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Introduction. With the development of hardware and computer systems, which im-
prove qualitative characteristics of synthetic aperture radars, with their dimensions limited,
many new systems have appeared that allow using more accessible and widespread mobile
platforms such as a car, quadcopters, unmanned aerial vehicles (UAV).

Problem. The use of new types of platforms leads to additional distortions associated
with features of the geometry of the radar performance and more severe trajectory instabili-
ties. Thus, new synthetic aperture radar systems should have special requirements for both
software and hardware, which differ from classical systems.

Objective. The aim of the work is the comparison various algorithms that are used in
modern radiovision systems to obtain high-quality radar images that can be integrated into
various kinds of mobile platforms.

Methods. The method of frequency scaling and various modifications of this method
are taken as a basic algorithm, including additional algorithms for compensating trajectory
instabilities. For comparison of algorithms, the system geometry for automobiles and aircraft
systems are considered and simulations were performed with the presence of point reflectors
at different distances and the distortion of the platform motion.

Results. The difference of the considered algorithms in the form of flowcharts and
mathematical formulas is shown. Based on results of the simulation the use of the basic fre-
quency scaling algorithm at distances corresponding to the geometry of the automobile sys-
tem leads to the distortion of the response along the azimuth. In addition, the use of the modi-
fied algorithm for compensating trajectory distortion allows correct focusing the targets at dif-
ferent distances.

Conclusion. The proposed combination of modified algorithms of trajectory distortion
and frequency scaling allows focusing the image evenly throughout the frame and improving
the quality of the image in the near zone.

Automobile, UAV, radiovision, radiolocation image (RLI), synthetic aperture radars
(SAR), frequency modulated continuous wave (FMCW), frequency scaling algorithm (FSA).

The studies are being carried out with the financial support of the Ministry of Education and Science of
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Introduction

With the development of hardware and computer systems, which improve
qualitative characteristics of synthetic aperture radars (SAR) [1-7], with their
dimensions limited, many new systems have appeared that allow using more ac-
cessible and widespread mobile platforms such as a car, quadcopters, unmanned
aerial vehicles (UAV), in comparison with planes and satellites. The magnitude
of the tasks which can be solved by means of these systems is enormous [8].
Cars would be able to generate panoramic radiolocation images (RLI) at the ex-
pense of their speed, using only one antenna system, which would decrease size
requirements of the equipment [4, 5].

The new synthetic aperture radar systems should have special requirements
for both software and hardware, which differ from classical systems. In the con-
sidered examples of the existing elaborations of algorithms and those ready for
realisation in small-size SAR, one may point out the following [9—13]: the use
of frequency modulated continuous wave (FMCW), algorithms for compensat-
ing trajectory distortions, and frequency scaling algorithm (FSA). The use of
FMCW actually allows working in the near zone as well as decreases require-
ments for digital signal processing architecture [6], whereas among the frequen-
cy scaling methods [12, 13] there are different modifications, where different
formulae are used. Consequently, in the article the following objectives have
been set:

e to compare frequency scaling algorithm from the article [12] with the
modified frequency scaling algorithm from the article [13] (hereinafter FSA-M);

e to apply the algorithm for compensating trajectory distortions from the
article [12] for FSA and FSA-M and compare properties of the obtained radiolo-
cation images;

e to compare properties of the radiolocation images at different slant
ranges and azimuth position of point reflectors for detection of geometric distor-
tions.

The article 1s arranged as follows. In the first part, the geometry of SAR
performance 1s presented for the cases when UAV and cars are used as the bear-
ing platforms. Their peculiarities and differences are demonstrated as well. In
the second part, the processing algorithms of FSA and FSA-M are briefly dis-
cussed. In the third part, the results of processing of signals are shown, which
are obtained during simulation of SAR performance by virtue of different meth-
ods of compression and compensation of radiolocation image. In the end of the
article, the conclusion is given.
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1. The geometry of SAR performance

First of all, it is necessary to set the source conditions, therefore let us con-
sider the principle and geometry of the synthetic-aperture radar performance, de-
rive formula, corresponding to the received signal after its multiplying by refer-
ence signal.

