2492

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 67, NO. 11, NOVEMBER 2020

High Data Rate Discrete-Cosine-Spreading Aided
M-Ary Differential Chaos Shift Keying
Scheme With Low PAPR

Zuwei Chen ~, Lin Zhang

Abstract—Traditional differential chaos shift keying (DCSK)
systems have low spectrum efficiency since half of time slots are
used to transmit the reference chaotic signals. Our objective is
to utilize the orthogonality of chaotic vectors and orthogonal
cosine functions to construct a high data rate M-ary modulation
scheme while providing improved reliability over wireless chan-
nels. In this brief, we propose a discrete-cosine-spreading (DCS)
aided M-ary DCSK scheme. In our design, we first utilize the
Gram-Schmidt algorithm to generate orthogonal chaotic basis
vectors, then the linear combination of these vectors is used for
M-ary modulations to improve the data rate. In order to sup-
press the interferences between modulated signals and reduce the
peak to average power ratio (PAPR) induced by the overlapping
of linear combinations, subsequently we apply discrete cosine
codes to spread the modulated symbols. The resultant symbols
are respectively transmitted over the quadrature and inphase
channels. Furthermore, we derive the theoretical bit error rate
(BER) expression over additive white Gaussian noise (AWGN)
channel and multipath Rayleigh channels, then we analyze the
computational complexity. Simulation results validate the the-
oretical derivations, and demonstrate that compared with the
benchmark schemes, the proposed scheme could achieve higher
data rate with the improved bandwidth efficiency, better BER
performances over multipath fading channels, and lower PAPR.

Index Terms—Differential chaos shift keying (DCSK), Discrete
cosine spreading (DCS), Gram-Schmidt transform, orthogonal
basis, reliability.
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I. INTRODUCTION

N THE past two decades, chaotic communications have

attracted lots of research interests thanks to the anti-
jamming capabilities and high security performances achieved
by chaotic transmissions. Compared with the coherent chaotic
modulation, the non-coherent chaotic modulation such as the
differential chaos shift keying (DCSK) has received more
attentions in recent years, since no complex chaotic syn-
chronization circuit is required at receivers and thus the
practicability is enhanced.

The major drawback of the DCSK scheme is the low
spectrum efficiency due to the transmission of the refer-
ence chaotic signal using half of time slots. In order to
improve the spectrum efficiency, many research works have
been done. Reference [1] proposed a code-shifted differential
chaos shift keying (CS-DCSK) scheme, which transmitted the
reference signal and the information bearing signals modu-
lated by Walsh codes in the same time slot. Later on, the idea
of exploiting Walsh codes to transmit the chaotical modulated
signals was extended and a generalized code-shifted differ-
ential chaos shift keying (GCS-DCSK) scheme was proposed
by [2]. Furthermore, [3] proposed a multilevel code-shifted
differential chaos shift keying (MCS-DCSK) [3] scheme to
improve the data rate.

Based on these achievements, M-ary modulation schemes
were proposed to further improve the GCS-DCSK scheme [4]
and the MCS-DCSK scheme [5]. In addition, Hilbert trans-
formation was utilized by [6] to propose a quadrature chaos
shift keying (QCSK) scheme to achieve twice data rate, and [7]
used Hilbert transformation and Walsh codes to achieve higher
data rate and in [8], the authors used the Gram-Schmidt
algorithm to generate multiple orthogonal chaos signals to
transmit the information to attain higher data rate. Expect for
the orthogonality of pseudo random codes, the orthogonality
in the frequency domain was also exploited to improve the
spectrum efficiency, such as the orthogonal frequency divi-
sion multiplexing (OFDM)-based OCVSK scheme [9] and
multi-carrier chaos shift keying (MC-CSK) [10].

However, these M-ary high order DCSK modulation
schemes using Walsh codes have weak resistances to the
multipath fading, thereby leading to degraded performances.
Besides, the summation operations contained in M-ary mod-
ulation may induce the issue of larger peak to average power
ratio (PAPR). Moreover, the traditional M-ary modulation
schemes require the order of the Walsh code to be the n-th
power of two, thus the flexibility and the practicality is
constrained.
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Fig. 1. The DCS-aided M-ary DCSK transmitter.

Different from the existing high data rate chaotic modula-
tion schemes based on Walsh codes, in this brief, we propose a
discrete-cosine-spreading (DCS) aided M-ary DCSK scheme
to modulate the user data with multiple orthogonal chaotic
basis vectors and the discrete cosine functions, thus the reli-
ability performance are improved while providing high data
rate transmissions.

