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Abstract— Based on multi-carrier transmission and multi-level
chaos shift keying modulation, a novel multi-carrier chaos shift
keying (MC-CSK) modulation system is proposed and designed
in this paper. The new system adopts multiple subcarriers,
on which all chaotic basis signals along with multiple data-
bearing signals are transmitted simultaneously. The data-bearing
signals and their references, though sharing the same subcarriers,
are separated by I/Q channels. As a consequence, the MC-CSK
system can achieve higher bit rate and better spectral efficiency
compared with the MC-DCSK system. It can also dispense with
chaos synchronization and threshold shifting that are required in
conventional CSK systems, and achieve a delay-line-free design in
both transmitters and receivers. Also, the performance of the pro-
posed system is further improved by normalizing all chaotic basis
signals and making them strictly orthogonal using the Gram—
Schmidt algorithm. Moreover, the bit error rates (BERs) of the
MC-CSK system over additive white Gaussian noise and multi-
path Rayleigh fading channels are derived. Finally, simulations
are performed under different channel conditions and the effects
of system parameters on the BER performance are evaluated.
Both analytical and simulation results confirm that the MC-CSK
system outperforms differential CSK (DCSK) and MC-DCSK
systems in BER performance, except a rare case when the
number of subcarriers is very small.

Index Terms— Chaos-based communications, multi-carrier
chaos shift keying, spectral efficiency, non-coherent detector,
bit error rate.

I. INTRODUCTION
ISTINGISHED for their excellent communication secu-
rity, simplicity in circuit design, strong resistance to
self-interference, low probability of interception and high
robustness to multipath degradation, many chaos-based digital
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modulation schemes have been proposed, investigated and
optimized in the past two decades [1]-[12]. The basic idea
behind these schemes is to map binary/M-ary data symbols
into different non-periodic and wideband chaotic basis signals.

Generally, the chaos-based digital modulation schemes can
be classified as coherent and non-coherent schemes. For a
coherent scheme, chaos synchronization is required and this
stringent requirement is unfortunately impractical for real
world applications. Therefore, schemes using non-coherent
detectors are more popular. As a typical non-coherent system,
differential chaos shift keying (DCSK) system [3] as well
as its revised version named frequency-modulated differen-
tial chaos shift keying (FM-DCSK) system [4] has received
great attention in recent years [13]-[20]. In both systems,
transmitted-reference (T-R) technique is adopted to bypass the
requirements of chaos synchronization and channel estimation.
The data and reference signals are separated in a time division
multiple access (TDMA) fashion, and therefore demodulation
could be performed by evaluating correlations between the
first and the second halves of the received signal in one
symbol duration. Compared to other non-coherent systems,
DCSK/FM-DCSK systems can achieve much better perfor-
mances under various channel conditions [5]-[8], but at the
cost of low data rate and low energy efficiency in general.

In order to increase the data rate or to obtain higher energy
efficiency, several enhanced versions of DCSK have been
designed, including quadrature chaos shift keying (QCSK) [9],
multi-level DCSK/FM-DCSK [10], high-efficiency differential
chaos shift keying (HE-DCSK) [11] and orthogonal chaotic
vector shift keying (OCVSK) [12] systems. However, these
solutions along with DCSK/FM-DCSK are not applicable
to ultra wideband (UWB) communications because of the
need for wideband delay lines. Implementing transceivers with
wideband delay lines is practically difficult [21]. It will result
in extremely high power consumption based on digital imple-
mentation, while analog wideband delay lines are too long and
rather difficult to integrate with the CMOS technology.

To resolve the above difficulty in implementation, the wide-
band delay lines are removed from receivers in [22] and [23]
by separating data and reference signals with different Walsh
codes in the DCSK. Later, in [24], Walsh codes are substituted
by chaotic codes to gain a higher data rate. For the similar pur-
pose, a single carrier multi-level DCSK modulation system is
proposed in [25], where Walsh codes and Hilbert transform are
utilized to build multiple orthogonal basis functions. Differing
from those in [22]-[24], however, the system in [25] separates
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data and reference signals not by codes but by two phases of
a given sinusoidal carrier. Although no delay lines are needed
by receivers in [22]-[25], there are more delay lines in the
transmitters and extra code synchronization requirements also
complicate the system design of these schemes.

To solve the delay line problem as well as to combat with
the hostile propagation environments in high data rate mobile
communications, multi-carrier (MC) transmission technique
can be applied into chaos-based digital modulations so as to
allow simultaneous transmissions of data and reference signals
on multiple subcarriers. As an effective solution adopted
by many recent standards, such as DVB-T, IEEE 802.11a,
WiMAX, LTE and so on, MC shows great potentials in digital
broadcasting, WLAN, UWB and many other mobile wireless
broadband communications [26]-[29]. In the MC transmis-
sion, a serial high rate data stream is converted into many
parallel low-rate sub-streams, where each one is carried by an
allocated subcarrier. By using the fast Fourier transform (FFT)
technique, MC modulation can be efficiently implemented in
digital settings [30]. With a long symbol time, MC systems
show great immunity to impulsive noise and delay spread,
i.e., inter-symbol interference (ISI). In this way, combining
MC transmission and chaos-based digital modulation not only
can solve the delay line problem perfectly but also can inherit
many merits that were originally reported from the multi-
carrier spread spectrum (MC-SS) schemes [31], such as high
spectral efficiency, robustness and flexibility.

The MC technique is first combined with DCSK in [32],
where a new system called multi-carrier differential chaos shift
keying (MC-DCSK) is suggested. Later, in [33], MC-DCSK is
extended to multi-user scenarios, where all users share some
predefined subcarriers for data transmission. Defined as a new
cognitive multi-user access strategy, an analog network coding
scheme is designed in [34] for MC-DCSK. In MC-DCSK, one
of the subcarriers is assigned to the chaotic reference signal,
while the others are assigned to multiple data-bearing sig-
nals, which share the same reference signal. In consequence,
MC-DCSK increases both the data rate and the energy effi-
ciency, resulting in better bit error rate (BER) performance
as compared to DCSK. However, the spectral efficiency of
MC-DCSK is relatively low since the data-bearing signal,
occupying a certain subcarrier during one symbol period,
carries only one single data bit each time.

