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MCI Cancellation for Multicode Wideband CDMA
Systems

Jun Chen, Jiangzhou Wangenior Member, IEEEand Mamoru Sawahasivember, IEEE

Abstract—Multicode code division multiple access (CDMA) precoding [9] and predistortion [10], [11]. However, a conve-
is a new transmission scheme for flexible and high-speed data nient method is to use complex spreading, which can effectively
communications. The basic idea of multicode CDMA is to assign suppress the envelope variation without introducing extra cir-

multiple channelization codes to any given user. If these channel it | in inf i te 1121, In thi |
codes are orthogonal, the self-interference among them can pe CUIS Or 0SS In Information rate [12]. In this paper, complex

eliminated in an additive white Gaussian noise (AWGN) channel. Spreading is adopted with the development of a unique repre-
However, in a multipath environment, these intrauser signals from sentation of the complex signal. Another problem of multicode
different delay paths no longer maintain orthogonality and, thus, s the self-interference caused by the different delays of the in-
cause interference, i.e., multicode interference (MCI), to each w4 ser signal in a multipath environment. These intrauser multi-
other. In high-speed data networks, where the number of users is . . L .
much less than in the voice networks, the MCI may represent a code signals have certa!n characteristics: synchronous, sufferlng
large portion of the total interference and has great impact on the the same fading for a given path and the channel codes associ-
system performance. In this paper, a complex spreading multicode ated with the reference user are known in both downlink and
wideband CDMA receiver with RAKE structure and multistage  yplink. These features may be exploited to improve the receiver
MCI cancellation is studied. By pilot aided channel estimation, performance. That is, certain multicode detection techniques

the MCI associated with the reference user is regenerated and b | dt hi bett f
subtracted from the received signal by a cancellation factor of. may be eémployed 1o achieve betler periormance.

A complete and consolidated theoretical analysis is presented to  Interference cancellation (IC) is to attempt the removal of
S#OV'\\;lgrat the ITVSIGmTFrJ]erformanlce is S||?n[f|ca](r1tly Impror:/e’ocl Ey the multiuser interference from each user’s received signal be-
the cancellation. The optimal cancellation factor in the kt . . . ; .

) . . fore making final data decisions. IC has been vastly investi-
stage is approximated by)\‘(,';;t <1 —2P%*=1) where P{*~1) is g y

the error probability of the (k_— 1)th stage. The optimal value gated [13]-[16]. The application of IC in multicode CDMA

of each stage can be chosen from 0.5 to 0.85 for a wide range ofl@s also been suggested in some publications [17]-[21]. How-
signal to noise ratios. ever, the following issues are not sufficiently addressed. First,

Index Terms—Channel estimation, complex spreading, interfer- iN most publications, the system performance is examined by
ence cancellation, multicode code division multiple access, RAKE simulations rather than analysis, thus, more insightful study is
receiver. necessary. Second, the signal with very large bandwidth in the
next generation communication system shall confront with a
large number of multipaths. Most publications assume that the
number of RAKE receiver fingers is equal to the number of re-
M ULTICODE code division multiple access (CDMA) hassglvaple paths, and full cancellation is achieved. However, in

been introduced as a new transmission scheme for highy practical system, the number of RAKE fingers is limited and
speed and flexible data rate communications over wireless ch@gnnot be chosen arbitrarily. That is, the multipath interference
nels [1]-[3]. The basic idea of multicode CDMA is to split th&annot be completely cancelled. Third, IC requires the knowl-
user data into a number of streams and use parallel orthog e of channel parameters, e.g., amplitudes and phases. How-
channel codes to modulate. As described in the 3G standardg@y, the channel estimation using pilot symbols or data symbols
wideband CDMA (W-CDMA) uplink physical layer, togethersyffers a lot from the multipath and multiaccess interference and
with the orthogonal variable spreading factor (OVSF) methogannot be accurately obtained, which may greatly degrade the
multicode CDMA can provide data service up to the rate @fstem performance. Fourth, since the tentative data decision for
2 Mbps [3]. The performance of multicode CDMA system hagc| regeneration may be not completely reliable, thus, it will be
been addressed in several papers [4]-[8]. useful to use partial cancellation to mitigate the negative effects

The introduction of multicode causes several problems. OBgincorrect decisions. [14], [15] studied the effect of partial can-
is the high envelope variation, which results from a linear sugg|jation by experiments and simulations. In this paper, the op-
of signals over multicode channels. There have been a nUMBgra| partial MCI cancellation is analytically investigated and a
of methods proposed to combat such envelope fluctuation, egytistage receiver with RAKE structure is presented. A con-

solidated theoretical analysis is given for system performance
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Fig. 1. Transmitter block diagram of the multicode CDMA system.

