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Abstract— With global coverage, high accuracy, and
lightweight receivers, global navigation satellite system (GNSS)
has been the major positioning solution for unmanned aerial
vehicles (UAV). However, GNSS is prone to electromagnetic
interference and malicious attacks such as jamming or spoofing
due to its low signal-to-noise ratio (SNR). To ensure the
continuity and safety of UAV operation, the use of redundant
navigation systems is crucial. Phased array radio system (PARS)
has proven its potential as a local navigation solution in
the last few years. PARS is robust against malicious attacks
due to a significantly higher SNR than GNSS together with
directional and encrypted transmission. One of the challenges
of the PARS-based navigation is the radio antenna at ground
station, as its orientation needs to be determined precisely
to obtain accurate navigation solution for unmanned vehicles.
This paper presents an automatic calibration algorithm for
the ground radio antenna orientation using a multiplicative
extended Kalman filter (MEKF) based on GNSS and PARS
measurements. The calibration algorithm was tested with data
obtained from a field test using a fixed wing UAV and validated
by a residual analysis comparing the PARS- and GNSS-based
positioning.

I. INTRODUCTION

Global navigation satellite systems (GNSS) have been the
major solution for navigation systems of unmanned aerial
vehicles (UAVs). This solution has some attractive features,
like global coverage, lightweight receivers, high accuracy
and low cost. However, GNSS is subject to jamming [1]
and spoofing [2] due to its low signal-to-noise ratio (SNR).
Additionally, a single error can decrease its performance
or disable the positioning service. The use of a redundant
positioning solution allows these issues to be overcome. For
more frequent use of UAVs, especially in beyond line of sight
(BLOS) flight, establishing a reliable alternative solution
becomes more important.

In the past few years phased array radio system (PARS)
has proven its potential on small UAVs [3]-[6]. Although
PARS was primarily used as a high bandwidth radio com-
munication link, it can also be used for positioning [4]. The
strongly encrypted communication embedded in this system
compensates the security issue of a GNSS solution, which
is further mitigated by a much higher SNR. However, the
drawback of PARS is that it requires radio line-of-sight and
has lower accuracy than a GNSS solution [3]-[6].

Under the concern of cyber-security and with the need of a
GNSS-free solution, PARS as a navigation system for small
UAVs has been an ongoing research topic for a few years.
At an earlier stage of a previous work, a nonlinear observer

was used for PARS-aided inertial navigation system (INS)
[4], and spoofing detection and mitigation in combination
with GNSS- and PARS-aided INS [5]. In a more recent
work, PARS-aided INS was implemented using multiplica-
tive extended Kalman filter (MEKF) [7], [8]. The method was
changed to MEKF as it can couple estimation errors between
all states and apply the cross-covariance when fusing the
INS-based estimation with PARS measurement as correction

(61, [9].

A. Problem formulation and main idea

One of the critical points of PARS is that each time the
ground radio antenna is moved, its full pose needs to be
determined. This was done manually in the previous work,
either by measuring the position and the attitude using a
GNSS receiver and a compass, or by manually aligning
PARS with the GNSS position. However, as the range from
the ground radio becomes larger, a small error in antenna
orientation induces large errors in measured PARS position.
Thus, automatic estimation of the pose is an ideal method to
achieve more accurate calibration results.

A similar problem setting can be seen in the area of
vision-aided inertial navigation systems (V-INS’s). The V-
INS provides state estimates with combination of visual and
inertial sensors. Its accuracy depends on a precise calibration
of the rigid body transform between the sensors, and one of
the major methods is a Kalman filter to estimate relative
rotation and translation recursively [10]-[12]. Strapdown
inertial navigation system (SINS) also uses a similar method.
The SINS performance depends on the accuracy and speed
of initial alignment process, which is one of the key tech-
nologies in SINS. The Kalman filer (KF) is widely used
in the initial alignment [13] with the information from an
external sensor device such as GNSS [14], odometer [15]
and Doppler velocity log (DVL) [16]. Optimisation-based
initial alignment is also suggested as obtaining a roughly
known initial estimate required for KF is hard for an in-
motion vehicle [17], [18]. However, as we are aiming to
run the calibration algorithm online in parallel the system
operation, and the PARS ground radio antenna orientation
can be roughly estimated using a compass [6], and with more
practical treatment of noise, Kalman filter is suitable for the
antenna orientation calibration.

