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Abstract

In this paper, we propose a novel method for obtaining wideband spectral information of the
target in microwave imaging systems by using broadband frequency reconfigurable printed
transceivers. The proposed transceiver is composed of two embedded stacked microstrip
antenna configurations operating in C-band (5.5–8.5 GHz) and X-band (8.5–11.5 GHz)
with each having 3 GHz bandwidth. The transceiver switches between the two configurations
(and thus frequency bands) using PIN diodes and collects response of the antenna in the pres-
ence of the target, in both the operating bands. This information is then combined to obtain
wideband spectral information of the target from 5.5 to 11.5 GHz to achieve improved image
reconstruction. The proposed reconfigurable transceiver has advantage over traditional broad-
band transceivers (those have slots/meandering at ground plane to achieve wideband
response) that it has unidirectional radiation patterns throughout its band of operation.
Hence the imaging system is implemented without the absorbers. This keeps the system com-
pact and inconspicuous when installed for security applications. Here, a bistatic system is
employed with two-dimensional target scanning performed in a real outdoor environment.

Introduction

Microwave imaging is an emerging tool for non-destructive testing of objects under interroga-
tion. Several researchers have explored its potential in various applications. The non-ionizing
property of microwaves and their capability to map the dielectric contrast of the investigation
domain make them suitable for biomedical applications such as head imaging to detect brain
tumor [1–3], and early-stage breast cancer detection [4–8]. Similarly, microwave imaging has
been used to detect dielectric objects [9, 10], where efforts have been made to reconstruct the
three-dimensional (3D) image of microwave absorber sample [9] and image reconstruction of
different dielectric materials [10]. Furthermore, microwave imaging is widely used for security
applications to detect and reconstruct the image of suspicious hidden targets and
through-the-wall imaging utilizing their capability to penetrate. Typically horn antennas
(large setups) are used for improved beam forming and the imaging systems are kept in an
anechoic chamber or with absorbers [11–13]. The hidden target detection is presented in [11],
beneath three-layer body model, while images of large metallic objects have been obtained
in [12] by applying factorization method. Furthermore, near-field microwave imaging using reso-
nately loaded apertures is carried out in [13], where mostly the target detection is achieved. A
microwave camera for hidden target detection presented in [14] can be quite useful for baggage
scanning to find suspicious metallic objects inside the bag. However, here a large reflector is used
to allow most of the scattered waves reach the receivers, which makes the system bulky and dif-
ficult to use practically.

Moreover, research is carried out for improved resolution in microwave imaging by using
ultra-wideband (UWB ) transceivers to capture more spectral information of the target.
Typically, they are used for through-the-wall imaging [15] and for the imaging of inclusions
in dielectric cylinders/spheres for medical application [16]. In through-the-wall human detec-
tion, using UWB radar [17] the presence and displacement of human behind the wall is
detected. Detection of partially occluded objects is presented in [18] using UWB transceivers.
In [19] through-the-wall object detection is carried out in the X-band, while in [20]
through-the-wall object detection is carried out in the S-band with improved resolution
using a two-step inverse scattering technique. However, in [17–20], the main focus is on target
detection rather than image reconstruction.

A multistatic UWB microwave imaging system is presented in [21] where the antenna is
backed by a metallic reflector (increasing its size) to make it unidirectional, where regular planar
shapes have been used as target objects and the image quality is still average. In [22] a microwave
imaging system using an optimized number of transceivers on demand, based on analytical equa-
tion, is proposed, where regular-shaped metallic targets are used for testing. Moreover, the
imaging setup is placed in an anechoic chamber to avoid noise in the resultant reconstructed
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images. The above discussed microwave imaging systems have bulky
setups placed in either an anechoic chamber/with absorbers or with
reflectors for their operation, to avoid backside clutter and did not
employ irregular-shaped targets in the setup. The use of absorbers
or reflectors restricts easy installation of the system in a real outdoor
environment, especially if it needs to be compact and inconspicuous
for security purposes. However use of planar and printed transceiver
design with uniform ground makes it easily integrable with other
circuits and easy to deploy on planar region-like wall of a scanning
chamber for practical implementation. In our previous work [23] a
microwave imaging system with miniaturized printed transceivers
has been presented with target images obtained using X-band trans-
ceiver and also using C-band transceiver. The preliminary work of
combining spectral information using simple image matrix addition
obtained in different bands is also presented.

