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Performance Analysis of a Baseband Noncoherent
Code Tracking Loop for DS-CDMA Systems

Kyoung-Joon Lee « Hyung-Rae Park - Soo-Hoan Chae

Abstract

In this paper, the performance of the noncoherent code tracking loop designed at baseband for
CDMA applications is analyzed in detail and is confirmed by computer simulations, Analytical
closed-form formula for jitter variance is derived for AWGN channel environments as a function of
pulse shaping filter, timing offset, signal-to-interference ratio, and loop filter coefficients. The design
issue of the loop filter is also addressed with emphasis on the second-order tracking loop. Finally, the
performance of the designed tracking loop is examined by computer simulations for both AWGN and
Rayleigh fading channels, when applied to the reverse link of the coherent CDMA system for
IMT-2000 designed by ETRI.
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for radio access of cellular mobile or personal
. Introduction communication systems ''"1¥ However, like
other spread spectrum applications, its attrac-
Recently, code division multiple access(CD- tive features can be exploited only in case wh-
MA) technique has attracted much attention ere the pseudo-noise(PN) sequences of the
* gk 2HE A °*7l°d o) FF AT o] FE YA (Mobile Network Dept., Mobile Telecomminication Div., ETRI)
* AR A Y o] FE AT 0] 55 27| 4925 (Mobile Communication Research Dept., Mobile Telecommunication Div.,
ETRI)
-l %3 El ¥ 8t (Computer Engineering Dept., Hankuk Aviation University)

o
=
o
ot
= Or_J
£

t

y 970919-060
Y4 19979 1149 20

...1\.
ox |
re

. 2R

645



GEEHMEPARAE S 8E ¥ 68 19974 128

code synchronization process consists of two
steps, code acquisition(coarse alignment) and
code tracking(fine alignment), of which the
latter is dealt with in this paper.

Once receiver timing has been obtained
within one PN chip time by code acquisition
process, more accurate timing estimate should
be made through code tracking process. In
this paper, the performance of the baseband
noncoherent code tracking loop designed for
CDMA applications is analyzed in detail. Tra-
ditionally for spread spectrum applications,
noncoherent code tracking loops have been
designed and analyzed at [F band to avoid
prior carrier synchronization®"* However,
such approaches are not desirable for COMA
systems where the signal-to-interference ratio
at the input of the phase detector 1s very
small. Contrary to traditional spread-spectrum
systems, the receiver carrier frequency is
coarsely synchronized with that of the
received signal in CDMA systems so that
noncoherent code tracking loops can be
designed at baseband.

Most performance analyses so far have not
taken into account the effect of the pulse
shaping filter which is inevitable for
band-limiting the signal spectrum in CDMA
systems®-#. A closed-form formula for
steady-state jitter variance is derived as a
function of pulse shaping filter, timing offset
(advance or retard time), and loop filter
coefficients for AWGN channel environments,
The design issue of the loop filter is also
addressed with emphasis on the second-order
code tracking loop. The performance of the
designed tracking loop is evaluated for various
design parameters and is confirmed by com-
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puter simulations for both AWGN and
Rayleigh fading environments, when applied to
the reverse link of the coherent CDMA system
for IMT-2000 designed by ETRI,

The paper is organized as follows. Signal
model and system description are given in sec-
tion 1I.

steady-state jitter variance is made in section

Theoretical derivation of the

I together with the design issue of the loop
filter. In section IV, tracking performance
evaluations are made for various design
parameters, followed by concluding remarks in
section V.