In our design, at the transmitter, the chaotic signals gen-
erated by the chaos generator are firstly transformed by
the Gram-Schmidt algorithm to construct multiple orthogonal
basis vectors for achieving M-ary modulations of user data.
Subsequently, the information-bearing chaotic modulated sig-
nals are spread by the orthogonal discrete cosine transform
(DCT) matrix, whose dimension can be arbitrary positive inte-
ger, to enlarge the Euclidean distances and reduce the PAPR.
The resultant signals are then transmitted over channels. At
the receiver, the reverse operations are performed to recover
the estimates of the received signals.

Briefly, the main contributions include:

1) We propose to utilize the discrete cosine codes to spread
the information-bearing chaotical modulated signals to
achieve higher data rate with enhanced reliability over
multipath channels and lower PAPR.

2) The proposed DCS-M-DCSK scheme achieves better
practicality than counterpart schemes, since the DCS
codes can have the order of the arbitrary positive integer.

3) Theoretical BER performances of the proposed design
are analyzed over the additive white Gaussian noise
(AWGN) channel and multipath Rayleigh fading
channels.

The remainder of this brief is organized as follows. The
system model of DCS-M-DCSK is presented in Section II.
Then we analyze the theoretical BER performances and the
computational complexity in Section III. Section IV provides
simulation results and Section V concludes this brief.

II. SYSTEM MODEL

In this section, the transmitter and receiver architectures of
DCS-M-DCSK system are presented.

A. Transmitter

At the transmitter shown in Fig. 1, in the k-th symbol
duration, M chaos generators generate M different chaotic
sequences, denoted by x’f, ,x’,@ respectively. Let xﬁ‘ =
(xfo,xf.‘ 1,...,xi.‘ ﬁ_l)T denotes the i-th sequence, where f
is the sequence length. Then the Gram-Schmidt algorithm
is applied to orthogonalize X’f, . ..,x’j,, to produce multiple
orthogonal chaotic basis vectors to modulate the user data.

Then the discrete cosine spreading is performed to lower the
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Fig. 2. The discrete cosine spreader structure.

PAPR and enhance the reliability performances. More details
are given as follows.

1) M-Ary Modulation: Applying the Gram-Schmidt algo-
rithm [11], we generate M orthogonal chaotic basis vectors,

denoted by e’]‘, e, e’,f4, from x’l‘, R Xf‘w by
k
X .
k] =, i=1
{x}.xf)
i—1
k k ok\o.k
ef = X;— 71<X, ellen (1
1= ,1=2,....M
i—1 i—1
J (s, ot . et
n= n=

where (xf.‘, e’,‘l) represents the inner product of vector x%‘ and

ek, which is calculated by (x, k) = Z}S:_ol xf je’,‘l’ ; and j rep-
resents the index of chips of the specific vector. These basis
vectors constitutes a matrix EF (= [elf, el e]j,l]) to be used as
the reference vectors.

On the other hand, the serially input user data bits

b’f,...,bl(‘ZN_M)M are mapped to a coefficient matrix AX,
wherein the element is denoted by a]v‘,i e {l,-1}(v =
1,....,2N—M)(i =1, ..., M). Subsequently, we modulate AK

. . . . T
with the normalized reference chaotic matrix \/LM(E]‘) , and

the information-bearing vector is denoted by \/LM Zf‘il a’v‘yieé‘.

2) Discrete Cosine Spreading: Next, we propose to spread
both the reference and information bearing vectors by DCS
codes. As shown in Fig. 2, let D, represent the n-th row of
the matrix with the element D, ,, (n =1,...,N) (in=0, ...,

N — 1) defined as [12]

/1 Cm+1)(n—)m _
N COS(T), n=1 (2)
2 Qm+1)(n—1)m _
,/NCOS<T), n=2,...,N

where N could have arbitrarily integer value. Let SF denote
the spreading factor, then SF' = Ng. It is worth mentioning
that although Walsh codes can also be applied to spread sig-
nals, the dimension is 2" [3] since they are constructed by the
row or column of the Hadamard matrix recursively. Thus the
practicality is worse than the discrete cosine codes.

Notably, DCS codes are orthogonal and satisfy
Z%;}) DymDikm = 0 (n # k) [13]. In addition, in
order to keep the transmitting energy as a constant, they are
normalized to ZZ;E) Di’m =1 [12].

