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MULTIFREQUENCY MICROWAVE IMAGES WITH INVERSE SYNTHETIC
APERTURE IN THE INTERMEDIATE ZONE OF RADIATION

Experimental results of reflectivity measurements for a metal sphere with diameter of 35.5 mm
in the range of 38-52 GHz at the grid of 256 frequencies are presented. Application of reference
discontinuity in the form of an iris positioned in the throat of the horn allowed implementing the
Fourier-holography principle and obtaining direct reflection from the sphere by Fourier transform of
data in frequency domain. The magnitude of reflection directly from the sphere is proportional to its
diameter. The method of inverse aperture synthesis on the basis of the generalized method of spatial
inverse filtration is proposed. The peculiarity of inverse aperture synthesis implementation is this
approach application to the result of the Fourier transformation of frequency data. For the real
experimental data the spatial resolution was improved in 2 times by inverse aperture synthesis. The
suggested method of data processing provided the possibility of forming the sphere radioimage.

Keywords: spatial resolution, inverse aperture synthesis, inverse filtration, microwave image

Ionani excnepuMeHTANBHI Pe3yJbTaTH BUMIPIOBAHb XapaKTEPUCTHK BiIOMTTS A/ MeTasieBOi
cepu giamerpom 35.5 mm y gianazomi 38-52 I'T'm Ha citui 3 256 wacror. 3acTocyBaHHsI ONMOPHOI
HEOJHOpiAHOCTI y BHIIAAI aAiadparMu, sika pO3TAIIOBAHA B TIOPJIOBUHI pynopa, [103BOJIHJIO
peaigidyBatu npuHuun ¢yp’e-rosorpadii i orpumaTu Ge3nmocepeaHbO CHIHAJa BinOuTTA Bin cdepu
HUISIXOM mnepeTBopeHHss Dyp’e¢ naHuX BUMIpHOBaHb Yy 4acTOTHii o6Jjacti. Ammuiityga BiaOuTTs
0e3nocepeaHbo Big cdepu nponopuiiina ii niamerpy. 3anponoHOBaHO MeTO 00ePHEHOI0 CUHTE3yBAHHS
anepTypd Ha OCHOBi MeToay Yy3arajibHeHOi NpocTOpoBOi iHBepcHoi ¢inbTpaunii. OcodauBicTIO
peasizanii 00epHeHOro CHHTE3y aNepTypH € 3aCTOCYBaHHS i0oro 10 pe3yJbTaTy neperBopeHHss @yp’e
YacTOTHHX JaHMX. /Il JaHUX peajbHOr0 eKCepHUMeHTY 0YyJI0 JO0CATHYTO MiIBUIIEHHS POo3dinbHOI
3JaTHOCTI B 2 pa3d HLIAXOM 3aCTOCYBAHHS iHBEPCHOr0 CHHTE3YBAHHS anepTypH. 3anponoHoBaHMii
MeTo] 00po0KkH NaHMX 3a0e3le4nB MOXKINBICTL c)OPMYBaTH paaio300pakeHHs chepu.

KirouoBi cjioBa: mpocTopoBa po3JiibHAa 3/aTHICTh, OOCpHEHE CHHTE3yBAaHHS anepTypHu, iHBepcHa
GinbTparist , MiKpOXBHIbOBE 300paKEHHS

IIpeacraBienbl 3KcNepHMEHTANIbLHbIC Pe3yIbTAThI H3MEPeHHs] XapaKTePUCTHK OTPAXKEHHsl ISl
MeTajinyeckoil cdepsl auamerpom 35.5 MM B auanazoHe 38-52 I'T'm Ha cerke B 256 wuacTtor.
IIpumeHeHne ONMOpHOIN HEOJHOPOAHOCTH B BHAe AuadparMbl, pa3MellleHHOW B ropJoBHHe pymnopa,
MO3BOJIMJIO Pealn30BaTh MNPUHUIUN Qypbe-roorpagun M MNOJYYHTh HENMOCPeJCTBEHHO CHIHAJ
oTpa:keHHsi oT cepbl myTeMm npeodpaszopanuss Pypbe JaHHBIX H3MEpPEHMI B 4YacTOTHOH o0JacTu.
AMILTHTYAAQ OTPa’KeHHs] HEeMOCPeACTBEHHO OT cepbl NMPONOPHHOHAIBLHA ee Auamertpy. IIpemioiken
MeToJ OOpaTHOI0 CHMHTE3HMPOBAHMSI anepTypbl HA OCHOBE MeT0Ja 0000IIEHHOH NPOCTPAHCTBEHHOI
HHBepcHOIl ¢uiabTpanuu. OCO0EHHOCTHI0 NPHMEHEHUS! O0PATHOr0 CHHTE3HMPOBAHMSl ANePTYpPBI
SIBJISIeTCSl IPMMEHEeHHe ero K pe3y/bTary npeodpasoBanus dypbe 4acTOTHBIX AaHHBIX. [l JaHHBIX
peabHOro 3KcNepuMeHTa ObLI0 JOCTUTHYTO NMOBbIIICHHE pa3peniaonieii cnoco0HOCTH B 2 pa3a nmyTeM
NpHMeHeHHs] 00paTHOro CHHTe3upoBaHHs amepTypbl. IlpensoskeHHbIi MeTox 00pabOTKH AAHHBIX
o0ecre4yns1 BO3MOKHOCTh ¢(hOPMHPOBATHL paguou3odpaxenue chepsol.