The main idea of this paper is to use GNSS data from the
UAV for calibration of the antenna orientation. This assumes
that GNSS is available during the initial phase of flight, near



the ground control station. After this initial calibration phase,
navigation might proceed without GNSS, using PARS only.
The accuracy of the calibration should benefit both from
a long calibration period, and from a long range between
the UAV and the ground station. If GNSS is not available
during the initial flight, this method cannot be used, and less
accurate PARS navigation must be accepted.

B. Main contribution

In this work, an automatic estimation of the PARS antenna
orientation was implemented using MEKF. This filter fuses
PARS and GNSS measurements and estimates the optimal
antenna orientation. As PARS measurements of UAV flying
over water contain outliers due to the radio reflection from
the water surface, as seen in the past work [3]-[6], outlier
rejection was also included.

C. Organization

This paper starts with mathematical preliminaries in Sec-
tion II. Brief concepts of sensor suits for positioning are
described in Section III. Section IV presents the basics
of MEKF and explains how the calibration algorithm was
implemented. Practical aspects of a test flight are then
described in Section V and the results from the calibration
MEKEF are discussed in Section VI.

II. PRELIMINARIES

Before presenting PARS positioning and MEKF-based
calibration, some mathematical preliminaries are stated in
this section.

A. Notation

The Euclidean vector norm is denoted ||-||2, and an identity
matrix is denoted I. The transpose of a vector or a matrix is
denoted (-)T. Coordinate frames are expressed as {-}, while
z{ € R? denotes a vector z from frame {b} to {c}, resolved
in {a}. S(-) € S5(3) denotes a skew symmetric matrix such
that S(z1)za = 21 X 2 for two vectors 21,22 € R3. In
addition, diag(x1, ..., *, ) represents a diagonal matrix which
places the n arguments diagonally, where % is a variable
placeholder.

B. Attitude representations and relationships

The rotation vector

as = de ey

is a general class of three-parameter attitude representations
of arigid body with one point fixed whose rotation is denoted
by ¢ about some axis, which we specify by a unit vector e.

In this paper, attitudes are represented in the unit quater-
nion, using the Hamiltonian representation. For rotations
from some frame {a} to another frame {b}, the unit quater-
nion is given as

e(@)-(Zh) e

The unit quaternion contains the real or scalar part referred
as ¢, and the imaginary or vector part as g, = (¢x, ¢y, )7,
which are related to the axis, e and angle of rotation, ¢.

The rotation matrix, R% € SO(3), represents the rotation
between {a} and {b} frames. The quaternion can be used to
calculate rotation matrix, R’ € SO(3),

RY(q%) = (42 — alau) Is + 2¢:S(q.) + 2g.q], (3

as in e.g. [8, Eq. (4], [7, Eq. (117)] and [19, App. D.2].
The Hamiltonian quaternion product, denoted ®, is given
such that

q1,92, — QL q2, 4)
01,92, + 92,91, +S(q1,) q2, )’
as in [7, Eq. (13)] and [19, App. D.2].

In this paper, the attitude error is denoted dq and relates
to the true quaternion q by

q=q®dq(da) (5)

where ¢ is the nominal estimated unit quaternion. The
three dimensional attitude error, and state of the MEKF, da
is parameterized using four times the Modified Rodrigues
Parameters (MRPs), dp related to dq

oq, o\ _ da
1+6qsetan<4) T (6)

as given in [8, Eq. (10)]. The last two terms ensure that
a, = ||dal|2 is approximately equal to ¢ for small rotations.
As given in [8, Eq. (18c)], the error quaternion is calculated

as
1 16 — a2
- P
sq(6a) 16%( ) ™

Additionally, the Euler angles (roll, pitch and yaw) are
represented as

q3 =491 ¥ Q2 —(

op =

©=(¢ 0. ¥, (8)
and relate to rotation matrix using
ey —copsyp + spsbc)  spsy + cosbcy
R(©) = | clsyp  copc) + spsOsy)  —spey + chsHsy
—sb s¢pch coch
)

where cx denotes cos(x) and sx denotes sin(x).

