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Analog Network Coding for Multi-User
Multi-Carrier Differential Chaos Shift Keying
Communication System

Georges Kaddoum* and Farhad Shokraneh

Abstract—This paper presents the design and performance
analysis of an Analog Network Coding (ANC) scheme for multi-
user Multi-Carrier Differential Chaos Shift Keying (MC-DCSK)
modulation. The incentives to employ MC-DCSK system are to
achieve a better spectral efficiency and more efficient energy
consumption compared to that of a conventional DCSK system.
The proposed scheme considers a network comprising L user
nodes (L > 2), and a single relay node R. In this scheme, called
ANC-based two-way relay system, all users transmit their signals
to the relay in the first time slot, and the relay forwards the
superposition of the received signals each of the user nodes in
the second time slot. At the receiver end, each user mitigates the
overall interference by subtracting its own data signal from the
received combined signal, and then starts the decoding process.
The system design is analytically studied and the corresponding
theoretical bit error rate expression for the multipath fading
channel is derived. Additionally, the conventional ANC-DCSK
scheme is analyzed and compared to the proposed ANC-based
MC-DCSK scheme to show the improvement in the performance
of our approach. Finally, to validate the accuracy of the methodol-
ogy, the simulation results are compared to the related theoretical
expressions.

Index Terms—Non-coherent chaos based communication sys-
tem, Multi-carrier DCSK, Analog network coding, Performance
analysis.

I. INTRODUCTION

T has been envisioned by some studies that there will be

over seven trillion wireless devices serving seven billion
people by 2020 [1]. In this sense, the development of advanced
methods to mitigate the interference imposed by different user
signals is indispensable. This interference are often treated as
a destructive phenomenon in many networks. However, the
analog network coding (ANC) proposed in [2] is an example
that exploits the interference to increase the network capacity
[3].

Analog network coding (ANC) is a new spectrally efficient
technique for multi-way or two-way relay channels [2], [4]. In
this network scheme, two user nodes simultaneously transmit
their data signals to the relay in the first time slot. In the second
time slot, the relay node forwards the superimposed version
of these signals to the user nodes. The ANC scheme harnesses
the interference originating from the linear combination of the
transmitted user signals which naturally add in the physical
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channel. Therefore, not only the destructive effect of the
interference is reduced or eliminated, but also the capacity
of the networks is boosted. It has also been shown that this
method is an efficient technique to reduce the required number
of forwarding operations and also to increase the throughput
of the system [5]. Recently, a growing number of research
have been conducted on ANC-based coherent spread spectrum
systems (CDMA) [6]-[8]. Although simple, the ANC scheme
has proved to offer a considerably better performance and less
sensitivity to synchronization compared to that of the physical
network coding schemes [3].

The reason for applying the chaos-based modulations to the
ANC technique lies in the significant advantages provided by
this modulation schemes [9], [10]. Basically, chaotic systems
due to their high sensitivity upon initial conditions have
the potential to generate a theoretically infinite number of
very low cross-correlated signals. Owing to their wideband
characteristics, chaotic signals have proved to be one of the
natural candidates for multi-user spread-spectrum modulation
schemes [11]-[15]. Some of these chaos-based modulations
provide the same advantages as conventional spread-spectrum
modulations do, including mitigation of fading in varying
channels [16], jamming resistance along with low probability
of interception (LPI) [17], and secure communications [18].
Additionally, many studies have been done on reducing multi-
user interference and the peak-to-average power ratio (PAPR),
showing that chaos-based sequences outperform Gold and
many other independent, identically distributed sequences in
multi-user spread-spectrum communication systems [19], [20].

Among the digital chaos-based modulation schemes that
have been proposed, chaos shift keying (CSK) and differential
CSK (DCSK) have recently attracted a great deal of attention
in the field of communication networks [21]-[23]. DCSK sys-
tem has shown to be robust and easy to implement, although it
requires a simple transceiver [24]. In this system due to the use
of non-coherent receiver, the demodulation scheme is carried
out without any need for generating the chaotic sequences. It
has also been stated that this system performs well in multipath
channels [16], [25] as well as in fast frequency and time-
varying channels [26], [27]. In this respect, the performance
of DCSK communication systems was studied in [28] for
fading channels, and in [29]-[31] for cooperative schemes.
Moreover, in [32], the transmission security of a DCSK system
was improved. Given these advantages, some ultra-wideband
(UWB) systems based on DCSK and FM-DCSK modulations
have been proposed for Wireless Personal Area Networks
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(WPAN) [33]-[35].

However, DCSK scheme suffers from lower energy effi-

ciency and data rate compared to that of conventional mod-
ulation schemes. This is mainly associated with the fact that
half of the bit frame in this system is allocated to sending the
non-information-bearing reference samples [11].
Many studies have been conducted to improve the spectral
efficiency of DCSK schemes [36]-[38]. A new promising
design of a multi-carrier DCSK system (MC-DCSK) for
ultra-wideband systems is proposed in [39], and extended
to a multi-user scenario in [40] which is a hybrid scheme
with multi-carrier and DCSK modulations. This technique, in
addition to the advantages of a DCSK system, benefits from
a higher resistance to interference, higher data rate, and low
transmission energy compared to that of the DCSK system.

Contributions: This paper presents a new bandwidth ef-
ficient ANC-based MC-DCSK system. In this new design,
each user has an assigned private frequency for transmitting
the reference signal, while the other available frequencies are
shared among all user nodes for carrying the transmitted data
symbols. The proposed scheme is a two-way relay system in
which L user nodes communicate with each other via an inter-
mediate relay node. The communication process is carried out
over two time slots. In the first time slot, or the multiple
access phase, the user nodes transmit their signals to the relay
synchronously or asynchronously. During the second time slot,
or the broadcast phase, the relay forwards the superposition
of the received signals to the users. Each user, after reducing
the interference by subtracting its own data signal from the
received signal, decodes the data of its interested user. It should
be underlined that in a scenario of two user nodes (L = 2),
the system performs without multi-user interference.

