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Improvement of Quasi-Monostatic Frequency-Swept
Microwave Imaging of Conducting Objects
Using Illumination Diversity Technique

Chao-Hsiung Tseng, Member, IEEE, and Tah-Hsiung Chu, Member, IEEE

Abstract—In this paper, a quasi-monostatic frequency-swept mi-
crowave imaging system using illumination diversity technique is
proposed to have an efficient scattered field acquisition arrange-
ment. The measurement system, calibration method, and experi-
mental results are presented. The image reconstruction principle is
developed under physical optics approximation. Reconstructed im-
ages of the continuous, discrete conducting objects and B-52 model
aircraft measured in the frequency range 7.5-12.5 GHz are shown
to be in good agreement with the scattering object geometries. The
images reconstructed with and without using illumination diversity
technique are presented to illustrate the effectiveness of the devel-
oped microwave imaging system.

Index Terms—Electromagnetic scattering, microwave imaging,
microwave measurements.

1. INTRODUCTION

HE theory of monostatic microwave imaging for perfectly
conducting objects based on Bojarski’s identity was de-
scribed in [1], [2]. For image resolution improvement, the fre-
quency and angular diversity techniques [3], [4] are adopted to
enlarge the area of scattering object Fourier-domain data. In the
monostatic scattering arrangement, or inverse synthetic aperture
radar (ISAR) [5], the frequency-swept object scattering infor-
mation is acquired by rotating the scattering object at the cor-
responding transmitting/receiving direction, then recording the
object scattered far field in a sequential format. In other words,
a line of Fourier-domain data corresponding to one object rota-
tion angle is acquired using frequency diversity technique, and
a two-dimensional (2-D) polar format of the object Fourier-do-
main data is obtained by using angular diversity technique.
Under the physical optics approximation [6], [7], the theory
based on Bojarski’s identity was extended to the general
multistatic case [8]. In this arrangement, the scattering ob-
ject is illuminated by a single source and the scattered far
field is recorded by multiple receivers (i.e., receiver diversity
technique). Namely, multiple lines of Fourier-domain data
are obtained using the receiver diversity technique at one
object rotation angle. Compared with the monostatic scattering
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arrangement for a stationary scatterer, its image angular reso-
lution is improved and the Fourier-domain data are acquired
more efficiently. However, it may increase the system cost due
to the increased number of coherent receivers.

In this paper, the quasi-monostatic frequency-swept mi-
crowave imaging using illumination diversity technique is
developed under the physical optics approximation. In this
arrangement, a receiving antenna is exploited to simultaneously
receive the scattered field contributed from multiple sources
(i.e., illumination diversity technique). In the multiple illumi-
nation arrangement, one can use an N-way power divider to
distribute the illumination signal to a number of transmitting
antennas. It is then more cost-effective than the receiver diver-
sity technique. In addition, it will be shown that multiple lines
of the object Fourier-domain data contributed from multiple
sources can be obtained at one object rotation angle; hence it
can improve the image angular resolution or equivalently re-
duce the object rotation angles. Another approach to implement
illumination diversity is to adopt the arrangement with a 1-to-n
switch connected to n transmitting antennas [9]. Each antenna
is given its time slot for transmitting and only one antenna is
turned on in this time slot.

In the following, the formulations on image reconstruction
of conducting objects using illumination diversity technique are
presented in Section II. Since the scattering object is illuminated
by multiple sources simultaneously, the induced surface cur-
rents contributed from each source are then coherently superim-
posed on the object surface. The recorded object scattered field
is therefore a coherent summation of the scattered fields from
all the illuminated regions. In this section, an image reconstruc-
tion method is developed to use sets of equations to solve the
corresponding portion of scattered field contributed from each
source. It then gives multiple lines of the object Fourier-domain
data. Therefore, with the use of illumination diversity technique,
it can improve the imaging angular resolution and reduce the ob-
ject rotation angles effectively.

The developed microwave imaging system and calibration
method for multisource illumination are described in Section III.
Based on the image reconstruction method given in Section II,
the calibration formulations are described to obtain the cali-
brated Fourier-domain data contributed from each source from
the measured scattered field using multisource illumination.