KnioueBble ca0Ba: TIPOCTPAaHCTBEHHOE pa3pelleHHe, OOpaTHOE CHHTE3HPOBAHHE alepTypEHl,
HHBEpCHasl PUIBTPaLst, MUKPOBOJIHOBOE N300paXKeHHe.
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1. Introduction

Radar methods are widely used in mechanical engineering and metallurgical
industries to solve some technical issues in the relevant intellectual information and
control systems [1]. Such applications induce some fundamental problems. The use of
multi-frequency broadband signals ensures high resolution along the longitudinal
coordinate. This resolution is determined by the bandwidth. Increasing the resolution can
be achieved by applying the techniques of digital parametric analysis to data obtained
through measurements in the frequency domain [2]. However, in many applications of
microwave image processing it is necessary to achieve high resolution in the transverse
plane. The traditional method of solving this problem is using synthetic aperture [3-5].
However, the classic synthetic aperture is applied to monochromatic signals. In some
cases it is more convenient experimentally to apply an inverse synthetic aperture when
the antenna does not move, but the object is moved. In such cases, the object is moved in
the intermediate zone of radiation, this fact together with the broadband signal application
requires additional studies.

The purpose of this paper is to obtain estimates of improving the spatial resolution in
the transverse plane during the measurements in the frequency domain in a broad band in
the intermediate zone of radiation using the concept of inverse synthetic aperture. The
sphere with different values of radius has been chosen as standard object for
investigation.

2. Samples and experimental setup

The purpose has been achieved experimentally with use of measuring equipment [6]
in the range of 38-52 GHz. A pyramidal horn with the length of 120 mm and aperture
sizes of 46x46 mm is used as radiating and receiving antenna and the source of reference
signal for Fourier-holography principle implementation. The reflection in the horn throat
was used as reference signal and served to save phase information. An iris was situated in
the cross-section of the throat to increase the reference reflection. Synthesized pulses
were obtained after transforming the measured frequency dependence to the time domain
using the discrete Fourier transform. The synthesized pulse duration was equal to ~70 ps
at the level of 3 dB thus space resolution was equal to ~2 cm. The further improvement of
longitudinal resolution demands widening the operating frequency band. Fluctuations of
the peak amplitude were less than 2%. It is well-known that for antenna with aperture

size D for wavelength A the far-field boundary R, is determined by R, =2D?/A, but

the intermediate-zone boundary R, is determined by R, =0.624/D*/ A . Thus, R, and

R, are equal to ~70 and ~535 mm for the frequency of 38 GHz and ~130 and ~730 mm

for the frequency of 52 GHz, respectively. Two spheres with diameters of 35.5 and 52.8 mm
were chosen as objects under investigation. The distance between the aperture of the horn and
the object under investigation was 200 mm that was intermediate zone of radiation.

3. Data processing

Traditionally, for aperture synthesis one uses Fourier or Fresnel transform in
dependence if the object is in far-field or intermediate zone. But the problem becomes
more complex if the object is situated in near-field zone. The inverse synthetic aperture
approach is rather convenient for experimental implementation when measuring unit is
stationary but an object is shifted along an axis which is perpendicular to the axis of
radiation. The first step is the actual measurement of insert reflection coefficient of the
object on the grid of frequencies. Such measurements are made for each position of the
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Multifrequency microwave images with inverse synthetic aperture in the intermediate zone of radiation

object, which is shifted laterally with 1 mm increments. Then Fourier transform of
frequency dependences for each position of the object are carried out. The following step
is selecting the informative fragment corresponding to the reflection from the object itself
by windowing. The latter procedure eliminates reflections from surrounding objects and
reflections in the antenna itself. For all transformations the time axis corresponds to the
axis of the horn antenna radiation. Measurement unit along the mentioned axis can be
chosen according to the linear relation y = ct / 2, where ¢ is velocity of light in vacuum,
and t is time variable resulting from the Fourier transform. Thereafter, for each value of
the y-axis sample an array of data depending on the value of the transverse scan
coordinate X is formed. Measurements for the reference object (copper vertical strip with
width of 10 mm or 5 mm) are carried out in the similar scheme.

