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Measurement Characterization and Autonomous
Outlier Detection and Exclusion for Ground Vehicle

Navigation With Cellular Signals
Mahdi Maaref and Zak M. Kassas , Senior Member, IEEE

Abstract—An autonomous measurement outlier detection and
exclusion framework for ground vehicle navigation using cellular
signals is developed. The ground vehicle aids its onboard inertial
measurement unit (IMU) with cellular signals in a tightly-coupled
fashion in the absence of global navigation satellite system (GNSS)
signals. First, cellular pseudoranges are characterized from an
extensive wardriving campaign collected with a ground vehicle in
different environments: open sky, urban, and deep urban. Then, a
framework is developed, which accounts for outliers due to line-of-
sight blockage and short multipath delays. These outliers induce
biases in cellular pseudoranges and compromise the integrity of
the navigation solution. Experimental results are presented evalu-
ating the efficacy of the proposed framework on a ground vehicle
navigating in the absence of GNSS signals. The results demonstrate
the proposed framework detecting and excluding outliers, reducing
the position root mean squared error (RMSE) by 41.5% and the
maximum position error by 43.1%.

Index Terms—Outlier detection, cellular, RAIM, GNSS, IMU,
navigation.

I. INTRODUCTION

G LOBAL navigation satellite system (GNSS) signals are
insufficient for reliable and accurate ground vehicle navi-

gation in deep urban environments due to the inherent weakness
of their space-based signals. Hong Kong’s dense urban environ-
ment, for instance, has less than 50% reliable GPS coverage [1].
What is more, GNSS signals are susceptible to malicious cyber
attacks in the form of spoofing and jamming, which is partic-
ularly threatening as ground vehicles move towards semi- and
full-autonomy [2].

Alternative sensing modalities to compensate for GNSS lim-
itations and vulnerabilities have been the subject of extensive
research recently. Such sensors include inertial measurement
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units (IMUs) [3], lidars [4], cameras [5], radars [6], among oth-
ers. Signals of opportunity represent another particularly fruitful
class of sensing modalities [7]–[9]. Signals of opportunity are
radio frequency signals that are not intended for navigation but
can be exploited for navigation purposes, such as AM/FM radio
signals [10], [11], digital television [12], [13], cellular [14],
[15], Global System for Mobile Communications (GSM) [16],
and low Earth orbit (LEO) satellites [17]. Among these sig-
nals, cellular signals are particularly attractive due to their
(1) abundance in urban environments, (2) favorable geometric
configuration by construction of the cellular infrastructure, (3)
high received power due to their proximity, (4) transmission at
various frequencies, and (5) high transmission bandwidth. These
characteristics render them a reliable and accurate alternative
navigation source, which is inherently more difficult to jam and
spoof. Recent research results have demonstrated meter-level
accurate navigation with cellular signals of opportunity with
ground vehicles [18]–[21] and centimeter-level accurate navi-
gation with aerial vehicles [22], [23].

In safety-critical applications, such as ground transportation
and aviation, it is imperative to assess the integrity of the navi-
gation solution. Integrity monitoring of GNSS signals and mea-
surement outlier detection and exclusion have been extensively
studied in the literature [24]–[26]. Among the different methods
that have been developed to monitor GNSS signal integrity,
receiver autonomous integrity monitoring (RAIM) inherently
possesses desirable characteristics for ground-based receivers in
urban canyons, due to RAIM’s design flexibility and adaptability
to urban environments [27]. In contrast to Satellite Based Aug-
mentation System (SBAS) and Ground Based Augmentation
System (GBAS) integrity methods, RAIM alleviates the need
for costly, bulky, and computationally intensive infrastructure.
RAIM detects GNSS pseudorange measurement outliers by
only exploiting the redundancy of GNSS signals to check the
measurements’ consistency. RAIM can also be coupled with
other sensing modalities to enhance the systems’ integrity [28].
An initial work on integrity monitoring for cellular long-term
evolution (LTE) signals-based navigation was conducted in [29],
where the integrity of the LTE-based navigation solution and
its corresponding protection levels (PLs) were studied. This
paper extends [29] and makes two main contributions. First,
outliers in received cellular LTE pseudorange measurements are
characterized, namely biases due to line-of-sight (LOS) signal
blockage and biases due to short multipath delays. Second,
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an autonomous measurement outlier detection and exclusion
approach is developed and validated numerically and experi-
mentally.

This paper considers the following practical scenario. A
ground vehicle is equipped with a GNSS receiver, an IMU, and a
receiver capable of producing pseudoranges to multiple cellular
LTE towers in the environment. The vehicle has initial access
to GNSS signals, which are fused with the IMU measurements
to estimate the vehicle’s states (orientation, position, velocity,
IMU biases, and GNSS receiver clock error). GNSS signals
become unusable as the vehicle navigates in the environment
(e.g., as it enters a deep urban canyon or in the presence of
a malicious jamming attack on the GNSS frequency band). In
the absence of IMU aiding with GNSS signals, the IMU errors
grow unboundedly. However, cellular signals can be used as an
IMU aiding source in the absence of GNSS signals to bound the
IMU errors [30], [31]. Given the low elevation angle of cellular
towers, cellular signals inevitably experience LOS blockage and
suffer from multipath, which introduce unmodeled biases in the
estimated pseudorange, rendering these pseudorange measure-
ments outliers, which would contaminate the vehicle’s estimated
position, compromising the navigation system’s integrity. This
paper develops an autonomous outlier detection and exclusion
framework for cellular LTE signals experiencing LOS blockage
and multipath. The proposed framework assumes the position
of the cellular towers to be known a priori. In addition, the
proposed framework assumes the presence of a stationary agent
in the vehicle’s environment, referred to as the base, which has
knowledge of its own state at all time. The base’s purpose is to
estimate the dynamic stochastic clock bias states of the cellular
transmitters and to share these estimates with the navigating
vehicle.

This navigating vehicle uses the cellular pseudoranges as an
aiding source to correct the IMU’s drift in the absence of GNSS
signals. If the vehicle is equipped with other navigation sensors,
adding pseudoranges from cellular towers via the framework
discussed in this paper will further improve the navigation
solution. The experimental results are presented validating the
efficacy of the proposed method for a ground vehicle navigating
in an urban environment (downtown Riverside, California, U.S.)
over a trajectory of 1500 m. The experimental results show
a reduction in the two-dimensional (2-D) root mean-squared
error (RMSE) of 41.5% and the maximum 2-D error of 43.1%
when measurement outliers were detected and excluded via the
proposed method.

This paper is organized as follows. Section II describes the
extended Kalman filter (EKF)-based navigation framework;
including the vehicle’s kinematics model, clock errors, cellu-
lar pseudorange measurements, estimation of the transmitter’s
clock bias states via the base, and estimation of the vehicle’s
states by fusing cellular pseudoranges and IMU measurements.
Section III characterizes two main sources of errors that induce
unmodeled biases in cellular pseudorange measurements: (i)
LOS blockage and (ii) short multipath delays. It also formulates
the autonomous outlier detection and exclusion framework.
Section IV presents the experimental results evaluating the
performance of the proposed framework on a ground vehicle

navigating in a deep urban environment without GNSS signals.
Concluding remarks are given in Section V.

II. NAVIGATION FRAMEWORK

This section describes the ground vehicle navigation frame-
work. The environment is assumed to comprise Ns terrestrial
cellular transmitters, denoted {Sn}Ns

n=1. It is assumed that the
vehicle knows the location of the cellular transmitters (e.g.,
from a local or a cloud-hosted database). This database could
be generated a priori via several approaches, such as radio
mapping (e.g., [32], [33]) or satellite images. It is also assumed
that the vehicle has an initial period of access to GNSS signals.
During this period, the vehicle estimates its state and the cellular
transmitters’ clock bias states. After this period, it is assumed
that GNSS signals become unusable, and the vehicle begins to
navigate exclusively with cellular signals and its onboard IMU.
The remainder of this section describes the vehicle-mounted
receiver clock error dynamics, vehicle’s kinematic model, and
the EKF-based navigation framework. The EKF state space
model is discussed in the following subsections.

