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High-resolution terahertz radar imaging based on electromagnetic

calculation data
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Abstract: In order to reveal the scattering characteristics of targets at terahertz frequencies, high resolution radar
imaging was studied based on the high frequency (HF) electromagnetic calculation data. Considering huge data
flow of 3D image formation, a novel azimuth-elevation imaging theory with its result similar to a photograph of tar-
gets was proposed. The point spread function is derived for revealing the high resolution performance and scatterers
identification capability. Simulation results demonstrated that HF method can solve radar cross section of perfectly
electrical conducting (PEC) target accurately and fast at terahertz frequencies. The high resolution images show
that the sub-wavelength features of targets are resolvable. It also implies that terahertz radar can attain more fine in-
formation about targets, which will be helpful for target recognition.
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Introduction

Over the past several years, there has been a signif-
icant interest in applying terahertz ( THz) sensing and
imaging techniques into defense, security, and medi-
cine''?!. As a fundamental research subject of terahertz
science and technology, the interaction between THz
wave and objects is frequently discussed”**). When the
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object is illustrated by THz wave, its backscattering be-
havior will show difference compared with that in micro-
wave or infrared spectrum region'®’. Currently, terahertz
scattering from objects or targets is studied mainly based
on computational electromagnetic simulation and experi-
ment measurement. Some research literatures pointed out
that HF asymptotic methods can be employed in solving
computational electromagnetic problems at terahertz fre-
quencies'”’ | and the reliability of this method has been
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verified by experimental results"*'”). During past several
years, many research institutions also have built different
types of terahertz experiment systems for parameter meas-
urement such as reflection spectra, RCS so ont"
However, the measured data above does not provide a
detailed description of terahertz scattering phenomena,
and a more descriptive approach can be helpful for un-
derstanding the existing theories. Imaging techniques
have been widely used in other areas of electromagnetic
as a tool for analysis and understanding of scattering and
propagation phenomena. For example, studies of natural
target scattering have used high-resolution radar images
to examine small foliage targets'™). Imaging techniques
to assist in separating different parts of the target are also
of interest in space target recognition' >, Study of scat-
tering characteristic of the target at terahertz frequencies
based on radar imaging will be meaningful for under-
standing scattering mechanism and establishing its scat-
tering model.

For terahertz radar, its carrier frequency is very
high. Wideband signals can be more easily transmitted.
The range resolution which is inversely proportional to the
bandwidth can be improved. On the other hand, higher
radar frequencies can result in high cross-range resolution
with relatively small angular apertures according to in-
verse synthetic aperture radar (ISAR) principle. Taking
into account the target’s complex structures that is com-
parable with wavelength, terahertz imaging radar can give
the high resolution image of the target which includes the
components of detailed scattering. It exhibits that radar
imaging technique has great advantage for scattering
characteristic analysis of targets.

In this paper, high resolution radar imaging of tar-
gets at terahertz frequencies is investigated based on HF
asymptotic method calculation data. In section 1, the 3D
imaging model and the imaging algorithm are established
firstly. Considering the problem of huge data acquisition
for 3D imaging, a novel azimuth-elevation imaging meth-
od is proposed. In section 2, the realization of HF as-
ymptotic method is performed and the correctness of
shooting and bouncing ray ( SBR) method at terahertz
frequencies is verified. In section 3, 3D and 2D imaging
results for different targets are given and compared, in-
cluding a discussion of the terahertz radar imaging. The
conclusion is presented in section 4.

1 Radar imaging theory

1.1 Three-dimensional imaging geometry

Three-dimensional radar imaging model were built
based on ISAR imaging principle, and the relationship
between the scattering fields and target’s 3D reflectivity
distribution was given exactly.

As shown in Fig. 1, when the target coordinate sys-
tem OXYZ is fixed, the unit vector of the radar line of
sight (LOS) which points from the radar to the origin O
can be expressed as (cosfcosp, cosfsing, sind). @ and
¢ denote the azimuth and elevation angle of the radar. In
far-field region, the electromagnetic wave both illuminat-
ed on the target and returned from the target can be trea-
ted as the plane wave. The radar echo of scatterer P can
be expressed as

r(k,0,9) =S, - exp(-j2@kR,) , (1)
where R, = R, - Ry~ <P, LOS >and < - > denotes
vector multiplication. R, and R, denote the distance from
the radar to P and O. S, is the intensity of P. k=2(f;, +
vt)/c is the wave-number. ¢ and ¢ denote the velocity of
light and fast time, respectively.

