1070

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 54, NO. 3, MAY 2005
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Abstract—In this paper, we consider the multilevel quadrature
amplitude modulation (M-QAM) for forward link of multicode
code-division multiple-access (CDMA) systems with interference
cancellation to support high data rate service, and provide an
analytical bit error rate (BER) performance of the system. In
the current third-generation (3G) wide-band CDMA systems,
in addition to multicode transmission, M-QAM is employed for
high-speed downlink packet access (HSPDA) due to its high spec-
tral efficiency. In frequency-selective fading channels, multipath
interference seriously degrades the system performance, therefore
interference cancellation technique is employed at the receiver. In
this paper, an analytical closed-form BER of multicode CDMA
systems with QAM is presented, where two important factors
(channel estimation error and additive interference) on system
performance are considered. Numerical results show that the
system is very sensitive to additive multipath interference. With
the help of interference cancellation technique, M-QAM can be
adaptively employed in high signal-to-noise ratio cases to increase
system throughput, within 5§ MHz bandwidth. Meanwhile, simu-
lation results are shown to illustrate the accuracy of the analytical
method. Moreover, it is found that extra pilot power should be
invested for more accurate channel estimation and consequently
better BER performance when using the interference cancellation
technique.

Index Terms—Channel estimation, interference cancellation,
multicode code-division multiple access (CDMA), multipath inter-
ference, quadrature amplitude modulation (QAM).

1. INTRODUCTION

IDE-BAND code-division multiple-access (WCDMA)

technique has gained much attention in the past several
years. To support different high-quality data services with var-
ious bit rates, multicode transmission has been considered to sat-
isfy the requirement and has been adopted in 3GPP [1]. On the
demand of much higher speed package transmission in forward
link, in addition to multicode transmission, multilevel quadra-
ture amplitude modulation (M-QAM) has also been employed
for high-speed downlink packet access (HSPDA) due to its high
spectral efficiency.

In the present WCDMA system, channalization codes are
generated from orthogonal variable spreading factor (OVSF)
codes [2] whose orthogonal properties make different channels
not cause interference to each other in a Gaussian or flat fading
channel. However, the performance of a multicode WCDMA
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system under frequency-selective fading channels seriously de-
grades due to nonorthogonality of different code channels in
the presence of different multipath delays. Several studies have
been done to combat the multipath interference using interfer-
ence regeneration and subtraction method, which is known as
interference cancellation. The multistage interference cancella-
tion scheme was first proposed in asynchronous CDMA system
by Varanasi and Aazhang [3]. It has been extensively studied
because of its low complexity and performance improvement
[41-[8].

The concept of high-order modulation for CDMA systems
was first proposed by Milstein et al. [9], [10] to support higher
data rate and multimedia transmission for wireless communi-
cations. Performance on a coherent Rake receiver for 16-QAM
modulated single code CDMA in frequency-selective fading
channel was evaluated by means of simulation in [11]. It has
been shown in [12]-[14] that M-QAM is very sensitive to the
amplitude and phase offset fluctuations. Recent studies on the
M-QAM modulated CDMA systems assumed perfect channel
estimation [11], [15]-[17]. Some others are based on computer
simulations [12], [13]. The only analytical result of QAM in
a flat fading channel was presented by Tang er al. [14], but
multipath effect and multicode CDMA transmission were not
involved.

In [18], the performance of the QAM modulated multicode
WCDMA system in the presence of multipath interference with
Rake receiver and interference cancellation has been investi-
gated. But no explicit BER analytical results have been given.
In this paper, we present an analytical study of the QAM mul-
ticode WCDMA system with multistage interference cancella-
tion. Using the well-known characteristic function method, a
closed form bit error rate (BER) solution is derived.

This paper is organized as follows. In Section II, the system
model is presented, including transmitter, channel, and multi-
stage parallel interference cancellation coherent Rake receiver
models. In Section III, a pilot aided channel estimator is de-
scribed. The BER performance analysis is presented in Sec-
tion IV. In Section V, comparison and discussion on numer-
ical BER results with variable parameters are presented. Finally,
some conclusions are drawn in Section VI.

