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Capacity Enhancement of Band-Limited DS-CDMA
System Using Weighted Despreading Function

Yuejin Huang,Member, IEEE,and Tung-Sang NgSenior Member, IEEE

Abstract—This paper addresses capacity enhancement of abecause of each pulse’s long duration in the time domain.
band-limited direct-sequence code-division multiple-access sys-\When spreading signals with nonflat spectrum are used in
tem by using a weighted despreading function (WDF) in the atice  different techniques can be employed in the receiver

receiver. An ideal Gaussian channel with perfect power control . .
is assumed. The system performance is measured by the signal-to compensate for the in-band PSD of the received nonflat

to-interference-plus-noise ratio of the decision variable derived SPectrum signals, for example, the prewhitening filter in [7]
in the frequency domain, the bandwidth efficiency factor, the and [8] and the system with polar nonreturn-to-zero signaling
capacity enhancement factor, and the bit-error rate. It is shown and Manchester signaling in [12]. In [9], a receiver (single-user
that tuning a parameter of the WDF employed helps to partially detector) with weighted despreading functions (WDF's) was

flatten the in-band cross-spectrum of a pair of spreading and L . ’
despreading functions. Numerical results show that the capacity proposed for MAI rejection. The technique can be considered

of the proposed system improves over the conventional system@S an approximation to the optimal noise-whitening receiver
using rectangular despreading function. To assess practical im- (ONWR) [7] and the performance analysis was done under
plications of the WDF receiver, the sensitivity to timing error is  the assumption that system bandwidth is infinite. Comparing
also analyzed. with the ONWR, the WDF receiver can be built and adjusted

Index Terms—Band-limited systems, cellular bandwidth effi- easily. The potential to partially whiten the in-band PSD of
ciency, direct-sequence code-division multiple access, weightedthe received colored signals and hence to improve the system
despreading function. performance in band-limited scenario was also hinted at in
[9]. It is currently an open problem to derive the optimum
solution for the finite bandwidth case.

In this paper, we extend the work in [9] to band-limited

N A direct-sequence code-division multiple-access (DSignals. In our approach, the transmitted signals are generated

CDMA) system, a major limitation to system capacitypy passing square-wave spreading signals through an analog
is due to multiple-access interference (MAI). To increagew-pass filter. Such a transmitter is simple and can operate at
system capacity, several techniques have been proposedhigh chip rates. By using the proposed WDF in the receiver, it
MAI rejection, e.g., multiuser detection [1]-[4] and nois&yill be shown that the in-band cross PSD of a pair of spreading
whitening technique at the symbol level [5], [6] or chipand corresponding WDF’s can be flattened by simply tuning
level [7]-[10]. These techniques improve system performangeparameter of the WDF. As a result, system performance
significantly because of the assumption of infinite bandwidifhproves especially when the additive white Gaussian noise
or knowledge of other user information. In a band-limitegawGN) is insignificant. If there is no constraint on system
DS-CDMA system, a critical consideration on system desiggandwidth, we will show that more improvement on the system
is how to efficiently use a given bandwidth. It has beeperformance can be obtained by tuning the WDF parameter
shown that the spreading signals with flat power spectigd the bandwidth increases. When the bandwidth extends to
density (PSD) across the bandwidth will yield the optimahfinity, the system performance coincides with the results
performance [11]. For example, in the 1S-95 standard, eagbrived in [9]. Further, to assess practical implications, the
of the chip pulses of a spreading signal is shaped to Bensitivity to timing error of the proposed receiver is analyzed.
approximately a Sinc function to achieve the flat in-band The rest of the paper is organized as follows. Section Il
spectrum. The cost is the complicated production of the puls@sscribes the system model. In Section Ill, the signal-to-

interference-plus-noise ratio (SINR) of the decision variable

Paper approved by U. Mitra, the Editor for Spread Spectrum/Equalizationf&}r a band-limited DS-CDMA system is derived in the fre-
the IEEE Communications Society. Manuscript received December 1, 19giency domain when the WDF is employed. This is followed
revised June 30, 1998 and February 21 1999. This work was supportedt;}y numerical results in Section IV. Analysis of Sensitivity to
mgnEOang?ng Research Grants Council and the CRCG of the Un|verS|tyt(iJming error is given in Section V and finally, in Section VI,

