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Abstract— Navigation and communication are two of the
major challenges when flying unmanned aerial vehicles (UAVs)
beyond visual line of sight (BVLOS), in particular when
Global Navigation Satellite Systems (GNSS) are unavailable.
The phased array radio system used in this paper aims to
solve both communication and navigation with one system.
To enable high efficiency data transfer, the radio system uses
electronic beamforming to direct the energy from the ground
radio towards the UAV, but to be able to do this, the ground
radio needs to know the bearing and elevation angles towards
the UAV. By measuring the round-trip time to compute the
range and observing the direction of the incoming signal to
compute the bearing and elevation angles, the phased array
radio system is able to find the position of the UAV, relative to
the ground radio, in all three dimensions.

The phased array system is shown to provide absolute
measurements for UAV navigation in radio line of sight, which
can be used as a redundant system to GNSS measurements.
By merging the radio measurements with barometer altitude
data, a mean accuracy of approximately 24 m with a standard
deviation of approximately 17 m compared to the real time
kinematic (RTK) satellite navigation solution is achieved on a
UAV flight at a distance of approximately 5 km.

I. INTRODUCTION

Today, two major challenges with unmanned aerial vehicle

(UAV) flights beyond visual line of sight (BVLOS) are

navigation and communication. UAVs’ abilities to cover large

distances in a short amount of time, and their maneuverabil-

ity, make them valuable tools for many civilian tasks such as

surveillance of power lines, search and rescue and scientific

research. To be able to safely perform these tasks, however,

an operator needs to know where the UAVs are, what they

are sensing, and he or she needs to be able to send updated

commands to the UAV.

When it comes to positioning sensors there are two main

categories; absolute positioning systems, which measure a

position in relation to a fixed point, and relative positioning

systems, which measure a position in relation to the previous

position. When using relative positioning sensors, the errors
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accumulate, as old estimates are added to the current esti-

mate, and thus the accuracy of the estimated position will

deteriorate over time. Conversely, an absolute positioning

system will typically have bounded errors, and the errors

will not vary over time as they are measured directly. The

most commonly used absolute positioning systems today are

global navigation satellite systems (GNSS) such as Global

Positioning System (GPS), due to the low integration cost

and global coverage.

There are, unfortunately, challenges when relying solely

on GNSS positioning. Hardware failures, operation in areas

with weak signal reception due to multipath or atmospheric

effects, and malicious disruption of the signal through jam-

ming [1], spoofing [2], selective availability (SA), or unin-

tended electronic interference from other systems, makes it

vital to have alternative sources of navigation. The state of

the art solution to GPS-less navigation is using computer

vision [3–10]. The main weakness of vision-based solutions

is the need for visual features and such systems are therefore

susceptible to both atmospheric and light conditions. When

flying over a calm ocean there are also few visible features,

even with high visibility. Another challenge with computer

vision systems is that image analysis is both complex and

computationally expensive. As the downlink data-rate from a

UAV to the ground usually is too limited to transfer a high-

quality video stream, especially on long-range flights, data

analysis needs to be performed on-board. Due to the limited

onboard computational power it is advantageous to reduce

the computational power needed by the navigation system,

to be able to focus on the mission specific tasks instead.

By using a phased array radio system (PARS), both the

challenges of communication and navigation are addressed.

By using electrical beamforming, the PARS is able to direct

the energy from the transmitting antenna elements towards

the receiving radio [11–14]. In addition to allowing efficient

high-rate data transfer over long distances, the system is

also able to provide positioning data. The position estimates

are obtained by accurately timing the round-trip time of the

signal and analyzing the direction of the incoming radio

waves [15], [16]. This positioning system provides a local

absolute position measurement, it is GNSS-independent and

no complex signal analysis needs to be performed on board

the UAV.