to utilize MCI cancellation in mobile stations as well. Tharansmit high-speed data or may use a single code to transmit
uplink transmission model is used in this paper. Howeverice and low-speed data. Here, only one multicode user is as-
the analysis and results can be applied to the downlink trarssimed. Fig. 1 shows the transmitter block diagram of the mul-
mission as well. ticode user, wheré + 1 denotes the number of code-channels.
Since multicode is only used for high-speed data transmNete that one code (i.e., zeroeth code) with a large SF is for pilot
sion with high transmit power, the number of active users suphannel, whereas othércodes with small SF are for data chan-
ported by the system is small. For instance, in 3GPP [3], wheerls. The ratiog, is defined as the power ratio of pilot channel
the number of data channels is six with a spreading factor (3B)one data channel. The user data is first split ibtparallel
of four in each code, only the multicode user is permitted f@treams, i.e., serial to parallel conversion, then all streams are
transmission in the whole system. That is, the number of actirwultiplied by corresponding orthogonal codes. This is so called
users in the system is one. Therefore, for simple analysis, oty spreading or channelization process and the data symbols are
one user (i.e., the multicode user) is considered. However, evmnsformed into chip streams. The streams are divided into two
if there are other interfering users in the system, they can be sgpsups. In one group, the data streams, together with the pilot
pressed by other methods, such as antenna arrays [22]. channel, are added to form tligbranch data (imaginary part
This paper is organized as follows. In Section Il, the mubf the spreading data), whereas data streams in another group
ticode CDMA system model is presented, which includes tlage added to form thé-branch data (real part of the spreading
transmitter diagram, a multipath channel model and detailed dita). It is worth noting that any pair of data channels on the
scriptions of the receiver structure. The analysis of the MCl cah-and @ branches may use the same channel code, as speci-
cellation receiver is given in Section I, including the decisiofied in the standard of W-CDMA uplink physical layer of 3GPP
statistics with and without MCI cancellation. The system perfof3], and thel- and)-data are distinguished by the following
mance is given in Section IV by means of bit-error rate (BERJomplex scrambling code. However, in this paper, allithend
and numerical results are discussed in Section V. Finally, cai-channels use different codes. But the system performance and
clusions are drawn in Section VI. models are identical for both cases.
_Thel and@ branches are treated as complex spreading data
D(n) and multiplied by a complex scrambling sequefitén),
Il. MuLTICODE CDMA SYSTEM MODELS which consists of two binary sequences, i@&,(n) = +1+j.
Note that hereinafter, the symbol" is used to denote a com-
plex variable. After scrambling, the resultant complex signal is
Consider the uplink of a single-cell multicode CDMA systenmpassed through the pulse-shaping filter with impulse response,
In a general case, any user in the system may use multicodé(6), and then multiplied with a complex carriefE[j(wot +

A. Transmitter Diagram
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)], whereE is chip energyw is angle frequency andis car- where m, = (Q2/(E{(cf — ©,)?})) and ['(z) =

rier phase. The real part of the modulated signal is trr:m:smitt%iO t*~le~tdt is the Gamma function. Furthermore, if

and given by the Nakagami distribution in each path is such that the ratio
S(t) = Re{S(t)} (m,/€Qy,) is the same for all paths, it can be shown that

oo ¢ = 211;—01 a2 has the gamma pdf [23]
:Re{\/i > D(n)-Ci(n)

n=—oo

B E mr CmTfl y _E
-h(t—nTc)-exp[j(wot-i-(/))]} 1) PO = <QT> T(mz) P< Oy C>, (>0 (6)

whereRe{-} stands for real part and(n) is the complex \yhere Q; = Z;}’;Ol Q, = 25:01 E{a2} and my =
spreading data, of the form EP—I m
~ p=0 P
D)= > d(m)Ci(n)+j > d(m)Ci(n),
=1,3,5,... 1=0,2,4,... C. Receiver Structure

0<I<L (2 The receiver actually consists of several stages with similar
where d;(m) is the data sequence ilth subchannel with structure. The overall structure is shown in Fig. 2, and the de-
do(m) = /g anddy(m) = 1 for i # 0, andm = |n/N], tailed block diagram of each stage is shown in Fig. 3. The basic
where| - | stands for the integer part aid is the SF,C;(n) idea is to make tentative decisions of the data symbols in the
is the orthogonal channel code ftih channel. Note that the first stage using the conventional RAKE receiver. The tentative
pilot channel has a large SF = N, while data channels take decisions are used to reconstruct MCl that to be canceled in the

a small SEN = N;. second stage, and secondary decisions are used in third stage
to further cancel the interference, and so forth. Note that the
B. Channel Model front-end circuit (before sampling) is shared for all stages. As in