When there are large amounts of scatterers on the
target, g(%,y,z) is employed in depicting the 3D reflec-
tivity distribution of the target. The coherent radar echo
at arbitrary view angle can be rewritten as

r(k,0,¢0) = fffg(x,y,z)exp(—j%-r
(xk 4y -k +z-k))ddydzs , (2)

where the wave-number domain vectors satisfy k, =
kcosfcosp, k, = kcosfsing, k, = ksing.

RadaV :
Fig.1 Diagram of three-dimensional radar imaging
Bl JBHR=4RBIUREE

According to Eq.2, the reflectivity distribution func-
tion can be obtained by performing a 3D inverse Fourier
transform.

g(x,y,z) = |||Kcosb - r(k,0,p) -
i
exp(j2w(xk, + yk, + zk,) )dkdode . (3)

The above equation describes the relationship be-
tween wave-number domain samples and image for 3D
imaging. Data collection in wave-number domain is relat-
ed to the selection of azimuth angles, elevation angles
and range of sweep frequencies. In order to facilitate
ISAR imaging, the relationship of 3D imaging is trans-
formed from the target-fixed coordinates to the radar-fixed
coordinates. Assuming that the radar-fixed coordinates is
consistent with the target-fixed coordinates when the LOS
is in the opposite direction of X, then the coordinate
transformation can be viewed as a 2D rotation by the cen-
ter azimuth and elevation angles, i. e. 6, and ¢,. The
transformation matrix and the reflectivity distribution
function of target in radar-fixed coordinates can be ex-
pressed as

cosp,cosf, sinp,cosf,  sind,
T = [ - sing, cosg, 0 [,(4)
— cosp,sinf, — sing,sing, cos@,

g(x',y',2") = ffszcoso - r(k,0,0)
k6
exp(j2m(a'k, +y'k, +2'k,))dkdodp , (5)

where the wave-number domain vectors k. ,k and k, are
given as
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k. = k(cosfcosh,cos(p — @,) + sinfsing, )
k, = kcosgsin(¢p - ¢,)
k, = k(- cosfsing,cos(p — ¢,) + sinfcosh,)

As depicted in Eq. 6, data collection aperture in
target-fixed wave-number coordinates is shown in Fig. 2,
which is presented as a part of sphere grid. Application
of a Fourier transform to the samples of the target’s wave-
number domain collection data produces a reconstruction
of the target’s 3D reflectivity distribution. In the interest
of computational efficiency, the target’s image recon-
struction is carried out by first performing a 3D interpola-
tion of the data samples onto a 3D Cartesian grid. Then,
a 3D fast Fourier transform ( FFT) process is applied to
the interpolated samples to form the target’s image. Since
image formation is closely related to the Fourier trans-
form, there is a tradeoff between side-lobe level and spa-
tial resolution. Windows functions in both frequency and
angle are chosen to set the relationship between these
quantities. In this paper, the well-known Taylor window
is selected, resulting in a fast decaying side-lobe level at
the expense of degrading of image resolution.

. (6)

Ap

AG

Fig.2 3D data collection aperture in target-fixed wave-number
coordinates
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1.2 THz azimuth-elevation imaging

The 3D radar imaging requires data collection of
wide-band and wide angle with small increment, leading
to a huge data flow and computational load. Thus it hin-
ders the scattering diagnose by experimental measurement
or numerical simulation data at terahertz frequencies. For
Eq.5, if the single frequency signal is launched and the
rotated target forms an aperture in azimuth and elevation
direction, a 2D azimuth-elevation image can be obtained
by performing a Fourier transform to less complex RCS
data. The point spread function ( PSF) determines the
resolution performance of THz azimuth-elevation ima-
ging. According to Eq.5, the PSF with single frequency
and arbitrary rotated angles can be expressed as

p(x',y',2) = [[Kicospexp(j2m

(X
(2'k, + y'k, + 2'k,) ) dode . (7
The PSF is totally determined by the integral in the
azimuth and elevation aperture. In the case of imaging
with small angle of rotation, it’s deemed that the follow-
ing assumption is satisfied; cos(8-6,) =1, sin(§-6,)

