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Implementation of 2D aperture synthesis enables obtaining of 2D angular resolution which in combination
with range resolution gives tomographic 3D images. Tomographic 3D radar images can give detailed and
precise information about spatial distribution of semitransparent objects or other area of interest. Radar
tomography may be realized with the help of any type of high resolution radar; however this paper is focused
on noise radar tomography. We describe simulation of wideband noise radar operation combined with 2D
aperture synthesis and present some results of tomographic SAR imaging experiments using continuous
noise waveform and 2D aperture synthesis carried out in S-band.
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INTRODUCTION

There are many applications of radar imaging and
radar tomography. For instance, such systems can be
used for intrusion detection, concealed weapons de-
tection, monitoring of bridges, buildings, towers, etc.
3D microwave or millimeter wave imaging of partially
transparent objects may be realized via generation of
a series of 2D images as cross-range slices at differ-
ent range gates [1] which is possible when applying
a high resolution radar. Actually this technique is a
combination of 2D aperture synthesis and wideband
radar ranging with high enough resolution. Hereinaf-
ter, this technique will be called as Radar Tomography
which is in agreement with general definition of the
tomography. Microwave or millimeter wave radar to-
mography may be realized with the help of any type
of high resolution radar; however in this paper we
will be focused on Microwave noise radar tomography
[2,3]. To demonstrate this capability of noise radar we
have carried out computer simulation of noise radar
operation in combination with 2D aperture synthe-
sis. Indoor experiments aimed on obtaining of 3D to-
mographic images of a laboratory room interior have
been carried out using S-band noise radar. Besides,
we have shown tomographic 3D images generated
experimentally and have estimated the coordinates of
some strong scatterers measured from these images.
Bisatic Ka-band Noise waveform SAR using anten-
nas with beam synthesis [3,4] may be applied for to-
mographic imaging as well, but the related results are
presented in another paper by the authors.

I. 2D IMAGE GENERATION USING NOISE
WAVEFORM AND 2D APERTURE SYNTHESIS

Consider, first, simulation of 2D imaging using
2D aperture synthesis along two cross-range coordi-
nates with the help of wideband Noise Radar. The
required noise waveform with Gaussian shape of its
power spectrum has been obtained from white noise
sequence via application of three transformations: 1.
Fast Fourier Transform (FFT), 2. Gaussian window-
ing in frequency domain, and 3. Inverse FFT [2,3] to
obtain the required random signal in time domain.
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We have simulated 2D aperture synthesis for the
case of rectangular aperture shape. We suppose me-
chanical motion of transmit/receive (Tx/Rx) antenna
or proper electronic switching between elements of 2D
Tx/Rx antenna array. Rectangular aperture is realized
via line by line scanning consisting in radiation and re-
ception of noise signal at each discrete position of the
antennas. The scene consists of point-like scatterers
which don’t have mutual electromagnetic interaction.

SAR imaging can be considered as matched fil-
tration of the signals received by Rx antenna at differ-
ent positions. Reference function for such filtration is
obtained as a signal from a point-like scatterer placed
at the point of interest. Such matched filtration can be
described in spectral domain as follows. Relation for
a Fourier component of the received signals from a
point-like scatterer can be described as a harmonic of
probing signal with factors which describe its distor-
tions due to propagation and backscattering:

Em (f’XIaXZ):

:EO(f,Xl’XZ)'C(x,ysz)h(stI!Xzsxaysz)s (D
where Ej(f,x.%,) is a Fourier component of the
signal radiated at the antenna position described by
two coordinates on the plane of the synthetic aperture
(x1>%2); f is frequency; ¢(x,y,z)is reflection coeffi-
cient of the scene element with coordinates (x, y,z);
h(f,x1>x2-%,¥,2) is a factor describing propagation
of the signal from antenna at the position (,,x,) to-
wards the target with coordinates (x,y,z) and back.

Relation for estimation of the reflectivity & ofthe
given point (x,y,z) of the 3D scene using matched
filter concept will have the form of convolution be-
tween measured signals and theoretical return from
the point-like scatterer [6]:

&(x%.:2)=

:IJ J Erec(f?Xl:XJ)'Em* (f7X1’X2)dde1dX27 (2)
S -0

where E,.(f,x,%,)is a Fourier component of the

signal received by the radar receiver at the given
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antenna coordinates; S is the surface of antenna ap-

erture, superscript = denotes complex conjugation.
Reference signal from idealistic scatterer
E, (f.xx,) is to be substituted from (1) taking
¢(x,y,2)=1. The propagation factor 4( f,x;,%2,X,9,2)
is to be obtained from geometrical consideration of
relative positions of antenna and scatterer and model
of propagation. Let us denote for simplicity the co-

ordinates of Tx/Rx antenna as radius-vector R, and

coordinates of the point of interest as ﬁxyz. For the
far zone of the antenna the propagation factor can be
written as follows:

o 74ni‘RX—nyz
P(R R, ¢
h(f,RX,nyz): (RX J’Z) f 2 )

‘RK - nyz

3)

where P(IQX,RW is pattern of the physical antenna; ¢
is propagation velocity of radio frequency in the medi-
um. Low variation of amplitude part of (3) enables to
leave only phase part of the signal propagation factor.