The novel contributions of this paper are summarized as
follows:

1) The conventional ANC-based DCSK system is studied

and its drawbacks and limitations are pointed out.

2) The proposed scheme is an extended version of the
presented MC-DCSK system in [39] which employs
multi-user multiple access technique with less bandwidth
requirement than the system proposed in [40].

3) A new design of ANC scheme is applied to a non-
coherent spread spectrum communication system based
on chaotic modulation which can perform with more
than two users.

4) In order to address the interference problem, an inter-
ference mitigating circuit is implemented at the receiver
side which helps each user exclude its own data signal
from the received signal before decoding its desired user
data.

5) Finally, the corresponding interference level as well as
the analytical end-to-end bit error ratio expressions over
a multipath fading channel is derived and analyzed.

This paper is organized as the followings: In section II, the
conventional DCSK system is explained and the architecture of
the ANC-based DCSK and its major drawbacks and limitations
are investigated. Section III presents the MC-DCSK model
and proposes the application of the analog network coding to
this system. Once the system is designed, the performance

of the ANC-based MC-DCSK system is analyzed and the
corresponding bit error rate expression under AWGN and
multipath fading channels is derived in section IV. Section V
is allocated to the simulation results that confirm the accuracy
of the derived bit error rate expression. Finally, the related
concluding remarks are discussed in section VI.

II. ANC-BASED DCSK COMMUNICATION SYSTEMS

This section starts with a brief description of DCSK system,
and then it is shown how this scheme can be extended to an
ANC-based DCSK scheme. Furthermore, the major drawbacks
and limitations of this system are pointed out in order to
highlight the advantages of the proposed MC-DCSK scheme
as the potential candidate for the ANC protocol. To avoid
confusion and for simplicity, the mathematical variables in
Xk,i,u,l,0 are chosen where X denotes the main variable, and
the first lower index represents the sample index, whereas the
second, third, fourth and the fifth one represent the bit, the data
stream, the user, and the path indexes, respectively. Similarly,
the same order is kept for the variables which have less than
four lower indexes, e.g. X; ,; or X, , etc.

A. DCSK Communication System

As shown in Fig. 1, for user [ within the modulator each bit
siy = {—1, +1} is represented by two sets of chaotic signal
samples, where the first is allocated to the reference, and the
second to the carrying data symbols. If +1 is transmitted,
the data-bearing sequence is equal to the reference sequence,
and if —1 is transmitted, an inverted version of the reference
sequence is used as the data-bearing sequence. The spreading
factor in the DCSK system is defined as the number of chaotic
samples sent for each bit and presented by 28 where [ is
an integer. T = 2T, = 23T, is the DCSK bit frame time
interval for each bit. The discrete form of the baseband signal
sequence corresponding to the i*" bit of user [ at the output
of the transmitter denoted by ey ;; is given by

€k,il = {

where s; ; is the it" bit of user [ and z, is the chaotic discrete
sequence used as the reference signal and x_g is the delayed
version of it.

The block diagram of the general structure of DCSK com-

munication system is depicted in Fig. 1. According to this
figure, in order to demodulate the transmitted bits, the received
signal 7y ;; is correlated to its delayed version ryyg;; and
summed over the bit duration 7, where T, = T, and T is the
chip time. The received bits are then estimated by computing
the sign of the correlator output, i.e. see Fig. 1(c).
It can also be inferred from the figure that half the bit frame
is dedicated to sending the non-information-bearing reference,
and as a consequence, results in the dissipation of half of the
bit energy by the reference sequence which can be interpreted
as energy inefficiency of the system. Therefore, the data rate
of this system is considerably reduced.

for (1 <k <p)

Tk,i
for (B<k<23) > D
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Fig. 1: Block diagram of the general structure of the DCSK
communication system for the user /; (a) The DCSK transmit-
ter, (b) The DCSK frame, and (c) The DCSK receiver.

B. Channel Model

This work uses the general channel model of spread spec-
trum wireless communication systems [16], [41]-[43]. As
shown in Fig. 2, a multipath fading channel with V' indepen-
dent paths is considered for each user. The channel coefficient
and the time delay of the v'" path for the user node [ are
expressed by A; 1., and 7, ,, respectively. Although the
channel coefficient of a given user [ is constant during the time
of the multiple access and the broadcast phases, it is different
for each bit, each data stream wu, or path v. It is essential
to note that the index u is not applicable to the ANC-based
DCSK scenario and used in the analysis of the ANC-based
MC-DCSK to represent the parallel data stream.

Line-of-sight
Time delay t,=0
Output
O—P
Time delay 1.,
Additive
Time delay 1, noise

Fig. 2: Multipath fading channel model.

In this study, the channel coefficient A follows a Rayleigh
or Rician distributions given in [41], [44]. It should also be
underlined that in an AWGN scenario, the number of paths
is equal one, and V' = 1 leads to a unit channel coefficient
Aiwi,1 = 1. The channel coefficients are assumed to be
constant during transmission (i.e. during the two times slots)
whereas the gain varies over the total bandwidth from one user
to another.

Assuming that the delay spread of the channel is much
smaller than the symbol duration, the inter-symbol interfer-
ence can be neglected. Therefore, the proposed model shown
in Fig. 2 is valid for Rician multipath channel [43], [45].
Furthermore, the average values of channel coefficients are
considered identical for both uplink and downlink channels.

