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Terahertz target radar cross-section measurement with ISAR technique
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Abstract: Researches of RCS include computational electromagnetics and image-based measurement. Restricted by
computer memory and operating time, computational electromagnetic methods are difficult to be widely applied in
terahertz band. Inverse Synthetic Aperture Radar (ISAR) imaging technique has been commonly utilized in image-
based measurement. The reflectivity images are usually reconstructed by back-projection ( BP) algorithm. Howev-
er, the RCS angular glint is significant in terahertz band, which cannot be revealed in the BP images. Thus, the
sub-aperture imaging technique was employed to measure the target RCS in terahertz band in this paper. Numerical

simulations were adopted to test the validity of the proposed method.
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Introduction

The great potential and usefulness of terahertz wave
for remote sensing applications have been proved over the
past few decades. Although scientists have paid much at-
tention to the terahertz band since at least the 1920s, it
still remains one of the untapped frequency bands in the
whole electromagnetic spectrum. The biggest challenges
in most terahertz applications lie with the target radar
cross-section ( RCS) of complex targets which can be
used for detection, characterization, and radar imagery.
Generally, researches of target RCS include computation-
al electromagnetics and image-based measurement meth-
ods.

Computational electromagnetics methods can be
classified into two categories: numerical methods!'! and
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asymptotic high frequency methods''"**’.  Numerical

methods are limited by the electrical size of the target
measured in wavelength. Thus, as frequency increasing,
numerical methods require significant computation time,
particularly in terahertz regime. According to the asymp-
totic methods, the scattered field is calculated as an inte-
gral over the complete illuminated surface of the target.
However, it is impossible to evaluate this integral for
complex targets in terahertz regime.

In the past few years, methods for extracting target
RCS from reflectivity images are successively raised. In
1992, approaches that made use of near-field inverse
synthetic aperture radar (ISAR) imaging of radar targets
and a sophisticated technique using fast cyclical convolu-
tion for the image computation were outlined'®’. In
1998, this imaging technique was employed for far-field
RCS extraction based on the Fourier transform relation-
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ship between the ISAR image and the far-field RCS'"’.
In a later paper, this RCS measurement technique was
improved further by using the network analyzer calibra-
tion in the near-field to far-field transformation®’. The
target reflectivity image was usually reconstructed by ap-
plying the back-projection ( BP) algorithm*"*). Then
the direct scattering problem was easily solved by coher-
ently summing the contributions of each point scatterer.
However, with the raise of frequency and band-width in
terahertz band, imaging resolution increase and the grid-
ding in imaging area substantial expand. As a result, the
operation efficiency of BP algorithm greatly decrease in
terahertz band. The FFT method was utilized by A. Ka-
yar and M. Katal to reconstruct reflectivity image in X-
band, but the imaging result was unsatisfactory'*’. The
classical filtered back-projection ( FBP) algorithm was
also utilized to reconstruct the target reflectivity ima-
es') However, as BP algorithm, the RCS angular
glint cannot be revealed by the imaging method either.
In this letter, ISAR sub-aperture imaging technique
is utilized to reconstruct target reflectivity images at dif-
ferent observation angle. Point spread function was used
to normalize the RCS curves extracted from each reflec-
tivity images. After that, the RCS in any observation an-
gle can be solved. The method is summarized in Fig. 1.

1 Formulation

1.1 RCS Angular Glint

In optical region, the scattering of an object can be
well approximated as a sum of responses from a distribu-
tion of independent and non-directional scattering cen-
ters. Thus, the target RCS can be expressed as the co-
herent super-position of each scattering centers as shown
below.

RCS(A,0)
N
= ‘ 2 /a,expl — jAmw(x, cosh + y, sin@) /A ]
=
, (1)

where A stands for the wave-length of electromagnetic

‘ 2

wave, 0 denotes the observation angle, o; and (x,,y;) is
the RCS and coordinates of ith scattering center respec-
tively, N is the amount of scattering centers.

In high-resolution radar measurement, each range
cell is composed of more than one scattering centers.
With the change of observation angle, scattering center
position relative to radar also changes, which leads to the
fluctuations of RCS in equation . Thus, the echo power
of each range cell varies with the observation angle.

