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EXPERIMENTAL KA-BAND GROUND-BASED SAR SYSTEM

An experimental ground-based synthetic aperture radar (GB-SAR) system operating at Ka-band has been developed. The system
is designed to be operated from a top a hill or from a building roof, etc. for imaging the underlying ground terrain. The radar
hardware system, operating mode and original data processing techniques are described in the paper. A high-duty-cycle long-
LFM-pulse mode (quasi-continuous mode) has been used. An effective adaptive matched filtering for range compression has been
introduced that provides high dynamic range and high coherency for the radar system. A prominent point processing autofocus
has been implemented for the precise estimation and compensation of motion errors of the radar platform. The achieved
performance of the GB-SAR system is illustrated with experimental data.
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1. Introduction

Ground-based synthetic aperture radar (GB-SAR)
systems are placed a top a hill or on a building roof,
etc. and used for imaging of the underlying ground
terrain with high spatial resolution. The GB-SAR sys-
tems are used for a variety of applications [1-6], for
example, for monitoring changes in the environment,
for observation of open-air mining sites, for ships safety
monitoring in ports, for surveillance of runways in air-
ports, and so on.

The GB-SAR imaging geometry is illustrated in
Fig. 1. The GB-SAR antenna typically has a rather
wide beam (for example, 40°) in the horizontal plane
(in the azimuth) and a moderately wide beam
(for example, 15°) in the vertical plane (in the ele-
vation). With such an antenna, the radar illuminates
a wide sector of the scene.
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The high range resolution is achieved due to the
pulse compression technique. Typically, the pulses
with linear frequency modulation (LFM) are used
providing the range resolution

Pr :KRC/(zBLFM)’ (1

where B, p,, is the LFM pulse frequency bandwidth,
K, is the broadening coefficient that comes from the
weighting window applied to control the compression
side lobes, c is the speed of light.

The high azimuth resolution is provided by the syn-
thetic aperture technique. The radar is placed
on a moving platform that is translated in a direction
across the radar beam (see Fig. 1). The backscattered
radar pulses are collected along the path and com-
bined coherently to form the synthetic aperture.
The platform path length is the length of the synthetic
aperture. The GB-SAR platform is typically a kind of
atrolley on rails, and the aperture length is commonly
limited to a few meters, thus limiting the azimuth
resolution. The aperture length is constant for all
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Fig. 1. GB-SAR imaging geometry

ranges. As a result, the azimuth resolution of GB-SAR
systems is range-dependent; actually, the azimuth res-
olution is the angular resolution determined as

p
Oy ==Ky 5 )

where p, is the cross-range resolution in meters
atrange R, K, being the broadening coefficient of
the weighting window applied in the azimuth direc-
tion, A is the radar wavelength, and Lg is the syn-
thetic aperture length. In contrast to the GB-SAR,
for the airborne or satellite SAR, there is a pos-
sibility to enlarge the synthetic aperture length
(the length of the flight trajectory) proportionally to
the range R in order to keep the azimuth resolution
py constant.

An important peculiarity of the GB-SAR system
is that it should operate from very close ranges
to a few kilometers. Otherwise speaking, the radar
should receive the backscattered signal from the
very start of the pulse transmission. It means
that the radar should transmit and receive signals
simultaneously. With the simultaneous transmission
and reception, the receiver faces the problem of the
strong input signal that is a sum of the part of the
transmitter signal leaking within the radar hardware
and the strong signal reflected from very close tar-
gets surrounding the radar. This undesired strong
input signal limits the radar ability to detect useful
weak signals from far targets. One of the possibi-
lities to solve the problem is usage of two separate
antennas for transmission and reception. Such an
approach allows reducing the transmitter signal lea-
kage at the receiver input to the level better than
about —50 dB. However, such an approach does not
solve the problem of a strong signal from nearby
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targets. Thus, the receiver with high dynamic range
is still required. Another problem with the strong
input signal is related to the pulse compression side
lobes. The side lobes from close targets could be
higher than the useful signals from far targets. Thus,
some additional efforts are required to obtain very
low pulse compression side lobes.

In order to solve the aforesaid problems, an effec-
tive adaptive matched filtering for range compres-
sion has been introduced that provides high dynamic
range and high coherency for the radar system.
A two-channel receiver is used to record both the
transmitted pulse and the backscattered pulse.
The matched filter is adjusted to each transmitted
pulse, compensating possible imperfections of the
transmitted LFM waveforms to obtain good pulse
compression side lobes. Also, such an approach
improves the pulse-to-pulse radar coherency as
a bonus. Apparently, this approach reduces the re-
quirements to the radar hardware system, in par-
ticular, to the accuracy of the generated LFM
waveforms.

The adaptive matched filter approach poses the
following restriction on the radar pulse operation mode.
Two consequent transmitted pulses should not over-
lap in the backscattered signal. Therefore, a long-
LFM-pulse mode with a high duty cycle (a kind of
quasi-continuous mode) has been implemented.

Usually, the GB-SAR platform is well stabilized
and its translational motion provided by a step-mo-
tor is uniform. However, a firm ground platform is
usually quite heavy. In our experimental GB-SAR
system, we used a fairly light platform and did
not pay much attention to its stabilization and unifor-
mity of motion. Such an approach could be more
appropriate for a light-weight mobile GB-SAR sys-
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tem exploited in the field conditions. Instead, we
have developed an effective autofocus approach
for post-processing of the recorded data. The well-
known prominent point processing autofocus tech-
nique [7, 8] has been specially adapted to measure
the ground platform motion errors. During the SAR
image formation, the estimated motion errors can
be compensated.

