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Abstract. Reliable and accurate time delay estimation is an important signal
processing problem and is critical to a diverse set of applications. Multi-user re-
ceivers in asynchronous Code Division Multiple Access (CDMA) systems require
the knowledge of several parameters including delay estimates between users. In
this paper, we address this problem by proposing a novel approach based on blind
least mean squares (LMS) based early-late delay tracker. Analytical expressions
have been derived and simulation results of the proposed delay tracker are com-
pared with the classical delay locked loop (DLL) approach in a multipath fading
scenario. These results show that the proposed delay tracker provides very good
tracking performance in challenging cases of multipath delays.

Keywords: multiple access interference (MAI), delay locked loop, code acquisi-
tion, tracking, least mean square algorithm.

1 Introduction

CDMA time delay estimation has received much attention in current literature and
many different approaches have been proposed. Joint estimation techniques for
single and multiuser case have been also addressed in the literature [1] and as well
as multipath scenario in [2]. Filtering methods based on Kalman filter and particle
filter have also been investigated [3, 4]. Other techniques based on super resolu-
tion methods [5] and expectation maximization have also been researched [6].

The synchronization task can be divided into initial acquisition of relevant delays
and subsequent tracking of acquired delays. Acquisition is used to coarsely
align the received signal with the locally generated PN code to within one chip
duration and then tracking is initiated to minimize the delay offset to maintain
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synchronization between the signals. Code tracking based on delay-locked loop
(DLL) and the tau-dither loop (TDL) [7], have extensively been used. Other varia-
tions of the basic DLL and TDL have also been proposed.

The DLL is suitable for code tracking under additive white Gaussian noise
(AWGN) channels, but it suffers severe performance degradation in the presence
of MAI and multipath fading. The discriminator characteristic or S-curve of the
DLL is distorted and randomly biased by the time-varying multipath and MAL
This results in a tracking bias harming the tracking capability of the loop and thus
degrading receiver performance.

In this paper we present a modified DLL in a multiuser environment that em-
ploys an early and late channel with LMS-type algorithm for delay update.

2 The System Model

We consider here an asynchronous DS-CDMA system with BPSK modulation.
The transmitted k™ user’s data signal s, (f) in a DS/CDMA channel can be

modeled by an equivalent complex baseband representation as

5, (1) =+2P,b,(i)c, (t—iT,)cos w.t D

where @), is the phase of the carrier, B, is the power and b, (i) is the i" informa-

tion bit transmitted by the k™ user given by
b ()= b, (i)p, (t—iT,)

and ¢, (¢) is the spreading waveform of the k™ user,

Ck (t) = ch (m)PE (t_mTc)

m=0

where p, is a pulse waveform of length 7., and N_is the number of chips in
one spreading code period given as N = ]% . The spreading sequence is binary,

ie. ¢, (m)e {=1,1}, 7, is the transmission delay of the k™ user. It is assumed

that 7, is independent and uniformly distributed over[0,7,]. The combined

transmitted signal due to all K users in the channel is thus given by

s(t) = isk (t—7,)h (t—T,) (2)
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where £, (¢) is the channel response associated with the k" user and is given by
h (1) = a, (e V5(t)

Where a, (t) is the amplitude response of the channel and @, () is the phase
response associated with it. The received signal is given by

r(t) = s(t) +n(r) 3)

:isk(t—fk)hk(t—rk)+n(t)

= iﬁ b, (i )h (t—7,)c,(t—iT, —7,) cos(@.t(t —7,)) +n(r)

. (t _Tk) . .. . .
where 1, = T and n(t)is complex base band additive white Gaussian

b

noise with zero mean and pass band two-sided power spectral density N, /2 .

3 Early Late Delay Tracking Algorithm

In this work we propose an algorithm based on early late delay tracking by intro-
ducing a block for LMS for update of the delay 7, as shown in figure 2. The two

channels, an early and a late channel, are used for the purpose of delay adjustment.
Each channel has a bank of matched filter (MF) and a multiuser interference esti-
mation block shown in figure 1.

The top channel is called the early channel as the relative delay to the MF bank is

“earlier than” the estimated delayZA' . Similarly, the other channel is called the late
channel as the relative delay to the MF bank is “delayed than” the estimated delay 7.