One of the basic features of the next-generation mobile cofifY digital processing systems, the received signal is first down-
munication system is the occupation of large bandwidth. Wh .@nverted to.baseband, then p{:\ssed thrqugh a pulse-'matchmg
such a signal with large bandwidth is transmitted over wirele er, whose impulse response 1S the conjuggte of the impulse
channels, it is very likely to demonstrate the characteristic of §SPONse of the transm|tte_r filter. The output is sampled at the
large number of multipaths, especially in urban environment. 'P ratel/rc, and these signal samples are fed to every stage

q;rrespondlngly.

general multipath channel model is the tapped delay line mod® . . . .
with the complex low-pass equivalent impulse response that caan all stages, a user-dedicated pilot channel is used to facilitate

be written as coherent reception. Descrambled samples are multiplied by a
1 known pilot channel code;Co(n — n,.), and summed over
hen(t) = Z ap(t)8[t — Tp(t)]eje,,(t) A3) N chips to obtain an unbiased channel estimate. This estimate

is noisy due to the multipath interference and a low-pass filter

p=0
. . LPF) is utilized to reduce the noise. In order to track the fading
>
whereP(P > 1)is the number of resolvable propagation path‘%’/'ariation effectively, the cutoff frequency of the filter should be

38 (1) ' A
ap(t?e andn, (f) are the complex fadmg_ factor and prop much larger than the maximum Doppler frequenfyof the
agation delay, respectively, of thgh path. It is assumed that . . o

; . . . reless channel. In this study,\g,-tap finite impulse response
all paths are independent. That is, all random variables in R) filter is adopted to suppress the noise with assumotion
are independent fgr. An exponential multipath intensity pro- ) o ! P upp ISe Wi umpti
: : : _ 2 _ps . (1/NoNpT.) > fa.
file (MIP) is assumed, i.eQ, = Fia,} = ¢, wheres is In the first stage (without MCI cancellation), the sampled
the rate of exponential decay of the path energy. g ’ P

. . . signal, @,.(n), is first descrambled by multiplying conjugate
Therefore, the received signal is of the form of the scrambling cod€* (n — n,.), then fed into a bank of

= 5 ; RAKE processing units. There a® multipath components
o, (t
R(t) = n(t) + Re { Z ap(®)S[t — ()]’ o )} ) in the received signal, however, only the stronge@giaths are
_ p=0 - _ _ _processed, i.e., the number of RAKE fingersiiéR < P).
wheren(t) is the background additive white Gaussian noisg, eszch RAKE finger, the descrambled samples are multi-
(AWGN) with double-side power spectrum densigy/2. plied by individual channel code—;)+1C;(n — n,.), where

Note thatw,,(t) can be Rayleigh, Rician, or Nakagami disH—1 — (I + 1)mod2, then integrated and dumped (I&D).
tributed, depending on a specific channel modeglt) is as-

After that, the outputs of all data channels are multiplied by

sumed to be Nakagami in this paper, because the Nakag@f conjugate of corresponding channel estimate from pilot

distribution is more versatile and more adequate to descrigﬁnbols to complete coherent demodulation and maximum
different fading situations. Accordingly,

. ons. the probability densityayiq combining. Each finger producésoutputs and all outputs
function (pdf) of{c, } is given by of R fingers are added correspondingly to fondecision
mp ™ ot mp statistics for thel, parallel data symbols.
play) =2 <Q—> T(m,) P <_Q_%> » G In the second stage\®) # 0), the MCl is first reconstructed

g g g (5) for each RAKE finger, using previous data decisions and
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Fig. 2. The overall structure of the multistage MCI cancellation receiver.

channel estimates. For each data channel, the total number of [ll. ANALYSIS OF MCI CANCELLATION

interference terms should b&+1) P —1. However, since those

multicode signals that arrive at the same path are orthogopal Decision Statistic in First Stage (Without MCI Cancellation)
and do not cause interference, ofly+ 1)(P — 1) terms of in-

terference need to be eliminated. Due to implementation limitsAssuming that acquisition and synchronization have been ac-
of RAKE receiver, only the parameters Bfstrongest paths are complished for the reference path, the path delayr, () is
estimated, so that onlfZ, + 1)(R — 1) terms of interference known, so thatitis able to pick up the strong&ispaths. There-
components could be regenerated and cancelled. The detdif¥@, the local spreading codes in tté finger are aligned with
block diagram of the interference regenerator-ih finger is therth path of the received signal. In Fig. 3, the sampled output
shown in Fig. 4, wherc{dgk_l)(m) _ dgl)(m),l =1,...,L} of the pulse-matching filter for theth finger is given by

are the tentative decisions from the first stage. These tenta- (n4+1) Tt (n)

tive data decisions{dgl)(m)} and scaled channel estimates«,.(n) :/ R(t) exp(—jwot)