Let us suppose, that the sounding signals,(t) radiates in the moment of

timet at which the distance is R(t) and returns to the receiver in the moment of
timet+1,, covering the distance R(t+1t,). Thus, the delay of signal double
scattering may be expressed as:

R R
LR GSA) 0

where R(r+rd)=\/R02+V2-(r+rd —TO)Z;

¢ — the speed of light;
v — the velocity of the moving platform.
Simplifying the formula (1) by quadratic equation, confining ourselves to
quadratic terms of expansion, we obtain the following formula of the delay val-

2( Rfj) +\£(T—T0)j
T4(1) = > : (2)

v
1=
c

Considering the formula (2) and the use of the linear frequency modulation
signal, the received signal may be expressed as follows:

S, ('[,’C) = G(Toa ro) " Sy (t — T4 (T)) ’ exp[ j27[f0 (t — Ty (T))]’

where o(t,, I) — target cross-section with the corresponding coordinates;
f, — carrier wave frequency;
s () = exp( jnKrtz) — linear frequency modulation signal, where K,  —

frequency slew rate, which is calculated as AF /T, where AF — signal band,
T — period of one pulse (period of pulse radiation).
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For the cases when FMCW is used, the received signal is multiplied by ref-
erence complex conjugate signal:

Sref (t) - St* (t) ) GXp(— J 27‘Ef0t)

After multiplying by reference complex conjugate signal we obtain the fol-
lowing signal:

S, (t,7) = o(1,, 1) -exp[— j2nK 14 (1) - 1] X

: : 5 3)
xexp[—]anord (r)] : exp[— 127K 1, (r)].

Let us analyse the formula (3) in detail. The first exponent forms harmonic
signal with the frequency corresponding to multiplication of delay t,(t) and the

frequency slew rate K., and thus, it is responsible for the location of the target

by range. The second exponent forms the Doppler spectrum along the azimuth
making it possible to determine the location of the target by azimuth. The third
exponent is called residual video phase and is compensated in most cases due to
its uselessness [14].

Let us analyse the difference between UAV and an automobile used as
platforms for aperture synthesis. To illustrate the difference in the geometry of
SAR on automobile and aircraft platforms, the fig. 1 is given below. Let us as-
sume that antenna system parameters and the height of the aircraft platform
make the following values, given in the table 1.

Fig. 1. The geometry of SAR on automobile and aircraft platforms
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Table 1
Parameters of the geometry of aircraft and automobile SAR
Parameter Value
Antenna system look angle, 6 , degrees 45°
Width of directional diagram by azimuth, 0, degrees 15°
Width of directional diagram by elevation, 0,, degrees 15°
Height of the aircraft platform, h;, m 1000
Height of the automobile platform, h,, m 2

Now, if we calculate the swath width along the range via antenna system
look angle and width of directional diagram by elevation, we obtain:

AR, =(h /cos(®, +6,/2))—(h /cos(6, —6,/2)) =382 m.
If we calculate the length of aperture synthesis by the formula:
L, =2-R,tan(0/2) =372 u.

As it may be seen, the sizes of zones in both coordinates are commensurate,
which is convenient for displaying the final radiolocation image. If the parame-
ters of the antenna system remain the same, with the antenna system placed on
the automobile platform of 2 metres high (h, =2m), the width of the look will
be: AR, =0,76 m. As a result, in the final image the size of the image in terms of
range will be only 0,76 metres, which is absolutely impractical for this system.

Therefore, it is advisable to use an antenna system with a broader direc-
tional diagram by elevation when the automobile platform is used or any other
platform requiring low height of antenna synthesis. For instance, if we now take
an antenna with the directional diagram width by elevation 0, =80°, then
AR, =21 M. In some cases the antenna system is installed higher by virtue of
additional fastenings, as it may be seen from [5, 7], which is not surprising when
it comes to receiving data from remote zones.

Now that we have formed the mathematical model of the received signal
and the geometry of the performance, let us carry out simulation of the SAR per-
formance and data processing by FSA and FSA-M algorithms with a point re-
flector for comparison of the following parameters:

e the azimuth and range resolution;

e the relation of the side lobes’ level to the main lobe one;

e integral relation of side lobes’ level to that of the main one.
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2. Processing algorithms

As it was previously mentioned, let us take two realisation of FSA algorithms
for processing algorithms. Their flowcharts are given in the fig. 2 [12, 13].
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Fig. 2. Flowcharts of FSA (left) and FSA-M (right)
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It needs to pointed out straightaway that the full information about pro-
cessing stages is given in the sources [12, 13]. Below, the formulae used either
for one modification or for trajectory instabilities compensations, will be given.
The trajectory instability has also been considered within only one modification.

The main feature of frequency scaling algorithms consists in the range mi-
gration for different targets may be compensated without interpolation, only by
mere multiplication. This advantage makes this algorithm more attractive for in-
tegration into signal processing block, since multiplication operations are sim-
pler than interpolation ones.

The input data of the algorithm are the array of signals from the output of
the multiplier, according to the formula (3).

