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On the Use of a Suppression
Filter for CDMA Overlay

Jiangzhou WangSenior Member, IEEE

Abstract—This paper is concerned with a direct-sequence code- spectrum capability. However, such an application must be
division multiple-access (DS-CDMA) system operating over a considered carefully, because the CDMA (wide-band) users
Rayleigh fading and sharing common spectrum with a narfow- - anq the narrow-band users can interfere with one another. This

band waveform. A suppression filter at a receiver is employed 0 is of ticular int i CDMA cellul ;
to reduce the narrow-band interference. We evaluate the average SCENario IS of particufar interest in a cellular system,

up-link bit error rate (BER) performance and investigate how in which a given geographical region is divided into many
the performance is influenced by various parameters, such as the small cells, where the number of cells depends on the size and
number of taps of the suppression filter, the number of multiple- geometry of the region. Each user has a unique pseudonoise
access users, the ratio of narrow-band interference bandwidth 1o pny sequence and communicates through central base-stations
the spread-spectrum bandwidth, the interference power to signal * . . .
power ratio, the ratio of the offset of the interference carrier W'th_ other users in the same cell or different cells: T.he base-
frequency from the spread-spectrum carrier frequency to the half Station is assumed to control the average transmission power
spread-spectrum signal bandwidth, and so on. within its particular cell, to overcome the near/far problem.
Index Terms—CDMA, fading channels, narrow-band interfer- The principal purpose of th's paper is to evaluate the
ence suppression. BER performance of a BPSK direct sequence CDMA system
which overlays a narrow-band BPSK waveform and which
thus employs a suppression filter to reject the narrow-band
interference. We assume flat Rayleigh fading channels and,
UE TO THEIR well-known multiple-access capability,although synchronous carrier recovery is a difficult task in a
antimultipath capability, and antiinterference capabilitffading environment, we assume coherent demodulation.
spread-spectrum techniques have widely been studied andhis paper is organized as follows: The system and channel
applied. For example, [1]-[7] study the bit error rate (BERNodels are given in Section Il. Section Il deals with the BER
performance of code-division multiple-access (CDMA) sysgperformance of CDMA system in the presence of the overlay.
tems over either additive white Gaussian noise (AWGNhis is followed by some numerical results in Section IV, and
channels or fading channels. CDMA allows many users fmally conclusions are presented in Section V.
access the channel simultaneously, similar to time-division
multiple access (TDMA) or frequency-division multiple access Il. SYSTEM MODEL

(_FDMA)’ but it does not need severe ;ystem synchronizationLet K denote the number of active users. The transmitted
like TDMA or severe frequency gs&gnments I|_ke FDMA,Signal of thekth mobile user(1 < k < K) takes the form
Moreover, CDMA is more effective in combating multi-
path and narrow-band interference than either TDMA or Si(t) = V2P (t)ax(t) cos(2nm fot + 601) (1)
FDMA. Alternately, [8]-{13] prese_nt performan_ce a_naIyS|s O\];vh?reP and f, denote the transmitted power and the carrier
spread-spectrum systems employing suppression filters agans

narrow-band interference over AWGN channels. The suppr?r%quig?é’ ;?13?:('}2;?5;:;5 ; reth%?mprgin r;%;ljllaticsfis'll'ie
sion filter is very effective in reducing strong narrow-ban b 9 y .

th data signabs(¢) is the kth source information sequence

interference. In particular, a Wiener-type f||ter,. described Nith a rate 1T, The Ath square pulse df,(¢) has amplitude
many of the papers, employs a tapped delay line structure\%Q) . : S
, taking values form{+1, —1} with equal probability.

first predict and then subtract out the narrow-band interferen%ﬁﬂ. .

Reference [14] has proposed allowing a CDMA network f e spreading sequence W"f“’e‘fo‘mﬂ has a rate ]ch_ and
be overlaid on top of existing microwave narrow-band usel® modeled as .a fa”(‘i?m binary sequence. #lfe chip of
that occupy a part of the spread-spectrum system bandwigti?) nas amplitudes,” and takes values fronf+1, —1}.

(BW). In fact, this is another advantage of CDMA over N€ autocorrelation functiopy, (v) of ax(t) is given by

I. INTRODUCTION

either TDMA or FDMA, because this will increase the overall 7] | < T
- = T
pr.(7) = 1.’ - 2
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Fig. 1. Receiver model of a DS system.

We assume that the channel betweenfitietransmitter and out-of-band noise. The BP filter bandwidth (BW) equals the
the corresponding receiver at a central station is a frequenspread-spectrum system BW,(B, = 27.1). We assume
nonselective Rayleigh fading channel, and is characterized thyat the CDMA signals can pass through the filter without
three random variables3;., 7, and 1z, which are, respec- distortion in order to simplify the performance analysis. Also,
tively, defined as the gain, delay, and phase oftiesignal the received narrow-band interference can pass through the BP
at the receiver. The gajf is an independent Rayleigh randorrfilter without distortion, because the bandwidth is assumed
variable with parametep = p, = E[37]/2 for all k, while to be less than the BP filter bandwid.
the delayr, also independent for each signal, has a uniform The BP filter output signal enters a suppression filter whose
distribution in[0, Z;]. Furthermore, we assume that the phasmpulse response B02 _, c,,6(t — mT.), wherea, = 1,

/% 1S an independent random variable, uniformly distributedl/; > 0, A4, > 0, and M; and M, stand for the numbers
in [0, 2w]. of taps on the left and right sides, respectively, of the center

