
I669 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 14, NO. 8, OCTOBER 1996 

Performance Degradation Due to Code 
Tracking Errors in Spread-Spectrum 

Code-Division Multiple-Access Systems 
Bas W.’t. Hart, Student Member, IEEE, 

and Ramjee Prasad, 

Abstract- The influence of code synchronization errors on 
the performance of direct-sequence spread-spectrum (DS/SS) 
communication systems is investigated. Insight is gained in the 
degradation of some basic performance parameters due to the 
tracking bias of a noncoherent delay lock loop (DLL). The per- 
formance parameters investigated are the bit-error probability, 
throughput and delay. Numerical results show that for receivers 
with an early-late spacing of il = 1, using a noncoherent DLL, 
the results of a system performance analysis in a fast fading 
environment can be much too optimistic if the tracking errors 
are ignored. 

I. INTRODUCTION 

ODE-division multiple-access (CDMA) is a strong can- C didate for the choice of multiple-access techniques for 
future wireless personal communication systems and net- 
works, and for several years now, it is an important research 
topic. There are several publications, e.g., [1]-[9], on the 
performance analysis of systems and networks using spread- 
spectrum CDMA techniques. In these papers, it was assumed 
that the influence of code synchronization errors on the system 
performance caused by multipath and multiuser/transmitter 
interference could be ignored. However, this assumption is 
valid only for specific conditions. Most papers on spread- 
spectrum synchronization errors due to multipath propagation 
and interference, e.g., [lo], focus on ranging and timing 
applications. For communication applications, however, the 
situation for code tracking is different. In the case of ranging 
or timing, we want to track the delay of the line-of-sight (LOS) 
signal; for code tracking in communication applications, the 
key parameter is the delay that maximizes the Correlation 
output. 

Fig. 1 shows an example of a correlation function of an 
input signal consisting of two multipath components with 
a relative spacing smaller than one chip time. The output 
correlation function is drawn for the cases of in-phase and 
out-of-phase signals. 

Due to fading, the peak value of the correlation function 
and the delay that maximizes the correlation output vary 
significantly (in the case of Fig. 1 the received signal varies 
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between the curves c and d). In order to minimize the 
loss of signal power, the code tracking loop should track 
the instantaneous delay of the correlation function, which 
requires the loop bandwidth to be much larger than the fading 
bandwidth. As long as the fading bandwidth is smaller than 
the loop bandwidth (slow fading), the assumption that the 
influence of the synchronization errors due to fading on the 
system performance can be ignored, is valid. However, there 
is an upper limit to the tracking loop bandwidth: an increase 
in the loop bandwidth also causes the loop noise to increase. 
For a carrier tracking loop, the calculation of the optimal 
loop bandwidth, which minimizes the total effect of both 
noise and fading, is described in [ I l l .  For a tracking loop 
bandwidth smaller than the fading bandwidth, synchronization 
errors occur: a delay error is caused because the tracking 
loop is not able to track the instantaneous delay. As will be 
explained in the next section, by using a noncoherent delay 
lock loop (DLL) to estimate the code delay, a tracking bias 
is introduced in a fast fading environment. This bias can have 
a considerable impact on the system performance. Little is 
known about the influence of these code tracking errors on 
the performance of CDMA communication systems. In this 
paper, insight is gained in the performance degradation of 
a direct sequence spread-spectrum system with binary phase 
shift keying (BPSK) modulation due to the tracking bias of 
a noncoherent delay lock loop. The technique of noncoherent 
DLL, which is used by many receivers, is close to optimum 
for code tracking in an additive white Gaussian noise (AWGN) 
channel, but not in a multipath or multiuser channel (as in 
CDMA). This DLL is specifically designed for the AWGN 
channel; multipath or multiuser interference either enhances 
the noise level, or introduces tracking biases as described 
in this paper and in [IO], [12], and [13]. We have analyzed 
the performance of conventional direct sequence receivers 
with noncoherent delay lock loops. No channel estimation is 
involved, other than the phase and delay estimation of the 
delay lock loop. Rician channels are considered for mobile 
satellite links and Rayleigh for mobile terrestrial systems. 