Y. Huang was with the Department of Electrical and Electronic Engineeringonclusions are given.
University of Hong Kong, Hong Kong. He is now with the Department of

Electrical and Computer Engineering, McGill University, Montreal, PQ H3A
2A7 Canada (e-mail: yjhuang@wireless.ece.mcgill.ca). II. SYSTEM MODEL

T.-S. Ng is with the Department of Electrical and Electronic Engineering, .
University of Hong Kong, Hong Kong (e-mail: tsng@eee.hku.hK). Suppose there ar& CDMA users accessing the channel.
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Fig. 1. System model for théth transceiver: (a) transmitter and (b) receiver.

transmitted binary data signdi,(¢) is first multiplied by In a Gaussian channel with perfect power control, the
a spreading signak () with phase synchronized tb,(t) received signat(¢) at the input of a receiver is given by
to spread each data bit. Then the spreading signal with
data information is passed through an analog low-pass filter
LPFr with impulse responsé:ir(t) to limit the out-of-
band emissions. The output signal é&fPF; is used to

K
)= Skt —7) +n()
k=1

K
modulate a carrier afy, thus producing a BPSK modulated . Py _ _
signal. The spreading and data signals for &ftle user are =2 V2Pt = i) ha(t = )]
; _ Ny (k) i —
D b§ )PTb(t —ﬂ},), whereTc andZ; are chip and bit

duration, respectively, an®,.(y) = 1 for 0 < y < z and where K is the number of active usergy, (=6, — wom) IS
P.(y) = 0, otherwise. In our study*’ anda"’ are modeled random phase uniformly distributed df, 27], and n(t) is

as independent random variables takmg valuésor +1 with  AWGN with two-side PSDN, /2.

equal probabilities. It is assumed that there Afechips of a ~ For BPSK modulation, the structure of theh receiver
spreading sequence in the interval of each dataZpitand is shown in Fig. 1(b). In the receiver, there is an analog

the spreading sequence is a random binary sequence. fwepass filter LPFr with impulse responséig(t) placed
transmitted signal for théth user is between the WDF and the multiplier [13]. For the purpose

of whitening the spectrum of received colored MAI signals,

the receiver is designed to have the impulse response matched
Si(t) = V2Pur(t) * hr (B)] cos(wot +61) (1) 49 203, (#) * ha(t)] cos(wot) P, (t) wherea(t)! is the WDF

with details given below. To simplify the notation, an analog

where v, (t) = bi(t)ar(t) and “” denotes convolution. The | . .
itted P and the carrier frequen are common It has been pointed out by an anonymous reviewer thét) can be
transmitted power” an ' quencyo obtained by passing(t) through a filteth . (t) = —(1—L(€))126(t +TA) +

to all users. The parametéy. is the phase of théth user. 8(t) — (1 — L(e)26(t — TA).
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bandpass filter between the input signal and the muItipIiertisanTb_1 in a practical system, the double-frequency terms in

ignored because its effects on signal-to-interference ratio (SIf) can be ignored. Then (6) is reduced to

can be merged into those of the transmitter fiker(t). The <

WDF for the userk’s receiver can be expressed as [9] G = Si(/\)(E) + NN + Z I @)
k=1, ki

w® i (&) (k) ) . )
Z “ Wi ( _JTCHCJ ’ 1+1}) (3)  where the first, second, and third components are the desired,
noise, and MAI components which are described in detalil
below. According to (6), the desired signal telﬁflﬁ)‘)(e) n

&) _ (k) (k) (k) (k)
wherec; s andw; T (t{e;", ¢y ) or0 <t < oy e evpressed as

T, is the Jth ch|p welghtlng waveform for théth receiver .
conditioned on the status of three consecutive clﬂ[p(é) ng)(g) _ \/ﬁ/ b [0t 4 XT3) % hr( + AT3)]
(k)} = {a(k) W, (k) (k)} The jth conditioned chip

welghtlng waveform for théith user is defined as [9, eq. (5)] {ai(t) « hr(t)]dt.  (8)
(k) (k) (k) From (6), the noise tern¥V,;(A) in (7) can be expressed as
u? ({{d" 0 }) .
ma(t) if cgk) = +1 and c(k) =+1 Ni(A) = / [ne(t) cos s — ns(t) singp][as (£) * hr(t)] dt
L 0
_ mo(t) if ¢ Ek; =-—1and céz_;l =-1 @) (9)
ma(t) it c{k) -1 andc{,j)l +1 where the termsn.(¢) and n,(t) are low-pass equivalent
ma(t) if ¢ = +1andejy, = 1 components of the AWGNu(¢). In the third component of

with the elements of the chip weighting waveform vectog) the terml, ; is given by

