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Performance of Wideband CDMA Systems with
Complex Spreading and Imperfect Channel
Estimation

Jiangzhou WangSenior Member, IEEBNd Jun Chen

Abstract—The coherent RAKE reception of wideband code di- results have been given [3]. This declaration is studied in this
vision multiple access (W-CDMA) signals with complex spreading paper, and some useful results are presented.
is considered in this paper. A general multipath-fading channel ~ conerent reception outperforms noncoherent by 3 dB in ad-
model is assumed. A dedicated pilot channel, which is separated.t. hite G . . AWGN) ch Is. | ltinath
from data channels, is used for the purpose of channel estima- ' |ye white Gaussian noise ( ) C ann_e S. n.mu Ipa_
tion. Based on a digital implementation, the coherentdemodulation fading channels, a coherent RAKE receiver with maximum ratio
scheme is presented. Pilot channel estimation error, due to mul- combining (MRC) has the optimal performance. Eng and Mil-
tiple access and multipath interference, is studied. System perfor- stein [8], [9] and Efthymogloet al.[10] presented the perfor-
mance is evaluated by means of bit error rate (BER). The anal- yanc6 of coherent DS-CDMA in Nakagami-fading channels.
ysis shows that the error of channel estimation significantly de- Coh ¢ fi - the k led fch | ch
grades system performance and can be effectively suppressed b 0_ gren re_cep |0n.reqUIreS_ Pf nowe ge_o channel charac-
low pass filters (LPFs). A discussion on the envelope variation of teristics, which are time-varying in fading environments. A con-
complex spread signals is also included, which illustrates that the ventional and effective method to accomplish this task is to use
complex spread signal has more stable envelope than the dual-a separate pilot channel or insert pilot symbols in data symbols.
channel spread signal. The power ratio of pilot to data channels | i, 111] described the optimal estimators for pilot symbols in
should be chosen in the range of 0.2 to 0.4 (o+7 to —4 dB), in ilot ch I sch Th lati d
order to achieve maximum system capacity. a pilot channel scheme. The relative mean square error and op-

timal power allocation between data and pilot signals were also

studied. Higuchiet al. [12] and Abetaet al. [13] presented a
weighted multislot averaging (WMSA) channel estimation filter
for time-multiplexed pilot channel. Choi [14] proposed an adap-
I. INTRODUCTION tive method to estimate channel parameters by jointly utilizing

O PROVIDE higher data rates for end users, as well g()t and data ghannels. However, the'analyti.cal expregsion of
to accommodate more users over wireless channelsgﬂ"? channel est_lmat_|0n error_has been m_sufﬂmen_t. In this paper,

the future mobile communication systems, wideband diretae ghannel e§t|mat|on erroris analyzed ina multiple access and
sequence (DS) code division multiple access (W-CDMA) h ultipath enqunmeryt, whlch leads toabettgrunderstandmg of
nature of this estimation error and possible methods to re-

become the focus of current research interests. Two of f{| th Th ¢ ‘ d dation due to th
important features of wideband CDMA systems are the use jfce the error. The System periormance degradation due to the

complex spreading and user-dedicated pilot channel [1]—[Ef$?at'on erroris alsq |n(\j/est|gf;altled. In Section II. th
In the W-CDMA standard of the Third Generation Partnershi it IS pagelr |shorgan||ze dasl 0 %WS' n ectlton t’ the trans-
Project (3GPP), a time-multiplexed pilot is used in the dow nitter model, channel model, and receiver structure are pre-

link, whereas an in-phase/quadrature (I/Q) code-multiplex(?ﬁmed' The analysis of channel estimation error and system per-
: ormance is given in Section Ill, while numerical results are dis-

pilot is used in the uplink [4]. In this paper, an I/Q code-mul- , . S
tiplexed pilot is adopted. However, the results obtained can B‘éssed in Section IV. A study on the envelope variation is pro-

applied to a time-multiplexed pilot as well. In addition, thé/_ided in Section V. Finally, some conclusions are drawn in Sec-
power ratio of pilot to data channels has been evaluated in ord8P VI
to achieve maximum system capacity.

Complex spreading is a term used in contrast to dual-channel
spreading [5]. It can be implemented either by a complex. Transmitter Model

valued sequence [6], [7], e.g., polyphase sequence, or by W@y, the yplink of wideband CDMA systems, where an 1/Q

binary sequences. It is claimed that complex spreading calye_muitiplexed pilot is utilized, spreading consists of two op-
reduge the peak-to-average power ratio of modulated S'QUQ:JPations, The first is channelization operation, in which pilot and
thus improving RF power amplifier efficiency, but no explicity,a symbols on I- and Q-branches are independently multiplied
with an orthogonal variable spreading factor (OVSF) code and
Manuscript received June 1, 2000; revised October 1, 2000. transformed into a number of chips. The second operation is
The authors are with the Department of Electrical and Electronic E”%’crambling, where the resultant signals are further multiplied

Index Terms—Channel estimation, complex spreading, RAKE
reception, wideband CDMA.
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Fig. 1. Transmitter block diagram of ttigh user. Fig. 2. RAKE receiver block diagram.

channel estimation from pilot symbols

The transmitted signal of theth user can be written as

> complex despreadin,
S(t) = VEp 1 Z (n) -lp g
n=—o0 ! !
[VaRCr, 1(1)S1(n) = Di(m)C, 1(n)Se (1) g |
- h(t — nT.) cos(wot + ¢Pr) L | E i) |
> L2520 ]
—+Ep. Z
. [\/%011 k(?’L)SQ(TL) + Dk (m)CD7 k(?’L)S[(TL)] channel estimation from pilot symbols
- h(t — nT.) sin(wot + ¢x) (1) Fig.3. Detailed demodulation block diagram of tie branch.
where , users have the same number of multipaths;(t)c?®*:®) and