In Section IV, the reconstructed images for three different
types of scattering objects, including continuous, discrete line
objects and B-52 model aircraft, measured in the frequency
range of 7.5-12.5 GHz, are shown in good agreement with
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Fig. 1. (a) Two-dimensional quasi-monostatic backscattering geometry using
two-source illumination and its frequency-swept Fourier-domain (b) without
and (c) with object rotation.

the scattering object geometries. The comparison of images
reconstructed with and without using illumination diversity
technique are presented to illustrate the developed microwave
imaging system to be an effective approach as compared with
the monostatic arrangement.

II. PRINCIPLE

The quasi-monostatic backscattering geometry using illumi-
nation diversity technique is shown in Fig. 1(a). Note, only two-
source illumination is shown for the simplicity of illustration. In
the following derivation, an infinitely long scattering object in
the z-direction (normal to the z-y plane) is assumed and mul-
tiple normally incident TM-polarized plane waves are generated
by multiple transmitting antennas in the far-field region.

The incident field for multisource illumination is written as

E(7) = 2E1e koM T 4 s Boemdkoke®™ Ly 2B e dkoka T

= smedtokiT (1
i=1
. 1<, Lo
H'(F) = D ki x 2B~ /hehr @)
i=1

where ko = w/c is the wave number and k; is the direction of
the sth incident plane wave. F; is the complex field amplitude
of the ith incident plane wave. 7 is the intrinsic impedance in
free space and time dependence exp(jwt) is implied.

Assuming that the angle between the 7th transmitting antenna
and the receiving antenna fulfills the physical optics approxima-
tion [6], the scattered field contributed from multiple sources at
the receiving antenna is given as [7]

£ =i [ 2

x (ks x g)Eie—fko’%r’"G(v —7)d7  (3)

where C!! is the illuminated object contour contributed from
the ith source. 7 (') is the outward unit normal vector of C!' at
7 and

Gl e—ik-(F=7") A
(7 =71) = = @)
is the Green’s function in free space. k = kol:: and k is the

direction of receiving antenna.
As the polarization of receiving antenna is in the z-direction,
the scattered field in the far-field region becomes

Us=z%-

—]kok -7

|f — f’l e o)

_jkoe*jko’f‘

ZE//O Ne=ihE=RIT 25 (6)

Q

where
Oi(F) = 20a(F) - pi8 (Ci()) %

is defined as the partial microwave image contributed from the
ith source and is related to the object shape. p; is the unit wave
vector defined as p; = (k — k;)/|k — ki|. §(Ci(7')) is a one-
dimensional (1-D) Dirac delta function corresponding to the zth
source with its argument defined as

=0, as# el
Ci(7 i 8
(™) { # 0, elsewhere. ®)
By defining the Fourier transformation of O;(7') as
/ / el T AP ©)
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Equation (6) can be expressed as

Us=CrY_ EiOi(pi) (10)
=1

where CT, is the range-related term (—jkoe %" /7). p; is

0; .
D; = ko cos épi

0; . . R
=k cos §<Sln¢mp$ + €OS PPy ). (11)

Di = DizPx + PiyPy is the wave vector in object Fourier-do-
main space, i.e., p-space. ; is the angle between the ith trans-
mitting antenna and the receiving antenna. ¢, is the object ro-
tation angle.

Note that the scattered field is received by an antenna on the
negative X axis shown in Fig. 1(a). The Fourier-domain data
(or p-space data) contributed from the 7th source are then pro-
jected on the direction of p;. Namely, the source at #; con-
tributes a line of Fourier-domain data at (f;/2) as shown in
Fig. 1(b), as kg is stepped from kin to kmax. In other words, a
line of Fourier-domain data lies in the direction of p; with the
range from ki, cos (8;/2) to kmax cos (6;/2). In order to fill
the Fourier-domain space, one can then rotate the scattering ob-
ject, or equivalently rotate the direction of p; in the Fourier-do-
main space, to record the scattered field. Fig. 1(c) shows the
Fourier-domain acquired at three rotation angles of ¢,, (i.e., an-
gular diversity technique). It illustrates that an n-fold Fourier-
domain can be acquired using n sources in a quasi-monostatic
scattering arrangement with the use of illumination diversity
technique.

