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Abstract- A modified fully-digital code tracking 
loop is proposed in this paper for direct-sequence 
spread-spectrum signaling on a frequency-selective 
fading channel. A data-modulated channel estima- 
tor is used to cope with the time-varying Rayleigh 
fading effect and the data modulation effect, and 
extract the desired error signal from each path in- 
dependently in the multipath environments. By 
taking advantage of the inherent diversity with the 
maximal ratio combining (MRC) or a proposed 
Even/odd maximal ratio combining (EMRC) tech- 
nique, this modified code tracking loop can avoid the 
problem due to the drift or flutter effects of the er- 
ror characteristics, and provide better performance 
on frequency selective fading channels. Extensive 
computer simulation has verified the analysis and 
indicated very attractive behavior of the proposed 
digital tracking loop. 

I .  INTRODUCTION 

UBSTANTIAL efforts have been made in the s code tracking problem for spread spectrum 
communications [l], [2], though most of the anal- 
yses were in the context of analog implementation 
and AWGN channels. However, very often the 
frequency-selective fading [3] in addition to AWGN 
could seriously destroy the tracking capabilities of 
the conventional delay-locked loops. The very suc- 
cessful joint estimators for multipath effects, and 
code delay based on extended Kalman filter (EKF) 
[4], [5], [6] can very well take the multipath effects 
into consideration in advance. However, since CD- 
MA wireless communication systems usually oper- 
ate in seriously noisy environments, it is practically 
not easy for the estimators to function with heavy 
computation load. In this paper, a fully-digital, 
noncoherent, modified code tracking loop is pro- 
posed, which can operate on bandlimited DS/SS 
systems over frequency-selective fading channels. 

11. SYSTEM DESCRIPTION OF THE PROPOSED 
MODIFIED CODE TRACKING LOOP 

The modulator and demodulator schemes of a 
bandlimited DS/SS M-PSK system have been well 
known [7 ] .  To describe in detail the operations in 
the modified digital delay-locked loop (DDLL) pro- 
posed in this paper, a complete block diagram of 
the loop is sketched in Figure 1. The tapped delay 
line model [3], [8] is applied as frequency-selective 
fading channel in this paper. The complex repre- 
sentation of the baseband signal at the output of 
the chip matched filter is 

03 L-1 
?(t)  = eje  di an(t)P’(t-nTc-iTb)+fi(t) (1) 

i=o n=O 

where P’(t) = C k g ( t - - k T , )  is the chip-shaped 
PN sequence, L is the number of resolvable paths, 
8 denotes the carrier phase error introduced by the 
front-end noncoherent down-conversion process, d, 
is the i-th information-bearing M-PSK symbol, Ck 

is the k-th chip value of the PN sequence, Tb and T, 
are the symbol interval and chip duration respec- 
tively, M = 2 is the processing gain, g ( t )  is the 
overall chip shape. Without loss of generality, it is 
assumed for simplicity here the period of the PN 
code is exactly M .  The signal .“(t) is sampled at the 
instants t k  = (L + & k ) T c  and t k + +  = ( I C  + &k + +)Tc, 
where &k is the kth normalized chip timing error, to 
produce the two parallel sequences: integer-instant 
samples ?k = ?(tk) and half-integer-instant samples 
?k+) = ? ( i k + f r ) .  

A .  Channel Estimation 

The integer-instant samples i;k are fed to the 
data-modulated channel estimator. Assume first 
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the code acquisition process has been achieved. 
The channel estimation process is performed 
by means of channel sounding using the data- 
modulated PN sequence, faded by the channel, 
cross-correlated with the local replica of the PN 
sequence in the receiver, and feeding to the Ac- 
cumulate/Reset (A/R) filters (similar to the Inte- 
grate/Dump in analog implementation). The A/R 
filters collect the outputs of the cross-correlators, 
and dump the lowpass components as the esti- 
mates of the channel tap weights modulated by 
information-bearing symbols at the end of each 
symbol duration. The estimate of the n-th chan- 
nel path coefficient (i.e., the output of the n’-th 
RAKE-branch estimate) is given by 

, M . [ k ] ~ - l + n ’  

O < n ’ L L - l  

. .  

where [ k ] ~  denotes the integer part of k / M .  These 
estimates of the channel tap weights depend on the 
timing error, because the channel sounding process 
inherently employs the cross-correlation between 
the received signal and the only code-acquired 
(with timing error) local PN sequence. 