II. Signal Model and System Description
2-1 Signal Model and Demodulator Output
Statistics

The transmitted signal which is modulated
by dual-channel QPSK scheme with the pilot
signal can be written as

s(1) =/ Elj cos2nfet) L. X1 @)W h(t =mT,)
+ /EY sin(2nf.t L;fg,,, ag) Wi wh(t—ml)

+ A/JED cos(2nf.t) %:,a,'f,’,,h(t—mT[)

m=-%x

+/ED sin(znﬁt)iaé,’;,h(t—mﬂ) 1)

where E!) and E{) are the traffic and pilot sig-
nal energies per PN chip of the ith user, re-
spectively, and A(¢) is the impulse response of
the pulse shaping filter. x;» and xgm are the I
and Q channel information sequences and f. is
the carrier frequency. 4\ and ”3) are the I

1 m

and Q channel PN sequences of the ith user,



respectively, and Wim is the Walsh sequence
with index 1 for differentiating the pilot and
traffic channels. The received signal at the
base station under frequency non-selective

fading environments is given by

Nu S
r([) = L% COS(an("+¢k) Z { E:‘fl)xlmﬁa([‘;,),m,m
k=1

m=-x

+VEGa =T )

fol

Nu *
+ ¥ asin@uftto) T { VES Xonkas, Wim
[‘:

1 m=-x
++/E% aé‘_‘l’"}h(t —mTe—14)

+ni(t)cos(2afit) —nolt)sin(2xfr) (2)

where n;(¢) and np(¢) are narrowband Gaussian
noise processes due to background(or thermal)
noise with the same variance N, N, is the
number of users and 1, « is the delay of the kth
user. ox and ¢ are the signal envelope and
phase, respectively. The signal envelope is not
necessarily be Rayleigh-distributed due to po-
wer control effect. Fig. 1 depicts the block
diagram for demodulating the ith user’s pilot
signal. In the figure, H*(f) is the Fourier
transform of the impulse response of the mat-
ched filter with “ % ” denoting conjugate op-
eration, When there is a timing error ¢, I and
Q channel demodulator outputs can be mo-
deled as[Q],[lU]

Y; = aN~/E., R(1) cosp+n,

Yo = aN+V/E, R(z) sinp+ny, (3)

where the user index / has been dropped for

notational convenience. N 1s the number of

KU
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Fig. 1. Block diagram for demodulating the ith

user’s pilot signal.

accumulated PN chips and R(r) is the convol-
ution of the impulse responses of the pulse
shaping filter and its matched filter, that is,

R(t) = h()% h(—0)=[=, |H(f) |2 cos(2nft)
df. (4)

Without loss of generality, the pulse shaping
filter can be normalized such that R(0)=1. n,
and ny are interferences due to background
noise, inter-chip interference, and other-user
signals, which can be modeled as Gaussian
random variables independent of each other,
The interference variance is given by!-)

Elnf]=E[n}]=NI,/2 (5)

where [, is the interference spectral density.
In a CDMA reverse link, interference is due
mainly to background noise and other-user
signals such that the interference spectral
density can be written as (9

W Ny (7 LHD Vdf+p, - = [, \HU 'df

—Notp, - Tl (= I H() 14

[4
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with
Ny
po=3 {E& +ED} (7)
k=1
k#i

2-2 System Description

Fig. 2 depicts the baseband noncoherent
code tracking loop. In the figure, y;. and yo.
(or yiy and yo,) represent the I and Q channel
outputs of the early(or late) sample proc-
essing unit, K, and 7are the VCO gain and the
estimated timung error, respectively. The
structure of the early or late sample proc-
essing unit is equivalent to the block drawn by
dashed line in Fig. 1. The received signal is
first down-converted to the baseband and then
lowpass-filtered by the matched filter to
maximize signal-to-interference ratio, I and Q
channel baseband signals are over-sampled, in
usual, four or eight times the PN chip rate.
Early and late samples are used for generating
the error signal AZ and correlation operations
for them are done through the same I and Q
channel PN generators used for data demodu-
lation, After scaled by VCO gain, the error
signal is lowpass-filtered by the loop filter

Early
Sample
1,=a7,-& | Processing
Unit

Late

Sample

1,0aT +8 | Processing
Unit

S
. i . & 0
> -l
sin( 1)
Toop T T Timing
Filter coaitol

Fig. 2. Baseband noncoherent code tracking loop.
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whose output corresponds to the timing error
estimate. According to the timing error esti-
mate, decimation points for the three sample
sequences are updated.