C. Coordinate Frames

In this paper, four coordinate frames are considered. The
first three are the Earth Centered Earth Fixed (ECEF) frame,
an Earth-fixed North East Down (NED) frame and the
BODY reference frame of the UAV, denoted {e}, {n} and
{b} respectively, as indicated in Fig. 1. Although in other
aerospace applications, the origin of an NED frame is usually
on an aircraft, in this paper, the origin of the NED frame is
located in the center of the PARS ground radio antenna. The
forth coordinate frame is PARS coordinate frame, denoted
{r}. The PARS coordinate system resembles the NED frame
with coincided origins (i.e. O,, = O,.), however, rotated with
respect to the NED frame, as indicated in Fig. 2.



Fig. 1: Definitions of the ECEF, the NED and the BODY
coordinate frames

I11. POSITIONING
A. Real-time kinematic GNSS

The real-time-kinematic (RTK) positioning is known as
high accuracy GNSS. By performing relative positioning
from a GNSS ground station with a known position to a
rover by transmitting raw GNSS observable from the ground
station to the rover, (UAV in this work), RTK achieves
centimetre-level accuracy. RTK GNSS solution was used to
provide ground truth of UAV position in this paper due to
its high accuracy. The altitude measurement based on RTK
GNSS was also used as a replacement of PARS vertical
measurement as stated in Section III-C

B. Phased Array Radio System positioning

Although PARS’ primary usage is communication, it can
also be used as a positioning system as stated earlier.

The azimuth angle, 1, and elevation angle, 6,, of the UAV
in the PARS coordinate frame, {r} can be measured from
the phase difference in incoming signals between the antenna
elements of the ground radio. This is known as the direction-
of-arrival (DOA) problem [20]-[22]. By accurately timing
the transmission time of the signal, a measurement of the
geometric range p,, between the PARS ground antenna to the
UAV is found. A physical intuition of the range p,,, elevation
angle 0, and azimuth angle v, in the {r}-frame can be
seen in Fig. 2. With including zero-mean Gaussian noise
g, ~ N(0,02), actual measurements are represented as

Pm = Pu T Ep, (10)
wm:¢u+5d)a (11)
O = O + 6. (12)

The range p,,, azimuth v,, and elevation 6,, can be related to
the UAV position in the radio coordinate system {r} using

p:b,m Pu COS('IZJu) COS(Qu)
Ppars = | Proy | = | pusin(@u)cos(fy) |, (13)
Db, —pusin(fy))

which is derivable from Fig. 2.
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Fig. 2: Range/azimuth/elevation measurements in PARS. 1,
denotes the yaw angle between {n} and {r}.

Following [23, Section 1.7.4], the bias arising from the
nonlinear mapping of the azimuth and elevation angle mea-
surement noise into Cartesian coordinates can be corrected
by

b;lbglpm cos (V) cos(0,,)
PPARS = qulba_lpm sin(¢, ) cos(0m) |
—by ! pm sin(0,,)

(14)

where by, = E[cos(ey)] = e=79/% and by = E[cos(gp)] =
¢~4/2. Based on (14), the PARS position can be converted
from {r} frame to {n} frame using

PBars = R (gpars)Ppars: (15)
where the unit quaternion gpars = g, represents the rota-
tion from {r} to {n}, to be obtained during the calibration
of the mounting of the PARS ground antenna, which is the
main aim of this paper.

C. PARS and GNSS positioning

As presented in [3], the PARS vertical measurement is
sometimes very noisy as the elevation angle is prone to
multipath errors due to the reflections from water surfaces.
To avoid this issue, the vertical measurement in (13) was
replaced by an altitude measurement based on RTK GNSS !
YAlt,m = p%lt’z + £41t- The PARS range was also aided by
RTK GNSS measurement to prevent the noise in elevation
angle measurement from affecting the horizontal positioning

P = 1/ P22 = Vitem:

'"While RTK GNSS is used to provide the altitude during calibration,
barometric sensor provides the replacement during system operation after
calibration.

