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ABSTRACT

Accurate positioning is highly desirable in urban canyons where satellite signals are easily reflected or blocked by buildings, leading
to severe multipath effects or non-light-of-sight (NLOS) receptions. Anti-multipath techniques, e.g., careful antenna or correlator
designs, however, have little improvement for NLOS reception. Existing NLOS detection techniques, e.g., the usage of dual-
polarization antenna, or fish-eye camera, require external aiding, which is not suitable for low-cost global positioning system (GPS)
receivers, e.g., smartphones or wearable devices. In this paper, we use features, such as multi-correlator or code discriminator outputs,
extracted at the signal tracking level, to detect NLOS reception in a vector tracking-based software receiver. Multiple correlators
with small spacings also help to find the NLOS path delay, which will be further compensated for updating the extended Kalman
filter for positioning. Experimental results using real GPS signals in an urban area in Hong Kong show that the proposed method is
capable of detecting the NLOS reception and preventing the positioning error from increasing during the NLOS reception period. By
comparison, conventional tracking loops would lock onto the incoming NLOS signal and cannot detect its existence, thus reporting
an increased positioning error.

INTRODUCTION

Urban canyons, characterized by high-rise buildings or very narrow streets, pose a great challenge for low-cost global positioning
system (GPS) receivers, e.g. receivers embedded in smartphones or wearable devices. Satellite signals can easily be blocked or
reflected by buildings, leading to multipath effects and none-line-of-sight (NLOS) receptions. In both cases, signals travel an
additional distance, adding a bias to the measured pseudorange, which can finally result in a positioning error of several tens of
meters [1]. Multipath interference and NLOS reception are, in fact, different effects. Multipath contains both direct and reflected
signals, while NLOS contains only the reflected signal. This difference makes the multipath mitigation techniques, e.g. sophisticated
antenna designs and careful receiver correlator designs [2, 3], have little improvement for NLOS reception.

A number of approaches to detecting NLOS signals have been proposed in recent years. Based on the fact that direct signals have
right-handed circular polarization (RHCP), whereas most reflected signals have left-handed circular polarization (LHCP), a dual-
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polarization antenna can be used to distinguish NLOS from direct signals [4]. In [5, 6], a fish-eye camera was used to detect NLOS
by first taking pictures of the sky above and then projecting measured satellites onto the image to determine satellite visibility. A
similar technology is the usage of 3D light detection and ranging (LiDAR) [7]. In this method, 3D LiDAR is employed to obtain the
3D point cloud of the surrounding environment. Together with the building height information provided by OpenStreetMap (OSM),
Skyplot can be generated so that NLOS can be identified. The methods above require additional hardware, which increases the cost,
size, weight and power consumption.

In recent years, 3D mapping aided (3DMA) positioning [8] are receiving much attention due to its capability of detecting and
mitigating multipath and NLOS effects. With the 3D city model and a candidate user position, a Skyplot with building boundary
information can be generated to help predict which signals are blocked [9-11]. Another method aided by 3D city model is the ray-
tracing technology, which tracks the signal reflecting routes to identify both multipath and NLOS signals [12]. However, 3DMA
GNSS approaches still require the external aiding of 3D map and suffer from the heavy computational load. Thus, methods for
detecting NLOS signals that require no hardware nor external aiding should be developed.

Carrier-to-noise ratio (CNR) and elevation angle can both be used as indicators of NLOS reception [13]. However, both features can
only partially eliminate NLOS signals, and may also eliminate some direct signals, resulting in less satellite availability or poor
satellite geometry. Using consistency checking method to detect NLOS is based on the principle that NLOS measurements would
produce a less consistent navigation solution than direct-signal measurements [14, 15]. This method can hardly achieve satisfactory
performance when too many inconsistencies exist. These two methods are both applied at the measurement or navigation level. In
fact, the measurements of CNR and navigation solution are products of signal tracking. In [16], NLOS reception is detected at the
signal processing level, i.e. signal tracking stage. The basic idea is that both multipath and NLOS signals will distort the correlation
function of direct signals. Features of NLOS are extracted from the outputs of multiple correlators. An NLOS classifier is then created
based on the machine learning of these NLOS features. This method is realized in a conventional tracking-based software receiver,
i.e., delay lock loop (DLL) for tracking the code. However, in an NLOS context, the receiver will consider the NLOS signal as a
direct signal and keep locking onto it. The maximum correlation value would still be in the prompt channel, which could be hardly
used for NLOS detection, especially in the case where only one reflected NLOS signal exists.

