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Abstract—A fast method for electromagnetic imaging from monos-
tatic full rotational near-field scattering is proposed in this paper. It is
based on circular spectrum theory which exploits the Fourier decom-
position of the targets distribution instead of point by point imaging
in earlier works. The novelty of the proposed method is that it sim-
plifies the relationship between the spatial frequency domain and the
scattering field. The near-field scattering is analyzed by expanding the
distance to Taylor series at the centre of the targets zone. The near-
field focus function is then transformed to spatial frequency domain
and evaluated by the method of stationary phase. The imaging result
is given by two-dimensional inverse Fourier transformation from spa-
tial frequency domain of targets. The proposed method is validated by
comparing the simulation results of distributed targets with the tomo-
graphic imaging. The dynamic range of imaging result is derived by
distributed targets with different reflection coefficient. Furthermore,
the experiment is also conducted in microwave chamber at Ku band
with target placed on the turntable.
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1. INTRODUCTION

Near-field imaging technologies are currently in strong demand in large
variety of fields. In medical sciences, it has been used to acquire
structure image for detecting breast tumor and other diseases [1-5].
It has also been employed for far-field RCS prediction with near-
field measurement of targets back-scattering properties [6,7]. The
advantageous property of the near-field imaging is that it entails
limited space for targets imaging, which will reduce the cost by
measuring in far-field requirement. In order, to collect the full angular
information of targets, the bi-static measurement around a circular
path is needed; however, it is time-consuming to acquire the measured
data. If the targets satisfy the single scattering model, the bi-static far-
field system can be approximately evaluated by the monostatic near-
field system.

In the near-field situation, several fast methods for inverse
scattering problems have been developed [10,11], but those are only
limited to small angle rotation situation. For wide angle rotation
problem, the expanding of the near field distance is highly complex.
Therefore, the imaging process is always performed point by point,
such as tomographic algorithm and fast cyclical convolution algorithm.
The near-field tomographic algorithm has been used to evaluate the
image at Cartesian grid points [6-9] and [18]. The downrange profiles
are computed for all angles using an FFT-algorithm with appropriate
zero-padding. Later, each grid point is calculated by interpolation from
downrange profiles. Although, tomographic method performs the FFT
to obtain the downrange profile, it still needs summaries for angular
domain. The computational complexity is known as O (kN?), where
N x N for point by point imaging and k stands for summary at angular
domain. Fast cyclical convolution algorithm has also been used in large
angular rotation problem [12,13]. The circular convolution algorithm
is used over the azimuth angle which involves the fast calculation.
Subsequently, the image at each polar grid point is obtained by
summaries at frequency domain. The computational complexity for
fast cyclical convolution is also given as O (kN?), where N2 for point
by point imaging and k for summary at frequency domain.

Recently, circular synthetic aperture radar (CSAR) using circular
spectrum theory has been explored for providing the capability of
high-resolution images. In CSAR geometry, targets are placed at the
centre of circular path while the radar is moving around the track.
For this system, a fast algorithm, based on the Fourier decomposition
of the Green’s function, has been developed earlier for the far-field
situation [14-17]. It first transforms the spatial domain of targets
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to the spatial frequency domain and performs range compensation to
reconstruct the image of SAR targets. However, this method is not
accurate when the distance and targets dimensions are comparable.

In this paper, a novel method for the near field circular
electromagnetic imaging, based on the Fourier decomposition of the
Green’s function, is proposed. It is analyzed in spatial frequency
domain and transformed to spatial domain. The performance of the
proposed method is compared with tomographic imaging algorithm.
The two methods are both imaging methods in frequency domain.
The tomographic method only relates the scattered field to the image
by one dimensional FFT in frequency domain; whereas, the proposed
approach obtain the image by relating the scattered field to two
dimensional spatial frequency domain. The advantage of proposed
method is that it simplifies the relationship between the spatial
frequency domain of targets and the scattered field.

