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Abstract—This work presents another look at an analog
network coding scheme for multi-user spread-spectrum com-
munication systems. Our proposed system combines coding @n
cooperation between a relay and users to boost the throughpu
and to exploit interference. To this end, each pair of users4 and
B, that communicate with each other via a relayR shares the
same spreading code. The relay has two roles, it synchronize
network transmissions and it broadcasts the combined sigia
received from users. From userB's point of view, the signal is
decoded, and then, the data transmitted by user4 is recovered
by subtracting user B's own data. We derive the analytical
performance of this system for an additive white Gaussian nise
channel with the presence of multi-user interference, and &
confirm its accuracy by simulation.

I. INTRODUCTION

Dealing with interference when signals from multiple nod
arrive simultaneously is a major challenge in wireless net;
works. Recently, many researchers showed a high interesﬁ,
using network coding techniques like Analog Network Codin
(ANC) or more generally Physical Layer Network Codinqh
(PNC) to mitigate the effect of interference and to boost tl'ke

network throughput [1]+[3].
In a PNC communication scheme, a pair of usdrand 5

(i.e. terminal nodes) first simultaneously transmit their datg]p
signals to a relay. The relay then transforms the receiv%f‘

overlapped signals into a network-coded message (oes
a bit-wise XOR of the messages from each terminal no

and broadcasts the resulting signal. By knowing the reblersi

network-coding operation carried out by the relay, eachmiter

. com
nal node is able to extract the message sent by the other n&?e%
of its pair by removing its own contribution from the recaive

signal. Thus, two time slots are required for both usérand

B to exchange one message. This constitutes an improver‘r@g
over the traditional relaying scheme where four time sloés an

needed([B] to achieve the same goal.

On the other hand, in ANC schemes as proposedlin [2]
relay simply forwards superimposed signals to users. $ig
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decoding is carried out at the user level since the linear
mapping is naturally done in the physical channel. An ANC
scheme can be realized and implemented with ease. However,
as the relay does not remove the noise, it is forwarded
along with the desired signals. Despite this disadvantage,
ANC scheme — with some extensions to allow multi-user
transmission and to exploit the interference present in the
network — is preferred since a classic PNC scheme remains
significantly more complex. In a PNC scheme, the following
supplementary operations would be executed on a relay node:
decode the received signals that use different spreaditgsco
map the resulting signals, apply the appropriate spreautidg
depending on the destination, and finally forward the signal
The proposed ANC scheme in this paper can be used for
a spread-spectrum communication system using any spread-
pectrum code (Gold, Kasami, Walsh, chaotic, ...). Theahoi
f the chaotic signals is attributable to the advantages of-
dfed by this class of spreading sequences [4], [5]. Notably
eir sensitivity to initial conditions allows chaotic nspo
eoretically generate an infinite number of very low cross-
orrelated signals. These wideband signals have been gbhown
be well-suited for multi-user spread-spectrum (SS) mdéhria
applications[[6]-+[8]. In addition, some types of chaoticdno
tion carry the same advantages as other conventional SS
odulations, including mitigation of fading channels [[10],

JSmming resistance, low probability of interception (LIPLL]

d secure communicatioris [12]. Furthermore, many papers
demonstrated that chaos-based sequences produce golt&l resu
pared to that of Gold sequences or other independent and
tically distributed sequences, notably reducing rugder
interference and peak-to-average power ratio (PAPR) [B}], [
MO{eover, code synchronization techniques used in tcauhti

communication systems to achieve robust synchronizatio
two distinct phasesi.e. code acquisition and tracking)
were recently applied to chaos SS communication systems [8]

