiency of SCS-MC-DCSK
. _ AMKau—1
=log, (MJ) is U= )\(Ka,u,lil)Jrl'
p(Y|X) = E[p(Y | X, H, E,)]
exp (_ (Y—E[Y|X,H,Ec])Tcov[Y\XQ,H,EC]_1(Y—E[Y|X,H,EC]))
=E (39)
V/(2m)* det (cov [Y | X, H, E.))
1
I(X:Y)=H(Y) - H(Y|X) =log, (M )_W >
we(xfo0)
Y—E[Y|X,H,E.)) " cov[¥|X,H,E.]~ (Y=E[Y|X,H,E,
D exp( (Y—E[Y| D [I2 I~ (Y-E[Y| ]))
€(x/1)%
x E [logy = — (40)
(Y=—E[Y[X" H,E]) T cov[Y|X" H,E.]~ " (Y=E[Y|X" H,E.])
exp (~ . )
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TABLE I
ENERGY EFFICIENCY COMPARISON

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 69, NO. 3, MARCH 2021

TABLE III
COMPLEXITY COMPARISON

Scheme SCS-MC-DCSK DCSK [4] MU-MC-DCSK [25] Scheme | SCS-MC-DCSK | MU-MC-DCSK [25] | MU-OFDM-DCSK [26]
AEKa =1 1 Kap—A o O (MK OK+1-A O(K+1-—A)A
v I TE I = 0 (%) (K+1-4) (K+1-A4)4)
Scheme | MU-OFDM-DCSK [26] | SCMA [34]
7 Ka—A 1
Ko+1-A
TABLE IV
PARAMETER SETTINGS
TABLE 11
SPECTRUM EFFICIENCY COMPARISON Parameters Value
Number of layers J 2,3,4,6
Scheme SCS-MC-DCSK MU-MC-DCSK [25] Total number of sub-carriers K ,;; 5
N K —1)logy M Ko —A Number of UEs A 1,2,4,6
i BEqy; BEq Number of information-bearing sub-carriers K 4
Scheme | MU-OFDM-DCSK [26] SCMA [34] Constellation size M 4
n (Kazll{A)A 7>‘Kalll<1032 M Number of subcarriers of a layer N 2
BEai all Length of the chaotic sequence 64,128, 256,512
Ratio of coherence time to OFDM symbols ¢ 8,16,32,128
AWGN,

Then, we compare the energy efficiency of the pro-
posed scheme with the counterpart schemes including
DCSK [4], MU-MC-DCSK [25], MU-OFDM-DCSK [26] and
SCMA [34] in TABLE 1. For fairness of the comparison,
we assume that in these schemes, the reference chaotic signal
of each UE will occupy only one subcarrier. It could be
observed from TABLE 1 that when \ = J > 1 >

Kan—1
Ko—A . .
7=, our proposed scheme can achieve the higher energy

efficiency compared with DCSK [4], MU-MC-DCSK [25]
and MU-OFDM-DCSK [26]. In addition, we can see that the
energy efficiency of SCMA [34] without reference signals is 1,
while the efficiency of our scheme approaches 1 as J becomes
larger.

E. Spectrum Efficiency Analysis

According to the definition of the spectrum efficiency [23],
which is the ratio of the bit rate to the total bandwidth,
the spectrum efficiency of the SCS-MC-DCSK scheme is
derived as below:

Jlogy M
% - /\(Kall — 1)10g2M

T~ BKau BKau ’
where 7 represents the spectrum efficiency, (3 is the length of
the chaotic sequence and log, M is the number of modulated
bits transmitted via each layer, M is the size of a codebook,
T, denotes the duration of each chaotic chip (which is equal to
the OFDM symbol duration in this paper), thus 57, represents
the symbol duration. In addition, B. = 1/T, represents the
bandwidth occupied by each subcarrier under the assumption
of the perfect filtering.

Note that although multiple zeros are inserted to generate
the codebook, no redundant bits are added and thus the
spectrum efficiency will not be lowered by the sparse code
spreading. Instead, thanks to non orthogonal multiplexing of
layers, the signals could overlap to deliver the information and
thus the spectrum efficiency can be improved.