{ma(t), ma(t), ms(t), ma(t)} selected as [9, eq. (7)] L« = VP cos(s — ) /Tb S

ma(t) = L(e) Pr. (1) shyp(t+ i — )] - [a:(t) = hr(t)] dt.  (10)
ma(t) = Pr.(t) — [1 — L(e)|Pr.—22. (t — Ta) . the SINR in the 1 domai

A p L(\P i T 0 express the in the frequency domain, we assume
ma(t) s (1) + L&) Pr 1 ( 5) that the processing gaiN is so large that the characteristic of
ma(t) = L(e)Pr.-ra (t) + Pr.(t) = Pr.—1:(t)  (5)  all sub-sequences of lengt¥i for each user can be represented

approximately by the average characteristic of the sequence
employed. To simplify the notation, we also assume that the
two analog low-pass filter&6 PF and LPFg in the transmit-
receive chain are identical and have the same frequency
responseH(f). Then, following the approach used in [13],
?8) can be expressed in the form

whereTx € (0, 1;/2], e = T./Ta € [2, o0) iS a parameter
of the chip weighting waveformsL(e) is a monotonically
decreasing function of and is defined a&(e) = [C(e — 2)+
1]~ The constant’ is chosen equal to 6.3 in this study to
minimize the effect of timing error on performance and will b
further explained in Section V. When= 2 in (5), the chip

weighting waveforms{m,,(¢)}*_, reduce to the rectangular S 5PT / g . HP)Pd 11
pulse Py, (t). The chip weightfng waveforms can be found in (€)= ’ DA A1)
[9, Fig. 2(b)].

where S,.(f, €), with a parametek, is the cross PSD of a
pair of spreading and WDF's. Also, using a similar derivation
[ll. PERFORMANCE ANALYSIS in [13], the variance of the white noise terfi;(\), denoted
by o3 (¢), can be represented as
A. Signal-to-Interference-Plus-Noise Ratio

2 2
We arbitrarily choose théth user as the desired user and () = NoTy /_oo Saa(f, e)H (I df
analyze the SINR performance of the proposed receiver fo[1
data symbolb . After the filter with the impulse response
matched t®[a, (¢ )*hR( )] cos(wot+4); ) Pr, (t), the conditional
output random variable of thé&h user receiver, denoted by
¢i(A), can be expressed as

oo

(12)

ereS;s(f, s’) is the PSD of the WDF. The variance of the
MAI term 34, ,; Ir,; in (7), denoted byo}(e), can be
expressed as [13]

oo

o3(e) = PT(K — 1) / Sual£)Saalf, (DI df (13)

(A Ty +7; oo
G\ IA 2r(®)[ai(t— AT —7i) * hr(t—=AT,—7)]  where S.q(f) is the PSD of the spreading function. By
To+7: A ; :
cos(wot + ) dt (6) definition, the SINR is given by -

where cos(wot + ;) is the coherent carrier reference of the SINR(e) = o3 (e) o7 (e) (14)
desired user and;(t — AT}, —7;;) is the WDF for theAth bit of |:S()\) (5)} [S(A)(E)}
the desired user. Since the carrier frequeyicys much larger i i
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where SSA)(E), o3:(¢), and o%(e) are given by (11)—(13), of the components of a waveform but does not affect its
respectively. For clarity, (14) is rewritten in the form power spectrum. We can evaluate the cross PSD, denoted by
S.a(f, £), by assuming the time variabten (20) is a random
1 1 -1 time shift uniformly distributed if0, 7;] [14]. Thus, we can
SINR(e) = <SNR( j SIR(e)) (15)  simply average (20) over the time shift and obtain the cross-
correlation function with a parameterby using (4), which is
independent of the time variabte

