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Design and Analysis of Receiver Filters for
Multiple Chip-Rate DS-CDMA Systems

Radha Srinivasan, Urbashi Mitrslember, IEEE and Randolph L. MoseSenior Member, IEEE

Abstract—As multimedia applications proliferate, there is a analyze their performance. Multirate CDMA systems have
desire to provide wireless transport to information streams with  peen investigated from different perspectives. The appropriate
|nhe_rently different data rates. Direct-sequence code division choice of the chip rate, chip pulse shape, processing gain,
multiple access (DS-CDMA) is a natural multiple-access strategy . . - .
for multiple data-rate systems. Recent work on multirate DS- number of codes, and mOdullat'on forma_t IS Cons'_derEd In
CDMA receivers has focused on signal-processing techniques,[6]-[10]. Access methodologies and their comparison are
which detect all users of all rates simultaneously. In the current presented in [13] and [14]. Much of the prior work on receiver

work, multirate users have mUl“ple bandwidths. Thus, it is design also assumed a constant Ch|pp|ng rate. In the current

proposed to exploit_ bandwidth differv_ences to achieve frequency- work, we will assume a fixed processing gain for each user
based rate separation followed by single-rate detection schemes. T L .
Such a methodology enables a tradeoff between receiver com-PUt varying chipping rates (also seen in [14] and [28]). In [28],

plexity and performance. The performance of the proposed filters new methods for updating adaptive minimum-mean squared-
and receivers are derived for both a modified matched filter and error receivers for a multirate overlay system was considered.

modified decorrelator employing rate separation. Performance Overlay systems will also be considered herein to improve
of a multirate CDMA overlay system is evaluated. In addition, performance

chip pulse shaping for wide-band users is developed to improve . . .
performance for narrow-band users for the overlay system. Proposed third-generation DS-CDMA standards consider

. . o ) a variety of methods for accomplishing multiple data rates.
Index Terms—Direct signal code division multiple access (DS-

CDMA), multimedia services, multirate systems, multiuser de- V?”able spreading Ien.gth (constant chip rate)., mUIt'COd?’ and
tection, overlay systems, pulse shaping, variable chipping rate discontinuous transmission schemes are discussed in [12]

CDMA, Wiener filters. and [11] in reference to UMTS/IMT2000 and W-CDMA.
In [11], multiple chip rates are also specified for the radio
link. It is anticipated that future standards will incorporate
hybridized versions of the different multirate access schemes
IRECT-SEQUENCE code division multiple access (DSp tailor the data rate to the application. While there has been
CDMA) is a promising technique for providing multiusefinitial emphasis on variable spreading length and multicode
access in wireless systems. Relative to other multiple-acc@gsthods for multirate DS-CDMA, there are pragmatic reasons
schemes, CDMA can increase the number of potential usergdnnyestigate multiple chip-rate methods. Having multiple chip
bursty or fading channels making it attractive for applicationgtes enables low-rate users to have only limited hardware
such as mobile cellular telephony and personal communicatiggeds. Thus, a low-rate voice user does not need to have the
systems (PCS). capability of transmitting at the same chipping rate as a video
In the last few years, multiuser receiver developments fgggr.
CDMA-based communications (see, e.g., [1]-[5]) have pri- Among the receivers proposed for multirate CDMA systems
marily focused on single-rate systems where all users transgyé the conventional receiver [6], decorrelator-based receivers
information at the same data rate. With the exploding grqvvpl15L [16], the optimum receiver [17], multistage receivers,
of cellular communication systems, there has been much intgfig receivers based on successive interference cancellation
est in advanced PCS. PCS promises to offer wireless transpeg). Most of the previously proposed receivers were designed
for a variety of data sources such as images (facsimiles), Vidg9. directly operate on the complete received signal, which
data, as well as voice. Different information sources will havgysists of the multirate signals without any preprocessing.
inherently different data rates and bandwidths. Therefore, {ihis causes the receiver structure to be complex, with the
order to have a wireless system that will serve these diveig§nplexity increasing with the total number of virtual users
sources, it is desirable to develop.mgltlple data-rate systen?ﬁ. the system. Also in some cases, the receiver requires
We propose to explore the feasibility of rate-separation vigowledge of the particular choice of spreading codes of each
frequency-based techniques. In this work, we shall develgp ihe active users. This motivates us to consider separation

multirate multiuser receivers that first perform user separgr sers of different rates and process them with single-rate
tion by rate, followed by single-rate multiuser detection, anetectors that have low complexity.

I. INTRODUCTION

Manuscript received October 1, 1998; revised April 15, 1998. The contribution of this paper is to propose a class of
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assumption of different chipping rates for users of differenions, can easily be extended to multirate systems (numerical
data rates, the users will have different bandwidths. Thesssults for a three-rate system are provided in Section V). In
bandwidth differences can be exploited for frequency-bastds work, we shall also assume coherent reception. Although
rate separation. The notion of frequency-based narrow-baheé rate-separation filters proposed in this paper are applicable
interference suppression of [20] will be extended to multirate multipath channels, we will assume nonmultipath channels
CDMA systems. Three rate-separating preprocessors will imeour analysis. The system model considered here is for the
considered: Wiener filters, high- and low-pass filters, anglink where signals from several mobiles arrive at the base
some new filters (which we will callp-filters) based on station. In Section Ill, we propose receiver structures that can
minimizing interference. Once rate separation has been accdya-used at the base station to detect the signals from different
plished, previously proposed multiuser receivers for single-raisers. To implement the receivers, knowledge of the spreading
communications can be applied (the matched filter and thaveforms of all users and their delays is required. The spectra
decorrelating detector [1] are considered here). Note that wkthe users required to design the rate-separation filter can be
will incur a loss in performances as we do not model atibtained from the spreading waveforms. It should be noted that
the users; this work is, in part, a feasibility study to assesseme of the proposed receivers can also be used at the mobile,
performance loss versus reduction in receiver complexityith knowledge of the frequency bands or the spectra of all
The probability of error for these different schemes willisers. In order to implement the Wiener filter, the amplitudes
be calculated for an asynchronous dual-rate scenario. Tafeall users should also be known. To ease this requirement,
proposed receiver structure is suited to be used both at th&Viener filter designed on the assumption of unity-received
mobile and at the base station. Also, for this receiver, thmwer for each rate is also considered.