The described approaches have been implemen-
ted and tested in the experimental Ka-band
GB-SAR system developed at the Institute of Radio
Astronomy of the National Academy of Sciences
of Ukraine. The radar hardware is described in Sec-
tion 2. The adaptive matched filter design is dis-
cussed in Section 3. The long-LFM-pulse operating
mode is considered in Section 4. The GB-SAR
data processing steps are described in Section 5.
The proposed autofocus technique is described in
Section 6. The obtained results are demonstrated
and discussed in Section 7.

2. Radar Hardware System

Main characteristics of the GB-SAR system are
listed in Table 1. A simplified block diagram of
the GB-SAR hardware system is shown in Fig. 2.
The transmitter is built on two heterodynes and a di-
rect digital frequency synthesizer (DDS). The 1* het-
erodyne is based on a dielectric resonator and gener-
ates the signal at frequency of 8.5 GHz. The 2™ het-
erodyne uses a voltage-controlled oscillator (VCO)
and generates the signal at frequency of 1380 MHz.

Receiver

2nd Frequency Down-Conversion

Table 1. Characteristics of the GB-SAR system

Radar frequency 35GHz
Transmitted power <1W
Pulse repetition frequency 2.5 kHz
Pulse duration 250 ps
Duty cycle 62.5%
3-dB antenna beam width
in horizontal/vertical plane 40°/10°
LFM pulse bandwidth 48 MHz
Range resolution 4m
Length of the synthetic aperture ~1lm
Trolley motion time/speed ~5s/20cm-s’
Synthetic beam width
(angular resolution) 0.32°
Cross-range resolution
(it grows linearly with range) ~1m at 200 m range

The signal with LFM at the carrier frequency of
280 MHz is formed with the DDS. The synchroniza-
tion is performed with a 100-MHz reference signal
from a crystal oscillator. The signals from the DDS
and the 2" heterodyne come to a quadrature modula-
tor which is used to form the LFM signal at the car-
rier frequency of 1100 MHz. The obtained signal and
the signal from the 1* heterodyne (multiplied by 4)
come to a mixer and a power amplifier which finally
forms the transmitter signal at 35.1 GHz. The power
of the transmitter signal which feeds the transmitting
antenna is about 1 W. A small part of the transmitter
signal (about —50 dB) is split here to the 2™ channel

1st Frequency Down-Conversion

@ 280 MHz 1.1 GHz
160 MHz
- 280 MHz 1.1 GHz Rx-Antenna
160 MHz
8.5 Ghz 34 GHz
1st Heterodyne 1
1380 MHz
2nd Heterodyne T x4 B
=50
i 280 MHz 1.1 GHz
LFM via DDS Y ’:‘ ’
100-MHz Stable Quadrature Modulator Power Amplifier| 35.1 GHz
Oscillator 1st Frequency 2nd Frequency
Up-Conversion Up-Conversion Tx-Antenna

Transmitter

Fig. 2. GB-SAR hardware system
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of the receiver. It is required for the adaptive pulse
compression.

The receiver has two identical channels [9].
The 1% one is used to sample the backscattered pulses,
and the 2™ one is required to sample the transmitted
pulses. The received signals are amplified, filtered
and transformed consequently to the 1* intermediate
frequency of 1100 MHz and then to the 2™ interme-
diate frequency of 280 MHz. The obtained signals
are sampled with two 16-bits ADCs at 160 MHz and,
finally, come to a digital signal processing system
for further processing, including the digital quadra-
ture demodulation, range compression, etc.

The system has two separate horn antennas for si-
multaneous transmission of long LFM pulses and
reception of radar returns. The antennas beam width is
40° in the horizontal plane and 10° in the vertical one.

During our experiments, the GB-SAR system has
been set up on a trolley on rails as is shown in Fig. 3.
The received radar data are recorded on a hard disk
drive on a common PC that has also been placed on
the trolley.

Fig. 3. GB-SAR system setup on a trolley on rails
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3. Adaptive Pulse Compression Technique

The radar transmitter forms the long LFM Tx-pulses
of duration 7, that can be written as

DPrx (n, 1) = wr, (1, T) prpy (T) €XP [i(PTx (n, T)] )

0<T<T/py-

Here 7 is the pulse number, 1 is the fast time (in the
range direction), wr, (#, 1) is the Tx-pulse envelope,
and o, (n, t) is the Tx-pulse phase noise as
compared to the reference LFM waveform

Prv(T) = exp[inYLFM (t- 17LFM/2)2 ] ) “4)

Yirm 18 the LEM rate. Note that the pulse envelope
wr, (1, T) and pulse phase noise ¢, (7, T) may vary
from pulse to pulse as indicated by the pulse number 7.
In this way, the model accounts for the imperfection
of the generated LFM pulses as well as for possible
deviations of radar coherency. The Tx-pulses (3) are
recorded via the 2™ channel of the receiver.