Ep,k chip energy of data channel; 7.1(t) are the complex fading factor and propagation delay

9k power ratio of pilot channel 10 the o¢ thq jth path of thekth user, respectively. Note that ()
data channel; can be Rayleigh-, Rician- or Nakagami-distributed, depending

Di(m) _data symbols for théth_user; on a specific channel model. All random variables in (3) are

m integer part ofn/N, i.e., m assumed independent férandi. Assuming that there ar&
[n/N]; , active users in the system, the received signal is given by

N spreading factor;

o carrier phase; K oL-l ,

Cp x(n) andCp_ 1 (n) orthogonal channel codes for pilot 7(t) =n(t) + Z Z auw, ((£)Sk[t — i, ()] D (4)
and data symbols, respectively (note k=1 1=0
that no data symbols are present ifyherey(t) is the background AWGN with double-side power
the pilot channel); spectrum densityjo /2.

S51(n) andSg(n) real and imaginary parts, respec- |n order to mitigate multipath effect, a RAKE receiver with
tively, of the cell-specific scram- yijot symbol aided coherent demodulation and maximum ratio
bling sequence; combining (MRC) is employed. The RAKE receiver structure is

h(t) impulse response of the pulseshown in Fig. 2, where the number of branches is less or equal

shaping filter truncated by the lengthig the number of resolvable paths. The received signal is mul-
of AT, for practical systems, whereipjieq by local carriers and passed through the pulse-matching
_ (A+1)Tc/§4 > 1,and7; is the chip interval.  fiiters and then sampled once per chip duration. The samples
Assuming that/ ;"1\ 0, h*(t)dt = 1, the power of the are fed to each branch of the RAKE receiver, where the pilot
transmitted Signai is and data symbols are separately demodulated, and pilot sym-
bols are used to eliminate the phase error of different path and

Pr =1+ g )Ep,n/Te = Ex/Te () achieve MRC. Assuming that thith path delayr; ; can be ac-

whereE; is the chip energy for both data channel and dedicafdrately estimated for the reference uses(1), each path that
pilot channel of thesth user. corresponds to a RAKE branch gives an output component.'T'he
outputs of all branches are added together to form the decision

B. Channel Model and Receiver Structure statistic. The detailed demodulation block diagram of dthe

. . branch is shown in Fig. 3.
The complex lowpass equivalent impulse response of a mu

tipath fading channel can be written as

I1l. CHANNEL ESTIMATION ERROR AND BIT ERRORRATE

L—1 . . .
ha(t) = Z ()]t TkJ(t)]Cjek’l(t) 3) The two sampled outputs in Fig. 2 are given by
=0

(n+1)Te+71, 4
i . ui(n) = / r(t) cos(wot)h* (¢t —nT, — 7;)dt
where L(L > 1) is the number of resolvable propagation nTodr s

paths. For the sake of simple notation, it is assumed that all (5)
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(n+1)T.+71 _ : : H : :
ua(n) = _/ P(£) sin(wot A (¢ — nTs — 71 1) dt sub-branches after this correlation, as show in Fig. 3, which are

T4y given by
(6) (m+1)N
w = ui(n) - Srln — i) +uz(n) - Sgln — i
whereh*(t) is the complex conjugate &f(¢). For simple nota- n=§+1[ 1) - S ) Faln) - Sol )
tion, n7, is replaced by:. Neglecting the high-frequency com- Cp1(n—1) (12)
ponent, the two samples can be further written as (m+’1)N

wi72(m)

K —
Z Z /3(0)

k=1 (=0
- (Vak - Sr(n —)Cp x(n—1)
_ Dk(mk) Sq(n —OCp, k(n —1))

K —
- Z Bii(n)

k=1 =0 ‘
(Vg - Sg(n = D)Cpx(n = 1) w;,4(m)

+ Di(my) - Sr(n = DCp a(n = 1) +m(n) (7)

W=3 3 A

w; 3(m)

> [uz(n) - Si(n—i) —ui(n) - Sq(n — i)

n=mN+1
-Cp 1(n —1) (13)
(m+1)N

Y [uiln) - Si(n =) +ua(n) - So(n — )]

n=mN-+1
-Cp 1(n —1) (14)
(m+1)N

> [uz(n) - Si(n—i) —ui(n) - Sq(n — i)

n=mN+1
[=Cpa(n — 9] (15)

Assuming that the channel parameters of (9) and (10) remain

k=1 1=0 constant over one symbol duration, i./é,i?l( ) = /3(‘:)( N)

(Vg - St(n = )Cp (n—1)
— Dk(mk) SQ(TL - Z)CD,k(n - l))

K —
£33 afio)

k=1 1=0
(VK - Sq(n —D)Cp,r(n —1)
+ Di(my) - Sp(n —DCOp x(n —1)) +m2(n) (8)

wheremy, = [(n — ng)/N] with ny, = [, :(nT,)/T.]. Since
data of interfering users have no effect on variance of multiple
access interferencey,, is replaced byn for simple notation.
m(n) andnz(n) are the sampled noise components, and

B (n) =5V Ep, ik ar,i(n)R[Tx,1(n)] coslgn,i(n)]  (9)
(S) (n) = 5VEp, k cw, 1(n)R[Tx,1(n)]sinfgr, o(n)]  (10)

wheregy, ((n) = ¢r + 0 1(nTz) — work, ((nTe) is the carrier
phase offset;, ;(n) is the chip-timing error given by ;(n) =

T, (nL) — 11 — [(Th, o (0Te) — 71,3) /T[T, and| 7y, o(n)| <

T.; andR(7) is the effect of timing errof on the sampled out-
puts. When the impulse response of the shaping filter is limited
to 1, it has been proved in the Appendix that