[I. Performance Analysis
3-1 Phase Detector Output Statistics
Similarly to Eq. (3), we can model the early

and late demodulator outputs under AWGN
channel environments as follows,

Y- = NVE.,R(1—6) cose + ni-,
Yo- = NVE., R(1—8) sing + ng- (8)

and

Y+ = NVE.,R(1 + 8) cosg + nu+,

Yo+ = NVE,,R(t + §) sing + ng+ (9)
with & denoting the timing offset(advance or
retard time). Therefore, we can obtain

Z-=Y: +Y,_ = N?E., R(1—8)+2N/E,

R(z—8)(cosg-m_+sing-ng_)+n;_ + né_
(10)

and

Zi=Y', +Y5, = N? E, R{(1+08)+2NE.,
R(z+8) (cosg-ni,+sing-ngy ) +nf, + né+
(11)

The mean of the phase detector output is
given by



E(AZ)=E[Z_+Z.]
=N2E, AR (1—§) — R¥1+4)} (12)

and the variance of AZ is

var(AZ)=E[{2N\/ﬂR(r—5)(cosw-n,_+sin<p-ng_)
—2NVE, R(T+(5)(C08(p'n,++8in(p'ng+)}2]
FE[ (nf_Hrig, —ny —ny, )] (13)

With some mathematical manipulation, we can
obtain

var(AZ)=4NE,,RX(t—3) E[n’_]
+4NE,, R(¢+0) E[n7, ]
—8NE,R(t—8)R(1+8) Elni_ni+]
+4E[n) ]~ 4E[n; nl, ] (14)

Using the relationship, E[x1 x2 x3 x4 ]=E[x1x2]
Elxsxa]+E[x1x3] Elxox)+E[xix)ELxox3], for
Gaussian random variables [12],[13], we can
write

Eln 1=3lE[n. ]2 (15)
and

Eln; b )={E[n} J2+2Eln_ni 112 (16)

It also follows from the interference statistics
given by Eq. (6) that

ELn,AnH]:g{NU R(28)+p, R(25)}  (17)

with
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Ro(2) =7 1. LH(f) |*cos (2afe)df 18)

Therefore,

var(AZ) =2NLE. A\RY(1—8)+ R*(t+48)}
—4NE.,R(1—3) R(1+3){N,R(25)
+po R(26)}+2NI2— 2NN, R(26)
+po R(28) 12 (19)

In most CDMA applications, the pulse
shaping filter can be approximated by the
ideal band-limiting filter with H(/)=1//w
for—W/2<f<W/2 and W=1/T. In this

case, R(t)=R, (r)=sine(r/T.) and thus the
variance of AZ is given by

var(AZ)=2N2I 41— R¥(28)}+2N*LE.,
{RY(1—6)+R:(1+6)
—2R(t—08)R(t+3)R(26)} (20)
With an assumption that the timing error is

very small, that is, 10, the variance becomes
to

var(AZ) ~2N2I41 ~ R¥(26)}

T4NLE,RY(5){1— R(20)} (21)

3-2 Derivation of the Steady-State Jitter
Variance

Define the error metric signal
G(1)=R¥t—8) —R:(1+9) (22)
Using the above equation, S-curve is depict-
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Fig. 3. S-curve for various timing offsets.

ed for various timing offsets in Fig, 3. It is
seen from the figure that the pull-in range of
the tracking loop is larger for the case of §=0.
5 T, than for the case of 6=0.25 T, or 0.125 T..
In order to analyze the tracking performance,
consider a linear equivalent model which is
shown in Fig. 4. In the figure, F(z) is the
transfer function of the loop filter and n(r) is
the additive noise with variance V, defined by
Eq. (21). K; =N’E.,k is the phase detector
gain with & denoting the slope of the S-curve
at t=(, Differentiating Eq. (22), we can easily
obtain that k=3.242, 2.783 and 1.578 for §==0.5,
0.25, and 0.125 T., respectively. From Fig. (4),
the closed-loop transfer function is

K.KF(z)z7!
1-{1—-K,K.F(z)}z"

