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Abstract:

In this paper the performance of the DS-CDMA system employing a suppression filter
for rgjection of narrow band interference (NBI) is provided. Two types of NBI, namely
the binary phase shift keying (BPSK) and the single tone interferences, are considered.
The behavior of the DS-CDMA system with and without a suppression filter over a
Raleigh fading channel and under the effect of the two types of NBI is analyzed. The
effects of suppression filter coefficients, DSS-CDMA system parameters, and the NBI
parameters on the performance of the system are evaluated anaytically. It is shown that
the suppression filter is more effective against the single tone NBI than in the case of
the BPSK NBI. Moreover, it is proved that using a suppression filter with total three
tapsis sufficient to mitigate the effect of either the BPSK or single tone NBI.
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1. Introduction:

In recent years, code division multiple access (CDMA) has become one of the most
used technology for wireless communication networks due to its high security, high
spectral efficiency and its greater capacity. This multiple access method offers distinct
advantages in suppressing interference and intentional jammers [1]. It is well known
that the DSSS systems have inherent interference suppression capabilities. The
spreading gain cannot provide sufficient degree of interference suppression capability
due to the spreading gain is restricted and interfering signal is very strong. To overcome
this problem, some signal processing techniques must be employed for further system
performance improvement [2]. Under such circumstances, an effective NBI suppression
scheme is required. NBI suppression before despreading in the receiver can improve the
performance significantly. Many NBI suppression techniques in DSSS systems have
been proposed in the previous researches and these are generaly classified into three
categories. These categories are time-domain methods, transform domain methods and
multiuser detection (MUD) methods [3]. In [4] alinear suppression filter at areceiver of
the single carrier DS-CDMA system is employed to reduce the NBI. In [5], an adaptive
linear prediction version of least mean square (LMYS) filter is applied to regject NBI. In
[6], a non linear prediction technique is introduced and the dynamic convergence
behavior of the adaptive nonlinear prediction filters is analyzed. In [7] a new kind of
nonlinear filter called nonlinear Lattice and Transversal Joint (LTJ) filter is proposed. A
discussion was introduced of their SNR improvement and convergence speed in NBI
suppression in DS-SS communications and their complexity. For the transform-domain
NBI suppression schemes, the received signals are firstly transformed into the frequency
domain. After the NBI components are detected and notched out, the processed signals
are inversely transformed into the time domain. The commonly used transforming
schemes are Fourier transform, discrete cosine transform and Karhaunen-Loeve
Transform (KLT) [8-10]. In [11], a new and powerful method for suppressing
narrowband interference (NBI) in direct sequence spread spectrum (DS/CDMA)
communication system is developed. This technique is based on the linear minimum
mean square error (MMSE) agorithm for multiuser detection. The performance of the
proposed method against NBI is compared with the performance of some previous
linear and nonlinear NBI suppression methods. It is seen that this method outperforms
all these previous technigues of NBI suppression. In [12], it is shown that the non-linear
predictor does not provide the same performance asin CDMA systems as in single-user
SS communication systems because the effectiveness decreases for the increasing
number of users. In [13], linear predictor and adaptive NBI Re-estimation algorithms
are combined with code-aided method. This proposed approach provides more
performance improvement than the pure code aided approach. Compared with the
transform-domain methods, the time domain filtering can eliminate the interference
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thoroughly with less impairment to useful signals. On the other side, time-domain
filtering is of less complexity than the MUD scheme with more performance
improvement [3].

In this paper, the average bit error probability of the DS-CDMA system subjected to
BPSK and single tone NBIs and equipped with a suppression filter is derived. A well
defined closed formula for the BER for each type of NBI is provided. The obtained
results matches the results obtained in [4] for the case of BPSK NBI, moreover, this
work is extended to cover the single tone NBI. Also, the comparison between the double
sided and single sided filters in mitigating the effect of the two proposed NBIs is
analyzed when the carrier of the NBI does not coincide with the carrier of the DS
CDMA signal. The performance comparison of the system with and without a
suppression filter under the effect of the two proposed types of NBIs isintroduced. The
behaviour of the suppression filter is evaluated for different situations, such as the effect
of the number of taps and existence of an offset in frequency between the carrier of the
NBI and the carrier of the DS-CDMA signal.