To simultaneously fulfill the surged demands of higher
spectral efficiency, better data security and higher data rate
in mobile wireless communications, a novel multi-carrier
chaos shift keying (MC-CSK) modulation system is designed
in this paper. The proposed system is based on multi-level
CSK, in which data-bearing signals are generated by mapping
M-ary data symbols into normalized orthogonal chaotic basis
signals. In each symbol duration, all the chaotic basis signals
are being transmitted as the references on different subcarriers
in the MC-CSK system, together with multiple data-bearing
signals carrying different symbols. To be free of interference,
these reference and data-bearing signals, though occupying
same subcarriers, are separated by orthogonal I/Q channels.
In this way, chaos synchronization and threshold shifting in
conventional CSK system are eliminated in MC-CSK. Instead,
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a non-coherent detector that compares correlations between
each received data-bearing signal and all chaotic basis signals
can be utilized for data recovery. With one data-bearing signal
carrying more data bits, the proposed MC-CSK system has
much better spectral efficiency and a much higher data rate.

The rest of the paper is organized as follows. In Section II,
the generation of chaotic basis signals in the proposed sys-
tem is first introduced, and the transceiver architecture as
well as the basis of the MC-CSK system is then described.
In Section III, the BER performances of the MC-CSK system
over additive white Gaussian noise (AWGN) and multipath
Rayleigh fading channels are derived. Simulation results are
reported with comparisons in Section IV. Finally, conclusions
are given in Section V.

II. MULTI-CARRIER CSK SYSTEM

In this section, the basis and the architecture of the
MC-CSK system are presented. To start with, the design of
the generator of chaotic basis signals is first presented.

A. Generator of Chaotic Basis Signals

In binary CSK modulation [1], two chaotic basis signals are
utilized to represent two different binary symbols, respectively.
Depending on which chaotic basis signal is received, binary
symbols can be retrieved at the receiver side. This idea
has been extended to multi-level CSK modulation, in which
multiple dissimilar chaotic signals are used as basis signals to
represent multiple M-ary symbols.

As far as system implementation is concerned, chaotic
basis signals used in the MC-CSK system can be produced
either from multiple distinct chaotic systems or from a
chaotic system with different initials or bifurcation parameters.
Nevertheless, the obtained chaotic basis signals have imper-
fections, i.e., their auto-correlations may vary from symbol
to symbol and their cross-correlations also fluctuate around
the zero value. As a result, the system performance is dete-
riorated, especially for small spreading factors. This negative
effect escalates when more chaotic basis signals are involved,
as in MC-CSK, impacting on the system performance despite
having a relatively large spreading factor.

There are two possible solutions to improve the char-
acteristics of auto-correlations and cross-correlations of the
chaotic basis signals. The first solution is to combine the
frequency modulator [4] and Hadamard-Walsh codes [35].
Since chaotic signals weighted by Walsh codes are strictly
orthogonal, the values of their cross-correlations will always
be zero. In addition, chaotic signals that undergo the frequency
modulator have fixed power and subsequently can eliminate
variations of auto-correlations. The second solution is based
on the Gram-Schmidt algorithm [12]. Due to the fact that
Walsh-based orthogonalization will introduce more additional
delay lines in transmitters and could be invalid in multipath
channels and asynchronous multiuser situations, only the
Gram-Schmidt orthogonalization that needs no delay lines in
system implementation is considered here.

To generate the chaotic basis signals for the MC-CSK
system, an orthogonal chaotic signal generator (OCSG) is
designed. Referring to the design block diagram in Fig. 1,
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Fig. 1. Design block diagram of orthogonal chaotic signal generator.
every chaotic basis signal in a given symbol duration is
constructed on the basis of a finite-length chaotic vector, which
varies from symbol to symbol. In the n-th symbol duration,
M chaotic generators generate M different chaotic vectors,
x(ln), R xgz), respectively. These chaotic generators could be
implemented by realizing a particular chaotic attractor with
different initials or bifurcation parameters in the digital signal
processor (DSP). Using the same DSP, the Gram-schmidt
algorithm is applied to the output vectors of these
chaotic generators for the purposes of orthogonalization and
normalization.

It is remarked that the Gram-Schmidt algorithm requires
all input vectors be linearly independent. As proved in [8],
the chaotic vectors xln), R xS\Z) of infinite signal length are
orthogonal and therefore linearly independent. For a finite sig-
nal length S, since chaotic system is highly sensitive to initial
conditions and system parameters, the correlation coefficients
of x(ln), cee xg(,;) tend to decay rapidly to nearly zero when
f increases, making these vectors linearly independent. For
illustration, consider a matrix X € RM*F defined as

X
(n)

X

X=|7 (1)

£

It x(ln), . xﬂz) are linearly independent, the rank of X in (1)
should be M. Figure 2 depicts the ranks of matrix X against
£ with different values of M. The results are based on
100,000 trials in which the logistic map x;41 = 1 — 2xl.2
used in [8] with M initials is employed and different initials
are used in each trial. As shown in Fig. 2, when f > M,
the rank of X equals M for all the trials, implying that the
chaotic vectors x&"), e ,xgz) are linearly independent and
therefore satisfy the condition required by the Gram-Schmidt
algorithm. It should be emphasized that a similar condition
is widely accepted and has been applied in the literature,
e.g., in [5]-[12], [24], [32], [33], and [36].

Now, consider M different chaotic vectors generated by a
particular chaotic system with M different initials in the n-th
symbol duration, which can be described as

x;”) = [xj,nﬁ+1,xj,nﬂ+2» e ,xj,nﬁ+ﬂ], fOr .] = 15 M) M
)

where xj ,54+1 denotes the (nf4-1)-th chaotic sample outputted
by the chaotic generator with the j-th initial, and g is the
number of chaotic samples in one symbol duration.
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Fig. 2. Rank(X) against £ for different values of M. The minimum, mean
and maximum values of rank obtained in 100,000 trials are plotted for each
case.

