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Abstract

The paper presents a method of calculation of position deviations from a theoretical, nominally rectilinear
trajectory for a SAR imaging system installed on board of UAV. The UAV on-board system consists of a radar
sensor, an antenna system, a SAR processor and a navigation system. The main task of the navigation part is to
determine the vector of differences between the theoretical and the measured trajectories of UAV center of gravity.
The paper includes chosen results of experiments obtained during ground and flight tests.
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1. Introduction

For simplicity of radar imaging algorithms an Unmanned Aerial Vehicle (UAV) with an on-
board SAR (Synthetic Aperture Radar) system should move with a constant velocity and follow
a straight flight path. In the case of a mini-UAV, due to its small size, weight and velocity,
maintaining the rectilinear trajectory, in the unstable atmosphere, is not possible [1]. Therefore,
compensation techniques, which modify the phase of the echo signal, are frequently applied.
In many solutions a navigation system is used to determine the position of UAV in relation to
the assumed, theoretical trajectory. Another possible option consists in calculation of position
deviations based on effects observed in the echo signal. However, this paper focuses on the
algorithms for determining navigation corrections based on the difference between the real and
the theoretical trajectory of the UAV Centre Of Gravity (COG) using an on-board navigation
system. The corrections estimated by the navigation system can then be used to determine
the slant range between the UAV COG and the target which enables to calculate the proper
phase of the echo signal. Uncorrected deviations from the assumed trajectory exceeding 0.1 1
introduce significant phase errors and deteriorate the quality of SAR images [2]. In some
authors’ opinion the fully focused SAR imaging requires the positioning accuracy better than
0.252 [3]. The carrier frequency of the radar sensor used in our experiments is equal
to 2.91 GHz, therefore A = 0.1034 m. The above mentioned requirement poses a great challenge
for the navigation system. However, thanks to the integration of data from an IMU (/nertial
Measurement Unif) and a GNSS receiver (Global Navigation Satellite System) with the RTK
(Real Time Kinematic) option it is possible to achieve the required accuracy.

Two versions of calculation of the flight path deviations are described in this paper.
The proposed algorithms can be used in real-time applications as well as in post-processing
routines.
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2. Navigation system

The main reasons of UAV displacements from the assumed rectilinear trajectory are
instabilities of the atmosphere and manoeuvres of UAV caused by operation of its autopilot.
These movements change the distance from the radar to the target which affects the phase of the
echo signal. It is possible to distinguish three types of displacements in the direction x,
perpendicular to the theoretical flight path axis y [4] (Fig. 1).
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Fig. 1. The influence of movement instabilities on the single-point-target echo signal.

A constant velocity component along the x axis (Fig. 1a) shifts the center frequency of echo
signal. In the case of sinusoidal-shaped displacements (Fig. 1b) additional high-level side lobes
are observed. If the disturbances have a random character (Fig. 1c¢) the amplitude of noise
is increased.

Besides the linear displacements from the rectilinear trajectory, the UAV can perform
an unintended angular motion around its longitudinal, transversal and vertical axes. Among
these elements the most significant can be non-zero, variable angle of sideslip (squint), caused
by the wind. It leads to changes of the azimuthal position of radar footprint. In the case
of a relatively short aperture synthesis period the influence of the squint effect on SAR images
is minor, while the computational complexity of an algorithm trying to compensate this effect
would be significantly increased. In real-time applications it is then possible to omit the effects
caused by the orientation instabilities.

The navigation system is composed of a dual-antenna GNSS receiver with the RTK option
and an accurate IMU. The GNSS and IMU data are processed together in a Navigation Data
Processing Module (NDPM). The algorithms implemented in NDPM are: the Strapdown
Inertial Navigation System algorithm [5, 6], the Kalman Filter [7-10] and the Navigation
Correction algorithm. A method of calculation of position deviations uses several reference
frames. The b-frame has its origin at the UAV COG, its x" axis is aligned with its longitudinal
axis, the y® axis is directed towards the right wing, and the z" axis completes the right-handed
coordinate system [11]. The /-frame is a local horizontal frame with its origin at the UAV COG
at the moment of start of a scanning session, the y! axis coincides with the theoretical trajectory
of flight and is related to the geographic North through an angle ¥, the z' axis points upwards.
Thus, the theoretical course of flight ¥ is needed to establish the /-fiame orientation. The ECEF
(Earth-Centred Earth-Fixed) frame is a global frame with the coordinates: longitude 4, latitude
¢ and altitude h [11]. The NED frame is a local geographic frame with its axes aligned with the
directions of North, East and local vertical [11].

