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Abstract—A robust receiver design to exploit long-term evo-
lution (LTE) terrestrial cellular signals of opportunity (SOPs)
for high altitude aircraft navigation is presented. Conventional
receivers employ phase-locked loops (PLLs) to track the carrier
phase of received signals. In this paper, a Kalman filter (KF)
is developed to replace the receiver’s PLLs. To evaluate the
performance of the proposed receiver, a flight campaign was
conducted over two regions in California, USA: (i) Region A:
Edwards Air Force Base (rural) and (ii) Region B: Palmdale
(semi-urban). It is shown that the proposed receiver provides
robust tracking of received LTE signals compared to a con-
ventional PLL-based receiver, in which the latter could only
track intermittently, especially during sharp turns. The produced
carrier phase observables to 5 LTE eNodeBs in each region were
fused with altimeter data via an extended Kalman filter (EKF) to
estimate the aircraft’s trajectory. Over trajectories of 51 km and
57 km in regions A and B, traversed in 9 min and 11 min, at flying
altitudes of 5,000 and 7,000 ft above ground level, respectively,
the proposed KF-based receiver reduced the position root-mean
squared error (RMSE) by 74.8% and 30.7%, respectively, over
the PLL-based receiver.

Index Terms—Aircraft navigation, signals of opportunity, LTE

I. INTRODUCTION

Radio frequency interference (RFI) incidents in global nav-
igation satellite system (GNSS) bands have skyrocketed in
the past few years, jeopardizing safe and efficient aviation
operations [1]. National agencies, from the U.S. Department of
Transportation (USDOT) [2] to the National Institute of Stan-
dards and Technology (NIST) [3], and international agencies,
from the International Civil Aviation Organization (ICAO) [4],
[5] to the International Telecommunication Union (ITU) [6],

have called for both protecting against harmful RFI in GNSS
bands and to finding complementary navigation technologies.
In its highly regarded 2021 report, NIST identified signals of
opportunity (SOPs) and terrestrial RF sources (e.g., cellular)
as a mitigation category.

SOPs have demonstrated promising potential for navigation
when GNSS signals become unreliable or unavailable [7].
Even though these signals were not intended for navigation
purposes, researchers have shown that they can be exploited
for such purpose. SOPs can be terrestrial (e.g., AM/FM radio
[8]–[10], cellular [11]–[13], and digital television [14]–[16]),
or space-based (e.g., low Earth orbit (LEO) satellites [17]–[19]
and geostationary Earth orbit (GEO) satellites [20]).

Cellular SOPs have been shown to be particularly effective
as a navigation source in challenging GNSS environments,
such as indoors [21], [22], deep urban canyons [23], [24],
and intentionally GPS-jammed environments [25]. This is
attributed to their inherent features, which are desirable for
navigation: abundance, geometrical and spectral diversity, and
reception with a high carrier-to-noise ratio (CNR). When
it comes to aerial vehicle navigation, cellular signals have
yielded submeter-level accuracy on low altitude unmanned
aerial vehicles (UAVs) [26], [27] and meter-level accuracy on
high altitude aircraft [28]–[30].

Assessing cellular signals for aerial vehicles have been the
subject of several studies recently [31], [32]. These studies
span radio channel modeling [33], [34]; evaluation of signal
quality in terms of received signal power [35], [36], inter-
ference from cellular transmitters [37], [38], and coverage
and connectivity [39], [40]; and standards recommendations



[41], [42]. However, the majority of these studies focused on
evaluating cellular signals for communication purposes with
little attention to evaluating them for navigation purposes [43],
[44]. Moreover, they considered UAVs flying at low altitudes
(up to 500 ft) and slow speeds (up to 50 km/h).

To the authors knowledge, the first studies to evaluate the
potential of cellular signals for high altitude aircraft navigation
appeared in [28]–[30]. These studies were the result of an
unprecedented aerial campaign conducted by the Autonomous
Systems Perception, Intelligence, and Navigation (ASPIN)
Laboratory in collaboration with the United States Air Force
(USAF) at the Edwards Air Force Base (AFB), California,
USA. The cellular software-defined radios (SDRs) of the
ASPIN Laboratory were flown on a USAF Beechcraft C-
12 Huron, a fixed-wing aircraft, to collect ambient cellular
signals. This unique dataset consists of combinations of flights
run over rural and semi-urban environments with altitudes
ranging up to 23,000 ft and a multitude of trajectories and
maneuvers including straight segments, banking turns, holding
patterns, and ascending and descending teardrops, performed
by members of the USAF Test Pilot School.