Choosing a relatively large f with f > M, chaotic vectors
in (2) are linearly independent, satisfying the condition for the
Gram-Schmidt algorithm. One can then obtain M orthogonal
basis vectors ugn), e ”5\2) by the following Gram-Schmidt
orthogonalization process:

()

xy, for j =1
() i1 <x(.") u(")>
u. = > 3
J x;.")— E ;u("), forj=2,....,.M )

P <ul(n),ul(n)> 1

where <x§"), ul(”) > represents the inner product of vectors xﬁ.")

and ul("), which is given by

B
<x;n), u,(")> = Z Xjnp+mUinp+m 4)

m=1

and u; up4m 18 the m-th element of vector ul(").

The orthogonal vectors in (3) will be further normalized to
have unity energy, such that

u®
e =—J  forj=1,....M )
J
<u(_n) u(_n)>
jo i

where ' is referred to as the j-th normalized orthogonal
vector in the n-th symbol duration.

For demonstration, 64 chaotic vectors are obtained from the
logistic map in [8] with 64 different initials. Fig. 3 depicts the
histograms of auto-correlations and cross-correlations of these
chaotic vectors before and after the Gram-Schmidt algorithm.
As shown, before the Gram-Schmidt algorithm, variations
exist in both auto-correlations and cross-correlations, leading
to more uncertainties in decision variables. Fortunately,
these variations are removed perfectly by applying the
Gram-Schmidt algorithm. It is remarked that the normalized
orthogonal vectors egn) e eg? in (5) are still chaotic,
confirmed with the positive largest Lyapunov exponents
obtained by the method proposed in [37] as shown in Fig. 4.
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Fig. 3. Histograms of auto-correlations and cross-correlations of chaotic
vectors before and after Gram-Schmidt orthogonalization (f = 64
and M = 64).

0.9 p

]

0.3 E

Largest Lyapunov Exponents of e

0.1+~ -

0 r r r r r r

10 20 30 40 50 60
J

Fig. 4. The largest Lyapunov exponents of normalized orthogonal vectors
in (5) with f = 3000 and M = 64.

Finally, the chaotic basis signals are obtained by filtering
the M normalized orthogonal vectors e&"), R 953) that are
outputted by the DSP unit with M identical pulse shaping
filters.

Let e;") = [€jnp+1s€jnpt2s---»€jnp+p] be the j-th nor-
malized orthogonal vector in the n-th symbol duration. Then,
the corresponding chaotic basis signal is represented by

np+p
e§">(t)= Z ejxhr(t —kT,), for j=1,...,M (6)
k=nf+1

where T, is the chip time and A7 (¢) is the impulse response
of the pulse shaping filter.

In the design, a square-root-raised cosine filter with roll-
off factor ¢ (0 < a < 1) is adopted for pulse shaping. The
frequency spectrum of A7 (z) is limited to [—Af/2, Af/2]
with Af = (1 + a)/T, and the energy of A7 (t) is normalized
to unity:

T.
/ W2 (t)dt = 1 ™
0
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Fig. 5. Format of the signal transmitted in the MC-CSK system during the
n-th symbol period.

B. Basis of MC-CSK

The main feature of the MC-CSK system is that it intro-
duces both MC transmission technique and T-R technique into
multi-level CSK modulation. The former technique not only
increases the attainable bit rate and spectral efficiency but also
avoids using wideband delay lines in the transceiver design,
while the latter avoids both the threshold shifting problem and
using chaotic synchronization circuit in the receiver design.

In the MC-CSK system, M subcarriers are employed to
transmit multiple data symbols in a parallel way so that a
higher data rate could be achieved. As a T-R based system,
MC-CSK transmits M chaotic basis signals (see (6)) as the
reference signals over the Quadrature channel on these M sub-
carriers, respectively, during one symbol period. Meanwhile,
M data-bearing signals carrying M different data symbols are
transmitted over the Inphase channel by the same subcarriers.
As a result, chaos synchronization circuit is not needed by
this receiver since the reference signals, i.e. the chaotic basis
signals, are available. In addition, wideband delay line is not
needed either, since the reference and data-bearing signals
are separated over orthogonal I/Q channels. For visualization,
Fig. 5 shows the format of the transmitted signal during the
n-th symbol period in the MC-CSK system.

At the receiver side, M chaotic basis signals and M data-
bearing signals are extracted from the Quadrature and Inphase
channels of all subcarriers. To recover a certain data symbol,
the recovered data-bearing signal is correlated with all M
extracted chaotic basis signals and decision will be made in
favor of the largest correlator output for achieving optimal
detection performance.

C. Transmitter

Fig. 6 depicts a feasible structure of the MC-CSK tr(ansmit-
ter. In the n-th symbol duration, serial bits by" ...bﬁglogz o
are converted into M parallel bit sequences representing
data symbols, af") s a,(;;), by the serial to parallel circuit.

Each data symbol is defined as a bit sequence consisting



2186

—sin(2z fit)
" (1) X
g e : )
OCSG .
e () X
—sinl 27[_%, TN s(’"(t)
“4‘—»
cos(2 f1) s
12El OV
.3 § /\<
O
wuum
T2 e .
= d\ (1) KON
5 2 3
M ] cos27 fy,0)
/< ]| > . . . 1
Symbol @'}’ Symbol a”’

B, b, y—>  Serial to Parallel Circuit
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of logo M bits. Referring to Fig. 6, the i-th data symbol is
given by

a® = (b

(n)
(i—1)logy M+1 " -b;

ilogy, M

), fori=1...M (@
where b(?zl)logz w1 € {0, 1} is the least significant bit (LSB)
of the i-th data symbol transmitted in the n-th symbol
duration.