=0-0,, cs(p-¢,) =1, sin(p-9,) =¢ -0,

Therefore, the PSF can be simplified as
p(x'y',2) = [[Kicos - exp(j2mhy(a' + 5’

0o
(¢ —@.)cosh +2'(0-6,)))dpdd =

@+ ¥
Kexp(2mhy') —— [ exp(i2mhs’(6-6,)) -
wkyy ,he
5
sin( A omkyy'cosf)dé . (8)

When Ap and y' are very small, sin ( Apwk, v’
cosf)) = Apmwk,y'cosf is true and its value is almost a
constant although the elevation angle @ is variable around
0,. So the PSF can be rewritten as

sin( A owk, y' cosf)

p(x',y',2") = koexp(j2mkyx')

whoy'
e+ %’
f exp(j2mkyz' (6 - 6,))do = kyexp(j2mkyx') *
0.-52

A+ A6 - sinc(A pukyy' cosf) *
sinc( A Omk,z") . (9)

In order to obtain the resolutions of azimuth-eleva-
tion imaging, three different sections of PSF are given in
the following

p(x,0,0) = B - exp(i2k') - A0+ A g
p(0,5,0) =k A6+ Ag-sinc(Agrkyy cosf) (10)
p(0,0,2') =k +Ag-Ag-sinc(A frkyz')

It can be seen that there is no resolving power in the
x" direction corresponding to range resolution. In the y’
and z’ direction, azimuth and elevation resolutions are
determined by the position of the first zero point of sinc
function.

A A
— 2, =8 = 7, - (11
2 Agocosé p El 2 A 0 ( )

Azimuth resolution is related to the elevation angle
of LOS in target-fixed coordinates, while elevation reso-
lution is identical to cross-range resolution of ISAR. As
shown in Fig. 2, the total span Ap in azimuth angle de-
picts only the size of the aperture in k, -k, plane. When
the elevation angle is increased, the actual span in azi-
muth angle becomes small gradually, which resulting in
degrading of the azimuth resolution. However there is
still a great advantage of high cross-range resolution for
the method while only small rotation angles are required.
For lower frequency radar, the required rotation angles
become much large when the same resolutions are
achieved, and the situation of large rotation angles both
in azimuth and elevation directions is barely satisfied
simultaneously.

The method obtains the target’s image in 2D Doppler
plane and the formed image shows the target in the same
perspective as it is illuminated. In this respect, the azi-
muth-elevation image is similar to a photograph of the
target, which makes identification of individual scattering
centers much easier. In contrast, for the range-Doppler
method of microwave radar the range information comes
from a direction that is parallel to the radar line of sight,
and this leads to top down image being formed for a tar-
get. Since there is no elevation information and it results

ypn = 8Azi =
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in ambiguity in identification of individual scatterers.
Additionally, due to the observation of small angles and
the reflectivity distribution of 2D Doppler plane, the pro-
posed imaging method is barely influenced by the truth of
aspect sensitivity or anisotropic scattering of the target,
while it is worse for microwave radar on condition of large
rotation angles.

2 Realization of high frequency method

The SBR technique is a standard ray tracing tech-
nique for predicting the scattering from complex electri-
cally large targets. The accuracy of SBR prediction in
microwave bands has been extensively tested in the past,
including comparison against numerical Maxwell’s solvers
and experimental data'®!. At the lower teraheriz fre-
quencies, metallic targets can still be treated as perfect
electrical conductor. In the following, the SBR technique
is adopted for solving target’s RCS at terahertz frequen-
cies, and the SBR prediction result is compared with the
numerical result of multilevel fast multipole algorithm
(MLFMA) , which try to verify the accuracy of the SBR
method at terahertz frequencies.