(16)



where p,,, represents a measurement of the horizontal range.
The resulting Cartesian position measurement becomes

ﬁm COS(TZ)m)
ﬁm Sln(wm)
—YAlt,m

PPARS,Alt = (17)

Furthermore, the covariance of the original PARS mea-
surement P, ¥, and yag m 18

Rrars = diag(E[e2], E[e}], E[e%,,]), (18)

and the covariance of pppg o €an be computed using

Rpars(t) = M(t)RparsMT(1). (19)

Here, Rpars given in cylindrical coordinates is converted
to R'p 4pg(t) in Cartesian coordinates [24, Ch. 1.6]. M ()
is a Jacobian matrix of ppsprg A With respect to the noise

€= (gp ep,ca1)T:

IPpaRs Al Tz s
M = 87’ = | MmM21 M22 M23 |, (20)
© 0 0 1
with
cos , . )
Pm
__ co8(m)yaitm _sin(¥m) pm
mp=—-———-" mop = —— 22
pm pm
— sin AlL.
Mz = co8(Ym) pim nu3:._<¢z>71wn,
m

In addition, the measurement in (17) pphapg oy and its
covariance can be transformed from {r} frame to {n} frame
by taking

pgARS,Alt =Ry PlgARs,Alt 2D

Rpars(t) = R M(t)RparsMT(t)R!T.  (22)

IV. THE CALIBRATION ALGORITHM

The PARS antenna calibration problem is essentially to
estimate the relative orientation of the PARS coordinate
frame {r} and the navigation frame {n}. The measurements
available for this are the GNSS position of the UAV and
the measurements of the PARS system (range and elevation
and azimuth angles). In addition, the position of the PARS
antenna is assumed to be known.

A. Multiplicative extended Kalman Filter

The main feature of Multiplicative extended Kalman filter
(MEKF) is that it estimates the error between nominal state
and true state instead of estimating a full state. The estimated
error state dq,’ is used as a correction to the nominal state
g, to get closer to the true state g, being a unit quaternion
representing the rotation between the {r} and the {n}:

q; = g, ®4q; (0a). (23)

Please note that the error state is computed in four times
the MRPs da other than rotation matrix or quaternion, and
converted to dg;" when correcting the nominal state.

The MEKEF at time k + 1 is computed in the following
order:

1) Update nominal state with the constant orientation

model
gr [k +1] = q;'[F] (24)
2) Propagate uncertainty
Plk+ 1] = P[k] + Q[K] (25)

3) If a measurement is available,
a) Compute Kalman gain

Kk+1]=Plk+1H [k + 1]
(Hlk+ 1Pk + 1H [k + 1]+ R[k+1])"
(26)
b) Compute error state
dalk+1] = K[k+1](y[k+1]=hi41(g; [k+1],0))
27)

c) Correct nominal state using (23)
d) Correct state covariance

Plk+1] = (I - K[k + 1]H[k + 1])P[k + 1]
(I - K[k+1]H[k+1))T

+ K[k+1R[k+1]K[k+1]T (28)

Prediction step corresponds to 1) and 2), and correction step
corresponds to 3). @ and R are from zero mean process
noise w ~ N (0, Q) and measurement noise v ~ N(0, R).
A measurement y, a nonlinear measurement function by 1,
and a Jacobean matrix of hyy; with respect to , H are
from a linearized measurement model

ylk+1] =ylk + 1] + H[k + 1]dalk + 1],
where gk + 1] = hi11(q[k + 1], 0).

(29)

B. Measurement model

The measurement model is formulated based on the fol-
lowing relationship between the UAV position (pg,), the
ground station position (p¢,.) and UAV PARS position rela-
tive to the ground radio (p;,):

Pep = Por + Ry Ri P, (30)
Firstly, moving p¢, from RHS to LHS yields
Poy — Peor = B, Rypyy,. @D

By multiplying both sides by RfLT and using R} = RAZ}(I 3+
S(da)),

R "(pg, — pi,) = R,"R, Rp;, (32)
= R} (I3 + S(da))p;, (33)
= Rrpl, + R*S(ba)pl,. (34)



Swapping cross product between p, and da yields

R (p, — pi,) = Ryp), —RpS(p)y) da. (39
—_——————— e — —
Yy ] H
Comparing (35) and (29),
y = R (pg, — pey) (36)
y=R}py (37)
H = -R}S(py,)- (38)

GNSS and PARS measurements correspond to p¢, and p;,
(i.e. Ppagrs al)» Tespectively. R.T and pg,. are considered
to be known since these can be computed from the surveyed
ground antenna location. These measurements are injected
into the correction step (26)—(28), where R = Rprx +
Rpars is a sum of RTK and PARS measurement noise
matrices, and where Rk = RS TRErk RS-

C. Noise mitigation

To mitigate noise effects in PARS measurements, some
practical modifications were made.

Firstly, as the elevation angles of PARS measurements
are especially noisy, the PARS measurement equation was
reformulated as described in Section III-C.