The process of calculation of the position deviations consists in determining the position
of the UAV COG in relation to the /-frame. It is assumed that the UAV moves only along the y!
axis, thus the position components along the x' and z' axes should be zero. Any non-zero value
in these two axes can be interpreted as a trajectory deviation which should be passed as
a message to the SAR processor. The components of this message are: the position errors along
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the x! and 7' axes as well as the position and velocity measured along the y! axis. In the paper,
two versions of the algorithm are presented. They differ in the location of the reference points
used to determine the position deviations.

2.1. Navigation correction algorithm — version I

The position of the UAV COG at the beginning of a measurement session is interpreted
as the origin of /-frame. It is assumed that UAV moves uniformly along the y' axis and
the course is constant. The theoretical course ¥ and the velocity along the y! axis are received
from the Ground Control Station at the beginning of the session. These parameters are used to
calculate the points of theoretical positions of UAV COG during flight (for each packet of raw
radar data). The NDPM calculates vectors of differences between the real (measured) and
the reference (theoretical) positions of UAV (Fig. 2a), according to the formulae:

Ag 4 2
AA =[] —|A]| . M
Ah h real h ref

where: [Ap M N — the vector of differences between the real and the reference (here:
theoretical) position; [p 4 &].

ef | real

— the vector of reference/real position of UAV.

The position error is subsequently converted onto the NED reference frame. In this algorithm
the origin of NED frame is the theoretical position of UAV COG calculated for the actual radar
data (Fig. 2b):

ANT [R,+h,, 0 0 TAg
AE|=| 0 (R +h,)cosp., O [A1], )
AD 0 0 ~1 Ak

where: [AW AE AD|' — the vector of differences between the reference and the real position
of UAV expressed in NED; R

./, — the meridian/transverse radius of curvature.

Finally, the position error is converted onto the /-frame using:

Ax —sin¥ cosW 0 |AN
Ay |=| cos¥ sin¥ 0 | AE |, 3)
Az 0 0 -1| AD

where [Ax Ay Az[ is the vector of differences between the theoretical and the real position
of UAV expressed in the /-frame.
The real position and velocity measured along the y' axis can be computed based on:
Y =V +9, )

v, =vy cos P+ sin'F, %)

where: y{’ea]/rg — the real/theoretical position along the y! axis, v, — the real velocity component

measured along the y' axis; vyr — the North/East component of the real velocity vector of UAV.
The advantage of this algorithm is its method of determining the origin of NED frame. For
a particular radar measurement it is located in the theoretical position of UAV COG. Given that
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the altitude above ellipsoid for all theoretical points is constant, the NED frame displaces
with the UAYV, rotates and follows the curvature of Earth. This can be essential for sessions
in which UAV travels significant distances. However, this method requires knowledge of the
theoretical course and velocity at the beginning of a measurement session. This may be
considered as a drawback, since assuming an invalid value of velocity affects correctness
of theoretical position estimation.
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Fig. 2. Computation of the position error: a) in ECEF frame; b) in NED and 1-frame.