As shown in TABLE II, we can observe that the presented
SCS-MC-DCSK scheme achieves larger spectrum efficiency
than the MU-MC-DCSK [25]. As to the MU-OFDM-DCSK
system [26], the spectrum efficiency performance is depen-
dent on the value of the parameter. More explicitly, when

(42)

Channels multipath Rayleigh fading

|2 111
Lrgterl | 236

Power gain of 3 paths E ||«

A (Kall — 1) 10g2 M = J10g2 M > (Kall — A) A, the pro-
posed system can achieve larger spectrum efficiency than
the MU-OFDM-DCSK system [26]. In addition, we can also
notice that since SCMA systems need not to deliver reference
signals, the spectrum efficiency is slightly higher than our
proposed scheme.

E. Complexity Analysis

As mentioned above, in the proposed scheme, we use the
MD detector at the receiver to demodulate the signals, which
requires to traverse M = M7 possible transmitted sym-
bols. Thus, the complexity is O (.M AK ) For the benchmark
schemes MU-MC-DCSK [25] and MU-OFDM-DCSK [26],
since the subcarrier-wise demodulation is conducted, the tra-
versal time would be shorter.

As shown in TABLE III, our proposed scheme has relatively
higher complexity. Since we propose to apply our design
in the uplink scenario as shown in Fig. 1, the complexity
is acceptable for the base station which usually has high
computational capabilities.

IV. SIMULATION RESULTS

In this section, simulation results are given to evaluate the
performances of the proposed SCS-MC-DCSK scheme.

The parameters are set as the same as those used in the
mother constellations shown in Fig. 4 and the factor graph
given in Eq. (8), which is shown in TABLE IV. Besides,
as shown in Eq. (11), we use o o] to represent the channel

coefficient of the l;; path.

Notably, if A > 1, UEs will share the available layers
fairly with equally allocated layers. Besides, the same one
reference chaotic sequence is shared by different users for
higher spectrum efficiency.
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Fig. 6. Comparisons of the simulated SER and the theoretical UB of the
SCS-MC-DCSK with 3 = 128.

A. Theoretical SER UB and Simulated Performances

Considering that different number of layers and UEs would
induce different interferences due to the non-orthogonality of
sparse codes, Fig. 6(a) and Fig. 6(b) respectively compare the
simulated SER of SCS-MC-DCSK and the numerical UB over
the AWGN channel and the multipath fading channel when the
number of layers J or UEs A is different. The multipath fading
channel used in Fig. 6 is a three-path Rayleigh fading channel
with ¢ = 16.

We can observe from these two figures that the theoretical
upper bounds are tight for large Ej/Ny. We could also notice
that in Fig. 6(a), with larger number of UEs of A = 2, the SER
performances would not degrade over AWGN channel but
aggravate over multipath fading channels. In addition, from
Fig. 6(b), we could see that larger number of layers would
degrade the SER performances no matter over AWGN channel
or the multipath fading channel. The reason is that for AWGN
channel, when A increases, no additional phase rotation is
introduced, hence the Euclidean distances between adjacent
symbols would not be shortened. By contrast, due to the fading
and the overlapping, the signals would undergo the phase
distortions, thereby leading to the shorter Euclidean distances.
As a result, SER performances of the proposed system degrade
with a larger number of UEs over fading channels or a larger
number of layers for different channels.
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Fig. 7. The CC capacity of the SCS-MC-DCSK system with 3 = 128.

Moreover, as seen in Fig. 6(a), for J = 6, the SER
performances with A = 1 are worse than those with A = 2
over the AWGN channel. The reason is that when A = 2,
two same reference chaotic signals used by two UEs could
be combined to enhance the SNR by exploiting the diversity
gain. In addition, from Fig. 6(b), we can notice that for AWGN
channel, when Ej,/Nj is larger than about 12dB, the system
with J = 6 would provide better SER performances. The rea-
son is that when .J and Ej,/Ny has a larger value, the symbol
energy Esymbor = JEplog, M will also increase, thus the
SER performances could be improved.