Since the illuminated regions on the scattering object sur-
face contributed from different sources are overlapped as shown
in Fig. 1(a), the induced surface currents from each source are
then coherently superimposed on the object surface. The scat-
tered field U? in (10) is therefore a coherent summation of the
scattered fields radiated from each illuminated region. In order
to relate the reconstructed microwave image to the scattered
field given in (10), the corresponding Fourier-domain data con-
tributed from each source has to be extracted. By rewriting the
amplitude E; in (1) as E;; with ¢, 7 = 1...n, one can expand
(10) to be a set of n equations as

Ui = CR[E11O1 + E1309 4 -+ Eln,on]
Us = Cr[E2 0y 4 Ey04 + - - - 4 F5,0,]
U: =CrlEniO1 + En202 + -+ + E,,0,]. (12)

In (12), amplitudes of E;; are properly assigned to yield n
linearly independent equations and each equation is considered
as a measurement state. In other words, during the measurement
to be described in Section III, the amplitudes of n sources are
properly arranged for a total of » measurement states. Equation
(12) can then be expressed as

o En  Er Ew1 ' [UR
0> 1 | F2r FEao Esy, U3
== . . . ) (13)
: Cr | : : : :
ONTL Enl En2 Enn UTSL

Equation (13) shows that results of 0, corresponding to the sth
source can be extracted from n sets of the scattered field U5 with
a known nonsingular matrix [£;;]. One can use n attenuators to
control the n» amplitudes of F;; in one measurement state (i.e.,
each row in [E;;]). In addition, the frequency responses of [E;;]
attenuators can be measured to obtain the matrix [E;;].

With the use of frequency diversity technique to have kg
stepped from ki, to Kkmax, m lines of the Fourier-domain
data contributed from n sources in the directions of p; with
1 = 1...n can be extracted from the n sets of recorded
scattered field. It is then equivalent to the Fourier-domain data
obtained with the use of single-source illumination and angular
diversity technique, such as ISAR arrangement, to synthesize
the Fourier-domain data distributed in all the directions of p;.
Therefore, from the scattering object rotation angle ¢,,, and il-
lumination source angle 6;, one can correctly locate the exacted
Fourier-domain data O; on the Fourier-domain space using
(11). It then shows one can acquire the object Fourier-domain
data effectively with the use of illumination diversity technique.
In Section III, the experimental measurement system and the
calibration method to acquire the scattering object Fourier-do-
main data will be described.

III. MEASUREMENT SYSTEM AND CALIBRATION METHOD

A. Measurement System

Fig. 2 shows the developed experimental microwave imaging
system. It has three horn antennas for simultaneously trans-
mitting swept-frequency microwave signals with power levels
controlled by three attenuators. The first, second, and third
transmitting antennas are located at about 0°, 30° and —30°,
respectively. Note, one can increase the number of transmitting
antennas as long as their arrangement satisfies the physical
optics condition. The receiving horn antenna is at about 0°
for collecting the object scattered field. All the transmitting
and receiving antennas are in the far-field region. A Hughes
8010H traveling-wave tube amplifier (TWTA) and an Avantek
AWT-18 676 low-noise amplifier (LNA) are connected with
an Agilent 8722ES network analyzer to provide proper signal
amplification. A personal computer is linked to the measure-
ment system for positioner rotation, instrument control, system
calibration, and data recording.

In the measurement, the frequency is stepped from 7.5 to
12.5 GHz for 51 frequency points to give ki, = 1.57 rad/cm
and kpa.x = 2.62 rad/cm. The scattering object is located on a
positioner with rotation angles listed in Table I. In each range of
rotation angle there are 15 rotation angles. For example, initially
f; = 0°, 5 = 30°, and 63 = —30° for the first, second, and
third transmitting antennas. Hence the corresponding directions
of p1, p2, and p3 are at 0°, 15°, and 345°. As the object rotates
from 0° to 14°, the angular range of corresponding Fourier-do-
main data is from 345° to 30° with 45° span angle. There-
fore, one can sequentially rotate the scattering object based on
the eight ranges given in Table I to synthesize a total of 360°
Fourier-domain data with 1° interval. On the other hand, in the
ISAR arrangement with only one transmitting antenna, 360 ob-
ject rotation angles with 1° interval are needed. Therefore, one
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Fig. 2. Automated wide-band quasi-monostatic
measurement system using multisource illumination.