In terahertz band, as the wave-length is much smal-
ler than X band, the RCS angular glint is much more sig-
nificant. For the same scattering center, the echo power
varies significantly in different observation angle.

BP algorithm is usually utilized in conventional RCS
measurement methods to process 360 degrees target echo
data. The reconstructed images show the mean echo pow-
er of scattering centers in each range cell. Thus RCS cal-
culation results show great errors due to the influence of
angular glint.

1.2 Sub-aperture Imaging Technique

Sub-aperture imaging technique decomposes the
full-aperture data to multiple sub-apertures. In each sub-
aperture , target rotation angle is considered small enough
that echo power of each range cell is fixed. The accuracy
of RCS extracted from each sub-aperture images will in-
crease.

The two-dimensional model of target and radar is il-
lustrated in Fig. 2 (a). o stands for the rotation angle
speed, (r,,0,) is the instantaneous coordinate of i-th
scattering center in polar coordinates system, and ¢ is
the observation angle.

The target is irradiated by LFM wave. In practice,
in order to decrease the receiver bandwidth, the received
signal is usually de-chirped. The de-chirped signal can
be presented as

N
Sif(Tﬂt) = Z /girect(#)
i=1

- expl - Amy(1 - 2R, /c)R,,(1)/c]

. exp[ —j4TﬁRiA(t)/c]

Fig.1 Summarization of proposed method

1 ARSI ik
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- exp[ — jAmyR:, (1) /¢ ] , (2)
where ¢ is light speed, f, is the carrier frequency, vy is
the chirp rate, T, stands for the pulse width, 7 and ¢ re-
present the fast-time and slow-time respectively, rect(7/
T) is a square window function, N is the amount of
scattering centers, R,(t) is the instantaneous range be-
tween radar and the i-th scattering center which varies
with long-time ¢. R, (1) =R, (1) - R,,, R, stands for the
reference range.

>

X

®)

Fig.2 Geometry of ISAR system. (a) Geometrical param-
eters of ISAR system; (b) Decomposition of line speed
K2 ISAR RGJLMKR. (a) ISAR RGILMTSHL; (b)
IS A5 4 A

In such case, the spectrum of de-chirped signal can
be obtained by Fourier transform of fast-time 7. After
carry out the RVP elimination and envelop slant compen-
sation operation, the signal becomes :

N

S‘if(f‘r9l) = 2 /;T,- rect(t/T,)

i=1

sin[ T,(f, + 2yR, (1) /c) ]
cexpl - Amf.R, (1) /c] , (3)

T, stands for the total observation time. Then S, will be
divided into sub-aperture signals. Imaging resolution
must be considered to determine the width of sub-aper-
ture. Assuming the bandwidth of LFM wave is B, the

range and azimuth resolution can be expressed as
p, =c¢/2B L)
p. = A/2A0
To generate image with the same resolution in range
and azimuth domain, A@ should satisfies the equation be-
10W :
AO = AB/c = B/f . (5)
So the sub-aperture width is 7, = A6/w. The sig-
nal of m-th sub-aperture can be expressed as
N

C.(f) = X o, reatf[t - (m -

i=1

l ) Tsuh ] /Tsuh }

«sin [ T.(f, +20R,(t)/¢c) ]

cexp [ - @Aaf,R,(t)/c] , (6)
where m =1,2,---, M, M is the amount of sub-aper-
tures, and the square window function is

rect [%] =
sub
[ 3= oy
0 otherwise

In far-field situation, electromagnetic wave can be
considered as plane wave. When the rotation center is
chosen as the reference point, instantaneous range of i-th
scattering center can be approximated as R, (1) =R, +
tw,(t), where R, and (r,,6,, ) stands for the instantane-
ous range and coordinate of i-th scattering center in m-th
sub-aperture when t = (m —1)T,,. The angle and range

sub
of i-th scattering center in m-th sub-aperture is 6, = 0,
+(m -1)oTl,, and R,, =R, +r, sind,, respectively.
Parameter v, is the radial velocity of i-th scattering cen-
ter. The line speed of each scattering center can be de-
composed as shown in Fig. 2(b). So the radial velocity
isv,(t) =owr; cosd,(t), Thus, in the m-th sub-aperture,
R, (#) =1, sinf,, + towr; cosd, (¢). In the sub-aperture

interval , observation time is so short that cos@,(¢) = cos
(0, +wt) =cosb,,.
by

Thus, R, (¢) can be approximated

R, (¢) = r;sinf,, + twr; cosb,, . (8)

