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Abstract
In urban environments, when GNSS signals are weakened, blocked, and interfered with by multipath, the tracking accuracy 
and continuity of scalar delay-locked loops (SDLL) deteriorate seriously. Vector delay-locked loops (VDLL) can improve 
the tracking performance by estimating each channel’s control information from positioning, but it requires reconstruction 
of the receiver baseband and has a heavy processing load. We propose a position-aided delay-locked loop (PA-DLL) with 
its numerically controlled oscillator (NCO) controlled by a local loop filter and position jointly. Compared with SDLL and 
VDLL, PA-DLL can be implemented with minor adjustments to the SDLL and brings the superiority of VDLL. NCO control 
by position is composed of an extended Kalman filter-based positioning algorithm and an aiding information estimation 
module. The performance of PA-DLL is fully tested in our software receiver i2xSNR and compared with SDLL and VDLL 
in urban environments. Compared to SDLL, the pseudorange and positioning accuracy of PA-DLL are improved by at least 
20%. Test results show that PA-DLL performance significantly improved over SDLL and is comparable to VDLL with a high 
enough update rate. The processing load test illustrates that, compared to SDLL-based receiver, PA-DLL has only a little 
increase in processing load, while VDLL needs more than 10 times of computation load to ensure comparable performance.

Keywords  Delay-locked loops · Vector tracking · Tracking loops · Global navigation satellite system (GNSS) receiver · 
GNSS pseudorange

Abbreviations
AIE	� Aiding information estimation
BDS	� BeiDou navigation satellite system
CDF	� Cumulative distribution function
C∕N0	� Carrier-to-noise ratio
EKF	� Extended Kalman filter
GNSS	� Global navigation satellite system
GPS	� Global positioning system
IF	� Intermediate frequency
IMU	� Inertial measurement unit
INS	� Inertial navigation system
Is/Qs	� In-phase (I) and quadrature (Q) signals
NCO	� Numerically controlled oscillator
RAIM	� Receiver autonomous integrity monitoring
PA-DLL	� Position aided delay-locked loop
RTK	� Real-time kinematic

SDLL	� Scalar delay-locked loops
VDLL	� Vector delay-locked loops

Introduction

Autonomous vehicles, robots, and smart mobile terminals 
require positioning with high continuity, reliability and accu-
racy (Zhang et al. 2021b). GNSS can provide centimeter 
accurate positioning when real-time kinematic (RTK) or pre-
cise point positioning algorithm is used in open sky. How-
ever, the positioning deteriorates rapidly or even becomes 
unavailable in urban environments where GNSS signals are 
frequently blocked and interrupted (Li et al. 2018). INS is 
not affected by the surrounding environment. However, the 
measurement errors of INS with low-cost micro-electrome-
chanical system (MEMS) inertial measurement unit (IMU) 
increase rapidly with time (Xu et al. 2018). Camera/LiDAR 
positioning is widely studied for unmanned systems. How-
ever, Camera/LiDAR are susceptible to sparse environmental 
features, dynamic objects and other factors (Gomez-Ojeda 
et al. 2019). Currently, multi-sensor fusion is the mainstream 
solution for continuous, reliable and accurate positioning 
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(Groves 2015). GNSS provides 24/7 absolute positioning 
and timing, which cannot be replaced by other sensors in the 
fusion solution (Parkinson 2014). Improving the availability 
of GNSS can reduce the dependence on the performance of 
other sensors, and the cost of the fusion solution.

To improve GNSS positioning accuracy in challenging 
environments, research on quality control of GNSS observa-
tions has been carried out (pseudorange and carrier phase). 
Zhang et al. (2019) used carrier-to-noise ratio ( C∕N0 ) and 
elevation angle to evaluate the quality of GNSS observa-
tions. Ju et al. (2017) detected gross errors and cycle slips 
based on redundant observations. Zhang et al. (2021a, b) 
classified pseudorange based on machine learning. Du and 
Gao (2012) detected gross errors and cycle slips based on 
inertial navigation system (INS) and other sensors. Hsu 
et al. (2016) identified the path of observations based on 3D 
model. These researches mainly suppress GNSS positioning 
error by identifying those observations with poor quality and 
reducing their weight in positioning, which has no help to 
the accuracy and continuity of GNSS observations.

The GNSS signal tracking loops mainly determine the 
quality of observations. Almost all commercial receivers 
use the scalar tracking architecture, which is simple, low 
processing load, and easily implemented in hardware. The 
architecture of scalar tracking loops is shown in Fig. 1 
(Kaplan and Hegarty 2017). Since the scalar loops track 
each satellite’s signal independently, strong signal channels 
have no help to the weak signal channels. To improve the 
tracking performance and observation quality, vector track-
ing loops are proposed. As shown in Fig. 2, vector loops 
estimate code and carrier control information of all channels 
through position and velocity (Parkinson and Spilker 1996). 
Without base station information, the information estimated 
by positioning cannot meet the accuracy requirements of 
carrier phase tracking (Petovello et al. 2008). Therefore, vec-
tor loops mainly include VDLL and vector frequency locked 

loops. Since positioning is mainly based on pseudorange in 
the urban environment, we will discuss delay-locked loops.