Since the system uses time division multiplexing technique
(i.e. multiple access and broadcast phases are separated in
time), the channel can be realistically considered symmet-
ric [46]. Therefore, this work considers a symmetric model
for the two-way communication channel for each user.
Based on the developed channel estimation algorithms for
UWB systems in [7], the exact information of channel state is
assumed to be available at the receiver side.

C. Analysis of the ANC-based DCSK Scheme

One major advantage of ANC scheme over the Straight-
forward Network Coding scheme (SNC) is that the number
of the required time slots for the communication between
two user nodes is reduced from three to two [5]. However,
applying the ANC scheme to the conventional DCSK system
results in substantial constraints and drawbacks. For instance,
the conventional ANC-based DCSK system can not supports
more than two users due to the absence of multiple access
protocol. Additionally, the general ANC-based DCSK suffers
from high interference level that is resulted from the cross
multiplication of the user signals.

In the general ANC-based DCSK scheme, a pair of users
A and B intending to communicate with each other must use
the same spreading code x which allows for exploiting the
resultant interference in a way that the two users can still
extract the information from the other member of the pair [2].
Table I summarizes the ANC-based DCSK mapping scheme
where s4 and sp denote the data messages of user nodes A
and B, while e4(t), eg(t), and T'(t) refer to the transmitted
signals from the user pair to the relay node R, and from
the relay node to the two users, respectively. The transmitted
signal represented by [s;z,x] designates the DCSK frame in
which the first term represents the symbol s;,; = {—1,+1}
multiplied by the reference sequence z and the second term
represents the reference sequence x. In addition, sp represents
the decoded symbols of the received superimposed signal at
the user side. As detailed in table I, for instance, from the user
A point of view, after despreading and decoding the received
signal, the user node A extracts its own data from the decoded
signal to recover the data originating from node B.

TABLE I: ANC-based DCSK mapping scheme

[ eal(t) [ en(t) [ T(t) [ SD [ SR =Sp — Sa ]
1z, x 1z, z 2z, 2x 2 2—-1=1
lz,x [—1lz,z Oz, 2z 0 0-(-1)=1

—lz,x [lz,x 0z, 2x 0 0—-1=-1
—lz,z] | [-lz,z] | [-22,22] | 2 | —2—(-1)=-1

In this scenario, the two users transmit their signals to the
relay in the first time slot. The multi-user signals correspond-
ing to the i*" bit that is received by the relay can be expressed
by

v
T(t) =YD Aigweis(t —m0) +wilt), (2
=1 v=1

where A, ;,(f) and 7, represent the channel coefficient and
the corresponding delay respectively, whereas w;(t) denotes



the AWGN with zero mean and power spectral density of
Ny/2.

In the second time slot, the relay forwards the received
signal T'(¢) to the two users in the network. The received
signal at the user A side corresponding to the ‘" bit can be
given as the following

v
riat) = NiawT(t—T10) +14(t), 3)

v'=1

Considering the user end A, the information transmitted by
user B is extracted by despreading, decoding and demapping
the received signal. The despreading process at user A is per-
formed by correlating r; 4 with its delayed version r; 4(t+3)
and summing the resultant over a half bit frame time interval
Ty, where Ty, = BT.. The decoding and demapping processes
are also given in detail in table I.

In this respect, the discreet baseband output of the correlator
for users A and B in the ANC-based DCSK scheme is
represented by

B
D; aB= Zrk,i,ATk-i-,B,i,A' “4)
k=1
Using equation (3) in equation (4), the decision variable
might be determined by

Diap =

B \% Vo2

Z ( Z )\i,l,w( Z Z )‘invxk*ﬁ,u*ﬂ,w
k=1 v=1 v=1[=1

+wk?7'lvuy,i> + nk,l) (5)

2
Z )\i,l,vsi,lxk?*'rl,q;77—1,,1)’
1i=1

<

8 \%
z(z&w(
k=1 \v' =1 v

TWetB—7 . z> + nk+5,i> :

As shown in Fig. 2, in presence of line of sight (7,1 = 0),
and thus equation (5) can be developed as equation (6).

The first line in equation (6) represents the useful signal
while the other components represent the intersymbol inter-
ference (ISI), multipath, and the Gaussian noise interferences.
As can be seen there are many interference components in
the decision variable of the conventional ANC-based DCSK
which degrades the system performance substantially. These
terms originate from the cross product of the user data signals
and the reference ones. Therefore, one can conclude that the
general form of the ANC-based DCSK scheme without any
interference mitigation technique can not be considered as a
preferred candidate for an ANC application.

One way to circumvent the impairment by interference, is
to separate the user signals in time or frequency domain. In
this respect, the proposed ANC-based MC-DCSK in the next
section addresses the interference problem by applying the
frequency domain multiplexing technique to separate the data
carrier and the reference signal transmitted by different users.
This scheme not only mitigates the interference but also allows
for the communication of more than two users in the network.

III. ANC-BASED MULTI-USER MULTI-CARRIER DCSK
COMMUNICATION SYSTEMS

This section studies the multi-user MC-DCSK system de-
sign and shows how its performance is enhanced by the
application of the multi-user ANC scheme.

A. Multi-User MC-DCSK System Architecture

One of the main advantages of the proposed MC-DCSK
system in [39] is its high spectral efficiency. Fig. 3 depicts the
block diagram of the MC-DCSK system. As can be seen from
the figure, the input information sequence for user [ is first
converted into U parallel independent data sequences where
Siwg = {—1,+1} is the i*" bit of the u'" data sequence of
user /.

