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Abstract: Synthetic Aperture Radar (SAR) problem referred to image reconstruction of a moving target and SAR
implementation is considered. Three-dimensional (3-D) SAR geometry is analytically described. The target is
presented as an assembly of point scatterers. Mathematical expressions to calculate the range distance from
SAR to each point scatterer are derived. SAR signal model based on a linear frequency modulated continuous
wave emitted signal, 3-D geometry and reflectivity function of the target is derived. Image reconstruction
procedure based on Fourier transform for range compression and azimuth compression is applied. Polynomial
autofocusing algorithm for SAR imaging of a moving target is suggested. Mini SAR system is implemented and
experimental results are provided.

Keywords: SAR geometry, SAR Digital Signal Processing, SAR Signal Model, SAR Implementation.

MOJIEJI HA CUTHAJI C HEHPEKBCHATA JIMHEVMHO YECTOTHA
MOAYJALIUA U UMIVIEMEHTALIMA HA PAIMOJIOKAIIMOHHA CUCTEMA
CbC CUHTE3UPAHA AIIEPTYPA

Anpon Jlazapos, lumutrsp Munden
Bypracku CBo0ogeH YHUBepcUTET

Pesztome: [Ipedcmagen e mooen Ha CUSHANL ¢ HENPEKbCHAMA TUHEUHO YeCTNOMHA MOOYAAYUs U UMNIeMEHMayusl
Ha paouoioOKAYUoHHA CUcCmemMa CbC cunmesupauma anepmypa. [lepunupanu ca ceomempusma u OCHOGHUME
KUHeMamuyHu ypasuenus, onuceawu mononocusima Ha SAR. H3zeedena e npoyedypama 3a 6b3cmanosseane Ha
obpasza. Umniemenmupana € SAR cucmema.

Knrwuosu oymu: I'eomempua na SAR, yugposa obpabomxa na SAR cuenanu, SAR moden Ha paoap,
umnaemenmayusi Ha SAR padap.

1. Introduction

SAR systems provide mapping of Earth and ocean surface and imaging of stationary and moving targets
on them as well. Wide bandwidth signals are used to realize range resolution while the motions of the radar
platform and target induce an azimuth resolution, but the accuracy of the processing is dependent on proper
autofocusing procedure. Image extraction range Doppler technique requires determination of portion of signal to
be compressed. It can be easily achieved by applying a pulse mode of the radar transmitter. A drawback arises
while continuous emitted waveform is applied in order to realize a range resolution. SAR systems are designed
and built for a decade and a number of works in the field of SAR design have emerged [1,2], describing the
theory of pulse modulation and transmitted waveforms, detection theory including matched filter detection, basic
antenna theory, and signal-to-noise ratio calculations. In [1] a discussion of end-to-end system design is provided
including signal generation, antenna considerations, sampling and data storage, and data processing techniques.
Small pulsed SAR systems [3] low-power CW systems [4] have been designed. More recent literature on SAR
exists as well. The theory of SAR and outlines important design considerations for space borne systems is
explained in [5]. The design of new SAR systems has been outlined in [6, 7, 8]. SAR signal processing has been
discussed in [9, 10]. The development includes the use of active and passive targets on a pre-determined
calibration site to measure transmitted power, antenna beam pattern, and signal-to-noise ratio. The author of
work [11] on the measurement of radar cross section provides information concerning ground-based range
measurements. It includes particularly insightful sections on accounting for effects caused by the antenna beam
pattern and ground plane. Design and development of a C-band RF transceiver for UAVSAR is described in
[12].