VDLL is generally divided into three categories: central-
ized coherent, cascaded coherent and cascaded non-coherent 
(Groves and Mather 2010). As shown in Fig. 2, the central-
ized coherent VDLL directly processes the in-phase (I) and 
quadrature (Q) signals (Is/Qs) in the Kalman filter (Gustaf-
son et al. 2000) without pre-processing. Its processing load 
is high because of the large measurement vector and high 
update rate positioning (50 Hz). Therefore, the centralized 
coherent VDLL is rarely used in practical implementations. 
In the cascaded coherent VDLL, Is/Qs are pre-processed 
by channel filtering to obtain pseudorange/pseudorange 
increment first (Groves and Mather 2010), and the data rate 
is reduced to 10–20 Hz, which can reduce the processing 
load to a certain extent (Petovello et al. 2008). However, the 
cascaded coherent VDLL work is unsuited to applications 
in urban environments for its requirement of stable carrier 
phase tracking. In the cascaded non-coherent VDLL, Is/Qs 
are processed by a discriminator and filter first and then sent 
to the Kalman filter (Pany and Eissfeller 2006). Although 
the discriminator introduces nonlinear error, it does not 
need to track the carrier phase, which is suited for urban 
environments.

VDLL has been studied and assessed extensively. 
Through simulation analysis, Lashley et al. (2010) proved 
that VDLL has better sensitivity than SDLL. PLAN group 
from the University of Calgary implemented the VDLL on 
their software receiver platform and fully verified its supe-
riority based on real GNSS signals in indoor environments 
(Petovello et al. 2008). The study of Pany et al. showed that 
VDLL helps track weak signals and increases the accu-
racy and continuity of pseudorange (Pany and Eissfeller 
2006). Dardin et al. designed adaptive VDLL for reliable 
positioning (Dardin et al. 2013; Jiao et al. 2021). Hsu, L.T. 
et al. studied multipath detection using VDLL in urban Fig. 1   Scalar tracking loop architecture

Fig. 2   Vector tracking loop architecture
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environments (Jiang et al. 2021). The performance tests of 
VDLL on the vehicle in urban environments by Ren and 
Petovello (2017) showed that VDLL could improve the 
accuracy of GNSS signal tracking and positioning. There-
fore, VDLL can improve signal tracking performance in 
challenging environments by sharing information between 
different channels through positioning.

Although the performance of VDLL is obviously supe-
rior, it is rarely used in commercial receivers. The architec-
ture of VDLL is too different from the SDLL to be imple-
mented with minor adjustments of the SDLL in commercial 
receivers. There are some drawbacks of VDLL relative to 
SDLL in implementation. First of all, the architecture of 
VDLL is more complicated. It needs the baseband signal 
processing and positioning to work together and initializes 
via SDLL-based positioning. Besides, the processing load 
of VDLL is heavy. A high update rate positioning is required 
to ensure NCO updating in time. Finally, VDLL is subject 
to positioning reliability. When positioning deteriorates or 
even fails, all satellites may lose lock. (Lashley et al. 2009; 
Groves and Mather 2010).

We propose PA-DLL to overcome the shortcomings of 
both SDLL and VDLL. PA-DLL can be implemented with 
minor adjustments to the SDLL. Our main contributions to 
our research include:

1.	 Position aided delay-locked loop is proposed, which 
improves code phase tracking performance and avoids 
the drawbacks of VDLL in implementation.

2.	 Key units of the PA-DLL are described, including an 
EKF-based positioning algorithm and an aiding infor-
mation estimation module.

3.	 Performance and processing load of PA-DLL, SDLL, 
and VDLL with different positioning update rates are 
fully compared by vehicle tests in urban environments.

Methodology

This section focuses on the design of PA-DLL. The archi-
tecture of the position aided delay-locked loop is proposed 
and compared with SDLL and VDLL. Then, the positioning 
algorithm based on EKF is described. Finally, the aiding 
information estimation module is discussed.