The radar echo signal is a sum of the LFM
Rx-pulses py, (1, 1) backscattered from the targets
located within the antenna beam:

Sra (1 1) = D4, exp[~i(4T/M)R,, | Pry (1, T-1,,),

®)

T, =2R, [c, 0<t<71.+2R,,. /c.

The amplitudes a,, are determined by the radar cross
sections of the targets, and the delays t,, =2R,, /c
are related to the ranges R to the targets, c is
the speed of light, R is the maximum range.
The Rx-pulses can be written as

Pry (1, T) = W (11, T) prpy (1) expliQy, (1, )], (6)

0<t< 7T py-

The received signal (5) is recorded via the 1% channel
of the receiver.

The envelope wy, (1, T) and the phase distortions
Pg, (1, T) of the Rx-pulses (6) could be different
from those of the Tx-pulses (3). This difference
comes from the fact that the Rx-pulses (6) go through
the different hardware chains than the Tx-pulses (3).
In particular, the Tx-pulses do not go through
the transmitting and receiving antennas in contrast
to the Rx-pulses. The Tx-pulses and Rx-pulses
can be related to each other in the frequency domain
via the transfer function:
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PTx(nﬂ f)
B, f)

where P (n, f) and Py, (n, f) arethe Fourier spec-
tra of the Tx-pulse and Rx-pulse, respectively.
The transfer function is assumed to be independent
on the pulse number; it may be estimated by analy-
zing the signals backscattered from bright isolated point
scatterers.

The LFM pulse compression is typically performed
as a convolution of the received radar signal sy, (7, T)
with the mathematical reference LFM pulse:

HTX/RX ()= (7)

Pret (T) = Wit (T)pLFM (T) (8)

Here w,(t) is the weighting window of the length
of 1, applied to control the compression side lobes.
The convolution can be calculated either in the time
domain as

TLEM

I Spy (1, T+ T) p:ef (thdr', 9
0

0<7<2R,. /c,

Spc(m,7) =

or in the frequency domain as

Bipw/2

Suc(m D=2 [ Su O NBG(S)expl2mif Tldf.

T ~Bipm /2
(10)
Here sp(n, 1) is the range-compressed signal,
Spi(n, 1) and P_.(f) are the Fourier spectra of the

Rx-signal (6) and the reference LFM pulse (8), re-
spectively, and

(11)

is the LFM pulse frequency bandwidth. In practice,
the computations are commonly performed in the fre-
quency domain as (10) by using the fast Fourier trans-
form (FFT).

Accounting that the Rx-signal is the sum of the back-
scattered pulses (5) one can easily derive the following
expression for the spectrum of the Rx-signal:

SRx (n’ f) =
=Y a, exp[—i(4n/MR,, | B, (n, f)exp[-2mifT,,]

(12)

Biem = YirmTLem
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By substituting expression (12) into (10), one can write
the range-compressed signal as a sum

Spe(n, 1) = Zam exp[—i(4n/MR,, | pre (t—1,,)s

(13)
of the short range-compressed pulses
Pre(n, 1) =
1 BLFM/2
=== B (n, [)B (f)exp2miftldf.  (14)
7BLFM /2

The short compressed pulse py(#, ) differs from
the physical short radar pulse by the presence of
compression side lobes. Application of the weighting
window w,, (1) in the reference LFM pulse (8) along
with the appropriate pulse envelopes wy, (n, T) in
the Tx-pulse (3) and wy, (n, T) in the Rx-pulse (6)
allows reducing the side lobes to a desired low level.
However, when the extremely low side lobes are
required, the phase noise and other distortions pre-
sented in the actually transmitted LFM waveform
result in growing of the side lobes despite of the
applied weighting windows. In order to achieve ex-
tremely low side lobes, the matched filter should be
specially designed to account for the imperfections
of the transmitted waveforms.

The idea of the adaptive range compression filter
lies in compensation of the actual Rx-pulse spectrum
By, (n, ) under the integral (14) to the reference
Rx-pulse spectrum Fyy o (f):

By /2

Pre adap (D =7— Bexret (f )Pr:f (f)exp[2mif t]df.

7BLFM/2
(15)

The reference Rx-pulse pyg, ,.¢(T) and its spectrum
By e (f) are similar to the reference LFM pulse (8)
except for the weighting window wy, .. (t) which can
be selected separately to balance the compression side
lobes and the resolution:

(16)

Thus, the actual spectrum Py, (n, /) under the inte-
gral (14) should be multiplied by some compensation
function R, (n, f) to obtain the desired reference

SpeCtrum Peref(f) (15)

pr ref (T) = WRx ref (T)pLFM (T)

ISSN 1027-9636. Paouogusuxa u paduoacmponomus. T. 20, Ne 2, 2015



Experimental Ka-Band Ground-Based SAR System

PRx(na f)RCOmp(n’ f) = Peref(f)' (17)

From this equation, using the transfer function (7), the
compensation function can be found as

_ Peref(f) _ Peref(f)
Famn 1 D= ) P )

HTx/Rx (f)

(18)

For the adaptive range compression of the received
signal, this compensation function should be applied
under the integral (10) as

SRC Adapt (na T) =

1 BLFM/2

== | S ) Reany (1, /)P (f)expl2mif Tl

_BLFM/2
(19)