rate ratio is not required to be an integer, unlike most of the To preview the assumptions made in our study, we shall
previously proposed receiver designs [15] where this propeagnsider systems with the following characteristics:

is necessary. While the focus of the paper is on dual-rate1) dual-rate systems (for clarity);

systems, the receiver can be extended for multirate systems) multiple chip rates;

As an example, we have also considered a system with3) binary phase shift keying (BPSK) modulation;
three different rates; performance curves for a selected set off) Gold sequences;

scenarios are presented. 5) additive white Gaussian noise channels with no multi-
For efficient utilization of the allotted bandwidth and to path.

improve the performance of the low-rate users, a multirate\ye next explicitly describe the system model and the impact
CDMA overlay situation, where different sets of low-rate userss (e assumptions above on this model. The subsgripill

modulated onto different carriers are overlaid on the high-rager to low-rate userég = 0) or high-rate usergg = 1).

users, will be considered. The performance of the proposefle pit duration of a user of type is denoted byr},. The
_receiver for such a system will be studi_e-d. We will see thatio ratiods is defined a<y /T, 1o be an integer, for ease of

in such an overlay system where the high-rate users havefijation. The reception schemes are not at all dependent on
raised cosine spectra, certain sets of low-rate users sufferjifpaing an integer; however, it greatly simplifies notation to
performance due to the strong high-rate interference, while tBPesume thab/ is an integer, and so we adopt this convention

other sets experience less high-rate interference. Therefq{gein The received baseband signal ovBr21 bits of the
to have all sets of low-rate users experience equal amoupls._rate users can be expressed as

of out-of-rate interference, design of the chip pulse shape of
high-rate users will be investigated. ) )

This paper is organized as follows. Section Il describes r(t) = Z Z ar,obrolt]sko(t — Lo — 7k0)
the received signal and the dual-rate communication sce- ":“,:’B

. . . . Ky B M-1

nario. Section Il proposes the receiver structure, which uses a T
frequency-based rate-separation technique and gives the design + Z Z Z a, 1By [1]
of a few rate-separating filters. Probabilities of error for low- k:“}B, m=0
and high-rate users are derived, and numerical results for sw1 o (8= (M +m)Th = 71) +n(f) (1)
a dual-rate asynchronous system are presented. Sectionplyere axo and by o[i] denote the received amplitude and
investigates the performance of the proposed receiver inreteived bit, respectively, during thith bit interval for thekth
CDMA overlay system. It also includes the design of highow-rate user. Similarlya; ; and b, [i] denote thekth high-
rate chip pulse shapes and analyzes the improvementrdfie user's received amplitude and received bit duringittie
performance. In Section V, numerical results are providegubinterval of theith low-rate bit interval. Assuming BPSK,
Section VI summarizes and concludes this paper. the transmitted data bitg" [i] are independent and identically
distributed (i.i.d.), taking on values frofn-1, +1} with equal
probability. The signature waveforms are denotedshy(¢)
and sy 1(t) for the kth low- and high-rate users, respectively.

We shall consider an asynchronous dual-rate DS-CDMPhe delay of theith user of group;, with respect to the base
system with K, low-rate users and{; high-rate users. We station’s symbol timing, is denoted by, ,. For simplicity,
present a dual-rate system to maintain notational simplicitye will assume that the delays are within the high-rate bit
although the receiver systems proposed herein, and all deriirderval, i.e., 7, € [0,77). It is assumed that the delays of

Ko B

Il. PRELIMINARIES
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all active users are known to the receiver. In this dual-rate

system, we use a constant processing déifor all users and To® Single Rate Detectors .

; ) ; . Hy(H — T hpo
let the chip rate vary according to the bit rate [14]71f is 0 MF or DD !
the chip duration of theth rate user, theff., /7., = M. The
signature waveforms can be expressed as

N 1
— . Single Rate Detectors
Skg(t) = Z —=Cr,g(n)py(t — (n — )17, ), f .
a1 VN H, () MF or DD Bt

te [_Tgv Tg + Tg] (2)
@

where ¢, ,(n) € {—1,1} denotes the signature sequence of
userk of groupg andp,(?) is the chip pulse shape of length Xy

r %t) Single Rate Detectors
mgle (- eClo!
T., + 2T,,. The extreme chips cause intersymbol interference™. HYn b

(ISI) of duration Tg. It should be noted that the interchip ME or DD
interference introduced by all chips other than the extremes
are absorbed into the signature waveform. We shall assume
essentially band-limited chip shapes. In particulay(¢) is

2 ;

assumed to have a raised cosine spectral pulse [19] and is 1% Tl Single Rate Detectors __)Amo

defined by 0 MF or DD :

) cos(mae(2t — T, )/T... )
2t -1, )/T. z z
p (t) = SlllC(( cg)/ cg) 1 - 4062(2t - Tcg)Q/T("Qg ’
¢ —Tg <t< Tcg + Tg fl(t) Single Rate Detectors .

0, elsewhere - 1, MForDD |k

. . . b

where « is the rolloff factor, which takes values in the _ _ )

range 0< « < 1. These pulses are essentially band-limitefgf9- 1- (@) Receiver bit structure for dual-rate DS-CDMA system. (b)
. . _Receiver for dual rate DS-CDMA system in an overlay situation with two

as opposed to rectangular pulses, which have much higB&E of jow-rate users.

spectral leakage. The excess bandwidth can be calculated as

«-100%. For our study, we use = 0.3, which corresponds

to an excess bandwidth of 30%, and we Bgt= 2.57.., . The A. Filter Choices

energy of the pulse,(t) is normalized so that Narrow-band interference suppression for direct-sequence
T4, fspread?spectrum overlay systems is a w_eII—eprored problem
/ (sig(t)2 dt =1, in the literature [20]-[23]. Much of the prior work [20]-[22]
-7, used Wiener-type filters employing tap delay line structures to
g=0,1;, k=1,...,K,. (4) first predict and then subtract out the narrow-band interference.

) N ) ) o . Here, we will consider some interference suppression filters for
Finally, thg additive white Gaussian noise in (1) is denoted ultirate DS-CDMA system, borrowing from the narrow-
by ”Q(t)’ with zero mean and autocorrelation functiit, s) pand interference suppression literature. Simple high- and
= 076(t = s). low-pass filters as well as Wiener filters are considered.