(23)

Since the noise component at phase detector
output can be assumed to be spectrally white,
the jitter variance of the timing error is given
by [10],[14]
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Fig. 4. Linear equivalent model.

var(r) = VB
(N2E.k)? (24)
where B; 1s the loop bandwidth defined as
_ 1 _ dz
BL—7 §(H(Z)H(Z 1) Tonz (25)

In the above equation, ¢ denotes the contour
integral. Using ¥V, defined by Eq. (21), we can
obtain jitter variance as a function of E;, /I,, pulse
offset,

shaping filter, timing and

bandwidth as follow,

loop

var( )24{1—R2(25)}+8{1—R(26)}Rz(5)Ew/IUB
‘ (E-‘rﬂ /10)2 kz L

(26)
with E;, = NE.,.
3-3 Loop Filter Design

Most code tracking systems are second-or-
der ones in which the first-order loop filter is
employed. Therefore, we herein consider the
second-order tracking loop employing type-II
loop filter with a transfer function

G

F(Z):C1+ n
1-2z71

(27)



Inserting Eq. (27) into Eq. (23), the cl-
osed-loop transfer function can be written as

K.Kqiz™! {C1+Cz“ CIZ’]}

H(z)=
( ) 1_{Z_Kr;KLI(C1+C2)27]}+(1—C1K0Kd)Z'2
K,Kyz{C+C,—Cz7)
= {_ Y (28)
(1=Bz") (1—B=1)
with

_ 2 - K(;K([(C1+Cj) + K(;K({{KUK‘[(CF}_C])E - 4C2}
2=
- 2

(29)

Solving Eq. (25) with H(z) replaced with Eq.
(28), the loop bandwidth is obtained as

}_[ BACHC)—CH (1= ) +C}

2 (ﬁl_[))‘l)(l—ﬁf)(l—ﬁlﬁz)

{ﬁl(cl_'_cz) _Cl}{Cl(l_B2>+CQ}
(,32_ﬁl) (l-ﬁ:zi Q! _BIBZ)

BL:

] 30

and finally the steady-state jitter variance can
be obtained by Eq. (26).

We now consider how to determine loop fil-
ter coefficients C, and C.. The transient and
steady-state performances of second-order
tracking loops depend largely on natural fre-
quency w, and damping factor ¢ [11]. Given
these parameters, loop filter coefficients
should be determined. First consider an
equivalent analog transform function which is
given by

= ALBEXC (31)

CDMA Al&e] & 714 dy w5714 F71 #4 29 45 ¥4

K.KA2C,+C,) .
A=-— 52
4~ K,K(2C,+C,)
K.K.C\T,
B=t — «CiTy s
Ti{4— K.K,.2C,+C,)}/4
KX C.
C:+ . ‘mKdCz
Ti{4—K.K(2C+C:)}/4
KaKd Cle
D=5+ —;
Ti{4—K.K/2C,+C»)}/4
K.K; C,
Fe it ¢ Cy

Ti{4-KRA204C.)} /4

where T, is the timing update interval, The
normalized analog transform function is given

by [11]

_ 2lwmst+ vt
H(s)= S 2Zns T (32)

Equating the denominators of Eq. (31) and
Eq. (32), we can write

K.K:C\ Ty
T3{4—K.K; (2C,+C,)}/4

= 2,wn,

K.K.C>
T3 {4—K,K;(2C.+Cy)}/4

= w2 {33)

Finally, we can obtain loop filter coefficients
as a function of w, and ¢,

C _ 1 8éwn Td
KK 4t4Eo T (w T
WTa)?
Cz _ 1 4(w d) . (34)

T KK Aol (o)