Here, we propose a planar-printed broadband reconfigurable
microwave imaging system, which is compact and utilizes a novel
method of obtaining wideband spectral information of the target.
The transceiver has unidirectional radiation patterns throughout
its wideband of operation and thus the backside clutter is rejected
without the use of anechoic chamber/absorbers. The proposed
reconfigurable antenna/transceiver has two states of operation in
which it switches between C- and X-band regions. In C-band the
transceiver covers 3 GHz bandwidth from 5.5 to 8.5 GHz and in
X-band also the transceiver covers 3 GHz bandwidth from 8.5 to
11.5 GHz. The transceiver’s response obtained in both the frequency
bands is then combined effectively in the frequency domain to
obtain an equivalent wideband response from 5.5 to 11.5 GHz.
This wideband spectral information of the target is then processed
using the SAR algorithm and it gives improved image reconstruc-
tion as compared to those obtained in individual bands (X and
C). The proposed work mainly focuses on the lower-frequency
region of microwave band to achieve optimum range sensitivity
(as per radar range detection [24]) for target detection and imaging
even in an open environment, which is not the case with higher fre-
quencies such as millimeter-wave band. Here two-dimensional (2D)
distributed target scanning is implemented and microwave imaging
of real-life non-planar and irregular-shaped objects is carried out in
far-field. Successful target detection and improved image recon-
struction is achieved.

Proposed transceiver design

The proposed broadband reconfigurable transceiver antenna com-
prises of two stacked configurations fabricated on a single substrate,
operating in a switched mode using two pin diodes. The design is

shown in Fig. 1. When diode 1 is switched ON, the antenna oper-
ates in the C-band region with 3 GHz bandwidth from 5.5 to 8.5
GHz. When diode 2 is switched ON, the antenna operates in the
X-band region with 3 GHz bandwidth from 8.5 to 11.5 GHz. The
peak measured gain in C-band is 8 dBi while in X-band it is 7.7
dBi. The common 50Ω feed line is connected to both the stacked
configurations through a switch (pin-diode) for each. A regulated
DC voltage supply can be connected to each diode, with the posi-
tive terminal connected to diode’s anode and the negative terminal
connected to common feed line to make it a common ground. In
the experiments, a potentiometer connected with DC batteries,
with its common pin connected to common ground, is used.
This arrangement makes the system flexible to be applicable in
the imaging setup. The fabricated circuit is shown in Fig. 2 and
the microwave imaging setup is demonstrated in Fig. 3. The separ-
ation between two antennas is such that s > λ/4 (larger λ) and
s≠ nλ, so that their radiation patterns do not interfere with each
other (s = 4.5 cm). In the fabricated transceiver, l1 = 1.1 cm, while
l2 = 3.1 cm. The transceivers are designed such that their combined
response in the frequency domain is a continuous wideband
response. Response of the reconfigurable antenna for both the
states is shown in Figs 4(a) and 4(b), respective gains are depicted
in Fig. 5, and radiation patterns at different frequencies are shown
in Fig. 6. Design parameters of the X-band antenna [25] and
C-band antenna are listed in Tables 1 and 2, respectively. Here
W1, L1 represent width and length of first (driven) patch and so
on for three patches, Wf is feed width, Sw and Sl are slot width
and length, respectively, in C-band antenna design.

Microwave imaging setup

The microwave imaging setup consists of the proposed broadband
reconfigurable antenna as transceiver units, placed two-dimensionally

Fig. 1. Reconfigurable antenna/transceiver design.

Fig. 2. Fabricated transceiver circuit.
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in front of the target under investigation. For laboratory experiments,
one transceiver unit is displaced at multiple locations and a vector
network analyzer is used as signal generation and data acquisition
unit. Here, a bistatic system is employed for 2D scanning of target
under test. Microwave imaging measurement setup comprising of
reconfigurable stacked antennas as transmitter and receiver (trans-
ceiver) is shown in Fig. 3. The reconfigurable antenna is functioning
in switching mode, where diode 1 switches ON C-band stacked
antenna and diode 2 switches ON X-band stacked antenna in the
transceiver. At any instant, C-band antenna is switched ON in
both transmitter and receiver, to capture target’s spectral information
in C-band and similarly it captures spectral information of the target
in the X-band, when X-band antenna is switched ON in both the
transmitter and receiver units. This reconfigurable transceiver allows
collecting target’s information in two frequency bands under same
environmental conditions for both the states of its operation.
The target is kept in the E-plane of both the stacked antennas
of the transceiver. The distance between the target and the
system’s origin is “d,” which is kept equal to 1.1 m in the experi-
ments. The DC supply (batteries) and potentiometer connections
are attached to the transceiver support unit. The complete micro-
wave imaging setup is kept in an open lab environment without
the use of anechoic chamber or any absorber/s around. The