The noisen(t) at the input of the receiver is assumed to beap. For M; # 0 and M, # 0, the filter is a double-sided
additive white Gaussian noise (AWGN) with two-sided powesuppression filter, whereas fof; = 0 andM; #£ 0or M; # 0
spectral density ofV,/2. The interference/(¢) is assumed to and M, = 0, the filter is a single-sided suppression filter. The
be narrow-band BPSK signal and is given by suppression filter uses the past and/or future values of the

) BP filter output signal to predict its current value, and then
J(t) = V27 (t) cos[2n(fo + A)t + 1] (3 subtracts the predicted value from its current (actual) value.
where A stands for the offset of the interference carrieFhe suppression filter output is given by
frequency from the carrier frequency of CDMA signals. ”
and n denote the received interference power and phas;,e(t) _ Z o
respectively. The information sequenie) has a bit rate 17;, "

whereZ’; denotes the duration of one bit. The autocorrelation mem i K
function pr, (1) of j(t) is given by (2) withZ, replaced by Vop Z Bbi(t — 110 — mTy)
1. Therefore, the interference bandwidth i = 2Tj_1 P
(we assumeB; < B,). An important quantity is the ratio Can(t — 1 — ML) cos(2n fol + Pr.m)
of the interference bandwidth to the spread-spectrum system . ’
bandwidth +V27j(t = mTe) cos[2n(f, + A)(t = mT.) +n]
B; T .
p= BT, 4) + At mTc)} (6)

Therefore, the received signa(¢) at a base station can bewhereﬁ(t) is the filtered AWGN.
represented as

The suppression filter signal;(t) enters a DS despreader.
K We assume that users the reference user. The DS despreader
r(t) =v2P Z Brbr(t — mi)an(t — ) cos(2mfot + ¢r)  output signal enters a conventional coherent PSK demodulator

k=1 corresponding to user The output of the demodulator is a
+ V2J5(t) cos[2n(fo + A)t + 1] +n(t) (5) low-pass signal and gives rise to the decision varigifle),

. where A denotes the\th data bit of the reference user.
where ¢, = 6, — ur — 27 f,71,. Note that the interference

is assumed not to be fading, based on the fact that the
transmission of the narrow-band signal is approximately a lll. SYSTEM PERFORMANCE
direct path from a high microwave tower (or the top of a The decision variablg(\) can be written as
building) to the receiver of a high base station.

As shown in Fig. 1, the receiver model of the direct- 1Ty
sequence (DS) system consists of a bandpass filter, a transver- - /A
sal filter (suppression filter), a DS despreader, a PSK demod-
ulator, and a hard decision device. The received siggl where2cos(2r f,t) is the recovered carrier and(t) is the
enters a front-end ideal bandpass (BP) filter which removsgreading sequence of the reference user. It is assumed that

ri(t) - ai(t) - 2 cos(2r fot)ydt  (7)

Ty
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¢; = 0 and7; = 0 without loss of generality. Since the high-Therefore, the conditional variance 6% \) is given by
frequency terms are removed by an integrator following the,

3= E[F?(N)]s.]
to -
:Pﬁij’E{ S am, [bg”ci,i(ml)
7711:7]\41
) = D)+ F(\) + )+ z L. (8)
A1
k;éz + bg )C N+ mi :| Z Qi
meo=1
where the terms on the right-hand side of (8) are described 2
in detail below. (A—1) (A
| b; C; ; —N)+bC; ; .
D()) is the desired signal term of the reference user at the [ ! ilms )+ (mQ)}}
zeroth tap of the suppression filter and is given by (14)
_ J/ap N
D(A) = V2Pl ©) Using (13),07%|s, reduces to

Given g3;, the useful signal power is equal to -1 -1
2 22
g B :Pﬁz Tc Ky Ay E[Cm(ml)
Slo, = 2PBITy. (10) {ml;J\ll ﬁn;Ml o
F()\) is an internal interference term, due to the reference < Ci,i(Mn) + Cii(N 4+ ma )Cy (N + 7y )]
user, which is caused by the taps of the suppression filter My M
excluding the zeroth tap, and is given by + Z Z Qmy Qg
mo=1 rthgy=1
Mo (A+1)Ty . . _ (e —
F()\) = \/2_Pﬁz Z [879% COS(¢nl)/ E[C%Z(mQ N)C“Z(mQ N)
m=—M ATy A~
rn;éj(;l +C’7;77¢(m2)07;77;(m2)]}
b (t — mT)a; (t — mT)a;(t) dt
M, Ty 272 -~ 2 e
=/ 2P/37 Z [0 7% COS((f)m)/ :Pﬁz Tc Z (amlN) + Z (amzN)
m=—M; 0 my=—My me=1
mz#£0 My
bi(t+ ATy — mTL)ai(t — mT)a(t) dt =(PRTIN) > o}, (15)
=V2Pp; Tl’ by ok
. { Z QW COS( Py, ) N(A) is due to the noisé(¢) of the front-end BP filter output.
my=—M; Its variance is given by
. |:b7()\)cz,z(m1) + bg)\—i—l)ci,i(N +m1):| Mo
M, O’% = N()Tb Z OérQn. (16)
+ Z a’nlg COS(d)’nlg) nl=_1\41
mz=1 J(X) is due to the narrow-band interference and is given by
=1 _ N~ Mz (A +1)Ty
R YL | I S v s
(11) rn——]\ll AT,
~cos[2n A(t — mT,) + n]a;(t) dt
where it is assumed thaf >> M, andN > M. Cy (1) is the Mo
discrete-time aperiodic cross-correlation function (or aperiodic = Z / V2Jj(t + XTI, — mTe)
autocorrelation function fok = ¢). Cy ;(I) is defined by [1] m=—M;
- cos[2r At + ATy — mTo) + n]}ai(t) dt. (17)
Z a(J) I 0<i<N -1 .
The variance of/(\) equals
Cr (D)= (12) [N
Z a;ﬁjfl)az(j)’ 1-N<I<0. o5 = [MZ( ]