PA‑DLL architecture

The architecture of the PA-DLL is shown in Fig. 3, which 
mainly includes three components: baseband signal process-
ing, positioning, and aiding information estimation mod-
ule (AIE). It is clear from Fig. 3 that PA-DLL adopts code 
phase error obtained from AIE to aid the DLL. The left part 
is baseband signal processing, whose signal processing 

components and observation interfaces are exactly the 
same as the conventional SDLL. The positioning module 
can directly utilize the SDLL-based positioning algorithm 
in the lower right part compatible. The AIE module in the 
upper right includes pseudorange error estimation and code 
NCO control information generation. The input of the AIE 
includes pseudorange observations, position and velocity of 
the satellite and receiver, clock errors of the receiver (clock 
bias and drift) and the correction information of pseudor-
ange. The input rate is 1 Hz. The output of AIE is the esti-
mation of code phase error, which is sent to baseband signal 
processing to assist code NCO control. Under normal con-
ditions, the update rate of DLL is 50 Hz. Accordingly, the 
output update rate of AIE is required to be 50 Hz. To obtain 
50 Hz output, we adopt one linear model to predict code 
phase error in one second when generating aiding informa-
tion. PA-DLL supports three code NCO control modes: loop 
filter output, external aiding information, or both of them. 
The control modes of code NCO can be selected manually 
or adaptively adjusted. Therefore, the PA-DLL can be imple-
mented by only adding the AIE module to the SDLL, with-
out changing any existing components. Compared with the 
VDLL, PA-DLL has multiple advantages in implementation, 
as shown follows:

1.	 PA-DLL can be implemented without restructuring the 
SDLL. In VDLL, the code NCO is directly controlled 
by information estimated from the position with the 
control information from the loop filter output cutoff. 
In other words, to implement VDLL, the SDLL needs 
to be removed. PA-DLL joints the filter output and the 
position estimated information to control the code NCO, 
which does not need to cut off the loop filter.

2.	 PA-DLL does not need to change the interface between 
the baseband and positioning. The input of the PA-

Fig. 3   Position-aided delay-locked loop architecture
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DLL’s positioning unit is pseudorange �i , which is the 
same as common receivers. While the Is/Qs or pseudor-
ange increment ��i is sent to the positioning unit in the 
VDLL, which needs to adjust the interface between the 
baseband and the positioning. In addition, SDLL usually 
has an interface for carrier assistance, which can also 
be deemed as a source of aiding information to support 
code phase tracking.

3.	 PA-DLL can overcome the heavy processing load and 
control the delay of VDLL. To control the code NCO 
accurately, VDLL generally carries out positioning with 
an update rate of no less than 10 Hz to estimate the code 
phase, significantly increasing the processing load and 
NCO control delay. Thanks to the high update rate loop 
filter output, PA-DLL supports code phase error estima-
tion with a much lower positioning update rate (such as 
1 Hz), which overcomes the heavy processing load and 
control delay of VDLL.

4.	 PA-DLL can improve the integrity of NCO control 
information. The tracking performance of the VDLL is 
restricted by positioning. When the positioning deterio-
rates or even fails, all satellites can only fall back to reac-
quisition. However, PA-DLL can degenerate into SDLL 
and keep tracking those satellites with strong signal 
strength. In addition, the control information from the 
high update rate loop filter can eliminate errors caused 
by low update rate aiding information from positioning.

Extended Kalman filter‑based positioning

To suppress the position gross error, the EKF-based posi-
tioning is implemented in PA-DLL. It estimates the errors 
in the position, velocity, and clock for low dynamic carriers. 
The state vector can be expressed as (Hsu et al. 2015):

where �rpos , �rvel , ��� , and 𝛿𝜌̇𝜏 are the position error, velocity 
error, receiver clock bias, and drift, respectively. The clock 
bias and drift are expressed as a range and range rate, respec-
tively. The state transition matrix is expressed as:

where Ts is the EKF update interval, �� is the state transition 
matrix of the clock.

The system (process) noise covariance matrix can be 
divided into dynamic receiver noise and receiver clock noise 
(Parkinson and Spilker 1996):

(1)
�� =

[
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where Sv is the receiver velocity noise power spectral density 
(PSD), h0 , h−1 and h−2 are the parameters of receiver clock 
noise.

Measurement innovations input to the EKF includes 
the delta pseudorange, which is the difference between the 
measured and predicted pseudorange, and the delta Doppler, 
which is the difference between the measured and predicted 
Doppler. The measurement innovation vector is given as:

where i is the number of satellites, ��i and �f i
d
 are, the delta 

pseudorange and delta Doppler, respectively. The measure-
ment matrix, which comprises the partial derivatives of the 
measurements with respect to the states, is:

where � is carrier wavelength, and u is the line of sight 
(LOS) unit vector from the satellite to the receiver.

The measurement noise covariance matrix, R, is deter-
mined adaptively by the elevation angle of the satellite, 
which is reliable in open sky by not in urban environments. 
Therefore, one receiver autonomous integrity monitoring 
(RAIM) algorithm is employed in the EKF to monitor the 
integrity of satellite signals and identify faulty satellites in 
time. The RAIM algorithm based on the innovation monitor-
ing method is expressed as follows (Wang et al. 2019; Liu 
et al. 2019):
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where �k,i is the statistic for satellite i result at epoch k, and 
Td is the detection threshold. Td directly affects the accuracy 
of detection. So Td should be set to an appropriate value. 
�k,i and �k,i are the innovations and covariance matrix 
corresponding to the innovations, �k|k−1 is the predicted 
covariance matrix corresponding to the states at epoch k. It 
is clear from equation (12) that the accurate �k|k−1 and �

k,i 
will improve the reliability of RAIM. In general, the test 
statistic �k,i should have chi-squared distribution with one 
degree of freedom:

When faulty signals that may cause positioning error are 
detected, the EKF-based positioning is recomputed to obtain 
a reliable position in the urban environment, which is helpful 
to the integrity of NCO control information.