A. Receiver Clock Error Dynamics Model and EKF
Time Update

The receiver clock error state is given by

xclk,r �
[
cδtr, cδ̇tr

]T
,

where c is the speed of light, δtr is the receiver’s clock bias, and
δ̇tr is the receiver’s clock drift. The vehicle-mounted receiver
clock error state is assumed to evolve according to a double in-
tegrator driven by process noise w̃clk,r � [w̃δt,r, w̃δ̇t,r]

T, whose
elements are modeled as zero-mean, mutually independent noise
processes and the power spectral density of w̃clk,r is given by
Q̃clk,r = diag[Sw̃δt,r

, Sw̃δ̇t,r
] [34]. The discrete-time equivalent

of the clock error dynamics can be expressed as

xclk,r(k + 1) = Φclkxclk,r(k) +wclk,r(k), Φclk �
[
1 T
0 1

]
,

(1)
where k is the measurement time-step, T is the sampling time,
andwclk,r is the process noise, which is modeled as a zero-mean
white random sequence with covariance

Qclk,r = c2

[
Sw̃δt,r

T+Sw̃δ̇t,r

T 3

3 Sw̃δ̇t,r

T 2

2

Sw̃δ̇t,r

T 2

2 Sw̃δ̇t,r
T

]
. (2)

Note that the power spectra Sw̃δt,r
and Sw̃δ̇t,r

can be related
to the power spectral density of the fractional frequency devi-
ation y(t) of an oscillator from nominal frequency, which has
the form Sy(f) =

∑2
α=−2 hαf

α. A common approximation of
Sw̃δt,r

and Sw̃δ̇t,r
is one that only considers the white frequency

coefficient h0 and the frequency random walk coefficient h−2,
specifically, Sw̃δt,r

≈ h0

2 and Sw̃δ̇t,r
≈ 2π2h−2 [35], [36].

Given the model in (1), the EKF time update can be readily
calculated to yield the predicted state estimate x̂clk,r(k + 1|j),
for j ≤ k.
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B. Vehicle Kinematics Model and EKF Time Update

The vehicle is assumed to be equipped with:
� an IMU and
� a receiver capable of producing pseudorange measure-

ments to cellular transmitters (e.g., [13], [15], [20], [21],
[37]).

If the vehicle is equipped with other navigation sensors (e.g.,
lidar, camera, etc.) the proposed framework could seamlessly
integrate the outputs of these sensors to improve the vehicle’s
navigation solution. The vehicle’s state vector xv is defined as

xv �
[
I
Gq̄

T, Gr
T
r ,

Gṙ
T
r , bT

g , bT
a

]T
,

where I
Gq̄ is the unit quaternion representing the vehicle’s orien-

tation (i.e., rotation from the global frameG to the IMU’s inertial
frame I); Grr � [xr, yr, zr]

T and Gṙr are the 3-D position and
velocity of the vehicle, respectively, expressed in G; and bg and
ba are the gyroscope and accelerometer biases, respectively. The
detailed description of the vehicle kinematics model and EKF
time update is presented in Appendix A. The EKF prediction
error covariance time update is detailed in Appendix B.

C. EKF Measurement Model

After discretization and mild approximations, the pseudor-
ange made by the vehicle-mounted receiver on the n-th cellular
transmitter at the k-th time-step can be shown to be [38]

zsn(k) =
∥∥Grr(k)− rsn

∥∥
2
+ c · [δtr(k)− δtsn(k)] + vsn(k),

(3)
where rsn � [xsn , ysn , zsn ]

T is the 3-D position of the n-th
cellular transmitter, δtsn is the clock bias of the n-th cellular
transmitter, and vsn is the measurement noise, which is modeled
as a discrete-time zero-mean white Gaussian sequence with
variance σ2

sn
. The clock bias states of the cellular transmitters

{δtsn}Ns
n=1 are assumed to be known to the navigating vehicle

through a base receiver as discussed the next subsection.
1) Cellular Transmitter Clock Bias Estimation: It is assumed

that a base receiver is deployed in the same cellular environ-
ment of the navigating vehicle. While the vehicle could be
located between the buildings, where GNSS signals are severely
attenuated, the base receiver could be deployed on top of a
building; therefore, it has access to unobstructed GNSS signals
from which it can estimate its own clock bias. Hence, it is
practical to assume that the base has complete knowledge of its
position rB and its clock bias cδtB(k) for all k (e.g., from GNSS
measurements). The base is making the following pseudorange
measurements to the n-th cellular transmitter in the vehicle’s
environment

zB,sn(k) = ‖rB − rsn‖2
+ c · [δtB(k)− δtsn(k)] + vB,sn(k),

(4)
where vB,sn is the measurement noise, which is modeled as
a zero-mean white Gaussian random sequence with variance
σ2
B,sn

. Since rsn , rB, and cδtB(k) are known, define the new
measurement

z′B,sn
(k) � ‖rB − rsn‖2

+ cδtB(k)− zB,sn(k)

= cδtsn(k)− vB,sn(k). (5)

The base feeds the measurements z′B,sn
defined in (5) into

a Kalman filter (KF) to produce an estimate of xclk,sn �
[cδtsn , cδ̇tsn ]

T
, where δ̇tsn is the clock drift of the n-th cellular

transmitter. The dynamics of xclk,sn are the same as the ones
of xclk,r defined in (1), except that Sw̃δt,r

and Sw̃δ̇t,r
are now

replaced with the n-th cellular transmitter-specific process noise
power spectra, i.e., Sw̃δt,sn

and Sw̃δ̇t,sn
, respectively. Denote

cδ̂tsn(k|k) as the KF’s n-th cellular transmitter clock bias
estimate, cδ̃tsn(k|k) � cδtsn(k)− cδ̂tsn(k|k) as the estimate
error, and σ2

cδts,n
(k|k) as its estimation error variance.

2) Pseudorange Measurement Model Used in the EKF: The
estimate of the cellular tower clock bias states produced by the
base are sent to the navigating vehicle. Therefore, the pseudor-
ange made by the vehicle-mounted receiver on the n-th cellular
transmitter can be re-expressed as

zsn(k) =
∥∥Grr(k)− rsn

∥∥
2
+ c ·

[
δtr(k)− δ̂tsn(k|k)

]
+ v′sn(k), (6)

where v′sn(k) � vsn(k)− cδ̃tsn(k|k), which is the overall mea-
surement noise with zero-mean and variance σ2

v,′sn = σ2
sn

+

σ2
cδts,n

. The vector of pseudorange measurements to all Ns

cellular transmitters is given by z = [zs1 , . . . , zsNs
]T and it is

assumed that the measurement noise {v′sn}Ns
n=1 are independent.

D. EKF State and Covariance Measurement Update

The EKF’s state measurement update x̂(k + 1|k + 1) and
associated estimation error covarianceP(k + 1|k + 1) are com-
puted using standard EKF update equations [35], except for the
orientation state which is updated according to the quaternion
error model [39]. The corresponding measurement Jacobian H
is given by

H = [Hv, Hclk ] ,

where,

Hv �

⎡⎢⎣01×3 1T
s1

01×9

...
...

...
01×3 1T

sNs
01×9

⎤⎥⎦ ,

1sn �
Gr̂r(k + 1|j)− rsn

‖Gr̂r(k + 1|j)− rsn‖2
,

Hclk � [hclk . . . hclk]
T, hclk � [1 0]T.

The measurement noise covariance takes the form

R = diag
[
σ2
v,′s1 , . . . , σ

2
v,′sNs

]
.

III. OUTLIER CHARACTERIZATION AND DETECTION

This section analyzes cellular pseudorange measurements
with and without outliers, leading to a characterization of the
measurements accuracy and availability, which are formally
defined as
� Accuracy: the degree of conformance of the measurements

with the true ranges.
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TABLE I
CHARACTERISTICS OF RECORDED CELLULAR SIGNALS

� Availability: the percentage of time that the measurements
are usable by the navigator [40].

While GNSS ranging performance has been the subject of
many studies [41], [42], this is not the case for ranging with
cellular signals. Without such understanding, one cannot rigor-
ously define what constitutes an outlier in cellular pseudorange
measurements. The next subsection studies cellular pseudorange
measurements collected over hours of driving in different envi-
ronments, leading to a statistical model of their accuracy. Next,
outliers in cellular pseudoranges are analyzed in terms of biases
due to LOS blockage and short multipath delays. Finally an
outlier detection test is formulated.

A. Cellular Pseudorange Measurements Characterization

To analyze the accuracy of cellular LTE pseudorange mea-
surements, a ground vehicle was driven for several hours in
different environments: semi-urban, urban, and deep urban.
For comparison purposes, pseudorange measurements from an
antenna placed on the roof of the Engineering Gateway building
at the University of California, Irvine were collected over 250
seconds to resemble an open sky environment. Received LTE
signals from different LTE towers corresponding to different
U.S. cellular providers transmitting at different frequencies
and different cell-specific reference signal (CRS) bandwidths
were collected, from which pseudorange measurements were
obtained. The pseudoranges were obtained using the Multichan-
nel Adaptive TRansceiver Information eXtractor (MATRIX)
software-defined reciever (SDR) discussed in [20], [21]. Table I
summarizes the characteristics of recorded cellular signals.

