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ABSTRACT ARTICLE HISTORY
The hemisphere lens-loaded Vivaldi antenna for the microwave Received 24 April 2015
imaging applications is designed and tested in this paper. The Accepted 29 April 2016
proposed antenna is designed to work in the wide frequency band
of 1-14 GHz, and is fabricated on the FR-4 substrate. The directivity
of the p!'opose:d Vivaldi a_ntepna is enhanced using a .hem.ispherical fiee space imaging method:
shape dielectric lens, which is fixed on the end-fire direction of the inhomogeneous media;
antenna. The proposed antenna is well suited for the microwave non-destructive testing;
imaging applications because of the wide frequency range and high remote sensing; time domain
directivity. The design of the antenna is carried out using the CST reconstruction; through wall
microwave studio, and various parameters such as the return loss, the imaging; Vivaldi antenna
radiation pattern, the directivity, and input impedance are optimized.

The maximum improvement of 4.19 dB in the directivity is observed

with the designed hemisphere lens. The antenna design is validated

by fabricating and testing it in an anechoic environment. Finally,

the designed antenna is utilized to establish a setup for measuring

the scattering coefficients of various objects and structures in the

frequency band of 1-14 GHz. The two-dimensional (2D) microwave

images of these objects are successfully obtained in terms of the

measured wide band scattering data using a novel time domain

inverse scattering approach, which shows the applicability of the

proposed antenna.

KEYWORDS
Active microwave imaging;

1. Introduction

Presently, there is a lot of interest to use the microwave imaging technology as an alternative
to the standard X-ray scanners to secure public places. There a number of reasons to use the
microwave technology in lieu of the conventional X-ray technology in recent years. The first
and foremost reason is the advent of plastic and non-metallic hazardous explosives, which
cannot be quite efficiently detected using the X-ray scanners as they were primarily designed
for the detection of metals. The microwaves, on the other hand, have the capability to detect
various plastic and non-metallic explosives as each of these objects would usually show
distinct permittivity values. The second reason for the microwave technology receiving much
attention in recent years is due to the safety issues as the microwaves are non-ionizing
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radiations thus posing no serious health hazard to persons. The above-mentioned factors
leads researchers to explore the possibilities of microwave imaging in number of industrial
applications such as imaging of concealed objects, detection of anti-personnel mines,
through wall imaging, and biomedical applications.[1-3] For detection of contraband and
imposter objects, various imaging systems are installed at security locations which ultimately
produce two-dimensional (2-D) image of a scene, person, or object. The radio frequency
(RF)/microwave imaging systems usually require the wide-band highly directional antennas
along with other associated RF components to measure the scattering (S-parameters) data
of the test media. The measured S-parameters are then utilized in association with some
appropriate reconstruction algorithm to obtain a stable microwave image of the test
medium.[4] The ultra-wide band (UWB) antennas having high directivity are desirable to
obtain a good spatial and axial resolution image of the test media.[5] The Vivaldi antenna is
an excellent choice for various microwave imaging applications such as the breast tumor
detection, the through wall imaging, etc. because of its UWB characteristic.[6-8] The Vivaldi
antenna is basically a tapered slot traveling wave antenna having wide operating frequency
band due to its frequency-independent radiating characteristic.[9,10] Conventionally, the
Vivaldi antennas are slot-line type, either employing a microstrip line to slot-line transition
or a balun using 1/4 transmission line sections, which limits its operating bandwidth. The
development of antipodal Vivaldi antenna, which can be directly fed from a coaxial connec-
tor, reduces the complexities in the transition design, and overcomes the high frequency
limitation.[10] The depth dependence microwave imaging of the dielectric media usually
requires the wide-band reflection coefficient data starting from a very low frequency.[11]
Hence, an UWB antenna with lower frequency limit well below the standard Vivaldi antennas
[12]is required for such applications. The lower frequency operation of the Vivaldi antenna
is primarily limited by its width which should be greater than 4,,, /2, with 4, being the
free space wavelength corresponding to the lowest frequency of operation. For microwave
imaging applications, the directivity of the antenna should be quite high (typically of the
order of 10 dB in the higher frequency range). The higher directivity results into narrow
beamwidth of the antenna which provides a better resolution in the lateral direction of the
obtained microwave image of the test media. On the contrary, the axial resolution of the
obtained microwave image can be improved by increasing the scanning bandwidth. From
the practical point of view, the scanning bandwidth would always be limited due to the fact
that the antenna and other RF components would be working only over a limited frequency
range. Now, in order to improve the directivity of Vivaldi antennas, various techniques have
been proposed in literature, which include circular shape-load and slot-load,[13] Zero Index
Metamaterials,[14] and a director at the aperture of the antenna.[15] To the best of author’s
knowledge, the use of hemisphere dielectric lens to increase the directivity of Vivaldi antenna
has not been presented earlier in the literature. The preliminary design of a simple wide
band antipodal Vivaldi antenna with the lower frequency range starting from 1 GHz has
earlier been proposed.[16] The directivity of the earlier proposed antenna is, however, not
adequate for the microwave imaging applications.