In the MC-CSK system, every chaotic basis signal in (6)
corresponds to one of these M-ary data symbols. The mapping
is simply performed by an M-to-1 multiplexer (MUX) as
shown in Fig. 6, where its output is addressed by the data
symbols. Mathematically, one has

My — m|_ ; .
di"(t)—ej"(t), 1fdec[ "]—], fori=1,...,M (9)
where d ) (r) represents the data-bearing signal carrying data

symbol a( ") dec[-] denotes a binary-to-decimal converting
operator deﬁned as

logy M
(n)y| _ ()
dec [ain ] =1+ Z b(?fl)logzMJrk
k=1

For parallel and simultaneous transmission, transmitter will
modulate the obtained data-bearing signals df") ®,..., dl(v';) ®)
onto the Inphase sinusoidal carriers with center frequencies of
f1, f2, ..., fm, respectively, while the chaotic basis signals
egn) (1), ..., e, (t) in current symbol duration are also modu-
lated onto the Quadrature sinusoidal carriers with same center
frequencies.

Finally, these modulated signals are summed and transmit-
ted by the MC-CSK transmitter in Fig. 6. The transmitted
signal in the n-th symbol duration is then presented by

L pk=1 (10)

M M
sW@) = > d" 0y cos@r fit) — > e (1) sin(2x fit)

i=1 i=1
for nfT., <t < (n+ )T, (11)
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Fig. 7. Power spectrum of the transmitted MC-CSK signal. (a) FDM filtering
with guard bands. (b) OFDM with overlapped sub-bands.

where f; is the center frequency corresponding to the i-th
subcarrier and is defined as f; = fo 4+ i Fs. Here, F; is the
frequency spacing between adjacent subcarriers, and fj is the
fundamental carrier frequency satisfying fo > 1/7,.

D. Spectral Efficiency

To evaluate the spectral efficiency of the proposed scheme,
Fig. 7 shows the power spectrum of the transmitted MC-CSK
signals with M subcarriers. Two different cases are considered
here.

In Fig. 7(a), the conventional frequency division multi-
plexing (FDM) technique is borrowed and filters are used to
separate the sub-bands completely. Since band overlapping
will cause inter-carrier interference (ICI), it is assumed that
F; > Af so that all sub-bands are disjointed. This is a
common assumption used in MC transmission [32]. Clearly,
in this case, the ICI can be avoided as the spectra of different
subcarrier channels are non-overlapping and separated by the
guard band B, (Bg > 0). Although the spectral efficiency is
lowered due to guard bands, the difficulty of implementing
very sharp filters can be avoided.

Another case, which is based on orthogonal frequency
division multiplexing (OFDM), is shown in Fig. 7(b). Actually,
OFDM is a special case of MC transmission. In this case, all
subcarriers are orthogonal over each chip duration, implying
that cross-talk between subcarriers is eliminated and hence
inter-carrier guard bands are not required. The frequency
spacing Fj is then reduced to 1/7,. Time-limited rectangular
pulse shaping is used in OFDM, thus the individual spec-
tra are sinc functions, as shown in Fig. 7 (b). With band
overlapping, the spectral efficiency of OFDM is increased.
Although the spectra are overlapped, the signals can still
be separated in the receiver, not by filters but by Discrete
Fourier Transform (DFT) [30]. However, due to the carrier
frequency offset caused by motion-induced Doppler effects
and frequency mismatches of local oscillators in transmitter
and receiver, the orthogonality among all the subcarriers in
OFDM might be damaged, thus resulting in ICI. As ICI
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may degrade the BER performance severely, many methods
have been proposed in OFDM to effectively combat ICI, e.g.
by inserting an appropriate cyclic prefix between adjacent
symbols [26], frequency offset estimation and compensation
[38], [39], ICT equalization [40], and so on.

From Fig. 7(a), the total required bandwidth (B) in the MC-
CSK system is calculated by

14+ a)
T

c

B=M + (M —1)Bg (12)
The spectral efficiency as defined in [41] can be computed

by

Mlog, M

_ BT. (13)

total bandwidth M“%;l) + (M — 1) B,

bit rate

IMC-CSK =

Similarly, the spectral efficiency of MC-DCSK system is

M—1
BT

MU 4 (M 1) B,

(14)

MC-DCSK =

Since the guard band B, is typically much smaller than
1/T., (13) and (14) could be approximated and become (15)
and (16), respectively, for a large M.

_ log, M (15)
HIMC-CSK 0+ 0)p
1
X N — 16
IIMC-DCSK A+ a)f (16)

Note that, with a = 0, (15) and (16) can also be used
respectively to evaluate the spectral efficiencies of MC-CSK
and MC- DCSK systems for the OFDM case given in Fig. 7(b).

With some fixed values of S, Fig. 8 compares the spectral
efficiencies of these two systems. Since multiple data bits
are carried by a single subcarrier in the MC-CSK system,
the spectral efficiency of MC-CSK is about log, M times
as big as that of MC-DCSK. This is confirmed by the
results shown in Fig. 8, demonstrating the outperformance
of MC-CSK. It is also apparent that both MC-CSK and
MC-DCSK systems gain their best spectral efficiencies due
to minimal total bandwidth when &« = 0 and B, = 0.

2187

samplerl

A Mk

=2sin(2z f,,1) . samplerM

-2 siniZﬂf{t)

- ——

>

{ Yk
e
0] : - 1 log,M digits \‘
NS ——] vl
0 MF po X T o
* ample - . Compare || A

_

_———Til
> -
z

L & ok
L De-map
|

Xnt e >\ :
——> _‘>.—>
samp! eri : Con;cpare g

De-map

2cos(27 fit) M+

JINOIID [RLIDS 0) [d[[eIed

2cos(27 f,,t) 2M

o7, o 5[}

Digital Signal
L-Processor_________

Fig. 9. Design block diagram of the MC-CSK receiver.

If the guard band grows, their spectral efficiencies decrease,
matching with the earlier analyses given in (13) and (14).