2.2. Navigation correction algorithm — version 11

In the version II of algorithm, the theoretical positions of UAV COG are not calculated
for each radar measurement, and there is only a single reference point, which is the origin of /-
frame (Fig. 3). Thus, there is no need to know the theoretical velocity of UAV along the y! axis,
only the theoretical course has to be known. Calculation of the position error expressed in the
I-frame is performed according to (1-4) (in this case the coordinates of the reference point are
the ones of the /-frame origin). A disadvantage of this algorithm is neglecting the Earth’s
curvature in calculations (Fig. 4). Consequently, with increasing the distance from the /-frame
origin, the position error in the D axis (6D) also increases (for the distance of 100 m — 6D =
7.8-10~* m, for the distance of 1000 m — 8D = 0.08 m).
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Fig. 3. The vector of position differences in algorithm II.
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Fig. 4. The difference between algorithm I (left) and II (right) in interpretation of the Earth shape.

3. Results of field experiments

The practical tests of the first algorithm were carried out using a wheeled, land-based
platform. The platform was moving along a rectangular-shaped trajectory (Fig. 5).

Fig. 5. The area of field tests (algorithm I).

The results of calculations of position deviations along the x! and z' axes, position and
velocity along the y' axis, are shown in Figs. 6-9. The assumed theoretical parameters of motion
were: course W =39° velocity along the y' axis veor=1.5m/s, theoretical altitude
hieor =108 m. Between points A and B, the movement took place along y' axis, perpendicular
to the x! axis — thus a linear increase in the value of y position and close to zero value of x
position were observed. The non-zero value of x position was a result of a small difference
between the real and the theoretical course. For other sections of trajectory (BC, CD, DA)
similar conclusions can be drawn. The aim of this test was to verify correctness of the proposed
algorithm.

k x10°*

Fig. 6. The position error along the x! axis.
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Fig. 7. The position along the y' axis.
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Fig. 8. The position error along the z' axis.
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Fig. 9. The velocity along the y' axis.

The practical tests of the second algorithm were performed using an UAV. A flight trajectory
is shown in Fig. 10.

Fig. 10. The flight path.

The autopilot of UAV was supposed to control flight between two user-defined points,
maintaining its straightness. The flight course was determined during post-processing, between
the first (A), and the last (B) points of the recorded trajectory (Fig. 11).
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Fig. 11. The real and theoretical flight trajectories.

The results of navigation calculations are shown in Figs. 12—15.
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Fig. 12. The position error along the X! axis.
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Fig. 13. The position measured along the y! axis.
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Fig. 14. The position error along the 7' axis.
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Fig. 15. The velocity measured along the y' axis.

The measuring session chosen in the presented experiment lasted approximately 29 seconds
but the time of aperture synthesis was limited to about 1 second. During this time, the UAV
flew the distance of 24 m and the error resulting from the curvature of Earth was equal to only
0.005 mm. Consequently, in the proposed system, this error is irrelevant, especially when
compared to the errors of navigation system. For this reason the Earth’s curvature error can be
neglected. It should be mentioned that determination of the course on the basis of the
measurement data is not an obvious task, taking into consideration that the flight path may
significantly differ from a straight line. For example, in the case of a measurement session
in which the trajectory is composed of a straight line and a turn, the course of flight should be
determined on an arbitrarily chosen straight section of the trajectory. Therefore, the navigation
corrections depend not only on deviations from the assumed trajectory, but also on the
correctness of choosing the theoretical course.

4. Conclusion

The paper presents two algorithms for determining navigation corrections used in the SAR
image processing. The aim of these algorithms is to determine the set of navigational parameters
for each SAR measurement: position errors along the x! and z' axes, position and velocity along
the y! axis. The navigational computations are performed using data obtained from the inertial
sensors and the GNSS receiver with RTK option (RTK enables to obtain the 2.5 cm position
accuracy). The proposed algorithms differ in interpretation of the Earth’s shape. Neglecting the
Earth’s curvature is acceptable in systems in which UAV moves along relatively short distances
during aperture synthesis. Apart from the issue of curvature, the second algorithm does not use
the theoretical velocity of flight, which is a significant simplification comparing to the first
algorithm. Taking into account these conclusions, the second algorithm was implemented
in NDPM. The presented versions of algorithms calculate only discrepancy between
the assumed and the measured location of the UAV COG. Further improvements could be
obtained by augmentation of the navigational computations with a lever arm correction between
an antenna phase center and the UAV COG.
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