Finally, the adaptive matched filter can be written as

SRC Adapt (n,1)=

BLFM/2
- 2L f Sex (s 1) Preg g (1 ) exp[2mif T)df
T _BLFM/Z
(20)
Pt a1 1) = Reamy (1, )P () 1)

By substituting (18) in (21), the adaptive matched fil-
ter can be written as

PI:X ref (f) * _
mh’ oy (S ) B () =

_ Bt (NP (f)
| P, /)P

Pref Adapt (I’l, f) =

Hiox (1B (n, 1. (22)

1/PRF

=

Thus, the adaptive range compression is performed by
using the actually transmitted pulse P, (n, ) (recorded
via the 2™ channel of the receiver) instead of a refe-
rence LFM pulse, accounting in this way for the actual
phase behavior of the transmitted LFM waveform.
In addition, the adaptive weighting window

Bt ()P (f)
| Pro(n, )

is applied to compensate the distortions of the trans-
mitted LFM pulse envelope. The transfer function
Hopyry (f) just compensates the difference between
the measured Tx-pulse and Rx-pulse spectra.

If the major imperfections of the transmitted LFM
pulses which change from pulse to pulse are the
phase distortions, whereas the pulse envelope is ap-
proximately the same (averaged),

Wret Adapt (n’ f) = (23)

1P, P =[P (] (24)

then the adaptive filtering can be simplified by using
the same adaptive window:

PI:x ref(f)Pref(f)
| Pooa (D

Weet Adapt (f ) ~

(25)

4. Long-LFM-Pulse Operation Mode
with High Duty Cycle

The adaptive range compression filter is matched to
each Tx-pulse separately. Therefore, the long-LFM-
pulse operation mode has been introduced. Such
a mode is designed to guarantee that the consequent
Tx-pulses never overlap in the backscattered signals
as is shown in Fig. 4. In this section, the parameters
of the long-LFM-pulse operation mode are specified.

1/PRF

gAY 111 AAVA VAT
TLFM

TLFM

TLFM

0 2R _Jc

max:

1/PRF

Fig. 4. Long-LFM-pulse (quasi-continuous) operating mode
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First, let us consider the Doppler requirements. The
pulse repetition frequency PRF has to be high enough
to sample unambiguously the highest Doppler fre-
quency in the received signal. If the radar is intended
to observe the moving targets of the scene with the
maximum radial speed +v, ., the PRF should satisfy:

PRF 2
—>Zy

: 26
2 7\‘ max ( )

For a still scene, the PRF should be greater than the
maximum Doppler frequency from the ground targets,
that is

—PRF > gV,

Y 27

where V' is the GB-SAR platform (the trolley) speed.
The transmitted LFM pulse train with the pulse repe-
tition interval PRI =1/PRF is shown in Fig. 4. Note
that in case of working at very close ranges, for
example, inside a room, the effect of multiple scat-
tering with the corresponding multiple Doppler fre-
quencies can be observed. In that special case, the
selected PRF should be several times higher than the
value suggested in (27).

Second, we need to account properly for the time
delays of the signals (according to the range to the
targets). The operation range of the GB-SAR starts
from a few meters from the radar and goes up to
a few kilometers. The far range is limited by seve-
ral factors. The first one is degradation of the
cross-range resolution. As it has been discussed above,
typically, the GB-SAR resolution is linearly propor-
tional to the range. For example, the aperture length
of 3 m gives the resolution (2) of 1 m at a range of
500 m (for A =8 mm). In order to achieve the same
resolution of 1 m at a range of 10 km, the required
aperture length grows to an unreasonable 60 m.
Therefore, the GB-SAR systems typically operate at
moderate ranges up to a few kilometers. However,
depending on the scene and the radar sensitivity, the
signal with the detectable SNR can be observed at
ranges up to, for example, R . =20 km. Therefore,
this range should be selected as the maximum unam-
biguous range. The radar pulse from this range is
delayed in time by 2R _ / c. The total duration
of the backscattered pulse from the far target is
2R . Jc+ e (see Fig. 4).
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Finally, the adaptive range compression technique
implies that the radar echo received on the n-th PRI
is a sum of the backscattered replicas of the n-th
Tx-pulse. The overlaying of the consequent Tx-pul-
ses (n and n+1) is not allowed since the compres-
sion filter is specially adapted to each Tx-pulse se-
parately. It means that the transmission of the next
pulse should be started only after the whole response
from the previous Tx-pulse is received. Mathemati-
cally it reads as

2R
PRI>ZZma g o (28)
C

This relation gives the limitation for the pulse duration,
2
T em < PRI- &, (29)
c

assuming that the PRF has already been selected ac-
cording to (26) or (27). In order to achieve the high
sensitivity of the radar, the LFM pulse duration 1,
should be as long as possible, so that the radar should
operate with a high duty cycle in a so-called quasi-
continuous mode:

Duty Cycle = v < _Lax/c‘
PRI PRI

(30)
The calculations made for PRF=2.5 kHz and
T pm = 250 ps give the maximum unambiguous ran-
ge R . =225 km and the duty cycle of 62.5 %
(see Table 1). In some cases the duty cycle can be
additionally limited by the transmitter hardware over-
heating.