The performance of these filters is numerically evaluated in
[ll. RECEIVER STRUCTURES Section V.

In this dual chip-rate system, users with different rates 1) High- and Low-Pass FiltersThe difference in the
have different bandwidths, and therefore we can exploit tH@ndwidth between users of different rates suggests the use
difference to separate users of different rates. Simple filte?s simple filters, such as high-pass and low-pass filters,
such as low-pass, high-pass and Wiener filters can achidQe separating the high-rate and low-rate users. The cutoff
frequency-based rate separation. Thus, the dual-rate problerigguencies of the filters are related to the rolloff factoand
decomposed into two single rate problems to which we can dpe low-rate chip duratiofl;, as feut-on = (1 + )/T¢,.
ply existing detection schemes with appropriate modifications. The filtering operation introduces intersymbol interference
The proposed receiver system can be described by the bl¢k), which poses a constraint on the length of the filter. To
diagram in Fig. 1(a). We observe that the receiver structdignit the ISI to only adjacent bits, the filter length should be
can easily be extended for a multirate system. We begin I®gs than the bit duration of the high-rate user.
describing the filter choices and then review the single-rate2) Wiener Filter: It has been shown in [24] that suppres-
multiuser receivers, modified to include other-rate interferens®n of multiple access interference in a single-rate DS-CDMA
and filter effects. Due to the linearity of the receiver, it isystem using Wiener filters gives better performance than a
straightforward to calculate the probability of error. In theingle stage of parallel cancellation. In this dual-rate system, to
sequel, new filter structures are explored. detect users of one rate, Wiener filters can be used to suppress
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the multiple access interference due to the users of the otBerPerformance Analysis
rate. If g is the desired group of users, the.n the Wiener equationye first describe the filtered signal and then consider
to suppress other rate users can be written as two single-rate receivers. Lek; ,(#) denote the signature

Hy(f) = agSy(f) —o1 waveforms in (2) filtered by the rate-separation filtég( f).
S agSo(f) + ar M S (f) + Sn(f)’ g=" The filtered waveform can be written as
: 5) -
wherea, = Ef:"l ai 4+ 1S the effective amplitude squared of ?g:ﬂgg’ OTl<St t<STO
all users in rateg (g = 0,1) and Sy(f) = o2, Vf. Due to Skg(t) = j‘:g(t)’ T_< t_< ;T 9)
the assumption of independent data bits and independent chips Skog\t): L= =201

with unit variance, the power spectral density (PSD) of each 0, otherwise

user of ratey is given by the magnitude squared of the Fourigfhere the ISI due to the bits on the left and right are denoted
transform of the pulse shapg(?), i.e., So(f) = [7{py()}?, by 3¢ (¢) and3] (t). respectively. Here, we assume that the
where 7 denotes the Fourier transform operator. The raisshgth of the filter is less than one high-rate bit interal
cosine frequency characteristics for a pulse of infinite lengtthe center portion of the filtered signal is denotedshy (t)

is given as and is essentially the modified spreading waveform of the user,
( T, 1—« which will be used in the single-rate detector. The signal at
5 0sIf]< T the output of the filter for thgth rate over theéth low-rate bit
T. L [ 11—« interval (i.e.,iTy < t < (¢ + 1)Tp) can be written as
g|:1+COS—g<|f|— )},
Sl =4 * 2 Lo (6) e 1
-« <|f|< I+a ?’g(t):Zak?o{ Z §k70(t—iTo—mTo—Tk70)
Tcg - - cg k=1 m=—1
1+«
0. Ifl> . .
L g . bk,O['L + m]
Let the power spectral density be written in terms of i Mol
the Fourier transform of the infinite pulse a&&.(f) = : . :
. - . 2 . 1t — (2 — 1)1
Xee( )X (S). Sincep,(t) has finite duratiorl, + 27, and + kz_l“’wl _zj\;_? Sealt = (0= DT
is set to zero outside this interval, the Fourier transform of B _m_T B W i — 1]
py(t) can be obtained by convolving,.(f) with the Fourier LT Tho LDk L
M-1

transform W(f) of a rectangular window. Thus§,(f) = . .
| X:e(f) * W(f)|?. Note that in this paper, the notatigr)*, + Z Sk (t — iTo —mIy —731)
()T and(-)~! is used to represent conjugate, transpose, and m=0

inverse operations, respectively. O[] + swa(t = (6 + DTo — 71)

If one wishes to have a Wiener filter that is independent of o r _
the amplitude of the users, the corresponding Wiener equation Dt +1] ¢ +0(t) (10)
is given by
S, where 7(t) is the colored Gaussian noise at the output of
Hy(f) = olJ) @ v A(t) p

,(f) and has power spectral density|H,(f)|>. Consid-
ering the low-rate users, the multiple access interference will

Brbitrartly and! sullyield a wed wiener fiter. We have choset® C2used by bibyofi — 1] andh. o[l or positive values of
y y ) rt}1e delaysr;, 0. The ISI from the right is caused By, o[¢ +1].

o = = ay = 1. This fixed filter has an advantage ovef, (1" 1e"oted that there will be no IS dueligo[i — 2],
the Wiener filter in (5) as we do not have to estimate the : :
as we have assumed that the filter length and the delays are

amplitudes of th_e users. Note that this formulation of the ﬂlt?éss thariZy. For the high-rate users, the MAI will be caused
represents a mismatch between the actual system parameter

H M-—1 PO m [, — _
and how the system is modeled to derive the filter. We wi y Bits by [ — 1] andbiy [if, m =0, ..., M —1.The IS|