II. SYSTEM MODELS
A. Transmitter Model

Similar to [1], the transmitter diagram of the forward link
for a QAM multicode WCDMA system is shown in Fig. 1.
A common pilot channel is employed separately from data
channels. The source data are first divided into K streams and
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Fig. 1. Transmitter diagram of QAM modulated multicode CDMA systems.
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fed into K M-QAM symbol mappers before spreading. The
complex data symbols { Dy (m
OVSF codes {C(n)} for the channelization operation. The
resultant signals, including pilot, are multiplied by a complex
valued code for scrambling. Then, the scrambled signal is
shaped by a chip waveform shaping filter and up-converted for
suitable transmission over wireless channels.

At the M-QAM mapper, as shown in [14], the binary data
stream is first split into in-phase (I) and quadrature (Q) branches
for independent Gray encoding. Then the coded symbol streams

TABLE 1
THE INPUT/OUTPUT RELATIONSHIP OF GRAY CODER FOR 16-QAM
Input Bits (Code word) 01 00 10 11
Output Coded Symbol 3 - 1 3
5/2 5/2 572 572
D, (m)
Dy(m) mth complex valued data symbol with symbol
)) are multiplied with real valued duration Tp and Dy(m ) =  +(2k -
1) + j(2ks — 1)/\/2(M —1)/(3log, M),
ki, ko € {1,2,.. \/_/2}

Dpitot known symbol Dpi]ot = 1 + 7 in pilot channel
for channel estimation and preprocessing in the
receiver.

m data symbol order in time domain, m = |n/N |,
i.e., m takes integer of n/N.

U(t) real-valued impulse response of the band-limited

are combined into a complex symbol stream. Table I shows the
Gray codes and amplitudes of a 2-bit code word for 16-QAM.
The transmitted signal can be written as

T(t) :Re{ Epe i@t

(e}

>

n=—oo

(\/BDPilot Chpilot(n)

+ Z Dy (m)C, n)) S(n)¥(t— nTc)}
k=1

where W

Ep average chip energy of each data channel.

I6] power ratio of pilot channel to one data channel.

Cr(n) real-valued OVSF channelization code with am-
plitude taking real values +1 and chip duration
T.. Therefore, spreading factor for data channel
N = Tp/T..

Cpilot(n) real-valued orthogonal user-specific channel-
ization code for pilot channel. In the WCDMA
system it is always unitary (Cpiot(n) = 1).

S(n) complex-valued cell-specific code (scram-

bling code) having complex value S(n)
S;+jSg=+1%4,j=-L

chip shaping filter with [~ W2(¢)dt = 1.

B. Channel Model

The channel is assumed to be a multipath fading channel.
When the fading rate is much slower than the symbol rate, the
channel remains constant over a few symbols’ duration. This
is particularly true since a mobile terminal does not move fast
for high data rate transmission. The complex low-pass equiva-
lent impulse response of such a multipath fading channel can be
written as

L
Z Ozl t — Tl t))ejel(t) 2)
=1

where L is the number of resolvable paths, 7;(¢) is the delay of
the [th path, 6;(t) is the phase, uniformly distributed in [0,27),
and oy(t) is the fading amplitude, Rayleigh distributed with
probability density function (pdf)

20t 2
ploa(t)) = —Cgf ot @/ 0,50 3)
where €2; is the average fading power of each path, i.e.,
= E{ad(t)}. )
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Fig. 2. Receiver diagram of QAM modulated multicode CDMA systems.

All random variables in (2) are assumed to be independent.
Since «y(t), 0;(t), and 7(t) are constant over a few symbols, “¢”
is simply omitted for simplicity of notation, unless otherwise
noted.

C. Receiver Model

The received signal can be written as

r(t) = Z aT(t —m)+n(t) &)

=1

where 7)(t) is the background bandpass additive white Gaussian
noise (AWGN) with double-sided spectral density (Ny/2).
T(t — =) is given by (1) with the substitution of w.t by
wct — 01.

Although the transmitted signal experiences an L-path fading
channel, only the Lgr(Lg < L) strongest paths are used at the
Rake receiver. As shown in Fig. 2, the down-converted signal
is fed into Lg despreading branches corresponding to the Lp
strongest paths. In each branch, the sampled signal after chip-
matched filter is descrambled and then passes through K41
correlators (K data and one pilot) for despreading. Finally, the
outputs are fed into the QAM Rake receiver with interference
cancellation block, which makes use of the regeneration proper-
ties of multipath interference and mitigates the multipath effect.
The detailed diagram of the QAM Rake receiver is shown in

Fig. 3, where the estimated channel fading and phase of the sth
stage 2;‘211“ for the [th path are used to eliminate the phase error
and achieve maximum ratio combining (MRC), meanwhile, to
scale the combining output for M-QAM symbol demodulation.
1

{0}
code, whereas {zl(sk) } are the inputs at the sth stage after {Zl(lk) }
are filtered by an interference cancellation block.