This paper studies a PARS as an alternative to GNSS-

based positioning. As this system provides absolute position

estimates, it is drift free and thus a valuable sensor for long

duration flights. Due to a degradation in vertical accuracy, a

solution of using a barometer as an altimeter to compensate

for this is effect is proposed. The system is tested and verified
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through a 35min flight over the ocean and compared to a

RTK (Real Time Kinematic) GPS solution.

This paper first gives an overview of the PARS used in

Section II. Then an overview of the proposed UAV system, in

which to use the PARS, is presented in Section III. A method

of estimating the pose of the ground radio is given in Section

IV. Experimental results from a flight with a UAV are then

presented in Section V with results from radio measurements

in Section V-A and barometer aided results, for handling

vertical inaccuracies, in Section V-B. Section VI suggests

future work and Section VII concludes the paper.

II. PHASED ARRAY RADIO NAVIGATION SYSTEM
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Fig. 1: A minimal overview of a UAV and ground station

system. For clarity, the avionics are not shown.

The phased array radio system used is the Radionor

CRE2-189 ground radio with a 8 by 8 grid of antenna

elements, and an CRE2-144-LW with four antenna elements

placed on the nose of the UAV. The onboard CRE2-144-

LW has a weight of 85 g, dimensions of 120mm x 65mm
x 13.3mm. The CRE-144-LW is depicted in Fig. 2. To

provide high efficiency data transfer from a ground station

to a UAV, the PARS uses electrical beamforming to focus

the transmitted energy in one direction. To properly be able

to use beamforming, the ground radio needs to know the

direction and preferably the distance to the UAV. To find

this direction, the ground radio first sends an omnidirectional

”ping”-signal, then observes the incoming response from the

UAV radio, to find the direction towards UAV’s antennas. The

directional vector from the ground radio’s antennas towards

the UAV’s radio antennas is calculated by observing how the

signals are received by the different antenna elements on the

ground radio. By using electrical beamforming to increase

the performance of the radio system, a maximum user data

throughput of 15Mbps at 20 km, 7Mbps at 30 km, and

2.3Mbps at 60 km is achieved. An overview of the minimal

system needed for position data is shown in Figure 1.

By accurately recording the time at which radio messages

are sent from the ground radio and the time at which the

corresponding wireless ACK-responses are received from the

UAV radio, the round-trip time (RTT) of the signals are

calculated by subtracting the internal computation time. This

RTT is then used to calculate the distance between the ground

radio and the UAV, knowing the speed of radio waves in air

and the internal delays of the system. These direction and

distance measurements then provide local absolute position

measurements for the UAV, by knowing the pose of the

ground radio.

Although the radio system does not have a global cover-

age, as opposed to GNSS, a sector of tens of kilometers can

be covered from a single ground radio. The frustum covered

by the ground radio spans 90◦ in both the horizontal direction

and the vertical direction, with a maximal range of 60 km.

Multiple ground radios can be used to ensure coverage of

a larger operational area if needed. Note that the accuracy

of the positional measurements in Cartesian coordinates will

deteriorate proportionally with the measured distance, as the

accuracy of the radio is specified as bearing and elevation

angles from the ground radio.

As the PARS has a much higher signal-to-noise ratio

(SNR) than GNSS signals transmitted from satellite orbit,

jamming or spoofing the PARS position measurements are

much more difficult. The PARS is also directional, as op-

posed to GNSS, and thus a malicious source needs to be

in the visible sector of the ground radio to disrupt the

position estimates. In addition, position estimates sent from

the ground radio can be strongly encrypted to verify the

sender’s origin.

III. EXPERIMENTAL SYSTEM OVERVIEW

Fig. 2: The CRE2-144-LW phased array radio

As can be seen in Figure 3, the system on board the UAV

is split in to three main parts; the avionics, the Experimental

Navigation Stack, and the PARS. The avionics is responsible

for the flight critical components of the UAV, and can

operate without any other parts of the system during normal

conditions. This system is based around the PIXHAWK[17]

autopilot with a LEA-N7 GPS receiver [18], the PX4 Air-

speed Sensor based on the MS4525DO sensor [19], and the

standard integrated PIXHAWK sensor suite with IMUs[20–

22] and a MEAS MS5611 barometer [23].