. . —2r.
see, however, that robust performance is still offered by tHf9™ the left and the right is caused by bit¥',*[i — 1] and

filter design. We refer to this modified filter design as thék.1 [i +1], respectively. Here again we have assumed positive
amplitude independent Wiener filter. Technically, this filter i€€l2yS 7x,1-

aoSo(f) + a1 S1(f) + anSn(f)

not a Wiener filter. 1) Matched Filter: We first consider the conventional
The Wiener equation in (5) can be modified for a multirat@‘atched fllter: This receiver is sn”_n_ply a filter Fhat correlates
system withG different rates as the filtered S|gr_1al with the. qu!fled spreading waveform
of the user of interest. While it is clear that the matched
H,(f) = — agMySy(f) (8) filter is a suboptimal multiuser receiver [1], determination of
~ its performance enables the evaluation of the preprocessing
lz:“lMlSl(f)JrsN(f) filter's ability to suppress out-of-rate interference. Without
=0

loss of generality, let us assume that, = 0. Then, the
where M; = T;/Tp. sampled output of the matched filter for tftd bit of the kth
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low-rate user at the symbol rate= —B, ..., B, is low-rate user can be written ‘as
(i+1)To MF 1 yr,0(b)
yeoli] = / Fo(£)85 ot — iTh) dt ay B = meromeao 2 Q(W (20)
iTy ’ bi,o[i]=1 ’
K
_ 20: Z a;,0870..0b5.0li +m] where y, o(b) is as defined in (12) without the noise term;
o 7 O and the elements df refer to all theb elements in (12). The
i, summation is over all possible combinations of the transmitted
_,_Za, L Z o M+m[ —1] bits b, ,; however; with the desired user’s bi o[¢] as 1.
= v s ot Similarly, the bit decision for theth bit of the kth high rate
M—1 user isbx 1[p] = sgn(yx1[p]). The probability of error for the
+ Z o0 [d] kth high-rate user is
m=0 M—1 Y
MF k, 1
= 21
+ﬁ£40_j1b21[i+1]} + 7 0[4] Py M Z 231s0+41s1 1 ) z[p: Q( . ) (21)
g e » k,1

(12)  wherey;.1(b) is similarly defined from (17).

2) Decorrelating Detector:To consider a more sophisti-
'cated multiuser receiver, we look to the decorrelating detector
ﬁ‘i] We shall focus on the one-shot decorrelating detector
[27]. Without loss of generality, let us assume that user 1

of groupy is the desired user. Effectively, we have di(2-
_y a2 [ - y 1)-user “synchronous” channel with 1Sl and multiple access
kg = g/ |Hy($2)5%, , ()] d€2 (13) interference from users of the other group. Thih rate
= interferers have signature waveforms

where7,(t) is the filtered signal at the output of the filter for
group g and . o[¢] is the zero mean colored Gaussian noi
at the output of the matched filter. If we uQe= 2x f instead
of f, we can write the variance of the noisg ¢[¢] as

where Sg ,(§2) is the Fourier transform of}, (¢). The cross-

9\ E — Ty <t<
correlation functiong;” ‘0.5,0 andp’, ;| are defined as follows Sk () = { g"’g(t + 15 = Tg), gls_et =Ty (22)
To — Skt —Tryg), 0ZtLT,
Prosj0 = / Sko(t)sj0(t —mTo —7j0)dt  (14) St (t) = { ()k’g( 2 else @3)
0 ?
o for k = 2 K
Dre. = Sho0®)3j1(t —miy —751)dt. 15 — & e B
Pr,0:,1 /0 ko(D)3i.( ) (13) A bank of 2K ,— 1 filters matched to the above signature

er’flveforms is formed The output of the matched filters for all

Though the cross-correlations depend on the delays, we
ow-rate users can be written in matrix form as

not include the delays in the notation for ease of readability.

Similarly, the sampled output of the matched filter for the ¥ [i] =
(p = iM + z)th bit of the kth high-rate usefi = —B, ..., =ME©)
B; x=0, ..., M —1) assumingry 1 = 0 is given by

ROOAObo + ROO [1]A0b0 [L + 1]

=+ Z .é()l[m]Alb{w—i—m[i — 1]

(p+1)Ty ~ ~ m=—2
mabl= [ A@se-sTyd @) v
,f)lTl + ZO Ro1[m] A1 bY"[4]
= b; "=
1221 m_zzg “iifegbialp + Roy [M]A;bY[i + 1] + By (24)
all where Ag is a diagonal matrix whose diagonal elements are
+ Z Z @5,001, 13,0050l + ] the amplitudes of the effectivei,— 1 users at ratg (i.e.,
JN ! 77;__1 17 Ag = Diag[aljg 2,5 2,5 A3,g - -+ QK g a;(g,g]) andAg is as
+ e 1] 17 defined before. The cross-correlation matrices are defined as
where 5;3 ., = 0. Note thatp, 72, = 0 for z = 2, . o
M — 1. Here, the cross- correlauons are defined as [Ragli s = / 8i,(t)3;,4(t) dt, 9=0,1 (25)
Ty o Ty 5
Pr i = / 5p1(0)350(t — mTo + 2Ty — 750) dt (18) [Ry1[m]];,; = /0 5i,9(t)31(t —mTy — 7;1) dt,
0
T g=0,1 (26)
Py = / S5 (081 (t = mTy — 71) di. (19) y o }
0 [ROO[]-]]i,j = / Si7o(t)$j70(t —To— Tj70) dt (27)
0

]’he bit decision for theith bit of the kth low-rate user
iS bx,0[¢] = sgn(yx o[é]). The probability of error for the:th 1Q(x) = [2°(1/V27) exp{—(v2/2)} dv.
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where The bit decisions for the:th user of groupg is given by
57 4(1), =1 brglé] = Sgn((XDD(g) [:])x)- Thus, the probabilities of the first
5140t = 5(’;/2)+17g(t), leven,lc [2,2(K,—1)] (28) low-rate and high-rate users are given as
=R
8(l+1/2)7g(t)’ l Odd’l € [3’ 2Kﬂ - 1] 1 (yDD (b))l
. . . DD __ — 0 35
The Gaussian noise vectdiy has zero mean and covariancd’i,0 = SR I, Z — (35)
matrix 32, with by (b1 =1 (Koo Yoo )11
o0 M-1
S & & * 1 1
[Eg]l,J = (0'2/271') [W(HQ(Q)Sl,Q(Q))(HQ(Q)SLQ(Q)) dsl. PBP = M Z W
=0
The vecitorbg is formed as (iDD(l)(b))l
B, =Duoll] baoli =11 buglil bali- 1 I W= 9
. . b,(b)1=1 . . ,
bic,gli =11 brc, o[d]" (29) 1 S

wherey . (b) and gDD(l)(b) are as defined in (33) and
(34), respectively.
e y Bit error probability calculation for the matched filter and
iMF(l)[p] =Ry Ab, + Z Ry1[m]A1b, [p 4+ m] decorrelating detectors is exponentially complex in the number
m=—2,1 of active users as it involves averaging the probability of
1o error over the bits of all the users. A technique that allows
+ > Ruo[m,z]Aobg[i +m]+1; (30) us to rapidly analyze linear multiuser detectors in systems
m=-1 with larger user populations was proposed in [31]. In [31], the
where probability of error was calculated using moment generating
[Rio[m, i functions and contou_r in_tegration. _ _
i) 3) Performance Criterion-Based Filtersit will be ob-
= / 3;1(t)3 0t —mIp — Ty — 7j0)dt  (31) served in Section V that the Wiener and high-pass filters work
0 well for high-rate users, but the introduction of rate-separating
filters worsens the performance for the low-rate users. We
apgrovide the following intuitive explanation. In an effort to
Euppress the MAI due to out-of-rate users, the Wiener filter re-