Two fading models are used for the performance degrada- 
tion analysis: the model of an unfiltered input signal consisting 
of a LOS or otherwise dominant path component and just 
one multipath signal, and the model of an unfiltered input 
signal consisting of a LOS (or dominant path) component and 
multiple multipath signals. For both models the correlation 
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Fig. 1. Correlation function with in-phase and out-of-phase multipath signals. 

output is determined from the calculated tracking bias. This 
is done in a deterministic way for the single multipath case. 
For the multiple multipath case, a Gaussian distribution for 
the correlation output is assumed. With the correlation output 
the bit-error probability is obtained, which gives an indication 
of the influence of synchronization errors on the system per- 
formance in case of circuit-switched mobile communications. 
Because of the recent interest in the use of CDMA for packet- 
switched radio networks, it is important to study the effects of 
tracking errors on the throughput and the delay. The system 
performance parameters calculated with tracking bias have 
been compared to the performance parameters determined 
when this error is ignored. In these analyses, the relative levels 
of performance are far more important than the absolute levels. 
The research does not apply to satellite based systems only, 
but to CDMA systems in a fast fading environment in general. 

In Section 11, the synchronization errors due to multipath 
fading and multitransmitter interference are discussed. 
Section I11 deals with the most important performance 
parameters. First, the bit-error probability and the packet 
success probability are discussed. After that, the throughput 
and the delay are considered. In Section IV, an analysis with 
numerical results is given on the single multipath signal case 
and on the multiple multipath case. Possible remedies for 
the effects of tracking errors are discussed in Section V. 
Conclusions are given in Section VI. 

11. CODE TRACKING ERRORS 

A. Code Tracking Errors Due to Multipath Propagation 

The received signal can be written as 
M 

r ( t )  = al , ( t ) [ t  - T i ( t ) ] b [ t  - T i ( t ) ]  cos[wt + &(t)l (1) 
t=n 

where M is the number of multipath signals that are taken 
into account, p ( t )  is the spread-spectrum code, b ( t )  is the 
data signal, w is the angular frequency of the LOS signal 
and a i ( t ) ,  ri(t), and Q,i(t) are the time dependent amplitude, 
delay, and phase of the ith signal, respectively. From now 
on, for simplicity of notation, the time dependence of the 
parameters a;, T;,  and 8; is left out. Noise and multitransmitter 
interference are left out in (l), since the primary interest here 
is the influence of multipath fading on synchronization errors. 
The data signal b ( t )  has not be used in the remainder of this 
section since its influence on tracking is removed by envelope 
detection in a noncoherent DLL. 

Notice that in general, all signals can have different fre- 
quencies [w + 6 Q , ( t ) / & t ] / 2 .  The bandwidth spread of these 
frequencies is called the fading bandwidth, B F ,  which is 
a crucial parameter in the analysis of multipath tracking 
errors. The fading bandwidth depends on the change of the 
transmitter-reflector-receiver geometry. If, for instance, the 
receiver velocity is 10 m l s ,  the fading bandwidth becomes 
100 Hz for a carrier frequency of 1.5 GHz. 

In order to track the desired signal delay ‘ f d ,  for commu- 
nication applications the delay that maximizes the correlation 
output, the input signal (1) is down-converted and correlated 
with an “early” and a “late” code. These are replicas of the 
received spread spectrum code with a delay of plus or minus 
dTc/2 seconds compared to a “prompt” code, respectively. T, 
is the chip time and the parameter d is often referred to as the 
early-late spacing. For communication applications, d = 1 is 
a typical value. 

In the case of a noncoherent DLL, the resulting early and 
late correlation functions are first squared and then subtracted 
to produce the “S-curve” S,,(r) thereby removing the influ- 
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ence of the data and the carrier phase 

where R(r)  is the correlation function of the spread-spectrum 
code and ? is the estimate of the code delay. For an unfiltered 
ideal code, R(r)  is equal to 1 - /r/T,/ for 171 5 T,. and equal 
to zero elsewhere. The DLL tracks that value of ? for which 
S,,(?) is zero while its slope 6Sn,-(?)/6? is negative. 