I’Lf3]. In this paper, we assume that this code synchronizatio

tgchnique is adequate to demodulate the transmitted sgmbol
in our system.
In the literature, many chaos-based SS systems with co-
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herent and non-coherent receivers are proposed and eacilubised spread-spectrum communication system. Sdction Il i
[14]. The most noteworthy systems include Chaos Shift Kegedicated to explaining the design of the proposed ANC-SS
ing (CSK) [€], Differential Chaos Shift Keying (DCSK)) [15]- scheme. The analytical performance analysis is presented i
[17] and mutli-carrier DCSK[[18]. With coherent receiversSectior IV where we derive the analytical bit error rate (BER
like in CSK systems, a chaotic signal is used as a spreadexpressions for an additive white Gaussian noise (AWGN)
sequence at the transmitter to spread the information dateannel in presence of multi-user interference. Simufatio
signal. At the receiver, chaotic synchronization is reggiim results validating our analytical approach are shown in- Sec
order to demodulate the transmitted bits [8],/[18]. [19]wadl tion[V] and finally, some concluding remarks are given.

as a coherent correlator and a threshold detector are used to
decode the signal. On the other hand, when DCSK is used,
chaotic synchronization is not required at the receiieeexact ~ The studied spread-spectrum system uses a CSK modulation
knowledge of the chaotic signal is not mandatory in order io which data information symbols, = +1) with period T}
demodulate the transmitted bits. However, a DCSK systemaee spread by a chaotic sequengeA new chaotic sample (or
less secure, and does not perform as well as a coherent chabip) is generated at time intervals equallto(zy, = x(kT)).

II. CSK COMMUNICATION SYSTEM

based communication system [6]. The emitted signat(t) at the output of a transmitter is:
Related Works: In [20], [21], ANC schemes for CDMA o B

systems were proposed where each user in the system is e(t) = ZZsixiﬁ+kg(t— (if+ k)T¢) (1)

assigned one distinct spreading sequence. To decode agaessa i=1 k=1

from a given user in the network, a node applies the spreadijfiere 5 is the spreading factor that is equal to the number of
sequence of the other user. In other words, the proposgd tic samples in a symbol duratigh = T, /7,); andg(t) is

scheme requires a priori knowledge of the list of all usevs@!l 1,0 pulse shaping filter. A rectangular pulse of unit amptu
with their associated spreading sequences in order to eecg [0, 7.] is used in this paper.

the transmitted data without exploiting multi-user inegeince. 4. 21 AWGN channel, the received signal is:
In this paper, we propose a different approach for SS systems
In our network, we consider a two-way wireless system wiith u(t) = e(t) + n(t) (2)
source nodes.e. users) { is an even number for simplicity)
with one single relay. Each node uses direct-sequence
modulation. The main aim of this paper is to propose a
ANC scheme for multi-user SS systems which reduces t
number of time slots required to exchange data, to expleit ' . : : :
interference, and to increase the throughput of the netwofR " & symbol duratlprTs. Fmglly, the transrr.nt_ted b|t§ are
To tackle this challenge, we propose a new design in Whigﬁtlmated by computing the sign of the decision variable at
each pair of users wishing to communicate in this network V‘Qe output of the correlator.
the relay share a spreading code. The fact that both users of < B )

3)

\ggeren(t) is additive white Gaussian noise with zero mean
d a power spectral density equal M,/2. In order to

Smodulate the transmitted bits, the received signal i$ firs

ultiplied by the local chaotic sequence, and then integrat

a pair use the same spreading code exploits the interferenc®s; = sign SiTCZ (ivi5+k)2 +w; = siEéi) + w;
and boosts the throughput of the system. k=1

In an ANC scheme, network synchronization is criticalheresign(.) is the sign operatoi.” is the bit energy of the
to any reliable implementation. In our design, network synt pit andw; is the noise after despreading and integration.
chronization is maintained by the relay. The relay sendsgg the sake of simplicity, we omit the pulse shaping filter
request-to-transmit signal once it is ready to receive tues’ expression and we normalize the time cHipto 1.