E. Receiver

Fig. 9 shows the block diagram of the MC-CSK receiver,
where a differential correlation detection method is employed.

In this design, the received signal ™ (¢) will first be mul-
tiplied with the synchronized Quadrature and Inphase carriers
of the M subcarriers, respectively. The resultant signals will
then be fed into 2M identical matched filters (MF) separately.
Here, matched filters, rather than low pass filters, are employed
to maximize the output peak signal-to-noise ratio at each
sampling time ¢t = kT, and these filters should be matched to
the pulse signal A7 (). The outputs of the upper M samplers
are regarded as the estimated sequences of M chaotic basis
signals, while the outputs of the bottom M samplers are
regarded as the estimated data-bearing sequences transmitted
on M subcarriers.

Correlations will be performed between each estimated
data-bearing sequence and all the M estimated chaotic basis
signal sequences, over the chaotic sequence of length § (Note:
the blocks with symbol X in Fig. 9 are the correlation
functions, which can be easily implemented with DSP). For
each data-bearing signal sequence, the values of all relevant
correlations will be compared and a decision in favor of the
largest correlation value will be made. Later, data symbol (i.e.,
bit sequence) carried by this data-bearing signal sequence will
be determined according to the opposite of the modulation rule
given in (9). These operations can be completed by digital
signal processors. Finally, the resultant M bit sequences will
undergo the parallel-to-serial circuit so that the original serial
data bits could be recovered.

III. PERFORMANCE ANALYSIS

In this section, the BER performance of MC-CSK system
is analyzed over multipath Rayleigh fading channel as well as
AWGN channel. The multipath Rayleigh fading channel model
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in [42] is assumed. This model consists of L independent and
identically distributed (i.i.d.) Rayleigh slow-fading channels,
which is commonly used in the analysis of spread-spectrum
wireless communication systems [16], [22], [25], [32], [43].

Since the channel is slow and flat fading, the propagation
gain for each path can be regarded as constant during the
whole symbol duration. Consider the transmission of symbols
in the n-th symbol duration, on which the output of such an
L-path Rayleigh slow fading channel is given by

L
r(t) = Z/lgl)sn(l —1pTe) + e(t)

p=1

a7

where 7, and ig’) are the time delay and propagation gain of
the p-th path affecting data symbols transmitted in the n-th
symbol duration, respectively, and &(¢) is stationary Gaussian
noise with zero mean and power spectral density of Ny/2.

The propagation gains in all L paths are assumed to be
independent random variables, while their probability density
functions (PDF) are defined as

2
T2E2]

filz) = (18)

22]
where E [-] denotes the expectation operator and E [/12] is the
average propagation gain.

Assuming that both the sinusoidal carrier and the chip are
perfectly synchronized, the estimated j-th chaotic basis signal
sequence (i.e., the output of the j-th sampler in Fig. 9) can
be derived as

L L
Yjk = z A;n)ej,k—zp + z i;"_l)ej,k_rp_ﬁ
p=1 p=1
k—nf—1,>0 k—npf—1, <0

inter-symbol interference

+¢jk fornf <k <+ 1)p

where & ¢ is the k-th sample of the Gaussian noise added to
the j-th reference signal.

Similarly, the estimated data-bearing signal sequence
obtained from the i-th subcarrier (i.e., the output of the
(M + i)-th sampler in Fig. 9) can be derived as

19)

L
Xik = Z /1(" dij—, + Z l("_l)di,k—zp—/z
=1
k—n§—1p>0 nﬁ r,,<()

inter-symbol interference

+Gk fornf <k <m+1)p 20)

where ¢ is the k-th sample of the Gaussian noise added to
the data-bearing signal transmitted on the i-th subcarrier.

Subsequently, correlation between the estimated i-th data-
bearing signal sequence and the recovered j-th chaotic basis
signal sequence is computed by

(n+1)p

CG,j)= D xixyjx forl<i, j<M
k=nf+1

21

It is assumed that the path delay 7, is much smaller than
the chaotic sequence length g, i.e., 0 < 7, < f, which is
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common in many practical applications [43]. In this case, the
inter-symbol interference (ISI) terms in (19) and (20) play a
negligible role in correlation computation in (21). By ignoring
ISI, (21) can be approximated by:

n+Dp L
Ci, N~ D, D10 dix—r, + ik
k=np+1 \ p=1

L
> ek e, + &k (22)

p=1

, M, we first assume that al(") being
()

For any i withi =1, .
transmitted over the i-th subcarrier satisfies dec [a
According to the modulation rule defined in (9), dj k-, in (22)
can be substituted by €ik—1,- As demonstrated in [32] and [43]
for the case of large S, one has

(n+1)p
Z €ik—1,€j,k—1, ~0 for p #¢q (23)
k=nf+1
Then, (22) becomes
C@, J)
n+Dp L 5 L
S DG RTETIES S
k=np+1 \ p=1 p=1
L
+ Z ll(nn)ej,kfrp(i,k + G| 24

p=1

Since the vectors in (5) are normalized and orthogonal to
each other, (24) can finally be simplified as

[ (n+1)p
E, (/1;”)) + >
p=1 k=np+1

L

Zj,;”)elk rp(flk + Cik) + CikSik |

o ifi=j
C(l, ]) ~ (n+1)p L
2 | 224 ek i
k=np+1 \ p=1

L
+ Z ’Igl)ej,kfrpé“i,k + Gikik |
p=1

ifi#j
(25)

where E is the transmitted symbol energy in MC-CSK
system. Since a data symbol is represented by log, M data
bits, it follows that £, = Es/log, M, where Ej is the bit
energy of the transmitted signal.

For a given set of (/15”), ig”), ceey /121)), C(i, j) in (25) fol-
lows a Gaussian distribution with conditional mean value and
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variance given, respectively, by

L 2
ESZ(/IEJ”)) ifi=j
p=1
0, ifi

E[CG, )] = (26)

L
var[C(i, j)] = 2EsNy Z (/1;”))2 —i—,b’Ng

p=1

27)

where var [-] denotes the variance operator.