R@zﬁxmmmﬂwmﬂ (11)

whereH ( f) is the frequency response of the pulse shaping filter.
Assuming that acquisition and synchronization have been ac-
complished for the reference usér £ 1), the local spreading
codes in theith branch are aligned with théh path of the
received signal. After descrambling by a complex scrambling
code, the real and imaginary parts of the resultant signal are mul-
tiplied by separate channel codes, respectively, and then accu-
mulated in one symbol period with symbol synchronizatién (
chips). The four outputs of th&h branch are obtained at four

andﬁ( )( )= /3,5?)1(mN) formN <n < (m+1)N,w; 1(m)
can be rewritten as

K _ ( ) (m+1)N
B
kzl lz% n—%ﬂ—l

- (\/g_k - S[(TL — l)CRk(TL — l) — Dk(m)
. SQ(TL — Z)CDJC(TL — l))
- S[(TL — L)Cp 1(7’L — L)

K — (m+1)N
-3 Z BImN) >
k=1 I=0 n=mN+1

(g - So(n — DCp x(n — 1) + Di(m)
- Si(n = DCp p(n —1))
< S1(n — i)CP 1(n —1)

K I— (rn—l—l)N
DI I
k=1 I=0 n=mN+1

- (V/ak - S1(n = D)Cp,(n — 1) — Di(m)
. SQ(TL — Z)CD7 k(?’L — l))
. SQ(TL - L)Op 1(7’L - L)

K L- (m+1)N
+>° Z AomNy 3"
k=1 I=0 n=mN+1

. (\/g_k . SQ(TL — Z)prk(ﬂ - l) + Dk(m)
. S[(TL - Z)OD7k(7'L - l))

M SQ(TL — i)CR 1(7’L — L)
(m+1)N

+ > mm)Sin —i)Cpa(n i)
n=mN-+1
(m+1)N

+ S0 mn)Saln —i)Cpi(n i)
n=mN+1

= i71(m) +Ii71(m) +Ni71(m) (16)
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thenw; 1(m) consists of three components:

1) desired signal compone#; {(m);

2) interference componety | (m);

3) background AWGN componei; 1(im).

The desired signal componef ; (m)is the pilot component
of the reference user in the reference path (t.e-, 1 andl = 7)
and is given by

E; 1(m) =2NpE)(mN) /g1

different userk and different patH, all the fading amplitudes
ay,(mIV) are independent, chip-timing errorg ;(mN) are
i.i.d. random variables uniformly distributed {6, 7.], carrier
phase offsetgy, ;(mN) are i.i.d. random variables uniformly
distributed in(0, 2], and user dat®;,(m) are i.i.d random bi-
nary variables with zero-mean and variance 1. Tus(m) is

a random variable conditioned @n ;(mN), with zero-mean
and variance given by

K L—-1
=Nay, i (mN)R[F1, i(mN)] var{l; ((m)} =1 Z Z oEp 1 - E{o (mN)}
: COS[‘PI, z(mN)] V aFp,1. 17) k=L klzzl?z;m‘

- B{cos? o 1(mN)}- E{RQ[?k 1(mN)}

K L-—
~E{[c§)l( } } ZZEDk

k=1 1=0
Bl (mIN)} - B{cos® op, (mN)}

B ) B{ [,00] )
EB: z_: gED k

k=1 1=0
-E{azyl(mN)} - E{sin? or, 1(mN)}

- E{R’[7y,(mN)]} - E { [ci)l( )}2} '

For the reference path (i.&, ;(mN) = 0), R[71 ;(mN)] = 1.
Therefore, a good estimate of the channel parameter
{a,:(t) cos ¢ ;(t)} can be derived fronE; ;(m), which is
approximated by

E@ 1(m) = NOéL Z(mN) COS[(,OL i(mN)]\/glEQ 1.

The interference componefy 1 (/) is due to the cross-cor-
relation with other users’ spreading sequences, the autocorrela-
tion of self-signal in other paths and the cross talk with quadra-
ture components. Accurate evaluation of this interference com-
ponent should involve all correlations in the specific sequence
set. For simple analysis, it is assumed that all sequences are
purely random binary sequences, except the cas€thatn —

(18)

- B{D{(m)} + %

i) andCp, 1(n—1i) are orthogonal. Thug; ;(m) can be written ANy
as +3 > EpBE{af (mN)}
K k=1 'rkl:101¢i
Z Z BOMN) - /gi - e (V) - B{sin® gy, 1(mN)} - E{R*[7i,((mN)]}
2
e B[]} B0t
-3 ) Dm0 N &
k=1 1=0 :Ag Z(1+gk)ED,k
S 4 3y o
Z Z ﬁk ((mN) - /gy - ¢ (N) L
k=1 1=0 Z E{ai,z(mN)}
K =0
iCk=1, 1%
—z z BEUmN) D) (V) N ,
- 1 144 + AZ ED:1(1 +gl)a1,i(mN)
K L— N K r—1
L3S By v ) =AG D B ), Blo(mN)}
k= 1 = 0 k=1 =0
i k=1, %1

—Z Z B (mN) Di(m) (V)

lrk 1 z;m

N
+ AZ Elaii(mN) (20)

where A = E{R%[7; (mN)]} is related to the frequency

IS . . . . . -
+ Z Z /3;56)1 (mN) - \/r Cf)z( N) transfer function of pulse-shaping filter, which is given by
ik l;t A IE{RQ[?k71(mN)]} = %
K — . y
. for rectangular pulse shaping filter (22)
+3 Z BA(mN) - Da(m) - 7 (N) (19)
k=1 =0 var{l; 1(m)} in (20) is related to the instantaneous