The FSA algorithm includes a series of Fast Fourier Transformation (FFT)
and phase multiplications. If we reject the stages of compensation of the plat-
form movement, the key differences between the algorithms will be:

Frequency scaling function for FSA, which removes Doppler oscillations,
has the following view:

H,(, f.) :exp(—j -(275- ft+mn- K, -t*(1-D( fT,V)))),

where D(f_,v)= \/l—kz 2 [av?;
A — wavelength;
f. —azimuth grid frequency.
The formula for the modified FSA-M algorithm is of the following view:

1) =exp (K, (D1 v).

In the modified algorithm after Inverse Fast Fourier Transformation
(IFFT), the multiplication by three more functions takes place:
1) doppler factor correlation function:

H:)FC (t, f)= exp(—j 2n- f_-D(f_,v) -t);
2) second range compression function:

H;RC (t’ f‘c) =

21 Ry K2 A (D*(f,v)—1) 2-Ry )
=exp| —J > - S 1 D(f_,v)-t— °
c D*(f.,v) c
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2m-R, KA (D*(f.v)-1) 2-R.. Y

3) group phase shift function:

H;S (t9 f‘r) =

) 2-R
= exp j-47T Kr-Rref- L—l D(f v)-t——" ||,
C D(f_,v) C

where R

of — reference range.

At the final the multiplication by phase conservation phase:

4n-R f
c D(f.v))

H:’PC(f‘c’ f) :eXp(j

where f. —range frequency grid.

Let us analyse the peculiarities of the radar movement itself. The algo-
rithms mentioned above took into account only even, direct movement. Actual-
ly, the platform will often deviate from its nominal trajectory, which will result
in poor radiolocation image quality.

On the basis of [12, 15], the following algorithm of movement compensa-
tion is suggested. The receive signal S (t,7) is multiplied by the function:

®, AT, +21-K -t-At, —

Hmc (t9 ATre ): CXp _j
! f —T Kr ) (2 "Tret A’Cref - AF[:?ef )

, @

where At =2-ARpg /C; ARyt = Ryojal — Rigear» Where Ryeqq — slant range

from platform to point target considering known deviations during platform
movement;
Rigear — 1deal trajectory of platform movement for the same location of
the point target.
The next stage carries out differential correction after range compensation,
where the location information is averaged along the entire pulse. This statement
comes out of the fact that when all data are compressed by range, each cell in
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range is formed from data that is distributed along the entire pulse. Correction
function is calculated for each cell by range:

HmCZ(Tr’ATI’) -

—o, -At, +21-K -1, At -1 K AT + (5)

=exp| j
Pl +, - AT, =21 K, -1, At e KAty

The introduced method is similar to traditional movement compensation,
but has a number of advantages. Firstly, the movement during radiation is taken
into account, which is crucial for modulation with continuous chirp. Secondly,
the correction here takes place without interpolation.

Now, let us carry out imitation modelling with the parameters given in the
table 2.

Table 2
Modelling parameters

Parameter Value
Type of signal modulation chirp
Platform velocity 100 km/h
Carrier wave frequency 10 GHz
Period of pulse I ms
Modification strip of chirp 50 MHz
Targets’ coordinates, [range, m; azimuth, m] [650, 0], [20; 0], [300; 0], [100; 0]

Let us compare the algorithms with different modifications in the following
sequence:

1) radiolocation image of the target at the range of 650 metres, obtained
by methods FSA and FSA-M with an ideal trajectory correction;

2) radiolocation image of the target at the range of 20 metres, obtained
by FSA and FSA-M methods with an ideal trajectory correction;

3) radiolocation image of two targets at the range of 100 metres and
300 metres with a rough trajectory correction, where 100 metres is reference
range;

4) radiolocation image of two targets at the range of 100 metres and
300 metres obtained by means of FSA and FSA-M methods, with a proposed
trajectory, where 100 metres is reference range.
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3. Modelling. Processing results

The results of the modelling of the first two points are shown in the fig. 3—6
and the table 3.
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3. Radiolocation image of the point target obtained by FSA (left) and FSA-M (right)
methods at the range of 650 metres
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Fig. 4. Point target RLI cut-offs (650 m range) along the range (left) and azimuth (right)
for FSA and FSA-M methods
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Fig. 5. Radiolocation image of the point target obtained by FSA (left) and FSA-M (right)
methods at the range of 20 metres
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Fig. 6. Point target RLI cut-offs (20 m range) along the range (left) and the azimuth (right)
for FSA and FSA-M methods

