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SAR TOMOGRAPHY FOR SHORT RANGE APPLICATIONS USING MIMO
GROUND BASED NOISE WAVEFORM SAR

KONSTANTIN LUKIN, PAVLO VYPLAVIN, VOLODYMIR PALAMARCHUK, SERGII LUKIN,
ANDRII SHELEKHOV, NIKOLAI ZAETS, KONSTANTIN S. VASYUTA

SAR tomography based upon MIMO concept with channels time-division is described. Preliminary results
of its experimental validation using Ka-band ground based noise waveform SAR are presented. Two different
linear synthetic apertures have been used for both transmitting and receiving antennas oriented in vertical and
horizontal directions, respectively. Range resolution in SAR tomography is determined by power spectrum
width of the transmitted signal, while its cross-range resolution is defined by both 2D aperture dimensions

and working wavelength.
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INTRODUCTION

Tomographic 3D imaging of partially transparent
scenes may be implemented, for instance, via genera-
tion of a series of 2D images as cross-range slices at
different range bins which is possible to implement
when applying both a high resolution radar and 2D
aperture synthesis for each range bin. Earlier we have
demonstrated implementation 3D tomographic im-
aging of a laboratory room interior using Noise Radar
Technology [1, 2] and 2D real aperture synthesis [3].

The paper is devoted to investigation and imple-
mentation of millimeter wave band SAR tomography
technique based upon Multiple-Input-Multiple-
Output (MIMO) principle with time-division of sig-
nals in transmit/receive (Tx/Rx) channels. We briefly
describe MIMO operational mode for 2D aperture
synthesis which has been implemented with the help
of Ka-band (36.5 GHz) ground based noise SAR and
Antenna with Beam Synthesizing [3, 4]. In the fol-
lowing section the algorithm for 3D image generation
using data acquired in MIMO SAR mode is given
schematically. The last section of the paper is devoted
to description of the results of outdoor experiments
on 2D and 3D imaging of realistic scenes.

1. MIMO GROUND BASEDNOISE SAR

The principle of tomographic 3D imaging con-
sists in illumination of an object of interest with a
wideband signal enabling high enough range resolu-
tion and in formation of 2D aperture for providing
cross-range (angular) resolution required. Dielectric
materials in the scene, 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 sampled we
can vary its delay and thereby perform range focusing.
This enables generation of 2D images (tomographic
slices) for every range bin inside transparent object in
the scene. In this way, application of noise waveform
with wide enough power spectrum bandwidth enables
layer-by-layer visualization of a semitransparent
scene and, therefore, generation of its tomographic
3D image. Noise SAR [1, 2, 5] transmits random sig-
nals and assures coherent reception of the scattered
waves that provides information on their amplitude
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and phase. Noise waveform with a variable power
spectrum width enables controlling the radar resolu-
tion along the range, which is the 3rd coordinate of
the tomographic image. The range resolution is de-
fined by the power spectrum bandwidth as follows:
¢/2B, where c is light propagation velocity.

Usually, for 2D aperture synthesis mechanical
motion of Tx and/or Rx antennas over a planar syn-
thetic aperture is performed with transmission and
reception of signals, at the equidistant grid nodes.
Positioning system for such 2D movement may be
complex and expensive. We suggested generation of
virtual 2D synthetic aperture via moving of both Tx
and Rx antennas along orthogonal directions. 2D scan
is done in the following way: Tx antenna takes its first
position, and Rx antenna performs SAR scan along
horizontal path. After that, Tx antenna is displaced to
another position along vertical path, and a new SAR
scan is performed by the Rx antenna. Every scan of
the Rx antenna enables generation of a 2D image in
the plane of Rx synthetic aperture. For different Tx
antenna positions, those images will contain informa-
tion on phase shift of the signal due to movement of
the Tx antenna phase center. The information may be
used for cross-range (angular) compression.

In this way, application of MIMO 2D aperture
synthesis and noise waveform that give both angular
and the range resolutions, enables tomographic 3D
imaging described in the sections below.