Next, the collected pseudorange measurements were com-
pared against the true ranges to characterize the pseudorange
measurement errors. Recall from (3) that the pseudorange is
composed of three terms: (i) true range between the receiver and
the transmitter (namely, ‖Grr(k)− rsn‖2

), (ii) an error term
due to the difference between the clock bias of the receiver and
the transmitter (namely, cΔδtr,sn(k) � c · [δtr(k)− δtsn(k)]),
and (iii) an error term due to measurement noise (namely,
vsn(k)).

To evaluate the statistics of the measurement noise term,
vsn(k), the true range between the receiver and the transmitter
can be readily removed from knowledge of the cellular trans-
mitters’ location and the receiver’s ground truth position (which
is obtained from a GNSS receiver), i.e.,

z′sn(k) � zsn(k)−
∥∥Grr(k)− rsn

∥∥
2

= cΔδtr,sn(k) + vsn(k).

Next, the clock error term cΔδtr,sn(k) must be removed.
In GNSS, the satellites’ clock biases are transmitted in the
navigation message and can be removed by the receiver from
the pseudorange measurements. To reduce the receiver’s clock
bias and drift issues, an atomic clock can be used [43]. Removing
the effect of clock biases to evaluate the empirical measurement
error of LTE pseudoranges is a more challenging problem. On
one hand, the LTE transmitters’ clock biases, which are typically
relatively stable [44] (e.g., using a GPS-disciplined oscillator
(GPSDO)), are unknown to the receiver. On the other hand, the
measured pseudoranges are produced by a receiver which does
not possess a clock of atomic stability.

To remove cΔδtr,sn(k) from z′sn(k), it is assumed that this
term evolves according to a first-order polynomial model with a
constant initial clock bias cδtr,sn,0 and drift cδ̇tr,sn,0 [45], i.e.,

cΔδtr,sn(k) = cδ̇tr,sn,0 kT + cδtr,sn,0 + ηr,sn(k), (7)

where ηr,sn(k) is a random sequence which models the mis-
match between the true time evolution of cΔδtr,sn(k) and the
first-order polynomial approximation (7).

The constants cδtr,sn,0 and cδ̇tr,sn,0 can be estimated via
least-squares by post-processing the recorded data z′sn(k). It is
important to note that this is a conservative approach to char-
acterize the pseudorange measurement error, as this approach
calculates the term v̆sn(k) � vsn(k) + ηr,sn(k), which is larger
than the true measurement error vsn(k).

To analyze the accuracy of the pseudorange measurement
error, the statistics of the term v̆sn(k) will be characterized.
Fig. 1(a) shows z′sn(k) for one of the towers from the open
sky recorded signals. The constants cδtr,sn,0 and cδ̇tr,sn,0 are
estimated from z′sn(k) via least-squares and then subtracted
from z′sn(k) to get

z′′sn(k) � z′sn(k)−
[
cδ̇tr,sn,0 kT + cδtr,sn,0

]
= v̆sn(k).

Fig. 1(b) shows z′′sn(k) and Fig. 1(c)–(d) show the autocorrela-
tion function (acf) and power spectral density (psd) of z′′sn(k),
from which it can be seen that the term v̆sn(k) is nearly white.

Therefore, if the receiver’s or transmitter’s clock type is
unknown (i.e., the error componentηr,sn(k) cannot be modeled),
the conservative term z′′sn(k) can be studied to characterize the
pseudorange measurement error statistics.

In the case that both the receiver’s and transmitter’s clock
types are known, the mismatch between the true time evolu-
tion of cΔδtr,sn(k) and its first-order polynomial approxima-
tion, ηr,sn(k), can be characterized as follows. Using (1), the
discrete-time equivalent dynamics model of the receiver and the
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Fig. 1. Cellular pseudorange measurement error characterization. (a) Pseu-
dorange measurement after subtracting the true range between the receiver and
the transmitter, which is denoted as z′sn (k). (b) Resulting measurement after
subtracting the clock bias difference between the receiver and the transmitter,
which is denoted as z′′sn (k). (c) The acf and (d) psd of z′′sn (k) with a sampling
frequency of 100 Hz.

transmitter clock error difference can be expressed as

Δxclk,r,sn(k + 1) = ΦclkΔxclk,r,sn(k) +wclk,r,sn(k),
(8)

where Δxclk,r,sn � [cΔδtr,sn , cΔδ̇tr,sn ]
T
, cΔδ̇tr,sn(k) � c ·

[δ̇tr(k)− δ̇tsn(k)] is the difference between the clock drift of the
receiver and the transmitter, and wclk,r,sn � [wδtr,sn , wδ̇tr,sn

]T

is the process noise, which is modeled as zero-mean white
random sequence with covariance

Qclk,r,sn = Qclk,r +Qclk,sn ,

where Qclk,r is obtained from (2). Recall that Qclk,sn has
the same form as Qclk,r, except that Sω̃δt,r

and Sω̃δ̇t,r
are

now replaced by the transmitter-specific spectra Sω̃δt,sn
and

Sω̃δ̇t,sn
, respectively. It is shown in Appendix C that ηr,sn(k)

is a zero-mean white random sequence with variance σ2
η,r,sn

and is obtained from the k-th element of the vector

ηr,sn = GF1w1 +GF2w2, (9)

where G, F1, and F2 are deterministic matrices and

w1 �
[
wδtr,sn (0), . . . , wδtr,sn (K − 2)

]T

w2 �
[
wδ̇tr,sn

(0), . . . , wδ̇tr,sn
(K − 3)

]T
,

where K is the number of total processed samples. The deriva-
tion of σ2

η,r,sn
, G, F1, and F2 are presented in Appendix

C. Fig. 2 shows ση,r,sn for a transmitter equipped with a
high-quality oven-controlled crystal oscillator (OCXO) and four
different receivers: (i) a receiver equipped with a high-quality
OCXO, (ii) a receiver equipped with a typical OCXO, a re-
ceiver equipped with a typical temperature-compensated crystal

Fig. 2. The standard deviation {ση,r,sn (k)}K−1
k=0

of the vector ηr,sn for four
receivers, equipped with different oscillators: (a) high-quality OCXO, (b) typical
OCXO, (c) typical TCXO, and (d) worst TCXO. Here,K = 2, 500 samples and
T = 0.01 s.

TABLE II
ML PARAMETERS OF GAUSSIAN PDFS OF PSEUDORANGE MEASUREMENT

ERROR IN DIFFERENT ENVIRONMENTS

oscillator (TCXO), and (iv) a receiver equipped with a worst
TCXO. From Fig. 2, one can see the conservativeness of the
mismatch ηr,sn(k) due to different clock types. In particular,
the “inflation” in the calculated standard deviation of v̆sn(k)
compared to the standard deviation of vsn(k) range between
about one centimeter for (a) and about 2 m for (d). Fig. 3(a)
illustrates the different environments in which the measurements
were collected and Fig. 3(b) shows the empirical probability
density functions (pdfs) found from the collected measurements.
Overlayed on these pdfs are the maximum likelihood (ML) pdfs
of a Gaussian. Table II summarizes the ML parameters of these
pdfs, namely the mean μ and standard deviation σ, in different
environment.

It is worth comparing the values in Table II to GPS mea-
surement’s user range error (URE), which are shown to have a
standard deviation of around 6 m [43].

B. Outlier Characterization

This subsection characterizes two sources of pseudorange
measurement outliers: (i) bias due to LOS signal blockage where
the non-LOS (NLOS) peek dominates and (ii) bias due to short
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Fig. 3. Characterization of cellular pseudorange measurement accuracy in
different environments. (a) Three environments: semi-urban, urban, and deep
urban in which a ground vehicle was driven while collecting cellular signals. A
zoom on some cellular towers from which the signals were collected is displayed.
(b) Empirical pdf of pseudorange errors and analytical ML Gaussian pdfs for the
environments in (a). In addition to these environments, the results corresponding
to the stationary antenna in an open sky environment is shown.

multipath delay where the LOS peek and multipath peeks are
indiscernible.

1) Bias Due to LOS Signal Blockage: In deep urban canyons,
high-rise structures could completely block or significantly at-
tenuate LOS signals from cellular transmitters. What is more
dangerous is that these signals could be reflected off nearby
objects, resulting in received multipath components with signif-
icantly higher power than the LOS signal. In these instances, it
is imperative that the receiver continues to track the weak LOS
signal instead of the non-LOS multipath in order to produce
pseudorange measurements that are consistent with the model
(3). Several approaches have been proposed to dynamically tune
the LOS peak detection threshold in the presence of severe
multipath [20], [46]. While these approaches have shown better
performance compared to constant threshold approaches, they
may fail to detect the LOS peak altogether when it has signifi-
cantly less power than the multipath components. In this case, a
large bias will be introduced in the pseudorange measurement.