Since decisions are made in favor of the largest correlator
output at the MC-CSK receiver, the probability of making a
wrong decision f bol ¢ be derived

g decision for symbol a;"’ can be derived as

= C(i,1))

For i # j, correlations in (25) are independent and share
the same distribution. Thus, the probability specified in (28)
could be calculated by

P; =1— prob(max{C(, j),1 < j < M} (23)

+o00
P=1- / (prob (CGi, j) <r,j #i1CG, i) = M-
—0
x f(r)ydr (29)
in which
1 _ =EICGD?
f (r) = ———¢ 2var[C(i,i)]

2mvar[C(i, )]

The error probabilities for dec [ai(") ] Z i can be derived in

(30)

a similar way and they turn out to be identical to (29). In con-
sequence, the probability in (29) could be used to represent the
symbol error probability conditioned on (ign) , ig”) s /121) )

for any i-th subcarrier.
2 L

Denoting y, = (ig,n)) Ep/No and yp, = D yp,
p=1

the overall conditional symbol error rate for a certain set of
(/’{’gn)a /’{(n); ey /'{gl)) is derived by

+o0 1 1 M—1
PSymbol(yb) = \/— [1 - (1 - Eerfc(r)) ]
2
i logy M
410;;3M+2%
X e 5/ dr 3D

where er fc (-) denotes the complementary error function [44].
Given that £ [yl] =F [yz] =.-..=F [yL] = 7, following
the derivation in [45], the PDF of y; is calculated by

L71 b

(L — 1)'

For the case that the propagation gains of L paths are
different, p(yp) is specified by

z M-

Pj= 11#17 P

p(7p) = (32)

—
e r

p(yp) = (33)

with 7, = E [y,].
Based on the general relationship between the bit error
probability and the symbol error probability reported in [45],
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Fig. 10. Comparison between the simulated and analytical performances of
MC-CSK with f = 64 and S = 128 for different M over AWGN channel.

the BER formula for MC-CSK over multipath Rayleigh fading
channel can be obtained, as

+o0
B E Ryc- = P d
MCCSK = 50Ty /o Symbol (76) X P(yp)dyp
(34)

Note that, with L = 1 and y, = Ep/Np, formula (34) can
also be used to evaluate the BER performance of MC-CSK
over AWGN channel.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, the performances of the MC-CSK system
with various system parameters and under different channel
conditions are evaluated based on extensive Monte Carlo
simulations. The results will be directly compared to those
of MC-DCSK, DCSK, and the four systems proposed in [16],
[24], [25], and [33], respectively.

In all of the studied systems, chaotic sequences are gener-
ated by the logistic map x;1] = 1 — 2)cl.2 [8]. In MC-DCSK
and MC-CSK systems, the square-root-raised cosine pulse
waveform with a roll-off factor o = 0.25 is used for pulse
shaping. It is also letting that, the total required bandwidth
B = 4MHz with guard band B, = 0 and the symbol duration
time Ty = 640us. Since Ty = ST, and based on (12), the
chaotic sequence length is thus given by f = TyB/M (1 4+ a).

A. Performance Evaluation

Firstly, the bit error rate formula (34), derived from the
theoretical analysis in Sect. III, is validated. The simulated
and analytical performance of MC-CSK over AWGN channel
and over multipath Rayleigh fading channels with identical
and different average power gains are obtained and the results
are shown in Figs. 10-12, respectively. A very good agreement
is clearly observed between the analytical predictions and the
simulated results, confirming the theoretical analysis.

It clearly shows in Fig. 10 that, with a fixed £, the BER
performance of MC-CSK over AWGN channel keeps improv-
ing when more subcarriers are involved. Similar phenomenon
can be observed from Fig. 11 and Fig. 12 for the multipath
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Rayleigh fading channels. This is mainly attributed to the
noise reduction in decision variables by using more orthogonal
chaotic basis signals to represent more data bits. To further
evaluate the impact of subcarrier number M on the BER
performance of MC-CSK, Fig.13 plots the signal-noise ratio
versus the number of subcarriers at BER level of 1073, 1074
and 107>, As shown, BER performance improvement induced
by M tends to decline with M, and becomes unobvious when
M > 2.

The effect of the chaotic sequence length £ on the per-
formance of MC-CSK is shown in Fig. 14 under various
signal-to-noise ratios over AWGN channel. It is reported in
[5] and [32] that, when S increases, the bit error rates of DCSK
and MC-DCSK first drop and then tend to rise. This observa-
tion reflects the trade-off between weakening fluctuations in bit
energy and increasing noise interferences in decision variables.
However, as shown in Fig. 14, the performance of MC-CSK
monotonically degrades as the length of the chaotic sequence
increases, which is probably attributed to the removal of the
varied auto-correlation of chaotic basis vectors in MC-CSK.
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The last task of this subsection is to investigate the effect
of time delay on BER performance over multipath fading
channels. Fig. 15 shows the simulated BER performances of
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Fig. 16. BER comparison among MC-CSK, MC-DCSK and DCSK over
AWGN channel. (a) f = 128. (b) E,/No = 13dB.

MC-CSK for different values of time delays in the second
path (72) of two-path Rayleigh fading channel, where 71 = 0,
f = 64 and M = 64. When the time delay is much
smaller than the symbol duration, the simulated performances
match the analytical ones quite well. It is because, with a
small delay time 77, the ISI being neglected in (22) is so
small that it has nearly no effect on the system performance.
However, when 7, increases, the negative impact from ISI will
be strengthened, and it is no longer negligible. As a result,
disagreement between the simulated and analytical curves is
noticed, say when 7, > 10. Besides, this kind of disagreement
becomes more apparent under the condition of a higher signal-
to-noise ratio, since ISI plays a more significant role in BER
performance when noise interference is relatively small.