Solving scattering problem of target using SBR meth-
od includes three steps. Firstly, given target’s geomet-
rical CAD model and incident field, find the ray paths on
the target by ray tracing. This part of problem is depend-
ent only on the geometry of the target, and can be solved
according to Snell’s law. Secondly, determine the field
amplitude of the exit rays on the aperture based on geo-
metrical optics. Thirdly, obtain the outgoing field on the
aperture and use physical optics to determine the back-
scattered field and the RCS of each raytube. Then sum
all the contribution of each raytube, and the total back-

scattered field can be expressed as
N

E, =-jkZu, Y, (L sx[5x(2axH,)]

exp( - jk7' - (7 - ?))dSn) , (12)

where N is the number of raytubes, H, is the incident

magnetic current, i, is the far-field Green function, 7
and s are incident and scattering vector, respectively.
Figure 3 is the simulation results of a cylinder con-
ductor at 340 GHz, which give the amplitude and phase
of monostatic RCS with different incident angles. At the
same time, the SBR results were compared with MLFMA
results, and excellent agreement in the RCS computation

Amplitude/dBsm

_80 1 1 1 1 1 1 L 1
0 20 40 60 80 100 120 140 160 180

Theta/(°)
(@)

Phase/®
(5]
(=3
<)

O 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Theta/(°)
(b)

Fig.3 Comparison of monostatic VV RCS for a cylinder con-
ductor with dimension 2=8 cm, r=1.5 cm (a) Amplitude, and
(b) phase

B3 SBR J5ik5 MLFMA J5 i 73 5 B0 i [ B 4K VV i)
b RCS G5 R 13k (a) #REE, (b)HfL

was observed. A few of errors exist in some incident an-
gles because the SBR ignores such effects as surface
waves, higher-order diffraction, and diffraction-reflection
in its basic form. On the other hand, SBR method elimi-
nates lots of time compared with the MLFMA, while ob-
taining nearly the same result.

3 Simulations and analysis

3.1 Three-dimensional imaging results

As shown in Fig. 4, a warhead model and a T62
tank model were used for investigating their 3D imaging
characteristics at terahertz frequencies. The warhead with
four wings is 60 cm in length and 26 c¢cm in base diame-
ter, while the T62 model is circumscribed onto a
24 cm x 8.4 cm X 7.9 cm Cartesian grid. The imaging of
the two targets were performed in a frequency range from
320 GHz to 350 GHz at different azimuth and elevation
angles.

(®)

Fig.4 (a) Warhead model with cross-range aperture Ap =
-3.15° ~3.15°, A@= -3.15° ~3.15°, (b) T62 tank model
with cross-range aperture Ap =71. 85° ~78.15°,A0 =1. 85° ~
8.15°

B4 (a)#LBAL 7 ADRMFLAE R Ap = -3.15° ~3.15°,
Af= -3.15° ~3.15°,(b) T62 H ya i &l , i MMl FLIZ N Ae
=71.85° ~78.15°,A6=1.85° ~8.15°
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The vertical-transmit/vertical -receive (VV) imaging
results of the warhead model are plotted over 6. 3° x 6. 3°
solid view angle using a 0. 03° angular increment in
Fig.5. For understanding the scattering characteristics of
targets, projections of 3D reflectivity distribution in dif-
ferent coordinate plane are shown first when referenced to
the radar-fixed coordinate system. The X' — Z' projection
represents the front aspect view of the 3D reflectivity dis-
tribution at 0° azimuth/elevation view angle, the Y' - Z’
projection represents the side aspect view at 90° azimuth
and 0° elevation view angle, while the X’ — Y’ projection
represents the top aspect view at 0° azimuth and 90° ele-
vation view angle. In order to compare with the warhead
model, Fig.5(d) displays the 3D reflectivity distribution
in the target-fixed coordinate system and the aspect angle
is at 80° azimuth and 90° elevation view angle. The top,
wings, bottom and discontinuity edge of the warhead can
be clearly seen. Because of the wide view aperture, the
bottom and discontinuity edge of warhead forms the slide
scattering centers, which is presented as parts of circle.
Meanwhile, VV polarization decided that the arc can’t
become closed circle and two wing scattering center are
only observed. However we can still identify warhead’s
outline easily from the 3D imaging results.