During each sub-aperture interval, the max range

migration occurs near the X-axis. If the polar coordinate

of scattering center is (r;,0) , it will turn to (r,,A8) af-

ter one sub-aperture interval. The range migration is AR

=r, sinAf. Keeping the scattering center stays in the

same range cell, AR should be less than the range reso-
lution p,. Then we have

r, < ¢/2B sin(B/f,) . (9)

Due to the small rotation angle of each sub-aper-

ture, we have sin ( B/f,) = B/f.. Thus the target size

should be

Fow < ¢f./2B° . (10)

Under this condition, all the scattering centers stay

in the same range cell during the sub-aperture interval,

R, () in the sinc function of equation can be replaced

by r, sinf

aperture can bfg represented as below .

C,(f,t) = 2 v o, Tisinc[ T,(f, + 2yr;sing,,/c) |
=1

As a result, the echo spectrum of mth sub-

im*
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* reCt{ [t - (m - ‘l)ywxu.b:l/]wsub€

- exp| - jduf,(r, sinf,, + twr, cosh,,)/c]

m

(11)
The reflectivity image of mth sub-aperture can be
reconstructed by Fourier transform of long-time ¢.

¥, (f.f) = FET,,[C,H (f,,0) ]
- 3, Jo.

- sinc[ T.(f, + 2yr; sin,,) /A ]
« sinc[ T,(f, + 2wr, cosb,, ) /A ]
. exp[ —j41'rrl. sin()im//\] (12)

In far-field situation, r, sinf,, =vy,, and r, cosf,, =

where (x,,,7,,) stands for the original Cartesian co-
ordinate of ith scattering center in mth sub- aperture.

Substitute f, and f, by
fo==2yy/c (13)
Jo == 20y/A
With (12) and (13), the reflectivity image of mth
sub-aperture can be represented as
Yo (a,y) = 3

O-L'TrTuSinc[ - 27Tr(y - yim)/c) :I
i=1

- sinc[ - 20T, (x — x,,)/A]
* exp[ - j4my;, /A ] (14)
Therefore, after 2-dimensinoal Fourier transform,
we have the reflectivity image which shows each scatter-
ing center on their positions.
1.3 RCS Extraction
The reflectivity image can be represented as a con-
volution of target impulse response and point spread func-
tion (PSF) of imaging system as;
(xy) = hx,y) - PSF(xy) . (15)

The target impulse response can be expressed as
N

h(x,y) = ; Jod(x —x,y —y,) . (16)

With equation (17) , the target RCS can be repre-
sented as

RCS (f,0) =
Z ;h(x,y)exp[ —]4)Tﬂ(x cosf + y sin@)]
9 (17)

So the RCS curve extracted from reflectivity image

should be normalized by RCS of PSF.

X

im

2

_ RCS,(f,0)
RSO = Reseey 0 Y
RCSv (f,0) = X
‘ Zw(x,y)exm —jAmw(x cosf + y sinf) /A1 ‘
(19)

For the mth sub-aperture, target rotating angle is 8

=(m —-1)A0, the target RCS will be

m

RCS (f,¢) = i
‘ z 2 Y a-’.'exp[ _j4Tr(xinz 0050 + yim Sine)//\] ‘
| . (20)
where
{xim = X COSIBm + Yio Sinﬂm . (21)
Yim = Yo COSBm — Xy Sinﬁm

Assuming 0 =0, equation will be

RCS ,(£,0) = | Y Z ﬁexp[—’%m]

; Z ﬁexp[ —JZ‘Tﬂ(xiO cosB, + ¥y sinﬁm)]
, (22)

B, is the target rotating angle, equals to the observation
angle 6 in the mth sub-aperture, so we have