2. ALGORITHM FOR TOMOGRAPHIC
SAR IMAGING

Tomographic SAR under consideration has sep-
arated Tx and Rx antennas with beam synthesizing.
Phase center (radiator/receiver) of the antenna can
be moved along its aperture. Radar returns are sam-
pled during data acquisition, when varying radiator /
receiver positions for scene imaging. We suppose that
Tx radiator phase center was placed at /N positions
along its aperture. At each of these positions, radia-
tor of the Tx antenna did not move when transmitting
continuous waveform (CW) noise signal. Part of the
transmitted signal was coupled, sampled and used as
a reference signal, while Rx antenna phase center was
sequentially placed at M positions along Rx antenna
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aperture, where the radar returns have been received
during the integration time. Both the reference and
the received radar return are down converted, sam-
pled and saved in on-board memory. We assume that
every record of both the reference and the radar re-
turns contains L samples. This gives two 3D arrays of
samples: S, ,, for the reference signal Xp,(4,rz,r7)
and C,, ,, for the radar returns X gg(Z,rz,7) , where
rr and rp are coordinates of SAR Transmit and
Receive antenna, respectively; m = 1..M, n=1...N,
[=1...L.

The first step in the signal processing is a stan-
dard one for the SAR imaging: so called range com-
pression, which gives range profiles. The profiles are
related to every realized combination of the Tx and
Rx radiator/receiver positions. This can be done via
estimation of cross correlations between the received
signals and the reference signals. In case of noise radar
the intermediate frequency (IF) copy of the transmit-
ted signal Xp,(,rz,r;) is to be used as the reference
function:

T+t
R@mwﬁ=%i Xy (10, )X g (8,17 dlt

where t is mutual delay between the reference signal
and the radar returns, acquired when signal propagat-
ing from transmitter towards a scene point and back
to the receiver:

TZT(”J’R,”T):{|r_rT|+|r_rR|}/c’

which is the function of the coordinates r of the point
of interest and the Tx/Rx antennas positions: r#y,ry.
The cross-correlation is estimated in frequency do-
main. The range resolution may be improved using
adaptive algorithms, designed for such signal process-
ing [6, 7].

The second step in the signal processing is the
angular compression. It can be done either separately
for azimuth and elevation planes, or alternatively, as
a single procedure. The idea of the angular compres-
sion can be explained as follows. We choose a point of
interest in the scene. If a target is present at this point,
it will leave responses in the range profiles acquired
at all the antenna positions. Both compensation of
the phase shifts acquired by signals when propagating
towards the point and back to every position of Rx re-
ceive antenna and further summation of the radar re-
turns will result in a peak, if the target really existed in
the point of interest. In this way, the resulting value,
assigned to the 3D pixel is:

I(r)= /Lr Ly ” RIry g, o(r 1 1) ™ 0 dp dr,
Ly Lg
where o is circular carrier frequency of RF signal.
This equation may be rewritten in discrete form:

I — G iot(r,m,n) 1
(1)=2 2 Rnee : (M

m=1 n=1
Eq.(1) enables formation of tomographic SAR
image and its cross section along any plane provided
proper transformation of the coordinates. Known
properties of sounding signal enable application of
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detection rule to the generated images [8, 9]. Note
that the approach (1) properly modified enables gen-
eration of the images with multistatic passive system,
aswell [10, 11].

Thus 2D aperture synthesis in combination with
range resolution capability of wideband noise signals
gives a possibility of performing tomographic SAR
images in both active and radiometric modes. Usage
of random waveform gives such benefits as absence of
range ambiguity and improving immunity against ex-
ternal electromagnetic interferences, providing high
EMC performance [1-5].

3. TOMOGRAPHIC SAR IMAGING

Tomographic SAR imaging experiments have
been carried out using Ka-band (36 GHz — 36.5 GHz)
Ground Based Noise Waveform (GB NW) SAR [4].
Noise CW with 480 MHz band width and 1 mW
transmit power was used as a sounding signal. Special
type of millimeter wave antennas, the antenna with
pattern synthesizing [3], was used for both 2D and to-
mographic SAR imaging (Fig. 1).
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Fig. 1: Ka-band Antenna with Pattern Synthesizing

In those antennas, a vertically oriented half-
lambda transmit/receive slot antenna moves along
a real aperture when transmitting/receiving signals.
One antenna of that type has been oriented vertically
for the random signal transmission while another an-
tenna with pattern synthesizing was fixed horizontally
for the radar returns reception (Fig. 2).
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Fig. 2:Ground Based Noise Waveform SAR for MIMO
mode with time division of Tx and Rx channels

Each antenna has synthetic aperture length of
0.7 m, which defined angular resolution in elevation
and azimuth. Further application of 1D or 2D ap-
erture synthesis along with range compression tech-
nique enables generation of 2D SAR images and 3D
images, respectively. In this way, the designed experi-
mental setup allowed obtaining coherent images in
vertical transmit and horizontal receive (VH) cross-
polarization MIMO mode.
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Radar returns and reference signals were down
converted to IF band and sampled with a fast analog-
to-digital converter (ADC) from GaGe Company.
The ADC has two 1 GHz instant pass-band chan-
nels with 1Gs/s sampling rate and 8 bit depth resolu-
tion. The sampled radar returns and reference signals
are processed in a PC using the above algorithm (1).
Dynamic range of the generated images reaches 42 dB
which is determined by 7 bit effective depth resolu-
tion of the ADC.