(35" (m)/(2,/gN,)} are multiplied by channel codes and Letri(n)
scrambling sequences with different delay. Finally, a weighting X W' [nTe + m(n) — t] dt
factor \(*), shown in Fig. 3, is introduced to control the weight B )
of interference being removed. Because when the interference = n)+ ) 5@%(”)}37"[%(”)]6@“ p(n)]
estimate is poor, e.g., the signal-to-noise ratio (SNR) is low, . p=0
it is preferable not to cancel the entire amount of estimated “D(n —mnyp) - Cs(n —ny)
interference but to remove only a part of the interference. After Py . . .
subtraction, the resultant signal is processed as in the firststage = () + > Qﬁﬁp(”) - D(n —np) - Cs(n —ny)
and secondary decisions are made. p=0

Notice that in multipath environment, the path delay spread ()

may be larger than one data symbol duration. Since the MCI |
regenerated on chip level, the tentative data in the MCI regengr- hereafter, and/(n) = 7(n)modTs,n _
ation units may be the current one, or the previous one, or evgn / ; N — " PSRN
a few bits ahead. This operation is enabled by the fact that t eﬁg ;ndﬁ (( ))]ifég ’tgéﬁ)orrls the sampled noise compo
multipath delay can be measured and tracked in system. An ex

\Where for the sake of simple notatiomZ,. is replaced

ample of the time relation between the data bits in a multipath Bp(n) = ap(n) R[5 (n)] expliep(n)] 8)
channel is shown in Fig. 5.
In order to obtain acceptable performance, more stages withere¢,(n) = ¢ + 6,(n) — wer,(n) is the overall carrier

MCI cancellation are necessary. The operations okthestages phase oﬁsetfp( n) is the chip timing error given by,(n) =
are like that of the second stage. p(n) — 7.(n) — n,T.. R,(7T) represents the effect of timing
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Fig. 3. The detailed block diagram of tith stage.

error 7 on the sampled output. If the impulse response of thiansform function of pulse-shaping filter, and = (2/3) for
shaping filter is limited to ond’. interval, then we have [12] rectangle pulse shaping filteE}{exp®[j¢,(n)]} is defined as

oo E{cos? p,(n)} + jE{sin® p,(n)} = (1/2) + 5(1/2). Notice
Ry(T)= / that the complex variables used in this paper are for the purpose
- of avoiding ponderous notations. In most cases, the real and
whereH ( f) is the frequency response of the pulse shaping filtémaginary parts are corresponding to thand@ components
It is assumed that for different pagh the fading amplitudes in processing. Hence, in mathematical operations, the real and
a,(n) are independent, chip timing errorg(n) are indepen- imaginary parts will be dealt individually.
dent identically distributed (i.i.d.) random variables uniformly The output of the 1&D correlator in the data brari¢h> 1)
distributed ove0, 1:.] except for7.(n) = 0, carrier phase off- of the fingerr at the first stage is
setsyp,(n) are i.i.d random variables uniform ovr, 27]. Ac-
cordingly,3,(n) in (8) can be modeled as a zero mean variable

|H(f)|? cos(2 f7) df ©)

X h (m+1)Ny
with variance - - e Ny
. » Bim)y= 3 a(n) Cln=np) (=) T Ciln = n)
var{Bp(n)} = B {B2(n) } nm L an
=FE{d’(n)} - E{R%[7,(n)]} - E{exp?[jp,(n —
1{ »l 1)} o} - Blexpliep(m)l} where (—j)*1 = 1 and —j for odd and everl, respec-
= <_ +j_> AR, (10) tively. Assuming that the channel parameters remain constant
2 72 over one symbol duration, i.ef,(n) = pg,(mNy) for

whereQ, = E{a?(n)} is the channel parameter given in then/Vi < n < (m 4 1)V, it can be shown that the output,
channel modelA = E{R? [r,(n)]} is related to the frequencyi:,(,yll)(m), consists of three distinct components: the desired
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signal componenEf,ll)(m); the intrauser multicode interfer- The variance offl)( ) is given by
encel'}) (m); and the background AWGN componefit) (m o
That is var {J (m )} (1+5) A—ZQ (L+9E. (14)
~(1 (1 F(1 ~(1
#0 (m) = B (m) + I (m) + ) (m). (1) ok
Since the obijective of this research is to reduce the variance of @Y finger Of the RAKE receiver, the output of the top
11{11)( ), itis separately listed as follows: branch; namely,a:, 0(m), is the channel estimate from. the
’ pilot symbol. In order to reduce the error of channel estimate,
I(l) \/—3 N 55(1)( ) is passed through a low-pass FIR filter witf)> taps.
Z Efp(mN1) For coherent detection and maximum ratio combining, the data
5;2 estimate is multiplied by conjugate of the channel estimate.
(m+1)N, Assuming that the scrambling sequences are pure random
% Z D(n —ny) - Cs(n — nyp) sequences and channel parameters remain unchangedy pver
Ny 41 symbols, one can have

=) ()G —n). (13)  E{um)} = NoNigEaXmN)di(m) (15)
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val{yfz)( )} <9No+]]\\,7—P>

2No N 2
x NoNyEa2(mN)A® 4 22007 [A(l)}
Np
(16)

where AW = A(1/2) Z o (L +9)E + no is a statistic

that gives the measurement of the overall interference in the first
stage. The readers can refer to [12] for further computational

details.