5. Range-Doppler Processing
of GB-SAR Data

The range-Doppler algorithm is one of the simp-
lest SAR data processing methods [7, 8]. In this sec-
tion, this algorithm is briefly described in relation to
the GB-SAR operating mode. The geometry of the
GB-SAR data processing problem is shown in Fig. 5.
The trolley with the GB-SAR system is moving on
rails along the x axis at a constant velocity V as

xp () =T1, -Ty/2<t<Ty/2, L =VT;.

GD

Due to the coherent processing of the backscattered
radar pulses, the path length L is the synthetic aper-
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Fig. 5. Geometry of the GB-SAR data processing problem

ture length, and the time of motion T is the time of
synthesis. The range from the radar to a point target
located at the point (x,, y,) changes with time as

2
RGt,.3,:0) =[x, =2 00) +32 = [Ge, V7 4372
(32)
Usually, the synthetic aperture length L is much small-

er than the range to the target so that the range (32)
can be approximately written as

X (Vt)? X’
R(Xp,yp,t) ~ Rp —R—le-FW[l—R—I; ,
p p p

(33)

[ 2 2
sz X, +V,-

The signal backscattered from the target can be
written as

S(X,51,,1,7) =
= a(xpﬂyp)pRC |:T_TR(‘xp’yp’t)]exp[i(p(xp’yp’t):lﬂ

TR(xpaypat)=2R(xpaypzt)/ca (34)

47
(P(xpayp,t) Z_TR(xpspr)-

The signal is delayed according to the range to the
target, and the delay changes with the slow time ¢
(from pulse to pulse) meaning that the signal migrates
on the range. In our experiments, the aperture length
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was less than the range resolution so that the range
migration effect can be ignored.

The instantaneous Doppler frequency of the signal
is given as

X, 9t =_

S5 3p0) 2n dt
2x, 1 vd[. x
~2ly 1P T
AR, AR | R

=Fpe(x,, R+ Fpp(x,, R,)L. (35)

The signal behaves as the one with the LFM on the
Doppler frequency with the central Doppler frequen-
cy Fpc(x,, R,) and the Doppler rate Fip (x,,R,).

Two targets situated at the same range but at
some different azimuth positions have correspond-
ingly different central Doppler frequencies. It means
that the radar image can be obtained simply by ap-
plying the FFT in the azimuth direction to the range-
compressed data. The image will be obtained in the
range-Doppler coordinates (F,, R,). One can say
that the FFT of the length N forms a fan of Ny
synthetic beams. The obtained image can be resam-
pled from the range-Doppler coordinates (£, R))
to the ground coordinates (x,, y,) by using the fol-
lowing relations:

LF,
x,= 7 Rp,

2
AF
2 2
Y, =y{R,—x, =R, 1—(2”j .

(36)

The Doppler frequency resolution is determined
by the time of synthesis as

K
Pr =

7, 37

According to (36), the frequency resolution (37) turns
into the angular azimuth resolution (2) as

A MF 8

K =K :
R 2v toar, Yo

0y (38)

Actually, the Doppler rate term Fpy (x,, R),) should
be compensated before applying the FFT. This ope-
ration is called focusing. However, the Doppler rate
term can be neglected if the instant Doppler frequen-
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cy variations during the time of synthesis do not
exceed the frequency resolution cell,

1P /KY)

) 39
x R Pr (39)

or, in other words, if the quadratic phase variations do
not exceed 7/2,

ﬂARSTE/Z.
A

(40)
Both conditions pose the same limitation on the aper-
ture length:

Ly <K ~/AR. (1)

This simple processing mode is called a non-focused
SAR and was used to process data in our experimen-
tal GB-SAR system.

6. Autofocusing of GB-SAR Images
via Prominent Point Processing

The motion of the trolley platform can be insufficient-
ly steady and uniform depending of its mechanical
design and construction. In this case, motion errors
should be measured and compensated. The following
model for the motion errors has been introduced
for our GB-SAR system. The trolley is supposed to
be moving along the rails (along the x axis in Fig. 5)
with the velocity V" and acceleration 4. Additionally,
small random deviations from this uniformly accele-
rated motion are introduced both along the rails x ()
and across the rails y.(¢). These deviations, in
particular, include mechanical vibrations of the
trolley. The x.(¢) also accounts for possible position-
ing errors of the trolley from one GB-SAR scan to
another when multiple GB-SAR images of the scene
are measured (for example, at different polarization
at each scan). It is assumed that the mean values of
the random deviations are close to zero. Thus, the
trolley motion equations can be written as

xp () =Ve+A(£ = (Ty/2)) /2+xE(t), (42)

Yr(@) =yg(2),

The trolley starts its motion at the moment of time
t=-T;/2 at the position x,(-Ty/2)~—-VT/2 and
finishes the motion at #=7;/2 at the position
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~Tg/2<t<Ty/2.

x;(Ts/2)~V Ty /2. Thetotal travel path is Lg ~ V'Tj.
Note that the trolley position at the central mo-
ment of time #=0 is out of the center of the path
x7(0) = —A(Ty/ 2)? / 2 ifthe acceleration is non-zero.
The velocity V is the instant velocity at the cent-
ral moment of time ¢=0, and it is also the mean
observed velocity for the whole time interval 7.
Consequently, the velocity V' determines the observed
mean Doppler frequency of targets F, (36).