where
(a9} 2 1 4
2
s, ([ Sld MO o) Rt )= 73 [ = nars o
0 2 4
Saa , € H d T
/—oo (f )| (f)| f Z (_1)])71/ mp(t T +Tc) dt (21)
p=l1 0
and
o 9 for 7 > 0. Substituting (5) into (21), we obtain
([ swolHG )
SIR(e) = 4 - e . (7))  Raa(r €
/ Saa(£)Saalf, NH()[* df (1te-DLle) 7 T
—o0 € T’ - T e
B. Cross- and Auto-Power Spectra L(e) {Tc — T} S G
In order to obtain the cross PSD, we first evaluate the L. £ £
cross-correlation functio®,;(t, 7, €) of an arbitrary spread- (e+1DLe)+(e - 1)
ing function ax(¢t) and its corresponding WDFy(t). By 2
definition, we obtain
= _%’ TC—ESTSTC (22)
Raa(t, 7, €) = Blar(t)ar(t — 1)} (18) e ©
(e+1)L(e) — (e + 1)
Using (3), (18) becomes %e
BUCLE ) L<r<T. o+
Raalt, 7, €) S Y aMa®u 2T,
j=—oom=—o0 { O7 Tc + —c < T
’ (t —7—ml. {Cg:), 657’:21—1})
Since R,s(7, €) = Rua(—7, £), the cross PSDS,;(f, ) is
Pr(t— JT)} (19) the Fourier transform of (22) with respect 19 viz.
® () 00 0,0 b el
k _ k k k k k oo
where {c, m+l}k {k Gm’s Gm m+’3} Bkecausenj :2/ Raa(7,€) cos(2m fr) dr
is independent of.’ )w,(,,)( —mT, |{c§,,), f,,zrl ) when 0
lm — j| > 1, (19) reduces to _ 1 peos( 2T e FI (== 1)
472 f2T, € €
Rad(t, 7, 6) 2 T 1
i ( H © 5 _COS< S )ﬂL(E)
. . . . . £
= w;(t—T = JI0 e, ¢ Pr (t —4T.)
j=—o0 + |:COS <—27rch(5+1)> +2—2cos <27rch>
oo £ £
(k), (k) : (k) (k)
+ c:lw i t—T1—9T.+ T, , _
j;oo g i 1( J { Cj-10 € }) —2cos (27Tch)+cos <WT+(€1)>}}
- Pr, ( JTe) (23)
(k) (k) (k)
t—71— 3T, —T¢
+J:§_:OO c”lw”l( T { Gt 1+2}) The PSD of the spreading functier (t), denoted byS,.(f),
. Pr(t—iT)). (20) is easily shown to be
_ ; ; . 1—cos(2nfT.)
The cross-correlation functio®.;(t, 7, €) depends ort as Sealf) = Saalf, 2) = (24)

well as on7. Note that a time shift changes the phases S 2P
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Similar to the derivation of (23), the PSB;s(f, ) of the

WDF is given by

IEEE TRANSACTIONS ON COMMUNICATIONS VOL. 47, NO. 8, AUGUST 1999

S.a(f6)/ max[S(f. )]

1
_e=
Saa(f,e) : : &=
1 4 fT. 2 fT(e +2) 05 S
= —7— 2 cos —cos | ———m—= A s
8TC7r2f2 ¢ € \\ S Y N PN
27 fT.(e — 2 RN N N T
+2 — cos <w> 0 2 4 5 6
€
47 T, (@
—2cos (27 fT.)|L?(e) + [—4 cos <L)
€ 1 _;—-—;1—“_
27TfT ( ) \\\\\\ --------------- £=2
+2cos < £ —4 Iy £=21
0.5} AN =22 1
T, ~
+2COS <M> \\\\
y \\‘;i:-n.,
_4cos <T(‘—5)> % 02 0.4 06 0.8 1
5
2 Tc Normalized frequency f'7,
+4cos (2n f1;) + 8cos < ™/ ) )
Fig. 2. The normalized cross spectruin; (f, ¢ /maX[S,,,,( ¢)] versus

fT. with ¢ as a parameter: (g)7. from zero to six and (b)“tL from zero
to one.