signals. This operation forces users to simultaneoushstmit  Toughout the paper, a Bernoulli mapping function is used
their messages. Once the users receive the request-toritan

signal, they start their transmission phase in the first sfoe Tpp1 = { Grp — F if i Z.O @)
In that phase, thé nodes transmit their signals simultaneously Gz + F otherwise
to the relay. In the second time slot, or during the broadwgst yhere ' and ¢ are constants. This map is chosen to generate
phase, the relay retransmits the summed received signalb tGhe chaotic sequences because of its implementation effi-
users in the network. Each user first multiplies the receivegbncy [22]. In addition, chaotic sequences are normalied
signal with its local spreading sequence, it then decodes matE[xi] — 1 and have a zero mean to avoid DC transmission
signal, and finally, it removes its own data in order to recovge jz,] = 0.
the data sent by_the 0ther_men_1ber of the pair. These Ope‘ationGeneraIIy, two different approaches have been adopted to
are further detailed later in this paper. use chaotic signals in digital communication systems. eith
Paper Outline: The remainder of this paper is organizedhe real value of a chaotic signal is used to modulate the bits
as follows. In Section1l, we briefly present the chaoge be transmitted |6] or the chaotic signal is quantized and



used to transmit data|[7]. [23]._[24]. The latter offers bett 2) Transmission phase: In this first time slot, the nodes
performance than conventional spreading systems. Howeveansmit their signals to the relay. Each pair of users which
that approach leads to a loss of chaotic signal properties [want to communicate between them use the same spreading
Thus, it is the first approach that is adopted in our papeode. The received signaly(¢) at the relayR is:

Note that our general analysis can nonetheless be adapted to o B
quantized chaotic signals. un(t) = > > (sa,i+58,i)T(4,B),is+k
=1 k=1
[1I. ANC-SS COMMUNICATION SCHEME N io: 5 B (12 + 50 () (5)
. . S . S . x . n
In this sections 4, sg, andsx refer to the data of usetd, i=1 [CE me€ k=1 b Smal ) itk N

B, and the mapped data in the relRyrespectively represented I#m
by the signalsc 4, e, ander. The use of an ANC schemewheres; ; is thei‘® symbol of user spread by the sequence
limits the required number of time slots to two. That représe x(; ,,,) is+x and & = {1,2,.., L} \{A,B}. In 8), un(t) is
an improvement in comparison to existing non-network codelde received signal coming from different nodes. The first
schemes or straightforward network coding schernes [3]. term in this equation represents the sum of the transmitted
In an ANC schemegsx is computed directly froms 4 + signals from the user paid and B. The second term ifI5)
s which occurs naturally in the physical channel from thespresents the multi-user interference signal in whicttn geaar
superimposition of signals. In this case, the arithmetim s of users/ and m use the same spreading codg .., iz+k.
considered a form of network coding. In conventional multiand nx (¢t) represents the additive white Gaussian noise of
user spread-spectrum systems each user has its own sgreathie transmission phase with zero mean and variance equal to
code. In the context of ANC schemes, a key requirement is ths /2.
each node must have the knowledge of all spreading sequenced) Broadcasting phase: In the second time slot, the relay
attributed to users. This coding does not allow exploitién dorwards the received signaly(¢) to the different nodes in the
interference. The main challenge in our paper is to providen&twork. In our system we assume that the relay just forwards
reliable scheme that is easy to implement while mitigathng t the signal without amplifying it. Furthermore, the ampiify
interference present in the network. operation can be added to the relay when it is in the presence
In our proposed scheme, each pair of usgtsand B of a fading channel. This can be done without any modification
wishing to communicate with each other must use the sarteeour ANC-based design. Thus, the signal broadcast by the
spreading codex4 5). This scheme is illustrated in Fig] 1relay ur(t) is:
and summarized in Tablg I. This particular design allows _
the exploitation of interference and Esers can still g)ﬂthe ur(t) = un(t) +nr(t) ©)
information from the other member of the pair. The detaile§here nz(t) is the additive white Gaussian noise of the
presentation of our communication scheme along with ttsoadcasting phase with zero mean and variance equal to
relevant mathematical descriptions can be broken down i/ 2. )
the following four phases in which two time slots are allecat 4) Decoding phase: For user B to be able to extract

for the transmission and broadcasting phases respectively the information from the other member of the pai, the
received signal is first despread using the same spreadidey co

r(4,8),is+k and then decoded. Lastly, noBeremoves its own
data from the decoded signal, as detailed in Table I, to Ercov

the data originating from nodd.