The paper is organized as follows. In Section 2, the system model is presented. In
Section 3, the performance of the DS-CDMA system with the use of a suppression filter
in presence of a BPSK NBI is derived. In Section 4, the performance of the DS-CDMA
system with the use of a suppression filter in presence of a single tone NBI is derived.
Section 5 provides the numerical results. The conclusions are provided in Section 6.

2. System modd!:

The transmitted signal of the kth user in the DS-CDMA system can be expressed as [14]

s, (1) = v2Pb, (t)c, (t)cos (27ft + ¢, )] (1)
where Pis the transmitted power of the DS-CDMA signal, b (t) is the baseband data
sequence of user Kk, ¢, (t) isthe spreading waveforms of user k, f isthe carrier frequency
and ¢, ; istheinitial phase of the carrier.

The binary source data sequence, b (t) of the kth user is first spread by random binary
sequence ¢, (t) with processing gainN =T, /T, , where /T, and YT, stands for the bit and
chip rates, respectively. After that, the spread signal is modulated, with phase shift
keying modulator (PSK), and then is transmitted.

The communication channel is considered as frequency nonselective Rayleigh fading
channel with additive white Gaussian noise (AWGN). Moreover, the channel complex
gan, g., isassumed to be with real and imaginary parts are assumed to be uncorrel ated

Gaussian distributed random variables, each with zero mean and variance o}, and is
represented by g, =d, expjy, ). The amplitude d, has a Rayleigh distribution and the phase
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v, hasauniform distribution.

The receiver block diagram of the DS-CDMA system, with the use of a suppression
filter, is shown in Fig. 1. The received signa enters the suppression filter, whose

impul se response at a specific timeis Mfam(;(t_mTc),where{anl,,,,a «, | aethetap

m=-M1

weights with central tap 4, =1, m,20 and m,> 0. It isnoted that m, and m, stand for
the numbers of taps on the left and right sides of the center tap, respectively. For M; #0
and M, #z0, the filter is double sided suppression filter, whereas for m, =0 and v , « o
orw, :oand y,-o,thefilter isasingle-sided suppression filter. The suppression filter
uses the past and / or future values of the received signal to predict NBI current value,
and then subtracts the predicted value from the received signal current value [15].
Assuming perfect channel estimation, the output of the suppression filter, r , is
multiplied by the conjugate of the fading channel gain g,/ then passing through a DS
despreader, and a PSK demodulator. Then, the output x, is compared to a zero threshold
to decide the information content of the data bit of user k.

0

3. Performance of the DS-CDMA system in presence of a BPSK NBI :

In this section, the theoretical performance of the DS-CDMA system with a suppression
filter in presence of BPSK NBI interference is derived. The BPSK NBI is assumed to
have atotal power J,,. The BPSK NBI can be represented as

Jo(t) = 23y i(t)cos (27 (f + A )t+ p) 2
Where A stands for the offset of the interference carrier frequency from the carrier
frequency of the DS-CDMA signal, and g denotes the interference phase of this
interference subcarrier. The information sequence (1) has a bit rate 17, where T,
denotes the duration of one bit. Therefore, the interference bandwidthis B, = 27,7 (itis
assumed that B, < B,). An important quantity is the ratio of the interference bandwidth
B i

to the spread spectrum system bandwidth = = I_ . Assuming perfect power control,

the received signal associated with K asynchronous users in a Rayleigh fading channel
can be expressed as

r(t) = i V2Pb, (t-7,)g,c, (t - 7, ) cos (27t + ¢, )+ n(t) + I, (t) 3
whereg, = ¢, —24fz, 1S a random variable uniformly distributed in [0, 27), J,(t) IS a