Then after the pulse shaping represented by fr(t —jT¢),
wherein 7. is the duration time, we obtain the transmitted
signal in the k-th symbol duration as

Dn,m -

M N-1
s(t) =D Dimef(t —mT,)
i=1 m=0
1 N-M M N-1
= D DD Dermmef (t = mTe) | cosQrfor)
\/M v=1 i=1 m=0
1 M N-—1
- SN0 by Dvmel t—mTe) sinrfor) (3)
M v=1 i=1 m=0
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Fig. 4. The DCS-aided M-ary DCSK receiver.

Subsequently, s(#) is transmitted over channels. As illus-
trated by Fig. 3, M reference symbols and N — M information
bearing symbols are transmitted via the inphase channel,
while N information bearing symbols are transmitted over the
quadrature channel.

B. Receiver

At the DCS-aided M-ary DCSK receiver, reverse operations
are performed. In the AWGN channel, the received signal r(¢)
can be represented by

(1) = s(1) +n() 4)

where n(f) denotes the Gaussian noise having the zero mean
and power spectral density of Ny/2.

As shown in Fig. 4, after matched filtering and sampling, the
received signal is correlated with each DCS code to recover
the reference chaotic vectors and data bearing vectors. More
explicitly, let e (eu 0 ’;1,..., w0 f— 1) (u =1, , M)
denote the u-th recovered reference vector then the j- th chip
is calculated by

N-M M
k k
Z ZDzmeu+— 2 2 aviDvrmmeij | Dum
m=0 \i=1 v=l i=1
N—1 —
k k k
+ D Dum = e+ Z 1y jDum ®)
m=0 m=0

where 1¥ ; 1s the noise received from the in-phase channel.

Besides, let yf, = (yg 0’)’]; 15 ...,y];, ,371)T g=1,...,N)
denote the recovered information bearing vector over the
quadrature channel, then the j-th chip is calculated by

N—1

-¥

m=0

«/_Z g+N— Mtelj+ZnQ1 gom (6)

Zzav+N M,i anetj+nQ/ Dg,m

v—lz]

Yg.j

k
Q.
while for the inphase channel, the j-th chip of W (g =

where n7, ; is the noise received from the quadrature channel
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Subsequently, the chaotic demodulation is performed with

the reference chaotic matrix EX and the information-bearing
matrix Y*. As shown in Fig. 4, the resultant decision matrix

is Zk = Wk . E¥ and 7% = Yk . Ek, wherein the element, i.e.,
the decision variable Ek,u and zk,u are expressed as
B—

ng/ Cu,j

At last, we demodulate 2&”

denoted by Bk, R EIEZN—M)M’

Zyg/ €uj ®)

and zg’u to obtain the estimates

III. PERFORMANCE ANALYSIS

In this section, we analyze the BER, PAPR performances
and the computational complexity for the proposed design.

A. BER Analysis

Considering that Zjﬁ e ijCuj = = 0,i # u and substituting
Eq. (5) and Eq. (7) into Eq (8) we can calculate the decision
variable by

B—1 N—1
~k _
Zg,u_z Zagt l/+Z"11 g+M,m
j=0 m=0
k k
X eu’j—f— an’jDu,m
m=0
-1 N—1 -1
—Lﬂzzak ek-z—i-LZ:Z:/3 at .Fnk.D
- i g.u\“u,j m 8,17 L j U m
j=0 m=0 i=1 j=0
N—1p-1 M B-1
DWW N D IPICI
1 jDe+m, mel u,j m Ag,i€iju.j
m=0 j=0 =L,i7u j=0
B—1 /N—1 N—1
k k
+ 2\ 2 i Pgratm )| D 7 P ©)

Substituting Eq. (5) and Eq. (6) into Eq. (8), we can get
/\k . .. . Ak
2y, and since the decision variables z, , and z, , have the
same statistical characteristics, we only need to evaluate the
numerical characteristics for one of them. On the condition
that a]gf’i =1 and ZZ;(I) Dﬁ,m = 1, we can derive that

] - fgo ()] - 2

N0,3E|:<e',j,j)21| MNOﬂE[(e{.ﬁj)z] on2

nk
var[zg u] = > + M + n
2
_ (2N — M)MELNy n BN§ (10)
2N 4
where E[-] and var[-] respectively represent the numerical
expectation and the variance of a specific random variable,
. . ANBEI( )°]
E}, is the bit energy expressed by Ejp = m