Wherec,s')l(N)
sequence combinations with length {c

(N

channel-fading amplitudex, ;(m/N) of the ¢th path of

is the discrete aper|0d|c correlat|on of differenthe reference user. However, the contributionef; (m.N') to

)} are indepen- the variance is very small wheii L is large, even for smalk.

dent identical dlstrlbuted (i.i.d.) random variables with zerdn the extreme casd{ = 1), the power ratlo of théth path to

mean, and variance

( )= E{[ck z( )]*} = N.For other paths |$1/2)E{04]L JmN)}/ El 0, 1 E{akjl(mN)}
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which is very small wherl. >> 1. Since addingv; ;(miV)
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with a cut-off frequency much smaller that. should be able

to var{; 1(n)} makes the analysis troublesome, for simpl® reduce much noise om; 1(m) andw; 4+(m). In our study,
analysis, the effect ofy; ;(mXN) is averaged in the variance.a Np-tap (Np can be either even or odd numbers) FIR filter is

Therefore, vafI; 1(m)} is approximated by

K L—1

var{L; 1(m)} :Ag B >

k=1 1=0
it k=1, %

N
+ AZ E\E{a} ;(mN)}

K L—-1

zAg S B Y B{o2 (mN)}

k=1 =0

E{of ((mN)}

A

=5 NKEQq (22)

where for the sake of simple analysis, it is assumed ghat

adopted to suppress the noise, as shown in Fig. 3. In order to as-
sure that the channel parameters remain relatively constant over
Np symbol duration, the cut-off frequency of the filter should
be much larger than the maximum Doppler frequefigyi.e.,
Ry /N, = R./(N,N) > fq, whereR, is the channel data rate.
Higuchiet al.[12] have shown by both simulations and experi-
ments that system performance is very stable when the window
size of the FIR filter is two time slots (around 1.3 ms) for the
Doppler frequency in the range of 0 to 200 Hz. Note that the
cut-off frequency of its FIR filter is 1/1.3 ms 800 Hz, which
is much larger than the maximum Doppler frequency of 200 Hz.

It is worth noting here that in the uplink of wideband CDMA
standards in 3GPP [4], two different spreading factors (SFs) are

g1 = g, Ex = E1 = E. Qyp is the channel parameter given by used for pilot and data channels, respectively. TheNgFof

L—-1

Qr =Qr = Z B{af (mN)},
1=0

k=1,2, ...K. (23)

The AWGN componendV; (m) is a zero-mean Gaussian vari-

able with variance

var{N; 1(m)} = 2N - %0 = N (24)

Therefore, conditioned onaw; ;(mN) cos[eg1,:(mN)],
w; 1(m) is a random variable with meaB; 1(m), given by
(18), and variance v, 1(m)} + va{N; 1(m)}, i.e.,

var{w; 1(m)} = N <n0 + %KEQT> . (29

Similarly, w; 2(m), w;, 3(m), andw; 4(m) can be approxi-
mated as conditional random variables, with same variance as

w; 1(m) but different means

E{w; 2(m)} = NDy(m)ay_;(mN) cos[pr s (mN)]/Ep (26)
E{w; 3(m)} = NDi(m)on,;(mN)sin[pr ;(mN)] \/E_D (27)
E{w; 4s(m)} =Naq ;(mN)sinfe1 ;(mN)|\/gEp (28)

whereEp = Ep 1 = Ei/(14+ ¢g1) = E/(1+ g) is the chip
energy for data channel of the reference user.

the pilot channel is fixed to be 256, while the 3% of data
channel is varied from 4 to 256. The channel estimate that is
derived from one long pilot symbol corresponds¥o/ N, data
symbols, depending on data rate. In this case, it is equivalent to
say that the length of the FIR filter for 3SGPPA&> /(N1 /N>).

The statistic of channel estimation after the averaging LPF
can be written as follows:

[No/2]
wi,1(m+7).  (29)

J==[(Np—1)/2]

Wi, 1(m) = —
P

Assuming that the variances of successive (m) for different
m are independent to each other, one obtains

Bl 1(m)} = E{wi, 1(m)}

var{is; 1 (m)} = Nip var{w; 1 (m)}.

(30)
(1)

The estimation error is greatly reduced by the LPF whigns-
1. Similarly, the estimation error of; 4+(m) can be reduced
significantly as well. On the other hand, because the variables
w; 2(m) andw; s(m) contain unknown data for successtvg
LPF may not be used to reduce the variances of these two sta-
tistics.

The output of theth branch in RAKE receiver is given by

From analysis above, it has been seen that in such wideband*: (m) =i, 1(m) - wi,2(m) + wi,3(m) - i, a(m).  (32)

CDMA systems, the channel estimation using pilot symbols suf- L

fers from multiaccess and multipath interference. In most pu&%’m (16), it is seen that the sub-branch outputs are actually
lications on coherent demodulation, perfect channel estimatipty SUms of @ lot of independent random variables; this:)

is assumed for the purpose of simplification. However, this a$- 1N the form of (3=, i) - (325 v;) = 32, 3= wiy;. Thatls,

sumption does not stand in our study, and such estimation erf ) consists of the sum of many m_dependent ra”do.".‘ varl-
is considered in the following performance analysis. ables. Therefore; (i) can be approximated as a conditional

Because the variance (error) of this channel estimation is n(@gussmn variable. Since Rpand Im(-) in [:'g' 3 are indepen-
trivial and has direct contribution to the decision noise (as it wif€"t andC’p, 1 andCp,, are orthogonakiy, 1(m), wi,2(m),
be shown in the following analysis), it must be suppressed. A:
simple way to reduce the estimation error is to use a low p
filter (LPF), as shown in Fig. 3. The interference from multi-
access and multipath can be modeled as white noise with no
correlation between successive symbols and with a wide spec-
trum allocation of the chip rat&. = 1/7.. Therefore, LPFs