The carrier tracking loop tracks the phase of the received 
signal after correlation with the prompt code. The carrier phase 
estimate can be expressed as 

To understand the effects of multipath propagation on code 
tracking, it is important to distinguish two different cases: 
the fading bandwidth BF is large compared to the tracking 
loop bandwidth BL or BF is small compared to BL. For a 
noncoherent DLL also the predetection bandwidth BIl, which 
has to be larger than or equal to the data bandwidth in order 
to let the signal pass, has to be considered. In the slow fading 
case, BF is small compared to BL and also to B,, since 
B, is always larger than BL. If BF is large compared to 
BL, but small compared to B,, all multipath signals pass 
the predetection correlation. This is fast fading. Finally, there 
can be a second type of fast fading for which BF is large in 
comparison to both BL and B,. 

I )  Slow Fading: If BF is small compared to BL, then the 
averaging in the delay lock loop has no influence on the 
tracking of the delay of the summed LOS and multipath 
signals; the DLL simply locks on the value of ~ ( 1 .  For a small 
BF/BL ratio the receiver will “see” the instantaneous delay 
and no tracking errors due to multipath fading occur. 

2 )  Fast Fading: If BF is large compared to BL, the non- 
coherent delay lock loop tracks the zero crossings of the time 
averaged S-curve. In case of fast fading when all multipath 
signals pass the predetection correlation, the time average is, 
because of the squaring operations in (2 ) ,  equal to 

All cross products are filtered out because of their relatively 
high frequencies. The resulting S-curve is simply the summa- 
tion of M + 1 different noncoherent S-curves, which causes 
a certain tracking bias compared to the LOS signal delay, 
TO, that is always positive. Due to fading, the instantaneous 
delay varies around TO. For a positive instantaneous delay (e.g., 
curve c in Fig. l ) ,  the difference between r d  and the biased 
estimated delay will be small. In the case of a negative value 

of the instantaneous delay (e.g., curve d in Fig. 1) however, 
the tracking bias leads 1 o a considerable tracking error and 
therefore to a substantial loss of signal power. 

In the second case of fast fading, when BF is large 
compared to both BL and B,, the noncoherent DLL will lock 
onto the dominant path, because the multipath signals cannot 
pass the predetection correlation. The tracking error will be 
small because no tracking bias is introduced. 

As explained above, there is no tracking bias if BF is large 
compared to both BL and Bp. However, in practice, BF will 
be in the order of 100 Hz or less, while Bp has to be larger 
or equivalent to the data bandwidth, which will generally be 
larger than 100 Hz. So, values of BF that are much larger 
than Bp are not very likely. 

Also for BF < BL, the slow fading case, there will be no 
tracking errors due to multipath fading. Problems occur for 
systems for which the tracking loop bandwidth is smaller than 
100 Hz. As a rule of thumb, BI, has to be about 1% of the 
symbol rate in order to get an acceptable tracking error and 
mean time to loose lock. Thus, systems with symbol rates less 
than 10 B a u d  can encounter problems because of tracking 
biases. In case of broadband CDMA applications (assuming 
a symbol rate higher than 10 kBaud) no multipath problems 
will occur, contrary to cuirrent CDMA communication systems 
with a bit rate of 9600 bps and systems like GPS with a 50 
bps data signal. 

So, tracking errors due to multipath will occur in a fast 
fading environment as defined above. Therefore, this situation 
has been considered in this paper in analyzing the performance 
degradation due to the multipath tracking problems. 

B. Code Tracking Errors Due to Multitransmitter Inte$erence 

It was shown in [IO] and [ 131 that tracking errors caused by 
multitransmitter or multiuser interference can be modeled in a 
similar way as those caused by multipath. The main difference 
is that multiuser interference can cause both positive and 
negative biases, because interfering cross-correlation peaks 
can have positive and negative delays relative to the desired 
correlation peak, while multipath correlation peaks only have 
positive delays (neglecting autocorrelation sidelobes). Another 
difference is that the phase of multiuser interference can 
change every symbol, so that it has the same effect as 
multipath interference with a fading bandwidth equal to the 
symbol rate. Thus, one interfering user causes tracking errors 
which are comparable to multipath tracking errors with the 
signal-to-multipath ratio (SMR) substituted by the signal-to- 
interference ratio (SIR). In the presence of a number of 
interferers, the variance of the resulting tracking error may be 
approximated as the sum of variances caused by all individual 
interferers. Based on the results in Section IV, the tracking 
error standard deviation caused by one interferer will be in the 
order of SIRp1. For K users, this gives a standard deviation 
of J K  ’ SIRp1. Since for the cases of interest K < N and 
SIR E N(N is the code length), the resulting tracking error 
can be expected to be less than JN fN. For practical values 
of N larger than 100, this gives tracking errors less than one 
tenth of a chip, which is negligible compared to the tracking 
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errors caused by multipath, as demonstrated further on in this 
paper. 