1 (i+1)T, +3; Ze l) . l
—H%)—»; J ()dt Re() \>(k( f m(l %)Lj“()
b T+,
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Fig. 1 Proposed Early Late delay tracking structure
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Figure 2 shows how estimated delayf’ can be used to generateM °(i) and
M' (i) where M “(i)and M '(i) are the early and late estimated interference

from K-1 users, respectively.
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KON e

AQ)

Fig. 2 Proposed M ¢ (i) and M ! () estimation block

Let Z,/(i) and Z,i (i), respectively, represent the output of early and late

matched filters as shown in figure 2. Thus, Z ,f (i) for the k™ user can be obtained

by taking real part of the matched filter operation using k™ user's spreading wave-
form as follows:

(DT, +17;,
Z:(i)=Re { j r(Dc, (t—1, + A cos(a,(t—1,) + @, (1 —1£,)) dt} (4)
b iT,+1;

fP . N LoP . N pe o o/
= ?kbk(lk)ak(lk)Rkk(l)-}-z fbm(lm)am(lm)Rmk(l)+n )
m=0
m#k

. t-T, . .
where I, :[ - J . Here R} (i)and R, (i) , respectively, represent the early
T,
k
auto correlation of the k™ user and early cross-correlation of the k™ and m™ user,
that is,

1(i+1)T,,+i'k X X X
Ri=r | 60-0) L +0as@i-5)+4(-5)) x@—1) -5 )
)T+

If,k(i>=; j G(t=7,)6. (7, +A) s —T,)+6,(1—7,)) X @)+ —F )k

b T,
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Similarly, for the late channel, Z,i(i),R,ﬁk(i) and R,im (i) can be obtained as

follows:
()T, +5,
Z,i(i):Re{T I r(t)ck(t—fk—A)cos(a)c(t—fk)+@((t—i'k))dt} ®)
b T+
B, . . Nl . N
= Ebk(lk)ak(lk)R]kk(l)-i-Z Ebm(lm)am(lm)lﬁk(l)+n @)
1(i+1)7,"7+i'k "
Ri= | G000~ -Nas@i—7) 1) axe—5)+4e-5)d
b i+,
DT+
RBib= | a(-0)60—5-De@t—1,)+4,0-7,) xos@t—F )+t~
b i,

According to the figure 2, the adjusted matched filter output for the early chan-
nel, 7; (i) , may be expressed as

Y(i)=Z{ ()~ M* (i) (6)
~7°(i)+ \/%bk (i,)a, (i, )R}, (i)

Similarly, for the late channel, we have

YD) =Z,()-M' (i) (7)
P
~7'()+ \/%bk (i,)a, (i, )R}, (i)

Let @°(i)and @' (i) be the estimated complex amplitudes for the early and late
channels, with b (i) and b (i) be the estimated symbols, then normalized ad-
justed output is

N AU)
Vo (D) =25

a(i
and

A,
}/na (i)= al (i)
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The error signal between early and late estimate of the desired symbol is given by
E() =7, (Db" () =7, (Db (i) ®
(b()b()“ki’;R:ko b()b()“ki’;R;kmn(z)

if the amplitude and data bits are estimated close enough for each channel, then

a(l) -1 al(i)z
aiy a' (i)

b (b (i) =1, B @b (i) =1
so that

E@)=y,,()-7,0)

zg (i)—\/gR,ik (i) +7i(i)

where
i) = () =n' (i)

In the next section we derive expression for the delay update based on LMS
algorithm.

4 Derivation of Blind Nonlinear LMS

This algorithm is termed as blind LMS algorithm as it does not have desired out-
put available to calculate the update error and it has non-linearity because the
delay is inside the cosine function. The LMS algorithm is most commonly used as
an adaptive algorithm because of its simplicity and a reasonable performance.
According to the well-known steepest descent approach [8], the LMS-type
algorithm for the update of the delay estimate can be set up as follows [11]

R+ D =7,0) -4V, ) ©)
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where p is defined as the step size and J represents the cost function to be mini-
mized which is chosen as the square of the error signal E(i) and is given by

J=BLE() (10)
:
V. J=
T

= 2E(i)aiA 50)

Ty
=2EG)[ R () Ry () ] (1)
Now, for the above differentiations, we have used the following relation [9]
o(a) (p(a)
d
L] feadv=fp@.0 0D - fy@.a D [ L fas

v(a) w(a)
Moreover, in the differentiation of cosine terms we have used the approach of [10]