In this scheme, the chaotic signal w,;(t) used as the
reference and the spreading code of a user ! can be obtained
by

B
Tua(t) =Y wpuih(t — kT.), (7

k=1

where (3 is the spreading factor, and h(t) is the band-limited
square-root-raised-cosine filter which is normalized to have
unit energy. After a serial-to-parallel conversion, the M-bit
stream of the u!" data stream (i.e. M denotes the number of
bits per sequence) are spread due to the multiplication by the
same chaotic spreading code x,,;(t) in the time domain. It is
essential to note that the chaotic reference does not vary for
each of M bits but changes for every u'" data sequence.

Let H(f) = F{h(t)}, where F denotes the Fourier trans-
form function. If H(f) is limited to [—B./2, B./2], the
Nyquist criterion is satisfied with a roll-off factor o (0 < o <
1), where B, = (1 + «)/T.. To have a bandwidth-efficient
scheme, each user has a predefined subcarrier f; s, allocated
to transmitting the reference symbols as well as M subcarriers
fi,» shared with the L — 1 users to transmit the data symbols.
Therefore, the transmitted signal for the uth data stream of
the [*" user in the MC-DCSK system can be given as the
following

€u,l (t) = l’ml(t) COS(QTFfH_]wt —+ ¢I+M)

u ®)
+ 221 si,u,l(t)xu,l(t) cos(27 fit + ¢),

i=
where ¢; represents the phase angle defined in the carrier
modulation process.

In this work, the transmitted energy is normalized in
each subcarrier. Furthermore, the modulated subcarriers are
orthogonal over the chip duration. The baseband frequency
corresponding to the i'" subcarrier can be represented by
fi = fp + iA, where f, is the fundamental subcarrier
frequency. Therefore, the minimum frequency spacing be-
tween two adjacent subcarriers is equal to A = (1 4+ «) /Ty,
which is one of the commonly used assumptions in similar
scenarios [47].

As per the study of energy efficiency in the MC-DCSK
system in [39], the reference energy &.r can be defined as
the energy needed to transmit the reference signal of M bits,
while the required energy to transmit one bit is the sum of
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Fig. 3: Block diagram of the MC-DCSK system for the user [.

its data carrier energy Eqaa. The required reference energy for
transmitting each bit can be obtained as the following

M 9

and the energies of the M + 1 subcarriers can be defined as

B
Eref = Tc Z x%:,i'
k=1

Therefore, the bit energy expression as a function of Ey,, can
be given as the following

gb = Sdata + (9)

5data = ( 10)

M gdata

According to Fig. 3, after removing the carrier frequencies
and sampling the corresponding signals in every T, the dis-
crete signals at the output are stored in a matrix memory. The
matrix implementation simplifies data recovery by performing
the decoding process in a parallel scheme.

In the proposed multi-user communication scheme, each
user node is assigned a private frequency to transmit the
reference signal, while the rest of the available bandwidth is
shared among all users for data symbol transmissions. Fig. 4

Y

demonstrates the power spectral density (PSD) of the multi-
user MC-DCSK system. This informative figure shows that
the reference signals are separated in the frequency domain,
and that the data signals of the L nodes are spread by different
chaotic spreading codes over the remaining shared bandwidth.
The decoding algorithm in a mono-user scenario under an
AWGN channel can be described in two parts:
1). The reference and the data signals are simultaneously
stored in the 1 x 8 matrix O and M x  matrix G, respectively.
Therefore O can be given as the following

O = (T1,u0+N1,uls T2,u0 +N2u0, - Laui +N8u), (12)

where ny, ,; is the Eth sample of additive Gaussian noise that
is added to the reference signal generated for the u'" data
stream of user [. Therefore, the matrix G is given by

S1,u,01T1,u,l + T1,1,u,l <81, u,lT B, + ng1,u,l

G= , (13)

SMu,lT1,ul+ N1, Mu,l - - - SMu,lTB,u,l T TNB,M,u,l

where ny, ;. is the kth sample of additive Gaussian noise
added to the i*" bit of u'" data stream of user [.

2). After 5 clock cycles when all of the samples are stored,
the decoding process is carried out by the destination node. In
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this process, the transmitted M bits are recovered, in parallel,
by computing the sign of the resultant vector from the matrix
product given as follow

8y = sign(O x G'), (14)

where x is the matrix product, ’ represents the transpose

operator, and s, = {S; u, .., SM—1,u, SM,u } denotes the trans-
mitted bits of the u!" data stream. In fact, this matrix product
is equivalent to the output of a set of parallel correlators where
the reference signal is multiplied by each data slot, and the
result is summed over S7c.

B. Analog Network Coding Scheme

This paper presents a new design of ANC-based MC-DCSK
modulation scheme and evaluates its performance bound over
multipath fading channels. Fig. 5 shows the proposed system
topology, where all L user nodes can communicate with each
other through a relay node R. Furthermore, this topology
enables the nodes 1 to L to transmit their data simultaneously,
by exploiting the network coding operation that is performed
on the superimposed electromagnetic waves. Additionally,
thanks to the non-coherent detection, each user can decode the
received signal from the other users, by knowing the frequency
assigned for transmitting the reference signal. Finally, the
relay forwards the sum of signals without any amplification.
However, the amplification process can be simply added to
such a system if it is needed, as the relay has sufficient
resources to carry out this operation.

C. Multiple Access Phase

In the first time slot, all users transmit their signals to the
relay node. The multi-user signals corresponding to the i*" bit

—> Timeslot 1

<---- Time slot 2

Fig. 5: ANC-based MC-DCSK network topology, while users
A and B are communicating through the relay node R.

of the u'" data stream that is received by the relay can be
expressed by

L
= Z Z )\i,u,l,vel (t - Tu,l,’u) + Wi (t),

1=1v=1

15)

where \; .1.,(t) and 7,;, represent the channel coefficient
and the corresponding delay, respectively. Furthermore, L and
w; ,(t) denote the number of users (i.e. here L > 2), and
AWGN with zero mean and power spectral density of Ny/2,
in the named order.