111. PERFORMANCE ANALYSIS 

This section presents a performance analysis of a direct 
sequence spread-spectrum CDMA system with BPSK mod- 
ulation, in terms of bit-error probability, packet success prob- 
ability, throughput and delay. 

A. Bit-Error Probability 

Assuming that the data bits -1 and 1 are equiprobable, the 
bit-error probability P, can be expressed as the probability 
that the correlation output z is negative while the transmitted 
data bit was positive 

( 5 )  P, = P(Z < 0 1 b = 1). 

In general, in the case of Gaussian noise P, can be written as 
00 

P, = /_P,(ZA)P7ijx)dx (6) 

where pu(z) represents the probability density function of the 
desired part of the correlation output z (see [2]) and pe(zA)  
the bit-error probability, given a signal amplitude A and a 
factor x caused by the path gain and by the signal loss due to 
tracking errors. p,(sA) is given by 

pe(sA) = -orfc( 1 3) 
2 (7) 

where crfc(z) is the complementary error function and o’, 
the total variance of the Gaussian noise, the sum of the noise 
variance No/Tb and the interference power a:. 

B. Packet Success Probabiliq 

Knowing the bit-error probability it is possible to calculate 
the packet success probability, which is necessary to obtain the 
throughput and delay values of CDMA packet transmissions. 
Because of our interests in the influence of synchronization 
errors, the packet success probability P, has been evaluated 
for fast fading only. In this case, it is assumed that the path 
gains are uncorrelated for two consecutive data bits. If packets 
of Np bits are transmitted, using a forward error correcting 
code that can correct up to t errors per packet, then the packet 
success probability in the case of fast fading is 

C. Throughput 

Consider a communication network with a random access 
slotted CDMA scheme, where the data sequence is spread by 
a certain spreading code, consisting of N chips per bit. The 
code length and the total number of codes may be fixed to 
N ,  but it may also be larger than N .  It is assumed that the 
codes can be approximated by random sequences. Another 
assumption is, that the total number of users is large enough to 
get a Poisson distribution function for the offered traffic. Then, 

the probability P t r (k )  that IC packets are generated during a 
certain time slot is given by 

PkI(k)  = - Gk exp(-G). 
k !  (9) 

Here, G is the average number of transmitted packets per time 
slot. 

When a packet is transmitted, there is a certain success 
probability P, that it is received correctly. It is assumed that an 
acknowledgment is sent after successful reception of a packet, 
so after waiting twice the propagation delay, a user knows 
if its packet is received or not. Although a receiver itself 
could estimate whether a packet was successfully received 
in a single cell or single spot system, acknowledgments are 
mandatory for multicell or multispot systems, at least if a zero 
packet loss probability is required. When the transmitting user 
does not receive an acknowledgment for a certain packet, it 
retransmits that packet after a certain random delay. The steady 
state throughput of this transmission system is defined as the 
average number of successfully received packets per time slot, 
given by 

k=l 

Here, K,,, is the maximum number of users that can be 
simultaneously handled by the system, because the number of 
receivers or available code words is limited. 

D. Delay 

The corresponding average packet delay D is defined as the 
number of slot times it takes for a packet to be successfully 
received. Thus it is the average time duration (in slots) between 
the packet being offered to the transmitter and the packet being 
successfully received [4], and is given by 

where G / S  - 1 is the average number of retransmissions, 
NAT/:! is the mean retransmission delay and Td is the prop- 
agation delay. 

IV. COMPUTATIONAL RESULTS 
In this section computational results are given on perfor- 

mance parameters for the case that the code tracking error is 
ignored and for the case that the code tracking error is taken 
into account. The accent will be on the comparison of the two 
cases. 