Authorized licensed use limited to: WRIGHT STATE UNIVERSITY. Downloaded on February 16,2022 at 22:19:32 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: HIGH DATA RATE DISCRETE-COSINE-SPREADING AIDED M-ARY DIFFERENTIAL CHAOS SHIFT KEYING SCHEME WITH LOW PAPR

TABLE I
DATE RATE AND BANDWIDTH EFFICIENCY COMPARISONS

Scheme Date Rate K Bandwidth efficiency

DCS-M-DCSK  M(2N — M)  M(2N — M)/(SF)
OM-DCSK [7] loga(2N) log2(2 N)/(SF)
OCVSK [8] M 1/(SF)
MCS-DCSK [3] P P/(S‘ﬁ)
MCS-MDCSK [5]  (P)loga(M)/2  (P)logs(M)/(25F)
MC-CSK [10] Nloga(N) Nlog2(N)/(SF)

Then we could obtain the BER expression over AWGN
channel as
sk
Elg]

2var[ k, ]

1 y ANNo__
= —erjc
2 (2N — M)E,,

WGN
PAVGN _

: f
—erfc
2

1

2 2 2
2N?BN} ) 2

2 2

(2N — M)>ME}

2 .
> e~dt is the complementary error

_ 2
=2

where erfc(x)
function.
Moreover, for the multipath fading channel containing L
independent and identically—distributed (i.i.d) paths with the
gain of (Il = 1, 2,. L) the instantaneous signal to noise
ratio (SNR) yp is yp = Y1 L of f,b with E(e}) = 7. For
Rayleigh fading channels the proba%lhty density functron of

Yo is f(yp) = W

bit-SNR per path given by y = ZIT Thus we can obtain the
conditional BER as [3]

exp 7, Where y denotes the average

_1
AN N 2N2B :
QN—M)y,  2N—-M)*My}

1
Pe(yp) = erfc ( (12)

Then we can derive the BER expression of DCS-M-DCSK
system over multipath Rayleigh fading channel as

—+0o0
pUULTIPATH _ fo Pe(ys) ). (13)

B. Date Rate and Complexity Analysis

Table I compares the data rate denoted by K and the
bandwidth efficiency of the proposed scheme and counter-
part schemes, wherein SF respresents the spreading factor.
Notably, for OCVSK [8], SF = 28 but for other schemes,
SF = NB. In addition, for OM-DCSK [7], MCS-DCSK [3]
and MCS-MDCSK [5], N is the order of the Walsh codes
and P (P < N — 2) is the number of Walsh codes used
for information delivery, while for MC-CSK [10], N repre-
sents the number of subcarriers. Moreover, for OCVSK [8],
M equals to the number of orthogonal basis vectors, while for
MCS-MDCSK, M is the modulation order.

Furthermore, it can be noticed that the DCS-M-DCSK
scheme achieves higher data rate and efficiency than bench-
mark schemes. For example, when N = 8 and M = 4, the
proposed DCS-M-DCSK system achieves the data rate of 48
bits/symbol and the bandwidth efficiency of %, while the
maximum data rate of the MCS-DCSK and MCS-MDCSK
schemes is 6 bits/symbol and the bandwidth efficiency is %.
In addition, the data rate of OM-DCSK, OCVSK, MC-CSK
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TABLE II
COMPUTATIONAL COMPLEXITY COMPARISONS
Data rate K Scheme Add‘i(i_on ) Mullip_]icalion
operations operations

DCS-M-DCSK(N = 8, M = 4) T3SF — 58 885 F
OM-DCSK [7](N = 247) (249 +1— 57)SF — 2% 3(2%8 +1)SF

48 bits/symbol  OCVSK [8](M = 48) 2352SF — 2401 2352.5SF
MCS-DCSK [3](N = 64, P = 48) 96.9843755 F — 48 98.755F + 3072
MCS-MDCSK [5](N = 64, P = 48, M = 4)  96.9843759F — 48 146.755 F

’ DCS-M-DCSK(N = 10, M = 4) 93SF — 74 1125F
64 bits/symbol  \16 5K [10)(N = 16) 325F — 361 325F

10° 10

, =80 (Sim.)
5=160 (Sim.)

, =320 (Theo )

ED/NO(dB)

Eb/NO(dB)

(a) AWGN channel. (b) Rayleigh fading channel.