The half-integer-instant samples + k + 1 / 2  are 
buffered by a queue with length equal to the pro- 
cessing gain, M, because the channel estimator 
should update those data-modulated channel co- 
efficient estimates just at the end of each symbol 
duration. We need to introduce a delay of one sym- 
bol interval (i.e., M chips) before the half-integer- 
instant samples enter the early-late structure, so 
that those complex channel coefficients by which 
the samples entering the early-late structure are 
to be corrupted can be properly estimated by the 
channel estimator. The early-late structure pro- 
posed here can be also seen in Figure 1, which is 
based on the RAKE structure to exploit the multi- 
path diversity. The integration is therefore inher- 
ently performed by the number-controlled oscilla- 
tor (NCO) with the following loop equation 

B. RAKE-Based Early-Late Structure 

~ 
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where 7 is the NCO sensitivity; and e k  is the 
compound error signal obtained at MRC or EM- 
RC based on the data-modulated channel-faded 
branch error signals, zc’, produced from the early- 
late structure. The average loop error characteris- 
tics are defined as 

where the operator < > denotes time-averaging. 
In each branch of the early-late structure, 

the incoming delayed half-integer-instant samples 
+ k - M + 1 / 2  are cross-correlated with the delayed 
replica of the code difference streams, & ( k )  = 
[CkPnl - C k + p - n l ] ,  for 0 5 n’ 5 L - 1. After going 
through t)& branch filters, h k ,  the data-modulated 
channel-faded branch error signal, z t ’ ,  are generat- 
ed, 

2;‘ here is similar to the error signal of the con- 
ventional DLL on the single-path AWGN environ- 
ments, besides here they are corrupted by the chan- 
nel tap weights, the information-bearing symbol 
and the non-negligible interference introduced from 
the residual cross-correlation between the adjacent- 
path signals and the code applied in this branch. 

C. MRC and EMRC 
C. l  MRC 

The data-modulation effect and the channel mul- 
tipath fading effect on the error signal at the n’- 
th RAKE branch, z;’, need to be compensated 
for. The compound error signal, e k ,  can be ob- 
tained from 2;’ and the data-modulated channel 
estimates, C & M ( ~ ) ,  using maximal ratio combin- 
ing (MRC) criterion, 

L-1 L-1 

n’=O n‘=O 

The carrier phase error e je  introduced by the front- 
end noncoherent down-conversion process and the 
data modulation effect on z;T‘ are thus effectively 
compensated for by the complex conjugate of the 
data-modulated channel estimate on each RAKE 
branch. The branch error signals suffer from the 



self-interference generated by the adjacent branch- 
es of the RAKE structure. For a certain propa- 
gation path, some typical branch error signal de- 
tected on the corresponding branch looks like the 
S-curve of a conventional DLL in a single-path 
AWGN environment. However, the residual cross- 
correlation, which is beyond the half chip dura- 
tion, is inevitably detected and causes some un- 
desired error signals on the preceding and succeed- 
ing RAKE branches, respectively. The undesired 
self-interference naturally blocks the desired error 
signals. As a result, the compound error charac- 
teristics for the proposed modified code tracking 
loop with MRC are the superposition of the effec- 
tive error characteristics offered by all the chan- 
nel propagation paths. The self-cancellation effect 
caused by the self-interference coming from adja- 
cent branches is the primary drawback of MRC. 
A modified combination scheme, referred to  here 
as the Even/odd maximal ratio combining (EM- 
RC) criterion, is therefore proposed in this paper 
to solve this problem, and it can also reduce the 
hardware complexity. 

C.2 EMRC 

The RAKE branches are first divided into two 
sets, the odd and even branches. The branch error 
signals for each set are individually combined by 
means of MRC to produce odd-branch and even- 
branch compound error signals, e; and e;, respec- 
t ively, 

(7) 
n‘:even 

Between these two compound error signals, the one 
with higher absolute value is selected as the input 
to the loop filter, 

This scheme can in fact be implemented with only 
half of the hardware complexity of MRC, because 
the compound error signal for the even branches 
can actually be obtained from the same hardware 
for the odd branches. The only difference is the one 
chip duration (i.e., one sample) delay introduced 

into both inputs of the channel estimator and the 
early-late structure. Therefore, the hardware for 
the odd branches simply processes sequentially to 
produce e; and e; alternatively, and then the larger 
one out of any two consecutive outputs is selected 
to be the input of the loop filter. 