The first measurements were carried out inside
the LNDES laboratory room with concrete walls,
ceiling and floor. A polyethylene sphere covered
with aluminum foil was placed in the middle of the
room. The sphere was used as the reference target.
At the same time, inside the room there were several
laboratory tables with electronic devices and equip-
ment, PCs, metal chairs and multiple metal objects.
The measurements allowed validating the suggested
tomographic SAR method. In particular, they have
shown that both range and angular resolutions ob-
tained are in a good agreement with their theoretical
expectations.

Series of outdoor imaging experiments was car-
ried out using the same Ka-band GB NW SAR equip-
ment [5]. Noise CW with 480 MHz band width and
300 mW transmitted power was used as a sounding
signal. The area for tomographic SAR imaging con-
tains some vehicles and radars, shown in Fig. 3, a.
Fig. 3, b shows SAR image of the scene where we may
observe good identification of all targets.
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Fig. 3. Photo of the scene (a) and its SAR image (b)

Fig. 4 shows 2D slice of the tomographic image
along the planes inclined by 10 deg., 20 deg. and 30
deg. It is seen that unlike the first SAR picture, which
contains images of all vehicle and also concrete step in
the front of the scene, the second picture shows only
image of the vehicles without concrete step, while the
third image shows only radar antenna reflector. These
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results clearly illustrate capability of the MIMO Noise
SAR to generate tomographic SAR images.

Multiple reflections from all the neighboring
created a harsh condition for precise phase preserving
measurements. However application of Noise signals
with wide enough power spectral density and coher-
ent reception of the noise radar returns enabled per-
forming both radar coherent imaging and millimeter
wave tomography in harsh conditions.
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Fig. 4. Azimuthal slices in 3D image of the scene
of fig. 2 for three different elevations:
1 —about 10 deg.; 2 — about 20 deg. and 3 — about 30 deg.

Another tomographic SAR imaging experiment
was carried out with the help of different GB NW SAR
configuration shown in Fig. 5. This SAR has only one
transmit antenna and has ability to rotate in elevation
plane around horizontal axes of the receive antenna.
It has been deployed in the window of a room at the
5th floor of a building (20 m height) to image the yard
shown in the Fig. 6, a. In this way, transmit antenna
was changing its position along an arch and illuminat-
ing the scene.

Fig. 5. Ground Based Noise Waveform SAR
with horn transmit antenna

Fig. 6, b shows one of SAR images of that scene.
The image was for —10 deg. elevation angle. Bright
area in the middle of the SAR image relates to re-
flections from pine trees, which also made well pro-
nounced shadow behind them. After that shadowed
area, the SAR was able to receive signals reflected by
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the building in the left side of the scene and far group
of trees.
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Fig. 6. Photograph of the yard (a) and its SAR image (b)

Finally, the bright spot in the right side of the
SAR image is due to reflections from the main build-
ing. Collected data for different elevation angle give a
possibility to generate SAR images in elevation plane.
The latter enables generation of 3D SAR images as
well. Range and angular resolutions obtained are in a
good agreement with their theoretical values.

CONCLUSIONS

Tomographic SAR imaging based upon MIMO
concept, Aperture Synthesis and Noise Radar
Technology has been considered experimentally
and validated experimentally. We have carried out
experiments on generation of 3D images, using Ka-
band continuous waveform noise radar [5] and two
antennas with pattern synthesizing [4]. In these ex-
periments, we have shown both generation of 3D
images and capability of focusing the scene targets
responses in 3D space, using the proposed approach.
The method enabled implementation of Noise SAR
Tomography which is promising in many applica-
tions, in particular, for homeland security; covert de-
tection of terrorists inside and outside buildings; and
others.
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PCA Tomorpadis Ha ocnosi HazemHoro MIMO mymo-
Boro PCA 8-mwm giana3ony / K. JIykin, [1. Buruiagin, B. [1a-
namapuyk, C. JIykin, A. Illenexos, M. 3aen, K. Bactora //
IMpuxianHa pagioeseKTpoHiKa: HayK.-T€XH. XypHal. —
2015. — Tom 14. — Ne 3. — C. 257-261.