Similarly, the output of the matched filters for thph bit
of the high-rate users is given by

and all other matrices are defined as before.
In this work, we will consider a single-rate decorrelator th
zero-forces all users of the desired grogipother than the

desired user, but not out-of-rate users. As a result of this, : o . .
the residual MAI from out-of-rate users present after filterin uces the desired user’s signal energy and increases correlation

could be enhanced. Using (24) and (30), the output of tRE1ONG USers at the same rate. Furthermore, as noted earlier,
decorrelating detector is ISI is introduced and the overall noise variance is increased.

Assessment of the causes of poor performance gains for low-

v _ P-1ly
Ypp(e) ~ es Yarr(g) (32) rate users shows that there are five objectives to be considered
The output of the decorrelator for the low-rate and high-ratghen designing filters that would achieve higher performance
users can be expanded as gains: preserving the desired user's energy, reducing the
XDD(O) [i] = Aob, + Ryt correlation between in-rate users, reducing the correlation

between users of different rates, reducing the ISI, and reducing
the filter output noise variance. We will see that all of the
energies and correlations corresponding to these five objectives

: <é00 [1]Aobgli + 1]
are present in the argument of thefunction in (20).

-1

+ Z -é01[m]A1b{w+m[i —1] In the high signal-to-noise ratio (SNR) region, the
s probability of error is dominated by thé€) function with
M—1 the smallest argument. Therefore, considering the high SNR

+ Z Rm[m]A@?’[i] region, one option is to find a filter that minimizes the
m=0 dominant @ function in order to reduce the probability of
y error for the matched filter. Similar cost functions can be

+ Rot [M] A;bY[i + 1] +ﬁ0> (33) derived for the decorrelator. The functions to be optimized

in order to find the filter coefficients are given in [25] and
Yoo P) =Ab, + R [26]. We call the resulting filter th&)-filter.
For brevity, in this paper we only discuss the results and
< Z Rll[m]Albl[p+m] the drawbacks of designing such filters. The filter design
me—21 turns out to be a nonlinear maximization problem for which a

1 closed-form solution is not tractable. Iterative techniques are
+ > Rio[m, ] Aobyli + m]) + Ry'i,.  considered for seeking the desired filter. Our experience indi-

cates that often the algorithm converges to a local maximum.
(34) While performance gains do result over the Wiener filters, the

m=—1
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Fig. 2. (a) Normalized spectra of low-rate and high-rate users. (b) Rate-separatiodffilte). (c) Rate separation filtef; (w).

gains are not significant and come at some computational cds. better to overlay the low-rate users on the high-rate users
Also, it should be noted that whereas the design ofikidter such that after modulation onto the carrier, they utilize more
requires the knowledge of the spreading waveform, the desiginthe high-rate frequency band [28]. Also, by modulating
of the Wiener filter does not. Thus the-filter can be used low-rate users onto different carriers, we can improve their
only at the base station and not at the mobile. performance.

In order to overcome the problem of local maxima, cost There has been research on CDMA overlay situations where
functions that are easier to maximize are considered. Ca€DMA system is overlaid on an existing set of very narrow-
option is to have a cost functionfy(h) in Fig. 10) that band users without adversely affecting either. Typically, these
uses the squares of the correlations as opposed to therrow-band users are not CDMA users but tone jammers or
absolute valuesf(h) in Fig. 10). Lower bit error rates can bemicrowave users, etc. Due to the presence of narrow-band
achieved by weighting the five objectives in the cost functiomsers, a double-sided Wiener filter at each CDMA receiver is
appropriately. For example, reduction of the noise varianeenployed to reject the interference in [22]. The performance of
can be emphasized by using a functifyih), which performs an adaptive least mean square (LMS) filter in cellular CDMA
better than that which usegh) for low values of SNR (shown overlay situations was studied in [23]. It is shown that the per-
in Fig. 10). formance of the adaptive LMS filter is not significantly worse

than the performance of a Wiener filter, assuming that the LMS
IV. OVERLAY SYSTEMS filter has had sufficient time to converge. Since past research

The dual-rate system considered in Section Il has sign&ilgs shown that the use of suppression filters improves the
with spectrally raised cosine pulse shapes whose spectra pgegformance of the CDMA receiver in such overlay situations,
as shown in Fig. 2. It can be seen that the spectra of thve will study the performance of such filters in a situation
high-rate and low-rate users are centered around the samfere sets of narrow-band CDMA users (versus narrow-band
frequency and have limited power fdw| > 0.6x. Also, interference) are overlaid on a set of wide-band CDMA users.
since the bandwidth of the low-rate users is small compared )
to the high-rate bandwidth, the high-rate users do not haffe Analysis
interference from the low-rate users for a large fraction of We will analyze the performance of the rate-separation
their bandwidth. This results in inefficient utilization of thefilters for this system. In the overlay system, the high-rate
frequency band allocated for the CDMA system. Hence, it maysers’ signals are the same as in Section Ill. Butsets
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of low-rate users are modulated using carrier frequenciBs Design of High-Rate Chip Pulse