3(m) andw; 4(m) are mutually independent to each other;
refore, the mean ef(m) is given by

E{zi(m)} = E{w;, 1(m)} - E{wi 2(m)}
+ E{w; 3(m)} - E{d; 4(m)}

=N’Di(m)ai ;(mN)Ep.\/g. (33)
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The variance of;(m) is given by and
Var{zi(m)} Var{Z(m)|aLi(mN)7i=07 1, '__7]\4,1}
= E {[ty,1(m) - wi, 2(m) + w;,3(m) - b;, 4(m)]* } =va{Z(m)|¢}
— E*{;, 1(m) - w;,2(m) + wi,3(m) - i, 4(m) } =
= E2{i; 1(m) } - var{w; 2(m)} = 2 vartzim
+ E?{w; o(m)} - var{a; 1(m)} M-1 A
+ E*{w; 3(m)} - var{w;, 4(m)} <9+N—P>N3ED Z af (mN) <770+5 KEQT)
+ B2 (i, 4(m)} - var{w; 5(m)} v,
2N? 2
+ var{w; 1(m)} - var{w; »(m)} + 5 Z <770 +5 KEQT>
+ var{w; 3(m)} - var{w,; 4+(m)} P =0
= <g+ NL> af ;(mN)N®Ep - <770 + % KEQT> = <9 + N_P> N3Ep¢ <770 + = KEQT)
r
2
N2 A 2 2MN? A
N <no + 5K EQT> (34) + =y, o+ KEQr (38)
In the case of perfect channel estimation, i.e, 'herefore, conditioned on the instantaneous multipath

var{t; 1(m)} = var{t; 4(m)} = 0 or Np — oo in (34), the fading amplitude ¢ of the reference user, the bit error
mean ofz;(m) remains unchanged, but the variance reducesRéobability is given by (39), shown at the bottom of the

var{z;(m)

Assuming that the fading of each path is independent
of each other and the output in each branch of the RAKE b=
receiver is independent of each other, the summed output
), whereM is the number of branches,
is a Gaussian variable with mean and variance given by

Z(m) = S5t

2z (m

page, where NE/ng IS the signal-to-noise ratio (SNR),

2,‘(mN)N3E'<770+§KEQT>~ Q(z) = [(1/v/2m)e™v"/2 dy, and

A

(35) a=(1+g) <1 + L) <Sl11R +2 QT§> (40)
IM(1+g2/ 1 A _ K\°
gNp <SNR 3y ) ' (“41)

For a specific channel mode, is a random variable with
probability density functiom(¢). The average bit error prob-
ability P. can be obtained by averagidg(¢) over¢, i.e.,

E {Z(m)|al,i(m/\f),7‘,=o, 1., 1\4—1} -
= E{Z(m)|¢} P. :/ P.(Op(¢) d¢
M-1
= E{zi(m M—1
> [ L (S
M-1
:EDNQ\/E-Dl(m)- o .(mN)
; B P(al,m ay1---oq, p—1) dog gday g - dog po
= EpN?*/g- Di(m) - ¢ (36) (42)
where wherep(ay o, oq,1... a1, ar—1) is the joint probability density
M1 function of multipath fading amplitudes.
¢ = Z a2 (mN) (37) Equations (39) and (42) give a complete bit error rate (BER)
o a performance evaluation of the wideband CDMA system with
E{Z(m
Pe(C) =Q { ( )|<}
Vva{Z(m)|c}
1 1 1 A K\)Y?
d+9) (), ) < L2, )
p ¢ gNp ) \NE/ne 2 ~ N
B 1 2M(1+ g)? 1 A K\?
+ + = Qr—
¢ gNp NE/mo = 2 °N

(39)
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user dedicated pilot symbols. However, (42) is generally too 10°
complicated to be computed, and the probability density func-

tion (pdf) p(¢) is unobtainable if the fading in each path is to be M=1,2,4,8
chosen arbitrarily. In order to simplify the numerical evaluation, y
itis assumed that each user has independent but the same fading _ 1% &
characteristics. The amplitude fading in each path is assumed
to be Nakagami-distributed since the Nakagami distribution is

more versatile and more adequate to describe different fading
situations. For example, Nakagami fading can closely represent
Rayleigh and Rician fading under appropriate parameters [8],

[10]. The Nakagami pdf of; ; = «; is given by

my; 2m;—1
m; o m; o
=2 — L —— g ;>0
plai) <Qz> I'(ms) eXp( Q al) e 10
(43) 0 5 10 15 20 25
Average received SNR (dB)

Bit Error Rate (BER)
)

Y
o,
&

wherem; = (Q2/(E{(a? — ;)?})), @ = E{a?} = Qe ", Fig. 4. BER versus average received SNR with different number of RAKE
andé is the rate of exponential decay of the multipath intensif{pgers-

profile (MIP). I'(z) = f0°° t*—Le~t dt is the Gamma function.