The aim of this paper is twofold. In the first step, the design of a simple Vivaldi antenna
is refined, and various design parameters are optimized. Afterwards, a hemisphere dielectric
lens is proposed to improve the directivity and beamwidth of the Vivaldi antenna in the
designated frequency band. The designed antipodal Vivaldi antenna loaded with the hem-
isphere dielectric lens is then fabricated and tested in the frequency range of 1-14 GHz. The
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Figure 1. Geometry of the designed Vivaldi antenna.

performance of the designed antenna is found to be substantially improved for the micro-
wave imaging applications after optimizing various parameters. The second step here
involves utilizing the designed antenna in the microwave imaging setup to investigate var-
ious real-life contraband detection problems. In this framework, the 2D microwave images
of various objects are obtained in terms of the measured scattering data by making use of
the proposed novel time domain inverse scattering approach. It is to be noted that the time
domain inverse scattering approach has usually been applied till now to obtain the one-
dimensional (1-D) permittivity profile of simple stratified media.[17,18] However, in this
paper, the time domain approach has been applied for the first time to obtain 2-D microwave
images of the test media using the proposed lens-loaded Vivaldi antenna. It is also observed
that the proposed technique is able to image the objects using electromagnetic waves of
even larger wavelengths (i.e. 1-14 GHz) as compared to conventional mm/THz imaging
systems due to the improved focusing capability of the hemisphere lens.

2. Design of the hemisphere-loaded Vivaldi antenna

The proposed antenna consists of two copper layers etched on the FR-4 substrate as shown
in Figure 1, where both ground and conductor planes are flared exponentially. The feeding
part is similar to a microstrip line whose width is adjusted to obtain input impedance close
to 50 Q. The antenna is fed through a SMA connector to the micro-strip line which then
continues as a twin-line. The flares can be considered as tapered slot line except for the fact
that the two metallization layers are on different plane.

The final design of the antenna is achieved by a detailed parametric analysis of various
parameters such as, the width of the antenna (W), the exponential taper profile amplitudes
A, and A, the opening of the flares W), the taper length (TL), the inner profile height (H,),
and the feed line length (S). A flexible design equation is proposed here, which is used to
obtain the initial design parameters of the proposed antenna. The taper profiles (x,, x,) and
taper rates (r,, r,) of the proposed Vivaldi antenna can be given as
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where, the exponent terms n, and n, are taken as 2 and 5, respectively.

It can be seen from above equations that the taper rates are depending on the dimensions
of the antenna as well as on the taper flare amplitudes (A,, A,). The line width (TW) is chosen
such that the input impedance of the antenna is approximately equal to 50 Q. The shape of
the designed antennais considered to be consistentaslongas H > H, = TLand W > W,. After
obtaining the initial sets of parameters using the above sets of analytical equations, the
numerical simulation of the antenna geometry is carried out using the CST microwave studio.
A detailed parametric analysis is carried out for various antenna parameters, which are opti-
mized for the desired performance. The fabrication of the designed antenna is carried out
on the FR-4 substrate with relative permittivity of 4.3 having thickness of 1.6 mm. The opti-
mization goals have been set to obtain the lower cut-off frequency close to 1 GHz, and the
upper cut-off frequency above 14 GHz.

2.1. Parametric analysis

The lower frequency of operation of the Vivaldi antenna is mainly decided by its width (W).
Therefore, this parameter should be at least half the highest wavelength in the operating
frequency band. However, the width of antenna can’t be increased beyond a limit as increas-
ing the width reduces the directivity of the designed antenna even in the higher frequency
range. The reduction of directivity in turn decreases the lateral resolution of the obtain
microwave image which adversely affects the overallimaging scheme. Moreover, increasing
the width of the antenna increases its overall size. Hence, the selection of width (W) is a
compromise between the lowest frequency of operation and the directivity. The change in
the antenna reflection characteristic in the designed frequency band as a function of width
(W) of the antenna is shown in Figure 2.