The Experimental Navigation Stack is responsible for

providing a more accurate and robust navigation solution

for the UAV using RTK GPS, a tactical grade IMU and a

hardware synchronization board. To be able to calculate a

high precision position solution based on GPS, raw satellite

data with carrier-phase measurements are recorded on the

base station. These measurements can either be transmitted

from the ground station to the UAV, or be stored on the

ground station and only be used for post-processing. A
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Fig. 3: Overview of the UAV and ground station systems

used in experiments. The dashed line between the radios

represents wireless communication. For simplicity, some

components of the avionics are not shown in this overview.

separate GPS receiver, the ublox LEA M8T [24], is used

due to the difficulties of relaying raw GPS measurements

from the GPS receiver attached to the PIXHAWK.

To accurately synchronize the data a hardware synchro-

nization board, the SyncBoard[25], is used to capture the

PPS (pulse per second) signal from the GPS receiver and the

time of validity (TOV) from the IMU, and attach accurate

timestamps to the corresponding sensor messages. The data

recorded by the SyncBoard is then transferred through USB

to the ODROID-XU4 on-board computer and stored on the

attached eMMC (embedded Multi-Media Controller) storage.

IV. GROUND RADIO POSE ESTIMATION

Each time the ground radio is moved, its pose needs to

be estimated. This can be done manually, by measuring the

position using a GNSS receiver and the attitude using an in-

clinometer and a compass, but a more accurate, time efficient

and elegant method is to estimate the pose automatically.

By accurately calculating the position of the UAV using

real-time kinematic (RTK) satellite navigation, and accu-

rately synchronizing the measurements from the ground

radio measurements with the GPS clock, the radio-pose

which would produce the observed measurements can be

calculated. To compensate for noise and other inaccuracies

of the measurements, several such measurement pairs are

used. In [26], summarized by [27], this is done by taking the

singular value decomposition (SVD) of the mean-subtracted

measurements and then using the result to calculate the

rotation matrix, R, for the ground radio in the local East-

North-Up (ENU) coordinate system.

First we convert the radio measurements, given in bearing,

elevation and range, to Cartesian coordinates. Then we

organize the measurements from the RTK solution and the

radio measurements in two separate vectors.

prtk =










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
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(1)

Then we subtract the mean value of the measurements:

p∗

rtk = prtk − p̄rtk (2)

p∗

radio = pradio − p̄radio (3)

and use the SVD as follows:

(p∗

radio)
⊺
· p∗

rtk = UΣV ⊺ (4)

Then we calculate the rotation matrix as in Equation 25 in

[27]. The det(V U⊺) term comes from the special orientation

reflection case described in [27].

R = V











1
. . .

1
det(V U⊺)











U⊺ (5)

The position of the ground radio, t, is then calculated by:

t = p̄rtk −Rp̄radio (6)

To achieve more accurate results, the measurements can be

weighted based on the estimated accuracy from the sensors.

V. EXPERIMENTAL RESULTS

To verify the positional measurements from the PARS, an

experiment was carried out using a Skywalker X8 UAV at

Agdenes outside Trondheim, Norway on June 23rd 2016 in

good weather conditions and a forecasted wind of 15 km/h.

To validate the position measurements of the PARS, GPS

measurements from the onboard uBlox LEA-M8T were

used. To improve the accuracy of the GPS measurements, a

base station was recording the signal from a fixed position,

and an open source RTK solver, RTKLIB, was used to

find the real time kinematic GPS solution. This solution is

labeled RTK in the plots in this section. Note that the RTK

solution is only used to calibrate the position of the PARS

and for verification, but is not used to improve the radio

measurements.