system ensures rejection of backside clutter as the proposed recon-
figurable antenna has unidirectional radiation patterns through-
out the operating range. The reflections/scattering due to other
nearby objects (in front) in the lab is rejected in the image recon-
struction algorithm as described in the next section. Non-planar
and irregular-shaped objects have been used as targets. The center
of the target is aligned with the center of the transceiver, keeping
the environment conditions constant for both the operating states
while measuring scattered signal from the target. With this we can
obtain the target’s spectral information in both the frequency
bands through the scattered signal received in each state of oper-
ation. This information is then combined in the frequency
domain to obtain an equivalent wideband response, which is
then processed to obtain target’s image.

Image reconstruction

Scattered electric field is calculated and analyzed for multi-point
illumination of the target for solving the inverse scattering prob-
lem. The investigation domain containing target is scanned
two-dimensionally by illuminating the target from different
point/angles; conceptually through multiple transceivers, while
in experiments by displacing the single transceiver unit at

Fig. 3. Measurement setup employing reconfigurable
stacked antenna as transceiver.

Fig. 4. (a) S11 response of reconfigurable antenna for C-band antenna ON, (b) S11 response of reconfigurable antenna for X-band antenna ON.
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multiple locations. The total electric field is given by:

E = Einc + Escat (1)

In the inverse scattering problem, we find unknown Escat to
obtain the target’s information, which can be obtained by (2) [26].

Escat = jvm
∫.

S

JsG(r, r)dr′ (2)

∀ JS = t(r′)E(r′) (3)

which essentially is solved for the unknown t(r′) = jv(1obj–1b),
called as object function or scattering potential, with the object
permittivity εobj and the background permittivity εb. This is the
analytical solution for the unknown target’s information. In the
present work quick qualitative solution is applied to obtain
target’s information using the SAR algorithm for image recon-
struction. Moreover, the spectral information of the target
obtained in two different (but continuous) frequency bands is
combined to provide an equivalent wideband response of target
in the given scenario. The target placed in the investigation
domain is scanned using transceiver in X- and C-band frequency
regions. Target’s response in both the frequency bands is com-
bined according to (4), where [S( f1)]_C is the transceiver response
in the C-band and [S( f2)]_X is the transceiver response in the

Fig. 5. Measured and simulated gains of C-band and X-band antennae.

Fig. 6. Measured radiation patterns of reconfigurable stacked microstrip antenna at different frequencies at: (a) C-band antenna ON and (b) X-band antenna ON.

Table 1. X-band antenna design parameters [22]

Parameter Value (mm) Parameter Value

W1 7.5 W2 7.4 mm

L1 8 L2 7.5 mm

Feed width [Wf] 1.1 W3 7.56 mm

L3 5 εr1 3.6

h1 0.508 εr2, εr3 2.2

h2, h3 0.762

Table 2. C-band antenna design parameters

Parameter Value (mm) Parameter Value

w1 12 w3 13.6 mm

L1 10.89 L3 12 mm

w2 13 Wf 1.1 mm

L2 11 Ws 1.95 mm

Y 7.4 Sl 4.4 mm

h1 0.508 Sw 2.59 mm

h2 1.5 εr1 3.6

h3 2.5 εr2, εr3 2.2
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X-band region of operation. This gives wideband spectral informa-
tion of the target which is processed further to reconstruct the tar-
get’s image. Initially, the obtained wideband data (target’s response)
are converted into the time-domain form. Furthermore, background
subtraction is done where system’s response without the target is
obtained in the given scenario, along with considering any scatter-
ing from target’s support system. Time gating is applied to the signal
to remove the direct signal (from the transmitter to the receiver)
and the any other clutter due to surrounding objects:

S(f ) = [S( f1)] C+ [S( f2)] X (4)

S(t) = 1
2p

∑1
−1

S(f )e jvt (5)

Starget(t) = S(t)− Swithout target(t) (6)

∀ Swithout target(t) is obtained similar to S(t), by just removing the tar-
get from the given scenario (investigation domain):

Stime-gated(t) =
∑t2
t1

Starget(t) (7)