i Ty Ty
=0 it Z annanlg/ /
It is shown in [3] that

rnl—fl\ll 7712—7]\41

[V 2Jj(t, + ATy — miTy)
- cos2nA(ty + ATy — maTe) + 1)

l=|m|

e T A
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LY 2J/31J(t2 + )\Tb - mQTc)
- cos[2rA(ts + N, — moT0) + n]ai(tl)ai(tg)} dt, dts

Mo

Mz Ty pT
= E E ann arng / /
0 0

mi=—M; mo=—»M
. JpT7 (tl - tg - mch + mch)
- COS[ZWA(tl — tg — mch + 7’77,21ﬁc)]pTC (tl — tg) dtl dtg
M, M, T,
=J Z Z Oy Oy b /
mi=—M; mo=—M, )
*PT; (T —mi1. + mQTc)

-cos2r A(T — my T + moTo)]pr. (7) <1 - |;—|>dr
b

Mo Mo

SUN) Y Y i, ma)

’nllz—]\41 7712=—J\41

(18)
where o3 (m1, m2) is given by
1
oF(my, ma) = /_1 sign[l — plaN — mq + ma|]
-cos[2mg(aN — my + mz)]
S(1 = fal/N)(A = |z]) de,
A~ /1 sign[l — plaN —my + ma]
. (;s[27rq(a:N —m1 + ma)]
(1 — |z|)dz, N>»1 (19)

functions [1], [2], defined as, respectively,

Ry i(r) = /OT ar(t — 7)a; () dt
=Cy (Il - NI+ 1)T. — 7]
“er?i(l—i-l—N)(T—ch) (21)
and

Ty
Rkﬂ('r):/ ak(t—'r)ai(t)dt

—Cr DI+ VT, — 7]
+ Gy, (I + 1) (1 = IT7) (22)

whereCy, (1) is defined by (12) and stands for the integer
portion ofr/T.. Thatis,l = int(r/T.), orlT, < v < (I4+1)T..
The variance ofly ; is given by

M, Mo

Oi = 2Pp Z Z My Gy

mi=—M1 mo=—M-

B[R, fr(mo)] Ry, ifr(ma)]]

+ E[Ry,i[r(m)] By, i[r(m2)]]} (23)

Consider firstE[Ry, ;[7(m1)]|Ri, :[T(m2)]]
B[Ry, i[r(m1)] Ry, :[(m2)]]
= E{[Cy,i(l1 = N)[(ls + DT: — 7(m1)]

+ Ok,i(ll + 1 — N)['r(ml) — lch]]
[Ck,i(lz = N)[(l2 + DT% — 7(m2)]
+ Ck,i(la + 1 = N)[r(m2) — LTI} (24)

where [; and I, equal infr(my)/T.] and infr(ms)/T.],

and whereN = T, /T. p = T,/T;, and ¢ = AT, denotes respectively, and are uniformly distributed {0, N — 1]
the ratio of the offset of the interference carrier frequendyecause(m,) andr(mz) have uniform distributions if0, 7]
to the half spread-spectrum bandwidth. $igris defined as = [0, NT.]. ForT(mi) = 7 +m1T. andr(ms) = 7. +m2T.,

signz] = « or zero forz > 0 or z < 0, respectively.
I, ; is the multiple-access interference term due to ktie
user (k # ) and is given by

Mo DT,
Ik,i =V2P Z Oémﬁk COS(¢k)/
m=—M; ATy
. bk(t — TR — mTc)ak(t — T — mTc)ai(t) dt
Mo Ty
=V2P Z B Cos(d)k)/
m=—NM; 0
. bk(t + ATy — 11 — mTc)ak(t — Tk — mTc)ai(t) dt
M
=V 2P[3k Z My
m=—My
AWV Bislrom)] + 6 Rl (m)] } cos(en)

(20)

wherebﬁ_l) and bﬁ) denote two consecutive bits of tihgh

user, and-(m) is 7, + mT., modT, = NT.. It is obvious that

7(m) is uniformly distributed in0, 7;]. Ry :(7) and Ry i(7)

both modl;, = NT., we haver(m) = 7(ma)+(ma—mi )1,
modZ7;. Thatis,l; = ls+mo—my, modN. Also, [(I; +1)T. —
7(mq)] and[(l2 + 1)T. — 7(m3)] are uniformly distributed in
[0, T.], and[(I; + 1)T. — 7(m1)] = [(l2 + D)T. — 7(m2)] = 6.
Equivalently,7(m1) — 1T, = 7(m2) — bT. = T. — 6, which
is independent of both; andms. Thus, whenm; = ms (or
l; = 15), using (13), the above expression reduces to

E[Ry, i[r(m)] B i[T(m2)]]|my =m-
= E{[Cy,i(1 - N)PP[(1 + DT — 7(m)?
+ (G, i(l + 1 = N)PP[r(m) = IT.]*}
= E[l&* + (I + 1)(T, — 6)%]