It can be observed from this figure that the lower cut-off frequency satisfying the 10 dB
return loss criterion can be taken as around 1 GHz only under those situations where the
width W of the antenna is taken as 112 mm or more.

Meanwhile, it can be seen from Figure 3 that the high frequency response does not change
much due to variation in the flare opening width w,), but the lower frequency return loss
isincreased for lower values of W,. However, the flare opening mainly decides the matching
of the antenna to the free space, and hence this parameter cannot be increased much to
improve the low frequency response. Thus, a trade-off is to be obtained for the parameter
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Figure 2. Variation of S, with the total antenna width W with TL = 80 mm, W, = 36 mm, H, = 42 and
S=18 mm.
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Figure 3. Variation of S, with flare opening width W, with W =110 mm, TL = 80 mm, H, =42 mm and
$=18mm.

W, in order to improve the lower frequency return loss without affecting the matching
significantly in the higher frequency range.

The taper length of the antenna should be half a wavelength at the lowest operating
frequency to radiate effectively in the designated frequency band. It basically means that
at this frequency, the designed antenna should satisfy the 10 dB criterion. Now, it can be
observed from Figure 4 that for antennas having TL of 80 mm or less, the return loss is less
than 10 dB in the lower frequency range around 1 GHz. However, increasing this parameter
beyond a certain value would increase the antenna dimensions. Hence, again a trade-off is
to be obtained.
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Figure 4. Variation of S, with taper length TL with W=110mm, W, =36 mm, H, =42 mmand S= 18 mm.
2.2. Directivity improvement

The microwave imaging usually requires the focused beam to profile the media under test
in order to improve the resolution. To accommodate lower frequencies, the antenna dimen-
sions should be increased which causes a wider beam.Thus, it isimportant to have a directing
structure to improve the beam forming of the antenna. A dielectric lens is found to be
focusing the beam well, which actually improves at higher frequencies.

ATeflon hemisphere has been used here for creating a dielectric lens. A groove is cut on
the upper flat surface of the hemisphere to attach it to the antenna. Figure 5 shows the
structure and dimensions of the proposed dielectric lens. In the simulation result, the direc-
tivity is found to be increased by 1-4 dBi at higher frequencies.

The simulation studies are done with the hemispheres of various sizes. The directivity
enhancement is better when the diameter of the lens is higher. However, the higher size
would also increase the weight of the structure. The parametric analysis is done here by
comparing the input reflection coefficient of the antenna at different diameters of the hem-
isphere since it affects the reflection coefficient at lower frequencies.

A plot of directivity vs. frequency for various radius of the hemisphere dielectric lens is
shown in Figure 6. It is obvious from this plot that the directivity enhancement is better at
higher frequencies and at higher diameter of the hemisphere. It should also be noted from
this figure that the directivity of the antenna with lens for all radii values is much higher than
the no lens case. However, the reflection coefficient of the antenna and the feasibility of
design are to be considered here for selecting the lens. The best value of radius for the lens
made of Teflon is found to be 24 mm after parametric analysis which makes the return loss
in the entire frequency band (i.e. 1-14 GHz) less than 10 dB. There is a considerable improve-
ment in the beam width of the antenna, and the beam gets more focused if the proposed
lens is used in combination with the designed Vivaldi antenna.

Based on the outcome of the detailed parametric analysis, the final dimensions of the
antenna are selected for the desired frequency range, i.e. 1-14 GHz as given in Table 1. The
antenna with this selected set of parameters provides good results for microwave imaging
application.
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Figure 6. Comparison of directivity in case of no lens to various lens radius.

2.3. Measured performance of antenna

The designed antenna is fabricated on the FR-4 substrate for testing and validation. The SMA
connector is soldered with the support of a ground base, and the measurements are taken
using the Agilent (N5230C) Vector Network Analyzer (VNA).

Figure 7 shows the comparison between the simulated and the measured input reflection
coefficient of the designed antenna loaded with hemisphere lens. It can be observed from
this figure that the measured bandwidth is greater than 13 GHz, which matches with the
simulation result.
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Table 1. Final dimensions of the designed antenna (mm).

w L w, H, ™ n, n, A, A, R
110.3 82.2 36.4 429 29 2 5 1.6 1.2 24
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|S11] (dB)
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Figure 7. Comparison of simulated and measured S, , of the designed Vivaldi antenna.