B. Capacity Performance

Figure 7(a) and Fig. 7(b) respectively analyze the CC
capacity of the proposed system with different J and A over
the AWGN channel and the three-path Rayleigh fading channel
with ¢ = 16. We can observe that for both channels, when the
number of layers J increases from 2 to 6, the CC capacity
will increase accordingly since more bits could be delivered
via different layers.

Additionally, as shown in Fig. 7(a), the CC capacity of the
system with A = 2 is obviously larger than that with A = 1.
The reason is that the diversity gain brought by delivering
the same reference chaotic signals of different UEs improve
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Fig. 9.  Comparisons of the simulated BER of the SCS-MC-DCSK system
with A = 6, J = 6 and different 3 over AWGN and fading channels.

the CC capacity. Different from the case of AWGN channel,
Fig. 7(b) demonstrates that, the CC capacity of the system
with A = 1 is better than that with A = 2 due to the larger
distance between symbols.

C. BER Performance Comparisons

Next, we will investigate the simulated BER performances
of the proposed system using different parameters, then we
compare the BER performances with benchmark systems.

1) BER Performances With Different Parameters: Figure 8
and Fig. 9 respectively investigate the simulated BER per-
formances with different settings. Fig. 8 illustrates the BER
performances over the fading channel when ¢ = 8,16, 32 and
A = 2,4,6. It can be observed that for smaller ¢ = 8 and
A = J = 2, better BER performances could be achieved
thanks to larger distances between adjacent symbols and larger
time diversity gain. Then Fig. 9 shows the simulated BER
performances with different 3 over the AWGN channel and
fading channel where ¢ = (. Notably, ¢ = [ means that
the channel response will remain invariant during one symbol
duration thus no time diversity gain can be utilized. It could
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Fig. 10. Comparisons of the simulated BER of the SCS-MC-DCSK system
and MU-MC-DCSK [25], MU-OFDM-DCSK [26] systems with § = 128
over the AWGN channel.

be observed that when (3 increases, more interferences would
be induced by chaotic signals, thereby leading to worse BER
performances.

2) BER Performance Comparisons With Benchmark
MC-DCSK Systems: In Fig. 10 and Fig. 11, we respectively
compare the BER performances of the SCS-MC-DCSK
system with two counterpart multi-user multi-carrier chaos-
modulated schemes, i.e. the MU-MC-DCSK [25] and the
MU-OFDM-DCSK [26] over the AWGN channel and the
three-path Rayleigh fading channel.

Let R denote the number of transmitted bits in a symbol
period, then for the proposed SCS-MC-DCSK system, R =
Jlog, M, while for the for MU-MC-DCSK, R = Ky — A,
and for the MU-OFDM-DCSK system, R = (Kq; — A) A.
Note that for fairness of comparisons, we assume that all the
systems have the same spectrum resources, i.e., Kq; = 5.

Figure 10 illustrates the BER performances over AWGN
channel. It can be seen that the proposed SCS-MC-DCSK
system could achieve better BER performances than the other
two benchmarks. Fig. 11 demonstrates that the proposed
systems can also achieve better BER performances compared
with benchmarks over the three-path Rayleigh fading channel
with different ¢ and different R. The reason is that our scheme
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Fig. 11. Comparisons of the simulated BER of the SCS-MC-DCSK system
and MU-MC-DCSK [25], MU-OFDM-DCSK [26] systems with 8 = 128
over the three-path Rayleigh fading channel.

could benefit from the shaping gain brought by the multi-
dimension constellation design, and attain higher efficiency
since all UEs share the same reference signals. Besides,
the MU-OFDM-DCSK scheme [26] suffers from much more
serious MUIs than our scheme induced by the overlapping of
signals from multiple UEs, thereby leading to worse reliability
performances. In addition, we can also notice that when ¢
is smaller, the time diversity gain will also increase, hence
the BER performances with ¢ = 8 are better than those with
q = 32.

In addition, it is worth pointing out that the comparison
given in Fig. 10(a) and Fig. 11(a) is fair since all schemes have
the same data rate R = 4 and the same spectrum resources.
However, when A = 2, although all considered schemes use
the same number of subcarriers, they would have different data
rate. Explicitly, the MU-MC-DCSK scheme has the data rate
of R = 3 as in [25], while the proposed system has the data
rate of R = 4 in both Fig. 10(b) and Fig. 11(b).