I B
R}fk (l):_ARkk (l)

a7,
5 | . . .
== \7 '|' ¢, (t—7, )¢, (t—T,+A)os( (1 —T, )+, (¢ —T, ))oos(@ (¢ —T)+O, (¢ —T )t
0% | g

G+ DT +Tk=T ) (G + DT, +A)c0s (%((Hlﬂiaﬂk G A (H) T+ T~ ))oos (T ok (HT})

1 A A A
=% (0T, + Tk )y (T + Aeos (%(in+rk—rk>+¢k(in+rk—rk))oos(%(inHq)k(in))
b
(i+1)T,;+‘Ar¢< a A A A
+ J O (= o0 Q=g g (--T)) — [Ck (1= +A)ccs (ﬁb(t—‘tkﬁd)k(t—‘tk))}d
iT,,+;k o

A

In order to evaluate the derivative

¢ (t =7, —A) we employ the methodology
Tk

of [10] to arrive at

2 oranfaf i) )
0Tk
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As aresult, the derivative of R}, (i) is found to be

A

ck((i +1)]; + ‘rk—‘rk)ck((i +1)7;9

A

—ck(iY;? +Tk—1k)L7c(i7;9 +A)oos

1
1%-(1)—];

)T+
+ ]

T+

A

A A

where Aty = Ti— Tk

Similarly,

A

G +DT, +T=T ) (+DT,

A

A A

+A)008(Q((Hl)]?;ﬂk—fkWk((HI)Tbﬂk—Tk))OOS(Q-((i+1)7i;)*¢k((i+l)72;))

A

(o

G (1= Joos (@ 0y (—¢)

A

»(l%ﬂk—Tka(iE”k—Tk)]@(Q-(l%)@k(ﬂ?;))

A

¢k(f-(Tk+m'k))—¢k(t Tk)

|t rA+A}m(wc(t Tk (1~ Tk)j
Afrk

A A

—A)cos (c%((iﬂ)Tka T g (D T+~ )) cos ( @-((H)Tp)+ ((i+1)7},))

L l A A
1{& (l) :? < (in +TU=T )ck (in —A)cos (%(in+rk—rk g (iTh+rk—rk))m(%(inH¢k (in))
b
. blgl[c‘k(l{ tk—’» }< [t{‘rk} j] (t~ Tka(f Tk)j
(DT, +w
+ € (1= Joos (- (-—T P (--T¢) A A dt
T = (t T Ajsm(%(t—'Eka(t—Tk)j[ *—¢k(HTk+Mk))_¢k(t_Tk)]
Atk
5 Simulation Results

For the purpose of simulation we have considered a typical asynchronous
DS-CDMA reverse link with a Rayleigh fading channel for four-users-two path
scenario. PN code synchronization follows a procedure of combined track-
ing/reacquisition tracking after a previous initial acquisition to within half a chip.
The value of the update is chosen to be 4 =0.0125 and the first arriving timing

epoch has been detected for the estimation purposes.
First we consider the accuracy of DLL-based TOA estimation as shown in
Figure 3 in the form of the histogram of the residual timing error at the mobile
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Fig. 3 Histograms for PDF's of DLL timing error (equal power users)

serving base station. It can be seen that the DLL timing error is affected with tim-
ing error distributed over +T/2 which is the same as initially assumed after the
acquisition stage.

If we compare DLL estimate with the proposed delay tracker we immediately
see improved results as shown in Figures 4 where the timing error axis has been
zoomed in for error histogram. The timing error for both equal and unequal power

-0.02 -0015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
Timing Enor

Fig. 4a Histogram of the timing error for LMS based delay tracker for equal power users
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Fig. 4b Histogram of the timing error for LMS based delay tracker for unequal power users

users shows significant improvement converging to zero. It is also clear that the
variance of timing error for the proposed structure is also less than the classical
DLL structure.

6 Conclusion

In this paper we show that the realization of code synchronization is a challenging
problem in DS-CDMA systems. We proposed a new synchronization method
using a blind nonlinear LMS approach. Analytical expressions have been derived
with simulation results showing that the proposed method performs better than the
classical DLL approach in a multipath fading channel.
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