Conventional receivers [45], including the one used in [28]–
[30], employ phase-locked loops (PLLs) to track the carrier
phase of received signals. Kalman filter (KF)-based tracking
loops are known to improve tracking robustness [46], [47],
which are adopted in this paper. The proposed KF-based
receiver was evaluated on recorded long-term evolution (LTE)
samples over two regions in California, USA: (i) Region A:
Edwards Air Force Base (rural) and (ii) Region B: Palmdale
(semi-urban). This paper shows that the KF-based receiver
provides robust tracking compared to a conventional PLL-
based receiver, in which the latter could only track inter-
mittently, especially during sharp turns. The produced carrier
phase observables to 5 LTE eNodeBs in each region were
fused with altimeter data via an extended Kalman filter (EKF)
to estimate the aircraft’s trajectory. Over trajectories of 51 km
and 57 km in regions A and B, traversed in 9 min and 11 min,
at flying altitudes of 5,000 and 7,000 ft above ground level
(AGL), respectively, the proposed KF-based receiver reduced
the position root-mean squared error (RMSE) by 74.8% and
30.7%, respectively, over the PLL-based receiver.

The rest of this article is organized as follows. Section
II describes the proposed KF-based tracking loops. Section
III evaluates the tracking performance of the proposed re-
ceiver. Section IV describes the EKF settings and compares
the aircraft navigation results obtained using the PLL-based
receiver versus the proposed KF-based receiver. Section V
gives concluding remarks.

II. PROPOSED KF-BASED TRACKING LOOPS

This section outlines the proposed KF-based tracking loops,
which are later shown to improve carrier phase tracking robust-
ness over PLL-based tracking. Aside from the tracking loops,
the remainder of the receiver components remain identical to
the receiver used in [28]–[30].

A. KF-based Tracking Design

In [28], it was shown that during aircraft banking, tracking
was lost, which resulted in large navigation error. One reason
for the tracking loss was that the PLL could not cope with such
high dynamics. To address this issue, the PLL is replaced with
a KF to track the carrier phase, Doppler, and Doppler rate.

1) Received Signal Dynamical Model: Using a Taylor
series expansion, the carrier phase of the received signal can
be represented as

θ = θ0 + θ̇(t)t+
1

2
θ̈(t)t2 + · · · . (1)

In this paper, the carrier phase is approximated up to its
second-order term to provide robust tracking by estimating
both the Doppler frequency and Doppler rate. The state vector
is defined as x(t) = [θ(t), θ̇(t), θ̈(t)], whose dynamics is
modeled as

ẋ(t) = Ax(t) +Bw̃(t) (2)

A =

0 1 0
0 0 1
0 0 0

 , B =

00
1

 ,

where w̃(t) is a zero-mean white noise process with power
spectral density qw̃. The continuous-time model in (2) is
discretized at a time interval, known as subaccumulation
interval, Tsub, yielding

xk+1 = Fxk +wk, (3)

where F = eATsub ; Tsub = LTs, where Ts is the baseband
sampling time, and L is the number of samples in
each Tsub; wk is a discrete-time process noise vector,
which is a zero-mean white sequence with covariance
Q = qω̃

∫ Tsub

0
eATsub(eATsub)Tdt.

B. Kalman Filter-Based Tracking Loop

In the proposed receiver, a third-order KF-based algorithm
is designed to track the carrier phase, Doppler frequency, and
Doppler rate. Denote θ̂k|k as the estimate of the state vector
at time-step k, given all the measurements up to time-step k.
The estimate of the state vector is θ̂ = [θ̂0, 2πf̂D, 2π

ˆ̇
fD]. The

initial state vector estimate is θ̂0|0 = [0, 2πfD0
, 0], where fD0

is estimated from the acquisition step. The estimated carrier

phase θ̂ = θ̂0+2πf̂DnTs+2π
ˆ
ḟD
2 n2T 2

s is used for both Doppler
and Doppler rate wipe-off according to r̃[n] = r[n] exp(−jθ̂),
where r[n] is the received baseband signal, which can be
expressed as

(4)r[n] = αc[τn − ts[n]] exp(jθ[τn])

+ d[τn − ts[n]] exp(jθ[τn]) + w[n],

where α is the complex channel gain between the receiver
and the eNodeB, τn is the sample time expressed in the
receiver time, c[n] is the periodic reference signal (namely,
the secondary synchronization signal (SSS) and cell-specific
reference signal (CRS), in this paper), ts[n] is the code phase



related to the distance between the receiver and the eNodeB at
the nth time instant, θ[τn] is the carrier phase in radians, d[τn]
represents the data samples transmitted from the eNodeB, and
w[n] the measurement noise, modeled as an independent and
identically distributed white noise.