N-L Ty T
il 2
T /0 5 dé]

1
=% > !
1 T y
7/0 (T, — 8)%ds

=0
— (N - 1)Tf/3} + % g (N + 1)Tf/3}

are known as the continuous-time partial cross-correlation =T2/(3N). (25)
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Whenms = mq + 1 (orl; = I; + 1), (24) reduces to access interference terrris;k#i I; ; can be approximated by
a conditional Gaussian random variable. Hence, giggrall
E[Ry., i[r(mD)] Ry, [T(m2)]]|mo=my 41 interference terms and the noise term can be combined into
= F[[Cy,:I+1-N)-6(1 -6 a single conditional Gaussian random variable. Therefore, the
[, o1+ - o 2l conditional signal-to-noise ratio of the decision variab{e.)
=E[(l+1)-6(1-9)] is given by
_N+1 5
12 ° () = S h (31)
~ TZ/(12N). (26) 202,
The conditional BER is given by
Whenmy = m; — 1 orl, = [ — 1, the same results as for
my = my + 1 apply, and 62 = / =2 4y, (32)
Pl Ver V2 (52)

_ 2
BBy, il (m1)l Bk i [r(m2)llmg=m—1 = Ty /(12N). (27) 14 gptain the average BER, we must averayés?) over the

probability density function of3?. That is, we must evaluate
When [my —my| = 2 the integral

B[Ry i[r(m)|Riilr (ma)]lpmy myjz2 = 0. (28) P = /OooPe(ﬁf)p(/}f)d(/}f): /OOOPG(T)P(r)dT (33)

Also, identical results can be obtained fowherer = 3? has a chi-square distribution, given by

E[Ry i[r(m1)] Ry o[r(m2)]]. Therefore, o7 is given 1
by PBH =pry==c"" >0 (34)
p
Mo 1 M where p = E[5?]/2.
0’4 = 2Ppr 3N Z ®m v 3N Cm¥m+1 By numerical integration, using the expression in (33), the
m=—MM m=—M (29) average BER can be obtained. However, it is cumbersome

to evaluate the average BER from (33), because of the 2-D
numerical integration involved. An alternative is to evaluate
the average BER in closed form using an approximation
A. Bit Error Rate in (30). It is clearly seen from (30) that when the number
Collecting the above results, the decision variabe), _Of active usersk’ is large (€ > 1), the variance of the
given by (8), consists of a useful terd®()) and a total internal mterference t.ern"F()\) is much less than of _the
interference term [internal interferend& \) 4+ Gaussian noise total2 muIﬂpIe-access2|nterference ter . z; Li,i. That s,
N(\) + narrow-band interferencg’(\) + multiple-access £[1/5i] < (K —1)oj, so thatF’(}) can be safely ignored
interferenceZK I i]. The total interference has the!l order to obtain a simple BER analytical result. Therefore,
k=1, kst 1k, il

whereayy, 1 is defined to bex_yy, .

conditional variance, giver;, of the varianc_e of the tqtal interference and noise is independent
of 3;, and is approximated by
2 2 2
o°| g, +o;+o;(K—1) My
Mo Mo o® = NoTl} Z g, +TH(J/N)
=PBIZ/IN) D an+NoTy Y o, =
m=—M, m=—M; Mo Mo
mz~0 . Z Z Xy Ay 0—32'(m17 m?)
Mo Mo mi=—M; mo=—M,
FTRA/NY - Y > @, o7 (ma, ma) + (K — 1)2PpT}
mi=—M; mo=—M; 9 Mo Mo
Mo
2 = Z (070 + Z A Q41 (35)
2 2
+ (K - 1)2Ppr 3—N z:]w Ay [2N m=— M, rn——]\ﬁ
m=—M;
. Mo Given g3;, the signal-to-noise ratio now becomes
o AT A Cmy 30 o
i 3N M o -H] 0 77)(/31‘2) = 5]g, /2‘72~ (36)
m=—NM;

Replacing 7,(3?) with 7#,(53?) in (32), we carry out the
whereo¥(my, my) is given by (19). integration in (33). The result of the integration, from [15],
When the numbe(K) of active users is large, it is shownjs given by
in the Appendix that, according to the central-limit theorem,
given /3;, the sum of the internal interference teriy\), 5 1[1 _ b } ~ L (37)
the narrow-band interference terfi(\), and the multiple- 2




410 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 2, MARCH 1999

wherer, denotes the average signal-to-noise ratio (SNR), witliven by
“noise” taken to be the sum of the contributions due to the
narrow-band interference, the multiple-access interference, agd(lT )=1E

. . . S C - 2
the thermal noise and is given by

K
\/ﬁ Z /3klbkl (t - Tkl) TGy (t = Thy )]

k=1

K
, = L ElSls] V2P ) Biobi, (t+IT. — 7r,)
2
2 02 ko=1
_ 2Pply
T o2 . akz(t+ch—Tk2)]}
—= 1-1 M,
E 11J
= { {Fb} Z ol + I [E} K K
m=—M; =P. Z Z E[ﬁklﬁkz]
Mo M ) Ki=1 K,=1
Z Z ¥my Am, 04 (ml’ m2) . E[bkl (t — Tkl)bkz (t + 1T, — 7, )]
m=—M; m=—M; . i E[akl(t _ Tkl)akQ(t + ch _ TkQ)]
(K —1) M M )
2
+ 3N [ E:M 200, + E:M ocmocm+1] } . —pP. Z E[B2|E[by(t — m3)bp(t + 1T, — 73)]
m=—M; m=—1 k=1
(38) - Elag(t — m)aw(t + 11, — 7)) (43)