Fig. 4. An instance of the estimated CIR of real LTE signals passing through
a building. (a): The LOS component which has a significantly lower amplitude
than the multipath components. (b) The location of the cellular transmitter, the
ground vehicle, and the building that significantly attenuates LOS signals in this
instance.

This bias will contaminate the estimate, introducing tens of
meters of errors in the estimated position [47]. Fig. 4 shows
an instance of the estimated channel impulse response (CIR)
from real LTE signals passing through a building. It can be seen
that the power of the LOS component is significantly lower than
that of the multipath component, which is at a path delay of
approximately 440 m. This will introduce a large unmodeled bias
in the pseudorange measurement. The objective of the outlier
detection and exclusion approach discussed in Section III-C is to
autonomously detect the presence of such bias and subsequently
exclude the biased pseudorange measurement from the EKF
calculations.

2) Bias Due to Short Multipath Delays: In the case of short
multipath delays, i.e., the LOS peak is indiscernible from other
multipath peaks, biases will be induced in the pseudorange
measured by the receiver. This bias is characterized next. The
true CIR for the i-th LTE symbol is given by

hi(τ) =

L−1∑
l=0

ai(l)δ(τ − τi(l)),

where L is the number of path delays, ai corresponds to the
complex-valued amplitude, and τi is the corresponding path
delay. Note that path delays greater than the inverse of the signal
bandwidth are excluded from the CIR since their effect will
be negligible on the LOS component. The CIR can be used to
measure the effect of multipath interference on the receiver’s
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Fig. 5. (a): The measurement error and an estimated CIR at a particular time
instance (t= 45 s) during which multipath exhibited a high amplitude. (b) The
location of the cellular transmitter and the ground vehicle within the environment
map.

delay-locked loop (DLL), denoted χn � χ1,n(i) + χ2,n(i), for
n = 1, . . . , Ns, where χ1,n(i) and χ2,n(i) are functions of the
subcarrier interval Ts, the DLL correlator spacing ξ, the number
of subcarrier symbols in the LTE pilot signal M , the signal
power due to antenna gain and implementation loss A, and the
normalized symbol timing error ẽθ. The detailed derivations of
χ1,n(i) and χ2,n(i) is provided in [48]. The resulting induced
multipath bias can be calculated according to

bn = c
χn

κ
, κ �

4πA cos
(

π
2˜M

)
M

[
sin

(
π

2˜M

)]3 , (10)

where M �
⌊
Nr

6

⌋
, Nr denotes the number of subcarriers in the

received LTE signal, and �.� denotes the integer floor function.
Fig. 5 shows the pseudorange measurement error and an

instance of the estimated CIR from real LTE signals in an urban
environment where the signals experience multipath. It can be
seen that the power of the LOS component and that of the
multipath component are comparable.

C. Outlier Detection and Exclusion

This subsection formulates the autonomous outlier detection
and exclusion approach. Several methods to perform outlier de-
tection have been proposed in the literature. This paper considers
a classical RAIM-based outlier detection [49], which aims to
detect large biases induced into the measurements due to LOS
signal blockage. For complicated wireless environments, more
sophisticated methods must be employed. Formulating other
types of RAIM for SOP-GPS framework is similar and has
been investigated in other work for GPS-SOP advanced-RAIM).
In this work, it is assumed that only one measurement outlier
exists. In the presence of a measurement bias due to LOS signal

blockage discussed in Section III-B1 or due to short multipath
delays discussed in Section III-B2, a bias with magnitude fn is
injected in the pseudorange measurement drawn from the n-th
cellular transmitter, rendering that particular measurement an
outlier. In order to distinguish between outlier-free measure-
ments and those subject to outliers, a measurable scalar pa-
rameter is defined that provides information about pseudorange
measurement errors. This parameter, called a test statistic, is
a random variable with a known distribution. Weighted least
squares (WLS)-based filters, which use a weighted sum squared
error (WSSE)-based test statistic have been demonstrated to
result in an acceptable performance [50]. However, in [49], it was
shown that using the normalized innovation squared (NIS)-based
test statistic in an EKF-based framework was more robust against
outliers compared to the WSSE-based test statistic in specific
applications (e.g., railway navigation). In this paper, the NIS
is used for generating the test statistic. The NIS-based test is
formulated next.

Under outlier-free, normal operation, the innovation vector
ν0(k + 1) and its associated innovation covariance S(k + 1)
are given by

ν0(k + 1) � z(k + 1)− ẑ(k + 1|j),
≈ H(k + 1)x̃(k + 1|j) + v′

s(k + 1),

S(k + 1) � H(k + 1)P(k + 1|j)HT(k + 1) +R, (11)

where v′
s � [v′s1 , . . . , v

′
sNs

]T. Whenever the n-th measurement
experiences a bias, the biased innovation vector ν̄(k + 1) may
be expressed as

ν̄(k + 1) = ν0(k + 1) + un(k + 1),

where the vector un(k + 1) � [0, . . . , 0, fn(k + 1), 0, . . . , 0]T

is the bias vector that results when a bias of magnitude fn is
present in the pseudorange measurement drawn from the outlier
cellular tower. Note that ν̄(k + 1) has the same covariance as
ν0(k + 1).

Denote ν(k + 1) as the innovation vector evaluated by the
EKF. Subsequently, the following hypotheses may be posed:
� Null hypothesis:

H0 : ν(k + 1) = ν0(k + 1).

� Alternative hypothesis:

H1 : ν(k + 1) = ν̄(k + 1).

The hypothesis test relies on the NIS-based test statistic,
which is defined as

ϕ(k + 1) � νT(k + 1)S−1(k + 1)ν(k + 1).

It is important to note that the NIS-based test statistics follows a
chi-squared distribution under H0 (outlier-free operation) and a
non-central chi-squared distribution under H1 (in the presence
of outliers) [50]. Both distributions under H0 and H1 have the
same degrees of freedom d = Ns. The non-centrality parameter
under H1 (in the presence of outliers) is given by

λ(k + 1) = uT
n(k + 1)S−1(k + 1)un(k + 1).
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Algorithm 1: Autonomous Measurement Outlier Detection
and Exclusion.

Input: Ns, Th, {zsn(k + 1)}Ns
n=1, ν(k + 1), and

S−1(k + 1)
Output: {zsn(k + 1)}Nd

n=1, where Nd ∈ {Ns, Ns − 1}
1: Set i = 1
2: Set ϕ(k + 1) = νT(k + 1)S−1(k + 1)ν(k + 1)
3: If ϕ(k + 1) > Th

4: Exclude zsi from {zsn(k + 1)}Ns
n=1

5: Set ϕ(k + 1) = νT(k + 1)S−1(k + 1)ν(k + 1)
6: If ϕ(k + 1) ≤ Th

7: Add zsi to {zsn(k + 1)}Ns−1
n=1

8: Set i = i+ 1
9: If i ≤ Ns

10: Go to Step 4
11: Else
12: RAIM is not available: there is an outlier, but
13: it cannot be detected
14: Exit Algorithm
15: End if
16: Else
17: i-th measurement is declared as an outlier
18: Feed navigation block with
19: {zsn(k + 1)}Ns

n=1 − \{zsi(k + 1)}
20: Exit Algorithm
21: End if
22: Else,
23: No outlier is detected
24: Feed navigation block with {zsn(k + 1)}Ns

n=1

25: Exit Algorithm
26: End if

Outlier detection is achieved by comparing the test statistic
against a detection threshold Th, namely

ϕ(k + 1) ≤ Th : H0is accepted (no outliers present),

ϕ(k + 1) > Th : H1is accepted (outlier present),

where a Neyman-Pearson approach is taken to obtain Th given
a desired probability of false alarm PFA according to

PFA =

∫ ∞

Th

fχ2
d
(τ)dτ, (12)

where fχ2
d

represents the pdf of the test statistic under H0,
specifically chi-squared distribution with d degrees of freedom.

Once a desired PFA is fixed, Th can be evaluated numeri-
cally from (12) or via chi-squared cumulative density function
(cdf) table. Once an outlier is detected, its measurement is
excluded from the measurement set and the EKF measurement
update is subsequently performed without this measurement.
The autonomous measurement outlier detection and exclusion
algorithm is summarized in Algorithm 1.