The 3D imaging results of T62 tank model in VV
polarization are given in Fig. 6. The wideband data was
collected over 6.3° x6.3° solid angle using a 0.05° an-
gular increment. For each projection of 3D reflectivity
distribution in different coordinate plane, it reflects the
outline of the T62 tank and distribution of scatterers on
it. The 3D imaging results in target-fixed coordinate sys-
tem is showed at 75° azimuth and 5° elevation in
Fig.6 (d). It is evident that 3D imaging results shows
detailed scattering information on target with very small
features being seen, especially for the wheel and turret.
The imaging resolution is nearly to be 5 mm , which verifies
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Fig.5 Imaging results of warhead referenced to the radar-fixed
coordinate system(a) Y’-Z' projection, (b) X'-Y’ projection,
(¢) X'-Z' projection, and (d) 3D reflectivity distribution refer-
enced to the target-fixed coordinate system
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acquisition ability of high resolution image of complex
target at terahertz frequencies.
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Fig. 6 Imaging results of T62 referenced to the radar-fixed coor-
dinate system (a) Y'-Z' projection, (b) X’'-Y’ projection,
(¢) X'-Z' projection, and (d) 3D reflectivity distribution refer-
enced to the target-fixed coordinate system
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3.2 Azimuth-Elevation imaging results

Using the azimuth-elevation imaging technique that
is described in Section 1.3, targets’ 2D imaging results
are given in the following. Figure 7 gives azimuth-eleva-
tion imaging results of the warhead in VV polarization at
different azimuth angles. It was observed that the war-
head model in Fig.7(a) is modified by adding four ges-
ture-controlled holes of that showed in Fig.4(a). Single
frequency RCS data is collected over 5° x 5° solid angle
using a 0. 03° angular increment when the carrier fre-
quency is 340 GHz. Figure 7(b) (c) are images of the
warhead at 75° elevation and different azimuth angle, 0°
and 45°, respectively. This method produced 2D images
with 5 mm elevation resolution and 19.5 mm azimuth res-
olution, which results from a large elevation angle. From
the view angle as target is illuminated, the main scatter-
ers such as top, wings, holes, bottom and discontinuity
edge are clearly distinguishable. The outline of the war-
head can also be easily identified.
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Azimuth cross-range/m

(c)

Fig.7 Azimuth-Elevation images of warhead. (a) Photograph
of model, (b) image 0° azimuth, (c) image at 45° azimuth.
(W: wing, T: top, H: hole, B: bottom, D discontinuity)
7 sk BARE AR AR (a) BEARLE, (b) J5ifh 0°mt
B, (c) Fhif 45 Bt (W: BE, T: &k, H: L, B:
%G, D: NESEAL)

Azimuth-Elevation images of T62 tank at 340 GHz
and 675 GHz is given in Fig. 8 based on data collected
over 5° X 5° solid angle, which achieve 4mm and 2mm
cross-range resolution, respectively. The images not only
give the outline of tank, but also exhibit the detailed
scattering features such as wheel and turret. When the
single frequency is 675 GHz, the imaging result becomes
more clearly and similar to a photograph of the target.
However the tank’s barrel was not observed due to non-
perpendicular of LOS to the cylindrical barrel. Fig. 9
shows the azimuth-elevation image of another tank model
in VV polarization at 40° elevation and 0° azimuth view
angle when carrier frequency is 340 GHz, the figures also
show a photograph of model at the same azimuth and ele-
vation view angle. It is evident that azimuth-elevation im-
aging results show the wheel, turret and barrel of tank
clearly. This imaging technique is very useful in identif-
ying individual scatterers on a target and identifying
problems with the field-of-view of the system.

4 Conclusions

High resolution radar imaging of targets at terahertz
frequencies was studied based on electromagnetic calcu-
lation data. The SBR technique is proved to be an effec-
tive method for predicting the scattering of complex elec-
trically large conductor targets at terahertz frequencies.
The 3D imaging and azimuth-elevation imaging methods
presented in this paper are very useful for investigating
imaging characteristics of radar targets at terahertz fre-
quencies. The 3D and 2D images of several different targets
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Fig.8 Azimuth-Elevation images of T62 at 5° elevation and
75° azimuth when carrier frequencies are (a) 340 GHz, and
(b) 675 GHz

B8 R S AITT Az 75° Bb AN [R) B8 T 9 T62 36 3 J5 A 4R A
% (a) #Hfi 340 GHz, (b) #45 675 GHz
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Fig.9 (a) Azimuth-Elevation image of the Tank, and (b) pho-
tograph of the tank model
B9 (a)HICERIR I RN BUER , (b) H TR

show the ability of high resolution imaging with several

millimeter resolutions, which gives detailed scattering
features on target. For the target with complex surface
structure the azimuth-elevation image is similar to a pho-
tograph of the target. The imaging technique has been
proven useful in identifying individual scattering centers
on targets.
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