imaging

TABLE 1
RANGE OF SCATTERING OBJECT ROTATION ANGLE AND THE
CORRESPONDING ANGULAR RANGE OF OBJECT FOURIER-DOMAIN
USING THREE-SOURCE ILLUMINATION

Range of object Angular range of
rotation angle Fourier-domain data
0°— 14° 345° —30°
45° —59° 30°—75°
90° — 104° 75°—120°
135°— 149° 120° — 165°
180° — 194° 165° —215°
225°—239° 215°—225°
270° — 284° 225°—300°
315°—329° 300° — 345°

can effectively reduce the object rotation angles by three times
using a three-source arrangement.

In the measurement, the three attenuators are electronically
set to the values in Table II corresponding to the three mea-
surement states. One measurement state means to record the
frequency-swept object scattered field for one set of attenuator
values. The measurement sequence is first to perform three mea-
surement states; then the positioner is rotated to the next object
rotation angle for the next three measurement states. After 15

TABLE 11
ATTENUATOR VALUES FOR THE THREE MEASUREMENT STATES
Measurement | Attenuator | Attenuator | Attenuator
State 1 2 3
1 State 3dB 0dB 0dB
2" State 0dB 3dB 0dB
3" State 0dB 0dB 3dB

rotation angles, the scattering object is rotated to the next range
based on Table I until the end of the rotation. The frequency re-
sponses of attenuators are measured before the experiment to
calculate [E;;]~! in (13).

B. Calibration Method

In practice, the measured scattered field can be represented as

= [I;] + Cr[E;][O:R;].

[U;"]

(14)

I; is the room clutter term in the jth measurement state. It
is the direct measurement without locating any scattering ob-
ject inside the anechoic chamber. Cp is the range-related term
(—jkoe=7%o7 /). [E;;] is an n x n known nonsingular ma-
trix to account for the different complex amplitudes of multi-
incident plane waves. 0; R is the product of the ¢th portion of
Fourier-domain data and system frequency response in the jth
measurement state. Equation (14) can be rewritten as

.- 1 : .
[OiR;] = C—R[Ez‘j] HIloe] =1} (15)

For a reference scattering object, (14) becomes
[U3T] = (L] + CrlBy] |07 16)

where U7 °f js the measured scattered field in the jth measure-
ment state and O**f is the Fourier-domain data of the reference
object contributed from the sth transmitting antenna. Equation
(16) can be rewritten as

Aref 1 1 - re

O Ry] = B {03 - 1)} am)
Therefore, the system frequency response of the jth mea-
surement state can be eliminated by dividing O;R; in (15)
by OfR; in (17) to acquire the calibrated ith portion of

Fourier-domain data as

9 U]m Oref

| = ————— 18
Uref I] ( )

Based on the calibration (15), (17), and (18), the calibration
and measurement procedures are summarized as the following.
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1y
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3)

Measure the room clutter response for all the measure-
ment states.

Position the reference object and measure the quasi-
monostatic frequency-swept scattered fields in all mea-
surement states, then subtract room clutter response for
each measurement state.

Locate the test object and measure the quasi-monostatic
frequency-swept scattered fields in all measurement
states and at all object rotation angles. Calibrate the
object Fourier-domain data using (15), then extract its
corresponding Fourier-domain data using (18).

20

(c)

images with (a) three-source illumination and (b) single-source illumination of

4) Correctly locate all the extracted Fourier-domain data,
then use the triangle-based nearest neighbor interpolation
method [10] to acquire the object Fourier-domain data
in a rectangular format. Finally, perform 2-D inverse fast
Fourier transformation to reconstruct the image.

IV. EXPERIMENTAL RESULTS

Based on the above-described measurement system and cal-
ibration method, this section presents the experimental results
of three different types of scattering objects. They include a
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Fig. 4. Measured results of (1) Fourier-domain data and (2) reconstructed images with (a) three-source illumination and (b) single-source illumination of four
thin cylinders with (c) geometries at (—12, 0) cm, (0, 8) cm, (3.5, —6) cm, and (10, 5) cm, respectively.

metallic cylinder with 91 cm length and 15 cm radius, four dis-
tributed metallic thin cylinders with 113 cm length and 1.5 cm
radius acting as discrete line scatterers, and a metal-covered
B-52 1:100 scaled model aircraft.