A. Single Multipath Signal 

First, the situation of an unfiltered input signal consisting of 
a LOS component and just one multipath signal is considered. 
We assume only one user, so there is no multitransmitter 
interference. As we have seen in Section 11, in the slow fading 
case there are no tracking errors. For fast fading, where the 
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Fig. 2. Bias of a noncoherent DLL for early-late spacing: d = 1. 

estimated carrier phase equals the LOS phase, the correlation 
output can be written as 

z = a,$(?) + a1 cos(81)R(.i - 7 1 ) .  (12) 

Because the SMR is assumed to be greater than one, the 
peak of the correlation output has always the same delay 
as the peak of the correlation function of the LOS signal. 
So in this case, independent of the multipath delay and 
phase, the code delay that maximizes the correlation output 
is equal to the LOS delay ( r d  = 0). For a noncoherent DLL, 
however, tracking biases are introduced. By determining the 
zero crossing of the S-curve with negative slope, for d = 1 
the resulting tracking bias T, (13) can be obtained from (4) 
with TI = 0.5Tc(af/ai  + 1); see (13) at the bottom of the 
page. With the SMR as a parameter, the biases are depicted in 
Fig. 2 If the SMR is large enough, the tracking error is small. 
In the case of strong multipath signals, however, the tracking 
error can become considerable; for instance T~ = 0.25T,. for 
SMR = 3 dB and r1 = 0.75Tc. 

From (12), we can see that for a certain multipath delay r1, 

the correlation output will vary due to the varying multipath 
phase 81. In Fig. 3, the instantaneous correlation output as a 
function of 81 is shown for a multipath delay of 0.7Tc and 
SMR = 5 dB. The correlation output is plotted for .i = T ~ ,  the 
delay as estimated by the noncoherent DLL, and for .i = 0, if 
the tracking bias is not taken into account and the correlation 
output is maximum. In the shown case, the loss of signal power 
due to the tracking error amounts to almost 3 dB in the out-of- 
phase situation. In the worst case situation (maximum delay 
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error) for SMR = 3 dB, viz. r1 = 0.75Tc, it can be calculated 
that the tracking bias causes a loss of signal power of more 
than 6 dB for out-of-phase signals. 

The loss of signal power results in a degradation of the 
bit-error rate (BER). The bit-error probability, given signal 
amplitude A and gaidloss factor IC, is represented by (7). The 
factor .I: in this expression for p e ,  is equal to the normalized 
(no = 1) correlation output (12), which is a function of the 
multipath phase 81 

x(& I '1) = R ( f )  + a1 cos(O1)R(-i - 71). (14) 

Because we consider only one user, the variance of the 
Gaussian noise, cr2, is just the noise variance No/Tb. With the 
bit energy-to-noise ratio is defined as 2 A 3, for an uni- 
form distributed multipath phase 01, the bit-error probability 
given a multipath delay 7 1 ,  becomes 

Fig. 4 shows the bit-error probabilities for tl = 0.7Tc for 
a typical value of the SMR: SMR = 5 dB. In this plot, P, is 
drawn for the cases that the signal delay is estimated with 
and without code tracking bias, and for the multipath-free 
channel. It is obvious that the code tracking error results in 
a degradation of the bit-error probability. 

If the bias is taken into account, to maintain a bit-error 
probability of lop3, the SNR has to be increased by more 
than 2 dB as compared to the bias-free situation. So, given a 
bit-error probability, there is a loss in SNR due to the tracking 
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bias. For P, = the increase in SNR as compared to the 
situation where the code delay error is ignored, is depicted in 
Fig. 5. In the case of the maximum delay error for SMR = 
3 dB (71 = 0.75TC), the SNR has to be increased by about 
5.5 dB. 

To visualize the degradation of the BER due to the tracking 
bias, for a SNR of 10 dB, the bit-error probability calculated 
with bias divided by the bit-error probability without bias is 
plotted versus the multipath delay 71 (Fig. 6), with SMR as 
a parameter. This ratio of the bit-error probability calculated 
with bias and the bit-error probability without bias is called the 
degradation ratio. For a SMR of 3 dB and a multipath delay 

of 0.75Tc, the bit-error probability calculated with delay bias 
is even 300 times larger than the probability if the tracking 
error is not taken into account. 