) IV. PERFORMANCEANALYSIS OF THEANC-SS SYSTEM
Spreading code The second objective of this paper is to validate the concept
TAB) of the proposed scheme. Once the system is explained, the
performance of the ANC-SS system over an AWGN channel

and in presence of multi-user interference is investigafex

mentioned in Sectiofdll, in the first phase, usetsand B
transmit their signals which are later forwarded by theyela

Spreading code
T(A.B)

Time slot 2 In the reception phase, the received signal is the combimati
of the two transmitted signals fromd and B along with the
Fig. 1. ANC-SS scheme witlh. users. additive noise signalsix(¢) and nz(t), and the multi-user

] ) o interference. The decision variable for a givendditansmitted
1) Request-to-transmit phase: In this preliminary phase, the from 4 is:

relay broadcasts a signal informing all users to transngiirth 3
signals to the relay. This operation allows the synchrditina D,,, = Z“R(t)ff(f\ B)ipik - @)
of the transmission taking place in the first time slot. Pt o



TABLE |
ANC-SSMAPPING SCHEME

Spreading symbol| Spreading symbol| Signal broadcast from thd  Despreading/decoding Extracting symbols of3,
from A from B relay symbol at3 recovering symbols ofd
1:1}(_,473) 1x(A,B) 2$(A,B) 2 (2 — 1) =1
1CC(A,B) —1‘1'(_,4#5) O‘Z'(_A’B) 0 (0— (—1)) =1

_155(.,4,8) 1$(.AA,B) O‘Z'(_A’B) 0 (0— 1) =-1
—lzaB) —lza,8) =23 (4,8 -2 (—2—-(-1)=-1

The mean ofD,, , is reduced to the term given irD(B)ancea%,SA. The development of [7) for a given hitis:
because the elements of the noise components and chaotic

signals are independent and both have a zero mean: Dsa B 5
_ Z: g_: (54,0 + SB.,i)x%A,B),iﬁJrk + kz_:l N kT (A B),if+k
E (D] = B s, ® T )
; gg 26: ; (81,0 8m0) T4 m) g kT (AB) iB+k
where sg; = sai + ss: € {—2,0,2}, and B = 8 tm
+ X0 MRAT(4B) ik
Z T8 ik =1 (A,B),if+

(11)
The signal given in[{7) is decoded after comparing its The statistical properties of the decision variablg, , are

amplitude to two predetermined thresholgsand~.. Based derived for a fixed bit. The variance of the decision variable

on the model provided in_[25], the optimal thresholds in g:
2

noise free environment using the values giver(in (8) are: op,,, =E [(Dsm)ﬁ “E[D,, ] (12)
T Developping [(IR) gives:
n= (2E2+0) =5 9) B 2 . 2
7= (357) = By oD, ,; =B [(Z SAvix%A,B),iﬁJrk) } - [EIEZ)SA’i}
' k=
- ﬁ 1 2
+E , i
where Ej, = Z T 48y gk - <k§1 ATAB), ﬁ+k) }
In fact, When the received signal amplitude [f (7) is grater 1E 5 s10d s I _
than v,, we decide that the symbol i8. Similarly, if the jet mee k;( i Smi) Tm) i8+6T(A,B) 5B+
received signal amplitude is lower than, we decide that r ﬁ,m 2
the symbol is—2. Finally, if the signal amplitude is between +E <Z nR,k:c(A,B)wM) ] .
~1 and~., it is declared). According to Tablé¢ll, the decoded [ V=t (13)

signal space i§ 2,0, 2} Wit,h corresponding probabilities of - gqp 5 given fixed bit, the first and the second terms [in](13)
25%, 50% and25% respectively. are equal since), , , is constant. In addition, the spreading
Finally, the estimated data of uset 54 is computed by sequences and the Gaussian noises are independent and zero
subtracting the data symbalz from the decoded symbol mean signals. It follows that the variance of the decision
obtained from the signal given inl(7). According to the cahtrvariable is reduced to the variance of the noise terms and