Jes -5 Je, . Since the signals in our system are real, We i1 \jjl he observed in Section V that the performance of
hav_e conS|dered_ double sideband amplitude modulation. The set of low-rate users having a higher carrier frequency
carrier frequencies are chosen such that theets of low- a4 ¢lose to the single-user bound, while that of the low-rate
rate users are equally spaced over the high-rate bandwidthy,df s modulated on to a lower carrier frequency was poor. The
the high-rate users are also modulated, ties [M], else jtference in performance is due to the PSD of the high-rate
L < [M/2]. The signature waveforms of the low-rate User§sers' being concentrated at low frequencies. As a result of
are modified as this, one set of low-rate users suffer from strong out-of-rate
0 interference while the other has less out-of-rate interference.
sp.0(t) = sko(t)cos(2rfe,t);  1=1,...,L  (37) Therefore, we next explore the design of high-rate chip pulse
shape such that both sets of low-rate users experience low

where f.. > f.,, j>1, and s o(t) is defined in (2). The out-of-rate interference. Honig and Roy have considered the

superscripts refer to thih set of low-rate users. Therefore problem of optimizing the transmitter pulse shaping filters for

the spectra of the low-rate users become each user assuming different symbol rates [7]. They assumed
the minimum mean squared error performance criteria and

Sél)(f) =L1So(f = fu) + So(f + f)l, derived necessary conditions for opnmahty. However, they

-1 L (38) placed no constraints on the resulting ISI. There have been

other papers on design of pulse shape for MSK-type signals
) ] _ ) ) [29] and partial response signalling systems [30]. The design
whereSo(f) is defined in Section Ill-A2. The receiver StruCyiteria vary according to the system under consideration.
ture proposed in Section Ill can be easily extended for thifowever, in general, the bandwidth occupied by the pulse,
overlay system, as shown in Fig. 1(b). The receiver will noyhe puise duration and the ISI introduced by the pulse are
have L + 1 rate-separating filters, one for the high-rate usefgajor concerns. For our system, one option is to find a pulse
and L for the L sets of low-rate users. For this system, thgnane that minimizes the correlation between the PSD’s of the
high- and low-pass filters can no longer be used as filtgfyj_rate users and the PSD’s of thesets of low-rate users.
choices but bandpass filters can be used. The Wiener filtg{Syqgition to this, we would like the high-rate chip pulse to
can also be used with appropriate modification. The Wiengg essentially band-limited. In other words, the high-rate chip

equation in (5) is modified as pulsep; (t) is designed such that the following expression is
) ) minimized:
H{(f) = e % - o
S a5 (1) + arMSL(F) + S () / SSHSu) df + / SUNSUSYdf + -+
=1 = o
n=1,...,L (39) +/ S(()L)(f)gl(f)df-l-)\/ | X1 ()P df
Hi(f) = _ ar M S1(f) (40) —o0 (1+a)/Tey 43)

> "al?SO() + arMSy(f) + Sn (/)
=1
where Sél)(f) is defined in Section llI-A2,l = 1, ...,
(D . . L. The power spectrum and the Fourier transform of the
whereal’ = 5.0 (a{)? anda, = £ 42 |. The ampli- - . > :
tudes and the number of low-rate users oflsate denoted by pulse 5, (¢) are denoted bysy(f) and Xl.(f)’ respectlvely.
The performance of the proposed receiver structure will be

U] 0 i ; i
a;,, and K, respectively. The equations for the amplltudernvestigated for this pulse. The Wiener equations are same

independent Wiener filter are given by as in (39)—(42), however withs,(f) replaced byS:(f).
() The performance analysis is similar to Section IlI-B assuming
Hén)(f) _ Se (f) 'that the intersymbol intgrference is less than a high—rgte bit
@ o) interval. A high-rate chip pulse of length; = 1.257; is
> g’ S5 (f) + arSi(f) + anSn(f) designed using\ = 1. The spectra are shown in Fig. 14. It
=1 is clear that the design specification dramatically reduces the
n=1...,L (41) correlation between users of different rates. Furthermore, the
_ S1(f) resulting spectrum is reminiscent of multicarrier DS-CDMA
Hi(f)=—~ . (42) 9 S !
W o tr.ansm|§s.s|_on [32], [33]. The narrow-band interference suppres-
Z% So () +arS1(f) + anSn(f) sion abilities of multicarrier systems have been explored in
=1 [32] and [33]. The resulting spectra indicate that the use of
a multicarrier DS-CDMA system as an implementation for
We have chosea((f) =ay =ay=1;1=1,..., L Since a multirate CDMA system merits further investigation and

this system fits in the framework of Section Ill, no additionainay be the implementation of choice to achieve moderate
analysis is needed and the results of Section 1l1I-B can be usedmplexity.
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V. NUMERICAL RESULTS 10°

In this section, the performance of the single-rate receivers #r—rg—_
with filtering will be compared to that without any filtering.
The performance will also be compared to the single-useﬁo‘2
bound, which gives the optimal performance. Let us consider
an asynchronous CDMA system, which supports fourtegn \
users wherd{, = 7 and K; = 7 with rate ratioM = 4. The 3%
processing gain for all the users 6 = 63. The performance =

of the low- and high-rate users is studied for particular sets 8f " WD o e
delays of the users, which are chosen randomly. Gold cogg¥ | # MF — w/ WF or HPF
are used as signature sequences. @ | DR oW
For our analysis, the signal is sampled at a frequency four ~ -~ ME - w/ WE indep. of amp.
times that of the fundamental frequency of the high-rate users'® [ | - - DD - w/ WF indep. of amp.
| —&— Single user bound

i.e., fs = 4/T.,. Since the rate ratio is four, the sampling
frequency is 16 times that of the fundamental frequency of , \
the low-rate signalf; = 16/7,,. The sampled signals have 0 2 4 6 8 10 12 14 16 18
periodic spectraS,(w), shown in Fig. 2. The normalized SNRin dB for 1st high rate user

frequency of 1 in Fig. 2 corresponds fo/2. Since the analog Fig. 3. High-rate user performance as a function of SKR.= 7, K =
signal is essentially band-limited and sampled above the: = 1. ako =4 M = 4.

=1

Nyquist rate, the aliasing errors due to sampling are negligible. , , . P SR T

Four scenarios are considered: single-carrier systégter o'k Lo B " |

designs, overlay systems, and overlay systems with high-rate .

pulse shaping. . 5 -
._10 b x /7/;,;/; /*/f,gf

A. Single-Carrier Systems g : oTx /;MJ
3 -3 - v

High- and low-pass finite impulse response (FIR) digita\g10 2 e ’ ]

filters are designed using the Kaiser window with= 5. The £ e = wie Fiter

Wiener filters and the amplitude-independent Wiener fiItec§10’4 DD - w/o Filter L

are found using (5) and (7), respectively. The Wiener filtegs . D e

are implemented as linear-phase, FIR filters that are the b&stys| MF — w/ HPF 1

least squares approximation to the desired frequency response VAN dep. of amp.