BPSK NBI, n(t) is a sample function of a stationary zero mean complex Gaussian
process, independent of signal and with power spectral density (psd) n,/2 . Assume that
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the reference user is the k-th user and -, = O for notational convenience. The output of
the suppression filter of the kth user, r, (1), can be expressed as

r, © :ni%{@(t —7, —mDg Gt —7 —m)coff ({—mT)+q) +rt—mE)+J,¢—mp}} (4)

Assuming that the internal interference term can be safely ignored [5], then the output of
the correlator of the kth user corresponding to the zeroth data bit, x’, can be expressed

as
K
X, = D, + ZH»*M*JM (5)
|

j=Tkz# |

where the terms on the right hand side of (5) are described bel ow.
Thefirst term, D, , represents the desired signal of the reference user at the zeroth tap of

the suppression filter that is given by

D, = [V2Pb, ({)g,0ick = VZPT,b, (0] 5,07 = VZPT,p,(0] ©)
wheﬁebK[O] Is the transmitted zeroth data bit. The useful signal power givend, is equal to
S|, =21 a7 ) (7)
The second term |1, is the multiple access interference (MAI) term due to the ji"

k=j) and it is given by [4]

R W N L T W] NG RN UL (8)
where T(ml)=rj +mT, is uniformly distributed in [0,2z]. In this term of (8) the variables
R,(z) and R ( ae the partial cross-correlation  functions defined by

Ry ;(7) IC (t-7)c (e and g fc (t-r)c, (t)at respectively. The variance of 1, ; is
given by [4]
7 =EPT K3l:ll( )EgmMM2“2+ %“m“mlﬂ ©)

The third term, n., is the channel noise component added to the kth user and it is given
by

Za DJ’ n(t-mr Jolc, (t)2cos (27ft + ¢, )t (10)

oo

From (10) the variance of the noise component, n , isgiven by [4]
oi=(NTag) Y ) (11)
The fourth term, J, ,, isthe NBI component added to the kth user and it is given by
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azgj 23, (= Joje, )es 2= ) )t (12)
The variance of aBPSK NBI, &2, , isdeduced and it is given by

an—TZB—Ed z Za’ a,, of(m,m,) (13)
Where o#(m, rg;l S gl\n;en by

o;(m.m) jsgn[( pix—m +m)) 1—4% W %Oﬂ(%qx m +m))dx (14)

Where sign[x] = x or zero for x=00r x<0, respectively, and q=AT, denotes the ratio of the
offset of interference carrier frequency to the half spread spectrum bandwidth.
Collecting the above results, the decision variable x’ given by (5), consists of a useful

term D, and a total interference term [ MAI KZKJ’ + Gaussian noise N, + narrowband

interference J,,]. The conditional variance of the total interference given, d,, is
represented as

_ TZ(K _1)d2 M, M, O M, M, M, Ij
: = %% 2 3 e HNTA) Y 3 5 e G Tdeimm)y (15)

When the number (K ) of active usersislarge and according to the central limit theorem
given,d, , the sum of the MAI term 5 I, ,» and the narrowband interference term J, ,

can be approximated by a conditional Gaussian random variable. Hence given d,, al

interference terms and the noise term can be combined into a single conditional
Gaussian random variable. Therefore, the conditional signal to noise, MAI interference,

and narrowband interference power ratio of the decision variable x is given by ) = S,
b 20'2b

Then the conditional error probability, p(e|{d,}), can be written as

Pleifol)=o2n)- [ feni G (16)

where y, has a chi-square distribution given by [15], p ,(;,)= %exp (-7,/T,) where T, is
the average signal to noise ratio and it can be written as

— -1 L, o, OMEH % 2 EM e W E_l
S SRR 3 AR 5, Seatund] a
where E, is the average energy per hit for the DS/ICDMA system (E, = PT,E[d?]), Pis

the average power (P = PE[dkz]), and N, = J,, /W, represents the effective psd of the BPSK
NBI in the total communication band. Recall that, our goal is to evaluate the
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performance of the system in terms of average BEP. For this purpose the conditional
BEP in (14) has to be statistically averaged over the random parameter y. The average
BEP isgiven by

1 T
PEW*b:EEl_ 1+FbE (18)

4.Performance of the DS-CDMA system in presence of a single tone NBI :