B. Comparisons with Other Systems

For performance comparison, MC-CSK, MC-DCSK and
DCSK systems are first simulated with different system para-
meters over AWGN channel. Figs. 16 (a) and (b) depict the
results under the conditions of f = 128 and Ej;/Nyg = 13d B,
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respectively. As shown in Fig. 16(b), the BER of DCSK is
independent of the number of subcarriers, M, because there is
no multi-carrier transmission in DCSK. In contrast, monotonic
increments of performances against the number of subcarriers
are noted for both MC-DCSK and MC-CSK.

It can also be observed in Figs. 16 that MC-CSK always
shows better performance than DCSK if the number of subcar-
riers M is larger than 2. This performance superiority appears
more and more evident (up to more than 5dB at BER level
of 10_4) when more subcarriers are used. Similarly, MC-CSK
outperforms MC-DCSK when M > 9. For instance, when
M = 128, MC-CSK shows about 2dB gain at BER level
of 10™* in comparison with MC-DCSK. These phenomena
are resulted from the interaction of the positive and negative
effects brought by multi-level CSK. On one hand, distance
between any two symbol points in the constellation of multi-
level CSK has been reduced to +/2/2 times smaller than
that in DCSK or MC-DCSK. This makes MC-CSK more
sensitive to the channel noise and eventually degrades the
system BER performance for a situation where M is small.
On the other hand, for fixed Ej/Np, increasing M implies
that more orthogonal basis signals are employed to represent
more symbols. This helps to reduce the noise interferences
in decision variables expressed in (21) and to improve the
BER performance of MC-CSK. However, when M equals or
exceeds f/2, the noise reduction induced by M becomes unob-
vious, as shown in Fig. 13. For this reason, the performance
curves of MC-CSK come closer when M = 64 or M = 128,
as can be observed in Fig. 16(a). It should also be noted that,
in most cases, MC transmission systems employ more than 64
and up to 2048 subcarriers [26]. For example, 2048 subcarriers
are used in IEEE 802.16e, 64-512 subcarriers are used in
IEEE 802.11ac. In practical situations like these, MC-CSK will
perform best in BER performance among the three comparable
systems. With superiority in both spectral efficiency and BER
performance, the proposed scheme is considered to be a strong
candidate for many wireless communication scenarios.

Unfortunately, there is some trade-off here. The perfor-
mance improvements in MC-CSK can only be supported
by the increase of system complexity. Comparing to DCSK,
MC-CSK requires extra circuits to implement the MC trans-
mission. That includes a serial-to-parallel circuit and 2M mul-
tipliers in the transmitter (see Fig. 6). Whereas in the receiver,
2M multipliers, 2M matched filters, 2M switches and one
parallel-to-serial circuit are needed (see Fig. 9). In addition,
in order to realize multi-level CSK modulation, MC-CSK
introduces M M-to-1 multiplexers as well as OCSG in the
transmitter, and also replaces the correlation circuits in DCSK
receiver by a digital signal processor, as shown in Fig. 9. Both
modifications imply that MC-CSK needs more complicated
transceiver circuits compared to DCSK. However, the increase
of complexity is worthwhile. On one hand, it brings in firmed
performance improvements, such as a much higher bit rate,
greatly increased spectral efficiency, and much better BER
performances (see Fig. 16) in comparison with DCSK. On the
other hand, all delay lines required by DCSK transceiver have
been eliminated in MC-CSK, making MC-CSK much easier
to be implemented in UWB communications.
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OFDM-DCSK in [33] over an AWGN channel.

Comparing to MC-DCSK that also involves MC transmis-
sion, a slight increase in complexity is noted in MC-CSK.
This is due to the following two factors. First, MC-CSK
takes advantage of both inphase and quadrature channels.
As a result, the number of multipliers in the transmitter has
been doubled. Similarly, the numbers of multipliers, matched
filters and switches, are also doubled in the receiver. This
leads to almost doubled circuit complexity for MC transmis-
sion compared to MC-DCSK. But, fortunately, such increases
could be avoided if OFDM is employed to implement MC
transmission. Second, unlike MC-DCSK, which is based on
binary DCSK, MC-CSK with M subcarriers is based on M-ary
CSK modulation. As a result, the MC-CSK transmitter utilizes
OCSG to generate M chaotic basis signals and to introduce
M additional M-to-1 multiplexers to map data symbols into
these basis signals. Meanwhile, the number of correlations
performed by the DSP in MC-CSK receiver is M times of that
in MC-DCSK receiver. For this reason, MC-CSK increases the
circuit complexity in the transmitter and the computational
complexity in the receiver for multi-level modulation.

In summary, the overall complexity of MC-CSK would be
slightly higher than that of MC-DCSK. However, the addi-
tional design also makes MC-CSK outperform MC-DCSK
in bit rate, spectral efficiency (see Fig. 8) and even BER
performance (see Fig. 16).

The BER performances of MC-CSK, MR-DCSK in [16] and
OFDM-DCSK in [33] are compared in Fig. 17. All results are
obtained with a spreading sequence length of 64, and the num-
ber of bits in each symbol is set to 4 for all systems. In OFDM-
DCSK, a single-user case is considered and the number of
private frequency is 1. In MR-DCSK, the priority vector is set
to [37 /10, 7/10, 7 /25]. With different protection distances
in the constellation, data bits in the MR-DCSK system have
dissimilar priorities and thus show unequal BER perfor-
mances (denoted as ‘15t P’, 2" P’ <3 P> and ‘4t P, respec-
tively) in Fig. 17. In contrast, MC-CSK and OFDM-DCSK
systems adopt uniformly spaced constellations, but with differ-
ent protection distances. As a result, the BERs of data bits sent
for a symbol in MC-CSK are identical, which also holds true
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for OFDM-DCSK. In Fig.17, the 1% P data bits in MR-DCSK
achieve the best BER performance for low E,/Ny levels since
they are protected with the largest distance in constellation.
Even though the protection distance for data bits in MC-CSK
is smaller than that for the 1% P data bits in MR-DCSK, MC-
CSK can still outperforms the 15t P data bits in MR-DCSK
for high Ep/Ny levels (i.e., Ep/Ng9 > 12dB in Fig.17) as
more noise-signal cross terms are added into the observation
variables in MR-DCSK. Similarly, MC-CSK performs slightly
worse than OFDM-DCSK in low E,/Ng cases due to the
reduction of protection distance generally brought by multi-
level CSK modulation, but it outperforms OFDM-DCSK for
high E,/Ny levels (i.e. Ep/Ng > 8dB in Fig.17) by reducing
the noise interferences in decision variables.