When SAR antennas move with low velocity and
transmitting-receiving is carried out at certain posi-
tions, it is possible to substitute integral over y, and
%, by a sum over all antenna positions. Besides, due
to the limited duration of signal, integration over fre-
quencies can be substituted by sum over frequency
spectrum components.

The cross-range resolution in both angular di-
rections is defined by the corresponding dimensions
of synthetic aperture and wavelength of the probing
waveform. For simulation of 2D imaging via 2D ap-
erture synthesis an object has been formed as a set of
scattering points, which are shown in Fig. 1. The im-
age of this object generated with rectangular scanning
geometry is shown in Fig. 2.
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Fig. 1. 2D model formed by a number
of point-like scatterers

Simulation was done for the following param-
eters: carrier frequency 3.6 GHz; power spectrum
bandwidth 200MHz; range 1m; synthetic aperture
dimensions 0.6x0.6 m; size of radar field of view
2.4x2.4m; spacing between antenna positions 2.5cm.
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Fig. 2. 2D coherent image generated with the help
of 2D aperture synthesis and noise waveform.
Modeled taget is shown in Fig.1

II. 3D IMAGE GENERATION USING
NOISE WAVEFORM AND
2D APERTURE SYNTHESIS

Microwaves are reflected by human body and
by metals. The principle of tomographic 3D imaging
consists in illumination of the object of interest with
a broadband signal enabling to get high enough range
resolution and in formation of 2D image for provid-
ing the angular resolution required. This is based
on the fact that microwaves can penetrate through
many artificial and natural media which are opti-
cally opaque. Dielectric materials such as plastics and
organic materials will cause partial reflection of the
waves and partial transmission so they will be seen as
partially transparent. Having the reference signal we
can vary its delay and thereby perform range focusing
which enables generation of 2D image (tomographic
slice) from certain range inside transparent object,
separately. In this way, application of noise waveform
with wide enough power spectrum bandwidth enables
layer-by-layer visualization of a semitransparent ob-
ject and, therefore, generation of its tomographic 3D
image.

The Noise Radar system uses illumination by
random signal and coherent detection (both ampli-
tude and phase) of the scattered wave. Noise wave-
form with a variable power spectral density width
enables controlling the resolution in depth of the 2D
Imaging. The range resolution is defined by the power
spectrum bandwidth, as

AZ =C 2 Af 5
where Af is power spectrum bandwidth, c is the ve-
locity of light.

Use of random waveform delivers such benefits as
absence of range ambiguity and improving immunity
against external electromagnetic interferences [1-3].
Thus imaging with 2D aperture synthesis and noise
waveform enables tomographic 3D imaging through
the range resolution of the wideband radar.
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III. EXPERIMENT FOR INDOOR
3D SAR IMAGING

Experiment was carried out using 3.5GHz
transceiver. Noise continuous waveform (CW) with
300MHz bandwidth and 20mW transmit power was
used for sounding. 2D rectangular SAR scanning was
implemented by moving a receive antenna on spe-
cial supplement construction. Transmit antenna re-
mained the same position during the measurements
which lead to loss of half of the angular resolution but
enabled to overcome high crosstalk between anten-
nas and simplify the construction. Synthetic aperture
dimensions of 0.6x0.6m defined angular resolution in
both cross range axis of about 8°. Radar return and ref-
erence signals were down converted to intermediate
frequency band and digitized with a 1Gs/s 8bit ADC
and then processed in a PC using the proposed algo-
rithm. Dynamic range of the generated 2D and tomo-
graphic images reaches 42dB which is determined by
7bit effective vertical resolution of the ADC.

Fig. 3 shows a picture of the experiment sce-
nario.

Fig. 3. Scenario for tomographic 3D SAR imaging

The scheme of the experiment includes position
ofthe SAR receive aperture and two test targets shown
on the Fig. 4. The measurements were carried out in a
laboratory room with concrete walls and floor. Inside
the room, there were several tables with equipment,
metal chairs and multiple metal objects.