The problem of air borne (space born) side-view SAR imaging of moving target with CW - continuous
linear frequency modulation waveform is explored in the present work. The main objectives are to develop the
geometry of SAR scenario, to determine the basic geometrical characteristic of SAR scenario, to propose CW
linear frequency modulated SAR signal model and image reconstruction, and autofocusing procedure. The goal
of the processing is to achieve a side view of the target which is of particular interest for further classification
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purposes. The focus of the analysis is on the definition of CW triangle linear frequency modulated SAR signal,
image reconstruction techniques, and geometry description of SAR scenario with the moving target and SAR
implementation. The main result of this work is adequate 3-D geometry of the SAR scenario described by
analytical geometrical expressions, CW SAR signal models with linear frequency modulation, robust image
reconstruction processing scheme including, range and azimuth compression, polynomial autofocusing phase
correction with entropy image quality evaluation, which allow optimal target shape extraction and SAR system
implementation.
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Fig. 1. The geometry of SAR scenario

2. Geometry of SAR scenario

Consider general case of airborn (spaceborn) SAR illuminating a moving target. The topology is
depicted in a reference coordinate system of observation Oxyz , the origin of which, point O, is placed beneath
the radar platform. The target is presented as an assembly of point scatterers placed in the nods of a 3-D regular
grid in coordinate system O' XYZ .

Based on the geometry in Fig. 1 the following equations can be written:
The range distance vector from the SAR to the mass center of the target

@ Rso'(P) =Ros (P) —Roo (P),
() where Ry (p) = R (0)— Vo (%_ p)Tp,
@ Ros (9) =Ras V[ 5 = .

The range distance vector from the SAR to the ijk-th point scatterer of the target
4) Rijk (P) =Rso (P) + ARjjk =Ros (P)—Roo (P) + AR,

where V and Vj are the velocity vectors of the carrier and target, respectively, T, is the azimuth measurement

time interval during aperture synthesis, A is the transformation matrix, p=0, N —1 is the number of azimuth

measurements (segments), T, is the azimuth measurement time interval during aperture synthesis: p is the current
number of azimuth measurements during aperture synthesis, N is the full number of azimuth measurements
during aperture synthesis.

3. CW LFM wave form and modeling of deterministic components of SAR signal
CW LFM wave form has the form
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(5) $(t) =expl- jlot+bt—mT)2 |

where: o= Zn% is the signal angular frequency, ¢ =3.10% m/s is the speed of the light. The bandwidth (2AF)

of the transmitted pulse provides for the dimension of the range resolution cell, i.e. AR =c/2AF, t =(k —DAT ,
2nAF

b is the LFM rate, T =1.10"° s is the half time duration of the triangle modulating pulse voltage,

k=1K isthe sample number of a CW LFM signal segment; K is the full number of samples of the CW LFM

SAR signal segment measured on a range direction, AT is the time duration of a LFM sample.
The deterministic component of the CW LFM chirp SAR signal from ijk-th scatterer can be expressed

by
(6)
Sijk (P, 1) = ajk EXIO% J'l@(t —tijk (p))+ b(t —mT —tjj (ID))2 J} The
deterministic component of the CW LFM chirp SAR signal from object’s scatterer can be expressed by
@) S(p.k) = __Zkaijk eXDL ilw(t —tijk (IO))+ b(t —mT —tjj (D))ZJ}
ij
. . o . 2R (p) .
where ajj is the reflection coefficient (intensity) of the point scatterer of the target; tjy (p) =———— s the
c

time delay of the signal from the ijk th point scatterer of the target.

CW LFM SAR signal formation (7) can be considered as a direct projective operation of an image function onto
SAR signal plane For the reference signal in the coherent processing the parameter m accepts increasing even
values in the following time instant intervals.

0=T T+3T | 3T=+5T | 5T=7T | .. | (m—D)T+(m+ DT | .. | 1998+2001
m=0{m=2|m=4 |m=6 |..|m=m .. | m=2000
Table: Parameter m time variation

Numerical model of the emitted CW LFM signal (blue) and received signal (red) are illustrated inn Fig.
2. The transmitted signal has a symmetric triangular chirp of period T=20, whose min and max frequencies are
0.5 and 5 respectively.

