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Abstract — In this paper the choice of DLL parameters is 
studied with special focus on multipath and Doppler 
sensitivity. The envisaged application is code tracking on 
navigation receivers and the multipath fading environments 
defined for next generation navigation systems are 
considered. Given the particular properties of these 
propagation environments, multipath estimating delay lock 
loop is shown to have the best performance within a 
particular signal to noise ratio range if some specific 
parameters such as the Predetection Integration Time and 
channel estimation time interval match the time-varying 
nature of the channel and the spacing in the early-late scheme 
is chosen accordingly to the multipath characteristics1. 
 

Index Terms — Navigation receivers, MEDLL, multipath, 
slow fading.  

I. INTRODUCTION 
Satellite navigation idiosyncrasy leads to challenging 

studies in synchronization techniques given that the delay 
estimation is the key procedure to determine the position of 
the receiver. 

The key issues in synchronization are code acquisition 
and tracking. From both, code tracking is especially 
sensitive to multipath environments and the time-varying 
nature of satellite channels [1]-[3]. 

Several multipath mitigating techniques have been 
compared and studied [4]-[7] for code tracking. From Delay 
Lock Loop (DLL) architectures the most significant and 
promising tracking scheme to be studied is the multipath 
estimating DLL (MEDLL), since it has proven best 
performance in multipath environments [8]-[10]. However, 
issues such as the Doppler sensitivity of the multipath 
estimation track and time integration intervals, the signal to 
noise ratios where the channel estimates are accurate enough 
to provide a satisfactory performance and the early-late 
spacing should be particularly addressed. 
 

1 This study has been partly funded by ESA/ESTEC Contract Number 
15534/01/NL/LvH. 
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Next generation navigation receivers require an even 
more careful design of synchronization techniques [11]-[13] 
since it is aiming at a higher positioning accuracy than 
previous systems. Also, channel models for these new 
systems are recently available in the literature [14]-[17], 
thus the performance and parametrization of DLL 
architectures should be considered under these new 
environments. 

The novelty of our study is to consider the time varying 
nature of the multipath channel in the particular case of a 
next generation navigation receiver and to address the 
optimization of several parameters in order to accomplish 
the expected performance in code tracking. Under these 
premises, an accurate choice of the Predetection Integration 
Time (PIT) interval and the channel estimation time interval 
in the DLL scheme is shown to be critical. Also the optimal 
spacing in the early-late scheme is shown to be highly 
dependent on the multipath characteristic, particularly in 
these environments where there is a strong specular 
component and most of the power delay profile is concealed 
within a small chip time interval. 

The remainder of this paper is organized as follows. 
Section II provides an overview of synchronization schemes 
and a brief review of multipath propagation. In section III 
the system model is presented. In section IV the obtained 
results are discussed and finally section V outlines some 
concluding remarks. 

II. SYNCHRONIZATION TECHNIQUES AND MULTIPATH 
EFFECTS 

A. DLL and MEDLL schemes 
The simplest DLL scheme correlates the received signal 

( )r t  with both an advanced ( )es t  and a delayed ( )ls t  
normalized version of the internally generated reference 
prompt code 0 ( ) ( )i cs t s t T= −∈   (Fig. 1). This reference code 
has an inherent delay i∈  (normalized to the chip period cT ) 
with respect to the transmitted code ( )s t . The suffix i 
represents each detection interval pT  named PIT 
(Predetection Integration Time). This delay should be 
estimated and compensated through the synchronization 
procedure. The shifting time for ( )es t  and ( )ls t  is 

/ 2 cT±Δ ×  where Δ  is the correlation spacing (in chip 
fractions). 
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Fig. 1. Block Diagram of an Early-Late DLL. 
 
More practical DLL schemes separate the in-phase and 

quadrature components of the received base-band signal and 
correlate each with the early, late and prompt versions of the 
internally generated code. Different combinations of these 
correlation outputs lead to coherent and non-coherent DLL 
discriminators. A coherent discriminator requires that the 
receiver is phase-locked to the signal. In most positioning 
applications based on spread spectrum this is unrealistic 
because of the low signal to noise ratio (SNR) that does not 
allow carrier recovery before code synchronization [2]. 
Furthermore, the performance advantage of non-coherent 
discriminators versus coherent has been previously reported 
not only in AWGN channels [18] but also in multipath 
environments [19]. 