Code phase error estimation model

Taking global positioning system (GPS) L1 signals as an 
example, considering main error factors, the pseudorange 
observation equation can be expressed as (Teunissen and 
Kleusberg 1998):

where i is the satellite number, �i is the measured pseudor-
ange, ri is the true distance between satellite and receiver, 
��� is the clock error of the receiver, ��i

c
 includes errors 

caused by the clock of the satellite and propagation path, and 
�i
�
 is the observation errors of the receiver. ri is expressed as:

where si
pos

 is the satellite position, and rpos is the receiver 
position. ��i

c
 is:

where ��i
I
 is the ionospheric delay, ��i

T
 is the tropospheric 

delay, ��i
s
 is the clock bias of satellite, ��i

er
 is the rotation 

delay of the earth, and ��i
gd

 is the group delay.
Referring to (14), the estimated pseudorange can be 

derived as:
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+ �
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(13)�k,i ∼ �2
1

(14)�i = ri + ��� + ��i
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+ �i

�

(15)ri =
‖‖‖s

i
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− rpos
‖‖‖

(16)��i
c
= ��i

I
+ ��i

T
− ��i

s
+ ��i

er
+ ��i

gd

where 𝜌̂i is the estimated pseudorange, r̂i is the estimated 
distance between the satellite and receiver, 𝜌̂𝜏 is the esti-
mated clock error of the receiver, 𝜌̂i

c
 is the estimated errors 

caused by the clock of the satellite and propagation path. r̂i 
can be written as:

where ŝi
pos

 is the estimated satellite position calculated by 
broadcast ephemeris. In general, the position error of satel-
lite is less than 1 m. r̂pos is the estimated receiver position 
provided by the EKF. 𝛿𝜌̂i

c
 is expressed as:

where 𝛿𝜌̂i
I
 is the estimated ionospheric delay, 𝛿𝜌̂i

T
 is the esti-

mated tropospheric delay, 𝛿𝜌̂i
s
 is the estimated clock error of 

satellite, 𝛿𝜌̂i
er

 is the estimated rotation delay of earth, and 
𝛿𝜌̂i

gd
 is the estimated group delay. 𝛿𝜌̂i

c
 with meter level accu-

racy can be estimated by broadcast ephemeris and atmos-
pheric models. 𝛿𝜌̂i

c
 will be centimeter-level accurate when 

precise ephemeris is adopted. The estimated value of pseu-
dorange error 𝛿𝜌̂i is obtained by evaluating the difference 
between the measured pseudorange �i and the estimated 
pseudorange 𝜌̂i:

Unit conversion is required when using 𝛿𝜌̂i to aid DLL. 
The relationship between code phase error 𝛿𝜑̂i

code
 and 𝛿𝜌̂i 

is derived as:

where �code is the code wavelength. In urban environments, 
the error of measured pseudorange caused by multipath, etc., 
may be tens or even hundreds of meters. The impact of 𝛿𝜌̂i

c
 

and ŝi
pos

 on 𝛿𝜑̂i
code

 is at the meter level. The receiver clock 
error 𝛿𝜌̂𝜏 obtained in positioning is processed by a Kalman 
filter to suppress gross errors.

Besides the accuracy of the estimated code phase errors, 
the update rate and delay of the code NCO control informa-
tion also affect the tracking performance. Therefore, we will 
discuss the generation of code NCO control information in 
the PA-DLL.

Code NCO control information generation

Since the processing load of the filter and discriminator is 
relatively light, SDLL can work with a high update rate and 

(17)𝜌̂i = r̂i + 𝛿𝜌̂𝜏 + 𝛿𝜌̂i
c

(18)r̂i =
‖‖‖ŝ

i

pos
− r̂pos

‖‖‖

(19)𝛿𝜌̂i
c
= 𝛿𝜌̂i

I
+ 𝛿𝜌̂i

T
− 𝛿𝜌̂i

s
+ 𝛿𝜌̂i

er
+ 𝛿𝜌̂i

gd

(20)𝛿𝜌̂i = 𝜌i − 𝜌̂i = ri − r̂i + 𝛿𝜌i
c
− 𝛿𝜌̂i

c
+ 𝛿𝜌𝜏 − 𝛿𝜌̂𝜏 + 𝜀i

𝜌

(21)𝛿𝜑̂i
code

=
𝛿𝜌̂i

𝜆code
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low delay. However, the NCO control information severely 
deteriorates in complex situations such as multipath. VDLL 
estimates the NCO control information directly by position 
and improves the accuracy of NCO control information in 
challenging environments. However, the update rate and 
delay of VDLL’s NCO control information are affected by 
the heavy processing load of positioning.