After RAKE combining, the decision statistic of data symbol

in thelth code channel is the sum of outputeru:orrespondmg
fingers

R—1

Z .%(jl) (m).

r=0

zl(l) (m) = (17)
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B. Decision Statistic in Second Stage (With MCI Cancellation)

The regenerated interference of tté finger in the second
stage is given by
R—1 (1)

—\@. Z ’Yp

p#?

2P (n D(l) (n—mnyp)

Cyn—np), 0<r<R-1 (22)

where D(l)( ) = 2135, dgl)(m)cl(”) +
J2 =024, (m)C’l(n), 0 <1 < L, is the reconstructed
complex spreading data using tentative decisions in the first
stage. It is seen that the reconstructed interference is irrelevant
to different subchanné| and distinct only for different RAKE
finger. This is because the multicode signals that arrive at the
same delay are orthogonal to each other and the resultant
interference is zero. Therefore, there are aidly+ 1)(R — 1)

Because the variables in different paths are independent, {Bfins of interference components involved in cancellation.

mean and variance ef(m

E{+ (m)} = NiNov/gE Z

) are

le dl( )

= NlNO\/EECRdl(m)
{ (1) Ny 6y
Var § z; (m)} = | gNo + N NoN{EA

xz () + QNONIRZ[AW"’

Ny
= <9N0 + —) NoN1EAW (g
Np

(18)

(19)

wherelgr = Zf’o a?(mNy) is a random variable determined

The correlator output in th&h data channel of the second
stage is
(m+1)Ny

3 [a,,(n) e (n)}

n=mN;+1

SCHn—ny) - (—
= B (m) + 1% (m) +
= B0} (m) + 1) (m) +

i3 (m) =

NG (n = n,)

iy (m)

ii(m) (23)
where the desired componef{? (m) = E!)(m) and the
noise componerﬁf,i)( )= 77(11)( ), the only component dif-
ferent from that in the first stage is the MCI, i. é,(,ll)( ) —
I8 (m). .f(,Q)(m) is of the form

(m+1)Ny

2
by the instantaneous amplitude fading. —7( )

In order to regenerate the multicode interference, a tentatlve
decision of each data symbol is to be made in the first stage. For
hard decision, the estimated data symbol in the first stage is

df (m) = sen [V (m)] (20)
Notice that the number of independent interference compo-
nents inyf,ll)(m) is P, consequently, the number of interference
terms inzll)(m) is PR. WhenPR is very large (which is true
for general cases),(l)(m) can be modeled as a Gaussian vari-

able. Therefore an instantaneous error probability of this tenta-
tive decision is given by

p_
: CS(” —np) - Cé-(” =) - (
R—1 (m+1)Ny

LDINDY

p=0 n=mN{+1

D(n —n,)

>

n=mNi+1
NG —n,)

1\/_/3 (mN1)D(n —ny)

pFET
68
2. ’Yp()(1) .
- Cy(n—np) - Co(n —n,) - <—j>l+_lcl<n —n.)
= 1P (m) + 1P (m). (24)

M) _ pWypy |E{zi(m)}|
P P (Cr) Q( G P e,
_ Cr
1 1 2
JCR (1+5%) 4% + 28 - (4%)
(21)

where N/ =
Qx) =

Notice that after cancellation, the MCI still consists of two
residual parts. The first part is the interference that is beyond
the R strongest paths, which is not being cancelled at all. The
variance of this part does not change with the increase of stages,
and is given by

var {f,’f?(m)} 1+ A— Z (L +g)E.

p=R

(25)

Np - NO/N1,|a:| denotes the absolute value and The second part is the residual interference within the
[2(1/V2m)e Y */2 4y is theQ-function. Note thatthe R paths, which is due to two factors. First is the error