In Section 2, the system model is described and imaging techniques
is discussed. The resolution and sampling criteria is deduced in
Section 3. The imaging steps are given in Section 4 and the
interpretation from polar to rectangular spectrum is described. In
Section 5, the efficiency of the proposed method is validated by the
simulation of the distributed targets. The dynamic range of the image
is also shown by another simulation with targets of different scattering
intensity. The experiment result with target lying on the turntable is
presented in Section 6, followed by our conclusion in Section 7.

2. SYSTEM MODEL

The geometry in cylindrical coordinates of a turntable system is
illustrated in Figure 1. A stepped frequency signal is radiated from

- ”I"urntable

Figure 1. Geometrical parameters of the system.
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an antenna, located at the distance R from the centre of the turntable,
with an isotropic irradiation to the targets. The reflected signals are
received by a similar adjacent antenna which forms a quasi-monostatic
system. The targets with reflection coefficient ¢ (x, y) are placed
on a low reflectivity supporter in the centre of turntable which can
rotate around the z-y plane with origin at O. The rotated angle is
f, which stands for the instantaneous position of the turntable. The
instantaneous position between the targets and the antenna is d.

2.1. Near-field Scattering

Considering that the antenna is located in the near-field region of
the objects, and the amplitude attenuation of the scattering filed is
negligible compared to the phase contribution. The scattering electric
field of targets in the near-field can be expressed as [10]

E.(f.0) = / / b (2,9) G (. ; f.0)drdy (1)

—00 —O0

where, G (z, y; f, ) is near field focus function, which is given by
G(x,y; f,0) = e 7%*2d Here, the wave-number is defined as
k = 2xwf/c and the distance from antenna to the targets is d =
V/(z — Rcosf)? + (y — Rsinf)2. As the position of targets (z, y) can
be expressed as (p, ¢) in polar coordinates, and the distance d can also
be given as

d = ‘ﬁ— ﬁ‘
= V/R?+ p? + 2Rpcos(¢ — 0) (2)

Since the distance in the near-field is two-dimensional coupling,
the problem can not directly resort to two dimensional FFT. A
practical method is by expanding the distance into Taylor series. The
near-field distance can be expressed by Taylor expansion with different
orders. The distance is related to phase of return signals. To keep the
phase error within 7/8, the Taylor series of the distance to third order
at the targets centre point p = 0 is given by [9]

d(p) ~ d(0) —d'(0)p + id"(0)

.92 0
sin” (0= ¢) »

~ R — pcos(f — ¢) + oR
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2.2. Relationship between Near-field Scattering and Spatial
Frequency Domain of Targets

According to Parseval’s theory, the scattering electric field in (1) can
be expressed as

Ey(f,0) = / /1/1(—kx,—ky)G(kx,ky;f,e)dkxdky (4)

where, 1 (—k;, —k,) is the spatial frequency domain of targets, and it
is given as

w(—k‘x,—ky)Z/ /ﬂ)(—fm _y).e—j[(—kx(—:c)+(—ky)(—y)]d(_gj)d(_y)

—FFT(_, (FET(, (% (-2, ~y))) (5)
The frequency in spatial frequency domain is defined as f’, and
k, = Af s
TR (©
y = —o-sing

In (4), G (kz, ky; f, 0) is the spatial frequency domain of targets,
and it is defined as

Gk, ky: f,0) = / /G(x,y;f,@)e_j(k““kyy)dkxdky

—00 —00

= / / e I2kd=ilkeathyy) g, dk, (7)

—00 —00

2.3. Solution of Near Field Focus Function in Spatial
Frequency Domain

Since the integrand in (7) has no singular points and is a highly
oscillating function, the integral can be evaluated by means of the
MSP provided that k is sufficiently large. (k,, ky) can be expressed
as (k,, ¢) in polar coordinates. Assuming that the targets position is
within the zone: 0 < p < r, then

kp = \/k2 + k2 = 2k (8)

¢ = 0] < 0, = asin("/R) (9)
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As k, equals to 4nf’/c, the frequency in spatial frequency domain is
given as f = f’. The truncation function of the angular sector can be
easily assigned by (9).