Figure 3 shows that PA-DLL joints the output of the loop 
filter and the estimated code phase error to control the NCO. 
When the update rate of measured pseudorange and posi-
tioning is 1 Hz, PA-DLL only obtains the estimated code 
phase errors with 1 Hz. To control the code NCO, generating 
the aiding information with the same update rate to the loop 
filter output is necessary. So we adopt a linear model to pre-
dict code phase error in one second. The aiding information 
with a high update rate is expressed as follows:

where N is the number of filter updates in one second, 
𝛿𝜑̂i

code−k+n
 is the n-th estimated code phase error after the 

k-th positioning.
When the signal is reflected or momentarily blocked, a 

step error of the code phase happens, which will be esti-
mated quickly and accurately by AIE. The loop filter out-
put error will gradually reduce as the estimated code phase 
error is sent to the NCO. In this case, the value of the aiding 
information should be gradually reduced within 1 s. When 

(22)𝛿𝜑̂i
code−k+n

=
𝛿𝜌̂i

k

𝜆code

(
1 −

n

N

)
n = 0, 1,⋯ ,N − 1 the signal is weakened, the code discriminator cannot reflect 

the code phase error, and the loop filter output is not reliable. 
Therefore, the value of the aiding information should keep 
the same within 1 s. So, according to the C∕N0 , equation 
(22) is derived as:

Among the factors that affect the accuracy of the esti-
mated code phase error, the satellite position and velocity, 

(23)

𝛿𝜑̂i
code−k+n

=

⎧⎪⎨⎪⎩

𝛿𝜌̂i
k

𝜆code

�
1 −

n

N

�
C∕N0 ≥ 32 dB - Hz, n = 0, 1⋯ ,N − 1

𝛿𝜌̂i
k

𝜆code
C∕N0 ≤ 32 dB - Hz

Fig. 4   Test devices on the vehicle

Fig. 5   Test situations and reference trajectory (green lines, Google Earth)
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ionosphere and troposphere can be negligible. If the receiver 
positioning deteriorates, the accuracy of the estimated infor-
mation will be affected. To ensure the availability and accu-
racy of position, the EKF-based positioning with RAIM is 

employed, and the impact of the estimated receiver clock 
error can be mitigated by using a clock model.

Experimental setup

Experiments are carried out to assess the performance of 
the proposed PA-DLL in urban environments. Test devices 
on the vehicle are shown in Fig. 4. In this test, a centimeter-
level POS system, Leador-A15, is served as the reference 
system. A GNSS recording and playback system (GSS6450) 
was employed to record intermediate frequency (IF) data of 
GPS L1 and BeiDou navigation satellite system (BDS) B1I. 
Two devices are connected to the antenna through a power 
splitter which is fixed on the top of the vehicle.

In order to assess the performance of PA-DLL, our soft-
ware receiver i2xSNR was employed. The i2xSNR sup-
ports different code tracking architectures, including SDLL, 
VDLL, PA-DLL, and different positioning modes, including 
SPP, RTD, and RTK. The i2xSNR processes the IF data of 
GPS L1/BDS B1 with different DLL modes, respectively. To 
verify the impact of the NCO update rate on performance 
and processing load, both VDLL with an update rate of 
50 Hz (VDLL-50 Hz) and 1 Hz (VDLL-1 Hz) were imple-
mented and tested.

A vehicle test was carried out in downtown Shanghai, 
China. Figure 5 shows the trajectory of the test. The driving 
distance is about 15 km, including the viaduct, open sky, 
high buildings and trees, and glass curtain wall, as can be 
seen in Fig. 6.

Figure 7 shows the number of visible satellites and their 
C∕N0 during the test. The signal strength of most of the sat-
ellites decreased severely when the test vehicle drove under 
the viaduct (around second 115,000). Accordingly, the 
number of visible satellites was reduced to 4 and the GNSS 
positioning failed. In the situations of high buildings, trees, 
and glass curtain walls, the number of visible satellites was 
more than 12 during the test. However, the signal strength 
of most satellites changed frequently and the signal quality 
deteriorated significantly.

Integrated results of GNSS RTK and the navigation grade 
IMU with backward smoothing are served as the ground 
truth. GNSS base station was set up near the test area to 
collect data for GNSS RTK positioning. In addition, the 
pseudorange errors are evaluated using the pseudorange 
reference truth proposed by Feng et al. (2020).

Test results and analysis

This section presents the field test results. We will ana-
lyze the performance of the SDLL, VDLL-1 Hz, VDLL-
50 Hz, and PA-DLL in terms of code discriminator outputs, 

Fig. 6   Typical testing situations: under viaduct (top left), open sky 
(top right), high buildings and trees (bottom left), glass curtain wall 
(bottom right)
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pseudorange errors and positioning errors. In addition, the 
processing load of four loops will be compared.