In (38), E, = 2PpT, is the average energy-per-bit andSinceE[ax, (t—7x, )ar, (4T, —71,)] = 0for ky # ko, pr. (1)
J/S = J/(2Pp) denotes the interference power to signdé given by (2), and furtheE[ax (t — 73 )ax(t + 1. — 7.)] is
power ratio. The accuracy of the above approximation wiliven by

be demonstrated in the next section. 1 I=o0
, 1=

E[ak(t — Tk)ak(t—i-ch — Tk)] = {0’ 140

B. Determination of the Suppression Filter Coefficients

The coefficients of the suppression filter can be determingd® obtains
. . . - ; . 2KPp, 1=0
by solving the following Wiener—Hopf equations [8]: ps(I1e) = {0 P 120 (44)
Mo
Z cmR[(n — m)T] + R(nT.) The filtered-noise term(t) has a flat power spectral density
M, of Ny/2 with the bandwidth of2/T.. Since the autocorre-
m#£0 lation function of a signal is the Fourier transform of its
=0, n=-My,---, —1,1,--- M, n # 0. power spectral density function, the low-pass version of the
(39) autocorrelation of the noise term is given by
T — Ny sin(nBIT,)
In (39), R(7) is the autocorrelation function of the input signal pi(lLe) = 7 IT.
of the suppression filter and can be expressed as No sin(2nl)
R(r) =14 2 40 I
(T) - §p(7-) COS( 7Tf07') ( ) 2]\70/1767 l — 0
o 140 (45)
where p(7) is the low-pass version aoR(r). Therefore, for ’ '
foT, an integer, the Wiener—Hopf equations become Since the base-band signal of the narrow-band interference is
a binary sequence, its autocorrelation is a triangular function.
Mo Therefore, the low-pass version of the autocorrelation of the
> ampl(n = m)T.] + p(nT) narrow-band interference is given by
m=—>M7
m#0 p;(IT.) = E{\/2Jj(t) cos(2n At + 1)
=Y n:_Mlv"'v_lv 17"'7M27 71750
(a1) V2Tj(t 41T cos(2nA(t +1T2) + n)}
_ =JE{i)jt +11.)} cos(2r AlTy)
p(ch) can be written as B { J(l _ |l|p) COS(27l'lq), |l| < Int[l/p] (46)
10 [ int[1
P(IL) = po(ILT2) + paI1) + 0L (42) ’ 1> int(1/p]

, where infz] is defined as the integer part ef Therefore,
wherep, (I12), pa(I1.), andp;(I1.) are, respectively, the low- ¢ 4o above, one obtains

pass versions of the DS signal, noise and interference functions
of the input signal to the suppression filter. The DS term is p(IT.) = 2Ppp(IT,) 47
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1 E T T T T T T T T T T T T T T T T T T T T 3 0-5 T T T T T T T T T T T T l T T T T 1 T T T T
= ——EQ (37) 1 —— Without Suppression Fittur N
- - -~ EQ(33) - - Wit Single—Sided Fitter
0.1 — N=255, M=t ] 0.2 - — — With Double— Sided Filfor B
TE P=od, I/S=10dB 3 K=[0, /=255, b=o.]
C K=1, 5, (o 7 M={, 7/5=20dB
i i 0.1 —
2 001 — = C N ]
m £ = m - >, N
o 7 0.05 - ANS B
C 3 L N
N 4 N -
- \ \‘ -
0.001 — N
g == 0.02 N T .
- . \\
00001 1 1 1 1 1 1 1 1 1 | 1 1 1 L 1 1 1 1 1 | I 1 ! 1 001 1 ! 1 ! | 1 1 L 1 ] 1 1 1 1 | 1 1\‘I~_I_ _—I—_I__!—.—I-_V
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Ebv/No (dB) Eb/No (dB)
Fig. 2. BER comparison of the system with suppression filters using (3Bjg. 3. BER performance of DS-CDMA systems with and without suppres-
and (37). sion filters.
where 5(IT..) is defined as 05 T T T e T
— . B i ]
) K+ 2N[Ey/No| v+ J/S, 1= 0_ it Sepsrsion
p(IT,) =< (J/S)(A — |l|p) cos(2rlq), |I| <int[1/p] 0.2} oo With SingreSided Fisir Lo
0 |l| > int[l/ ] — — Wigh Double— Sided Fitter s
? p K=10, =255, p=0f //
(48) 0.1— M=t &Moo // —
s , ]
= . : N / ]
whergS = 2Pp and £ = 2PpT;. B)_/ _replacmgp(v) with = o5[ / ]
p(7) in (41), we can obtain the coefficients,,, and then we = - J/ 7
can obtain the average BER performance. J/
0.02 y 1
//
IV. NUMERICAL RESULTS i
0.01 —
In this section, using the above analytical results, we provide s 9
some representative numerical curves illustrating the BER gqoos 0 vy v L o Iy v o b0 ]
performance of the DS-CDMA system in the presence of ~10 0 10 20 30 40

narrow-band interference. Unless noted otherwise, it is as- 1/8 (dB)

sumed that the ratio of the offset of the inter_ference carrig(g_ 4. The asymptoticE}/No — oc) BER performance of DS-CDMA
frequency to the half spread-spectrum bandwiglts 0, that systems with and without suppression filters as a function of the interference
is, the carrier frequencies of the CDMA signals and BPSkower-to-signal power ratioJ{.5).

narrow-band signal are identical (i.e\, = 0).