From Fig. 2, the signals of the [th path after the matched filter
can be written as

/(n+l)T5 +Ti
nTC+‘ri

Neglecting the high-frequency components, the sampled
signal can be further written as

are the original inputs to all stages for the kith desired

r(t)e? U (t — T, — 7;)dt.  (6)

ri(n)

oo

> ’(n;-iT)

i=—00

I
TZ(TL) _ 5 Z Ollejél
1=1
X (\/ﬂEDDPilotCPilot(n = nu,3)
K
+ Z V EpDy(mi,;)Cr(n — ”lﬂ?)>
k=1

X S(n —mny;) 4+ n;(n) @)
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Fig. 3. Detailed block diagram of QAM Rake receiver with interference cancellation for the kth code channel.
where & = #; — w7 is the independent identically distributed oo (m+1)N+n;—1
resident phase error and uniformly distributed in [0,27). 7; is X Z Oélejé’ Z Z R (f 1~ ZTc)
the complex Gaussian random noise with covariance function i=—co0 n=mN+n;
5 i Nos g X DPilotCPilot(n —ny;)S(n —ny;)
()0 = t—
{"l( i (T)} 06(t = 7) ® x Cj(n = n;)S™(n — ny)
where 6(t — 7) = 1 and 0 fort = 7 and t # T, respec- (mA1)N+n;—1
. . *
tively. In (7), m; = |m/Te| — i, and my; = |n — nii/N|, + > m)Cin—n)S*(n—m)
Ti=T—T - L — 73/Te] 1% is the chip timing error, R(7, ;) n=mN+n;
is the effect20f timing error 7, ; on the output, and R(7,;) = =U, ; 1(m) + U(I)A L(m) + }(il)m . k(m)
S 1] cos(2m f7, ;) df [20]. Note that R(iT,) = 1 and LU ( ) ©)
AWGN, 1,k

0 for 2 = 0 and other nonzero integers, respectively. Actually,
R(t) is very small as long as ¢ is greater than a few chip inter-
vals. . .

Then, the out%)ut of the [th despreading branch for the kth
desired code zA ; can be written by

oo (m4+1)N4n;—1

et S

R (7 —il.)

||MN

L
my;

1=—00 n:mN+ni
X ( Vi )C’k(n—n“)S(n—nl,i)
x Cp(n —n;)S*(n —n;)

+5VBEp

l\.’)l»—l(‘_} U

where U_ ; ;(m) is the desired signal component, which is from
the /th path of the fith code

= Naj\/E D

The desired signal component is related to the channel fading
gain and phase. Thus, the inputs of the M-QAM demapper
should be scaled by the estimated N ;;/Epe’®i for symbol de-
cision according to the constellation map. If the channel fading
gain or phase is estimated incorrectly, the improper scaling
will lead to incorrect M-QAM demodulation [14]. Therefore,
QAM-based WCDMA systems require for good fading scaling
compensation at the receiver.

U._; ejf?.

skl (10)
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U (12)1%(m) is the multipath interference term. Since the mul-
Pl

tipath interference from the same path (Ith path) is zero due to
the orthogonality of the channel codes, the total multipath inter-
ference can be written as

K L
N :
Up,i,k(m)_§ EDZZaleJE’

) (m—l—l)N—l—nl—l

DY

R (ﬂ - iTc)
i=—o0 n= mN+n;

X Dk(ml,Z)Ck(n — TLZY,L')S(’IL — n1’i>

x Cp(n —mn;)S*(n —ny). (11)

@

Pilot i k(m) is the interference from pilot channel, given by

(1) _
UPilot,Z,l%(m) -

L
1 .
o /ﬂED E alejgl
=1
141
0o (m+1) N+n;—1

SDIEEDY

1=—00 n= rnN+nl

X Dpitot Cpilot (N — n13)S(n — 1y.;)

R (7 —iT.)

x Cp(n —ny)S*(n —ny). (12)
U wen i i(m) is noise component
(m+1)N+n;—1
Uswan.ii(m) = Z nj(n)Cy(n —ny)S*(n — n;).

n=mN +n;
(13)
In the sth stage (s > 1), the multipath interference and
the pilot interference terms are regenerated with the estimated
fading gains and phases obtained from the previous stage