An advanced signal tracking technology, vector tracking, has been proven to have the ability of reducing the effects of multipath and
NLOS [17, 18], except for its other advantages over conventional tracking, e.g. increased capabilities against weak signal or high
dynamic conditions [19, 20]. Unlike conventional tracking, vector tracking predicts the code frequency using not only the
measurements but also the propagations of the receiver dynamic model. Therefore, the code tracking loop would not lock onto the
incoming code. In other words, the local code replica would be aligned with the “direct” signal (in fact it doesn’t exist), which means
there would be a phase difference between the local code and the incoming one, and this difference would manifest itself as a tracking
error. Therefore, vector tracking can detect NLOS reception according to the code discriminator or correlator outputs. In particular,
multi-correlator also provides an opportunity for detecting the path delay of NLOS signals, which frequently occurs in urban areas.
Recently, an open-source vector tracking code based on Matlab is provided [21]. Based on this benefit, this paper proposes to detect
the NLOS signals at the signal tracking level using a vector tracking-based GPS software receiver with multiple correlators, and
without any other additional aiding. Once detected, the time delay of the NLOS signal would be extracted and compensated to be
used in positioning.

In the following sections, the vector tracking design is first introduced, followed by the proposed NLOS reception detection and
compensation algorithm. Then, this paper evaluates the performance of the proposed method using real NLOS reception, where the

comparison between conventional and vector tracking in terms of NLOS detection is also given. Finally, conclusions are drawn for
the paper.

VECTOR TRACKING DESIGN

This section describes the design of the vector delay lock loop (VDLL), including its architecture and the extended Kalman filter
(EKF) implementation used in this paper.

Architecture of Vector Tracking
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In conventional GPS receivers, each acquired satellite is allocated to an individual tracking channel. Each channel has two closed
loops, one for code and one for carrier. The VT-based receiver is shown in Figure 1, where the carrier is still tracked using the
conventional phase lock loop, while the code is tracked in the vector mode.

As shown in Figure 1, in each channel, intermediate frequency (IF) signals are first multiplied with the locally generated carrier
replica in both in-phase and quadrature arms. Correlation is then performed between the code replicas and the received ones.
Afterwards, correlation results are integrated and dumped. The output of these integrations is used as the input to the carrier/code
loop discriminator to find the phase error of the local carrier and code replicas. In each carrier loop, the carrier discriminator output
is filtered and fed back to the carrier NCO. For the code tracking loop, code discriminator outputs of all channels are forwarded to
the navigation processor. In this paper, an EKF is used. The output of the carrier loop filter, i.e., Doppler shift frequency information,
is also fed into the EKF to help estimator user velocity and user clock drift.

The EKF estimates the navigation solution based on its system propagation and the measurements, which will be described in detail
later. After obtaining the navigation solution, the pseudorange and its rate and the line-of-sight (LOS) vector between the receiver
and the satellites are predicted using the satellite ephemeris data. Finally, the predicted pseudo-ranges are used to control the code
NCO and fed back to each channel.
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Figure 1: Architecture of vector tracking-based GPS receiver.