~4cos (WT—“”)} L)

£

+ {6 — 8cos <27rch>

£

2cos dn f1\ o8 27 fTe(e + 2) whereB is the system bandwidth. Thus, substituting (27) into
€ € (17) and using (26), we can rewrite the $4Ras
—6cos(2nfT.) — cos <w> 4BT,
€ SIR(e) = 7= F'rle, B) (28)
+dcos <27rfT w(e+ 1))
‘z ) where
T.(e
e (ZEEDYL g ) 2
< | sualr, )df>
After some algebraic manipulation, it can be proved that Fpgle, B) = 1 \/-B (29)

Sg&(fv 5) = Saa(f)sflfl(fv 5)'

Substituting (23)—(25) into (15), we obtain the system SINR is referred to as the bandwidth efficiency factor [12]. For a
which is a function ofs and K (the number of active users). CDMA system operating near capacity, the AWGN is usually
For a givenk, tuning ¢ leads to maximization of SINR). insignificant when compared with the MAI, so that the system
Clearly, the expression of SINR) is too complex to be tuned performance relies only on S(R and hencelgg(e, B).
adaptively for differentX in a practical situation. However, Clearly, when the cross-PSB,;(f, €) is a constant across
whenK is large or when the system is operating near capacitiie bandwidthB, Fge(e, B) can reach its maximum value
the AWGN is negligible and the optimal SNR performance of one. To illustrate the effects of on in-band PSD, we
can be achieved by a fixetl[see (28) and Fig. 4]. plot the normalized cross spectruig, ( f, €)/ max[Sqa(f, )]
against normalized frequeng§Z.. (from zero to six) for three
) - values ofz in Fig. 2(a). Note that the WDF employed reduces
C. Bandwidth Efficiency FactaFpr(e, B) to a rectangular spreading function at= 2, and the solid
To simplify the performance analysis of the band-limitedurve in the figure represents the cross PSD of a conventional
CDMA system, we assume that the two analog low-pass filtexaceiver. From these curves, we also observe that the relative
LPFr and LPFy are ideal low-pass filters with frequencystrength of the cross PSD at high frequency becomes larger as
response given by e increases. Fig. 2(b) shows the normalized cross PSD versus
normalized frequency’Z. (from zero to one) for three values
of e. Clearly, assuming that the system bandwidth is equal to
the chip rate, the in-banf,;(f, £) can be partially flattened
by tuninge.

(26)

L |fI<B

1Y @)
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Fig. 3. System SINR) against: whenN' = 255 and ' = 75: (8) SINR  Fig 4. Two factors versus with bandwidth B as a parameter: (a) band-

for B = 1/T. with 7, as a parameter and (b) SINR for = 15 dB with  width efficiency factor Fzp(c, B) and (b) capacity enhancement factor
B as a parameter. Caainle, B).

For the purpose of performance comparison between te_ 1/T.. For example, the increased SINR by tunings
proposed and the conventional receivers, we define the capggsut 1 dB aty, = 25 dB. From this figure, it is also clear
ity enhancement factat'q.in(e, B) in decibels, as that the gap between curves with = 5 dB and~, = 15 dB
Fpg(e, B) is much larger than that between the curves wigh= 15 dB
Fge(2, B) and~;, = 25 dB. This indicates that the system SINR increases
as+, increases when the AWGN is significant. On the other

which is also a function of and B. Notice thatfsr(2, B) and. when the MAI dominates over the AWGN (largg
is the bandwidth efficiency factor for the conventional CDMA . g|NR gain with the same increaseypfis relatively small.

receiver withe = 2.

Coain(e, B) =10 logy, [ (30)

To show the effect of bandwidth on system SINR, we plot the
SINR(g) versuse for different values ofB at a fixedy, = 15
dB in Fig. 3(b). Clearly at they, considered and for a given
In the following, N = 255, K = 75, and H(f) given by bandwidthB, SINR(s) can be optimized by tuning It is also
(27) are used when either the SINR or the bit-error rate (BERIear from the graphs that the increase in S{B)Roy tuning
performance are evaluated. For the BER evaluation, Gaussiais far greater than the conventional receiver(2) for the
assumption is used a& and NV are large. same increase of bandwidth. This implies that the conventional
Let us first consider the SINR performance. Upon usingceiver, from the point of view of bandwidth efficiency,
(15) with H(f) given by (27), we plot in Fig. 3(a) the becomes less effective as the bandwidth increases. Although
system SINRe) versuse with B = 1/7, and usingy, = increase in bandwidth continues to improve the performance
E,/Ny as a parameter. Note that the values of S|BJRfor of the proposed receiver, the returns become marginal after
different~y, represent the SINR performance of a convention&® > 4/7, at the given-,.
receiver with rectangular despreading function. From thisNext we consider the bandwidth efficiency factor
figure, one can see that the SINR performance of the propodéglz(e, B) [given by (29)] which is a measure of performance
receiver can be improved by tuning but the amount of the of a band-limited CDMA system operating near capacity.
improvement is limited due to the bandwidth constraint dfig. 4(a) plotsF's (e, B) versus for four values ofB. From