The range τ1–τ2 needs to be properly chosen/optimized (based
on the location of the setup) so as to contain only target’s informa-
tion and rejecting all the clutter due to nearby objects, as the system
is operating in a real open environment. In the present case, mea-
surements are done in a normal lab environment containing several
objects near the setup, with many of them being very strong reflec-
tors. Furthermore, this also ensures rejection of high amplitude dir-
ect signal, directly reaching the receiver from the transmitter. The
averaging operation is performed using Savitzky–Golay filter on
the time-domain signal to reduce the effect of noise. Let’s say N sig-
nal samples lie in the time-gated signal and a frame length of m is
considered for signal smoothening, then signal amplitude at differ-
ent time instants (samples) is given by:

(ti, Ai); i [ {1, 2, . . . , m} (8)

These samples are operated with convolution coefficients Cj

according to below equation:

Ai =
∑(k−1)/2

j=(1−k)/2

CjAi+1 (9)

∀ k− 1
2

≤ i ≤ m− k− 1
2

Here, the convolution coefficients are obtained based on selection
of filter order and frame length according to [27]. In the above
equations “k” is the order of the filter and “m” is the frame length.
These two parameters need to be optimized properly when work-
ing in an open environment for satisfactory noise reduction along
with no signal loss. In the present work, after optimization, the
values are chosen as: k = 3 and 20 <m < 30 (optimized in case of
slight changes in background scenarios). The given target image
is obtained using the SAR algorithm for image reconstruction

and the algorithm implementation is given by (10) and (11). Let
the image matrix be M where initially each matrix cell value is
initiated to zero. Then each cell of the matrixMj (l, m), for jth sen-
sor location and cell location as x = l and y =m, is incremented by
amplitude Ai (Ai is the signal amplitude at time instant ti):

Mj(l, m) = Mj(l, m)+ Ai (10)

ti = t1 + (i− 1)
t2 − t1

N

( )
(11)

∀ti ≈ T(l, m); T(l, m) = 2(D/c)

Here, ti is the value in time vector closest to the time of flight of each
cell, i.e. T(l,m), within the limits of 0.1–0.5 ns. Furthermore,D is the
distance between jth sensor with location (xj, yj, z = 0) and the cell

Fig. 7. Response of C-band stacked antenna for bent aluminum rod at 1.1 m.

Fig. 8. Response of X-band stacked antenna for bent aluminum rod at 1.1 m.

Fig. 9. Response of C- and X-band antennas combined for bent aluminum rod at 1.1m.
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(l × Δx,m × Δy, z = d);Δx andΔy are the dimensions of each unit cell.
Similarly eachmatrix element is incremented by the amplitude value
corresponding to the time-of-flight from the jth transceiver to that
element and these amplitude levels keep adding up in each matrix
element for j = 1, 2,… up to the numberof transceivers used for scan-
ning. In our previous work [23], the primitive work of combining
information in two operating bands has been carried out by simple
image matrix addition in both the bands. However, this method
also allows addition of noise/clutter or any error in the image matrix
rather than canceling it out. This is, however improved in the pro-
posed novel method of combining frequency domain information,
where the background subtraction is done properly over the

combined equivalent broadband frequency range to minimize the
effect of noise and any clutter signal due to surroundings.

Results and discussion

The frequency domain responses of X-band antenna and C-band
antennas are given in Figs 7 and 8 for the target (bent aluminum
rod) kept at 1.1 m. Both of these responses are combined in the fre-
quency domain to get an equivalent broadband response in dB as
shown in Fig. 9, while the amplitude variation in linear scale over
the wide operating band is shown in Fig. 10. To obtain proper
equivalent wideband response using the proposed method, the
measurement cables need to be well calibrated over the whole oper-
ating range. The combined wideband data are converted into the
time domain and are shown in Fig. 11. In the present work, several
3D and irregular-shaped targets are used for experiments to test the
imaging algorithm in an open environment. An aluminum sheet
has been folded in the cylindrical form and bent to make different
target shapes, namely bent rod, U-shaped target, and V-shaped tar-
get. All the targets along with their dimensions are depicted in
Fig. 12. The imaging setup as mentioned in Section “Microwave
imaging setup” and the imaging algorithm mentioned in Section
“Image reconstruction” are implemented to obtain target images.
The reconstructed target images are shown in Figs 13–15, for
bent rod, U-shaped and V-shaped targets, respectively. In the
given output images, Figs 13(a) and 13(b) show reconstructed
images of bent aluminum rod in the X-band and C-band, respect-
ively. Figure 13(c) shows the reconstructed image of bent rod in the
X-band and C-band combined using image matrix addition [20],
while Fig. 13(d) shows the reconstructed image of bent rod using
the proposed method of combining spectral information obtained
in the X- and C-bands. Similarly, Figs 14 and 15 show recon-
structed images of U-shaped and V-shaped targets for different
cases. As can be observed in Figs 13(a)–15(a), the shape recovery
is better in the X-band as higher frequency of operation provides
better resolution but it also contains more noise (higher frequency
is vulnerable to more environmental noise), as the setup is working
in a real open environment. On the other hand, reconstructed
images in the C-band shown in Figs 13(b)–15(b) contain lower
noise but shape recovery is comparatively poor. Combining these
data using image matrix addition shows images obtained are better
than those obtained in individual bands as shown in Figs 13(c)–15(c).
However, the proposed method of combining spectral information of