limit theorem, multi-user interference follows a Gaussiathe multi-user interference. Therefore, the variance esgion
distribution. Therefore, the BER of 4 based on the signal pecomes:

space probabilities is the BER of the decoded signal given as s 2
follows: op.,, =E [( > nNﬁkx(Ayz;),ig+k) }
' k=1
2
BER = B
m oo +B > (810 + 8mi) Tam) iB+kT(A,B)ip+k
1 _p2 d 2 dr |+ €€ me€ k=1
2V2mop, , f eXp 207, A T+’Yfexp 203, . T 75’”
A . y s

5 2
+E (Z NRET(A,B) ",6‘+k> :
(r+2E)? (r—2Ey) — ) ,B),i
exp | —0—5—2— | dr + | exp <7> dr] . k=1
4\/2770'13 <f ( DSA ) f DSA (14)

71
(10) The variance of each component [n](14) is computed as
(@J) requires the computation of the decision variable-vaifollows.



Since the noise samples are uncorrelated and independent of V. SIMULATION AND DISCUSSION
the chaotic sequence, and the chaotic samples are themselve

ipdependept from each other, .the conditional variances®f t 14 ayaluate the performance of a multi-user ANC-SS sys-
first and third components are: tem, we plot the computed BER expressions obtainefih (10)
against simulation results over an AWGN channel with the

2
B . . ..
B 9 presence of multi-user interference. The results showgiriF
B <k2_:1 nN’kx(AvB)aiﬂﬂ“’C) = PEl(am). 15451 No/2 are obtained for different numbers of usdrsand spreading

. factorsg.
= E{"No/2 a5 p
where B[ = BE[x{ A 1) ip) 10°
Similarly: )
107 ...........................................
el 2 : : B : : : :
E <Z nR-,kx(A,B),i,B-f-k) _ EéZ)NO/Z. (16) 10=2 ......... ....... ........ : - ........
k=1 : : \ : : v 4

103 v ......... ........ ......... NANG
- %= L =10, 8 =100 : N :
—L—10,8-100 |\ e NN NG 3
-%- L =10, 8 =350 : : : :
=L =10,3=350 | LN
-%- L =6, =350 : i

Each pair of bits exchanged betwedrand? is spread with
the same normalized chaotic sequence. Chaotic sequemx:es%rl(r4
uncorrelated and chaotic samples among a given sequence are .
independent and normalized with{z?] = 1. It follows that 1o~
the second term of (14) is:

P

10—6 +L:6,ﬁ:350 ..... , ......... \ ......... _E
9 -%x- L=2,8=350 : : : A\ ]
E [((Su + Sm,i)x(l,m),iﬂ+k$(A,B),z‘B+k) } = (17) 10T H—v—L=2,8=350 | L\ 2\

—— BPSK lower bound

T T T 1 1

2E[(2(1.m),i+kT(A,B),i+k) -

i

108 -
Then, the variance of the multi-user interference signal is 0 2 4 6 8 10 12 14
Ey/No (dB)
2

B Fig. 2. Performance of the multi-user ANC-SS scheme. Plath dashed

E Z Z (Sl,i + Smﬂ-) x(l,m),i5+k‘r(A_B) iB+k lines represent analytical and simulation results resmdgt L is the number
llig me€ k=1 Y of users and3 is the spreading factor. The BPSK curve is for a single user.
m

—_
=E, (L—-2).

(18) From the figure, it is clear that the computed and simulated
Finally, the variance of the decision variable is: BER match closely in all studied cases.