The motion time Ty is exactly known since the
processed radar data counts the known number of
backscattered radar pulses. The velocity V and ac-
celeration A are the two parameters to be estimated
via autofocusing. The trolley travel path length Lg
can also be unknown, for example, if there are no
limiters on the rails. In this case, the length Lg be-
comes the third unknown parameter. For perfect image
focusing, the unknown random deviations x,(¢) and
vg(t) should also be estimated.

For autofocusing, we have used the well-known
prominent point processing (PPP) technique [7, 8]
after its adaptation to peculiarities of the GB-SAR
mode. In the PPP autofocus, the motion errors are
estimated directly from the phase of the signals back-
scattered from bright isolated point scatterers identi-
fied on the scene. In the developed autofocus method,
we efficiently exploit the range dependence of the
phase errors observed in the backscattered signals.
Recently, the similar idea of utilizing the range depen-
dence of the phase errors have been successfully
implemented in the local quadratic map-drift autofocus
(LQMDA) developed for the airborne SAR [10-12].
The proposed GB-SAR autofocus method is described
below in detail.

The range from the radar to a prominent point with
the ground coordinates (x,,, y,) changes with time as

R(x,,y,,t)=

- ([xp ~Vi—A(£* ~(Ty/2)") /2 —xE(t)T +

1/2
{h—hmfj- 43)
This range dependence can be simplified under the
following assumptions:

1) the range to the prominent point R, =, /xf, + y;
is much greater than the range variations due to the
platform motion;
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2) the random deviations x.(¢) and y.(¢) are
small so that only their linear terms should be ac-
counted in the approximation.

Under such assumptions, the range dependence
(43) can be written approximately as

R(xpayp,t)zRVA(xpayp,t)+RE(xp,yp>t)a (44)
x ()? X2

Ry (x,,y,,0)=R, ——”Vt+—(1——’;j—
R, 2R, R,

2 2
_ X A =(T5/2)) (45)
R, 2
RE(xpaypat) =

_xE(t)[xp V= A =(T5/2) 2|+ 9,05 0)
- .

p

(46)

The term Ry, (x,,y,,f) is related to the uniformly
accelerated trolley motion, whereas the term
Ry(x,,y,,t) represents the contribution of the ran-
dom motion deviations x, () and y,(?).

In order to use formulas (44)—(46) for autofocus-
ing we have to know the ground coordinates (x,, y,)
of the prominent points. Originally, the prominent
points are detected on the GB-SAR image built in the
Doppler-range coordinates (F,, R,). The ground
coordinates (x,, y,) can be calculated from the
Doppler-range coordinates (F,, R,) by using (36),
however, we have to know the trolley velocity V.
If the path length L of the trolley is exactly known
then the motion velocity can be easily calculated
as V =Lg/T;. However, if the length L, is mea-
sured inaccurately, the ground coordinates of
the prominent points have to be measured using an
independent map of the scene, for example, the Google
Map as follows.

Among the prominent points detected in the
GB-SAR image we select those points that are as-
sociated with the particular objects in the Google
Map of the scene. By comparing the ground coor-
dinates of these prominent points measured from
the Google Map to their Doppler-range coordina-
tes measured from the GB-SAR image, the path
length Lg and velocity V are estimated. After that,
the ground coordinates of all other prominent points
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are calculated. In order to improve accuracy, several
GB-SAR scans are made and multiple GB-SAR
images formed. The ground coordinates of the promi-
nent points estimated at each scan are averaged.
From now, the ground coordinates (x,, y,) of the
prominent points are assumed to be known.

The PPP autofocusing is performed as follows.
The complex GB-SAR image is formed by applying
the direct FFT to the range compressed data in the
azimuth direction. The prominent points are recog-
nized in the image. Then, each prominent point re-
sponse is isolated by applying a short azimuth
window. The windowing preserves a prominent point
response and suppresses signals from other targets
located at the same range but at other azimuth posi-
tions. By using the inverse FFT, the prominent point
signal is transformed back to the time domain. After
that, the phase of the prominent point signal is mea-
sured, unwrapped and recalculated into the range
variations (44) for each prominent point.

At the first stage, the velocity V and acceleration
A are to be estimated. The measured range varia-
tions of each prominent point R(x,,y,,t) are ap-
proximated by a parabola

RVAESt('xp’yp,t):Aptz+Bpt+cp. (47)

The coefficients of the parabola are found by mini-
mizing the mean square error (MSE) (“fitting a pa-
rabola”):

MSE(4,,B,,C,)=
1 N-1 2

- (4,02 +B,1,+C, =R, (x,.5,.1,) ]

n=0

(4%)

Parabola (47) describes the deterministic component
of range dependence (45), while the random compo-
nent of range dependence (46) that contains devia-
tions x(¢) and y,(¢) is considered as an additional
noise during the parabola fitting. The velocity and ac-
celeration (45) are calculated from the coefficients of
the parabola as

vV . = B, 49

pEst — xp/Rp H ( )

Ay =- 2 [Ap—( pest) (I_X_ZH (50)
x, /R 2R, R
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The ratio x, / R, appears in the denominator in (49)
and (50). It means that the estimation should be done
using the prominent points with non-zero values of
X, / R, and, respectively, with non-zero Doppler
frequencies. The velocity and acceleration are
estimated for each prominent point independently and
then averaged to improve the accuracy,

Est Z p Est>

ppl

(1)