D. Broadcast Phase

In the second time slot, the relay simply broadcasts its
received signal 7T'(t). The received signal at the A" user end
corresponding to the i bit of the u'* data stream can be
obtained as the followmg

Z)\zuAv’T

v'=1

ri,u,A 7—u,A,v’) + ni,u(t)a (16)

where \; ., 4. (t) represents the v't" downlink channel path
coefficient between the relay and user A, and n;,,(t) denotes
an AWGN with zero mean with power spectral density of
No/2.

Since the channel is symmetric, by developing the received
signal and isolating for the signal components of user A, the
resulting signal corresponding to the i*” bit of the u!* data
stream can be expressed by

Ti;%A ﬁ E )‘2 u,AwCiu A(t - 2TU7A,U>
\4 \4
+ Z Z Az’,u,A,vAi,u,A,qwei,u,A (t — Tu,Ap — Tu,A,v’)
=1 4'=1
! z’#v
L \4 \4
+ Z Z Z )‘z’,u,A,v’)\i,u,l,vel(t — Tul,o — TU»AW/)
=1 v=1v'=1
I#A
v
+ Z i Ju, Av! Wi, u(t - Tu,A,v) + ni,u(t)'
/7
’ (17)



E. Removing Self-Interference and Decoding

Fig. 6 summarizes the block diagram of the proposed ANC-
based MC-DCSK form the point of view of the user A as a
reviver while decoding the transmitted data of user B. In the
second time slot, the received signal r;,, 4(t) at user A side
(after removing the carrier frequencies) consists of two distinct
signal components, the data signal g; ,,, A(t), and the reference
signal p,, g(t). The former comprises the spread version of M
data signals transmitted by the L users and can be recovered
by using the common frequencies { f1, ... far—1, far }, whereas
the latter is the reference signal of user B transmitted over the
predefined frequency fp.yas to user A.

Chaotic
Xu,A(t) v
Generator 2
S Z k=71 AV
S/P Lud g V=l
SLuf] cct St
. V
Smu SM,1 . ﬂ/k_z'A,v M, AV
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gra(t)
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Filter | [ T | Sign(0-G’)
. . G
o | matrix
am,alt)
Matched | |/ o0
Filter | 4 R Data Out
kT,

Fig. 6: Block diagram of the receiver A that decodes the signal
transmitted by user B, in the ANC-based MC-DCSK system.

In order to eliminate the self-interference from the signal
¢iu,A(t) at the receiver A, it is required to determine the
channel state information of user A. The channel state in-
formation of user A is assumed to be perfectly estimated.
According to Fig. 6, the local reference signal is multiplied
by the corresponding bit and the channel coefficients. The
resulting signal is then subtracted from the signal g;,, a(t)
to remove the data signal of user A.

The multi-user data information signal, ¢; . a(t), corre-
sponding to the u*" data stream, for the the i*" bit of user

A after self-interference cancellation can be determined by

S
I
—

- Tu,A,v’)

- Tu,A,’u’)

— Tu,Aw') + i u(t)
L u,A, vSiu A‘TA(t - 27.u A 1))

- Z Z Ai,u,A,v)\i,u,A,'u’Si,u,AxA(t_

v=1 ’'=1
v’ #v

Tu,Av — Tu7A,v’)7

(18)
where the first and the second terms of this equation is
attributed to the self-interference of the user A. Therefore,
the multi-user data signal in (18) can be simplified to

qi u,A(t) -

L Vv Vv

Z Z Z )\zuAv//\iulezulxl(t Tu,l,v TuAU)
=1 v=1v'=1
l#A

4

+ Z )‘i,u,A,v’wiyu(t - Tu,A,v’) + ’rl7;7u(t)'

v'=1

(19)
It should be noted that the noise signals (w; ,,(t) and n;,,(t))
of the i*" bit transmitted over the frequency f;, are added to
the signal g; ., 4(%).

To decode the " bit of the u!* stream corresponding to
user B, user A recovers the reference signal (the spreading
sequence) that is transmitted by user B over the frequency
fav+p- In this respect, the received chaotic signal or the
reference signal related to the u'* data stream of user B can
be obtained by

vV Vv
pu,B( ) Z Z u,Ra, U’Au KRB, va(t — Tu,Bv — Tu,A,U’)

V
Z u%Av’wUB(thAv)“i’nuB(t)

(20)
where w, p(t) and n, p(t) are the noise signals that are
added to the signal p, p(t) before being transmitted over
the frequency fp.as. The channel coefficient of the v** path
expressed by )\, x, . is then multiplied by the reference signal
of the user [ corresponding to the u'" data stream.

Once the self-interference of user A is removed from the
data signal g; ., 4 () and the reference sequence p,, g (t) of user
B is recovered, the channel compensation should be performed
by using the obtained A;, 4., and A, p.,. Therefore, the



multi-user data signal can be determined by

Giu,A(t) =
L V Vv
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Similarly, the reference chaotic signal of user B that is
recovered by user A is

pu,B(t) =
\4 \4

\ Z )\u Ra, v’)‘u ERB,U (t — Tu,Byv — T’U«,A,U')
v=1v’

v (22)
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1):1
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After channel compensation at the output of the correlator,
the decision variable of user A for the i bit of the u!* data
stream corresponding to user B may be given by

B
D uaB = Z Pk, Bk iu,A *
k=1
Using (21) and (22) in (23) yields

Diyap=9Y+Y+W+Z+N,

(23)

(24)
where U denotes the useful signal expressed by

V= Z Z Z(Aum,

u%B 'ka Tu,B,v—Ty Av/,B)
k=1v=1v'=1 ’