Code discriminator results

Though the code discriminator output cannot accurately esti-
mate the code phase error in complex environments, it can 
reflect the differences in NCO control information of the 

Fig. 7   Number of visible satellites (top panel) and C∕N
0
 of all satellites (bottom panel). Complexity and challenge of the test are shown in the 

bottom panel
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four code loops. Taking GPS29 and BDS23, for instance, 
Fig. 8 shows their C∕N0 values and discriminator results. 
It is seen from Fig. 8 that the discriminator results of PA-
DLL are basically consistent with VDLL-50 Hz, while the 
discriminator output of the SDLL has an obvious difference 
with VDLL-50 Hz, and the results of VDLL-1 Hz show 
larger fluctuations. The signals of the two satellites are 
affected by fading and multipath. According to the study 
of Xu et al. (2020), the discriminator results of SDLL are 
affected by multipath, while VDLL reflects the code phase 
error of direct signal correctly. It is clear from Fig. 8 that 

PA-DLL has the same performance as VDLL. The discrimi-
nator results of PA-DLL and VDLL-50 Hz illustrate that 
their NCO control information is almost the same, which is 
consistent with the above NCO control information genera-
tion principle. The tracking performance of PA-DLL will be 
verified more intuitively by comparing pseudorange errors.

Pseudorange errors

Figure 9 shows GPS29 and BDS23 pseudorange error curves 
of the four code loops. Compared with other loops, the pseu-
dorange gross errors of SDLL are tens or even hundreds 

Fig. 8   Output of code discriminators (top panel) and C∕N
0
 in the cor-

responding time (bottom panel). The results of GPS29 in 115910–
115960  s are corresponding to the situation of high buildings and 
trees in Fig. 6. Results of BDS23 correspond to the glass curtain wall 
in Fig. 6

Fig. 9   Pseudorange error curves of the four code loops during the test
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of meters, which are much larger than that of VDLL and 
PA-DLL. The error curves of VDLL-50 Hz and PA-DLL 
are almost consistent, and the pseudorange errors are signifi-
cantly suppressed. Though the gross errors of VDLL-1 Hz 
pseudorange are less than that of the SDLL, the accuracy is 
worse than that of VDLL-50 Hz and PA-DLL. To analyze 
the performance of the four tracking loops more specifically, 
the results in the open sky, signal blocked or weakened, mul-
tipath and GNSS denied environments are zoomed in and 
shown, respectively.

Under open sky, as shown in Fig. 6, the pseudorange 
errors are drawn in Fig. 10. The signal C∕N0 is almost larger 
than 40 dB-Hz, and the pseudorange noise of the SDLL, 
VDLL-50 Hz and PA-DLL is small and substantially equal. 
However, the pseudorange noise of VDLL-1 Hz is larger 
than the other three loops. A comparison of the pseudor-
ange noise of PA-DLL and SDLL indicates that the aiding 
information estimated by positioning does not have negative 

Fig. 10   Pseudorange errors in the open sky (top panel) and C∕N
0
 

(bottom panel) in the same period

Fig. 11   Pseudorange errors in signal weakened and multipath envi-
ronments

Fig. 12   Pseudorange errors in multipath environments
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effects in the open sky. The differences in pseudorange noise 
between VDLL-50 Hz and VDLL-1 Hz illustrate that the 
code NCO update rate can seriously affect the tracking accu-
racy of VDLL under dynamic vehicle conditions. The pseu-
dorange noise consistency of PA-DLL and VDLL-50 Hz 
demonstrates that the performance of PA-DLL with 1 Hz 
positioning is equivalent to VDLL with 50 Hz positioning 
in the open sky.

When the satellite signals are blocked and weakened by 
high buildings and trees shown in Fig. 6, the pseudorange 
errors of four tracking loops are shown in Fig. 11. The pseu-
dorange of SDLL is not continuous and has tens or even hun-
dreds of meters error. The pseudorange error curves of PA-
DLL and VDLL-50 Hz are almost coincident. Compared to 
SDLL, PA-DLL and VDLL-50 Hz can significantly improve 
the pseudorange accuracy and continuity. When the VDLL’s 
NCO update rate is reduced to 1 Hz, the pseudorange errors 
show an obvious increase.

When the satellite signals are reflected by the glass cur-
tain wall, as shown in Fig. 6, the pseudorange errors of four 
tracking loops are shown in Fig. 12. The pseudorange errors 
of SDLL increase to tens of meters, caused by multipath. 
Compared to SDLL, the pseudorange errors of PA-DLL, 
VDLL-1 Hz, and VDLL-50 Hz substantially reduce, and 
their pseudorange errors are comparable. Therefore, PA-
DLL, VDLL-1 Hz and VDLL-50 Hz can suppress the mul-
tipath effects.