1 P
AEst = N_Z Ap Est*

p p=l

When the velocity and acceleration are estimated
we can proceed to the second stage — estimation
of random deviations x.(¢) and y,(¢). The random
term (46) is calculated by subtracting the estima-
ted deterministic part of the range dependence (47)
from the measured range dependence R,(x,,y,,?)
(44) for each prominent point. The random devia-
tions x.(¢) and y,(¢) in the dependence (46) can
be estimated separately for each moment of time ¢,
by fitting a line

REEst(xpayp’t) = xE(t)Xp(t)+yE(t)Yp(Z)a

xp _VEstt_AEst (tz _(TS/z)Z)/Z
Xp (t) == >
RP
Y
Y (t) = __P’
p Rp
by minimizing the MSE:

MSE (x,(t,), 7 (t,)) =

N,-1
:]VL Z [xE(tn)Xp(tn)+yE(tn)Yp(tn)_

_{R(xp’yp’tn)_RVAEst(xp’ypat,,)}]z.

Let us clarify the difference between the first stage
and the second one of the autofocus estimation.
At the first stage, the velocity V" and the acceleration
A are estimated independently for each prominent
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point, and the parabola fitting (47) is performed in the
azimuth direction. At the second one, the deviations
x;(¢t) and y.(¢) are estimated independently for
each moment of time, and the line fitting (51) is per-
formed in the range direction.

The estimated cross-rails deviations y,(¢) are com-
pensated by the phase correction

(PE (t ) y E (t )

applied to each received radar pulse independently.
The non-uniform along-rails trolley motion is compen-
sated by the interpolation of the received radar data
in the azimuth direction. During the interpolation, the
data are resampled from the non-uniform sampling
grid x(¢,) (42) to the uniform grid (31). The inter-
polation is range-independent. Finally, the compensa-
ted radar data are processed by using the common
FFT-based GB-SAR algorithm described in Section 5
resulting in a well-focused GB-SAR image.

7. Experimental Results

The performance of the introduced adaptive range
compression technique is illustrated in Figs. 6 and 7.
The range-compressed data images (the received
power in decibels) are shown in Figs. 6a and 6b. The
range (vertical scale) is from 0 (bottom) to 1500 m
(top), and the azimuth time (horizontal scale) covers
the interval of 6.4 s. The range-compressed data ob-
tained with the ordinary matched filter with the Ham-
ming window is shown in Fig. 6a. One can see
the noticeable side lobes in the range direction that
come from the very close targets. In the image, not
only the useful radar returns at far ranges but even
the receiver noise is below the side lobes. The side
lobes rise because of amplitude and phase imperfec-
tions of the transmitted LFM pulses. The range-com-
pressed data obtained with the proposed adaptive
matched filter with the Hamming window and with
Tx-pulse envelope compensated to the Hamming en-
velope is shown in Fig. 6b. Due to the adaptive com-
pression, the side lobes are reduced significantly down
to about 20 dB with respect to the ordinary compres-
sion, as clearly illustrated in Fig. 7. Now one can
easily observe the receiver noise and the useful sig-
nals at far ranges. The presented results convincingly
prove the efficiency of the proposed adaptive range
compression technique.
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Fig. 6. Side lobes observed on range-compressed data: a — ordinary matched filter with Hamming window, b — adaptive matched filter
with Hamming window and Hamming Tx-pulse envelope. The range (vertical scale) is within 0 (bottom) to 1500 m (top); the

azimuth time (horizontal scale) is 6.4 s
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Fig. 7. Range compression side lobes levels achieved with ordinary and adaptive matched filters

In our experiments, the GB-SAR system was
operated indoors overviewing the nearby terrain
through the open window on the 4th floor of our
Institute building. The obtained GB-SAR image along
with the Google Map image of the scene are shown
in Fig. 8. The scene in the images is about 535 m by
535 m. The bright reflections come from the buil-
dings, in particular, from metallic constructions
on the roofs. Reflections from trees are also visible.
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In the center of the image, one can recognize the
radar return from the aircraft Let L-410 Turbolet.
Some part of the scene is hidden in radio shadows
from the buildings. Note also that visible “azimuth
side lobes” are actually poorly focused returns from
the targets that were partly illuminated during the
observation time (because of shadowing) or from
the targets that demonstrate complex scattering being
different from scattering from a point target. The
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Fig. 8. The GB-SAR image (@) and the Google Map image () of the scene (535 m by 535 m)

power decay with the range has been compensated
according to the ~ R* law in Fig. 8a (the compen-
sation has not been applied in Figs. 6 and 7).
The image demonstrates the scene dynamic range
up to 60 dB (the very close target returns were
excluded). The obtained results prove the efficien-
cy of the adaptive range compression and confirm
the possibility to achieve high azimuth resolution
at ranges up to 1.5 km with the ground-based SAR
technique at millimeter waves from the imperfectly
stabilized platform with autofocusing.