IV. EXPERIMENTAL RESULTS

A field test with real LTE signals was performed to validate
the efficacy and accuracy of the proposed outlier detection and
exclusion approach. In this section, the experimental setup and
experimental scenario description are first presented. Then, the
corresponding results are shown.

A. Experimental Hardware Setup and Scenario Description

A vehicle was equipped with following hardware and software
setup:
� A Septentrio AsteRx-i V integrated GNSS-IMU whose x-

axis points toward the front of the vehicle, z-axis points up-
ward, and y-axis points to the right side of the car. AsteRx-i
V is equipped with a dual-antenna, multi-frequency GNSS
receiver and a Vectornav VN-100 micro-electromechanical
system (MEMS) IMU. The raw measurements from the
IMU was used for the EKF time update step described in
Section II-B at a rate of 100 Hz.

� Septentrio’s post-processing software development kit
(PP-SDK) was used to process carrier phase observables
collected by the AsteRx-i V and by a nearby differential
GPS base station to obtain a carrier phase-based navigation
solution. This integrated GNSS-IMU real-time kinematic
(RTK) system [51] was used to produce the ground truth
results with which the proposed navigation framework was
compared.

� Two cellular antennas to acquire and track signals from
nearby cellular LTE towers. The LTE antennas used for the
experiment were consumer-grade 800/1900 MHz cellular
antennas [52]. The signals were simultaneously down-
mixed and synchronously sampled at 10 mega-samples
per second (MSPS) via a National Instruments (NI)
dual-channel universal software radio peripheral (USRP)–
2954R, driven by a GPSDO [53]. These samples were then
processed by MATRIX SDR [15], [20], [21], developed
by the Autonomous Systems Perception, Intelligence, and
Navigation (ASPIN) Laboratory at the University of Cali-
fornia, Irvine.

A stationary base receiver with the knowledge of its own
location was also deployed in the same cellular environment
of the navigating vehicle and was equipped with the following
hardware setup:
� Two consumer-grade 800/1900 MHz cellular antennas.
� Two NI USRP–2920 which were synchronized via a

multiple-input and multiple-output (MIMO) cable.
The clock bias and drift process noise power spectral densities

of the receiver were set to be 1.3× 10−22 s and 7.89× 10−25 1/s
respectively, since the 2954R USRP was equipped with OCXO.
The receiver was tuned to carrier frequencies of 1955 MHz and
739 MHz, which are channels allocated for U.S. cellular provider
AT&T. Samples of the received signals were stored for off-line
post-processing. The SDR developed in [20] was used to produce
LTE pseudoranges.

Fig. 6 illustrates the experimental hardware setup, experi-
mental environment, and traversed trajectory along with the
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Fig. 6. (a) Environment layout showing the vehicle’s traversed trajectory (and a zoom on the streets where the vehicle drove), the base’s location, and the locations
of the five LTE towers from which pseudorange measurements were received. Also shown are the navigation solutions without the measurement exclusion and
with the measurement exclusion (proposed framework). (b) Experimental hardware setup.

position of the base and cellular towers. The initial estimates
of the vehicle’s orientation I

G
ˆ̄q(0| − 1), position Gr̂r(0| − 1),

and velocity Gˆ̇rr(0| − 1), and their covariances were initial-
ized using the output of the GNSS-IMU system. The ini-
tial estimates of the gyroscope’s and accelerometer’s biases;
b̂g(0| − 1) and b̂a(0| − 1), respectively; were obtained by av-
eraging 5 seconds of IMU measurements at a sampling pe-
riod of T = 0.01 seconds, while the vehicle was stationary.
Since the vehicle had initial access to GNSS signals, the ini-
tial value of the vehicle-mounted receiver’s clock error states
x̂clk,r(0| − 1) was obtained. The initial uncertainties associ-
ated with these state estimates were set to PI

Gq̄(0| − 1) = (1×
10−3)I3×3, PGrr

(0| − 1) = diag[10, 10, 0], PGṙr
(0| − 1) =

diag[0.5, 0.5, 0], Pbg
(0| − 1) = (3.75× 10−9)I3×3, Pba

(0| −
1) = (9.6× 10−5)I3×3, and Pxclk,r

(0| − 1) = diag[3, 0.3],
where diag(·) denote a diagonal matrix.

The probability of false alarm for the outlier detection test
was set to PFA = 0.005. The measurement noise variances were
calculated empirically while the vehicle had access to GNSS
signals according to

σ2
v,′sn ≈ 1

kcutoff − 1

kcutoff−1∑
k=0

v̂′2sn(k),

TABLE III
LTE TOWERS’ CHARACTERISTICS

where kcutoff is the time-step at which GNSS signals were cut
off and

v̂′sn(k) � zsn(k)−
∥∥Grr,GNSS(k)− rsn

∥∥
2

− c
[
δtr,GNSS(k)− δ̂tsn(k|k)

]
, (13)

where Grr,GNSS and δtr,GNSS are the vehicle-mounted re-
ceiver’s position and clock bias estimates obtained using GNSS
signals and δ̂tsn is the clock bias estimate produced by the base.

Over the course of the experiment, the receiver was listening
to 5 LTE towers with the characteristics shown in Table III.
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Fig. 7. 0.8(a) LTE pseudorange (solid lines) and true range (dashed lines)
variations and (b) empirical cdf of the LTE pseudoranges for towers 1–5,
respectively.

Fig. 8. The resulting outlier detection test which compares the test statistic ϕ
against the detection threshold Th.

In this experiment, the receiver traversed a trajectory of
1500 m over 135 s in an urban environment (downtown River-
side, California, U.S.). As can be seen from Fig. 6, the traversed
path was surrounded by tall trees and the received signal ex-
perienced severe attenuation effect. Fig. 7(a) shows the LTE
pseudorange (solid lines) and the true range (dashed lines)
variations and Fig. 7(b) shows the empirical cdf of the LTE pseu-
dorange measurement errors. The true ranges are known from
the knowledge of the transmitters’ location and the receiver’s
ground truth position, which was obtained from the integrated
GNSS-IMU RTK system.

B. Experimental Results

The outlier detection and exclusion approach was applied
throughout the vehicle’s traversed trajectory. Fig. 8 shows the
outlier detection test, which compares the test statistic ϕ against

Fig. 9. The resulting position estimation errors and corresponding ±3σ
bounds with and without using the proposed outlier exclusion.

TABLE IV
NAVIGATION PERFORMANCE WITH AND WITHOUT OUTLIER DETECTION

AND EXCLUSION

the detection threshold Th. It can be seen that at t = 100 s,
the threshold is exceeded; therefore, the test is not declared
successful (see the red circle in Fig. 8). This implies that at
least one of the measurements was detected as an outlier and its
contribution to the test statistic was significant enough for the
detection algorithm to trigger.

In this experiment, the outlier exclusion technique indicated
that the outlier measurement was the pseudorange drawn from
the second cellular tower. Fig. 9(a)–(b) shows the resulting
position estimation error and corresponding ±3σ bounds with
and without using the proposed outlier exclusion. As can be
seen, outlier exclusion results in a significant reduction in the x-
and y-position estimation error.

The pdf of the test statistic as calculated from the experimental
data is plotted in Fig. 10 for the (a) outlier-free case (i.e., after
the outlier was detected and excluded) and (b) in the presence
of outlier (i.e., before it was detected and excluded). Overlaid
on each pdf is an analytical pdf of (a) central chi-squared distri-
bution with d = 5 and (b) non-central chi-squared distribution
with d = 5 and λ = 12. It can be seen that the empirical pdfs
follow the analytical pdfs.

Table IV compares the navigation performance of the pro-
posed framework versus that of the navigation solution without
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Fig. 10. The resulting probability distribution of the test statistic. (a): The test
statistic distribution in outlier-free and (b) the test statistic distribution in the
presence of outlier operation. It is evident that the test statistic follows closely
the central and non-central chi-squared distributions in the outlier-free and in
the presence of the outlier, respectively.

outlier exclusion. It can be noted from Fig. 9 and Table IV, not
only the outlier detection and exclusion reduced the estimation
error, it also resulted in estimation error consistent with the ±3σ
bounds.

V. CONCLUSION

In this paper, a framework for ground vehicle outlier detection
and exclusion in GNSS–denied environment was developed. To
this end, an EKF-based navigation framework was proposed
which used IMU data and pseudoranges extracted from ambient
cellular LTE towers. This paper characterized LTE pseudorange
measurements from an extensive wardriving campaign collected
with a ground vehicle in different environments: open sky,
urban, and deep urban. Also, it characterized LOS blockage and
short multipath delays. Next, an autonomous outlier detection
and exclusion framework was formulated and evaluated using
realistic experimental test. The results validated the efficacy of
the proposed framework on a ground vehicle navigating in a deep
urban environment over trajectory of 1500 m in the absence of
GNSS signals. The results showed that the proposed technique
reduces the position 2-D RMSE by 41.5% and the maximum
position error by 43.1%.