In Fig. 2, the BER of the system with a double-sided filtgperformance can be improved by using a suppression filter.
is evaluated by using (33) and (37) for various numbers bf particular, tremendous improvement can be achieved by
users ). It is seen that, as expected, (33) and (37) are venging a double-sided filter. The double sided filter is superior
close for K > 1. Even for K = 1, the difference betweento the single-sided filter for the same number of the total
(33) and (37) is very small, so that (37) can be consideredtapps because the former uses the autocorrelation function
be an excellent approximation to (33). Therefore, ignoring tleé the narrow-band interference more efficiently than does
internal interference’(\) is reasonable. the latter.

Fig. 3 shows the BER performance of the system with aFig. 4 illustrates the asymptotics /Ny — oc) BER of
double-sided suppression filter as a function of the signal-tilte system with double-sided filters, single-sided filters, and
noise ratioE},/Ny. Also, the BER of the system both with awithout suppression filters as a function gf/§). As expected,
single-sided suppression filter and without a suppression filtke BER’s of the systems with or without the suppression
are plotted in order to allow for comparison. The number dilters increase as//S increases. Wher//S is large (i.e.,
active usersk’ = 10, the number of chips per bi¥ = 255, J/S > 10 dB) the system without a suppression filter degrades
and the interference power-to-signal power rafigS = 20 significantly, whereas the system is much more tolerant of the
dB. It is assumed that the two-sided filter has three tapgerference when the suppression filter is present.
and is symmetric (ie.M; = M, = M = 1), and the In Fig. 5, the asymptotic BER of the system with and
single-sided filter has the same number of taps (M, = without the suppression filter is shown as a function of the
2M = 2 and M, = 0, or M; = 0 and M, = 2M = 2). ratio (p) of the interference bandwidth to the spread-spectrum
Finally, the narrow-band interference occupies 1¢#6-(0.1) bandwidth. The system parameters are agdin= 10, N =
of the spread-spectrum bandwidth. As expected, the BER5, and.J/S = 20 dB, and the number of total taps is again
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L e ) and increasingM_beyond one does not noticeably reduce
- . the narrow-band interference, becayg&.) and p(—7.) are
\, almost identical tgp(0) in (48), assuming//S > K. Thus,
0.05 ___.:;;:i—'-" """ . the suppression filter with/; = M, = 1 is sufficient to reject
- __.---"""'/,/ . the interference in this case (smaldndq¢ = 0), and more taps
L el ] than one on each side are unnecessary. Table | shows the tap
m 7 coefficients of the double-sided suppression filters for different
B oo2p o ivm’i,i“fpﬁf"ﬁ';‘f&’ 8 numbers of taps each sid&/{ = M, =0, 1, 2, 3). As shown
' // —— Watk Double- idad 1280y in Table |, forM =0, A > B, where A represents the effect
L K=i0 =258 3/5 =20 ds of the narrow-band interference arigl represents the effect
0.01 Mzl B/ ] of the multiple-access interference; in this case, the narrow-
r’ ] band interference dominates. However, fdr> 1, neitherA
- I | | | 1 nor B vgries very m'uch. Therefore, we conglude that when
0.005 ———————— the carrier frequencies of the narrow-band interference and
0.0 0.2 0.4 0.6 0.8 1.0

Ratio (p) CDMA signals are the same, the suppression filter with three
total taps is sufficient to reduce the narrow-band interference,
Fig. 5. The asymptotick; /N, — oc) BER of DS-CDMA systems with and increasing the number of total taps beyond three is not
and without suppression filters as a function of the ratjoof the interference necessary.
BW to the spread-spectrum BW. i i
In Fig. 7, the asymptotic BER of the DS-CDMA system
with double-sided filters is plotted as a function of active users
1 (K) for different values of//S. The system parameters are
7 N =255, M1 = M> =1, andp = 0.1. Also, the BER of the
k=10, =255, p=ol system without the suppression filter is shown for comparison.
/5 =20 dB, Bs /1G>0 It is seen that, for a given BER, the system with the double-
sided filter can support many more users than can the system
without the suppression filter, especially when e is large.
i When the interference is not too large (i.€/,5 < 10 dB) the
system employing the suppression filter can support almost
the same number of users as can the system in the absence
of the interference.
Fig. 8 illustrates the BER performance of the systems with
double-sided suppression filters as a function of the ratio

0.1 T T T T T T T T | T T T T

0.05

BER

0.02

o Py

oot v b (¢) of the offset of the interference carrier frequency to the
0 2 4 6 half spread-spectrum bandwidth for different number of the
Number of Taps (M) per Side taps on each side. It is seen that wheis very small, the

Fig. 6. The asymptotic BER of DS-CDMA systems with double-sided su;BER’S of the SY_Stem with dOUble'Side_d ﬁ_lters fad > 1
pression filter as a function of number of taps on each side £ M> = M). are almost identical, as was the case in Fig. 6. However, the

BER performance improves a4 increases when increases,
three. It is seen from the figure that the CDMA system with @hd the BER for largeM is also more robust to a change
double-sided filter can suppress the narrow-band interferei@eg. Furthermore, wheny is very large (i.e..g = 90%),
very well whenp is small, but is ineffective in suppressingthe suppression filter is unnecessary. Also, fo 0.25, the
the interference whemp is large. On the other hand, theBER's of the systems with the double-sided suppression filter
BER performance of the system without a suppression filte¥/1 = M2 = 1) and without the suppression filter are almost
is almost insensitive to the value of although it becomes identical, because the low-pass version of the autocorrelation
slightly better with increasing for fixed J/5. Forp = 1, ©f the interference is zero, (i.en; = (I1%.) = 0 for [ # 0), so
the BER'’s are the same for the systems with and withotitat all off-center tap coefficients are zero.
suppression filters. This is because the autocorrelation function
of interference,p,(IT.), is zero forl # 0 (or «,, = 0 for
m # 0).