overall error probability is equal to that of each data channel.of scaled channel estimate, that (sx(l)( m)/2,/gNo) #
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(VE/2)3,(mNy), 0 < p < R — 1. The second factor is where B = E{BM} = LP™ is the average number of
the tentative data decision errors from the first stage, that éror bits at the first stage. Strictly speakid®f!’ should not be
(1)( )y # di(m),l =1,2,..., L. Notice that in MCI regener- averaged here. Rather, subsequent conditional error probability
ation, the tentative data is mult|pI|ed by the channel estimaghould be averaged ove&(!). However, since the tentative data
so the overall error is essentially the product of data error addcision errors are not independent from each other, it is very
channel estimate error. It is seen from the previous descriptidifficult to obtain the distribution of3(1). Moreover, as shown
that the data error results from the ongoiNg chips, while the in Fig. 5, when MCI is regenerated, the data is not restricted to
channel estimate is the average ovés - Ny chips. Due to the data in current position, but also can be the previous one or
the fact of Np - Ny >> N; in practical system, (for instance,a few bits ahead. When the path delay changes with the time,
Np - Ny =512 andN; = 4), these two errors have a weakhe relative position is changed. S8(" is not the error pattern
correlation, although they are not totally uncorrelated. Therefthe L-bits data for one specific moment, but rather represents
fore, the interference can be approximated as the summatioranfaverage error probability df-channels for a small range of
the interferences in two cases. First is the interference whéiree. Therefore B is used instead aB(Y). This approxima-
the channel estimation is error free while the tentative daian not only simplifies the analysis, but also makes sense in this
decisions have errors with error ra") given by (21). Second situation.
is the interference where the tentative data decisions are errofhe total variance of MCI after cancellation in the second
free, while the scaled channel estimate has deviation (variansgge is given by

(1)( ) 1)) A
var +1)—— ~ ~
2,/9Ng 4gNp Ny var {Iﬁ?(m)} = var {I;fl?)( )} + var { ”(2)( )} . (29)
1 1 2
= <§ +j§> AE (01()1)) (26)
Similar toz) (m , the variance 0¥ (m) can be written as
7,1 1
where : :
I + g r—-1
(1) (2 =(2 (2
() = S St @ (i) = var {1} + v {3}
_ ; &)
Notice that(az(,l))2 is approximately irrelevant to the subscript =1 +5)MA (30)
p, although it represents the variance of channel estimate of the
pth path. whereA® is given by
When B®) out of L data channel decisions are incorrect at
the first stage, the MCI caused by the error decisions is increased B
by (1 + A())? times. For the remaining corregt — B()) de- A _ AE Z Q,(L +g)
cisions, the interference is reduced(iy— A(?)? times. More- 2 v
over, the channel estimation error is additive to this interference, o1
no matter whether the data decision are correct or not. Note that —~ 5 2
_ | Hd _ | Q. 40 M 1-\2Y 1,
there is no tentative decision error in the pilot channel. There- + ;) P { A + ( A )
fore, the variance of this residual interference is given by f);r
N FE
var {I/(? (m) } = (1+5)A= )
+ Z ()\(2)) (o) (L +9) | +mo
R-1 2 2 B
<[ T 0, x {(m@) BO+(1-A®) (L_Bm)} o
p=0 AF [
s ™ Z Q,(L+g)
p=R
L3 (09) (o) (L) :
P @ pMm @
o +ZQP[4)\ BY 4 (1= )L}
pFET p=0
oA E R—1 ) )
=(1+)A + 3 (A@) (o) (L+g)> +10 (31)
=0
R-1 P
x Q, [4AAPBD 4 (1)@ }
pzz.; { ( ) A® is the measurement of total interference after MCI cancel-

pFET lation in the second stage. Similar to the first stage, the mean and
e variance of the decision statistic in the second stage can also be
- ) ) : ; ith(L) A2
() L written in the forms of (18) and (19), but with'*) — .
+ Z ()‘ ) (UP ) (L+9) (28) Therefore, it is possible to calculate the error performance of
,ﬁ;?, the second stage on the basis of the first stage.
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C. Optimal Partial MCI Cancellation ingful. The optimalA\(?) given by (33) depends on the partic-
ular channel parameters as well as the average BER of previous

In view of the fact that the tentative decisions are not corgtage. However, (33) can be approximated by

pletely reliable, a possible way to improve the performance is
R—1

not to attempt to cancel interference completely, but partially. (1)
This can be accomplished by the weighting fact6?, shown Z & (L —2B )
in Fig. 3. The second part of the residual interference after cany,, g;?
cellation is rewritten as Aopt = BT R—1
S oL+ (g;,w) (L+g)
N N, E =0 =0
var { I/ (m) } = (1+ /)a =] prr prr
R—1 (1)
- ) 5 2 p=0 Ip (L —2LF ) _1-2pP%
_ ~ 2 - 1
<[> {4*(2)3 @+ (1-2®) L} S L+ (o) (L) T o
p=0
p#r (34)
= @\ ()2 where
P () (@) e |
p=0 R—1 R-1
pT W _ ®)°
32) 80 = (1 +g/L) p; (ap ) pz::o Q,. (35