{ Al(splll)t} The regenerated interference terms are

(s V E (s
Ui 1.2(m) = ﬁ Z £ Paon
z;éz
0o (m+1)N4n;—1
x> Y R(ni-in)
i=—o00 n=mN+n;
X Dpitot Cpilot (N — n13)S(n — 1y.;)
x Cp(n —nj)S*(n —ny) (14)
and
K Lr
0, m) = YIRS S )
k=1 I=1
11

0o (m—l—l)N—l—nl—l

IS

i1=—o0 n= mN+nl
X lA),(CS_l)(mlyi)Ck(n — ’I’Ll,i)S(’I’L — ’I’Ll,i)
x Cp(n —mn;)S*(n —n;)

R (ﬁ,z - zT)

15)
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where f),(cs_l) is the data decision from the (s — 1)th stage for
the kth code channel.

Then, the output of the interference cancellation unit of the
sth stage is

S 1 (s
l(k) = Us,i,}}(m) + U;,z)y,;(m) - U;J{fc(m)
1 (s
+ UG M) = Ui (m) + Uyan ()

=U, 1.l

UAVVGN [ k( )

) s
m) + p,z,fc(m) + Pilot,i,ic(m)
(16)

III. PiLOT CHANNEL AIDED COHERENT DEMODULATION

In WCDMA standard [1], the pilot and data channels use
different values of spreading factor (SF). The SF for the pilot
channel Np;ot 1s fixed to 256, whereas SF for the data channel
N is flexible from four to 256. Similaf to that of data channels,
the output of the pilot channel for the /th branch in the sth stage
is written as

= Npitot®;V/ BED Dpitore? i + U (mp)

p,l,Pilot
(s)
+UPilot,f,Pilot (n

(S)
o Pllot(np)

p)+ UAWGNJ,Pilot(”p) (17)

where Uy i pilot (7p) 1S the noise component, given by

(np+1)Npilot+n;—1

>

n=ny Npilot +1;j

UAWGN,Z,Pilot(”p) = 7;(n)Critot (0 — 1;7)

xS8*(n —mn;). (18)

(s) (s) : : s
Up,i,Pilot(np) and U - ) pilog (Tp) are residual r'nult1path in
terference terms from other code channels and pilot channel,
respectively. For the initial stage (first stage), these two types of
interference cannot be canceled, which can be written as

JEp K L
1) D VI3
Up,i,Pilot( 79 kZ_l ; e’
o
o (np+1)Np;1m+ni—l
x 3 D R (7 —iT.)
t=—00 n=npNpilot+n;
X D (my:)Cr(n —n1:)S(n —ng;)
X Cpilot (0 — nj)S™(n — ny) (19)
and
(1) _V ﬁE €
Pilotj,Pilot( Z ae’™

1;&1
oo (np+1)Npjot+n;—1

DX

R (ﬂ - LT)
i=—00 n=npNpilot+n;

X DpilotCpilot (1 — n1,3) S (n
X Cpilot(n — 17)S™(n — ;).

—ny;)

’

(20)
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In the sth stage, the residual interference can be regenerated Then, the scaled fading estimation is ZI(FZI t(np) =
by the Fiemodulated data and channel estimate from the previous () (n,)/ Npitotv/BED Dpitor, which is used for symbol
stage, i.e., “1,Pilot P .

detection in the sth stage. In order to improve the channel
U (SZ)P'I t(np) estimation, a simple W -tap FIR filter is used, i.e.,
p,t,1lo
= vEp [W/2) (%)
2 () (m) = zi,Pilot(m — tap)
K L ' oo (np+1)Npiot+n;—1 l Pilot v (5121 WNPilot\/EDpilot .
Xy D me Y > R (’712 - Z'Tc) ' (23)
k=1 1=1 i=—00 n=n,Npjlot+n; .
1#1 i ! Thergfore, the scaled outputs of the coherent Rake receiver
X Di(my:)Cr(n — ny:)S(n — ny;) for the kth code channel in the sth stage are as shown in (24) at

the bottom of the page and in (25) at the bottom of the page,

X Cpitor (1 — 1) 5™ (n = my) where R{z} and 3{z} stand for real and imaginary parts, re-