Fig. 6 illustrates the asymptotic BER for a double-sided The BER performance of a DS-CDMA system operating
suppression filter as a function of the number of taps on ea@¥er a Rayleigh fading channel, overlaying a narrow-band
side (M1 = M, = M). It is seen from the figure that theBPSK waveform, and employing a suppression filter in the
BER decreases first wheld = 1 and then keeps a valuereceiver, has been evaluated. From the numerical results the
with increasing). Indeed, forM; = M, = 0 (without the following conclusions can be drawn.
suppression filter), the narrow-band interferentes = 20 1) A large improvement in BER can be achieved by us-
dB is the dominating disturbance; the bit errors are caused ing double-sided suppression filters. The double-sided
by the narrow-band interference. F&d; = M, > 1, the suppression filter is superior to the single-sided suppres-
narrow-band interference is reduced by the suppression filter, sion filter for the same number of total taps because

V. CONCLUSIONS
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TABLE |
(K =10, N = 255, p = 0.1, Ey/No — o0, J/S = 20 dB)
Number of taps Coefficients (o, )
A B
each side (M) o3 A, o Qo oy 5] 3
0 0 0 0 1 0 0 0 0.38 0.023
1 0 0 -0.474 1 -0.474 0 0 0.021 0.026
2 0 -0.119 -0.373 1 -0.373 -0.119 0 0.025 0.023
3 -0.032 -0.1 -0.367 1 -0.367 -0.1 -0.032 0.026 0.023
1 J u w i
A = —]V(-S') ZM ZMamlasz2(ml7m2)
m=— my=—
K-1x#
B=—>0a [200 +a ]
3 N P m m m+l
0.1 T T T T )| T T T T f I T T T T T T T T 0.1 T T T T T T T t T T T I T T T T T T T T

T T T TTT0T

K=10, 3/5 =20 dB, N=255
b=0.1, B/ 16— 00

[

J/s=-0, {0dB, 20dB
Without Suppression Fibfer
=~ Witk Double~Sided Fittor

- ||1||11

T T TITI0

M =1
0.001 |- _

= 3 =255 M= peo E B o0.0zk

E Eu/M — 00 3
0.0001 £ = 0.01 |—
10_5 | 1 1 1 I ! 1 1 1 | 1 1 Il 1 I 1 1. 1, 1 I 1 1 1 ] 0.005 L 1 L ] l 1 I L 1 I L 1, 1 1 ‘ L L I 1 ‘ 1 | 1 J
0 10 20 30 40 50 0.0 .2 0.4 0.6 0.8 1.0
Number of Users (K) Ratio (q)

Fig. 7. The asymptotic BER of DS-CDMA systems with and withoufFig. 8. The asymptotic BER of the system with double-sided filters as a
double-sided filters as a function of the number of active uskrs ( function of the ratio ¢) of the interference carrier frequency to the half
spread-spectrum BW.

the double-sided suppression filter is more effective in
using the autocorrelation function of the narrow-band 3) When a suppression filter is used, the internal interfer-

interference in order to predict and subtract out that  ence,['()\), which is caused by the reference user signal,

interference. can be neglected in order to obtain a simple analytical
2) When the ratiod) of the interference carrier frequency BER result.

to half of the spread-spectrum bandwidth is very small,

that is, when the interference carrier frequency is very

close to the spread-spectrum carrier frequency, the sup-

pression filter with three total taps is sufficient to reduce

the narrow-band interference and increasing the number . . )

of total taps beyond three is not necessary. However, T he random variable due to all interference terms is equal to

spread-spectrum systems with a large number of taps K K

(i.e., My = M, > 1) is preferable when the ratio is G=F\)+J0\) +Z L= Z I.s (A1)

large. Further, when the ratipis greater than 90%, the 1 1

suppression filter is not useful. ki ki

APPENDIX
DERIVATION OF THE GAUSSIAN APPROXIMATION
FOR ALL INTERFERENCETERMS
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where F(A), J(A), and I ;(k =1, ---, K, k # ©) are the
internal interference, narrow-band interference, and muItipIe[—l]
access interference terms, respectively, and whgre is
defined ast'(A) for k = K + 1 and I, ; is defined as/(\)

for k = K + 2. Note that from (11), (17), and (20), all 2
interference terms are functions of tlﬁegn)}. However, that
binary sequence is multiplied bju{" """}, m # 0, in F(),
and multiplied by{a"7, + a{" (T, — 1)} in I, ;. Since
each term of each random binary sequence is an i.i.d. binar
random variable, and since all data sequences, time delae(
and carrier phases are mutually independent, it follows that all
K +1 interference terms are statistically independent. Furthef®!
the statistics (i.e., the moments) of these random variables are
finite. Hence, if we define (6]

[E|Ik, i|3]max

(3]

wmax{E|L >, k=1, -, k+2, k # i}
(A2)