Design of EKF

An error state vector-based EKF is used as the navigation solver in this paper, which is expressed as follows
5x =[8p,6v,50,5d] 1)
where dp = [5 px,dpy,ﬁpz] and ov = [5vx,5vy,5vz} are 3-dimensional (3D) user position and velocity errors in Earth-centered

Earth-fixed (ECEF) coordinate system, respectively; Sb and &d are user clock bias and drift in unit of meter and meter per second
respectively. The superscript T denotes the transpose of a matrix. The system propagation at epoch k can be given by
5Xk\k4 =Dox,  +W, (2)

where w, IS the system noise vector, @ is the state transition matrix. Let 7 be the EKF update interval, then @ is calculated
using the following formulas
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The measurements comprise the pseudorange error, dp, , and the pseudorange rate error, 6p, , which are derived from the code and
carrier tracking loops, respectively, as

ol =67/ ¢/ T, )

5pl =1 ¢/ f—(vi — Vi) -8d, (6)

where J7] is the code discriminator output in chips; f., is the code chipping rate (1.023 MHz for GPS L1 C/A); c is the speed of
light; fdjk is the Doppler shift frequency in Hz; f,, is the carrier frequency (1575.42 MHz for GPS L1); v, and v/ are the velocity

vectors of the receiver and satellite j, respectively; |J [IX LI & k] is the LOS unit vector from the receiver to satellite j; od, is
the estimated receiver clock drift. The measurement equation is expressed as
0z, =H, -6, +V, (7

where H, is the measurement matrix, calculated by
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where v, is the measurement noise vector, m is the number of satellites involving positioning.

The EKF process noise should be determined by the receiver dynamics and user clock noise characteristics. The measurement noise
covariance matrix is calculated adaptively using the measurement innovation. With the navigation solution, code frequency for each
channel is predicted using the following equation

Pk /Dk 1
fl o= [1-D Tkt 9
code,k CA|: C'TO :| ( )
pL=|P Pl + 8ph . + P! + P! — b, (10)

where p)and p/) , are the predicted pseudorange at epoch k and the estimated pseudorange at epoch k-1. p, and p; are the satellite
position and the predicted receiver position at epoch k, respectively. 5,651'ch ,0p) and p] are pseudorange error corrections due to
satellite clock error, ionospheric and tropospheric delay, respectively.

NLOS RECEPTION DETECTION AND COMPENSATION ALGORITHM

The proposed NLOS reception detection and correction algorithm is shown in Figure 2. GPS IF data is first processed in a
conventional tracking-based software receiver, which outputs the satellites ephemeris and the user position. Vector tracking then
begins with this information. In this paper, multiple correlators are implemented to detect the NLOS reception, and to extract the
NLOS delay. The code discriminator is a noncoherent early-minus-late envelope discriminator with one chip spacing.
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Figure 2: NLOS reception detection and correction algorithm.

Multi-correlator and code discriminator outputs are used as NLOS detection features. In vector tracking loops, code frequency for
each satellite is found using both the navigation solution and the prediction of the user dynamic model. Therefore, when NLOS
reception occurs, the code replica in the corresponding channel will be aligned with the predicted direct signal instead of the NLOS
signal, provided that a good navigation solution is obtained using measurements from other NLOS-free channels. The code phase
difference between the code replica and the code in NLOS receptions will manifest itself as the code tracking error, i.e., the code
discriminator outputs. Besides, the NLOS reception delay can also be extracted from the multiple correlator outputs.

Once detected, the NLOS reception is generally excluded from the measurements. In urban areas, however, satellite availability is
also a critical issue due to severe signal blockages. The exclusion of NLOS signals would lead to degraded satellite availability. In
this paper, the multi-correlator in vector tracking could find the delay of the NLOS reception. Thus, it is corrected and exploited in
positioning. Detailly, the pseudorange error measurement of the EKF is corrected by

0pL =(671 4 7 ) (11)
CA

where 7, isthe NLOS correction calculated as the mean of 50 consecutive code discriminator outputs. The corrected pseudorange

error measurement is used as part of the measurements. With this, the NLOS reception is exploited, which could also improve
positioning accuracy instead of contaminating it.

TEST AND RESULTS

To evaluate the NLOS detection and correction performance of the proposed method, a field test was conducted. The test setup and
results are described in detail as follows.