The wall
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Fig. 4. Scenario for the experiment
(see picture of the scene in fig. 3)
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Two targets having rather strong reflectivity were
placed in the radar field of view inside the room: a
duralumin corner reflector and a polyethylene sphere
covered with aluminum foil (Table 1). The targets po-
sitions were measured from the SAR aperture center.

Table 1
Details of the experimental setup

Corner

Features of the targets Sphere reflector
Range, m 1.6 4.8
Cross range, m -0.5 0.8
Elevation, m -0.1 -0.4

Size, m radius=0.1| length=0.3
Radar cross section, m? 31.4:103 19.7
Size of the angular
resolution cell at the distance 0.5 1.3
of the target, m

Fig. 5 shows a 2D SAR image obtained using
the data from these tomographic measurements (top
view). The sphere and the corner reflector are clearly
seen in the image. Besides, the back wall of the room,
tables and chairs could be easily recognized in the im-
age as well.
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Fig. 5. 2D ‘range’-‘cross range’ SAR image of laboratory
room; top view (see picture of the scene in Fig. 3)

Fig. 6 shows vertical slice of tomographic 3D
SAR image at the distance of 1.6m which corresponds
to the sphere position. The target is clearly seen in the
image.It has to be noted that at this distance from the
radar synthetic aperture all the resolutions along all
three coordinate axis (elevation, azimuth and range)
are comparable (Table 1).
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Fig. 6. Vertical slice of tomographic 3D SAR image
at the distance corresponding to the sphere position
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Fig. 7 shows vertical slice of tomographic 3D
SAR image at the distance of 4.8m which corre-
sponds to position of the corner reflector. The latter is
also focused well. Besides, responses from chairs and
tables can be also found in this image. Fig. 8 shows
vertical slice of tomographic 3D SAR image at the
distance of 8m which corresponds to the back wall of
the room and shows strong reflection from this wall.
Magnitudes of the responses are in a good agreement
with the known RCS values of the reflectors. Posi-
tions of the detected peaks are in a good agreement
with the placement of the radar targets (listed in Table
1). Range and angular resolutions obtained are close
to their theoretical values. Application of Noise wave-
form and coherent reception of the radar returns ena-
bled performing tomographic radar measurements
inside the room containing high number of reflectors
and, also, at the presence of multiple reflections from
the walls. Experimental results have shown high re-
peatability of the measurements.

T~
T

SAR ?Corner
aperture T reflector

6.5

0

Fig. 7. Vertical slice of tomographic 3D SAR image at the
distance corresponding to position of the corner reflector

Fig. 8. Vertical slice of tomographic 3D SAR image
at the distance corresponding to the back wall position

CONCLUSIONS

A method for generation of tomographic 3D mi-
crowave images based upon 2D Aperture Synthesis
and Noise Radar Technology has been considered
theoretically and validated experimentally.

We have carried out computer modeling of noise
radar operation in 2D aperture synthesis mode. The
code developed gives a possibility to simulate: (1)
tomographic 3D image generation for various 2D
synthetic aperture geometries; (2) simulation of the
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response from point scatterer and (3) perform space-
time processing. Besides, this code can be used for
processing of realistic radar data and for generation of
tomographic 3D SAR images.

We have analyzed resolution and sidelobes of var-
ious configurations of synthetic aperture through the
modeling of 1D and 2D aperture synthesis. Besides,
we have carried out experiment for tomographic 3D
SAR imaging using S-band (3.5 GHz) continuous
waveform noise radar and 2D rectangular synthetic
aperture. In these experiments we have shown possi-
bility to generate tomographic 3D SAR images and to
measure positions of strong scatterers in these images.
The method is promising for many applications, in
particular for homeland security and covert terrorist
detection inside buildings.
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®opMHpPOBaHHE TOMOTPAMM C TNOMOUIBIO IIYMOBOIO
pazapa u AByMepHOro aneprypuoro cuntesa / K.A. JlykuH,
I1.JI. Bemmnasun, B.B. Kynpsmes, B.I1. [Taramapuyk,
HxoHr-MuH Jlu, Ixonr-Cy Xa, Can-I'y Can, FOu-Cux
Kanr, Ksto-Tonr Yo, beronbr-na Yo // IlpuxknagHas
pamMosIeKTPOHUKA: Hayd.-TexH. XypHain. — 2013. —
Tom 12. —Ne [. — C. 152—156.