Here, the BER performances of MC-CSK are also com-
pared with other two high-data-rate designs, proposed in
[24] and [25], which are referred to as HCS-DCSK2 and
OM-DCSK hereafter. For a fair comparison, the multi-carrier
system based on OM- DCSK is adopted, and the numbers of
subcarriers in MC-CSK and multi-carrier OM-DCSK systems
are set to be same so that they show identical spectral
efficiencies. In all three systems, the number of bits transmitted
in each symbol is 4, and the spreading factor is set to 256.
Their BER performances over AWGN channels are depicted
in Fig. 18. As shown, HCS-DCSK2 performs much worse
than the other two systems. This is because HCS-DCSK2
suffers from high interferences as it transmits multiple data-
bearing signals in one time slot and then separates them
by semi-orthogonal chaotic sequences. It is also noticed that
MC-CSK performs the best and its BER performance is about
1dB better than that of multi-carrier OM-DCSK. This perfor-
mance improvement is attributed to the multi-level modulation
based on the Gram-Schmidt algorithm, as the Gram-Schmidt
algorithm can remove variations in auto-correlations of chaotic
basis signals and therefore reduce the uncertainties in decision
variables in MC-CSK.

Although both MC-CSK and HCS-DCSK?2 could transmit
multiple data bits in one symbol duration, they are based on
totally different mechanisms. HCS-DCSK2 is based on the
code division multiple access (CDMA) and binary DCSK
modulation, while MC-CSK is based on MC transmission and
multi-level CSK modulation. These theoretical differences
enable MC-CSK to be much easier to implement while
obtaining better performances. On one hand, comparing to
HCS-DCSK2, MC-CSK removes the circuits for chaotic code
synchronization and all delay lines, as it does not employ
different chaotic sequences but using different subcarriers
to separate the reference and the multiple data-bearing
signals. On the other hand, multi-level CSK modulation
helps MC-CSK achieve much higher bit rate and better BER
performance (see Fig. 18) in comparison with HCS-DCSK2.

With same spectral efficiency, MC-CSK and multi-carrier
OM-DCSK may have some similarities in multi-level mod-
ulation. However, the reference transmission format and the
method to build chaotic basis signals in MC-CSK are unique
and differ significantly from those used in multi-carrier
OM-DCSK. Firstly, the Gram-Schmidt algorithm, rather than
Walsh codes and Hilbert Transform, is used to build the chaotic
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Fig. 18. BER comparison among MC-CSK, HCS-DCSK2 in [24] and the
multi-carrier system based on OM-DCSK in [25] over an AWGN channel.

basis signals. These two methods differ in three ways: 1) The
Gram-Schmidt algorithm can eliminate variations of auto-
correlations of chaotic basis signals, but chaotic basis signals
built by Walsh codes and Hilbert Transform still suffer from
varying auto-correlations. 2) With the same chaotic sequence
length, the Gram-Schmidt algorithm can build much shorter
chaotic basis signals, reducing noises in decision variables.
3) Compared to the combination of Walsh codes and Hilbert
Transform, the Gram-Schmidt algorithm can be implemented
with a lower complexity cost, as it avoids all delay lines,
Hilbert filters, as well as circuits for weighting and Walsh
code synchronization. As a conclusion, the Gram-Schmidt
algorithm facilitates MC-CSK system to achieve better BER
performance (see Fig. 18) with simpler transceivers (see
Fig. 6 and Fig. 9) in comparison with multi-carrier OM-DCSK.
Secondly, MC-CSK transmits all chaotic basis signals to
the receiver, while multi-carrier OM-DCSK sends only one
chaotic basis signal to the receiver. This helps simplify the
receiver of MC-CSK by removing circuits for reconstructing
chaotic basis signals as well as avoiding possible performance
loss caused by non-ideal recoveries of these basis signals.
Based on these two facts, MC-CSK has not only better
BER performance but also much lower system complexity in
comparison with the multi-carrier OM-DCSK.

V. CONCLUSION

In this paper, a new MC-CSK system is designed, analyzed
and evaluated, in which multi-level CSK modulation is com-
bined with multi-carrier transmission to achieve higher data
rate, better spectral efficiency and better performance. To avoid
non-zero cross-correlations as well as fluctuations in auto-
correlations, the proposed scheme applies the Gram-Schmidt
algorithm to segments of chaotic signals to obtain multiple
strictly-orthogonal basis signals with fixed energy. These basis
signals are shared by multiple modulated signals, each can
carry multiple data bits. Being separated by 1/Q channels, all
references (i.e., the chaotic basis signals) along with multiple
data-bearing signals will be sent simultaneously over different
subcarriers in the MC-CSK system.
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Unlike conventional CSK modulation, the proposed scheme
is equipped with the T-R technique so that correlation-based
detector could be utilized and no chaos synchronization is
required. By transmitting the reference and data-bearing sig-
nals simultaneously, MC-CSK removes all delay lines from
both the transmitters and the receivers. With multiple bits
transmitted over each subcarrier, the spectral efficiency and
the data rate are remarkably increased. By reference sharing,
the MC-CSK system could achieve better performance in
comparison to DCSK and its multi-carrier counterparts in most
MC transmission scenarios. Despite that a slightly complicated
transceiver circuitry design may be needed, the MC-CSK
system brings firmed performance enhancement and unprece-
dented potential to many high-data-rate communication
scenarios.
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