MEDLL is a DLL where the multipath parameters are 
estimated in order to improve the correlation function of the 
direct signal [8]-[10]. The estimated correlation function of 
the reflected rays is subtracted from the correlation function 
of the received signal to obtain the direct path correlation. 
Generally speaking, MEDLL reduces the error due to 
multipath in both, code and carrier tracking. It approaches 
the ideal performance (no multipath) as the channel 
estimates improve. However it suffers from higher 
complexity due to the channel estimation procedure, and 
high Doppler and SNR sensitivity. 

The correlation spacing Δ  in the DLL is chosen as a trade 
off between tracking accuracy (small values of Δ ) and the 
range of delays for which the synchronization may be 
achieved [20], [18], [2], [5]. Analytical developments show 
that this still holds for multipath environments. However 
this general statement may need to be clarified for particular 
and more realistic multipath fading environments. 

Any disturbance or mismatch in the system leads to a 
estimated delay i′∈  that may be different from i∈ . The 
tracking error i i ie ′=∈ −∈ , is the difference between both. 
The performance of a DLL is usually measured in terms of 
the tracking error bias ( { }iE e ) and the tracking error 

variance ( { }( ){ }2

i iE e E e− ) [3], [21]. This performance is a 

function of the disturbances, the discriminator chosen and 
the loop bandwidth ( LB ) that in the absence of a loop filter 
is mainly dependent on the PIT interval. 

In the absence of noise or any other disturbance, the 
detection voltage (discrimination function) ( )r iD ∈  is a 

quasi-linear function of the prompt code delay i∈  in the 

interval / 2i∈ ≤ Δ , thus it can be approximated by: 
 

( ) ( )2r i iD f∈ = Δ ∈  (1) 

 
where ( )f Δ  is a linear function of the correlation 

spacing2. 
When the input signal and the prompt code are 

synchronized, 0i∈ =  and consequently ( ) 0r iD ∈ = . If not, it 

will be necessary to move along the curve ( )r iD ∈  to obtain 
the synchronization condition. 

B. Multipath Propagation 
Multipath propagation causes the reception of several 

replicas of the transmitted signal. In a multipath channel, 
depending on the nature of the paths, the impulse response 
can be diffuse or discrete. The channel environments 
proposed for study in section III-B match a discrete 
multipath model that assuming a slow fading characteristic 
behaves as follows: 

 

( )
1

, ( ) ( )
N

k k
k

c t a t tτ δ τ
=

= −∑  (2) 

 
Multipath ( ),c tτ can be modeled by a wide sense 

stationary uncorrelated scattering random process (WSSUS). 
If ( ),c tτ  is a zero mean process, then its amplitude 

( ),R c tτ=  can be modeled as a Rayleigh distribution and 

each of the fading taps are zero-mean complex Gaussian 
distributions. On the other hand, if ( ),c tτ  is a non-zero 
mean process, then its amplitude R may be represented by a 
Ricean distribution with Rice factor K. Each of the random 
processes that model the fading taps has a power spectral 
density parameterized through the Doppler frequency df : 

0
d

vff
c

=  (3) 

where c is light speed, v is the user’s speed and 0f  is the 
carrier frequency. 

 
2 ( )f Δ  depends mainly of the discriminator chosen. Coherent DLL 

usually leads to ( ) 1f Δ =  while non-coherent such as the Dot Product [22] 

leads to ( ) ( )1 / 2f Δ = − Δ . 
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III. SYSTEM MODEL 

A. Signal model and DLL receiver architecture 

The European next generation navigation system provides 
ten signals within the frequency ranges 1164-1215 MHz 
(E5a and E5b bands), 1215-1300 MHz (E6 band) and 1559-
1592 MHz (E2-L1-E1 bands) [23]. Six of those signals will 
be available for all users in bands E5a, E5b and L1 for 
“Open Services” (OS) and “Safety-of-Life Services” (SoL). 
Two other signals on band E6 will be used for “Commercial 
Services” (CS) and the remaining two, one in band E6 and 
another in band E2-L1-E1 will be exclusively accessed for 
“Public Regulated Service” (PRS) users. 