(25)
2 2 2
(Ai,u,A,v’Ai,u,B,vxk—TuyByv—TuvAvv/ 7Bsi,u,B)7
and Y represents multi-user interference which can be given
by
LLL LY 2 2 2
:kzl Zl Z Z ()‘u,%A,v’>\u,§RB,v>\i,u,l,'u/\ivuvBW)\i,A,U’)
=15
#B
(Sivquk—Tu,m—"'u,A,w,Axk_Tu-,B,'u_Tu,A,u’73)'
(26)
Additionally, W, Z, and N given in equation (24) are the noise

interference components which can receptively be obtained as
the followings

W = Zl Zl Z ( u%A,v/Au RE, vlk— Tu,B,v ~ Ty Av> B)
v =

2
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(27
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The i*" bit of the u'" data stream corresponding to user B
can be decoded by user A comparing the output D; , 4 p to
a zero threshold.

The output of the correlator for the MC-DCSK scenario in

(24) can be represented by
M Z Z Au R4, v’)\ RpB, v)‘?u A, U’A?,u,B,v‘g(u)

v=1 4/ =
M+1

Di aB=s5iB

+Y +W+ Z + N,

(30)
where Y, W, Z, and N represent the interference terms listed
in (24), while é’éu) denotes the transmitted bit energy for a
given data stream u of the user B

M+1Z ey

It should be noticed that the condition of 7,;, << BTc
is commonly used in many practical applications [48], [42].
Additionally, in [16] and [42], it has been stated that this
interference is negligible for 7, ;, << ST, and the limits of
this assumption has been studied in [39], [16]. Therefore, this
paper also assumes that the multipath delay is much shorter
than the bit duration, 0 < 7,1, << T}, = 1.

In this respect, since the correlation between different chaotic
signals is very low and the multipath delay is much shorter
than the bit duration, the interference between different se-
quences (i.e. multi-user interference) is negligible compared
to the interference within each symbol due to multipath
delay. However, multi-user interference has a high tendency
to increase with the delay 7, ; ., and thus degrading the BER
significantly. Consequently, in case of large spreading factor
scenarios we have

B

Z (mkfﬂr“mxkf'ruyv/) ~0 fO’f‘ v 7& ’Ulv

k=1

&Y =

€29

(32)

and based on this assumption, the interference term of Y is
negligible (Y =~ 0). It should be noted that all the terms in
equation (30) are uncorrelated. The interference terms of W
and Z are zero mean, and that the noise samples as well as
the channel coefficients are independent.

However, in a scenario with high number of paths, the
multipath delay is much longer than the bit duration, and con-
sequently, the inter-symbol interference (ISI) between different
sequences becomes considerable to be taken into account.
In this case, a new design of MC-DCSK receiver would be
needed that is able to mitigate the ISI and takes advantage
of the multipath diversity. This receiver can be similar to
a RAKE receiver consisting of parallel DCSK demodulators



which is able to increase the signal to noise ratio by using the
appropriate channel delays.

IV. PERFORMANCE ANALYSIS OF A MULTI-USER
ANC-BASED MC-DCSK SYSTEM

In this section, the performance of the ANC-Based MC-

DCSK scheme in multi-user transmission scenario is evalu-
ated. Furthermore, the BER expression under an AWGN and
multipath fading channels is analytically derived. To this end,
the mean and the variance expressions of the decision variable
D; 4, must be determined. Basically, the statistical proper-
ties of D; . a,p are highly dependent on some properties of
chaotic signals. Chaotic generators due to their high sensitivity
upon initial conditions are able to generate independent chaotic
sequences. It has been stated that these chaotic sequences are
also independent of Gaussian noise [11].
In this work, the second-order Chebyshev polynomial function
(CPF) is employed to generate chaotic sequences due to its
easiness and good performance [49]. For simplicity, the chip
time is set to one (1. = 1),

Tpo1 = 1— 27 (33)

The variance of the normalized chaotic map with zero is
equal to one (Var(z) = E[z?] = 1, where E[ .| denotes the
expected value operator). Therefore, for a given i*" bit of
an u'" data stream, the instantaneous mean of the decision
variable is the mean of the useful signal which can be given
by

E(DZMAB)
MY 3 a2

v=1 /=1

’)‘u Rp, UA?uAu’)\l u,B,v (34)

(w)
u,R 4,0 &

8i,B M1

Hence, the conditional variance of the decision variable for a
given i bit may be expressed as the following
Var(Diu,a,8) =

\Agn4 2 2 (u) 2
M 21 Z u%Av'AumBU)Vqu’A'LuBUE
E || siunB ”7 IS

+E[W?] +E[2°] +E[N?] ~ (E[Diua5])’,
(35)
It should be mentioned that for a fixed bit (i** bit), the first
and the last terms are equal and thus cancelling each other
out. Therefore, the total variance of the different interference

components of the decision variable can be obtained by

Var(D; . 4,8) =B [W?| +E[Z*] + E[N?]- (36)

As mentioned earlier, chaotic sequences are uncorrelated and
independent from the channel coefficients as well as from the
noise signals. Thus, the terms W can be given by

E[WQ] = Z Z )‘u Ra, v/)‘u Rp,v

v=1v'=1

4 2 2 2 No
(Ai,u,A;u’Ai,u,l,v + )‘i,u,A,v’)‘i,u,l,v> 2

(37)

which yields

E [WZ} = (u)z Z >‘u JRa,v 38?5 v)‘zuAv )‘zz,u,B,v

v=1lv'=1
(A2 uar +1) 2
(38)
When it comes to Z, the variance can be obtained by

E[77] =

> Z & (M s o0 + A )

v=1v'=
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(39)
which can be simplified to
[ ] Zl Zlg(u))\u Ra,v’ )\i RB, v)\jluAv’A?qu
()‘2 Ra,v + ) Lo l; /\zulu
1#A
1%B
(40)