Equivalently, the received signal can be represented as

r[n] = s[n] + wequ[n], (5)

where the desired received signal can be represented as

s[n] = αc[τn − ts[n]] exp(jθ[τn]) (6)

and the equivalent noise is

wequ[n] = d[τn − ts[n]] exp(jθ[τn]) + w[n]. (7)

After compensating for the carrier phase, the received signal
can be written as

r[n] = αc[τn − ts[n]] exp(jθ̃[τn]) + nk[n], (8)

where θ̃k[n] = θk[n] − θ̂k[n] is the carrier phase estimation
error. The wiped-off sequence is correlated with the locally
generated code. The angle of this correlation is considered as
the residual error and is fed as an innovation to the KF loop
using the observation model

zk = Hxk + vk, H =
[
1 0 0

]
, (9)

where vk is the observation noise, which is modeled as
discrete-time zero-mean white sequence with variance σ2

θ . Af-
ter calculating the innovation and performing a measurement-
update step, the posterior carrier phase state θ̂k|k is estimated
and used in the refinement of the tracking.

C. Carrier-Aided Delay-Locked Loop

The carrier-aided delay-locked loop (DLL) uses a dot-
product discriminator [48] to calculate the code phase error
using the prompt, early, and late correlations, represented by
Sp, Se, and Sl. The early and late correlations are computed
by correlating the received signal with an early and delayed
version of the prompt code sequence, respectively to yield

ek = C ·
[
(Ie,k − Il,k)Ip,k + (Qe,k −Ql,k)Qp,k

]
, (10)

where Sp,k = Ip,k + jQp,k, Se,k = Ie,k + jQe,k, and Sl,k =
Il,k + jQl,k and the constant C relates to the CNR and chip
interval. The DLL loop filter is a simple gain K, which relates
to the noise-equivalent bandwidth, Bn,DLL = K

4 = 0.05. The
output of the DLL filter, νDLL,k, is the rate of change of the
code phase, expressed in s

s . Assuming low-side mixing, the
code start time is updated at time intervals of Tsub according
to

t̂sk+1
= t̂sk − (νDLL,k +

f̂Dk

fc
)Tsub, (11)

where fc is the carrier frequency, f̂Dk is the Doppler frequency
estimated by the KF, and Tsub is the subaccumulation interval.

III. TRACKING RESULTS

To evaluate the performance of the proposed receiver, the
same LTE samples used in [28]–[30] was re-processed. The
tracking results from proposed receiver versus [30] are com-
pared in this section.

A. Region A

The first test trajectory is shown in Fig. 1. During this
flight, data was sampled from two LTE channels with carrier
frequencies at (i) 731.5 MHz, a 4G LTE channel allocated
for the US cellular provider T-Mobile, and (ii) 751 MHz,
a 4G LTE channel allocated for the US cellular provider
AT&T. The robustness of the proposed receiver is evaluated
by comparing its performance for the five eNodeBs that were
acquired and tracked in [30]. Fig. 2a illustrates the time history
of the pseudoranges obtained from carrier phase measurements
that were estimated using the proposed KF-based receiver
versus the ground truth ranges for the five LTE eNodeBs.
Fig. 2b shows the time history of the measured pseudoranges
estimated in [30] versus the ground truth ranges for those
five LTE eNodeBs. The results demonstrate that pseudorange
tracking is lost only for one eNodeB (around 350 s), while in
[30], tracking was lost for three eNodeBs, starting around 300
s, the time at which the aircraft performed a banking turn.

Ground truth

20 km

Fig. 1: Experimental environment in region A showing the
aircraft trajectory and the locations of the 5 LTE eNodeBs.

B. Region B

The second test trajectory is shown in Fig. 3. During this
flight, two LTE channels were sampled at (i) 731.5 MHz, a
4G LTE channel allocated for T-Mobile, and (ii) 739 MHz,
a 4G LTE channel allocated for Verizon. In [30], five LTE
eNodeBs were acquired and tracked during this flight. Fig. 4a
illustrates the time history of the pseudoranges estimated using
the proposed KF-based receiver versus the ground truth ranges
for the five LTE eNodeBs. Fig. 4b shows the time history of the
measured pseudoranges estimated in [30] versus the ground
truth ranges for those five LTE eNodeBs. It can be seen that
the KF-based receiver tracks more eNodeBs for longer time
compared with [30].



(a)

(b)

Fig. 2: Time history of the pseudoranges and the corresponding
true range in Region A using (a) the proposed KF-based
receiver and (b) the PLL-based received used in [30]. The
initial values of the pseudoranges were subtracted out for ease
of comparison.