If the Nakagami distribution in each path is such that the ratinal g is obtainable by minimizing (39). That is, by letting
(m; /) is the same for all paths, it can be shown thaas the d(al +b)/dg = 0, it is readily to have

gamma pdf [15]
1 A K
2M <— +=0Q —) +<
p(Q) = <E>% o xp <_E C) (=0 (44) Gopt(C) = 1SNR A i IT(N
Qr 1_‘(m'T) Qr 7 N 2M <%+ EQTN> +C'NP

where @ = Y M1, = M ' E{a?}, and Similarto the discussion of the average bit error probability, an
my = Y M51 m;. Submitting (44) into (42), the average bitveragey,,: can be obtained by averaging,:(¢) overc, i.e.,
error probability P, is given by

(46)

Gopt = /0 Gopt (Op(¢) d¢

B =) Jore) m mr emp—1 m
p= [ ropow [Tt () e (<) e
T olz) ()7
0 CLC—F() QT
'CmT—l N <_E )
I'(my) R ¢ )& (43) IV. NUMERICAL RESULTS

In this section, the effects of different system parameters on

In the case of perfect channel estimation, (45) has a known siee BER performance of the wideband CDMA system with
lution [8], [10]. In general, the integral of (45) can be computedomplex spreading and imperfect channel estimation are inves-
numerically using computer software like MATLAB. tigated by numerical calculations. The fading is assumed to be

It is seen from (39)—(41) that for a given SNR and numb&takagami distributed, as noted in Section Ill. The exponential
of active users, the change of the power rgtibas certain in- decay rate of the MI® is 0.2. The ration; /€, is 4, andQ is
fluence on the system performance. Wheris very large or setas 1 for normalization. The number of multipathis 8, and
very small, at least one af andb will be large so that large the spreading factav, i.e., number of chips per data symbol,
error probability is caused. In other words, whgis very large, is fixed to be 64. Unless noted otherwise, the number of RAKE
the desired component [see (18) or (28)] in the pilot channelfingers M is 4. The LPF length iVp = 32, the number of
strong (i.e., channel estimation quality is good), whereas the @etive users in the systeid is 10, the power ratio of in-phase
sired component [see (26) or (27)] in the data channel is wealnd quadrature branchgss 0.3, and the SNR is 15 dB.
This will cause large error probability. On the other hand, when Fig. 4 illustrates the BER as a function of average re-
g is very small, channel estimation quality is poor so that largeived SNR for different number of RAKE fingers, i.e.,
error probability is caused as well. Therefore, there exists afi = 1, 2, 4, 8. It can be seen that the RAKE receiver takes
optimal value ofg, which minimizes the error probability or advantage of the multipath and gives better performance when
maximizes the signal-to-interference-plus-noise ratio. The offre number of fingers increases. For the caselbf = 4,
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Fig. 5. BER versus average received SNR with different number of taps l(:)lp. 7. Number of users versus I/Q power ratio with BER.
LPFs.
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Fig. 8. Optimal power ratio versus average received SNR with different
number of taps of LPFs.
Fig. 6. BER versus number of users.

should be kept constant ovar» symbols time period. That is,
BER = 102 can be obtained when SNR 8 dB. If channel Np cannot be chosen too large.

coding is used, acceptable BER performance can be achievedFig. 7 illustrates the effects of I/Q power ragdo the system
Fig. 5 shows the BER versus average received SNR for difapacity (number of active usetk)). It is seen from the figure
ferent number of tap®/ of LPF. The last curve, whet®¥ > = that for a given BER, whep is small, the increment of in-
oo, corresponds to the case of perfect channel estimation. Froreases the system capacity significantly, whereas the capacity
the analysis (39)—(41), it is seen that the increas®¥pfvill in-  decreases whepincreases beyond its optimal value. One can
crease the system performance. This is because the increadmdfthat the optimal values are slightly different for different
the number of taps of LPFs decreases the estimation variarBER level. Under the specified system parameters (i.e., SNR
It can be seen from the figure that using larger number of taps dB, Np = 32, etc.), the optimal value for BER= 0.1 is
can improve performance significantly. A similar property caabout 0.4, while it is about 0.3 for BER 0.005. The optimal
be found in Fig. 6, which shows the BER as a function of thgower ratiog,:, given by (47), is plotted in Fig. 8 as a func-
number of active usetx. It is clearly shown that the incrementtion of average SNR with different number of taps of LPF. As
of Np always has positive effect to the system performance. Fsltown in the figure, the increase of SNR monotonously de-
a given BER 0fl0~2, doubling the number of taps means thereases the value @f,,;. However, the change is very slight
increase of capacity by three or four users. However, the valwben SNR > 0 dB, which implies that the SNR has little
of Np is subject to the constraint that the channel parameténfluence ong.y. It can be also seen from the figure that in-



160 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 1, JANUARY 2001

Actually, the relative large BERs can be pulled down to accept-
0ol | able levels using channel coding—decoding (e.g., convoluational
or Turbo coding). That is, system performance can be signif-
0.8} 1 icantly improved by use of LPFs with a large value/éf- in
@07 conjunction with channel coding.
g K =1, 10, 20, 30, 40
go.e L V. ENVELOPE OFCOMPLEX AND DUAL-CHANNEL SPREAD
%o 5 SIGNAL
E ' One of the reasons to use complex spreading instead of dual-
-5 04 channel spreading is that the complex spreading scheme can re-
803 duce the peak-to-average ratio (PAR) of the modulated signal,
| thus improving the efficiency of RF power amplifier [3]. How-
ozl ever, so far, there are no explicit explanations for this assertion.
The PAR is a measurement of the signal envelope variation,
015 0 20 30 a0 50 60 which is defined as
Number of taps of LPF (Np)
ar_ max{ls()]) 8)
Fig. 9. Optimal power ratio versus number of taps of LPFs with different - E{|s(t)|2}
number of active user. - ’
70 : : , : : : where|s(t)| is the envelope of(t). For a QPSK signad(t) =
I(t) cos wt— Q(t) sinwt, the envelope is effectively represented
60l by |s(t)| = /I2(t) + Q%*(t). When PAR is evaluated, the max
BER =0.1, 0.05, 0.01, 0.005 and mean operation in (48) should involve all kinds of symbol
@50 i (chip) waveforms. The denominator of (48) is denoted as the
4 root mean square (RMS) value of the signal, which corresponds
f 40l to the average power transmitted. In practical measurements,
2 the numerator of (48), i.e., the peak value of the envelope, is
E replaced by the 99.9 percentile of the amplitude distribution for
45301 ; i i
° reliable evaluation. Another convenient and useful parameter of
fg’ 20l the signal envelope variation is the normalized deviation (ND),
= which is defined as
“l Vars([} E{Js(0)}
0 . : b= «/E{|s?t)|2} Ve E{Iéit)IQ}' 49
0 10 20 30 40 50 60