To ensure that the data for the ground-pose calibration is

reliable, UAV missions can be preceded by a calibration step.

To calibrate the ground radio pose, the UAV should be piloted

in an area with good GPS coverage, while recording PARS

measurements. This step can either be a separate flight, or

the initial part of a longer mission. The recorded dataset can

then be used in the calibration step described in Section IV.



Fig. 4: A map of the flight track, with indicators showing

the loitering circles from 520 s to 650 s and 1540 s to 1660

s after takeoff. The icon with the building indicates the base

station.
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Fig. 5: Measurements from the phased array radio system

A. Raw radio measurements

Figure 5 shows the measurements from a complete UAV

flight with a maximum measured distance of approximately

5 km from the ground station. When the UAV is close to the

base station, from 0 s to 175 s after takeoff, the measured

angle fluctuates as the UAV is outside the visible sector

of the radio. Note that although the UAV maintains a fixed

altitude, the angle measurement in the y-direction varies with

approximately 4◦ at about 4125m. This is an inaccuracy

likely due to reflections of the radio beams in the surface of

the water, and results in an error of the position measurement

from the radio of 4125m sin(4◦) ≈ 288m. Figure 6 shows a

ground track of the flight from both the RTK GPS and radio

measurements, with the radio position and opening frustum

in the horizontal plane shown.

Figure 7 shows ENU plots from both the RTK GPS

measurements, and Figure 8 shows zoomed-in views at times

the UAV was loitering. In the Horizontal column of Table II

the number of measurements in the horizontal plane within

a specified accuracy are summarized. The error is calculated

as the root-mean-square (RMS) of difference from the RTK

position measurements.
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Fig. 6: Ground track of the PARS measurements and the RTK

solution. The black circle marks the radio position, and the

green lines indicate the visible frustum from the radio in the

horizontal plane.
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Fig. 7: Position measurements from the PARS, and RTK-

GPS measurements for reference. The data from 897-901 s
and 913-1148 s are missing due to a file transfer that dis-

rupted the measurements.
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Fig. 8: PARS measurements from 520 s to 650 s of loitering

UAV at a fixed altitude, and RTK-GPS measurements for

reference

B. Barometric vertical correction

To compensate for the inaccuracies of the radio measure-

ments in the vertical plane, measurements from the standard

barometer (altimeter) connected to the PIXHAWK autopilot

is used. As can be seen from Figure 9, these measurements

are significantly closer to the RTK measurements than the

radio measurements. Although the errors of a barometer

are unbounded and vary with weather conditions, they tend

to be considerably more stable than for example position

estimates based on IMU, and should provide sufficiently

accurate readings for the duration of a typical flight in most

scenarios. A full plot of the combined data can be seen in

Figure 9.

Table I lists these numbers in addition to the mean error

and standard deviation of the error of both the radio-only

and barometer supported measurements. Figure 10 contains

a cumulative histogram of the RMS error and Table II lists

example points from the histogram.

TABLE I: Comparison of radio-only and radio measurements

compensated with barometer measurements

Radio only Radio + barometer

Mean error 96.22m 24.23m

Standard deviation 95.26m 16.66m

VI. FUTURE WORK

Although there are several benefits of using the abso-

lute measurements from the PARS, such as being drift-

free and having bounded errors, there are limitations as

well. Similarly to GNSS, the PARS positioning system has

a limited measurement rate and provides non-continuous

measurements, which may lead to oscillations or other

unwanted behaviors if used directly by an autopilot. To

TABLE II: Percentage of measurements that are within a

certain accuracy. The Horizontal measurements are radio-

only measurements without the vertical components.