In this section, the analytical performance of the DS-CDMA system with a suppression
filter in presence of a single tone NBI is derived. The single tone NBI can be
represented as

J.(t)= /23, cos (22 (f +A)t+ ) (19)
The output of the correlator of the k-th user corresponding to the first data bit in

presence of a single tone NBI , X, , can be expressed in simplified form asin (5). It is

clear that the first three terms ( the desired signal term, the MAI term and the noise
component term) are identical for both types of NBIs, and they can be expressed by (6),
(8) and (10) respectively, whereas the fourth single tone NBI term, J;, isgiven by

Mz

ﬁ: a DI«/ZJ 9., (t)cos (27A(t - mT )+77)dt§ (20)

The variance of the fourth term, o7 ,, can be obtained by substituting of p = 0 in (14)
and it isgiven by

ol =T} @%Edfmi}l mZiAZZMa J’(l |x |)E1 [x |Ecos (27 q(x-m, +m,))dx (21)

The average probability of error in the presence of the single tone NBI, F. , can be
obtained by following the same analysis as in the previous section, and it is given by

_1B | T E 22
R 22)

where T, is the average signal to noise ratio in presence of the single tone NBI and it
can be written as

5.Numerical Results and Discussions:

In this section, using the above analytical results, we provide some representative
numerical curves illustrating the average bit error probability of the DS-CDMA system
with a suppression filter in the presence of a BPSK NBI and single tone NBI. Unless
stated otherwise, it is assumed that the ratio of the offset of the interference carrier
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frequencies to the half spread spectrum bandwidth, 9 | is equal to zero, that is, the
carrier frequency of the DS-CDMA and the two proposed NBI areidentical (i.e. 4 =0),

Fig.2 shows the BER performance of the DS-CDMA system with a double-sided
suppression filter and without a suppression filter as function of the signal-to noiseratio
under the effect of a BPSK NBI or single tone NBI. It is important to mention that this
results are obtained under assumption that there are 10 active users, the spreading code
has 63 chips per data bit, the ratio (P) of the interference BW to the spread spectrum
BW in the case of the BPSK NBI equals 0.1, and the signal-to- interference power ratio
is -5 dB. The two-sided filter has three taps and is symmetric (i.e., M=M.=M=1) One
can see that, without a suppression filter, the presence of either the BPSK NBI or the
single tone NBI results in the same performance degradation. On the other hand, it is
clear that employing a suppression filter enhances greatly the system performance, for
both types of NBI. It is aso shown that the suppression filter is more effective in
suppressing the single tone NBI than the case of BPSK NBI.

Fig. 3 illustrates average probability of error of the system with a double-sided filter,
single sided filter, and without a suppression filter as a function of %/Niin the presence
of aBPSK NBI and a single tone NBI. It is shown that the average probability of error
of the system without the suppression filter decreases greatly as®:/N i increases, whereas
the performance of the system with a double sided or single sided suppression filter is

improved at small values of Eu/N and this improvement is more significant in the
presence of asingle tone NBI. Moreover, it is shown that the performance of the system
with a suppression filter under the effect of a single tone NBI does not affected by

changing the value of E0/Ni It isalso noted that at large values of Eo/N , for example
atBs/Ni>20®  the system with and without a suppression filter approximately have the

same performance in the presence of any of the two proposed NBI. It is also shown that
under the effect of a BPSK NBI the double sided filter outperforms the single sided

filter at small values of B+/Ni and at the same number of taps, while the performance of
the system under the effect of a single tone NBI is alike for both the double sided and
single sided filters.

In Fig. 4 and Fig. 5, the BER of the DS-CDMA system with a double-sided suppression
filter is plotted as a function of the number of active users (K ) and for different values
of E,/N; in the presence of a BPSK NBI and a single tone NBI respectively. It is seen

that, for a given average BER and under the effect of any of the two proposed NBI, the
system with a double sided suppression filter can support many more users than can the
system without a suppression filter especidly when E,/n;is smal. When the
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interference is not too large (i.e.e, /v, > 20 dB) the system employing a suppression

filter can support almost the same number of users as can the system without a
suppression filter.