Test Environment and Setup

Raw GPS data was collected in an urban area, as shown in Figures 3(a) and 3(b). The pedestrian carrying a NovAtel GPS 702-GG
antenna kept static at Point 1 for about 40 seconds before walking towards east to Point 2. The walking trajectory is shown in Figure
3(a). The pedestrian returned to Point 1 along the same trajectory a few seconds later. The walking velocity is about 1 m/s. It is
interesting to note that the building on one side of the street is much higher than that on the other side. In particular, one of the tall
buildings in the right side is covered by very flat glass, which is a strong reflector to satellite signals. This environment is very
common in urban areas, and it easily allows the occurrence of NLOS reception. The data collection equipment includes a NovAtel
702-GG active antenna, a Nottingham Scientific Ltd. (NSL) Stereo front-end with a bandwidth of 2 MHz, and a Dell laptop for data
storage, as shown in Figure 3(c). In this paper, 25 correlators with a spacing of 0.05 chip are implemented. The loop prediction
integration time is 1 ms. Measurements that shown in Equations (5) and (6) are averaged over 20 ms, resulting in a 20 ms EKF update
interval.

The Skymasks (Skyplot with building boundary information) at Point 1 and Point 2 are presented in Figure 4. At Point 1, five

satellites are visible according to the Skymask, and all satellites are acquired and tracked successfully by the software receiver. At
Point 2, however, PRNs 22 and 31 are blocked by the building on the north side. It should be noted that Skymask can only determine
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the satellite visibility but cannot tell which satellite would have a multipath signal. Details of the tests and results are described as
follows.
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Figure 3: Test environment and setup. (a) Walking trajectory in Google Earth; (b) Environment on both street sides; (¢) GPS Raw
data collecting equipment.

Figure 4: Skymask. (a) Point 1; (b) Point 2.

Test Results

Since the user moves towards east, the east-direction velocity helps to determine the time at which the pedestrian is static or walking,
as well as the location. Figure 5 shows the user east-direction velocity and code discriminator output of PRN 31 during the whole
test period. It can be seen that CT keeps tracking the incoming signal stably during the whole test. A slightly increased code tracking
error during the period of 3400~3600 epochs indicates the degraded signal quality, which also means the signal of PRN 31 is still
received by the antenna. This can also be confirmed by the correlation value in the prompt channel, as shown in Figure 6 where
navigation bit stream can clearly be seen when the user is at Point 2, although having a lower magnitude than at Point 1. Compared
with CT, VT shows a relatively unstable code discriminator output. The periodic oscillation during the static stage indicates the
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existence of multipath reception, while the negative value during in the period of 3400~3600 epochs reported a potential reception
of NLOS signal from PRN 31, which will be further verified in the following results.
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Figure 5: East-direction velocity and code discriminator output of PRN 31 during the test.
x10%
1 x T T T { x T
3 ‘ o TR
2 1 AR R Y e L MI \HH W‘!Ilw il WH\
e T i s AT T
= N
-1 | | l I ] I
0 1 2 3 - /S R 6 7 [ 9 10
K104 eI T T T ><-1Q.4
o 11
E N |
% 0 M hi M ""m“mw’\w”‘m"ww“'uwn"x"im " ”nm. w i il u“w L A prumkwm‘l i w W\ wqumv,u WMMMMM”WWW% “m“ i '
=
-1 | | | | | | | .
6.8 6.85 6.9 6.95 7 7.05 71 7.15 7.2
Epoch (1 ms) «10%

Figure 6: In-phase prompt correlation value at Point 2.