All satellites share the previously mentioned bands using 
CDMA. Signals from different satellites are distinguished 
through different codes. The chip rates of the codes range 
from 1023cR = Mchip/s to 10023cR =  Mchip/s and the 
modulation schemes used are either BPSK (Binary Phase 
Shift Keying) or BOC (Binary Offset Carrier) [24]. 

 For our signal model just one signal from one of the 
satellites is considered whereas the contribution from other 
satellites is modeled as AWGN due to the weakness of their 
interference. This is possible since Gold codes with good 
autocorrelation and cross-correlation properties are being 
used for spreading the signal. The data signal is dropped in 
our model since its influence can be removed by envelope 
detection in the non-coherent DLL that is going to be used 
as explained latter [1]. The internal code is generated with 
shift registers of 10m =  positions, so, considering a Gold 
sequence, the code length is 2 1 1023m

cN = − = chips. The 
reason for choosing the lowest rate is that this way we get an 
idea of the lowest performance expected in the system in 
terms of tracking error. For the sake of simplicity, the 
modulation used in the model will be BPSK. BOC 
waveforms have autocorrelation functions with multiple 
peaks that lead to tracking ambiguities [25], thus the 
discriminator should deal with this problem by increasing its 
complexity. 

The discriminator used is a non-coherent Dot Product 
DLL [22]. The correlation spacing ranges from 0.2Δ =  to 

1Δ =  chips. Setting the code length to 1023cN = , the code 
period will be 1s c cT N T= × = ms. Each detection interval 
(PIT), identified with the suffix i, has a duration of 

p p sT N T= ×  seconds, where pN  varies for different loop 
bandwidth values. The MEDLL implementation tracks for 
any path within 0.2 cT× seconds. This is a valid approach, 
since it should be noted that none of the channel delay 
profiles shown in next section extends further than 0.3 cT×  
seconds. The estimation of the channel amplitude is 
performed minimizing the mean square error of the 
estimates as detailed in [9]. 

The front-end filter bandwidth is set to be a large enough 
value ( 20≈ MHz) to avoid distortion of the correlation 
function and focus on the performance of the DLL in 
multipath fading [1]. Therefore, the presented results would 
hold for a sufficiently large bandwidth. 

Thus, assuming slow fading multipath, the 
synchronization base-band signal arriving to the receiver can 
be expressed as: 

( ) ( ) ( ) ( )
1

N

k k
k

r t a t s t n tτ
=

= − +∑  (4) 

 
where ( )ka t  represent the multipath coefficients from (2), 

( )n t  is white Gaussian noise and ( )s t  is the transmitted 
signal with the parameters previously described. 

B. Channel models 
The channel models considered for L-band [15] are 

described in terms of a discrete power-delay profile and the 
Doppler spectrum (Tables I-III). 

 
TABLE I 

EN-ROUTE AERONAUTICAL (E-RA) CHANNEL 

  
TABLE II 

LAND-MOBILE IN URBAN (L-MU4 OR L-MU70) CHANNEL 

 
TABLE III 

LAND-MOBILE IN RURAL (L-MR) CHANNEL 

  
A tapped delay line is used for implementing the channel 

models. The channel coefficients ( )ka t  are obtained by 
filtering independent samples of a complex white Gaussian 
random variable with a Butterworth filter designed for a 3 dB 
bandwidth equal to the Doppler frequency df . 