It can be seen from the first term of the right hand side of (3% the case of perfect channel estimation, ies”)? = 0, or
that in the presence of the weighting factaf® # 0), interfer- if the channel estimation errgp"~)2, given by (27), is much
ence cannot be completely removed even though tentative dsmgller thant2,,, §) is very small, and (34) can be approxi-
decisions are correct. Whef?® is small, interference caused bymated as
both incorrect tentative data decisions and imperfect channel es-
timation is small, whereas the interference introduced by correct )\fj))t <1-2PW, (36)
tentative decision is large. Therefore, an optimal valug @f
should exist according to different channel conditions. That is,
V\{hgn ghannel condition is good (the error rate of tentative dB'. Decision Statistics in More Stages
cision is low), a large value o¥® is desirable (close to one).
However, when the channel condition is poor (the noise and in-The analytical results of the second stage can be extended to
terference level is high), a smaller value)®’ is preferable. ~ more stages without difficulty. The regenerated interference of
The optimalA(® is to minimize the variance given by (32).therth finger in thekth stage is given by

Thus, by letting(dvar{I”{” (m)}/dA®) = 0, it is readily to et e
' -1 (k-1

have ) ) (m) =
QIS SESIO N St/ S LY ) (e
vp N n—n
= 2/gNo r
R—1 pFET ’
Y, (L—2B<1>) Culn—n,), 0<r<R—1 (37)
p=0
M= . B33 where DUVm) = Y, dF D m)Gi) +
Z Q,L+ Z (01(71)) (L+g) J 21:0,2,4,... dgk_l)(m)cl(”)a 0<I< L.
p;O p;O The correlator output in thith data channel of theth stage
P P is

This result agrees with the above discussion on how to choose (mt1)Ny

the optimal value oA(®, which should be in the rangé? < 1. 5 () = Z [a (n) — ﬂ(k)(n):|

Itis seen from (33) that whetB > L, A\, < 0. This can be in- AL "

stinctively explained as following. The regenerated interference Q*’ ' N

component from an error decision is a negative term compared -Ci(n—np) - (=0T Ci(n —n,)

with that from a correct data decision. If more than half of the = EDm) + 1% (m) + 38 (m). (38)
data decisions in the first stage are incorr@gt> L/2), then 7 7 7

the overall regenerated interference would be a negative 0ffis \ariance oﬁ(’“)(m)is of the form

In this case, to subtract the regenerated interference cannot re- it

duce the interference at all, but increase the interference. Thus, ) . N

the optimal\(2) goes to negative to make the subtraction mean- var {wr,z (m)} = (1+7)N AW (39)
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whereA®) s given by

r—-1
AR :% Z Q,(L+9)
p=R
R—1 _ 2
+3 {4A<k>B<k—1> + (1 - A<k>) L}
p=0
pFET
(00 )
+ Z AR (oFDY (L +g) | +m0
=0 ’ )
pT
AE r—1
p=R
R—1 _ 2
+3°Q, {4A<k>B<k—1> + (1 - A<k>) L}
p=0
R—-1 2 2
+§;(xw)(¢yw)<L+@)+no
p=0
(40)
and
2 oA k—1)
(k=1)Y _ 28 ° .
(ap ) xpoN b2 (41)
The optimal cancellation factor of thigh stage,Aff;)t, is of
the form
(k1)
* 1-2P b1
ot = T gD <1-—2p%Y (42)
where
R—1 2 R—1
8%V = (1+g/D) Y (a]gk*l)) Yo, @
p=0 p=0

IV. SYSTEM PERFORMANCE BYBER

When hard decision is applied and no channel coding is us%t](;l‘?

. . - A 0
the instantaneous bit error probability i branch data in the
kth stage is in similar form as that of the first stage, with subs

tution of AV by A%, That is

o {som)

P =P ((r) =@
var {zl(k) (m)}

2
1 ACk) 2R Ak
Jer (14 75 ) 8% + 28 (45)

(44)

b
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107}

Bit error rate (BER)

107}

k=1,2,3,4,5

0 5 10 15
Average received SNR

Fig. 6. BER versus SNR with increase of number of stages in system.

an average BER of the final decisions, the conditioned error
probability should be averaged over the distributionggfThe
final average BER of the proposed system is given by

Po= [ POGR) plcw) dcn (45)
0
where P™M is given by (48), ang(¢r) is of the form
_ mg mp Cmel mr
p(Cr) = <Q—R> F}ZmR) exp <—Q—RCR> (46)

SRl E(62) and mp =

V. NUMERICAL RESULTS

In this section, the effects of different system parameters on
the BER performance of the multicode W-CDMA system are
investigated by numerical calculations. Unless noted otherwise,
the exponential decay rate of the MP= 0.2 and the ratio
my /€ = 4 for all paths. The number of multipati#s= 8, and
number of RAKE fingerg? = 4. The SF for pilot channel
= 256, and for data chann@l; = 4. The number of data
channels for the reference uder= 6. The number of LPF taps
p = 2 and the power ratio of pilot channgl= 0.3. The SNR
is defined asSNR = NE/no, which is actually the average
received SNR in the first path.