Number of taps of LPF (Np) ) . ) o )

This parameter effectively characterizes the deviation of signal

Fig. 10. Number of active users versus number of taps of LPFs. envelope from its average value. The knowledge of the signal
envelope variation helps to set the operating point as well as the

creasingVp means decreasing the optimal value. This is b@ack off of a RF power amplifier. Generally speaking, if the PAR

cause increasing’p improves the channel estimation qualin®nd ND of a signal are small, the back off of the amplifier can

so that the transmission power of the pilot can be reduceddf Set smaller, which results in a higher power efficiency of the

order to maintain a given channel estimation error. This conc@mPplifier. _

sion can also be obtained from Fig. 9, whegg, is shown as In (1), Si(t) can be rewritten as

a function of number of taps of LPNp for different number

of active users. Similarly, the increase/$f> monotonously de- Sy (t) = I(t) cos(wot + ¢1) — Q(¢) sin(wot + ¢x)  (50)

creaseg,pt. The optimal value increases as the number of users

rereseion i o e s iy e 1) and () represent e s n-gnase an

. e j ratur mponen nd are given

since SNR= NE/n, = 15 dB is fixed, a largely means the uadrature components, and are given by

increase of pilot power but the reduce of data channel power;

thus, the total power of the system remains unchanged, i.e., th?(t

total interference of this cell to other cells is not raised.

_ Finally, the system capacitl is shown_ln Fig. 10 as a func- — Di(m)Cp, x(n)So(n)] h(t — nT)

tion of the number of taps of the LPF for different values of BER. 0o

It can be clearly seen that the capacity can be significantly in-  _ /g, Z L.h(t — nT.) (51)

creased by the increase &>, especially when BER is small.

)=VE: Y [VarCra(n)S1(n)

n=—0o0

n=—0o0



WANG AND CHEN: PERFORMANCE OF W-CDMA SYSTEMS 161

TABLE | 15 T
ALPHABET OF COMPLEX SPREADING AND DUAL-CHANNEL SPREADING .
R
S,(n) | Sp(n) Cpa(m) | Cpu(m) ln Qn Iln Q'n . !
1 1
T 1 T Vet | et | e 1 g
1 1 -1
11 1 1 1 Jo+l | Vet | Ve -1 2
<]
! ! -1 : Ve -1 |~ +1 | Ve 1 a2
-1 -1 1 -1 o
'1 11 11 ‘11 -Vl | ~Va -1 | Ve -1 %ﬁ
- 1
14 T VE | arl | Ja | - B
e S Va1 | Vel | Ve 1
= = —— N P
1 -1 -1 -1
q 1 1 1 -v&: -1 g —1 -\/Z 1
Time (n T¢)
o>
Q(t) =V Ex Z [VorCp,r(n)Sq(n) Fig. 11. Impulse response of square RRC filter with rolloff factor 0.22.

n=—0o0

+ Dk(m)CD7 k(TL)S[(TL)] h(t — nTc)
=VE, ) Quh(t—nT) (52)

n=—oco g dual-channel spreading complex spreading
RMS | MAX | VAR | ND | RMS [ MAX [ VAR | ND
_ ) L o ) 1| 1.4134 | 2.5358 | 0.1563 | 0.2797 | 1.4134 | 2.5358 | 0.1563 | 0.2757
where for simple notation, the definition af¢) is slightly dif- 09 | 13776 | 2.4716 | 0.1488 | 0.2800 | 13776 | 2.4716 | 0.1484 | 0.2796
ferent from (1). Hereh(t) is defined to be symmetric, i.e., 08 | 13409 | 24057 [ 0.1418 | 0.2809 | 1.3409 | 2.4057 | 0.1403 | 02794
ATc/2 o 0.7 | 1.3031 | 2.3379 | 0.1357 | 0.2826 | 13031 | 2.3379 | 0.1321 | 0.2789
“ares2 P2(8) dt =1, whereA > 1. Note that the values df, 56 12642 [ 22681 | 0.1304 | 0.0856 | 12642 | 2.2681 | 0.1237 | 0.2782
and@,, are correlated to each other. For dual-channel spreadii 0.5 | 1.2240 | 2.1961 | 0.1262 | 0.2002 | 1.2240 | 2.1961 | 0.1151 | 0.2771
the transmitted signal is also given by (50) but with the baseba-34 1 11825 | 21216 2253 | 28T o100 1 2200 | 0o 0.2759

) . 11395 | 2.0425 | 0.1227 | 03074 | 1.1395 | 2.0425 | 0.0978 | 0.2745
in-phase and quadrature components given by 0.2 | 1.0948 | 1.9642 | 0.1248 | 0.3226 | 1.0948 | 1.9642 | 0.0897 | 0.2735

0.1 1.0482 | 1.8806 | 0.1318 | 0.3463 | 1.0482 | 1.8806 | 0.0826 | 0.2741
0 0.9994 | 1.7931 | 0.1544 | 0.3932 | 0.9994 | 1.7931 | 0.0781 | 0.2797

TABLE I
SIGNAL ENVELOPE OFTWO SPREADING SCHEMES (A = 7)