Peanu3anus 1ByMepHOTO amepTypHOTO CHHTE3a TI0-
3BOJISIET MOJYUYUTh IBYMEPHOE YIJIOBOE pa3pelieHue, Ko-
TOpOe B KOMOMHAILIMM C pa3pelieHrueM I10 JaaTbHOCTH T0-
3BOJIIeT (hOPMHUPOBATH TOMOTpadUUECKUEe TPeXMepHbIE
n3obpaxeHus. ToMmorpacbuueckre TpexMepHble U300pa-
JKEHUST MOTYT JaTh JACTaIbHYI0 W TOYHYIO MHOOPMAIIUIO
0 TIPOCTPAHCTBEHHOM DPACIIPENeICHUN TTOTYTIPO3PAUHBIX
00BEKTOB WJIU IPYTUX 30HIUPYEMBIX obacteit. PagapHas
ToMorpadusi MOXeT ObITh peain30BaHa C MOMOIIIBIO JIt0-
6oro Tuna pagapa ¢ BBICOKMM pa3pellieHUueM; OHAKO 3Ta
cTaThsl C(POKyCUpOBAHA HA WYMOBOL padapHoil momozpa-
@uu. MBI TIpUBOIUM pe3yJbTaThl MOJIEIUPOBAHUST pabo-
THI IIIMPOKOTIOJIOCHOTO IIIyMOBOTO pajapa B KOMOWHAIINN
C JIBYMEPHBIM aIrepTypHBIM CHUHTE30M M TIPEICTaBIIsIeM
HEKOTOpBIE Pe3yIbTaThl IKCIEPUMEHTA TIO TMOJYYCHUIO
ToMOTpaUIECKUX WM300paKeHMI, WCIOIb3ys HeIpe-
PBIBHBIC IIIyMOBBIE CUTHAJBI S-IMarna3oHa U JIByMEpPHBII
arepTyPHBIN CUHTE3.

Karouesvie crosa: 111yMOBOIi CUTHAT, pagapHasi TOMO-
rpadusi, dhopmupoBaHue TpéxmepHbix PCA n3o0paxe-
Huii, mrymoBoit PCA.

Tab6n. 1. Mn. 8. bubnuorp. 4 Ha3B.
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®opMyBaHHS TOMOTPaM 32 JOMOMOTOI0 IMIyMOBOTO pa-
Japa Ta qBoBuMipHoro ameprypaoro cunte3y / K.O. JIykin,
I1.JI. Bunmasin, B.B. Kynpsmos, B.II. [Taramapuyk,
Hxonr-Min Jli, JIxour-Cy Xa, Cau-I'y Can, IOu-Cik
Kawnr, K’1o-T'onr Yo, b’1oubr-1a Yo // [puknagHa pamio-
eJIeKTPOHiKa: HayK.-TeXH. xXypHai. — 2013. — Tom 12. —
Ne 1. — C. 152—156.

Peanizaliis 1BOBUMIpHOTO aniepTypHOTO CUHTE3Y JI0-
3BOJISIE OTPUMATHU IBOBUMIPHY KYTOBY PO3IUIbHY 31IaT-
HICTb, sIKa B KOMOiHalIil 3 pO3IiIbHOIO 30AaTHICTIO 3a 1allb-
HiCTIO ga€ 3mory ¢opmyBaTu ToMorpadiuyHi TpUBUMIipHI
300paxeHHs1. TomorpadiuHi TpUBHMIpHI 300paxkKeHHS
MOXYTb AaTU OeTajJbHYy Ta TOYHY iH(OpMAaIlil0 PO IPo-
CTOPOBUI PO3MOII HAIMMBIPO30pUX 00’E€KTIB a00 iHIIMX
obnacTeii, 10 30HAYIOThCA. PamapHa ToMorpadis moxe
OyTH peajti3oBaHa 3a IOIOMOI0I0 OyIb-sSIKOT0 TUILYy pagapa
3 BUCOKOIO PO3IiIbHOIO 3IaTHICTIO; IIPOTE 151 CTATTS cho-
KycOBaHa Ha IIIyMOBIi pagapHiit Tomorpadii. Mu onucye-
MO pe3yJIbTaTh MOJEIIOBAHHS POOOTH LIMPOKOCMYTOBOTO
IIIyMOBOTO pazapa B KOMOiHallii 3 TBOBUMipHUM aIlepTyp-
HUM CHUHTE30M i IpeACcTaBIsIEMO ACSIKi pe3yJbTaTh eKCIIe-
PUMEHTY 3 OTPUMaHHS TOMOTpagivHIX 300paxkeHb, BUKO-
pUCTOBYIOUHM Oe3IepepBHi IIIyMOBi CUTHAIIM S-[iana30Hy i
JIBOBUMIpHUI aliepTypHUM CUHTE3.

Karouoei croea: IiyMOBMIA CUTHAJ, pagapHa TOMOTpa-
¢is, popmyBanHs TpuMipHUX PCA 300paXkeHb, IITyMOBUIA
PCA.

Tab6m. 1. In. 8. bibmiorp. 4 HaiiM.
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