The spatial frequency domain G (kz, ky; f, ) can also be given in
polar coordinates as

r 27

Glky, 6: 1,6) / / e~ =3%00 ppdg (10)

The phase function within the integral in (10) is
9(p) = —2kd — kpp

sin?(f — gb)
2R

It can also be expanded as Taylor series at the stationary point

~ —2k [R — pcos(6 — ¢) + —kpp  (11)

(p— po)° (p— po)’*
Ly (p0) LD (12)
The major contribution to the integral in (10) comes from a small
neighborhood near the stationary point p = pg. According to MSP,
the stationary point comes from ¢’ (p) = 0, so the stationary point is

9(p) = g(po)+9'(po)(p — po)+g" (po)

cos (0 —¢)—1
—_ g 7 - 1
=R e — ) (13)
The each order derivative at the stationary point is as follows:
sin“ (0
9(po) = — [R — pocos(f — @) + ;R(ﬁ)po + po }

_ L. o(0—¢

= —R [1—2tan ( 5 >] (14a)

g9'(po) =0 (14b)

sin?(6 —
(o) = 2200 (140
9" (po) = 1 (14d)

In the neighborhood of stationary point p = pg, the first order
derivative ¢’ (pg) = 0 and the second order derivative ¢g” (po) vanishes,
SO

(p — o)’
) (15)

9(p) % g(po) + 9" (po)=—;
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Substituting g(p) with this series expansion, the integral in (10) can
be expressed in terms of the Airy function, leading to

Gky ¢: f,0) = 2me2oR[1= 30 (5593 44(0)
~ 2.81¢ 20 R[1=5 tan?(52)] (16)

2.4. Interpretation to Obtain the Image of Targets
According to (4) and (16), the scattering electric field becomes

B.(f,0) = / / 2y, 6)G (k5 £, 0) by

—00 —00

_ / /562k1/) ,07 —]QkoR[l—ftan( )]dk d¢ ( )

—00 —00
Therefore, the scattering pattern is as follows
2T fmdx
/ / By (£,9) jokoR[1-1 tan? (2] ardo (18)
fmll’l

The polar samples of v (k,, ¢) are then converted to the samples of
Y (—kg, —ky), where

k
QJZ)( Pa 5 62

kuo(f,0) = =2k, cos ¢
ky(f,0) = —2k,sin¢

Via bi-linear interpolation algorithm, the rectangular spectrum of
targets ¢ (—kg, —ky) is calculated. The 2-D inverse Fourier transform
of this signal is the rotation by 7 of desired image ¢ (z, y). The
computation complexity is mainly from two-dimensional summaries

for ¢ (k,, ¢) in (18) and is O (N?).

(19)

3. RESOLUTION AND SAMPLING CRITERIA

The proposed method is an image-based method for monostatic near
field imaging, therefore, it is only suited for single scattering model,
however, cannot address the complex targets due creeping wave or
coupling,.

The resolution limit depends on centre lobe of point spread
function (PSF). As the frequency vary from fuin t0 fmax, the spatial
domain of targets k, is constrained in [k, ;. , Kpn.) Assuming that
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the object is a reflecting point placed at the origin, the point spread
function can be expressed as

PSF (z,y) =k J1 (Phpuna) 1 (PRpuin) (20)

Pmax Pmin

p p

Jp is the Bessel function of the first order. In the extreme case of
k = 0, the radial resolution becomes dx = dy = =

Pmin kPmax

Assuming the object is confined within a circular zone 0 < p < r,
the sampling intervals needed to satisfy the Nyquist criterion. In the
frequency domain, the frequency step is given by

Af <c/(4r) (21)

In the angular domain, it requires that the angular increments be
sufficiently small to make the phase of signals vary less than 7 radians
between samples. As the maximum phase of targets for an angular
increment Af is k,_. rsin(Af), the angular step can be given as

Pmin

Af < asin [Apin/ (47)] (22)

4. THE STEPS OF IMAGING

Following are the steps devised for proposed imaging;:

1) Compute the spatial frequency domain of near field focus function
G (k,, ¢; f, 0) at the sample points according to (18);

2) Compute 9 (k,, ¢) according to (18) and (20);