H,(f) for a given filter length. The discrete-time frequency - DD - w/ WF indep. of amp.

responses of the filters used for rate separation are shown T Single User bound 5

Fig. 2. ; ; : ; : ; ‘

Fig. 3 shows the bit error probability (BEP) for the first ¢ 2 4 6 8 10 12 14 16 18
high-rate user as a function of SNRThe amplitudes of Kok
the high-rate users are fixed at one and those of the low-rhj@ 4. _High-rate user performance as a function of near—far réfjo= 7,
users are fixed at four. The performance of the receiv[e‘rl = T SNR=14.dB M= 4.

with the Wiener filter and with a high-pass filter is shown a1 interference. It can be observed that the overall gain for
The filter lengths have been chosen to be 2B.25as the e Wwiener filter is less than that of the amplitude-independent
performance did not improve for larger values of filter lengthpjiener filter for SNR’s ranging from O to 14 dB. A whitening

With the high-pass filter, the performance of the receivgfior yas also analyzed and it was found to have a performance
for various cutoff frequencies was observed, and it W3$rse than the Wiener filter.

found that a cutoff of 0.12765 yielded the best result. The Fig. 4 shows the BEP of the high-rate user as a function of

chosen cutoff is also in accordance with the cutoff frequengy, amplitude ratio with the SNR fixed at 14 dB. When the
given in Sec?ion [1-Al. Th_is cutoff frequency is Sp?Ciﬁcinterference due to the low-rate users is 16w, o /az 1 < 2),
for a rate ratio of four. It is clear that the Suppression Ghe receiver without any filter performs better than those
interference due to the low-rate users’ using filters improvgg, amplitude-independent filters. This is due to the fact
the performance for the high-rate user. _that the overall gain due to filtering is less than unity in
It was found that the filters reduce the energy of the desirggq region. Here, we can see that the amplitude-dependent
user, increase the in-rate correlation and the variance of fganer filter performs better than the amplitude-independent
noise, in an effort to suppress the MAI due to other rafgiq g except Over a range < ax.o/ax1 <5, as it is able
users. Therefore, the overall gain due to filtering is the gain jg adapt to changes in the near—far ratio. Also. since the

reducing the out-of-rate interference over the loss in increasigg.orrelator zero-forces only the same rate interferers, the
the other interference terms, such as ISI, additive noise, a(‘f@correlator is near—far limited '

2The SNR in dB is calculated ad)log,,(1/0?) since the amplitude of Th? performance OT the 'high'rate user is studied as a
the desired user is fixed at 1. function of the rate ratia/ with Ko = 2 and Ky = 2. The
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Fig. 5. High-rate user performance as a function of rate raflie. = 2,  Fig. 6. Low-rate user performance as a function of near—far réfip= 7,
K1 =2 apy =1,a,0 =4, SNR= 14 dB. Ki =7, SNR= 14 dB; M = 4.

amplitudes are chosen to be one for the high-rate users and . ' . , . .
four for the low-rate users. The SNR is 14 dB. As the rate ratio )
is increased, the range of frequencies for which the high-raté® ¢
and low-rate spectra overlap decreases. This causes the BEP &
of both receivers with and without filter to decrease and irsmfa’
shown in Fig. 5. Looking at the time domain, as the rate ratig
increases, the energy of a low-rate user in a high-rate interv%l
decreases due to the normalization of the signature waveforrfigo™:

This gives an alternate interpretation for the decrease in the D e Eher

BEP with increase in rate ratio. It can be observed that the BEP 5| —o— MF - w/ WF |
curve of the receiver without filtering is not smooth. This i R W dep. of amp

due to the variation in the cross-correlation values of the high- - - DD - w/ LPF or WF indep. of amp.

rate user for different subintervals of a low-rate user, as theig®. —— Single user bound

rate ratio is varied. Since the rate-separation filter significantly
reduces the low-rate interference, the BEP curve for receivers

L ' 1 L L

that use Wiener or high-pass filters is smooth. As expected, the » a 6 8 10 12 14 16
BEP of the high-rate user increased as the number of users in Rate ratio, M
each rate was increased. Fig. 7. Low-rate user performance as a function of rate rafig. = 2,

For the high-rate users, the inclusion of a rate-separatiém = 2; @0 = 1, ax,1 = 2; SNR= 14 dB.
filter at the front end of a matched filter or a decorrelator im-
proves the performance significantly. Therefore, the proposefd rate ratio has pathological behavior. This behavior can
receiver can be used at both the base station and the mobiledoattributed to the change in the cross-correlation values.
improve the performance of detecting high-rate users, howeworeover, the energy of a high-rate user in a low-rate interval
with a slight increase in complexity. increases linearly with/. This causes an overall increase in

The performance of the low-rate users is presented in FigsBEP as the rate ratio increases.
and 7. The low-rate filter lengths have been chosen to beln order to show that the proposed receiver can be extended
25.287., and the cutoff frequency for the low-pass filteto a multirate system, we will consider a system with three
was chosen as 0.1251t was observed that the performancalifferent rates. The number of users in each rate is chosen
of the receiver with this filter is almost the same as tha&b be four, and the rate ratios are fixed &% = 4 and
without any filter, and sometimes even worse. This is dud, = 16 (M, = 1). The spectra of users of different rates
to the high interference caused by the high-rate users ov®rshown in Fig. 8. The performance of the highest and the
the entire band of the low-rate spectrum. Therefore, the filtkiwest rate users are found to be similar to that of the high-
is unable to suppress the interference due to other-rate userd low-rate users of the dual-rate system. The performance
while introducing ISI and increasing the variance of the noisef users of medium rate is shown in Fig. 9. The performance
Moreover, since the high-rate spectrum is almost flat ovef the medium-rate user lies in between that of the highest
the low-rate band, it is close to white noise, in which casend the lowest rate users. Also, it can be observed that the
the single-rate decorrelator would perform the best. It can bete-separation filters improve performance in the case of the
observed that the BEP of the low-rate users as a functioredium-rate user. Thus we can conclude that rate-separation
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Fig. 9. Medium rate users’ performance as a function of SRR. = 4, ) ) ) o
Ki=4,Ko=4 a1 =1,ap0=aps =2, M1 =4, My = 16. Fig. 11. Spectra of low-rate and high-rate users in a CDMA overlay situation
’ ' . B for M = 5 andL = 2.