Table 3
RLI properties obtained by virtue of FSA and FSA-M
methods during imitation modelling of targets at the range
of 650 metres and 20 metres

Parameter FSA FSA-M FSA FSA-M
Range, m 650 20
Range resolution 3,6 3,58 3,5 3,6
Azimuth resolution 0,23 0,22 0,27 0,21
Range side lobes’ level -7,2 -7,2 -7 -7,4
Azimuth side lobes’ level -5,9 -6,8 -5,7 -6,9
Integral range side lobes’ level 5,1 5,5 4 5,6
Integral azimuth side lobes’ level 1,4 1,6 1 1,5

During analysis of the trajectory instability, a sinusoidal distortion was de-
tected during motion of platform along the range. It is shown in the fig. 7. Con-
sequently, in each i-th pulse the phase shift will take place corresponding to the
valueexp(—j-4- pi-R(i)/L). On the assumption that the trajectory is known, let

us compare to approaches for elimination of phase distortions. The first case is a
classical one for which the formula (4) is used, whereas the formulae (4) and (5)
are used for the second one. It needs pointing out that 100 metres value has been
taken as a reference range. In the fig. 8-11 and in the tables 4, 5 the results of

the modelling are given.
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Fig. 8. Radiolocation images of point targets obtained by FSA method, at the range
of 100 m (a), 300 m (b), and obtained by classical method (left) and modified method (right)
of trajectory deviation compensation
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Fig. 11. Point target RLI cut-offs (300 m range) obtained by FSA and FSA-M
methods along the range (left) and along the azimuth (right) for classical method (SC)
and for modified method (MC) of trajectory distortion compensation

Table 4

Properties of RLI obtained by FSA methods during modelling for point targets
with classical and modified methods of trajectory distortion compensation

Parameters Classical compensation | Modified compensation
Number of target 1% target | 2"target | I%'target | 2" target
Range coordinates of targets, m 100 300 100 300
Range resolution 3,6 3,62 3,6 3,65
Azimuth resolution 0,22 0,3 0,21 0.21
Range side lobes’ level -7,3 -6,9 -7,3 -7,2
Azimuth side lobes’ level -6,8 2,1 -6,8 -6,8
Integral range side lobes’ level 3,5 -9,7 3,5 -16,2
Integral azimuth side lobes’ level 1,35 0,03 1,32 1,6

Table 5

Properties of RLI obtained by FSA-M methods during modelling for point targets
with classical and modified methods of trajectory distortion compensation

Parameters Classical compensation | Modified compensation
Number of target 1% target | 2" target 1% target | 2" target
Range coordinates of targets 100 m 300 m 100 m 300 m
Range resolution 3,58 3,64 3,6 3,6
Azimuth resolution 0,21 0,31 0,21 0,21
Range side lobes’ level -7,3 -6,8 -7,25 -7,2
Azimuth side lobes’ level -6,9 2,1 -6,9 -7
Integral range side lobes’ level 3,6 11,4 3,6 -15
Integral azimuth side lobes’ level 1,32 -0,27 1,3 1,7
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The results of the studies enable the following conclusions.

The use of FSA algorithm on ranges corresponding to the geometry of the au-
tomobile system performance leads to smearing the response of the point target ba-
sically along the azimuth surface. If we compare the results, obtained by virtue of
FSA-M algorithm, where the image was more sharp, the azimuth resolution im-
proved by 23 %, the azimuth side lobes’ level was lower by 1,2 dB. The level of
integral side lobes on both axis became bigger at FSA-M, but this is connected with
decrease of the resolution. As for the range, there are also some alterations, but they
are not that significant. The geometry of aircraft performance also demonstrates
improvements when the modified FSA algorithm is in use.

The application of the modified trajectory distortion compensation, in
comparison with the traditional one, enables focusing the target correctly, which
are in different planes, as it is shown in the fig. 11. Numerically, integral side
lobes in case of the modified one application for 2" target becomes better by 6,5
dB at FSA and 26,4 dB at FSA-M. The common level of integral side lobes in
the modified case for both FSA and FSA-M differs by 1,2 dB. The improvement
of resolution is also observed.

Conclusion

According to the results of the work conducted, the imitation modelling of
two algorithms FSA (traditional and modified) was carried out, for signal pro-
cessing of SAR. Also their comparative analysis was carried out on the subject
of resolution, integral level of side lobes and level of side lobes. The results of
the modelling gives us the opportunity to obtain a more detailed and sharp im-
age irrespective of the geometry of the system performance and choice of refer-
ence range while eliminating trajectory distortions. Therefor it will be suitable
for application on any platforms.
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