Omnucana PCA Tomorpadist, 3acHoBaHAa Ha KOHIICTIIIi1
MIMO panapiB 3 yacoBUM MOiIOM KaHasiB. JIBi JTiHiiTHUX
B3a€EMHO OPTOTOHAJbHUX AHTEHW 3 CUHTE3YBaHHSIM Jlia-
rpamMu CIIpSIMOBAHOCTI OyJI BUKOPUCTAHI SIK TIepeaBaib-
Ha i puiiMaabHa aHTEHU, OPIEHTOBAHI Y BEPTUKAJIIBHOMY
Ta TOPU30HTAJILHOMY HampsiIMKax, BiNoBigHO. Po3ainbHa
3MaTHICTh 3a manbHicTio B PCA ToMmorpadii BU3HAYa€Th-
csl IIMPUHOIO CIEeKTpa MOTYKHOCTI NEPelaHOTO CUTHAIY,
a Moro pos3fibHa 3[aTHICTh B TONEPEYHOMY HAIPSIMKY
BU3HAYAETHCS pO3MipaMu anepTyp aHTeH i poO0Y0I0 10B-
XuHOW xBuJi. [lpencrasieHi monepeaHi pes3yabratd ii
€KCIEePUMEHTAJIbHOI TIEPEBIPKY 3 BAKOPUCTAHHSIM Ha3eM-
Horo mymoBoro PCA 8-mM miama3ony.

Karouosi croéa: IyMoBUil pagap, Ha3eMHUM IIIyMO-
Buii PCA, PCA tomorpadisi, aHTeHa 3 CHHTE3yBaHHSIM
JiarpaMu CIIpsIMOBAHOCTI.

LIin.: 6. Bi6umiorp.: 11 Haiim.
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PCA Tomorpadusa na ocHose nHazemuoro MIMO mry-
MoBoro PCA 8-mm nuanasona / K. JlykuH, I1. BeiriaBu,
B. IManamapuyk, C. Jlykun, A. Illenexos, H. 3ae1, K. Bac-
tora // [lpuknagHas pagro3JIeKTPOHUKA: HAYyYH.-TeXH.
xypHai. — 2015. — Tom 14. — Ne 3. — C. 257-261.

Onucana PCA Tomorpacdusi, ocHoBaHHasi Ha KOH-
nenuuu MIMO pagapoB ¢ BpeMEHHBIM pa3zieJIeHueM Ka-
HaJ0B. /IBe TMHEWHBIX B3AUMHO OPTOTOHAJTLHBIX aHTEHHBI
C CUHTE3WPOBAHMEM AUArpaMMBbl HAIPaBIEHHOCTH ObIIU
WCTIOJIb30BaHbl B KauecTBe Iiepeaarolieidi M IpUeMHOM
aHTEeHH, OPMEHTUPOBAHHBIX B BEPTUKAJIHLHOM U TOPU30H-
TaJbHOM HaIpaBJIeHUsIX, COOTBETCTBeHHO. Pa3peraroriias
CIocOOHOCTh 110 HaiabHOCcTH B PCA ToMorpaduu onpene-
JISIETCSI IIMPUHOW CIIEKTpa MOIIHOCTH TIepeaaBaeMoro
CUTHaJIa, a eTo pa3peliaroias crnocoOHOCTh B Momnepey-
HOM HaIlpaBJICHUU OIIpEeAeISIeTCSI pa3MepamMu arepryp
aHTEeHH U paboyeil WIMHOM BoJHbI. [IpencraBieHsl pe-
BapUTeJIbHBIE pe3YJbTaThl €€ 3KCIIePUMEHTAIbHOM MPO-
BEpKM C UCIOJb30BaHUEM HazeMHOro irymoBoro PCA
8-MM 1mMarnasoHa.

Karouegvie crosa: 11yMOBOW panap, Ha3eMHBIA 1Iy-
moBoiit PCA, PCA Tomorpadusi, aHTeHHa ¢ CUHTEe3MpOBa-
HUEM JrarpaMMbl HalTpaBJIeHHOCTH.

Wn.: 6. bubnuorp.: 11 Ha3B.
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