The interference of the two signals, time frequency dependences of emitted and received signal, and the
sum and difference of the emitted and received signals are illustrated in Fig. 3 [13]. Mixer output (a) and
spectrum (b) after mixer is presented in Fig. 4. Time dependence of the filtered output after LPF (a) and the
spectrum of the filtered output (b) are presented in Fig.
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Fig. 2. Emitted and received CW LFM signal ~ Fig. 3 Interference, sum and difference of
emitted and received CW LFM signal
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Fig. 4. Mixer time output (a) and-spectrum Fig. 5. LPF filtered time output (a) and
after mixer (b) spectrum of LPF filtered output

4. Image reconstruction algorithm
Image reconstruction can be interpreted as inverse projective operation and defined by the expression

(8)
ajjk = 2 S(p,t)exp{j[m(t—tijk (p))+ b(t—mT —tijk (p))ZJ} The expression
p.k

can be reduced to
. N

) a(k, p) = ZS(k p). exp[jd(K, p)lexp(ﬂn?kﬂexp[mc ﬁf’]

p—l
where (IZ, p) are the coordinates of point scatterers in two dimensional image plane; ®(k, p) is the phase

correction function, defined iteratively by entropy minimization; S(k, p) is the demodulated signal.
Hence, the image extraction algorithm with entropy phase correction can be defined as follows
I. In case @(k,p)=0

- K ~ <
1.Range compression by Inverse Fourier transform — IFT S (k, p) :% > S(k, p).exp(jZn%]
k=1
: : Py 1 N PP
2. Azimuth compression by IFT - a(k, p):ﬁ > S(k, p).exp Jzn-W .
p=1
b= 3| 5 s preng| e | e p(:zn ppj
’ KN palk1 K N

Il. In case d(k,p) =0
1. Phase correction S (k, p) = S(k, p)exp(— j®s (p)) .

2.Define polynomial coefficients of the phase correction function ®(p) = az.(pr)2 .ot am(pr)m

~ K ~ A
3.Range compression by Inverse Fourier transform (IFT) S(k, p) :% > S(k, p)-exp(jh%}
k=1
- i c oyl N PP
4. Azimuth compression by IFT - a(k, p) :ﬁ z S(k, p).exp 1271.-W .
. e ‘as . p
5. Normalized image function &5 (p, k) = N IR
DI as
p=0k=0

N-1K-1 . -
6. Entropy function Hy =— Y. > as(k, p)In[as(k, p)] and polynomial arguments determination
p=0k=0

m =arg min{H, [a; (K, D)}

5. SAR target image system implementation
Based on electrical scheme of mini SAR system, developed in Massachusetts Institute of Technology,
USA presented in Fig. 6, modified SAR system has been created, the output power is 10 mW, carrier frequency
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is 2.3 GHz, period of triangle modulating voltage is 20 mS. Electrical scheme of the low frequency part of the
SAR system is presented in Fig. 7 [13].

SPUTR1

Sync
Left Channel

Video Out to
Right Channel
(20 Khz BW)

Fig. 6. Basic elements. Transmitter: modulator, oscillator, attenuator, high frequency (HF) amplifier, HF
splitter, transmitter antenna. Receiver: receiver antenna, amplifier, mixer, low frequency (LF) amplifier.

Fig. 7. Electrical scheme of the low frequency part of the SAR system

Electrical plate design of LF part is presented in Fig. 8. The implementation of electrical plate of LF part
is presented in Fig. 9. The implementation of mini SAR is presented in Fig. 10.
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Fig. 8. Electrical plate design of LF part
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Fig. 9. Implementation of electrical plate of LF part: view from above (a), view below (b)

Fig. 10. Implementation of BFU mini SAR

In Fig. 11 a range-Doppler image is depicted. A mane is crossing the SAR antenna pattern.

Fig. 11. Rané‘g'—misoppler image.

6. Conclusion

SAR problem referred to image reconstruction of a moving target and SAR implementation is
considered. Three-dimensional (3-D) SAR geometry is analytically described. The target is presented as an
assembly of point scatterers. Mathematical expressions to calculate the range distance from SAR to each point
scatterer are derived. SAR signal model based on a linear frequency modulated continuous wave emitted signal,
3-D geometry and reflectivity function of the target is derived. Image reconstruction procedure based on Fourier
transform for range compression and azimuth compression is applied. Polynomial autofocusing algorithm for
SAR imaging of a moving target is suggested. Mini SAR system is implemented and experimental results are
provided.
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