Fig. 13   Pseudorange errors in GNSS-denied environments

Table 1   Statistical results of 
each satellite pseudorange 
errors (CEP95) and the 
proportion of different satellites 
during the test

PRN SDLL VDLL-1 Hz VDLL-50 Hz PA-DLL

Valid 
epoch 
[%]

Error [m] Valid 
epoch 
[%]

Error [m] Valid 
epoch 
[%]

Error [m] Valid 
epoch 
[%]

Error [m]

GPS16 84 16.85 91 7.00 91 3.88 91 3.76
GPS22 43 12.29 70 11.38 70 7.34 70 6.34
GPS25 29 2.78 41 5.50 40 3.28 41 4.64
GPS26 93 2.00 94 2.67 94 1.66 94 1.87
GPS29 73 10.87 87 10.88 87 5.34 87 6.73
GPS31 87 9.98 93 10.98 93 6.78 93 6.25
GPS32 82 12.52 92 13.11 92 6.74 92 5.76
BDS1 25 1.58 84 7.17 84 2.49 84 2.91
BDS2 27 3.20 76 7.17 76 2.22 76 2.36
BDS3 48 4.69 86 6.01 86 1.77 86 2.35
BDS4 52 6.11 77 7.47 77 3.02 77 3.05
BDS6 93 1.50 94 2.96 94 1.78 94 1.49
BDS7 84 1.51 93 2.68 93 1.49 93 1.76
BDS9 45 3.69 89 8.35 89 5.89 89 4.55
BDS11 45 5.60 76 6.62 75 4.32 76 3.82
BDS16 93 1.18 94 3.73 94 1.78 94 1.53
BDS23 70 38.84 91 14.50 91 8.07 91 8.09
BDS25 69 5.67 83 6.89 83 4.10 83 4.20
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When most of the satellite signals are blocked under the 
viaduct, as shown in Fig. 6, the GNSS positioning fails. Fig-
ure 13 shows the pseudorange error curves of visible satel-
lites. As there is no position update, both VDLL-1 Hz and 
VDLL-50 Hz lose lock and cannot output pseudoranges. 
The SDLL is not affected by the positioning, so it can still 
output pseudoranges. When GNSS positioning fails, the 
PA-DLL degenerates into SDLL, which tracks the satellites 
with strong signal strength and outputs their pseudoranges. 
Therefore, the VDLL is constrained by the positioning, 
while the PA-DLL is not.

Overall, benefiting from multi-channel fusion and accu-
rate aiding information, PA-DLL can always output con-
tinuous and accurate pseudoranges in open sky, and under 
signal-weakened, multipath and GNSS-denied situations. 
VDLL-50 Hz can output pseudoranges comparable with 
PA-DLL except for GNSS-denied environments. Limited by 
insufficient NCO update rate, the pseudorange accuracy of 
VDLL-1 Hz is worse than that of PA-DLL. Compared with 
PA-DLL, the accuracy and continuity of SDLL pseudorange 
seriously deteriorate in signal-weakened, frequently blocked, 
and multipath environments.

Tables 1 and 2 show the pseudorange valid epoch ratio 
and CEP95 error results of each visible satellite and the total 
statistical results of all visible satellites, respectively. The 
bold value denotes the minimum pseudorange error. While 
the valid epoch ratio of pseudorange from PA-DLL, VDLL-
50 Hz and VDLL-1 Hz is about 83%, the ratio from SDLL 
is obviously less, only 63%. PA-DLL and VDLL have better 
tracking continuity in urban environments. The pseudorange 
CEP95 error statistics of all visible satellites show that, com-
pared to the SDLL, the pseudorange errors of both PA-DLL 
and VDLL-50 Hz significantly reduce, and they are almost the 
same. However, the accuracy of VDLL’s pseudorange drops 
a lot when its positioning update rate is down to 1 Hz. The 
statistical results indicate that the performance of PA-DLL is 
equal to or even better than that of VDLL in complex environ-
ments, which meets the expectation of the PA-DLL design.

Position errors

In order to compare the pseudorange positioning perfor-
mance of the four tracking loops fairly, a common position-
ing software (RTKLIB) is employed to process the pseudor-
anges from SDLL, VDLL-1 Hz, VDLL-50 Hz and PA-DLL.

Figure 14 shows positioning trajectories based on the 
four tracking loops in typical situations. In open sky, the 
four trajectories coincide well with the ground truth. In deep 
urban areas, the positioning results of SDLL are not continu-
ous and deviate from the reference trajectory. However, the 
trajectories of VDLL-50 Hz and PA-DLL are still relatively 
smooth and nearly consistent with the reference.