IV. NUMERICAL RESULTS
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BER R (7,6)/ R,;(0,¢)
10 T T T T T 1

0.8

0.6

0.4+

0.2

0

i . . ';
B — £ =2 (conventional receiver) |

10 € tuned to maximize SINR(€)
10'9 ) ) ) " i L
0 5 10 15 20 25 30
S10(8,) 1 57(0,8)
v, 1dB] 1
Fig. 5. BER performance versug for three values of bandwidt®® when 0.8r

N = 235 and K = 75. o8l

0.7
this figure, one can see that the bandwidth efficiency factor at o}
B =1/T. is always larger than that at higher bandwidth. This 5|
figure also shows that at a given bandwidif; (e, B) can 0al
be increased just by tuning, e.g., I'pr(2, 1/7.) = 0.613,
Fpp(3,1/T.) = 0.783, and Fipg(12, 1/T.) = 0.7944, etc.
Note thatf'sr(2, 1/T,) = 0.613 is the bandwidth efficiency

factor for the conventional receiver whe® = 1/7,. As a 0 o 02 03 04 0s
result, the SIRe) is also increased because &Rgiven by AIT,
(28) is proportional to the factoFrg(e, B). In Fig. 4(b), (b)

the . capamty enhanc.ement fam@gain(e’ B) IS plotted Fig. 6. Normalized cross-correlation function and desired signal strength
agamStE with ba}ndW|dthB_as a parame_ter. In contrastyith - as a parameter: (a) normalized cross-correlation function
with Fpr(e, B), Caan(e, B) increases a®? increases. The R.a(7. £)/Raa(0,¢) and (b) normalized desired signal strength

. . . . . 0 0
graphs indicate the use of WDF in a receiver can providd’ (A, £)/5:°(0, ¢) for two values of .
substantial improvement over the conventional receiver

(¢ = 2). In the case when the bandwidth is constrained {g it is important to evaluate the relative sensitivity to timing

satisfy B = 1/1, the factorCaain(e, B) can be increased gror for poth the proposed and the conventional receivers.

up FO about 1 dB by _tuning. For this purpose, we plot the normalized cross-correlation
Finally, let us consider the BER performance of the PrY{nction p(r,€) = Raa(r, €)/Ras(0, €) for three values of

posed receiver. The error probabilify. is defined asP. = e when B = o in Fig. 6(a) whereR.s(r, ) is given by

Q(v/SINR(e)) where Q(z) = @m)~t [ exp(—t2/2) dt. (22). Note thatR,; (7, 2) corresponds to the cross-correlation
Fig. 5 shows the BER performance of both the proposggd,qiion of the conventional receiver. As the relative strength
and the conventional receivers versysfor three cases of q¢ ye gesired signal in the decision variable depends only on
bandwidth. At a given bandwidth, the improved BER ighq yaiue ofp(r, ¢) at sampling instances, it is apparent that
9b"'9“5 when using the WDF in the_ receiver. The CUV&Re proposed receiver is more sensitive to timing error than
in Fig. 5 also ,ShOV\.' clearly that the improved BER qf th?ne conventional receiver asincreases. For example, at the
proposed receiver is much larger when compared with tag1jing instant of 0L, p(0.11¢, 2) = 0.9, p(0.1T¢, 2.5) =
conventional receiver for the same increase in bandwid 13146, and p(0.17., 4) = 0.67237. In other words, :/vhen the
From this figure, it is also apparent that the BER performanggqiem pandwidth is infinite, the performance degradation of
of the proposed receiver can be improved without floor whe[ proposed receiver due to the same timing efxas much
system bandwidth is infinite. On the other hand, the increas&lciater than that of the conventional receiver.

performance of the conventional receiver is limited even \yu now analyze a band-limited system as follows. From

though system bandwidth extends to infinity. (8), the desired signal term with timing errdr for the zeroth
bit, denoted bySi(O)(A, ¢), can be expressed in the form
V. SENSITIVITY TO TIMING ERROR