The same figure shows the effect of the spreading factor
in the presence of multi-user interference. In such systems
it is suitable to operate with a large spreading factor to
reduce the multi-user interference. Indeed, a large sprgad

Many papers in the literature apply the Gaussian approactagtor spreads the interference power over a wide bandwidth
compute the performance of chaos-based SS communicatigéucing its effect on the demodulated useful signal.
systems[[26],[[277]. That approach considers the transthitte Fig.[2 also plots the BER performance far= 2 users.
bit energyEél) as constant. Given the non-periodic nature dh that case, the network does not have any multi-user in-
chaotic sequences, the Gaussian approach leads to in@ccueaference and the performance can be compared to that of
results for small spreading factorls [28]. However, for &arga conventional BPSK modulation. It can be seen that the
spreading factors, this approach can be considered as a gpedormance of a mono-user BPSK point-to-point system is
approximation that closely matches the exact performaficeletter than the ANC-SS one. The degradation in performance
chaos-based SS communication systems [26]. In this papmmnes from the noise signal added in the transmission phase.
the Gaussian approach is considered since we are inteiastethis is a disadvantage of the ANC scheme in which the relay
studying our proposed ANC-SS scheme with large spreadidges not remove the noise from the received signal; the noise
factors in order to increase its resistance to multi-usterier- is forwarded to users along with the signal. On the other hand
ence. In this caseEél) can be assumed as constant. Thus oas explained and shown in this paper, a multi-user ANC-SS
BER expression is given bfy (I1L0) where the computed varianggstem is easier to implement than its physical layer nétkwor
is from (219). coding scheme counterpart.

op.,, = EYNo/2+ B Noj2 + EX(L - 2)

; (19)
=E(No+ L —2).



VI. CONCLUSION [10]

In this paper, we presented a design for a multi-user ANQ-1]
SS system. The goal of the proposed ANC scheme is to
reduce the number of time slots required to exchange dgta;
while exploiting interference to increase the throughputew
coding-spreading method is proposed which consists ohigavi 1
each pair of users that want to communicate between egcﬂ
other use the same spreading code. This leads to a reduttion i
multi-user interference and also improves the performarice[14]
the system. The role of the relay is to synchronize transariss
during the first phase and to then broadcast the sum of
signals to all users of the network. The coding and decoding
operations are entirely done at the user level without any
decoding or mapping in the relay. In our paper, chaotic skfgnzpe

H.-P. Ren, M. S. Baptista, and C. Grebogi, “Wireless ommication
with chaos,”Phys. Rev. Lett., vol. 110, p. 184101, Apr 2013.

J. Yu and Y.-D. Yao, “Detection performance of chaotmeading LPI
waveforms,”|EEE Trans. Wireless Commun., vol. 4, no. 2, pp. 390 —
396, March 2005.

F. Zhu, J. Xu, and M. Chen, “The combination of high-gailiding
mode observers used as receivers in secure communicdfi®E Trans.
Circuits Syst. I, vol. 59, no. 11, pp. 2702-2712, 2012.

G. Kaddoum, D. Roviras, P. Chargé, and D. FourniemBret, “Robust
synchronization for asynchronous multi-user chaos-b&@8d_DMA,"
Sgnal Process., vol. 89, pp. 807-818, 2009.

H. Abdullah and A. Valenzuela, “Efficient chaotic comnication sys-
tem for wireless sensing applications,” @th Int. Multi-Conf. on Syst.,
Sgnals and Devices (SD), 2012, pp. 1-5.

% G. Kolumban, G. K. Vizvari, W. Schwarz, and A. Abel, ‘f#rential

chaos shift keying: a robust coding for chaos communicdtionProc.

Int. Workshop on Non-linear Dynamics of Electron. Syst., Seville, Spain,
1996, pp. 92-97.

Q. Ding and J. N. Wang, “Design of frequency-modulatexirelation

were used as spreading sequences for their good correlation delay shift keying chaotic communication systeET Commun., vol. 5,

properties. The ANC-SS system was first proposed, then we
performed a performance analysis under an AWGN chanhef
and in presence of multi-user interference in order to adid
the concept. An analytical BER expression of the ANC-SS wéi$]
computed and its accuracy confirmed with simulation results
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