8. Conclusions

An experimental ground-based synthetic aperture ra-
dar (GB-SAR) system operating at Ka-band has been
successfully created and tested. The implemented
high-duty-cycle operating mode (quasi-continuous
mode) with the two separate antennas for simul-
taneous transmission of long LFM pulses and recep-
tion of radar returns proves its efficiency and validity.
The two-channel receiver used to sample both
the transmitted pulses and the backscattered radar
echoes allows to realize the highly efficient adaptive
pulse compression technique that provides the high
dynamic range and low pulse compression side lobes,
as well as high pulse-to-pulse coherency and resistance
to the phase noise in the transmitted LFM pulses.
The described autofocus technique allows obtaining
high resolution ground-based SAR images at ranges
up to 1.5 km at millimeter waves from the imperfectly
stabilized trolley platform.
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Papnoacrponomuueckuii unctutyt HAH Ykpaunsl,
yi. KpacHo3HameHHas1, 4, T. XappkoB, 61002, YkpanHa

OKCIHEPMUMEHTAJIbHAS1 HABEMHAA
PCA-CUCTEMA Ka-IMAITA3OHA

Pa3paboTana sKcriepuMeHTalIbHASL HA3eMHasl PaMOJIOKaIMOHHAS
cHcTeMa ¢ cuHTe3upoBanHoit aneptypoii (PCA-cucrema), pabo-
taromias B Ka-nuanasone ams BosH. CrcteMa ClipoeKTHpOBaHa
U1 pabOTHI C BEPIIMHBI XOIMa MITH KPBIIIH 31aHUA U T. II. JUIs
MOCTPOCHUS N300paKEHNUH HHKEPACTIOIOKEHHON MECTHOCTH.
B crarbe onucana annapartHas 4acTh PaHoJIOKaTOPa, PEXKUM
paboThI ¥ OpUTHHAIBHBIE METOIbI 00paboTky TaHHbBIX. [Ipume-
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HEH peKUM palbOThI € JUIMHHBIMU UMITY/IbCAMHU C JINHEHHOI Yac-
TOTHOM MOZYJISIIUEH C BBICOKOM CKBaKHOCTBIO (KBa3H-HEPEPhIB-
HBI pexum). [IpennokeHa TeXHUKa CHKATUS UMITYJIBCOB C 3-
(heKTUBHBIM aJaNITHBHBIM COINIACOBaHHBIM (DHIIBTPOM, KOTOpast
o0ecrieunBaeT BHICOKHI AMHAMIYECKUH THara30H U BBICOKYIO KO-
T'ePEeHTHOCTb PaIMOJIOKAIIMOHHOMN CHCTEMBI. JIJ1 TOYHOI OLIeHKH
1 KOMIICHCALUH OIIMOOK JBUKEHUS PaAUOIOKAIIOHHOM IJ1aT-
(hopMBbI IPUMEHEH MeTO]T aBTO()OKYCHPOBKH T10 CUTHAJIAM OT
sipkux Todek. Jlocturayrast addexriuBHOCTS HazeMHo# PCA-cric-
TEMBI IPOUIITIOCTPUPOBAHA Ha IKCIIEPHMEHTAIIbHBIX IaHHBIX.

O. O. bezsgecinonuil, /I. M. Baspis, B. A. Bonxos,
A. A. Kpasyos, €. B. Bynax, B. B. Bunozpaoos,
C. C. Cexpemapvog

Panmioactponomiunnii inctutyT HAH Yipainy,
ByJ1. YepBOHOMpanopHa, 4, M. Xapkis, 61002, Ykpaina

EKCITEPUMEHTAJIbBHA HABEMHA
PCA-CUCTEMA Ka-JIIAITASOHY

Po3po0neHo excrepuMeHTaNbHy Ha3eMHy pa/IioiIoKaliiiHy cuc-
TeMy 3 CHHTe30BaHo1o aneptyporo (PCA-cucremy), sika rpartoe
B Ka-nianazoHi 1oBxHH XBHJIb. CHCTEMY CIIPOEKTOBAHO IS pO-
60t 3 BepuHY naropba abo gaxy Oy/iBii TOIIO A1 HOOYIOBH
300pakeHb HIDKYE PO3TallIOBaHOT MicIIeBOCTi. B cTarTi onmcano
amapaTHy YacTHHY PaJioJIoKaTopa, peXKIM poOOTH i OpHTiHABHI
METO/IM 0OPOOKH JaHNX. 3aCTOCOBAHO PEKUM POOOTH 3 TOBTHMH
IMITyJIbCaMH 3 JHIHOIO YaCTOTHOIO MOIYJISIIIIEI0 3 BUCOKOIO
CKBa)KHICTIO (KBa3i-HENEPEPBHUIA PEXUM). 3aIpOITOHOBAHO TEX-
HIKY CTUCKaHHSI IMITYJIbCIB 3 €)EKTUBHHM aIalITHBHUM y3TOIKE-
HUM (QLIBTPOM, 1110 3a0e31edye BUCOKHUIN TUHAMIYHUI [Tiarna3oH
Ta BICOKY KOT€pEHTHICTb paIioIOKaIifHo1 cucteMu. 17t TouHOT
OLIIHKH 1 KOMIIEHCAIli1 TOMUJIOK PYXY PaaionoKamiifHo1 mardop-
MH BUKOPUCTaHO METO]] aBTO(OKYCYBaHHSI 3 CUTHAJIAMH BiJ sIC-
KpaBux To4OK. JlocsrHyTa epexrrBHICTS HazemMHOi PCA-cucTe-
MH IPOLTFOCTPOBaHA HA EKCIIEPUMEHTATIbHHX IAHHUX.
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