3) Use polar to rectangular interpolation to reconstruct ¢ (—kz, —ky)
from the polar data as follows:
a) The occupying rectangular zone of polar spectrum is obtained
and chosen as edge of rectangular spectrum as shown in Figure 2.
The polar spectrum is shown as solid points, while the required
rectangular spectrum is hollow points;
b) The 2D k, and k, intervals should be chosen same as the
intervals of k,;
c) Bi-linear interpolation algorithm should be used for two
dimensional interpolations from polar grid points to rectangular
grid points;

4) Perform the inverse FFT transformation to acquire ¢ (—z, —y);

5) Rotate the ¢ (—z, —y) by 7 to obtain the targets image ¢ (z, y).
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5. SIMULATION RESULTS

In this section, the performance of the proposed fast near-field
imaging method implemented with circular spectrum approach is
illustrated with comparison to the near-field tomographic method. The
tomographic method was first used in the medical imaging, and later
introduced to extract the target shape information from circular path
data in the reference [18]. It first divides the image zone into N x NV grid
points, and then calculates the amplitude and phase for each point.
The frequency range of the following examples is f =8 ~ 12 GHz
with 401 frequency steps, the angular aperture is = 0° to 360° with
1201 angular steps. The near-field distance R is 5m. The targets
geometry with same reflectivity 0 dBsm is shown in Figure 3(a),
which is used to construct the letter ‘E’ and ‘M’. The far-field is
defined as 2D?/\. The targets dimension D is about 1.2m, so the
far-field is 115.2m. The near field distance is within 5% of far field
requirement. The resolution corresponding to the above parameters is
0.01m. The forward solver for synthetic data without noise is based
on integrating the contribution of each scatterer which can be found
in the reference [4] and [10]. The spatial frequency domain v (k, ky)
of the targets is given in Figure 3(b). It is obtained by 2-D bi-linear
interpretation from v (k,, ¢). As k, is within the zone [k, .., Kpmaxls
Y (kg, ky) in rectangular coordinate system forms a ring. The image
result by proposed method is given in Figure 3(c), by performing the 2-
D inverse FFT from ¢ (k;, k). From Figure 3(c), the two targets with
distance 0.05m in letter ‘M’ are clearly distinguished. It shows that
the proposed method has resolution higher than 0.05m. Figure 3(d)
is the result by tomographic method. It is found that the result by
proposed method can provide accurate image with the shape of targets
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Figure 2. Interpolation in spectrum domain.
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kept. The processing time by proposed method in this paper is 25.94 s,
whereas in tomographic method the same processing takes 1043.93s.
The efficiency of proposed method appears from analyzing in spatial
frequency and evaluation by MSP for near field focus function.

In order to assure accurate reconstruction, reasonable sampling
point number should be defined for the system. In the previous
simulation, the target is within a circular zone 0 < p < r = 1m,
so the criteria of angular steps and frequencies can be obtained by the
formula in Section 3:

Af <c¢/(4r) = ¢/4 = 0.075 GHz (23)
A < asin [Apin/(47)] = asin[c/ (47 fmin)] = 0.358° (24)
In order to show the influence of steps reduction, simulation is

performed with different angular steps and frequencies. In Figure 4(a),
the angular steps and frequencies is 0.3 degree and 0.01 GHz, which is
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Figure 3. Simulation model and results. (a) Targets model.
(b) Spectrum of targets image. (c) Targets’ image by proposed method.
(d) Targets’ image by tomographic method.



Progress In Electromagnetics Research, Vol. 120, 2011 397

1 1
05 05
T oo emises E gl @ sewes
= =
;05 05
b v e srevesn e e e R
1 ns i ns 1 -1 0.5 0 05 1
wlr) Hirmy
(a) (b)
1 1
05 ns
E. g s i sk E s ipeged
0s 05
1 AT U, il e T
1 05 0 05 1 -1 0.5 0 0.5 1
xm) i)
() (d)

Figure 4. Targets image by proposed method with different sampling
intervals. (a) A8 = 0.3° Af = 0.01GHz. (b) A0 = 0.3° Af =
0.05GHz. (c) A9 =16° Af =0.01 GHz. (d) A9 =0.3° Af = 0.2 GHz.