Secondly, as the PARS measurement, p;, in the skew
matrix of H was still noisy even though replacing the
elevation angles by altitudes, p;, was expressed by less noisy
RTK measurement of UAV, p¢, and antenna locations, pg,.
by arranging (31),

pry = By RT (06, — p5) (39)
and the equation (39) was substituted into the skew matrix
of H in equation (38) to reduce the noise effect in the H
matrix:

H = -RpS(R:'R;T(p, —pi,)-  (40)
Here, the risk of this modification is the nominal state of
antenna orientation Rﬁ. If this estimate is too far from the
true state, this modification induces error in computation of
H compared to using the measured p], vector.

D. Outlier rejection

As mentioned in Section I, the PARS measurements are
sometimes very noisy due to reflections from water surface.
Outlier rejection was implemented to prevent bad PARS
measurements from degrading the estimation. If the test
statistic

T(y)=(y -9 (HPH + V) (y—9) ~xi @D
is above some limit Xi, the measurement is discarded as
outlier [25, Section 7.6.1].

E. Validation

The estimated antenna orientation is validated by evalu-
ating the residual between PARS and RTK GNSS measure-
ments,

PrbpARS — PrbRTK- (42)

The RTK GNSS measurement in {n} frame was computed

EIS2

Prvrrx = Be(Pey = pey), (43)

and the position based on PARS measurements in {n} frame
was calculated using?

Prspars = B Py, (44)
where
ri1 ri2 0
R =1|ra ra 0f, (45)
0 0 1

whereas rj1—rao are elements taken from the estimated
matrix R.

R} was modified as RTK GNSS altitude was used instead
of PARS elevation angle. This modification might induce
some biases in x- and y-components of P}, 4 pg» Since the
effect of non-zero roll and pitch angles were ignored. If the
roll and pitch angles are zero and only yaw angle affects the
rotation between {r} frame and {n} frame, the z-component
of p;, does not affect x- and y-components. However, when
the roll and pitch angles are not exactly zero, the contribution
of the z-component has an effect.

V. PRACTICAL ASPECTS

A field test was carried out on October 8" 2020 in
good weather conditions at the north of Agdenes outside
of Trondheim, Norway. Multiple flights with a Skywalker
X8 UAV were performed. The tracks of the first and second
UAV flights, named “flight 1” and “flight 2”, are given in
Fig. 3. A system overview of the hardware used in this field
test is given in Fig. 4.

A. Payload

The avionics of the UAV contained a Pixhawk au-
topilot running ArduPlane flight control software with a
GNSS, Honeywell HMCS5883L 3-axis digital compass IC,
MS5611-01BA03 barometric pressure sensor and an internal
IMU/INS.

In addition to the Pixhawk autopilot, the payload was also
equipped with a tactical grade IMU*, the Sensonor STIM
300 , and a Ublox F9P-ZED GNSS receiver to provide
accurate RTK GNSS measurements, used as a ground truth
to correct the PARS-based position estimates. To synchronize
the timestamps of the IMU and GNSS measurements, a
SenTiBoard [26] was used. This synchronization can ease

2pe,. = p,, since the origins of {n} frame and {r} frame coincide

3pr, = pT, since the origins of {n} frame and {r} frame coincide

4Although IMU measurements were not used in this paper, STIM 300
was also mounted for future work.



the integration of the measurements to an Odroid XU4 on-
board computer.

Furthermore, the Radionor Communications CRE2 144-
LW PARS was used to send telemetry data to the ground
station and to receive commands and PARS measurements.
To satisfy the redundancy requirements of beyond visual-
line-of-sight flight, a 433 MHz 3DR radio was used as a
redundant telemetry link. References [5], [9] provide further
details about the payload.

B. Ground station

A ground station was set up to compute RTK GNSS data
and PARS positioning data and to pilot a UAV. The ground
station consisted of a laptop computer, a uBlox FOP-ZED
GNSS receiver, and a Radionor Communications CRE2-189
PARS. The CRE2-189 is a ground radio which contains an
array of 8x8 antenna elements. The PARS was set to a 2
Mbit/s mode with a maximal distance of up to 60 km.