B. Multiple Multipath Signals 

Now we have gained insight into the influence of code 
tracking errors on the bit-error probability in the situation of 
an input signal consisting of a LOS component and just one 
multipath signal, we extend our analysis to multiple multipath 
signals and more performance parameters. Again, we consider 
unfiltered signals. 
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To model the multipath signals we will use the power-delay 
profile. For rural and suburban environments, the average 
power-delay profile of multipath signals is approximately 
exponential [ 141, [ 151 

average multipath power for each signal. For signal number 
vi, the multipath power b,o is approximated as the power 
between the delay values m . T, / h t - h i p  and (vi + 1) . Tc/n/lck,ip 

P(T) = -bbof'xp -- (16) 

where T, is the delay spread. For a rural environment, a 
typical value of Tq is 0.65 /AS [15]. As for the situation of one 
multipath signal, we consider multipath signals with a delay 
of up to 1.5T,. If we take Mchlp signals between r = 0 and 
T = T,, so the total number of multipath signals M will be 
1.5 S M ~ . ~ , , ~ ~ ,  the power-delay profile can be used to calculate the 

T, I ( isT) 
By knowing the average multipath power for each signal, the 

S-curve (4) can be calculated. Determining the zero crossing 
of the S-curve with negative slope gives the tracking bias, 
t ~ ~ ~ ~ ,  of the noncoherent DLL in a fast fading environment. 
In Fig. 7, the biases are depicted with SMR as a parameter for 
Mchlp = 10 and d = 1. For large values of Ts/Tc the tracking 
bias becomes negligible: if spread-spectrum modulation is 
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used with a chip time T, that is less than the delay spread T, 
of the channel, then the multipath power is partially reduced 
by the correlation operation in the receiver. 

Notice that the bias is not equal to the instantaneous delay 
error, f - rd. Due to the varying multipath phases Q,, the code 
delay that maximizes the correlation output i s  not equal to 
the line-of-sight delay ( ~ d  = 0). Because it is impractical to 
determine the instantaneous delay error and because the code 
tracking error is caused mainly by the bias, from now on only 
the tracking bias is considered. 

To calculate the bit-error probability (6), p t L ( r ) ,  the prob- 
ability density function (PDF) of the desired part of the 
correlation output z ,  has to be known. Since the received signal 
can be considered as the sum of a LOS signal and a number of 
multipath signals with random varying phases, the correlation 
output can be described by a Gaussian PDF. This assumes that 
the fading bandwidth is large in comparison with the tracking 
loop bandwidth of the code and carrier tracking loops, which 
causes the receiver to track the average vector component 
(being the LOS signal) whereas the multipath components, 
multiplied by the cosine of a random phase, will contribute 
a Gaussian component to the correlation output. The mean 
of the PDF is equal to the amplitude of the LOS signal 
times the output of the correlation function of the LOS signal: 
a0 + R ~ o s ( ? ) ,  the variance of the Gaussian PDF is determined 
by the residue of the multipath power after the Correlation 
operation in the receiver and is, therefore, also depending on 
the estimated code delay -i. 

To obtain the bit-error probability given A and 2 ,  pe(xA)  
(7), the total variance of the Gaussian noise, which consists of 
the noise variance No/Tb and the interference power (T:, has 
to be determined. In [3], a closed form expression was derived 
for the variance 0: of K interfering products. When lognormal 
shadowing is not taken into account, the normalized equation 

is 
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Here, N is the length of the spreading code and bo is the 
average scattered power due to multipath. 

To gain insight into the effects of the tracking bias on the 
bit-error probability, first, we consider the situation for one 
user. We have compared the bit-error probability for the case 
where the tracking bias is ignored (f = T O )  with the bit-error 
probability for the case where the tracking bias is taken into 
account (? = T B T ~ ~ ~ ~ ) .  The bit-error probabilities are shown for 
two T,/T, values, viz. 0.65 and 6.5, in Fig. 8 for SMR = 6 dB. 