oversampled. In Figure 4(b), the angular steps and frequencies are 0.3
degree and 0.05 GHz, which is near the criteria. The angular steps
and frequencies in Figure 4(c) is 1 degree and 0.05 GHz, which is
not satisfying the criteria in angular domain. The angular steps and
frequencies in Figure 4(d) is 0.3 degree and 0.2 GHz, which does not
satisfy the criteria in frequency domain. The comparisons show that if
the criteria are not satisfied, the image is blurred and can not reflect
the required targets information. However, when the angular steps
and frequencies are oversampled, experimental as well as the image
processing time would become long. The reason leading to distortion
of image is caused by the phase of signals which vary over 7 radians
between the samples.

To show the dynamic range of image, simulation with targets of
different reflection coefficient is setup. The frequency band of the
following examples at X band from 8 ~ 12 GHz, with 401 frequency
sampling points, the angular aperture is § = 0° to 360° with 361
angular steps. The near-field distance R is 5m. The targets geometry
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Figure 5. Simulation model and result. (a) Targets model. (b)
Targets image by proposed method.

is shown in Figure 5(a), with the largest size D equal to 0.5m. The
result in Figure 5(b) by proposed method shows that the dynamic range
of the image is about 15 dB. The proposed method is useful when the
targets with large dynamic range are placed not too close. If a target
with small reflectivity is placed near a target with high reflectivity, it
may not be distinguished due to the side lobe influence of the high
reflectivity target.

6. EXPERIMENTAL RESULTS

The experiment was performed in microwave chamber with dimension
15mx15mx25m. The step frequency signal is generated by an Agilent
Vector Network Analyzer 8363A. The received signal is also captured
by Vector Network Analyzer but with different ports. The transmitting
antenna and receiving antenna are standard horn antennas which can
work at 12 ~ 18 GHz. In order to collect scattering data in the
experiment, two transmit antennas and two receive antennas are placed
on the supporter, as shown in Figure 6(a). Isolation materials are
placed between those antennas to avoid coupling. Four antennas are
used to measure the four polarization cases, such as HH, HV, VH
and VV. To validate the proposed algorithm, only HH polarization
is used for imaging and the polarization diversity is not taken in to
account.

Target is laid on a low scattering reflection supporter made of
foam, as shown in Figure 6(b). Two metallic spheres with radius 5 cm
are placed in each hand of the target. Two small metallic adhesive
tapes are also stuck on the coat along waist line of the target. The
radius of foam supporter is about 1 meter, and it can rotate at 0.01
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Figure 6. Experimental setup and results. (a) Setup of antennas.
(b) The targets on the turntable. (c) Targets image by proposed
method. (d) Targets image by tomographic method.

degree angular intervals. The distance between the center of supporter
and the antenna is about 19m. According to far-field requirements,
this distance should be over 480m. Clearly, the target is in the
near field zone, which is only about 4% of far-field criterion. The
transmitting and receiving antennas were placed very near compared
to the measured distance, so it forms a quasi-monostatic system.

The measurement data is obtained with the rotation of the
turntable. The frequency sample is 1201 and an angular sample is 1201.
The total rotated angle is 360 degree. The imaging result of proposed
method is shown in Figure 6(c), while the result by tomographic
method is displayed in Figure 6(d). The comparison of these results
shows that the proposed method reveals most targets information. In
the provided examples, the sampling point number is larger than the
sampling criteria to obtain the high image quality of targets. If the
angular steps and frequencies are reduced, some details of targets would
not exist in the image. The comparison of the results shows that the
proposed method has the same accuracy but needs less processing time.

7. CONCLUSION

This paper proposed a fast method predicting the targets image
from monostatic near-field scattering. It improves the efficiency of
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computation of tomographic methods by analyzing in spatial frequency
domain and evaluating the spectrum of near field focus function using
MSP. The simulation results show that the proposed method works
very well even when the near-field measurement distance is shortened
to only 5 percent of the far-field requirements. The experiment is also
performed which shows the accuracy of the proposed method. At this
stage, it is foreseen that the presented theory of circular spectrum can
be extended to the 3D scattering problems.
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