APPENDIX A
VEHICLE KINEMATICS MODEL AND EKF TIME UPDATE

The IMU produces noisy measurements of angular rotation
Iωr and linear acceleration Gar, corrupted by the gyroscope
and accelerometer biases, respectively. The IMU samples the
angular rate ωmeas and specific forces ameas every T seconds
and can be modeled as

ωmeas(k) =
Iωr(k) + bg(k) + ng(k),

ameas(k) = R
[
Ik
G q̄

] [
Gar(k)− Gg(k)

]
+ ba(k) + na(k),

where Ik is the inertial frame at time-step k, R[q̄] is the equiva-
lent rotation matrix of q̄, Gg is the acceleration due to gravity in

the global frame, andng andna are measurement noise vectors,
which are modeled as zero-mean white noise sequences with
covariances σ2

gI3×3 and σ2
aI3×3, respectively. The orientation

of the IMU evolves according to

Ik+1

G q̄ =
Ik+1

Ik
q̄ ⊗ Ik

G q̄, (14)

where ⊗ is the quaternion multiplication operator and Ik+1

Ik
q̄

represents the relative rotation of the inertial frame from time-
step k to k + 1, which is the solution to the differential equation

Iτ
Ik
˙̄q =

1

2
Ω
[
Iωr(τ)

]
Iτ
Ik
q̄, τ ∈ [tk, tk+1], (15)

where tk � kT and for any vector ω � [ω1, ω2, ω3]
T ∈ R3, the

matrix Ω[ω] is defined as

Ω [ω] �
[−�ω×� ω

−ωT 0

]
, �ω×� �

⎡⎣ 0 ω3 −ω2

−ω3 0 ω1

ω2 −ω1 0

⎤⎦ .

(16)
The biases bg and ba, the velocity, and the position evolve
according to

ḃg = wg, ḃa = wa, (17)

Gṙr(k + 1) = Gṙr(k) +

∫ tk+1

tk

Gar(τ)dτ , (18)

Grr(k + 1) = Grr(k) +

∫ tk+1

tk

Gṙr(τ)dτ, (19)

where wg and wa are modeled as zero-mean white random
processes with covariances σ2

wg
I3×3 and σ2

wa
I3×3, respectively.

Additional details of the orientation, position, and velocity mod-
els are discussed in [39], [54]. Given the model (17), the EKF
time update can be readily calculated to yield b̂g(k + 1|j) and
b̂a(k + 1|j), for j ≤ k, according to

b̂g(k + 1|j) = b̂g(k|j), b̂a(k + 1|j) = b̂a(k|j). (20)

The orientation state estimate propagation equation is given
by [39]

Ik+1|j
G

ˆ̄q =
Ik+1

Ik
ˆ̄q ⊗ Ik|j

G
ˆ̄q, (21)

where Ik+1

Ik
ˆ̄q represents the estimated relative rotation of the

vehicle from time-stepk tok + 1. The expression of Ik+1

Ik
ˆ̄q can be

found in [39]. The vehicle’s velocity state estimate time update
equation is obtained using trapezoidal integration and is given
by [39]

Gˆ̇rr(k + 1|j) = Gˆ̇rr(k|j) + T

2
[ŝ(k|j)

+ŝ(k + 1|j)] + T Gg(k), (22)

where ŝ(k|j) � RT
q̂(k|j)â(k|j), â(k|j) � ameas(k)−

b̂a(k|j), Rq̂(k|j) � R[
Ik|j
G

ˆ̄q], and Gg(k) is the acceleration
due to gravity in the global frame. The vehicle’s position state
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estimate time update is given by [39]

Gr̂r(k + 1|j) = Gr̂r(k|j) + T

2

[
Gˆ̇rr(k + 1|j) + Gˆ̇rr(k|j)

]
.

(23)

APPENDIX B
EKF PREDICTION ERROR COVARIANCE TIME UPDATE

Sections II-A and II-B described how to obtain the EKF state
estimate time update for the vehicle-mounted receiver clock er-
rors and vehicle’s quaternion, position, velocity, gyroscope bias,
and accelerometer bias. This subsection discusses calculation of
the prediction error covariance time update. The EKF estimates
the state vector x consisting of the vehicle’s and the receiver’s
clock error states, i.e., x � [xT

v,x
T
clk,r]

T. Denote

x̂(k|j) �
[
Ik|j
G

ˆ̄qT,G r̂T
r(k|j),G ˆ̇rT

r(k|j),

b̂
T
g(k|j), b̂

T
a(k|j), x̂T

clk,r(k|j)
]T

,

the state estimate produced by the EKF at time-step k obtained
using all measurements (IMU and cellular pseudorange) from
time-step 1 to j ≤ k. Subsequently, the EKF prediction error
covariance time update is given by

P(k + 1|j) = FP(k|j)FT +Q, (24)

F � diag [Φr,Φclk,r] , Q � diag [Qr,Qclk,r] ,

Φr =

⎡⎢⎢⎢⎢⎢⎢⎣
I3×3 03×3 03×3 Φqbg

Φqba

Φrq I3×3 I3×3T Φrbg
Φrba

Φṙq 03×3 I3×3 Φṙbg
Φṙba

03×3 03×3 03×3 I3×3 03×3

03×3 03×3 03×3 03×3 I3×3

⎤⎥⎥⎥⎥⎥⎥⎦ ,

Φṙq = −T

2
�[ŝ(k|j) + ŝ(k + 1|j)]×� , Φrq=

T

2
Φṙq,

Φqbg
= −T

2

[
RT

q̂(k|j) +RT
q̂(k + 1|j)] , Φqba

=−Φqbg
,

Φṙbg
=−T

2
�ŝ(k|j)×�Φqbg

, Φṙba
= Φqbg

+Φṙbg
,

Φrbg
=

T

2
Φṙbg

, Φrba
=

T

2
Φrba

, Qr=
T

2
ΦT

vNcΦv +Nc,

Nc = diag
[
σ2
gI3×3, 03×3, σ

2
aI3×3, σ

2
wg

I3×3, σ
2
wa

I3×3

]
.

It is worth noting that a non-rotating global frame is assumed
in the IMU measurement models. The detailed derivations of
P(k|j), Φr, and Qr are described in [54], [55].

APPENDIX C
DERIVATION OF EQUATION (9)

In this Appendix, the mismatch between the time evolution
of true clock bias and its first-order polynomial approximation
is analyzed and the error component due to this approximation,

i.e., ηr,sn , is characterized. The first step is to estimate the con-
stants initial clock bias cδtr,sn,0 and drift cδ̇tr,sn,0 and find the
first-order polynomial approximation over all observations up
to time-step K − 1. It is important to note that the measurement
noise will not be considered here as the mismatch between true
clock bias and its first-order polynomial approximation is only
affected by the process noise. Hence, the observation vector only
includes the differences between the receiver’s and transmitter’s
clock biases, i.e.,

y � [cΔδtr,sn(0), . . . , cΔδtr,sn(K − 1)]T. (25)

A first-order polynomial can be fit to the observations using a
least-squares estimator, which minimizes the cost function G
according to

G =

∥∥∥∥y − S

[
cδ̇tr,sn,0
cδtr,sn,0

]∥∥∥∥2 , S �
[
0 T . . . (K − 1)T
1 1 . . . 1

]T

,

over all possible cδ̇tr,sn,0 and cδtr,sn,0. The least-squares-based
estimate of cδtr,sn,0 and cδ̇tr,sn,0 is given by[

ĉδ̇tr,sn,0
ĉδtr,sn,0

]
= (STS)−1STy,

and the mismatch error vector can be expressed as

ηr,sn = y − S

[
ĉδ̇tr,sn,0

ĉδ̇tr,sn,0

]
= Gy, (26)

where G = [I− S(STS)−1ST]. Using (8), cΔδtr,sn(k) can be
expressed in the recursive form according to

cΔδtr,sn(k) = cΔδtr,sn(0) + kTcΔδ̇tr,sn(0)

+
k−1∑
i=1

wδtr,sn (i) +
k−2∑
i=1

(k − i− 1)wδ̇tr,sn
(i).

(27)

Substituting (27) into (25) results in

y = S

[
cΔδtr,sn(0)

cΔδ̇tr,sn(0)

]
+ F1w1 + F2w2, (28)

where

F1 �

⎡⎢⎢⎢⎣
0 0 . . . 0
1 0 . . . 0
...