. . . . Ty
In previous sections, _aII the resullts are obtained with thﬁio)( A, e) = V2P / [vi (£) % hp (8)]
assumption that no timing error exists. However, to assess 0

whether the improved performance is practically achievable or [ai(t — A) x hg(t — A)]dt.  (31)
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Assuming thatb((f) =1, (31) becomes

T,
SO0 9 =v2P /0 [ai(t) + hr(2)]

. [&z(t — A) * hR(t — A)] dt
=\/§/_Oo o </0 a;lt—)a;t—A—O dt)
“hy(T)hRr(E) dr dE. (32)

For large processing gaitVv, (32) can be approximately
represented by the ensemble cross-correlation function [1t .

Therefore, we obtain
SNA, €) =V2PTy[Raa (7, €)  hy(7) * ha(r)]._4
=V2PT, / Saalf, ) Hr(f)Hr(f)e?*™ > df.
(33)

Since Hr(f) Hgr(f) H(f) given by (27) and
Sea(fy €) = Saa(—7, €), (33) becomes

B
SO(A, ) = 2v2PT, / Saa(f, €) cos(2r fA)df. (34)
0

Clearly

= (35)

lim
B—oo

p(A, €)

[s§°>(A, e) / 50, s)].
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whereGsinr (0, €) is the SINR gain by using the WDF in the
receiver when no timing error exists amfio)(A, €) is given

by (34). According to Fig. 3(a)Fsinr (0, €) is about 1 dB
whenB = 1/T., N = 255, K = 75, v, = 25 dB, ande > 2.5.
AssumingGsing (0, £) = 1 dB and then using (38), we obtain
GSINR(O-]-Tm 2.5) ~ 0.87 dB and GSINR(O-]-Tm 4) ~ 0.82

dB. This example indicates that performance improvement can
be achieved without unreasonable timing requirements.

It is now clear that the effect of timing error on the system
performance is proportional te. By an appropriate choice
the constant” in the expression oL(s), one can reduce
e effect of timing error on performance to a minimum. By
calculating the rate of increase dfzr(e, B) with various
values ofC' when B equals the chip rate, we found that the
highest rate of change can be achieved by chooSirg 6.3.
This value ofC is used in all numerical computations of the
paper.

VI.

In this paper, we have presented the analysis of a band-
limited DS-CDMA system using WDF in the receiver. The
WDF employed partially flattens the in-band cross-power
spectrum of a pair of spreading and WDF's and hence helps
to improve the system performance and increase the system
capacity. When the system bandwidth is equal to the chip
rate, numerical results show that the capacity of the proposed

CONCLUSIONS

To illustrate the effects of bandwidth on the degradation lestem with optimally tuned can be increased up to about

desired signal strength due to timing eredy we plot normal-

ized desired signal strengtf” (A, €)/5{”(0, ¢) against the

1 dB compared to the conventional system with= 2.
It is further illustrated that the wider the system bandwidth

timing error A with ¢ as a parameter in Fig. 6(b) for the casegyajlaple, the better the performance can be achieved by tuning
_Of B(O): 1T ag)()j B = oo. It is apparent that degradationine - of the WDF employed. Finally, we have analyzed the
in S;7"(A, €)/5;7(0, €) due to timing error becomes moresensitivity to timing error for the proposed receiver. Numerical

serious with increasing bandwidth and increasing
To show the increased SINR at a givénby using WDF
in the receiver, we define the SINR gain in decibels as

Gsinr(A, &) =10 log,, [SINR(A, ] — 10 log;, [SINR(A, 2)]
(36)

where SINRA, ) denotes the SINR of the decision variable

at a givenA ande. Clearly, SINRA, 2) is the SINR of the
conventional receiver with timing errak. Replacingsp)(s)

in (14) by (34), the SINR for the zeroth bit at a givéncan
be represented as

[50@.9]

2
50,9

@37
where o0%(e) = o3(e) + o%(e) is independent ofA and
SINR(0, ¢) is equal to the SINR) defined by (14). Substi-
tuting (37) into (36), we obtain

5009

SINRA, e) = 02)

= SINR(, ¢)

s”@.2/50,2

s0@,9/520,9
(38)

Gsinr(@Q, ) = Gsinr 0, €) —20 logy

computation shows that the increase in capacity presented in
this paper is achievable without unreasonable timing tracking
requirements.
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