Figure 7 is the multiple correlator outputs of conventional tracking and vector tracking, respectively, at epoch 69000 ms. It is
observed that the maximum correlation values are distributed around zero-time delay in conventional tracking loops, which means
the local replica in the prompt channel in conventional tracking loops is aligned with the incoming NLOS signal. Therefore, the
conventional tracking cannot distinguish the NLOS reception from the incoming signals. In another word, the NLOS reception would
be regarded as a direct signal in conventional tracking loops, which would introduce an error into pseudorange measurements. In
vector tracking, however, a positive offset of the maximum correlation values is reported. This offset implies that the incoming signal
is aligned with one of the late channels in the multiple vector tracking loops. It is known that the NLOS reception is always later than
the corresponding direct signal. Thus, the positive offset of the maximum correlation values in vector tracking loops is a good

indicator of NLOS reception.
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Figure 7: Multiple correlator outputs (overlapping for 100 ms). (a) CT; (b) VT

To quantificationally verify the NLOS detection performance of vector tracking, the variance and mean of the maximum correlation
value are extracted as two features for identifying NLOS reception. Figure 8 shows these two features during the NLOS reception
period for both conventional and vector tracking loops. For both features, VT has a higher value than CT. This phenomenon can be
explained that the code phase difference between the local code replica and the incoming code can be detected in vector tracking due
to that the code frequency is predicted based on the navigation solution, while in conventional tracking, the code frequency is adjusted
using the code discriminator output.
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Figure 8: NLOS features extracted from multiple correlator outputs. (a) Variance of the maximum correlation values; (b) Mean of

the maximum correlation values.

Once detected, the NLOS code delay in meters, i.e., the NLOS-caused pseudorange measurement error, is corrected according to the
multiple correlator outputs. Figure 9(a) shows the detected NLOS code delay in meters. In [1], the NLOS pseudorange delay, y, is

modeled as:

y =asect,, (1+cos26,, ) (12)
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where « is the distance between the receiver and building that reflects the signal; 6, is the satellite elevation angle. As shown in

Figure 9 (b), « is 20 meters in this test. The elevation angle of PRN 31 is 48.2 degree. Therefore, the NLOS code delay in meters is
about 26.8 meters, which is consistent with the detected NLOS delay.

Detected NLOS delay
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(a)
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Figure 9: NLOS delay detection. (a) Detected NLOS delay: (b) Street width.

Figure 10 shows the horizontal positioning error of both conventional tracking and vector tracking with NLOS delay correction. As
is shown, during the whole test period, VT outperforms CT. During the walking stages, the positioning error increases for CT, while
for VT, a good position is still obtained. In particular, during the period of 3400~3600 epochs when NLOS reception occurs, the
performance of CT decreases dramatically, while with NLOS detection and correction, VT still reports a high accuracy on
positioning. Positioning errors in different periods during the test is listed in detail in Table 1.
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Figure 10: Horizontal positioning error.

Table 1: Horizontal positioning error in different periods during the test (meters)

Epochs 1~1800 1800~3400 3400~3600 3600~5200
VT 6.43 8.39 13.64 8.47
CT 12.14 16.22 45.41 14.67
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As shown in Figure 4(b), PRN 22 is also invisible at Point 2. However, as shown in Figure 11, PRN 22 is not predicted to be an
NLOS satellite. Notice that PRN 22 is near the building boundary, which probably falls within the diffraction region [10], i.e., the
signal is likely to be diffracted.
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Figure 11: Code discriminator output of PRN 22.

CONCLUSIONS

This paper proposes a multiple correlator-based NLOS detection and compensation method in a vector tracking-based GPS software
receiver. The effectiveness of this method is verified by real NLOS receptions. Unlike conventional tracking, vector tracking predicts
the code frequency based on the navigation solution, instead of the code discriminator output. Therefore, the local code replica in the
prompt channel is not aligned with the incoming code. By monitoring multi-correlator or code discriminator outputs, features, e.g.,
the variance and mean of the maximum correlation values are extracted for detecting NLOS reception. In addition, multiple
correlators with a small spacing help to find the NLOS code delay, which is further compensated to do positioning. Compared with
conventional, vector tracking with NLOS detection and compensation shows a greatly improved positioning performance.

A natural progression of this work is to explore the potential of multipath signal detection and compensation using multi-correlator-
based vector tracking loops.
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