VEp spectively.
T The decision block will detect the in-phase and quadrature
K L co  (np+1)Npior+n;—1 phase of the transmitted QAM symbol from (25) and (26)
(s=1) (— . ) with the boundary corresponding to M-QAM constellation as
" kZ:l 12; P L_Z:oo n:np]\zpi:lot+ni i Ty~ e shown in [14]. Without loss of generality, we will analyze the
11 BER performance for the first code channel in the following.
x D (my i) Cr(n = nui)S(n — nai)
X Cpitot(n — 17)S* (n — ny) 1) IV. BER PERFORMANCE ANALYSIS
and
(s) As the outputs of the in-phase and quadrature phase
Pilot [, Pilot (1p) channels are symmetric, we will focus only on the in-phase
0o (np+1)Npijge+nj—1 channel output at the receiver. Concerning the decision
\ ﬂ Ep Z e Z Z R (ﬂ - iTc) variable Yl(s)(m)}, we derive the average BER over
i=—00 n=n,Npilet+n; ’ all the possible M-QAM constellation points in the first
17“ quadrant. At first, we start with the 16-QAM modulation,
X DpilotCpilot (N — 1) S(n — ny ;) and a general analytical BER performance for M-QAM

will be presented afterwards.

x C ilo —n;)S* — g ..
Pilor ( nl) (n nl) Similar to [14], for 16-QAM modulated WCDMA sys-

_ VBED tems, when the transmitted data for the in-phase channel are

2 R{D1(m)} = 3/4/5/2, i.e., the most significant bit (MSB) of

oo (mpt+1)Neior+n;—1 the transmitted bit-pair in the in-phase channel is one and the

X Z él(}lltt Z Z R (ﬂ_z — iTc) least significant bit (LSB) is also one, it is found that an error

l# i=—00 n=n,Npioi+n; occurs only on the MSB if i {Y<S) } < =2/4/5/2 and
(s)

X Dpilot Cpitot (1 — 11,3)S(n — n1.7) only on the LSBif 0 < R {Y } < 2/4/5/2. However,

X Cpitor (n — 17)S*(n — ny). (22) Wwhen —2/,/5/2 <R {Yl(s (m)} < 0, both the LSB and the

13 (0 0m) (5 m) + (2 m) " 2 (m)

RV (m)} = =1 (24)
{ ' } N\/_E ZlPllot( )’
) - 7 3 (a7 (ziﬁiﬂot(m) = (2m) e ) .

Zz Pllot( )’
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MSB are demodulated incorrectly, i.e., the conditional BER is
given by

S e ) (26)

where D{ and Dl‘Q are real and imaginary parts of D, respec-
tively; “m” is simply omitted, unless otherwise noted. Similarly,
we can get the conditional BER when D} = 1/,/5/2

b (et = 0
. 2 1
2 2
1
RIVOL <o|pl = — D@
+p {1 } 1 \/E 1
2
. 9 1
+p | RO <——=|pl=— D¢ | | @7

Therefore, the probability of error of the sth stage p,()s) is given

by

1 2 2
n = ZZZP(S) e|Df =

p=1lg=1

2p—1
\/g
(28)

The above probability can be evaluated by calcu-
lating the common probability, i.e., p (b{(s) <B |D1),
B ={2,0,-2}//5/2 for 16-QAM case. It is a special case of

the general quadratic form in [19, Appendix B], where A = 0,
B = -BN+Ep,and C = 1/2.

2g—1

DY =

5
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Therefore, by averaging the conditional probabilities over
all the possible constellation points in the first quadrant,
we can get a general formula to calculate the BER perfor-
mance of M-QAM, where each symbol represents log, M bits
information

ps”
M2 /M2
-1 )
4 p=1 q=1
2p—1 2¢ -1
I_ Q_ _ 4= -
¢|\D1 = 2M-1) L [ 2(M-1) 29

(3log, M) (3log, M)

and the conditional probability p(*)(e|D!, D?) can be calcu-
lated in a similar way as that for 16-QAM.