Fig. 10. Response of C- and X-band antennas combined (data in linear form) for bent
aluminum rod at 1.1 m.

Fig. 11. Time-domain response of combined C- and X-band antennas for bent alumi-
num rod at 1.1 m.

Fig. 12. Non-planar irregular-shaped targets: (a) 3-D bent aluminum rod, (b) U-shaped rod, and (c) V-shaped rod.
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Fig. 13. Image of bent aluminum rod (a) in X-band, (b) in C-band, (c) X- and C-band data combined using image matrix addition, and (d) X- and C-band data
combined in the spectral domain by the proposed method.

Fig. 14. Image of U-shaped aluminum rod (a) in X-band, (b) in C-band, (c) X- and C-band data combined using image matrix addition, and (d) X- and C-band data
combined in the spectral domain by the proposed method.

Fig. 15. Image of V-shaped aluminum rod (a) in X-band, (b) in C-band, (c) X- and C-band data combined using image matrix addition, and (d) X- and C-band data
combined in the spectral domain by the proposed method.

Table 3. Comparison of microwave imaging measurement systems

Reference System features Range
Frequency of
operation Image quality

[14] Fixed and bulky system, with reflectors, cannot be concealed 0.8 m 0.8–4 GHz Good

[19] Fixed and bulky setup Through-the-wall up to
13 cm

X-band Only detection

[20] Bulky setup Through-the-wall up to
50 cm

0.5–2 GHz Mostly
detection only

[21] Reflector-backed UWB antenna used as transceiver
(non-planar)

11 cm UWB (2–6.5 GHz) Average

[22] Printed (planar) transceivers operating in anechoic chamber 50 cm C-band Average

Proposed
work

Compact-printed (planar) transceivers operating in real open
environment (flexible to implement and can be concealed)

1 m Multi-band (X-band
and C-band)

Average
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targets and then processing the image shows clear improvement
over the method of matrix addition for adding information in two
different bands. These results are depicted in Figs 13(d)–15(d).
The aim of the present research is to obtain improved target images
in the microwave band to have better range sensitivity as compared
to higher frequencies (millimeter waves) in an open environment.
Thus, the chosen lower microwave frequency bands have been
used here to achieve image reconstruction of unknown irregular-
shaped targets in an open environment. The images obtained clearly
resemble with the targets, with the further scope of image quality
improvement. The comparison of the proposed microwave imaging
system with other previous works is presented in Table 3.

Conclusion

The proposed work presents improved image reconstruction of non-
planar irregular-shaped metallic targets in open environments using
broadband reconfigurable printed transceivers operating in the lower
microwave band. The lowermicrowave bandoperation ensures better
range sensitivity in open environments andmicrostrip-printed trans-
ceiver design keeps the system compact. Furthermore, the concept of
switching operating bands in the implemented transceiver to capture
target’s response provides more spectral information of the target
under the same operating conditions. This information when com-
bined in the spectral/frequencydomainpresents a broadband target’s
response using printed unidirectional antennas, which itself rejects
backside clutter. This specific feature makes it possible to implement
the proposed imaging system in an open environment without any
need of absorbers. Overall, the proposed compact microwave
imaging system can operate in open space and is suitable for incon-
spicuous microwave imaging systems for metallic object detection. It
can find application in hidden wall-mounted systems, hidden system
on wall painting or banners, etc., without any need of dedicated
chamber having absorbers.
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