will improve performance of the higher rate users, while th

lower rate users could suffer. BEP is higher than wittf (h) for SNR> 16 dB. TheQ-filters

thus can provide some improvement for low-rate users, but

B. Q-Filters this improvement is not always significant.

The performance of the receiver withGxfilter design as ¢ Qverlay Systems

discussed in Section IlI-B3 is presented for a synchronousW ¢ ider th ‘ f th _ ¢
dual-rate CDMA system withi, = 2 and K; = 2 with e next consider the performance of the receiver for an

rate ratioM = 4. It is observed that the performance of th synchronous system with seven users per rate as before,

receiver with the@-filter is slightly better than that with the ut now the seven low-rate users are separatgd Into tvyo
Wiener filter for high values of SNR. The performance of thgets. Four Igw-rat(% users are modulated onto a higher carrier
Q-filter for the low-rate users is shown in Fig. 10. As the fr?guency (ile.Ky " = 4) such that they have a spectrum
filter with f(%) is designed to reduce the BEP for high value$o '(w) as shown in Fig. 11. The other three low-rate users
of SNR, we can see that its performance is better than ottse modulated onto a lower carrier frequerfégs” = 3) and
rate-separation filters for SNR 13 dB. Though the function have a spectrunSéQ)(w). The rate ratio considered for this
fi(h) is easier to maximize, its performance is worse wheanalysis is five. Fig. 12 shows the performance of a high-rate
compared to using’(h) or f2(h) but is still better than the user as a function of SNR. The performance of the receiver
Wiener filter. Finally, the weighting of the noise variance ithat uses a rate-separation filter shows that it is better than
f2(h) helps to reduce the BEP for low values of SNR, but thesing just a single-rate detector. However, since the high-rate
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users now experience interference from the low-rate users over

their entire bandwidth, the performance of the high-rate usétsers as a function of SNR. The amplitude of the high-rate

is worse when compared to that in the original system shownusers is fixed at one and that of the low-rate users at four. It can
Fig. 3. The performance of a low-rate user with higher carrié»e noted that the receiver with a rate-separation filter followed
frequency is shown in Fig. 13. It can be seen that the BER a decorrelating detector performs better than a receiver
of the low-rate user is closer to the single-user bound wheiith only a decorrelator. The high-rate chip pulse is designed
compared to the original system, as there is less high-ratgch that the correlation with out-of-rate users is minimized.

interference. The receiver with a Wiener filter performs betteéfowever, this increases the in-rate correlation. It can be seen
than that without any rate-separation filter. The performanggat the rate-separation filter followed by a matched filter

of a low-rate user with lower carrier frequency is poor due tgerforms the worst. The performance of the first low-rate user
the strong out-of-rate interference. It is clear that by reducing set 1 (shown in Fig. 16) is close to the single-user bound,
interference, an overlay system can aid in improving the BER there is negligible interference from the high-rate users.

for low-rate users. Since there is negligible out-of-rate interference, there is only
) _ _ slight improvement in performance by using rate-separation
D. Overlay Systems with High-Rate Pulse Shaping filters. The amplitude-dependent Wiener filter worsens the

A high-rate chip pulse of lengti; = 1.25T,, is designed performance by reducing the desired user's energy. Finally,
using A = 1. Fig. 15 shows the performance of the high-ratthe BEP for the first low-rate user of set 2 is shown as a
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10° , , . proved performance in the detection of high-data-rate users
when compared to single-rate detectors, which are matched
41 only to the rate of interest. Such single-rate matched filters

or decorrelators ignore the out-of-rate users. However, per-

1 formance improvement for low-rate users was modest at best
when compared to the single-rate detectors, as separation by
rate does not afford any significant suppression of interference
power.

Performance gain was observed for the low-rate users when
criterion-based filters (§-filters) were employed. However
such filters were of higher complexity to calculate, requiring
nonlinear maximization, and required complete spreading code
information; this limits their practical use at the mobile.
Furthermore, optimization of the designs was difficult due to

convergence to local maxima.
0 2 2 5 8 0 12 14 16 18 To improve bandwidth efficiency and to potentially improve
SNR in dB for 1st low rate user of set 1 performance of the low-rate users, an overlay scenario was
Fig. 16. Performance of a low-rate user with higher carrier frequency adfvestigated. The performance gains afforded the low-rate
function of SNR.K" = 4, K = 3, Ky = 7; af}) = 1,{?) = 2, users were not uniform due to the fact that the high-rate

o MF - w/o Filter
1076, *- DD — w/o Filter
—— MF - w/ WF
—— DD -w/WF
107H - - MF - w/ WF indep. of amp.
- - DD - w/ WF indep. of amp.
—~— 8ingle user bound

BER of low rate user 1 of set 1

a1 = 2, M = 5. interference power was not uniformly distributed across the
bandwidth of interest. A further system modification was
10° 1 , . implemented, using pulse shaping of the high-rate users’ chip

pulses to equalize the performance of the low-rate users.

. The feasibility and strong performance of a moderate-
complexity, multirate system employing frequency-based rate

3 separation, overlay ideas, and pulse shaping has been shown.
Both high- and low-rate users can achieve good probabilities of
error. The rate-separating filters of interest were of Wiener type
and were independent of the exact realizations of spreading
codes; thus these filters can be employed at either the base
station or the mobile. Finally, it should be noted that as the
bandwidth of the users will remain the same in a multipath
channel, the proposed rate-separation technique can be applied
to multipath channels in conjunction with the appropriate
multipath multiuser detector.

5 MF - w/o Filter
1076, *- DD — w/o Filter
—o— MF - w/ WF
—— DD -w/WF
107H - - MF - w/ WF indep. of amp.
- - DD - w/ WF indep. of amp.
—~— Single user bound

BER of low rate user 1 of set 2

0 2 4 6 8 10 12 14 16 18
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