Similarly, the variance of the term [NV can be expressed by

E[N?] =
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41)
which is simplified to
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In order to analyze the performance of the system, for a
given received energy SZE“), the channel coefficients and the
number of paths V, the bit error probability (BER) must
be determined. Since the bit energy (or chaotic chips) is
a deterministic variable, the decision variable at the output
of the correlator is necessarily a random Gaussian variable.
Therefore, the bit error probability is represented by

BER = § Pr(Diua,p <0|siup = +1) (43)
+% Pr(Di,u,A,B > Ol Siu,B — 71) 5
which can be given as follow
1 E D’L U i,u,B — 1
BER =  erfe WDiwaplsiws =) gy
V2Var [Diy a,8] Siu,p = +1]
which can be rewritten as
1
1 2Var [D; ,, :
BER — Lerfe | | 2 Diwa5] (45)
2 E [Di,u,A,B]

where erfc(x) is the complementary error function defined as
the following
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2
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(46)



Using equations (34), (38), (40), and (42) in (45), the BER
for the ANC MC-DCSK scheme can be determined by

-1
2 2 21\ 2
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or equivalently by
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The equation (48) gives the theoretical BER benchmark of
the multi-user ANC MC-DCSK system over multipath fading
channel. Based on this equation, it is important to point out
that the channel varies from one bit to another, and that the
average power gain of each path is different form the other
ones as well as the other user’s channels.

In terms of the instantaneous signal to noise ratios, equation
(48) can notationally be represented by

L
1 14 1)
BER = erfc<vzl U/Zl(,yﬁ +5L) )

where 71, 72, and 3 represent the instantaneous signal to noise
ratios given by

(49)
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Equation (49) presents the general expression of BER as a
function of instantaneous signal to noise ratios. Depending on
the transmission scenario, for instance slow at fading channel
or equal average power gain case, this equation can be more
simplified.

Furthermore, the bit energy 6}5“) that is of significant impor-
tance in equation (49), should not be considered as a constant
parameter for all chaos-based spreading spectrum systems.
Nevertheless, there have been many approaches to determine
BER of chaos-based communication systems which use the
Gaussian approximation, and consider the transmitted bit

energy Elgu) as a constant parameter [50]. It is essential to note
that this assumption is valid only for high spreading factors,
but when it comes to low spreading factors the transmitted bit
energy after being spread by the chaotic sequences, definitely
varies from one bit to another [39], [51]. Therefore, the general
BER expression for the multi-user ANC-based MC-DCSK
scenario can be presented by

BER, = [[[ ;erfc<z > ( L1 +m)1>

Y1,72,73 v=1v'=1

f () f(2) f(v3) dyidyadys,
(53)

where f(\) is the probability density functions of the instan-
taneous signal-to-noise ratio. In some scenarios like flat fading
channel, where the channel gain is constant within the used
bandwidth, this equation becomes much simpler.

In m-distributed fading channels, the challenging task to
obtain the BER expression theoretically, is to determine the
integral in equation (53). Since the analytical derivation of the
probability density functions in such scenarios, is generally
nontrivial, it is common to compute the integral numerically.

BER in AWGN Case

For an AWGN channel, the coefficients A, ; ,, as well as the
number of paths are constant and equal to one (A =1, V =
1). In this particular case, the analytical BER expression can

be directly derived from (49)
-1
=
BERt:%erfC <Q(MA/[+(€13NO : 2(M+1)No(L—2) | 2(M+1)N0> )

ME, ME?
(54)

V. SIMULATION RESULTS AND DISCUSSIONS

In order to validate the performance of the ANC-based
multi-user MC-DCSK scheme, the computed BER expressions
are compared to the corresponding simulation results under an
AWGN, and multipath fading channels (Rayleigh, and Rician
scenarios). Figs. 7, 8, 9, and 10 show the obtained results
for different numbers of subcarriers M, spreading factor [3,
average power gains, number of paths V, and number of users
L.

Fig. 7 compares the computed BER using equation (54) with
the Monte Carlo simulation results of the multi-user ANC-
based MC-DCSK system under an AWGN channel. As can
be seen the simulation results are perfectly validated by the
computed BER for different numbers of subcarriers, and users.
In order to show the effect of the number of subcarriers, the
spreading factor 5 and the number of users L are set to 80
and 3, respectively, while the number of subcarriers M varies
from 2 to 32. This means that for a given spreading factor,
the reference energy needed to transmit one bit decrease as
the number of subcarriers increases (i.e. see also equation (9)).
This performance improvement is shown in Fig. 7, confirming
that a higher number of subcarriers results in a lower energy
needed to obtain a desired BER.

Fig. 8 demonstrates the performance enhancement of the
ANC-based multi-user MC-DCSK system with and without
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Fig. 7: Simulation and theoretical results of BER performance
under an AWGN channel for different number of subcarriers
M.
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Fig. 8: The BER comparison of the ANC-based MC-DCSK
scheme with and without self-interference cancellation under
an AWGN channel.

self-interference cancellation, under an AWGN channel. The
considerable enhancement of BER depicted in this figure is
achieved by using self-interference cancellation technique for
L = 3 and M = 32. Since each user eliminates just its
own interference, without mitigating the interference caused
by other signals coming from the other users, the performance
improvement shown in this figure will be the same for any
number of users. In other words, the gap between the two BER
curves is independent of the number of the users. The figure
shows the amount of the interference reduction in presence of
additive white Gaussian noise which results in approximately
2 dB in enhancement BER.