Fig. 3: Flight paths of the UAV based on RTK GNSS
(yellow—Alight 1, red—Aflight 2)

C. Initial calibration

The PARS provides a position measurement in local radio
frame {r}. Therefore, pre-flight calibration to obtain the
ground radio orientation is essential for accurate position
estimates. As the algorithm shown in the Section IV requires
reasonably accurate initial estimates, the antenna orienta-
tion angles were measured using a compass. However, the
compass gave only a crudely known angle as the compass
measurement changes when it is close to a metal antenna.
While the full orientation consists of the roll, pitch and yaw
angles, only the yaw angle was measured, since the roll and
pitch angles are close enough to zero, and were considered
to be reasonable for the initial estimates. The PARS ground
antenna position was identified using a GNSS receiver.

VI. RESULTS AND DISCUSSION

Offline calculations were carried out using the data ob-
tained from the field test to verify the calibration algorithm
presented in Section IV. The calibration algorithm was
applied to the data from flight 1 and flight 2 with an identical
ground antenna position and the results were compared
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Fig. 4: System overview

A A

Phased array
radio system

between the two flights. In the offline calculations, rough
estimates of the antenna orientation measured by a compass
were used as an initial state:

@PARS = (QZST 79')" 71/}7‘) = (0707
The initial P, Q, and R, matrices were set as follows:

,(3%)%,(50°)%)

—65.5°).

Py = diag((3°)?
Q=0
Rpars = diag((15m)?, (2°)%, (5m)?)
Rypri = diag((0.2m)?, (0.2m)?, (0.4m)?).

Q was set to 0, as the ground antenna is stationary. The
X2 = 7.815 was chosen as the outlier rejection threshold.

Figure 5 shows the antenna orientation estimates from
flight 1 and flight 2 in Euler angles. In addition to the
compass measurement, extreme initial conditions were also
considered by setting the initial yaw angle to —52° and —97°.
Even though the initial estimates contain a relatively large
variance, both 1, = —52° and 1), = —97° cases converged.

In the situation when GNSS is not available initially but
available only a short period at some point, it corrects the
estimation fairly quickly, as Fig. 6 shows. Here, 1 min of
RTK GNSS was made available for correction at mid-point
in flight 2. Comparing with Fig. 5, applying calibration
when the UAV is further might require shorter GNSS flight
duration.

Table I shows the Euler angle estimates averaged over
the last 100 iterations when 1, = —65.5°. Pitch gave the
minimum and yaw gave maximum variance, since the PARS



measurements have better accuracy in range and elevation
than azimuth due to the aid of RTK GNSS altitude. The
difference in yaw angles between flight 1 and flight 2 was
0.144 50° which gives 7.6164 m error at the furthest point
where the maximum ranges for flight 1 and flight 2 were
3.0225km and 3.0263km.

Table II shows the Euler angles averaged over last 100
iterations and means of residuals in flight 2 when v, =
—65.5°, where the antenna position has an error of 0.1m,
Im, and 10m. As the error becomes bigger, the induced
errors in estimation increase. However, it still converges
and gives relatively reasonable estimations even when the
position error is 10m.

The estimated antenna orientation when 1, = —65.5° was
validated by the residual between the calibrated PARS and
RTK GNSS measurements, as shown in Fig. 7. Apart from
small biases due to (44), the residual gave reasonable results,
which indicates that the estimated antenna orientation is
promising.

Flight 1 Flight 2
Roll [°]  0.0042313  0.0039529
Pitch [°] -0.0014450 -0.0013951
Yaw [°] -74.592 -74.736

TABLE I: Estimated antenna orientation in Euler angles

Errors 0.1m 1m 10m
Roll [°] 0.0037511 0.0019389 -0.015739
Pitch [°] -0.0026741 -0.014184 -0.12920
Yaw [°] -74.733 -74.702 -74.396
X [m] 0.64061 1.5273 10.362
y [m] 1.9636 2.2236 4.8465

TABLE II: Sensitivity of PARS antenna position in flight 2

VII. CONCLUSION

In this paper, an MEKF-based calibration algorithm
which automatically estimates ground antenna orientation for
phased array radio system (PARS) was implemented. The
calibration algorithm was applied to data obtained from a
field test which involves multiple flights with an identical
position of a ground antenna. The antenna orientations esti-
mated from two independent flights coincided and the sug-
gested algorithm was proved to be robust and able to calibrate
the antenna orientation based on RTK GNSS measurements.
As future work, calibration using INS or additional PARS
instead of GNSS is in the interest to achieve fully GNSS-
free navigation system.
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