...
. . .

...
1 1 . . . 1

⎤⎥⎥⎥⎦
(K)×(K−1)

,

F2 �

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0 . . . 0
0 0 . . . 0
T 0 . . . 0

2T T . . . 0
...

...
. . .

...
(K − 2)T (K − 3)T . . . T

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(K)×(K−2)

,
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and recall

w1 �
[
wδtr,sn (0), . . . , wδtr,sn (K − 2)

]T

w2 �
[
wδ̇tr,sn

(0), . . . , wδ̇tr,sn
(K − 3)

]T
.

Substituting (28) into (26) yields

ηr,sn = GS

[
cΔδtr,sn(0)

cΔδ̇tr,sn(0)

]
+GF1w1 +GF2w2. (29)

Since GS = 0, (29) can be expressed as

ηr,sn = GF1w1 +GF2w2.

This shows that each element of ηr,sn is a linear combination of
2K − 3 zero-mean white noise, therefore, ηr,sn is a zero-mean
random vector with a covariance matrix given by

E{ηr,snη
T
r,sn

} =

E{GF1w1w1
TF1

TGT +GF2w2w2
TF2

TGT

+GF1w1w2
TF2

TGT +GF2w2w1
TF1

TGT}
= q11GF1F1

TGT + q22GF2F2
TGT

+ q12G
{
F1HqF2

T + F2Hq
TF1

T
}
GT, (30)

where Hq = [I(K−2)×(K−2) , 0(K−2)×1]
T and qij is ij-th ele-

ment of the matrix Qclk,r,sn .
Remark: By extending the expression of matrix G as a

function of k and T , it can be shown that G is a bisymmet-
ric matrix. The covariance matrix of ηr,sn consists of three
terms shown in (30). By constructing F1F1

T, F2F2
T, and

F1HqF2
T + F2Hq

TF1
T, it can be shown that each of the three

terms of the covariance matrix are also bisymmetric. As a result,
the diagonal elements of the covariance matrix of ηr,sn are
symmetric, as it is evident from Fig. 2.

ACKNOWLEDGMENT

The authors would like to thank Joe Khalife and Kimia
Shamaei for her help with the data collection.

REFERENCES

[1] S. Ji, W. Chen, X. Ding, Y. Chen, C. Zhao, and C. Hu, “Potential benefits
of GPS/GLONASS/GALILEO integration in an urban canyon – Hong
Kong,” J. Navigation, vol. 63, no. 4, pp. 681–693, Oct. 2010.

[2] D. Borio, F. Dovis, H. Kuusniemi, and L. L. Presti, “Impact and detection
of GNSS jammers on consumer grade satellite navigation receivers,” Proc.
IEEE, vol. 104, no. 6, pp. 1233–1245, Jun. 2016.

[3] K. Takeyama, T. Machida, Y. Kojima, and N. Kubo, “Improvement of dead
reckoning in urban areas through integration of low-cost multisensors,”
IEEE Trans. Intell. Veh., vol. 2, no. 4, pp. 278–287, Dec. 2017.

[4] M. Maaref, J. Khalife, and Z. Kassas, “Lane-level localization and map-
ping in GNSS-challenged environments by fusing lidar data and cellular
pseudoranges,” IEEE Trans. Intell. Veh., vol. 4, no. 1, pp. 73–89, Mar. 2019.

[5] J. Meguro, T. Murata, J. Takiguchi, Y. Amano, and T. Hashizume, “GPS
multipath mitigation for urban area using omnidirectional infrared cam-
era,” IEEE Trans. Intell. Transp. Syst., vol. 10, no. 1, pp. 22–30, Mar. 2009.

[6] Z. Sjanic and F. Gustafsson, “Simultaneous navigation and synthetic
aperture radar focusing,” IEEE Trans. Aerosp. Electron. Syst., vol. 51,
no. 2, pp. 1253–1266, Apr. 2015.

[7] J. Raquet and R. Martin, “Non-GNSS radio frequency navigation,” in
Proc. IEEE Int. Conf. Acoust., Speech Signal Process., Mar. 2008,
pp. 5308–5311.

[8] L. Merry, R. Faragher, and S. Schedin, “Comparison of opportunistic
signals for localisation,” in Proc. IFAC Symp. Intell. Auton. Veh., Sep. 2010,
pp. 109–114.

[9] Z. Kassas, “Collaborative opportunistic navigation,” IEEE Aerosp. Elec-
tron. Syst. Mag., vol. 28, no. 6, pp. 38–41, Jun. 2013.

[10] J. McEllroy, “Navigation using signals of opportunity in the AM transmis-
sion band,” Master’s thesis, Dept. Aeronaut. Astronaut., Air Force Inst.
Technol., Wright-Patterson Air Force Base, Ohio, USA, 2006.

[11] S. Fang, J. Chen, H. Huang, and T. Lin, “Is FM a RF-based positioning
solution in a metropolitan-scale environment? A probabilistic approach
with radio measurements analysis,” IEEE Trans. Broadcast., vol. 55, no. 3,
pp. 577–588, Sep. 2009.

[12] P. Thevenon et al., “Positioning using mobile TV based on the DVB-SH
standard,” NAVIGATION, J. Inst. Navigation, vol. 58, no. 2, pp. 71–90,
2011.

[13] C. Yang, T. Nguyen, and E. Blasch, “Mobile positioning via fusion of
mixed signals of opportunity,” IEEE Aerosp. Electron. Syst. Mag., vol. 29,
no. 4, pp. 34–46, Apr. 2014.

[14] C. Chen and W. Wu, “Three-dimensional positioning for LTE systems,”
IEEE Trans. Veh. Technol., vol. 66, no. 4, pp. 3220–3234, Apr. 2017.

[15] Z. Kassas, J. Khalife, K. Shamaei, and J. Morales, “I hear, therefore I know
where I am: Compensating for GNSS limitations with cellular signals,”
IEEE Signal Process. Mag., vol. 34, no. 5, pp. 111–124, Sep. 2017.

[16] S. Fang and Y. Yang, “The impact of weather condition on radio-based
distance estimation: A case study in GSM networks with mobile mea-
surements,” IEEE Trans. Veh. Technol., vol. 65, no. 8, pp. 6444–6453,
Aug. 2016.

[17] Z. Kassas, J. Morales, and J. Khalife, “New-age satellite-based navigation
– STAN: Simultaneous tracking and navigation with LEO satellite signals,”
Inside GNSS Mag., vol. 14, no. 4, pp. 56–65, 2019.

[18] C. Yang and T. Nguyen, “Tracking and relative positioning with mixed
signals of opportunity,” NAVIGATION, J. Inst. Navigation, vol. 62, no. 4,
pp. 291–311, Dec. 2015.

[19] M. Driusso, C. Marshall, M. Sabathy, F. Knutti, H. Mathis, and F. Babich,
“Vehicular position tracking using LTE signals,” IEEE Trans. Veh. Tech-
nol., vol. 66, no. 4, pp. 3376–3391, Apr. 2017.

[20] K. Shamaei, J. Khalife, and Z. Kassas, “Exploiting LTE signals for naviga-
tion: Theory to implementation,” IEEE Trans. Wireless Commun., vol. 17,
no. 4, pp. 2173–2189, Apr. 2018.

[21] K. Shamaei and Z. Kassas, “LTE receiver design and multipath analysis
for navigation in urban environments,” NAVIGATION, J. Inst. Navigation,
vol. 65, no. 4, pp. 655–675, Dec. 2018.

[22] K. Shamaei and Z. Kassas, “Sub-meter accurate UAV navigation and
cycle slip detection with LTE carrier phase,” in Proc. ION GNSS Conf.,
Sep. 2019, pp. 2469–2479.

[23] J. Khalife and Z. Kassas, “Precise UAV navigation with cellular carrier
phase measurements,” in Proc. IEEE/ION Position, Location, Navigation
Symp., Apr. 2018, pp. 978–989.

[24] P. Enge, “Local area augmentation of GPS for the precision approach of
aircraft,” Proc. IEEE, vol. 87, no. 1, pp. 111–132, Jan. 1999.

[25] H. Kuusniemi, A. Wieser, G. Lachapelle, and J. Takala, “User-level
reliability monitoring in urban personal satellite-navigation,” IEEE Trans.
Aerosp. Electron. Syst., vol. 43, no. 4, pp. 1305–1318, Oct. 2007.