Measurements Horizontal Radio only Radio + barometer

20.00m 52.71% 19.40% 50.46%

30.00m 76.52% 29.72% 74.90%

40.00m 88.23% 36.44% 87.89%

100.00m 99.69% 63.65% 99.69%

200.00m 99.94% 87.83% 99.94%
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Fig. 9: RTK-GPS plotted against radio measurements in the

horizontal plane and barometer readings in the vertical plane.

both increase the rate and provide smooth measurements

an inertial measurement unit (IMU), which has a high

measurement rate and indirectly provides continuous position

measurements, can be used. As the IMU measurements are

only accurate in short time intervals, fusing the absolute

positioning measurements with the IMU data likely increases

the accuracy and robustness of the estimates. This can for

example be done using the extended Kalman filter (EKF).

To be able to rely on the radio measurements only, the

vertical accuracy needs to be improved significantly. If we

assume that the error in the vertical direction is due to

reflections by the ocean surface, and that both the real

Fig. 10: Cumulative histogram of the root mean square of

radio measurement errors in all three directions.



ranging signal and the reflected signals are detectable, the

following approach can be used. If the detection algorithm

is altered to provide one or more alternative measurements

instead of only the strongest signal, we can prevent that the

correct reading is discarded if the reflection has a stronger

signal. If this is the case, techniques such as Multiple

Hypothesis Tracking (MHT) can be used to make sure that

the real signal is correctly tracked by the system. If this

system is implemented, the system presented in this paper

would no longer be reliant on the altimeter, and would

provide a full absolute positioning system, independent of

other measurements.

It would also be interesting to make a flight with multiple

ground radios that observe the UAV from different positions

on the ground. This would in theory not only improve the

position estimates by having more independent readings, but

also allow a larger area to be visible by the radios. This

configuration will also allow us to verify the error sources of

the radio system, such as reflections from the ocean surface.

One might also imagine a hand-off scenario where when the

UAV leaves a sector covered by one radio, the second radio

provides the position estimates.

VII. CONCLUSION

In this paper we have studied a novel method of using a

PARS and a barometer for absolute positioning of a UAV.

As the phased array radio system is primarily used for

communication, the system as a whole solves two major

challenges with UAV operations. As radio beam reflections,

caused by the ocean surface, disrupt the vertical accuracy of

the position measurements of the UAV, a barometer is used

as a vertical reference.

The PARS has been tested and verified with experimental

results, and when combined with barometer readings, the

mean error compared to RTK GPS is 24.23m and 87.89%
of the measurements are within 40m of the RTK GPS

measurements. As the system provides absolute position

measurements, independent from GNSS measurements, it is

a valuable navigation source for BVLOS UAV flights.
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pilots Pål Kvaløy and Lars Semb at NTNU and Carl Erik

Stephansen and Torbjørn Houge at Maritime Robotics. We

are also thankful for the help in the construction and testing

of the UAV payload provided by the rest of the UAV team

at NTNU, in particular Jakob M. Hansen, Kasper T. Borup,

Lorenzo Fusini, and Artur P. Zolich.

REFERENCES

[1] A. Pinker and C. Smith, “Vulnerability of the GPS signal to jamming,”
GPS Solutions, vol. 3, no. 2, pp. 19–27, 1999.

[2] A. J. Kerns, D. P. Shepard, J. A. Bhatti, and T. E. Humphreys,
“Unmanned aircraft capture and control via GPS spoofing,” Journal

of Field Robotics, vol. 31, no. 4, pp. 617–636, 2014.
[3] J. Hardy, J. Strader, J. N. Gross, Y. Gu, M. Keck, J. Douglas, and C. N.

Taylor, “Unmanned aerial vehicle relative navigation in GPS denied
environments,” in 2016 IEEE/ION Position, Location and Navigation

Symposium (PLANS), April 2016, pp. 344–352.

[4] A. Bachrach, S. Prentice, R. He, and N. Roy, “RANGE–robust
autonomous navigation in GPS-denied environments,” Journal of Field

Robotics, vol. 28, no. 5, pp. 644–666, 2011.
[5] T. Krajnı́k, M. Nitsche, S. Pedre, L. Přeučil, and M. E. Mejail, “A
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