For T,/T, = 6.5, the bit-error probability degradation 
is small, for T,/T, = 0.65, however, the degradation is 
considerable. As we can see in Fig. 8, for Eb/No = 10 dB the 
bit-enor probability obtained with bias is 4.6 times as worse as 
the bit-error probability obtained without bias; for &/No = 
20 dB it is almost 21 times larger. If the bias is taken into 
account, to maintain a bit-error probability of and 
the SNR has to be increased by about 3 dB and by almost 7 
dB, respectively, as compared to the bias-free situation. 

To determine the throughput and delay, multitransmitter 
interference is taken into account. For constant values of 
Eb/No and N and with SMR and T,/T, as parameters, (6), 
(7), and (18) are used to calculate the bit-error probability as 
a function of the number of interfering products K .  With (8) 
to obtain the packet success probability P, and (9) to obtain 
the PDF of the offered traffic Pt,, (10) yields the throughput 
S .  The following results are obtained for &,/NO = 20 dB, 
N = 63 chips per bit, Np = 256 bits per packets, t = 10, 
K,,, = 2N users, SMR = 6 dB, and for two T,/T, ratios, 
viz., 0.65 and 6.5. 

Fig. 9 shows the normalized throughput, SIN ,  curves for 
the situation where the tracking bias is ignored and the 
situation where the bias is taken into account. 
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Ts/Tc  = 6.5, and (d) with bias, T,/T, = 6.3,  

Normalized throughput of slotted CDMA for SMR = 6 dB: (a) without bias, Ts/Tc = 0.65, (b) with bias, T,/T, = 0.65, (c) without bias, 

As we would expect from the bit-error probability degra- 
dation, the degradation of the throughput performance due to 
the tracking bias is larger for a T,/T, ratio of 0.65 than for 
a ratio of 6.5. Fig. 9 demonstrates that for SMR = 6 dB and 
T,/T, = 0.65 the maximum throughput is more than 1.5 times 
too optimistic, if the tracking bias is ignored. Computational 
results showed that for SMR = 3 dB, this result is almost 
three times too high. 

Finally some results on the delay are given, obtained using 
(11) with NAT = 3 and T d  = 74 slots. In Fig. 10, the 
normalized throughput-delay curves for the cases with and 

without tracking bias are compared. Again the results show a 
considerable degradation of the performance in the case of a 
delay bias, especially for T,/T, = 0.65. 

V. POSSIBLE REMEDIES 

As explained in Section 11, in practice, it is not possible to 
choose the tracking loop bandwidth and the data bandwidth of 
a system using a noncoherent DLL in such a way, that tracking 
errors can be avoided for all applications. To reduce the loss 
of signal power and the degradation of the performance due to 
the tracking bias, the early-late spacing could be decreased. In 
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[lo], it is shown that a smaller early-late spacing can result in a 
smaller tracking bias and thus in a smaller bit-error probability. 
However, this only helps if the spread-spectrum bandwidth 
is equal to or larger than l/dT,. In practice, many spread- 
spectrum communication systems use bandlimited signals with 
a double-sided bandwidth of about 2/T,. For these systems 
decreasing the early-late spacing further than half a chip does 
not help. Although this will give a considerable improvement 
over an early-late spacing of one chip, the degradation will 
still be considerable. 

Because it applies no squaring operations, a coherent DLL 
bas no tracking bias for large BF/BL values. For situations 
where fast fading can be expected, this type of DLL is 
preferable in order to minimize code tracking errors and, 
therefore, the bit-enor probability degradation. Further, it is 
possible to greatly reduce code synchronization errors by 
using special tracking loops which are designed to deal with 
multipath or spread-spectrum interference, like described in 
[12] and [13]. 

VI. CONCLUSION 
If the tracking bias is not taken into account, the perfor- 

mance analysis (in terms of bit-error probability, throughput 
and delay) of a CDMA system or network shows too optimistic 
results in some situations. It is shown for noncoherent DLL re- 
ceivers with an early-late spacing of d = 1, that dependent on 
the received multipath power and the delay spread, the system 
performance can degrade significantly when tracking errors are 
taken into account. In practice, performance degradation due 
to the tracking bias of a noncoherent delay lock loop cannot 
always be avoided by system design. To overcome the tracking 
problems, other delay lock techniques can be applied, like the 
coherent DLL and special tracking loops which are designed to 
deal with multipath or spread-spectrum interference [ 121, [ 131. 
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