Figure 15 shows the horizontal and vertical position-
ing errors and their corresponding cumulative distribu-
tion function (CDF). SDLL positioning errors are up to 
tens or even hundreds of meters, while most positioning 
errors of VDLL-50 Hz and PA-DLL are within 10 m. CDF 
curve in the horizontal direction demonstrates that SDLL 
and VDLL-1 Hz have 60.6% and 63.1% positioning errors 
within 5 m, respectively, while that of VDLL-50 Hz and 
PA-DLL are 79.0% and 80.4%, respectively. Compared 
to SDLL, the proportion of VDLL-50 Hz and PA-DLL 
nearly increases by 20%. SDLL positioning errors within 
10 m account for 79.9%, and PA-DLL, VDLL-50 Hz and 
VDLL-1 Hz are 97.1%, 98.7% and 92.8%, respectively. 
Statistical results demonstrate that PA-DLL and VDLL-
50 Hz can well suppress the errors of positioning and sig-
nificantly improve the reliability of GNSS positioning.

Processing load

Software receiver i2xSNR runs on a desktop computer with 
AMD Ryzen 7 3700X 4.4 GHz to test the processing load 
of the four tracking loops in this section. Time consump-
tion of the four tracking loops was counted for processing 
1 s of GNSS IF data, which is obtained by averaging the 
processing time of 400 s IF data, shown in Table 3. The 
bold value denotes the maximum time consumption within 
1 s IF data. The processing load of SDLL is mainly from 
the discriminator and loop filter, and it only takes 0.01 ms 
to process 1 s IF data when the update rate is 50 Hz. Due to 
the heavy processing load of the positioning, the processing 
time of VDLL increases to 9.97 ms when the update rate is 
1 Hz, and the time consumption sharply increases to 482 ms 
when the update rate is 50 Hz. Since the PA-DLL only needs 
one positioning per second, the time consumption is almost 
equivalent to that of VDLL-1 Hz. Positioning is a neces-
sary unit in the GNSS receiver, and its update rate is usually 
1 Hz. The total time consumption of loop and positioning in 
SDLL-based receiver is about 10 ms, which is equivalent to 
that of PA-DLL and VDLL-1 Hz. Therefore, there is little 

Table 2   Pseudorange errors (CEP95) and valid epoch proportions of all satellites in total

SDLL VDLL-1 Hz VDLL-50 Hz PA-DLL

Valid epoch [%] Error [m] Valid epoch [%] Error [m] Valid epoch [%] Error [m] Valid epoch [%] Error [m]

63 5.84 84 7.29 84 3.97 84 3.90
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increase in processing load when adjusting from SDLL 
to PA-DLL in the receiver. To ensure the tracking and 

Fig. 14   Different DLL’s positioning trajectories compared to refer-
ence in four typical situations: under the viaduct (top left), open sky 
(top right), high buildings and trees (bottom left), glass curtain wall 
(bottom right) (from Google Earth)

Fig. 15   Horizontal and vertical positioning errors and their CDF

Table 3   Different DLL’s time consumption within 1 s IF data

SDLL VDLL-50 Hz VDLL-1 Hz PA-DLL

Loop 0.01 ms 482.45 ms 9.97 ms 9.99 ms
Loop & 

position-
ing

9.98 ms 482.45 ms 9.97 ms 9.99 ms
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positioning performance, VDLL needs 10 or even dozens 
of times processing load with an update rate of no less than 
10 Hz.

All the above results indicate that the performance of 
the proposed PA-DLL is comparable to that of VDLL with 
a high enough update rate in open sky, signal weakened 
and blocked, multipath environments and the PA-DLL can 
degenerate to SDLL in positioning denied areas. Meanwhile, 
PA-DLL can be implemented by only adding the code phase 
error estimation module to the SDLL-based receiver, with 
little increase in processing load.

Conclusion

To ensure GNSS code tracking performance in challenging 
environments and be easy to implement in hardware receiv-
ers, we propose a PA-DLL. Compared to VDLL, PA-DLL is 
implemented with jointing estimated code phase error and 
the loop filter output to control code NCO and does not need 
to remove the existing SDLL in the receiver. PA-DLL archi-
tecture and key modules, including the EKF-based position-
ing and the aiding information estimation, are described. 
To verify PA-DLL’s advantages in tracking performance 
and processing load, a vehicle test in urban environments 
was carried out, and the results were fully compared with 
SDLL and VDLL. Test results, including discriminator out-
puts, pseudorange error and positioning error, fully indicate 
that the performance of PA-DLL is equal to or even better 
than that of VDLL-50 Hz, and significantly better than that 
of SDLL in urban environments. Compared to SDLL, the 
pseudorange error of PA-DLL is reduced by 30%, and the 
positioning error of PA-DLL is reduced by 20%. In addition, 
when GNSS fails, PA-DLL degenerates into SDLL and still 
output pseudoranges. Furthermore, PA-DLL’s update rate 
of positioning is reduced to 1 Hz compare to VDLL. There 
is little increase in processing load when adjusting SDLL to 
PA-DLL in the receiver. The proposed PA-DLL is helpful 
for the hardware receiver to improve tracking performance 
in challenging environments with minor adjustments.
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