[26] K. Ansari, Y. Feng, and M. Tang, “A runtime integrity monitoring frame-
work for real-time relative positioning systems based on GPS and DSRC,”
IEEE Trans. Intell. Transp. Syst., vol. 16, no. 2, pp. 980–992, Apr. 2015.

[27] M. Joerger and B. Pervan, “Fault detection and exclusion using solution
separation and chi-squared ARAIM,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 52, no. 2, pp. 726–742, Apr. 2016.

[28] S. Khanafseh, N. Roshan, S. Langel, F. Chan, M. Joerger, and B. Per-
van, “GPS spoofing detection using RAIM with INS coupling,” in Proc.
IEEE/ION Position, Location, Navigation Symp., May 2014, pp. 1232–
1239.

[29] M. Maaref, J. Khalife, and Z. Kassas, “Integrity monitoring of LTE signal
of opportunity-based navigation for autonomous ground vehicles,” in Proc.
ION GNSS Conf., Sep. 2018, pp. 2456–2466.

[30] J. Morales, P. Roysdon, and Z. Kassas, “Signals of opportunity aided
inertial navigation,” in Proc. ION GNSS Conf., Sep. 2016, pp. 1492–1501.

[31] Z. Kassas, J. Morales, K. Shamaei, and J. Khalife, “LTE steers UAV,” GPS
World Mag., vol. 28, no. 4, pp. 18–25, Apr. 2017.

[32] Z. Kassas, V. Ghadiok, and T. Humphreys, “Adaptive estimation of signals
of opportunity,” in Proc. ION GNSS Conf., Sep. 2014, pp. 1679–1689.

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on January 06,2021 at 00:30:04 UTC from IEEE Xplore.  Restrictions apply. 



MAAREF AND KASSAS: MEASUREMENT CHARACTERIZATION AND AUTONOMOUS OUTLIER DETECTION AND EXCLUSION 683

[33] J. Morales and Z. Kassas, “Optimal collaborative mapping of terrestrial
transmitters: receiver placement and performance characterization,” IEEE
Trans. Aerosp. Electron. Syst., vol. 54, no. 2, pp. 992–1007, Apr. 2018.

[34] J. Barnes et al., “Characterization of frequency stability,” IEEE Trans.
Instrum. Meas., vol. 20, no. 2, pp. 105–120, May 1971.

[35] Y. Bar-Shalom, X. Li, and T. Kirubarajan, Estimation With Applications
to Tracking and Navigation. Hoboken, NJ, USA: Wiley, 2002.

[36] A. Thompson, J. Moran, and G. Swenson, Interferometry and Synthesis in
Radio Astronomy, 2nd ed., Hoboken, NJ, USA: Wiley, 2001.

[37] J. del Peral-Rosado et al., “Software-defined radio LTE positioning re-
ceiver towards future hybrid localization systems,” in Proc. Int. Commun.
Satell. Syst. Conf., Oct. 2013, pp. 14–17.

[38] Z. Kassas and T. Humphreys, “Observability analysis of collaborative
opportunistic navigation with pseudorange measurements,” IEEE Trans.
Intell. Transp. Syst., vol. 15, no. 1, pp. 260–273, Feb. 2014.

[39] M. Shelley, “Monocular visual inertial odometry,” Master’s thesis, Dept.
Comput. Sci., Technical Univ. Munich, Munich, Germany, 2014.

[40] N. Zhu, J. Marais, D. Betaille, and M. Berbineau, “GNSS position integrity
in urban environments: A review of literature,” IEEE Trans. Intell. Transp.
Syst., vol. 19, no. 9, pp. 2762–2778, Sep. 2018.

[41] N. Kbayer and M. Sahmoudi, “Performances analysis of GNSS NLOS bias
correction in urban environment using a three-dimensional city model and
GNSS simulator,” IEEE Trans. Aerosp. Electron. Syst., vol. 54, no. 4,
pp. 1799–1814, Feb. 2018.

[42] L. Heng, “Safe satellite navigation with multiple constellations: Global
monitoring of GPS and GLONASS signal-in-space anomalies,” Ph.D.
dissertation, Dept. Elect. Eng., Stanford Univ., Stanford, CA, USA, 2012.

[43] P. Misra and P. Enge, Global Positioning System: Signals, Measurements,
and Performance, 2nd ed., Lincoln, MA, USA: Ganga-Jamuna Press, 2010.

[44] D. Bladsjo, M. Hogan, and S. Ruffini, “Synchronization aspects in LTE
small cells,” IEEE Commun. Mag., vol. 51, no. 9, pp. 70–77, Sep. 2013.

[45] F. Knutti, M. Sabathy, M. Driusso, H. Mathis, and C. Marshall, “Posi-
tioning using LTE signals,” in Proc. Navigation Conf. Eur., Apr. 2015,
pp. 1–8.

[46] W. Xu, M. Huang, C. Zhu, and A. Dammann, “Maximum likelihood TOA
and OTDOA estimation with first arriving path detection for 3GPP LTE
system,” Trans. Emerg. Telecommun. Technologies, vol. 27, no. 3, pp. 339–
356, 2016.

[47] K. Shamaei, J. Khalife, and Z. Kassas, “Comparative results for positioning
with secondary synchronization signal versus cell specific reference signal
in LTE systems,” in Proc. ION Int. Tech. Meeting Conf., Jan. 2017, pp.
1256–1268.

[48] B. Yang, K. Letaief, R. Cheng, and Z. Cao, “Timing recovery for OFDM
transmission,” IEEE J. Sel. Areas Commun., vol. 18, no. 11, pp. 2278–2291,
Nov. 2000.

[49] A. Grosch, O. Crespillo, I. Martini, and C. Gunther, “Snapshot residual
and Kalman filter based fault detection and exclusion schemes for robust
railway navigation,” in Proc. Eur. Navigation Conf., May 2017, pp. 36–47.

[50] S. Bhattacharyya and D. Gebre-Egziabher, “Kalman filter-based RAIM
for GNSS receivers,” IEEE Trans. Aerosp. Electron. Syst., vol. 51, no. 3,
pp. 2444–2459, Jul. 2015.

[51] “Septentrio AsteRx-i V,” 2018. [Online]. Available: https://www.
septentrio.com/products

[52] “Laird phantom 3G/4G multiband antenna NMO mount white
TRA6927M3NB,” [Online]. Available: https://www.lairdtech.com/
products/phantom-series-antennas

[53] “National instrument universal software radio peripheral-2954r,” [Online].
Available: http://www.ni.com/en-us/support/model.usrp-2954.html

[54] P. Groves, Principles of GNSS, Inertial, and Multisensor Integrated Nav-
igation Systems, 2nd ed., Norwood, MA, USA: Artech House, 2013.

[55] J. Farrell and M. Barth, The Global Positioning System and Inertial
Navigation. New York, NY, USA: McGraw-Hill, 1998.

Mahdi Maaref received a B.S. and M.S. from the
University of Tehran in 2008 and 2011, respectively,
and a Ph.D. in Electrical Engineering from Shahid
Beheshti University, in 2016. He was a Visiting Re-
search Collaborator at the University of Alberta, Ed-
monton, Canada in 2016. Currently, he is a postdoc-
toral Research Fellow at the University of California,
Riverside and a member of the Autonomous Systems
Perception Intelligent and Navigation (ASPIN) Lab-
oratory. His research interests include autonomous
ground vehicles, opportunistic perception, and au-

tonomous integrity monitoring.

Zak (Zaher) M. Kassas (Senior Member, IEEE) is
an assistant professor at the University of California,
Irvine and director of the ASPIN Laboratory. He
received a B.E. in Electrical Engineering from the
Lebanese American University, an M.S. in Electri-
cal and Computer Engineering from The Ohio State
University, and an M.S.E. in Aerospace Engineering
and a Ph.D. in Electrical and Computer Engineering
from The University of Texas at Austin. In 2018, he
received the National Science Foundation (NSF) Fac-
ulty Early Career Development Program (CAREER)

award, and in 2019, he received the Office of Naval Research (ONR) Young
Investigator Program (YIP) award. He is a recipient of 2018 IEEE Walter
Fried Award, 2018 Institute of Navigation (ION) Samuel Burka Award, and
2019 ION Col. Thomas Thurlow Award. He is an Associate Editor for the
IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS and the IEEE
TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS. His research in-
terests include cyber-physical systems, estimation theory, navigation systems,
autonomous vehicles, and intelligent transportation systems.

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on January 06,2021 at 00:30:04 UTC from IEEE Xplore.  Restrictions apply. 

https://www.septentrio.com/products
https://www.lairdtech.com/products/phantom-series-antennas
http://www.ni.com/en-us/support/model.usrp-2954.html


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