Fig. 5. Theoretical and simulated BER performances of the DCS-M-DCSK
system with N = 8.

are respectively 4, 4, 24 bits/symbol while the bandwidth
efficiency is siF’ siF and 2

It can be observed from Table II that the computational
complexity of our proposed scheme is lower than benchmark
schemes except the MC-CSK (N = 16) system. However,
MC-CSK system requires additional modules such as mul-
tiplexers to implement multi-carrier transmission, hence has
higher implementation complexity than the proposed scheme.

C. PAPR Analysis

The PAPR performance can be evaluated by a complemen-
tary cumulative distribution function (CCDF) defined as [14]

CCDF(PAPRy) = Pr(PAPR > PAPRy) (14)

where Pr(PAPR > PAPRy) denotes the probability that PAPR
is larger than the average PAPR denoted by PAPRy. Then we
can evaluate the PAPR in the k-th symbol duration by PAPR =
k(2
%, where max(-) represents the maximization operation

to obtain the maximum value of (-).

IV. SIMULATION RESULTS

In this section, we present simulated results. In our simula-
tions, the definitions of system parameters have been presented
in Section III-B. Besides, the parameters of rnultrpath Raylergh
fading channel are set as E[a l] = E[a ] = E[a = 1/3,
71 =0, » = 5T, 13 = 20T, for large delay spreading and
11 =0, ©p = 2T,, 13 = 5T, for small delay spreading, where
for the i-th path, «; represents the channel coefficient and t;
is the time delay.

A. BER Performance

Fig. 5(a) and Fig. 5(b) illustrate the simulated (Sim.)
and theoretical (Theo.) BER results of the DCS-M-DCSK
system with different M and 8 over the AWGN channel and
the small-delay-spreading multipath Rayleigh fading chan-
nel respectively. It can be observed that when g is larger,
the theoretical BER results will match simulated ones better
thanks to higher Gaussian approximation precision. Moreover,
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Fig. 7. BER performance comparisons over multipath Rayleigh fading
channel with SF = 640.
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Fig. 8. CCDF PAPR performance comparisons with SF = 640.

when M and § decrease, the interferences between signals will
reduce accordingly, which leads to better BER performances.
Furthermore, Fig. 6 and Fig. 7 compare the BER per-
formances of the proposed DCS-M-DCSK and benchmark
schemes including OM-DCSK [7], MCS-DCSK [3], MCS-
MDCSK [5], MC-CSK [10] and OCVSK [8] over the AWGN
channel when SF = 80 and multipath Rayleigh fading chan-
nel with large or small delay spreading when SF = 640. It
can be seen from Fig. 6 that for the same SF = N, when
N is larger, 8 will be smaller, the noises decrease as given in
Eq. (9) and the BER performances of the proposed system
are improved accordingly. Additionally, we can notice that
when N increases to 8, the proposed system can provide bet-
ter BER performances than those of benchmark schemes using
N = 8, 16, while achieving much higher data rate K = 28.
In Fig. 7, for the multipath Rayleigh fading channel
with large delay spreading or small delay spreading, we
can notice that the proposed DCS-M-DCSK system outper-
forms benchmark schemes and achieves better BER perfor-
mances at the same data rate K. Thus, thanks to the DCS
design, the proposed scheme can better combat the multipath
interferences [1] and is more robust to channel variations.
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B. PAPR Performance

At last, Fig. 8 shows that the PAPR performances of the
DCS-M-DCSK system are lower than counterpart schemes
except the OM-DCSK scheme which can not provide high
data rate transmissions. Moreover, with higher data rate of
K = 127, the PAPR performances of our design are also better
than those of MCS-DCSK and MCS-MDCSK systems.

V. CONCLUSION

In this brief, we propose a high data rate DCS-M-DCSK
scheme with low PAPR. In our design, multiple orthogonal
chaotic basis vectors are constructed to modulate the user
data bits as reference vectors, then the discrete cosine codes
are utilized to spread the information-bearing chaotic modu-
lated vectors for transmissions over the quadrature and inphase
channels. Theoretical BER expressions are derived, and the
data rate as well as the computational complexity is analyzed
and compared among benchmark schemes. Simulation results
validate our derivations. Moreover, the results demonstrate the
proposed design can achieve better BER performances than
benchmark schemes over multipath fading channels with the
same data rate and lower PAPR. Therefore, the proposed DCS-
M-DCSK system can provide higher data rate services for user
ends with the improved bandwidth efficiency, better robustness
over multipath fading channels, and lower PAPR.
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