To obtain the BER performance, we need to calculate the con-
ditional probability p (3? {Yl(s)} <B |D1). By directly ap-
plying the characteristic function method, we obtain the con-
ditional probability as

p(R{¥} < BID)) =

noo+jo -
1/ I ¢(JU)dU (30)

27Tj —oo+jo

where o is a small positive number and ¢(jv) is

the characteristic function of the decision variable
(§R {Yl(s)} - B) NVEp Y8 2l(jﬁﬂot ., conditioned

on a given transmitted symbol D;. Equation (30) is valid, no
matter whether the fading channels have equal or unequal
fading power. Referring to [19, Appendix B], we must get the
first and second moment statistic functions of st1 and 2,5y
in order to derive the conditional BER. ’

In Rayleigh fading channel environments, the mean of zgi)

and 2,-(5’12i10t are zero. The characteristic function is rewritten as
,

12

Lg
) V11V21
V) = - - 31
200 =11 &5 Foto 7o) b
where
v +1
V11, V21 = F Uz + = = () 3
<R2121|D1 R2121|D1 o ‘Rzzfz\lm ’ >
(32)
0 (s) (s)
(—BN\/EDREIMDI +R {Rzlzlwl })
A (s) (s) O &)
<R2121|D1 Rﬁlﬁl\Dl B ‘R2131|D1 )
R (s) and R are second moment statistic
z1z1| Dy’ " V2%| Dy z121| Dy

functions of 21(,51 and 2, By, -
(I\gow, we ha\(/e) to obtain the s(e():ond statistical functions
S S S .
qu’zi‘Dl(m)’ .Rf%i%i'Dl(m)’ and BZi%ilDl(m) . Assunnng that
the combination of each channelization code with scrambling
code is a pure random sequence, thanks to the long scrambling
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code deployed in 3GPP, so as to the time shift of the combined
sequence. Therefore, the number of independent interference
components from each propagation path is K+1, and the
total number of independent interference components in the
despreading output for each data channel or the pilot channel
is (K 4+ 1)(L — 1). Here, the interference from other code
channels in the same path is zero due to the orthogonality of
the channel codes. Thus, according to central limit theorem,
when (K + 1)(L — 1) > 1, the overall multipath interference
from all code channels can be Gaussian approximated. Similar
to the derivation for the variance of the multipath interference
[8], one obtains

o BEVED) 104

z1z1| Dy 2
_ N2Ep |Di?Q

2
n NEp(Klogy M +2)

3

L
X Z Q1+ NNy
=1
1141

TS

(34)

2121| Dy 2

Q  (Klogy, M +2p5)

T2 (6W Npiiot8)
L
No
X QL+ ————
Z " (2W Npiot SED)

11=1
11£1

(35)

and

(1) _ E {21(711) (21(11))* |D1} _ NVEpD:
2%|D1 9 = 5 .

(36)

In the following stages, the second moment statistic function

Sil D1 (m) is the same as (36). As for the second moment sta-
()

tistical function of z; 7, the interference from the L — L paths
is not cancelled—only the interference from the Ly strongest
paths is being cancelled. However, due to the imperfect channel
estimation and the incorrect tentative symbol detection in the
previous stage, the regenerated interference is not exactly the
interference. Thus, the residual interference occurs due to im-
perfect channel estimation and incorrect symbol detection, as a
portion of the product of symbol error and channel estimation
error. It is difficult to analyze their effects jointly. Fortunately,
because the channel estimation error results from the effects of
imperfect channel estimation and symbol detection in the pre-
vious stage over the recent W Np;jo¢ chips, it has weak correla-
tion with the symbol detection error for only one time instance
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m, i.e., over N chips, where N < W Npjjot. So the channel
estimation and the tentative data decisions are approximated as
uncorrelated to each other [8], we obtain

) :NZED|D1|ZQI NEp

z121| D1 2 3

K Lg ) 2
({jon o1

x> D
k=1 11=1
111
(s-1\?
+8logy M (09,11 )
Lr
16NGEp s—1)\ 2
=53 (o)
11=1
1141
NEp(Klogy M + 20
+ 6

L
) Z Q1+ NN
l11=Lr+1
37)

where the last two components on the right-hand side of the
first line are the variances of the residual interference of the Ly
strongest paths from data channel resulting from the imperfect
tentative decisions with channel estimation error-free from the
previous stage and the imperfect channel estimates with symbol
decision error-free, respectively.

The variance of tentative data decision is shown in (38) at the
bottom of the page and the variance of channel estimation error
in the previous stage (0:;1)2 is Rz:;'Dl — /2. As to the
second statistical function of the estimated fading, it is given by

(s) _ W] 1
220D T 9 T (6W Npior 3)
K Lg )
22 (e{loe-pe o
k=1 11=1

11#£1

+8log, M (afz11))2>

8 & (-2
* B Nonor) > ("6711 )

11=1

1151

(K logy M + 23)

(6W Npiot3)
L
Ny

X Q1+ —— 39
Z " (2W Npiot SED) (39)

[1=Lgr+1

After calculating (30) by using Gauss—Chebyshev quadrature
method [21], the BER (29) is achieved.