IV. DISCUSSION AND SIMULATION RESULTS 
The performance of the DLL architectures will be evaluated 

considering the different multipath scenarios given in previous 
section. The tracking error bias and the tracking error variance 
are obtained through simulation for 0/C N  values ranging 

Delay (ns) Relative Power 
(dB) 

Statistical 
distribution df (HZ) 

0 -18 Ricean K=15 dB 1 
50 -6 Gaussian 1 

Delay (ns) Relative Power 
(dB) 

Statistical 
distribution df (HZ) 

0 -10 Ricean K=7 dB 4 or 70 
60 -27 Gaussian 4 or 70 
100 -27 Gaussian 4 or 70 
130 -27 Gaussian 4 or 70 
250 -27 Gaussian 4 or 70 

Delay (ns) Relative Power 
(dB) 

Statistical 
distribution df (HZ) 

0 -9 Ricean K=6 dB 140 
100 -28 Gaussian 140 
250 -31 Gaussian 140 
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from 30 to 60 dBHz, different pT  and different correlation 
spacings. The underlying idea in this section is to determine 
the choice of parameters needed in a DLL architecture to set 
the tracking error within a range that allows the performance 
expected in next generation positioning systems [21]3. 

First a discussion on the necessary channel estimation 
updates is made for MEDLL in order to set the MEDLL in the 
best possible channel estimation scenario. Later, MEDLL and 
DLL performance is studied from two points view: Doppler 
sensitivity and multipath bias. For both scenarios, a discussion 
is given on the alternatives to MEDLL in order to avoid the 
increased complexity that channel estimates lead to. 

A. MEDLL and channel estimation 
The Gold sequence period is 1ms, which implies that this is 

the smallest granularity we will get in the channel estimates. 
Compared to other system chip rates this is the worst scenario 
too. A trade-off between increased complexity in the MEDLL 
scheme and applying accurate updated channel estimates 
should be made. It is obvious that within each detection 
interval ( pT ), updates of the channel estimate are necessary 

every estT  seconds and that this depends on the Doppler 
frequency or the channel coherence time cohT . How many of 
these updates are necessary within pT  will be discussed here. 

Another issue to take into account is the low 0/C N  the 
receiver has to cope with and that might place the MEDLL in 
disadvantage compared to other schemes that do not need 
channel estimates. 
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Fig. 2. MEDLL performance for different channel estimation interval 
( estT ) in channel L-MR. 

 
3 Performance is usually specified in terms of different components: 

Ionosphere, Troposphere, Signal in Space Accuracy (SISA), Noise + 
Interference, Multipath, etc. In our study we are just focusing in Multipath and 
Noise + Interference performance. 

 

MEDLL tracking error bias for different channel estimates 
is shown in figure 2. These results have been obtained for 
“Land-Mobile in Rural” channel (L-MR): since it has a 
stronger multipath component, it is a conservative 
performance bound.  

Also, this channel performs similar to “Land-Mobile in 
Urban environment” channel with 70df = Hz (L-MU70) and 
“Land-Mobile in Urban environment” with 4df = Hz (L-
MU4) in terms of multipath. For example, if we want to keep 
the tracking error bias below a 10m (meter) threshold for low 
SNR scenarios it should be necessary to estimate every 
0.2 cohT×  seconds or less. Assuming that ( ) 1

coh dT f −
= , the L-

MR channel is placed in an scenario where estimates have to 
be obtained approximately every 1 ms (the exact value is 1.4 
ms) and, given that this is the smallest granularity we may 
achieve, this is independent of the pT  that is being used. The 
L-MU70 channel may update its channel estimates every 3ms 
approximately. This implies that the number of updates within 

pT  should be chosen accordingly. For channels “En-Route 
Aeronautical” (E-RA) and L-MU4 channels, the worst case 
leads to updates every 50ms. Taking into account a reasonable 
range of pT  values, no channel updates would be necessary 

within pT  for these two channels. 
It should be noted here that any estimation of the delay 

value is allowed for these simulations with the purpose of 
making the figure clearer, despite of the fact that it is known 
that the delay estimation is valid when the absolute value of 
the measurement is within / 2Δ  chip time. Consequently, any 
value greater than 29.3m for 0.2Δ =  and 146.6m for 1Δ =  
implies that the MEDLL is out-of-track and the receiver 
should switch to the acquisition procedure. In the rest of the 
results, any delay estimation that drives MEDLL out-of-track 
is discarded. 