In Fig. 6, the BER performance is plotted versus the received
SNR for different number of stages. The first stage=1) is
the BER without MCI cancellation. It is seen that the MCI can-
cellation effectively reduces the BER. The improvement is quite
significant at stage two and stage three, but little improvement
is observed beyond stage four. Therefore, in practical system,
a receiver with three or four stages would be sufficient. Also,
note that the cancellation factor in each stage is roughly chosen
in this plotting according to the error rate. The values are 0,

whereA®) is given by (40). The error probability is conditionedd.5, 0.7, 0.85, and 0.95 fdr = 1, 2, 3, 4, and 5, respectively.
on instantaneous multipath fading paramétgrin order to get They should be considered as typical values rather than optimal
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10" ' : : 10°
R=1,2,3,4,5
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Q E\Ii —————— Faz==c=
2 I
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2 o 2
o = 10 +
10°}
— — — Without cancellation
3| — With4-stage Cancellation
1 2 3 4 5 6 % 5 10 15
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Fig. 7. BER versus number of stages with different SNR level. Fig. 9. BER versus SNR with different number of RAKE fingers.

— With 4-stage Cancellation
A — — - Without cancellation SNR =0, 4, 8,12, 16 (dB)
-1
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& 2
L L
Q Q
L @
o ©
8 5
© @
@ m
: . 10-2 . ) ) )
0 5 10 15 0 0.2 04 06 08 1
Average received SNR Cancellation factor
Fig. 8. BER versus SNR with different number of data channels. Fig. 10. BER versus cancellation factor with different SNR level.

values. As it is shown in the following figures, these values asge estimated and the MCI in these multipaths can be cancelled
slightly shifted from the optimal ones. The BER is also showand energy in more paths can be employed for data detection.
in Fig. 7 as a function of the number of stages. It can be seern Fig. 10, the BER performance is plotted versus the cancel-
that four stages are necessary for IC. This is consistent with thation factor. The curves are differed from each other in SNR
obtained from Fig. 6. level. In order to obtain simple conclusion, only a two-stage
Fig. 8 shows the system BER performance in terms of rCl cancellation receiver is used when plotting this figure.
ceived SNR with different number of data channels. The systefrhere is no cancellation in the first stage as it should be, and
utilizes a four-stage MCI cancellation receiver with cancellatidine cancellation factor at the second stage is varied from zero
factor set to be 0, 0.5, 0.75, and 0.95, respectively. The perftw-one to show the distinct results. As expected, the increase of
mance degradation due to the increasing number of data chemacellation factor gradually decrease the BER until it reaches
nels is obvious. However, acceptable performafiBER ~ an optimal value, then the BER increases again. The situations
10~2) can be achieved even if total six data channels are in usge the same for different SNR level, but the optimal value may
In Fig. 9, the BER is plotted versus SNR with differenslightly shift from each other.
number of RAKE fingersk. The receiver is also of four stages Fig. 11 illustrates the optimal cancellation facbd,ﬁ)t, given
with cancellation factor set as 0, 0.5, 0.75, and 0.95, respég-(42), as the function of received SNR level for different stages
tively. It is clearly shown that the more RAKE finger is utilized(i.e., k. = 2, 3, 4, and 5). As it is seen from the figure, when
the more advantage we can get from MCI cancellation. Thistise SNR is low, the optimal cancellation factor is small, while
because when more RAKE fingers are used, more multipathdigher SNR requires a higher cancellation factor. It is also
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Fig. 12. BER versus pilot to data power ratio with different SNR level.

shown that with the increase of number of stages, the optimafS]
cancellation factor goes larger. The reason is that the BER is re-
duced with the increase of stages. However, same as what WE)]
found in Figs. 6 and 7, there is little performance improvement10]
between stages four and five, which result in little changes of
the optimal cancellation factor. The optimal value of the cancel;;
lation factor should be chosen from 0.5 to 0.85 for a wide range
of signal to noise ratio, as observed from the figure.

In Fig. 12, the relationship between BER performance anélz]
pilot to data power ratig is examined. It is seen from the figure
that too small or too large values@fead to worse performance. [13]
An optimal value of pilot to data power ratio exists according
to different SNR level. This optimal value is found to be near
1.2 under the given parameters. That is, the optimal power rati@4l
of pilot to total data channels i62/6 =~ —7 dB, which is in
consistence with that in [12].
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VI. CONCLUSION

This paper presents a multicode RAKE receiver with MCI
cancellation for high and flexible rate data transmission over
multipath fading channels. The following conclusions are
drawn:

MCI cancellation can effectively reduce the BER in
multipath environment. With a four-stage receiver, the
BER can be lowered by approximately an ordeER. ~
107! — BER =~ 1072).

The optimal cancellation factor of each stage is gradu-
ally increased with the decreasing of BER. The optimal
cancellation factor in théth stage is approximated by
)\g’;)t < 1-2P% Y whereP*~V is the error proba-
bility of the (¢ — 1)th stage. The values of these factors
can be roughly chosen from 0.5 to 0.85 for different signal
to noise ratios.
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