Moreover, it could be observed from Fig. 10 and Fig. 11
that for both AWGN and Rayleigh fading channels, the BER
performances of the proposed system become better when R
increases with the proportion # decreases. The reason is
that when % decreases, Ny will become smaller, thus the
value of Ej,/Ny will increase, thereby leading to the improved
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Fig. 13. BER performances of the SCS-MC-DCSK system and
SCMA [34] over the three-path Rayleigh fading channel against jamming
with A = J = 6.

BER performances. To be more explicit, the bit energy is
expressed as Fy = %, while the noise power is denoted

by Ny = Il -— L . Hence Ny will decrease with smaller
J b
N logy, M
J+1

—, then a larger Ej/Ny helps to enhance the reliability
performances.

3) BER Performance Comparisons With SCMA: In Fig. 12
and Fig. 13, we compare the BER performances between the
proposed scheme and the SCMA system [34], which also uses
the MD receiver, over the three-path Rayleigh fading channel.
Let T, and T, scara respectively represent the symbol dura-
tion of our scheme and the SCMA system. For fairness of
comparisons, we have T;, scara = 51, and 5 = 128 for SCS-
MC-DCSK. Additionally, the channel coefficients maintain
constant in the whole symbol duration, i.e. ¢ = 3.

In addition, in Fig. 13, we use the discrete baseband model
of the sweep jamming signals and tone jamming signals
given in [2], wherein the 4;;, jamming chip of the sweep
jamming model is denoted as /2 P4, sin (27riF5ta,,t/Njam+
i AF/N fam) and the tone jamming model is denoted
as Zi\nl::: V2 Pjam/Mjam sin (QWiFmJam) where  Pjom

denotes the power of the jamming signal. Additionally, the
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range of i 18 0 < i < Njgm — 1, Fyare 18 set as 1, AF is
set as 1, M;,, = 3 is the number of tones, mem is set as
[1,3,5]. Moreover, we assume that the cycle of the jamming
signal is BT, and thus, Nj.m = K., and the ratio of
the jamming signal power to the signal power is defined as
Jamming Signal Ratio (JSR).

It could be observed that the BER performances of the
proposed SCS-MC-DCSK system are worse than those of
the SCMA system when no jamming is existent. However,
when wireless transmissions undergo the jamming such as the
sweep jamming and the tone jamming, the proposed system
achieves better BER performances. Hence the proposed design
inherits the anti-jamming capability of chaotic transmissions
and outperforms the SCMA system.

V. CONCLUSION

In this paper, we propose a SCS-MC-DCSK scheme to
provide reliable services and high data rate by exploiting the
non orthogonal spreading and the multi-dimension constel-
lation shaping gain. In our design, we construct the sparse
codes to spread the user data in the frequency domain and
then modulate the information bits with the multi-dimension
codebook, thus the Euclidean distance of adjacent symbols
could be enlarged, while the data from multiple different users
are allowed to overlap on the same sub-carriers. As a result,
multiple users could share all frequency band resources for
information transmissions. Besides, all the users will share
the same reference chaotic signal carried by one subcarrier in
different layers, thus the diversity gain could be exploited to
improve the quality of the reference signal. At the receiver,
we propose a MD detector to identify the data from different
users and to retrieve the estimates. Moreover, we derive the
theoretical UB of the SER expressions and CC capacity
over the AWGN and the multipath Rayleigh fading channel,
and compare the spectrum efficiency, energy efficiency as
well as the complexity with benchmark schemes. Simulation
results verify the effectiveness of theoretical derivations, and
demonstrate that our proposed system achieves better BER
performances than MU-MC-DCSK and MU-OFDM-DCSK
systems, while providing higher capacity as well as has better
anti-jamming capability than SCMA systems. Therefore, with
the aid of the sparse coding and the multi-dimension code-
book, better reliability and higher data rate could be achieved
by the proposed multiuser MC-DCSK systems. Last but not
the least, it is worth mentioning that the proposed scheme
could be applied in systems with massive connections such
as the machine type communications to provide efficient and
reliable services for multiple users.
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