In the three-source measurement arrangement, the scattering
object is rotated with a total of 120 object rotation angles listed
in Table I to give a total of 360° spanned Fourier-domain data
with 1° interval. To illustrate the improvement of image angular
resolution, the results using monostatic arrangement acquired at

the same rotation angles listed in Table I are also given. A thin
metallic cylinder with 113 cm length and 1.5 cm radius is used
as a reference object.

For the test object of metallic cylinder with 15 cm radius,
the range of ka is 23.6-39.3 rad, hence the measurement is
in physical optics regime. The measured Fourier-domain data
are shown in Fig. 3(a-1) and (b-1). The measurement with
three-source diversity technique gives a 360° spanned Fourier-
domain data; however, only a partial Fourier-domain data is
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(c) a B-52 1:100 scaled model aircraft.

obtained without using illumination diversity technique. The
reconstructed images are shown in Fig. 3(a-2) and (b-2), re-
spectively. A complete circle image is given using three-source
illumination, but a fragmental image is obtained without using
illumination diversity technique.

For the second type of test object, the range of ka is
2.4-3.9 rad; hence the thin cylinders can be treated as four line
scatterers. Measured results of Fourier-domain data and recon-
structed image are shown in Fig. 4(a) and (b). The reconstructed
image is shown in good agreement with the distribution of four
thin cylinders given in Fig. 4(c).

The range of the Fourier-domain data shown in Fig. 4(a-1) for
three-source illumination arrangement is about Ap,. = 2rad/cm
and Ap, = 2 rad/cm. The corresponding resolution then gives

(c)

Measured results of (1) Fourier-domain data and (2) reconstructed images with (a) three-source illumination and (b) single-source illumination of

about 3 cm in both x- and y-directions. However, the area of
the Fourier-domain data shown in Fig. 4(b-1) for single source
illumination case is one-third of that in Fig. 4(a-1); hence its
resolution is about three times worse in x- and y-directions as
shown in Fig. 4(b-2). Therefore, for the same object rotation an-
gles, the quasi-monostatic frequency-swept microwave imaging
system using illumination diversity technique is shown to be an
efficient approach to giving better resolution in comparison with
the single source (or ISAR) approach.

For the third test object, a B-52 scaled aircraft, it consists of
continuous and discrete scattering centers. The Fourier-domain
data for three-source illumination and single source illumina-
tion are shown in Fig. 5(a-1) and (b-1). From the reconstructed
image shown in Fig. 5(a-2), one can clearly identify the wing,
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two twin-engines, and the cockpit and tear of the aircraft, but
only indistinct images are shown in Fig. 5(b-2) using single
source illumination.

V. CONCLUSION

The basic principle, measurement system, and calibration
method for the frequency-swept microwave imaging of per-
fectly conducting objects using illumination diversity technique
are presented in this paper. In Section II, the image reconstruc-
tion formulas are developed to acquire the Fourier-domain data
for image reconstruction in the situation that the scattering
object is under multisource illumination. It proves the linear
dependence of the number of sources and the angular resolution
of the reconstructed image under the physical optics approxi-
mation. In other words, as n sources are properly arranged to
fulfill the physical optics approximation, one can reduce the
object rotation angle by a factor of n or equivalently improve
the angular resolution by a factor of n as compared with ISAR
arrangement. Shown in Section IV, the reconstructed images
of three types of scattering objects experimentally demonstrate
that the developed illumination diversity technique can effec-
tively synthesize the Fourier-domain data in angular directions.
In addition, this technique can be applied to the multistatic
microwave imaging by simultaneously using multisource
illumination and multiple coherent receivers. This will then
further improve the image resolution and imply the feasibility
of a real-time microwave imaging system. Another interesting
application of illumination diversity technique is its capable
imaging of stealthy type objects whose radar cross-section
is usually minimized only for certain incident illumination
and observation angles. Therefore, multiple sources operated
simultaneously provide a practical solution.
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