Basically, when the number of users L is more than 2,
the performance of the system can be improved by applying
successive or parallel interference cancellation (SIC and PIC)
techniques which reduce the rest of the multi-user interfer-
ences caused by the (L — 2) users [52], [53]. However, these
techniques require estimation of all channels and decoding of

the (L — 2) data users to be able to reduce the impairment
by multi-user interference. The performance enhancement in
this case will be at the expense of hardware and computation
complexity. Since the application of such techniques is only
concerned with the cost, most of users are generally satisfied
to pay for a higher performance of the system.

It is crucial to point out that in this system, the application
of inherently uncorrelated chaotic signals leads to lower multi-
user interferences compared to that of the conventional multi-
user spread spectrum systems. Therefore, it is safe to claim
that the proposed scheme is a simple but intelligent approach
to eliminating the self-interference of a given user that leads to
good results with low complexity and low computation cost.

Figs. 9 and 10 depict the comparison between the numer-
ically computed bit error rate given in equation (53) and the
corresponding simulation results. These two figures illustrate
the effect of the multi-path Rayleigh and Rician channels on
the performance of the ANC-based MC-DCSK system. The
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Fig. 9: Simulation and theoretical expression results of BER
performance under multipath Rayleigh fading channel for the
number of users L = 5, L = 10 and the spreading factors
B = 50, B = 160, with the number of subcarriers M = 32
and the number of paths V' = 3.

obtained BER performance under multipath Rayleigh fading
channel in Fig. 9 corresponds to the number of users L = 5
and L = 10, the spreading factors of 8 = 50 and 5 = 160,
with the number of subcarriers M = 32 and the number of the
paths V' = 3. The average power gain of each path is identical
for all users in the network. In this figure, the average power
gains are E[\?] = 0.9 for the line-of-sight, E[\2] = 0.8 for the
second path, and E[A\3] = 0.65 for the third path. The delay
spread 7; ,, for each path is denoted by a random variable with
uniform distribution, taking values within the interval [0, 57 ].
The simulation results validate the accuracy of the proposed
methodology.

Fig. 10 summarizes the the simulation and theoretical re-
sults of BER performance under the multipath Rician fading
channel corresponding to the number of users L = 5 and
L = 6, the spreading factors of 8 = 50 and 8 = 100, with the
number of subcarriers M = 32 and the number of the paths
V' = 2. The average power gain for the line-of-sight path is



E[A?] = 0.95, while for the second path is E[A3] = 0.75.
According to this figure, the simulation results closely follow
the computed BER under the Rician channel for all number
of subcarriers, average power gains, spreading factors, and for
all number of users.
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Fig. 10: Simulation and theoretical expression results of BER
performance under multipath Rician fading channel for the
number of users L = 5, L = 6 and the spreading factors of
B = 50, 8 = 100, with the number of subcarriers M = 32
and the number of paths V' = 2.

Finally, Fig. 11 shows the simulation results of the bit error
rate performance for the general ANC-based DCSK and the
proposed ANC-based MC-DCSK. The results are obtained
under the multipath Rician fading channel for the spreading
factor of 8 = 50 and the number of paths V' = 2. The average
power gain for the line-of-sight path is E[\?] = 0.95, whereas
for the second path is E[A3] = 0.75. Furthermore, in the MC-
DCSK system, the number of subcarriers is M = 32 with
L = 2 and L = 5 users. Based on the simulation results
depicted in this figure, it can be concluded that the number
of users in the general ANC-based DCSK system is limited
to L = 2 due to the lack of capacity for supporting the
communications between more than two users. In contrast,
the MC-DCSK scheme outperforms the conventional DCSK
scheme even for a higher number of users such as L = 5.
The poor performance of the conventional DCSK system is
mainly attributed to the strong interference originated from
the cross product of the user data signals and the reference
signals present in its decision variable given in equation (6).
Therefore, the conventional form of DCSK system can not be
considered as a promising candidate for an ANC application
without any interference mitigation technique.

VI. CONCLUSION

An analog network coding has been proposed for the first
time for a multi-user MC-DCSK transmitter. One of the
major objectives to choose MC-DCSK system in this paper
is that its novel design allows fora more significant energy
saving and higher spectral efficiency compared to that of the
differential DCSK system. In the proposed network, the L

—+— Simulation, MC-DCSK, Rician, =50, L=2, M=32
—6— Simulation, MC-DCSK, Rician, =50, L=5, M=32
—8— Simulation, DCSK, =50, L=2
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Fig. 11: Simulation results of BER performance for MC-
DCSK and DCSK schemes under multipath Rician fading
channel for the number of users L = 5, and L = 2 and the
spreading factor of 8 = 50 and the number of paths V = 2.

source nodes communicate with each other via a single relay
node. The ANC scheme is developed in a way that the user
nodes transmit their signals to the relay in the first time slot
synchronously or asynchronously. During the second time slot,
the relay forwards the resulting superimposed signal to the
users. In order to use the available bandwidth efficiently, the
MC-DCSK is applied to a multi-user system which is suitable
for ANC scheme. Each user is assigned a private frequency
for transmitting the reference signal while they share the rest
of the available bandwidth for transmitting their spread binary
data to the other users in the network. At the receiver side
which benefits from non-coherent detection, each user reduces
the overall interference by subtracting its own data signal from
the received signal and then starts the decoding process. Unlike
DCSK scheme, it was also shown that the proposed system can
perform with more than two users. Finally, the performance
of the ANC-based MC-DCSK was analyzed, and the general
bit error rate expression under multipath fading channels was
obtained, and then extended to an additive white Gaussian
noise scenario. The Simulation results were validated by the
results obtained from the corresponding theoretical expression.
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