30 35 40 45 50 55 60
−12

−10

−8

−6

−4

−2

0

2

4

6

C/N
o
 (dBHz)

T
ra

ck
in

g 
er

ro
r 

B
IA

S
 (

m
)

L−MR, Δ=0.2

L−MR, Δ=1

L−MU70, Δ=0.2

L−MU70, Δ=1

L−MU4, Δ=0.2

L−MU4, Δ=1

E−RA, Δ=0.2

E−RA, Δ=1

 
Fig. 3. MEDLL tracking error bias for different 0/C N  (dBHz). 
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In figures 3 and 4 MEDLL behavior for different 0/C N  
values is studied for the four channels scenarios described in 
section III-B. The results shown are for the best possible 
channel estimation interval ( 1estT = ms) and for an adverse 
Doppler scenario where pT  is much smaller that cohT  (see next 
section). The performance for the different scenarios is 
studied first by determining in each case what is the 
percentage of time the MEDLL is out-of-track. Then the error 
bias and variance are obtained taking into account that any 
out-of-track measure is discarded.  
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Fig. 4. MEDLL tracking error variance for different 0/C N  (dBHz). 

 
Table IV shows the percentage of time the MEDLL is out-

of-track for different 0/C N  values. In all cases, values of 

0/ 35C N ≤ dBHz lead to unacceptable performance. Also, as 
expected, the narrow DLL ( 0.2Δ = ) performs worst in high 
variability environments. 

 
TABLE IV 

PROBABILITY OF MEDLL OUT-OF-TRACK 

 
Although from observation of figure 3 it might seem that 

almost all channels are performing within a 10m error 

threshold, it should be taken into account that this is the bias 
of the error, and in order to establish the error with a 
confidence interval its variance should also be taken into 
account (Figure 4). The narrow MEDLL is in almost all 
scenarios below an error variance of 1m, while the 
conventional MEDLL needs in most cases more than 50 dBHz 
of 0/C N  to achieve this value. 

B. Tracking error Doppler sensitivity 
Previous results in literature [1] show that for a given 

channel coherence time ( cohT ) decreasing the loop bandwidth 
(increasing PIT) reduces the tracking error bias; up to a point 
where for coherent DLL it could totally disappear4. This idea 
suggests that tuning pT  accordingly to the channel coherence 
time might lead to DLL strategies where MEDLL complexity 
is not needed, even for non-coherent DLL. Therefore, 
increasing pT  shows up as a strategy for reducing the error 
bias that at some point might avoid the need of channel 
estimates. This statement has certain limitations that will be 
shown with the results. 

To discuss on the previous theoretical results, the behavior 
of DLL and MEDLL strategies is studied for L-MU channel. 
This particular channel is chosen since it specifies two 
Doppler frequencies and allows a reasonable range of pT  to 
be studied. The results obtained are for the best possible 
channel estimation interval ( 1estT = ms) and for two different 

values of { }0/ 40,60C N = dBHz. The performance for the 
different scenarios is studied first by determining in each case 
what is the percentage of time the DLL or MEDLL is out-of-
track. Then the error bias and variance are measured taking 
into account that again, any measure out-of-track is discarded. 

 
TABLE V 

PROBABILITY OF DLL AND MEDLL OUT-OF-TRACK 
 
Table V shows the percentage of time the DLL and 

MEDLL are out-of-track for different /p cohT T  and 0/C N  
values. Although, theoretically, narrow DLL may be an 
 
 
4 This is not generally true for the case for a non-coherent DLL, however the 
mentioned behavior is sustained and the error bias still decreases. 
 