Inverse aperture synthesis with use of inverse filter transfer function with
regularization was implemented according to the following expression

_ SE(y’ fX)
HO 0= n

where E(y, f,) is the Fourier-image of the standard image of the copper strip of 5 or 10
mm width, Sg(y, f,) is Fourier-image of experimentally obtained radio image copper

strip of 10 mm after pre-processing procedure, « is a regularization parameter.

It is assumed that the spatial image of the reference object in the form of a copper
strip has the form of a rectangular function of the spatial coordinates X with the width
which strictly coincides with the width of the copper strip.

Spatial signal spectrum in the case of synthetic aperture value for coordinate y is
determined according to the method of mean geometric filtering [7], which is a
generalization of the inverse filtering
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here S,(y,f,) is a result of inverse filtering (after inverse Fourier transform we obtain
the result of aperture synthesis), S(y, f,) is Fourier-image of experimentally obtained

radio image for the object under consideration after pre-processing procedure, Z and V
are regularization parameters varied in range [0, 1]. Really values of Z and V were equal

to unit, Y is the longitudinal coordinate, f, is the spatial frequency for spatial X-

coordinate. Such approach allows compensating not only phase distortion but magnitude
one. The specific feature of the approach is the fact that the function against lateral
coordinate is calculated not for single frequency but it is samples of inverse Fourier
transform of frequency dependence in every point of lateral coordinate.

4. Results and discussion

The insert reflection for metal sphere of 35.5 positioned at the distance of 200 mm
from the aperture of the horn was measured at the grid of 256 frequencies in the range
from 38 to 52 GHz. In Fig.1 the directly measured data for 3 frequencies such as 38, 45
and 52 GHz are presented. The informative signal is corrupted by additional interference.
The synthesized signal was calculated from the frequency data by inverse Fourier
transform to time domain or after recalculation to space domain. Thus reflection against
longitudinal axis was obtained. The modulus of this dependence for illumination of the
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central point of the sphere is presented in Fig. 2. This result can be considered as
envelope of the synthesized radiopulse. The reflection from the sphere itself described by
the peak 1 can be easily separated. The magnitude of this peak is equal to 0.00067 but the
analogous magnitude for the sphere of the diameter of 52.8 mm was equal to 0.00098.
The ratio of diameters was 1.487 and the ratio of the magnitudes was 1.463 that is rather

0.
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Fig. 1. The directly measured reflection from the sphere of diameter of 35.5 mm against lateral
coordinate for frequencies 38 (1), 45 (2) and 52 (3) GHz.

close to the ratio of the diameters. Thus radar cross-section can be easily estimated if the
value of standard sphere radar cross-section is known. After extraction of complex data in
the vicinity of this peak and transformation to frequency domain signals refined from
interference were obtained (Fig. 3). The signals of type presented in Fig. 2 were
calculated for all positions along the lateral coordinate with step of 1 mm. For every value
of y synthesized dependence as function of lateral coordinate X was formed. For y
corresponding to maximum of R(y) the reflectivity against X is presented in Fig. 4. For
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Fig. 2. The synthesized reflection against longitudinal coordinate with peak (1) of reflection from the
sphere of diameter of 35.5 mm.
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inverse aperture synthesis implementation the multifrequency measurements in
combination with scanning along the lateral direction for copper strip with 10 mm width
were carried out. The inverse aperture synthesis was calculated according to (2). The
result of this procedure is presented in Fig. 4. It is clear that the peak compression is more
than 2 times, thus the resolution is improved more than twice. The final radioimage is
displayed in Fig. 5.
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Fig. 3. The reflection from the sphere of diameter of 35.5 mm after extraction of reflection itself from
the synthesized signal and inverse transformation to frequency domain against lateral coordinate for
frequencies 38 (1), 45 (2) and 52 (3) GHz
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Fig. 4. The reflections in the position of peak corresponding to the reflection from the sphere itself
against lateral coordinate for unprocessed data (1) and data (2)
after inverse synthesis of aperture.

5. Conclusions

For real experimental data application of mean geometric filter as a generalized
version of the regularized inverse filtering allows practically implementing the inverse
aperture synthesis method. The reference signal measurement for a single strip provides
results in the absence of mathematical models for the dependence of the amplitude and
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phase characteristics on the spatial coordinates. The proposed approach to experimental
data allows improving the image resolution in the transverse direction compared with
unprocessed experimental data more than twice.
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Fig. 5. The final radio image of the sphere after inverse synthesis of aperture
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