I/(t) =/ 2Ek Z \/g_kCRk(TL)S[(TL)h(t — 7’LTC)

interval, i.e.,A = 1. However, to evaluate the signal envelope

-~ = _ under difference spreading schemes, it is necessary to extend
= V2B Z Lh(t = nle) (53) the chip waveform to multiple chips, which is the situation in

T any practical systems.
Q'(t) = /2E;, Di(m)Cp, 1(n)Sq(n)h(t — nT.) As depicted in Fig. 11, the impulse reponse of the square root
n;m N raised cosine filter with rolloff factor of 0.22 is truncated by a
o0 length of AT, for practical implementation. Actually, the chip
=+/2E; Z Q. h(t —nT.). (54) waveform corresponding to each,( @,,) pair for differentn
n=—oo is overlapped with each other./i{¢) is truncated to the length

AT,, it can be observed that the current chip waveform is over-

It can be seen that, and(, are independent from each otherlapped by its precedinf4 /2] chips as well as its subsequent
Notice that both complex and dual-channel spread signals h&g/2] chips. Thus, a complete evaluation of the maximum value
the same average power. Givél{m) = 1, all values of {,,, will involve all different combinations of these continuods
Q) and (/, Q) are listed in Table | for all combinations of chips. According to Fig. 11, the max occurs when the signs of
Cp r(n), Cp k(n), Si(n) andSy(n). I,, (or @) are the same as that of the side lobes of the impulse

As noted, the modulated signal envelope is effectively repesponse for corresponding The signs of the sidelops are de-
resented by|s(t)| = /I?(t) + Q3(t). The relationships of fined as+ — + + —+. It is easy to verify that for a givep,
the signal envelope with the modulating symbals, (@2,.) or the maximum values of the signal envelopes of two spreading
(I, Q.,) are very complicated if the baseband signals are pulsehemes are the same but with different probabilities, which
shaped. This is because pulse shaping not only limits the baade 2/8* and 2/4* for complex spreading and dual-channel
width of the transmitted signal, but also extends the waveformspreading, respectively. Therefore, the occurrence of peak value
time domain. Therefore, the waveform is no longer determinédmuch more frequent for dual-channel spreading than for com-
by current chip or symbol but subject to the effect of neighboringex spreading. That is, when a nonlinear power amplifier is
chips or symbols. In order to simplify the performance analysigsed, the nonlinear distortion caused by complex spreading is
we have assumed that the chip waveform is limited to one chiuch less than by dual-channel spreading. In order to quantify
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045 3) The I/Q power ratio can be tuned to achieve the best

c . system performance (the maximum capacity). The op-
-8-2— Complex spreading L . .. . .
Duak-channel spreading ] timal value of this power ratio is mainly determined by
the number of taps of the LPF and the number of active
users in the system. The ratio can be chosen in the range
of 0.2 to 0.4 (or—7 to —4 dB).
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APPENDIX
DERIVATION OF THE EFFECT OFTIMING ERROR

When the impulse response of the shaping filter is limited to

Envelope normalized deviation (ND)

025 ] T, the effect of the timing error can be derived from (5)
(n4+1)Te+71, 4
02 ; ! ! ! ; : ! ! ! R(?) = / h(t —nd, — Tk, l)
0 02 04 06 08 1 125 167 25 5 nTotr1, s
I/Q power ratio (g) Sh(t—nT, — 1) dt

T.

Fig. 12. Envelope deviation of complex and dual-channel spread signals. = / h(t - ?)h* (t) dt

0
this property, the variances and NDs of two spreading signals - /700 h(t —T)h(#) dt (A1)

are evaluated by calculation, which are shown in Table Il

both

It can be observed that the theoretical PARs are the same\{jfere7 = 7, ; — 71 ;. AssumingH ( f) is the frequency re-

complex and dual-channel spread signals, while the NQ&onse of the shaping filter, (A1) can be written as

are quite different. In Fig. 12, the NDs are plotted versus the
factorg = ¢ for all k, for both complex and dual-channel

spread signals. It can be seen that when there is not much power ~ R(7) = / </ H(fy)e? =) dfl)
difference between in-phase and quadrature brancheg; &e., TR

1, the NDs are the same for both schemes. However, when the . </ H*(fQ)e—jQﬂ'fzt df2> dt
power ratiog decreases from 1, the ND of the dual-channel —oco

spread signal increases significantly. That means the backoff of . /°° /°° H(f)H*(fo)e 27h7
RF power amplifier becomes large wheiis small and results Y AR A ' 2

in less efficiency. The same situation occurs for dual-channel

of th

spreading whem increases from 1. On the other hand, the ND : / / =1t qedf df,. (A2)

e complex spread signal remains quite constant when the

power ratio changes, which means the power efficiency can he

kept

plifier design.

o0 Li2m(fi—fo)t - _
as constant. This is obviously a benefit for RF power anv?v_lrri]t(t::r{%%o /2T dt = §(f1 — f2), (A2) can be further

R(?) = / / H(fl)H*(f2)C—j27rf1? . 6(f1—f2) dfl df2
VI. CONCLUSION —o0 J—o0

= [ R Ta [ a— pd

In this paper, the performance evaluation of the W-CDMA
system with complex spreading and imperfect channel estima- (A3)
tion by dedicated pilot symbols is considered. The following
conclusions have been drawn. Noting ffooo 6(f1 — f2) df: = 1, one obtains
1) In complex spreading, |- and Q-components of the
modulated signal are correlated, whereas in dual-channel _ = i T
spreading, they are independent. Therefore, complex R(T) = /_OO [H(f)lPe™ ™07 dfy
spreading keeps the normalized deviation of signal 0
envelope invariant to the power ratio of in-phase and —/ |H (/) cos(2n fT) df. (A4)
quadrature components, thus improving the efficiency of e
RF power amplifier.
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