0/ , /p cohT T C N   DLL 
0.2Δ =  

DLL
1Δ =  

MEDLL
0.2Δ =  

MEDLL
1Δ =  

0.07, 40 dBHz 47.3% 3.75% 4.65% 1.8% 
0.07, 60 dBHz 46.6% 1.8% 1% ↓1% 
0.35, 40 dBHz 47.3% 1% 1.25% 2% 
0.35, 60 dBHz 46.6% 1% ↓1% ↓1% 
0.70, 40 dBHz 29.5% 0.5% ↓1% 2% 
0.70, 60 dBHz 29% ↓1% ↓1% ↓1% 
1.05, 40 dBHz 26% ↓1% 2% 1.3% 
1.05, 60 dBHz 27% ↓1% ↓1% ↓1% 

0/C N   30 
(dBHz) 

35 
(dBHz) 

45 
(dBHz) 

40 
(dBHz) 

50 
(dBHz) 

60 
(dBHz) 

E-RA 
0.2Δ =  30.8 % 8.6% 0.4% ↓0.1% ↓0.1% ↓0.1% 

E-RA 
1Δ =  33.3 % 10.7 % 0.3 % ↓0.1% ↓0.1% ↓0.1% 

L-MU4 
0.2Δ =  27.5 % 7 % 0.1 % ↓0.1% ↓0.1% ↓0.1% 

L-MU4 
1Δ =  32.2 % 8.6 % 0.4 % ↓0.1% ↓0.1% ↓0.1% 

L-MU70 
0.2Δ =  29.8 % 14 % 3.8 % 1.6% 0.7% 0.6% 

L-MU70 
1Δ =  33.2 % 14.1 % 1.6 % 0.3% ↓0.1% ↓0.1% 

L-MR 
0.2Δ =  31.1 % 14.2 % 5.9 % 3.2% 2.3% 1.8% 

 
L-MR 

1Δ =  33.7 % 13.6 % 2.7 % 0.1% 0.2% 0.2% 
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alternative to MEDLL strategies in order to solve the error 
bias problem, from table V and figures 5 and 6 another 
conclusion can be drawn. 
It can be said that although the narrow DLL ( 0.2Δ = ) error 
variance is around 2m for any case and its error bias is in the 
range of 4m, it is most of the times out-of-track. DLL ( 1Δ = ) 
performs better in terms of out-of-track time percentage, but 
its error bias and variance are considerably higher: error bias 
is over 8m and the variance is around 10m. 
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Fig. 6. Tracking error variance for different /p cohT T  in channel L-MU. 

 
MEDLL performance is 2m for the error bias, it shows 

error variance reduction with /p cohT T  and the out-of-track 
times are negligible. Thus, despite the expected 
improvement with increasing pT  which would make the 
narrow DLL an alternative in this scenarios, MEDLL still 
performs better. 

C. Matching multipath parameters and early-late correlation 
spacing 

The four environments present different multipath 
scenarios. E-RA channel is the most problematic since it 
has the strongest multipath component. For strong 
multipath scenarios it is recommended to increase the 
correlation spacing, and this is considered in figure 7. As 
expected, for channel E-RA and L-MU4 there is a slight 
improvement in the error bias, however, although it is not 
shown here, this goes together with a worst performance in 
terms of error variance. In these results 10pT = ms, a 
channel estimate is updated every 1ms and 

0/ 40C N = dBHz. 
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Fig. 7. Tracking error bias for different correlation spacings and 
different channel scenarios, 0/ 40C N = dBHz. 

V. CONCLUSION 
The time varying nature of the multipath channel for a 

next generation navigation environment has been addressed 
and the values of several parameters have been discussed in 
order to accomplish a good performance in code tracking. 

A detailed study has been made on MEDLL performance, 
taking into account issues such as channel estimation 
accuracy for operational SNR values and channel 
estimation updates for different channel coherence times. 
Several considerations have been given for error bias and 
variance performance and the out-of-track performance is 
provided for the particular scenarios presented. 

As an alternative to MEDLL scenarios, and in order to 
reduce complexity, some other issues have been addressed. 
Those have been pT  increase and Δ  spacing in DLL 
architectures, in order to scrutinize whether the performance 
of these schemes was good enough for the proposed 
scenarios. It has been shown, that although the narrow DLL 
performs within a reasonable range in error variance and 
bias, its out-of-track probability is extremely high, which 
discards this architecture as a possible substitute to MEDLL. 
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