2
2

RCS, (f,0) =RCS(f,B,,) =RCS(f,0) ,(23)
Thus the target RCS can be extracted

RCS(f,6) = {RCS, RCS, RCS,, | ,(24)

RCS,, =RCS, (f,60)/RCSu:(f,0) .(25)

2 Results

The proposed RCS measuring method has been test-
ed with numerical simulations for a preliminary valida-
tion. The carrier frequency is f, =0.22 THz, bandwidth
is B=4.8 GHz, pulse width is T, =1 ms, PRF is f, =
100 Hz, sampling frequency is f, =100 Hz, rotation ve-
locity of turntable is @ =1°/s. The imaging resolution in
range domain is

p, = ¢/2B =0.0313 m (26)

The rotation angle of each sub-aperture should be

A6 = B/f, =0.022 rad (27)
So the sub-aperture width is T, = A6/w=1.25 s,

sub
which means that there are 125 pulses in each sub-aper-
ture. Taylor window function is utilized to eliminate the
side-lobe in range and azimuth domain. Rotation center
is (0,0). The position of scattering centers are (0,-0.
001) and (0,0.001). These two scattering centers are
reconstructed in the same imaging cell on reflectivity im-
ages with different amplitude.

Fig. 3 shows the reflectivity images at different ob-
servation angles. Fig. 3(a), (b) are the reflectivity im-
ages when observation angle is 0 and 8 degrees respec-
tively. The imaging resolution is greater than the distance
of two scattering centers, thus the scattering centers are
unresolved in the reflectivity images. This lead to the
variation of imaging cell amplitude changes with observa-
tion angle, thus the RCS angular glint is well revealed
from the sub-aperture images. RCS curve extracted from
the sub-aperture images is shown in Fig. 4. It shows the
RCS curve extracted by proposed method are consistent
with theoretical results, both in shape and values.

To further verify the effectiveness of proposed meth-
od, simulation of complicated target is considered. The
10 scattering centers are located at (0,0.001), (O,
-0.001), (0.501,0), (0.499,0), ( -0.5,0.001),
(-0.5,-0.001), (0.001,0.5), ( -0.001,0.5),
(0, -0.501) and (0,-0.499). The reflectivity images
at different observation angle are shown in Fig. 5.

The RCS extracted by proposed method and BP al-
gorithm are shown in Fig. 6. We can see that the RCS
curve extracted from sub-aperture images is consistent
with theoretical results. In contrast, the deviation of RCS
curve extracted from images reconstructed by BP algo-
rithm is much greater due to the influence of target angu-
lar glint.
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(b)

Fig.3 Reflectivity images at different observation angles:
(a) #=0°; (b) 9=8°
3 AN [R] UL #A R A B 5 R 8 AT () LN £ 52
0°; (b) WL £ JE£ o 8°

Fig.4 RCS curves of the target
K4 For RCS ik

(b)

Fig.5 Reflectivity images at different observation angles :
(a) 6=0°; (b) #=25°
5 TR AR B2 E bR B R B () WL £ B Ry
0°; (b) WL # B2 A 25°

3 Conclusion

RCS measurement methods are gaining increasing
interest in practical problems. In terahertz region, even a
small target becomes an electrical large object, which
leads to a huge amount of calculation with electromagnet-
ic computing methods. With the raise of frequency,
number of scattering centers on target increases, angular
glint becomes conspicuous in terahertz band. Thus, tra-
ditional RCS measurement methods are no longer applica-
ble in terahertz band.

The RCS measurement methods proposed here uti-
lized sub-aperture imaging technique to reconstruct target
reflectivity image at different observation angle. The an-
gular glint and position of scattering centers can be re-
vealed in reconstructed images accurately. Normalized by
point spread function, target RCS can be easily extracted
from sub-aperture images. Simulations show that the RCS
curves extracted by proposed method are consistent with
theory both in shape and values.
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(b)

Fig.6 Target RCS curves; (a) Target RCS curves; (b)
Target RCS curves (Details)

K6 Hir RCS iiZk: (a) Hir RCS fi1Zk; (b) H#x RCS
A RED!
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