(7]

and
[E|Ik, i|2]min

(8]
El

min{ B\l % k=1, -, k+2, k #1i}
>0 (A3)
then, from the Liapunoff version of the central-limit theorenﬂ10

[16], the condition for asymptotic normality can be expressed
in terms of the variable

[11]
1/3 - 11/3
k+2 k+2
N Bl > B, i Plia (]
k=1 k=1
Lkt | ki J [13]
T= /2 = ¢ 1172
k+2 k+2
[14]
Z E(1,;)? Z [E(1k,i)?]min
k=1 k=1
ki | ksti ] [15]
(A DYAE Pl Ay
B (K + 1)1/2[[E|Ik,i|2]min]l/2 ’
In particular, since
[[E|Ik,i|3]max]l/3
|:|:-EI(Ik,7‘,)2]111in]1/2
is finite, whenK — oo, we have
lim ~v=0. (A5)
K—oo

Therefore, givens;, the sum of all the interference terms
@, can be approximated by a conditional Gaussian random

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 2, MARCH 1999

REFERENCES

M. B. Pursley, “Spread spectrum multiple access communications,”
in Multi-User CommunicationsG. Longo, Ed. Vienna/New York:
Springer-Verlag, 1981, pp. 139-199.

M. B. Pursley, D. V. Sarwate, and W. E. Stark, “Error probability for
direct-sequence spread-spectrum multiple-access communications—Part
I: Upper and lower boundsJEEE Trans. Communyol. COM-30, pp.
975-984, May 1982.

E. A. Geraniotis, “Performance of noncoherent direct-sequence spread-
spectrum multiple-access communication&EE J. Select. Areas Com-
mun.,vol. SAC-3, pp. 687-694, Sept. 1985.

é J. S. Lehnert and M. B. Pursley, “Error probabilities for binary direct-

sequence spread spectrum communications with random signature se-
quences,lEEE Trans. Communyol. COM-35, pp. 87-98, Jan. 1987.

B. Aazhang and H. V. Poor, “Performance of DS/SSMA communica-
tions in impulse channels—Part |: Linear correlation receivelSEE
Trans. Communyol. COM-35, pp. 1179-1188, Nov. 1987.

G. L. Stuber and C. K. Chao, “Analysis of a multiple cell direct sequence
CDMA cellular mobile radio system,[EEE J. Select. Areas Commun.,
vol. 10, pp. 669-679, May 1992.

J. Wang, M. Moeneclay, and L. B. Milstein, “DS-CDMA with predetec-
tion diversity for indoor radio communicationdEEE Trans. Commun.,

vol. 42, pp. 1929-1938, Apr. 1994.

L. B. Milstein, “Interference rejection techniques in spread spectrum
communications,’Proc. IEEE,vol. 76, pp. 657-671, June 1988.

E. Masry and L. B. Milstein, “Performance of DS spread-spectrum
receiver employing interference-suppression filters under a worst-case
jamming condition,”IEEE Trans. Communyol. COM-34, pp. 13-21,
Jan. 1986.

] L. A. Rusch and H. V. Poor, “Narrowband interference suppression in

CDMA spread spectrum communication$£EE Trans. Communyol.

42, pp. 1969-1979, Apr. 1994.

R. A. lltis and L. B. Milstein, “Performance analysis of narrow-band
interference rejection techniques in DS spread spectrum systHpEE"
Trans. Communyol. COM-32, pp. 1169-1177, Nov. 1984.

J. W. Ketchum and J. G. Proakis, “Adaptive algorithms for estimat-
ing and suppressing narrow-band interference in PN spread spectrum
systems,'IEEE Trans. Communvpol. COM-30, pp. 913-923, May 1982.

N. J. Bershad, “Error probabilities for DS spread-spectrum systems using
an ALE for narrowband interference rejectiohZEE Trans. Commun.,
vol. COM-36, pp. 588-595, May 1988.

R. L. Pickholtz, L. B. Milstein, and D. L. Schilling, “Spread spectrum
for mobile communications,1EEE Trans. Veh. Technolvol. 42, pp.
313-322, May 1991.

J. G. Proakis,Digital Communications. New York: McGraw-Hill,
1983.

D. A. S. Fraser,Nonparametric Methods in StatisticsNew York:
Wiley, 1957.

Jiangzhou Wang(M'91-SM’94) received the B.S.
and M.S. degrees from Xidian University, Xian,
China, in 1983 and 1985, respectively, and the Ph.D.
degree (with Greatest Distinction) from the Univer-
sity of Ghent, Belgium, in 1990, all in electrical
engineering.

From 1990 to 1992, he was a Post-Doctoral
Fellow at the University of California at San Diego,
where he worked on the research and development
of cellular CDMA systems. From 1992 to 1995,
he was a Senior System Engineer at Rockwell

variable.

ACKNOWLEDGMENT
The author would like to thank Prof. L. B. Milstein, Uni-Patent in the GSM system.

International Corporation, Newport Beach, CA, where he worked on the
development and system design of wireless communications. Since 1995, he
has been with the University of Hong Kong, Hong Kong, where he is currently
an Associate Professor. He is teaching and conducting research in the areas
of cellular mobile and spread-spectrum communications. He holds one U.S.

Dr. Wang has been a committee member of a number of international con-

versity of California at San D'egc" for his helpful Su9965t|0n!§rences. He is an Editor for the IEERANSACTIONS ONCOMMUNICATIONS and

and valuable comments.

a Guest Editor for the IEEEOIRNAL ON SELECTED AREAS IN COMMUNICATIONS.