IV. Performance Evaluations and Discussions
In this section, the performance evaluation
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of the noncoherent code tracking loop
designed at baseband is made for various sys-
tem parameters and is verified by computer
simulations, The coherent CDMA system
designed for IMT-2000 by ETRI [4] shall be
used for computer simulations, Power control
with step size 0.5 dB is applied for Rayleigh
fading environments but not for AWGN cases.
Loop delay 1s assumed to be two power control
groups and power control error is set to be 10
%. Timing update is made every power control
group corresponding to T7,=0.625 milli-se-
conds. Carrier frequency is set to be 2 GHz,
Dual antenna diversity is assumed to be
utilized at base station and Rayleigh fading
signals are generated by using Jake's model'”),
For all examples, the damping factor ¢ is
taken to be 0.707 and K.K, is set to be unity.
Quantization of the timing error is not applied.
Fig. 5 shows theoretical performance compari-
son between 6=0.5 T. and §=0.25 T. cases for
various natural frequencies under AWGN
channel environments. The loop filter coeffi-

df.=0.707
salid line : 0.5 Tc

dotted line : 0.25 Tc

Jitter variance (Te*2)

4 5

o 1 2 3 6 7
pitot symbol gy - ralio (dB)

Fig. 5. Comparison of tracking performances be-
tween 6=0.5 T, and 6=0.25 T, cases,
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cients, (C1, C2), are given by (0.1318, 0.0093),
(0.0942, 0.0047), and (0.0682, 0.0024) each for
o.T¢ =0.1, 0,07, and 0.05. It is observed that
the tracking performance for 6=0.25 T. is
slightly better than that for §=0.5 T.. How-
ever, as shown in Fig 3, it should be
recognized that the pull-in range is larger for §
=(.5 T. case than that for §=0.25 T. case,.
Figs.6 and 7 illustrate the comparison be-

df=0.707
wn =0.10

delta=05Tc

wn =0.07

Jitter variance (Ter2)

s
5

0 1 2 a 4 § 7
pilot symbol energy-t ratio (dB)

Fig. 6. Comparison between theoretical and simu-
lation results for §=0.5T..

di=0707

wn=0.10 delta = 0.25 Te

wn =007

3 [}
pilot symbal energy-to—i ratio (dB)

Fig. 7. Comparison between theoretical and simu-
lation results with 6=0.25 T..



tween theoretical and simulation results for &
=0.5 T. and 0.25 T. cases, respectively, under
AWGN channel environments. From the
figures, we can observe that the theoretical
performance is very close to the simulation re-
sult except for low E,, /I, cases. The reason
why the simulation result is somewhat differ-
ent from the theoretical result is simply due to
the fact that the formula for steady-state
jitter variance has been derived with an as-
sumption that timing error is very small, Fig.
8 depicts code tracking performance for
Rayleigh fading environments. It has been
assumed that there is a single path per each
antenna and the mobile speed is 100 km per
hour. The normalized natural frequency w.Ts
and timing offset § have been selected to be 0,
07 and 0.5 T,, respectively. It is seen from the
figure that the tracking performance in
Rayleigh fading environments is degraded by
about 2 dB compared with AWGN enviro-
nments. It may be obvious that the tracking
performance in Rayleigh fading environments
shall be degraded more seriously if power con-

d.f=0.707
wn = 0.07
Rayleigh

della = 0.5 Te

Jitter variance (Te~2)
3

‘O'WL

o t

2 3 4 6 7 8
Accumulated pilot symbol energy~lo-inlerference ratio (dB)

Fig. 8. Tracking performance comparison between

AWGN and Rayleigh fading environments.
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trol is not applied.
V. Conclusions

In this paper, analytical closed-form formula
for the steady-state jitter variance of the
baseband noncoherent code tracking loop desi-
gned for CDMA applications has been derived
for AWGN channel environments as a function
of pulse shéping filter, timing offset, signal-to-
interference ratio, and loop filter coefficients.
The performance evaluation of the code trac-
king loop has been made together with verifi-
cation by computer simulations,

It has been observed that theoretical tra-
cking performance is very close to simulation
results except for low E,,/I, cases. The
tracking performance for 6=0.25 T. is slightly
better than that for §=0.5 T, with a little sac-
rifice of the pullin range. It has been also
observed that the tracking performance in
Rayleigh fading environments is degraded by
about 2 dB compared with AWGN environ-
ments.
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