Fig. 6 and Fig. 7 illustrate the BER performance of the system with a double-sided
suppression filter as afunction of theratio (q ), at different values of the number of taps

on each side and with g /n, = -5 dB and under the effect of a BPSK NBI and a single

tone NBI respectively. In these figures It is seen that the performance of the system
without a suppression filter (m = 0) is enhanced by increasing theratio (qg), whereas the
performance of the system with a suppression filter depends on the value of (q) with
different manners. It is seen that as the value of q becomes very small, the average
BER of the system with a suppression filter for v > 1 are almost identical. However, the
performance improves as m increases when q increases. It is aso shown that
increasing the number of taps to be more than one tap in each side increases the
complexity of the filter and does not add any performance gain to the system either for
small or large values of the ratio (). On the other hand when q isvery large (i.e.,, q=
0.85in fig. 6 and g= 0.9 in fig. 7 ) the system with and without a suppression filter
have the same performance.

In Fig, 8 and Fig. 9 the performance comparison of the DS-CDMA system with the use
of double sided and single sided suppression filters and without a suppression filter is
illustrated as a function of the ratio (q), total number of taps = 3 and under the effect of
a BPSK and a single tone NBIs respectively. It is shown that, the single sded
suppression filter outperforms the double sided suppression filter at g = 0.25 and 0.75
under the effect of the two proposed NBIs, and this improvement in the performance is
more significant in the case of a single tone NBI. It is aso noted that the use of the
double sided suppression filter is useless at q = 0.25 and 0.75 because the low-pass
verson of the autocorrelation of the interference is zero, so that the centre tap
coefficient equals one and the other two tap coefficients equal zero.

Received

signal | r, (t) Gam | Xi| Decision | P
—> s (t-mT— zJ: block —
r(t) [ ™ ]

gr,c (t) 2cos (22f,t + 4,,)

h 4

Figure (1): The receiver block diagram of DS CDMA system with a suppression filter
for the k-th user.
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Figure (2): BER performance of DS.CDMA system with and without a suppression filter
under BPSK and single tone NBIs.
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Figure (3): Performance comparison of DS CDMA system under the effect of BPK and

single tone NB interferences with and without employing (DSSF) and (SSSF) as
afunction of g /n; .
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Figure (4): BER performance of DS-.CDMA systems with and without suppression filter
under the effect of BPSK NBI as a function of the number of active users ( K).
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Figure (5): BER performance of DS-.CDMA systems with and without suppression filter
under the effect of single tone NBI as a function of the number of active users (K).
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Figure (6): BER performance of DS-CDMA system under a BPSK NBI with and without
a suppression filter as a function of the ratio (g) and at different values of M.
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Figure (7):BER performance of DS-CDMA system under a single tone NBI with and
without a suppression filter as a function of the ratio (q) and at different values of M.
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Figure (8):BER performance of DS CDMA system under a BPSK NBI without and with
employing (DSSF) or (SSSF) as a function of theratio (Q).
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Figure (9): BER performance of DS CDMA system under a singletone NBI without and
with employing (DSSF) or (SSSF) as a function of the ratio (q).
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6. Conclusions:

The BER performance has been derived analytically for aDS-CDMA system operating
over a Rayleigh fading channel and employing a suppression filter and under the effect
of a BPSK and a single tone NBIs. It has been shown that, the DS-CDMA system
eguipped with a suppression filter has a superior performance than the system without a
suppression filter and consequently the system with a suppression filter can support
more users. In addition, the double sided suppression filter outperforms the single sided
suppression filter for the same number of total taps and in the presence of a BPSK NBI.
Furthermore it has been investigated that, the performance of the system under the
effect of the single tone NBI is similar for both the double sided and single sided filters.
It has been shown that when the offset ratio (q) equals to zero, the double sided

suppression filter with three total taps is sufficient to mitigate the effect of the BPSK
and the single tone NB interferences and increasing the number of total taps beyond
three is not necessary.
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