Although the proposed EMRC discussed above 
doesn’t really confine the range of S-curve in each 
branch and the self-interference still appear in adja- 
cent branches, in principle the time delay between 
any two consecutive RAKE branches in either of 
the two individual sets, even or odd, is twice of 
that between any two consecutive channel paths. 
Because only one output out of these two sets is 
selected to be fed to the loop filter, this scheme 
effectively avoids the self-cancellation problem. 

111. SIMULATION RESULTS 
The modified code tracking loop presented above 

has been simulated on a computer to evaluate the 
error characteristics, noise performance and loop 
robustness based on Monte Carlo methods. The 
simulation parameters are given below. 

Modulation: 8-PSK 
P N  code: m-sequence with generating 

Chip Shaping: 

Chip Rate: 
Symbol Rate: 
Sampling Rate: 
Channel #1: 

polynomial g(z) = 1 + z3 + z7 
square root raised cosine 
with roll-off factor a = 0.35 
1 = 1.27M chips/sec 
T C  $ = 10K symbols/sec 
16 samples per chip period 
four paths with equal power, 
each path is modeled with an 
independent Jakes’ fading 
model with maximal Doppler 
frequencies 8,80,10,100 Hz 

RAKE: four branches with branch 
filter bandwidth Bb = & 

Loop Filter: normalized bandwidth: 
B&Tc = 2.5 x 

From the above, multipath introduces significant 
timing errors, and the track jitter and MTLL sim- 
ulation for the conventional DLL on the theoretical 
multipath channels is not needed, because the con- 
ventional DLL is well known to be vulnerable to 
multipath channel effects. 

Figure 2-(1) presents the S-curves of the modi- 
fied code tracking loops with MRC and EMRC on 
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channel #l. It is obvious from Figure 2-(1) that 
for the S-curves of these modified code tracking 
loops, with stable locked point at E = 0, there ex- 
ist no phenomena of drift or flutter of the locked 
point as observed previously for conventional DLL- 
s [3]. The S-curve for MRC is apparently low- 
er than that for single-path environments because 
MRC introduces inevitable self- cancellat ion. Sim- 
ilarly, higher error characteristics can be detect- 
ed for the loop with EMRC than that with MR- 
C, though lower than that for single-path environ- 
ments; because the EMRC scheme can minimize 
the adjacent-branch self-cancellation. From the 
simulation, the mean squared timing errors for M- 
RC and EMRC schemes under different SNR con- 
ditions are also obtained and shown in Figure 2-(2). 
We can see from this figure that the mean squared 
timing errors for the EMRC scheme is less than 
that for MRC. This indicates that EMRC provides 
more stable steady-state performance. 
The mean time to lose lock (MTLL) is very im- 
portant for code tracking loop, specially in the low 
SNR conditions. The MTLL for the proposed mod- 
ified code tracking loop is defined as the mean time 
that all branches of the RAKE structure remain 
synchronized. Figure 2-( 3) presents the simulated 
results for the MTLL of the proposed modified code 
tracking loops with either MRC or EMRC scheme, 
under different SNR conditions. We can also see 
that the modified code tracking loop with EMRC 
always have longer MTLL than that with MRC. 
This makes sense, because the larger area under 
the S-curve of EMRC for positive E implies higher 
escape energy, which can support longer MTLL [9], 
[lo]. 

IV. CONCLUSION 

A modified fully-digital code tracking loop is pro- 
posed in this paper for direct sequence spread- 
spectrum signaling on frequency-selective fading 
channels. Because the data-modulated channel es- 
timator can cope with the time-varying Rayleigh 
fading effect and the data modulation effect on 
the error signals, in addition to exploiting the 
multipath diversity by means of RAKE structure, 
the modified code tracking loop with either MR- 
C or EMRC is shown to provide very good per- 
formance on frequency-selective fading channels in 

the sense of jitter performance and MTLL measure- 
ment. Moreover, an EMRC scheme is proposed to 
solve the adjacent-branch self-cancellation in the 
MRC scheme. The simulation results of the mean 
squared timing error and MTLL show that the EM- 
RC scheme certainly has more stable noise perfor- 
mance, better loop robustness, and lower hardware 
complexity. 
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Fig. 2. (1)The S-curves, (2)Mean Square timing error, (3)The MTLL, of the modified code tracking loops with MRC and 
EMRC schemes on channel #1 
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