D= D] (DL 1De) (D27 1)

o0 %

Dy pe=

— (38)
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Fig. 4. BER versus average received SNR per bit for M-QAM multicode CDMA systems.

V. NUMERICAL RESULTS

In this section, some representative numerical results are pre-
sented which illustrate potential of using the multistage parallel
interference cancellation as an effective tool for improving the
performance of M-QAM modulated multicode WCDMA sys-
tems over multipath fading channels. The effect of different
system parameters such as noise and the power ratio of the pilot
channel to a data channel on the system are investigated by nu-
merical evaluation. A six-path channel (indoor channel B model
in [22]) is used. Unless noted otherwise, the spread factors for
data channels and the pilot channel are 16 and 256, respectively,
the number of code channels K is six, the number of Rake fin-
gers Lp, is three, the length of the FIR filter for channel estima-
tion W is three, and the power ratio of pilot to one data channel
[ is 2 dB.

Fig. 4 shows the BER performance versus signal-to-noise
ratio (SNR) per bit for different stages of interference cancella-
tion and different modulations with perfect channel estimation.
From the figure, it can be seen that the BER performance in
the initial stage (first stage) is seriously limited by the multipath
interference from the code channels. The interference cancella-
tion method dramatically improves the performance in the fol-
lowing stages. Comparing the performance curves of 4-QAM
with those of 16-QAM, it can be seen that much more interfer-
ence cancellation stages are required for the 16-QAM system.
Because the minimal distance (2+/3log, M/(2(M — 1))) be-
tween constellation points is smaller, the higher order QAM
system is very sensitive to the additive multipath interference.
It is found that in higher SNR cases, higher order modulation
can be adaptively employed to increase the system throughput.
Meanwhile, to illustrate the accuracy of the analytical method,
some simulation results are plotted in Fig. 4. It can be observed
that simulation results are close to analytical results in the first
some stages. The gap between analytical curves and simulation
curves becomes larger with the increase of interference cancel-
lation stages. This is because of the inaccurate Gaussian approx-

imation of the residual multipath interference when the number
of stages is larger.

In WCDMA systems, the power of pilot channel is an impor-
tant parameter for system performance. Basically, by increasing
the pilot power, the effect of the multipath interference from data
channels to the pilot channel will be decreased, which results
in more accurate channel estimation. However, too much pilot
power will cause more residual multipath interference to the
data channels from pilot channel, which will also degrade the
system performance. So a tradeoff must exist in the allocation
of the pilot channel power. Fig. 5 shows the BER performance
of systems without [Fig. 5(a)] and with [Fig. 5(b)] interference
cancellation for 16-QAM when the average SNR per bit is 20
dB. It can be seen that the performance improves when 3 in-
creases from — 10 dB. After /3 reaches its optimal value, the per-
formance degrades with the increase of /3 afterwards. Moreover,
channel estimation not only affects the fading compensation but
also determines the accuracy of regenerated interference in the
following stages. It can be observed that without interference
cancellation (s = 0), the optimum £ are about —1 and 0 dB for
K = 4 and 6, respectively, and when s = 1, the optimum /[
are about 3 and 4 dB for K = 4 and 6, respectively. It implies
that for 16-QAM, the power ratio of pilot channel to the total
transmitted power (3/( + 2K) is about 8% and 18% for s = 1
and 1, respectively. So to achieve more accurate channel estima-
tion, the power ratio for systems with interference cancellation
should be much larger than that for systems without interference
cancellation.

VI. CONCLUSION

In this paper, we have studied the performance of QAM mod-
ulated multicode CDMA systems with interference cancella-
tion for high data rate service. The analytical BER of the re-
ceiver considering the imperfect channel estimation over mul-
tipath Rayleigh fading channels is derived. Simulation results
are presented to illustrate the accuracy of the analytical results.
Numerical results also show that interference cancellation is an
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Fig. 5. Effect of pilot channel power on BER performance for 16-QAM multicode CDMA systems.

efficient technique for M-QAM multicode CDMA system. With
interference cancellation, for 16-QAM systems, optimal value
for power ratio of the pilot channel to data channels is a bit
larger than that for the system without interference cancellation.
It implies that extra pilot power should be invested for more
accurate channel estimation, so that better BER performance can
be achieved when using the interference cancellation technique.
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