C. Discussion

The results presented in Subsections III-A and III-B high-
light the robustness of the proposed KF-based tracking loop
compared to PLL-based tracking. Using a third-order KF
enabled tracking more eNodeBs for a longer period of time.
This improved performance is due to the fact that using a
third-order KF, the Doppler rate is also tracked. In addition,
in each iteration, the carrier phase error is used to update
the measurement variance, which affects Doppler estimation,
and improves the tracking. It is worth noting that the loss of
tracking in the proposed KF-based receiver could be attributed
to the blockage caused by the wings or the body of the aircraft,

Ground truth

10 km

Fig. 3: Experimental environment in region A showing the
aircraft trajectory and the locations of the 5 LTE eNodeBs.

which attenuate the signal. It could be also attributed to the
KF failing to keep up with highly dynamic aircraft maneuvers.
Investigation of this phenomenon is deferred to future research.

IV. NAVIGATION RESULTS

The produced carrier phase observables to five LTE eN-
odeBs in each region were fused with altimeter data via an
EKF to estimate the aircraft’s trajectory. The EKF used in this
paper is similar to the one adopted in [30]. The EKF settings
are summarized next.

The receiver and nth LTE eNodeB clock process noise
covariance matrices were set to

c2Qclkr =

[
4.22× 10−5 3.37× 10−7

3.37× 10−7 6.74× 10−5

]

c2Qclksn
=

[
3.59× 10−5 3.54× 10−9

3.54× 10−9 7.09× 10−7

]
,

where c is the speed of light and n = 1, 2, . . . , 5. The
measurement sampling time was T = 0.01 s. The jerk process
noise spectra were chosen to q̃N = q̃E = 15 m2/s5 and
q̃D = 5m2/s5. The altimeter measurement noise variance
σ2
alt(k) was set to 5m2. The measurement noise variance was

calculated from the CNR.
The navigation performance of the proposed receiver is

compared with PLL-based receiver in Table II and Table III
for both regions. Over trajectories of 51 km and 57 km in
regions A and B, traversed in 9 min and 11 min, at flying
altitudes of 5,000 and 7,000 ft AGL, respectively, the proposed
KF-based receiver reduced the position RMSE by 74.8% and
30.7%, respectively, over the PLL-based receiver. The PLL-
based receiver in [30] lost track of several eNodeBs during
the banking turns. It is worth noting that the results presented
in [30] included signals received from cellular 3G code-
division multiple access (CDMA), which yielded a meter-level
accurate navigation solution. These CDMA signals are omitted
in this papers to focus on assessing the performance of only
LTE signals. It is expected that adding the omitted CDMA
pseudoranges into the EKF would yield meter-level accurate
navigation which would be more accurate than the results
reported in [30].



(a)

(b)

Fig. 4: Time history of the pseudoranges and the corresponding
true range in Region B using (a) the proposed KF-based
receiver and (b) the PLL-based received used in [30]. The
initial values of the pseudoranges were subtracted out for ease
of comparison.

V. CONCLUSION

This paper presented a KF-based receiver design to track the
carrier phase of terrestrial cellular LTE signals on high altitude
aircraft. Re-processing the dataset recorded in the SNIFFER
flight campaign with the proposed KF-based receiver was
shown to produce robust tracking compared with a PLL-based
receiver. In addition, the produced carrier phase observables
were fused with altimeter data via an EKF to estimate the
aircraft’s trajectory. Over trajectories of 51 km and 57 km in
regions A and B, traversed in 9 min and 11 min, at altitude of
5,000 ft and 7,000 ft AGL, respectively, the proposed KF-
based receiver reduced the position RMSE by 74.8% and
30.7%, respectively, over the PLL-based receiver.

TABLE I: Navigation Performance in Region A

Metric PLL Proposed KF

Number of eNodeBs used 5 5
Cellular Frequency [MHz] 731.5 731.5

751 751
Flight duration [min] 9 9
Flight length [km] 44 44
Altitude AGL [ft] 5,000 5,000
Position RMSE [m] 119.25 30.03
Position error standard deviation [m] 88.51 20.79

TABLE II: Navigation Performance in Region B

Metric PLL Proposed KF

Number of eNodeBs used 5 5
Cellular Frequency [MHz] 731.5 731.5

739 739
Flight duration [min] 11 11
Flight length [km] 57 57
Altitude AGL [ft] 7,000 7,000
Position RMSE [m] 211.33 146.44
Position error standard deviation [m] 183.11 113.25
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