The comparison of directivity and peak realized gain of the designed antenna with and
without hemisphere lens structure is given in Figures 8 and 9, respectively. From Figure 8, it
is evident that the directivity of the designed antenna loaded with hemisphere dielectric
lens as compared to reference antenna (without lens) is improved significantly. It is also
observed that the improvement in directivity is quite substantial in the higher frequency
range viz. 6-12 GHz. The above results also indicate that the utilization of hemisphere lens
along the aperture of the antenna will lead to higher directivity, and around 4.19 dB improve-
ment in directivity is observed as compared to the reference antenna.

The effect of dielectric lens is also studied by measuring the peak realized gain at different
frequencies. Two identical standard wide band horn antennas (Q-par Angus Ltd.) are used
as reference antennas during gain measurement in an anechoic chamber. It is evident from
Figure 9 that the use of the dielectric lens increases the gain of the designed Vivaldi antenna
by around 3 dB. The use of the dielectric lens shows similar behavior in the electric field
pattern as shown in Figure 10. It is evident from these figures that the directivity of the
antenna is significantly improved using the dielectric lens. The radiation patterns of the
fabricated antenna have been measured in the anechoic chamber as shown in Figure 11.
The improvement of the directivity with dielectric lens is observed more at higher frequen-
cies as compared to the lower frequency range.

3. Proposed time domain microwave imaging scheme

In past, various approaches has been proposed for contraband detection mainly targeted
for homeland security and biomedical applications.[19-23] In most of the situations, the
overall microwave imaging scheme is compromise between the complexity involved and
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Figure 9. Comparison of measured peak realized gain with and without dielectric lens.

the quality of image obtained using the particular procedure. In this paper, our main focus
is to reduce the complexity and cost of the overall microwave imaging scheme without
compromising much on the image quality. This is facilitated by proposing noniterative time
domain-based reconstruction algorithm, and making use of the designed wide band Vivaldi
antenna with improved directional properties. In this section, the designed antennais actu-
ally employed to scan the test object in order to measure the scattering data at various
positions. The 2-D microwave image of these objects are then obtained in terms of the
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Figure 10. (a) Electric field distribution without hemisphere dielectric lens at 11 GHz. (b) Electric field
distribution with hemisphere dielectric lens at 11 GHz.

measured scattering data using a novel time domain inverse scattering approach, which
can be considered to be modified version of the recently proposed 1-D imaging scheme.
[17]1The background medium is assumed to be air, which means that the system experiences
a step change in permittivity at the position of the medium under test (MUT) as shown in
Figure 12. In this figure, the center of each grid represents the sensor location. It is to be
noted that under practical situation, each sensor location would be replaced by a narrow
beam antenna, which would be connected to VNA. The plane wave approximation is assumed
to be valid at the scanned location. For satisfying these condition, a focusing lens antenna
is employed so that the separation between the points z= 0 and z=1/can be kept low.

The scattering data are collected at each antenna/sensor location. The amount of reflec-
tivity over xy plane at each sampling point is determined using an equivalent time domain
technique described in later part of this article. The 2-D qualitative dielectric image of the
test media at the interface is generated by plotting the spatial permittivity values obtained
at each sampling location using the proposed approach. The imresize function of MATLAB
is used to refine the obtained dielectric image,[24] where one can differentiate various
regions based on their permittivity values. The obtained dielectric image of the test media
can ultimately be used to locate/identify the concealed objects by distinguishing them from
the background medium.

3.1. Image reconstruction algorithm

It has been assumed here that media is flat and EM wave is incident normally on the media
under investigation. The steps involving for generating the dielectric image are outlined in
following steps.
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Figure 11. Measured and simulated E-field radiation pattern of designed antenna (a) without lens at
6 GHz, (b) With lens at 6 GHz, (c) Without lens at 12 GHz, and (d) With lens at 12 GHz.
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Figure 12. Imaging system configuration and scanning mechanism.
Step1: The metal plate is placed over the surface of MUT, and the S-parameters in the

specified frequency band are measured. The band limited inverse fast Fourier transform is
applied on the measured S, data, and the resultant reflected signal in equivalent time
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domain is recorded for reference. The metal plate of larger cross-sectional dimension is taken
here so that it fully covers the MUT thereby eliminating the need of placing a small metal
plate at every measurement/pixel location.

Step 2: After removing the metal plate, the scanning of test media over xy-plane is carried
out using the proposed antenna and the associated RF components. The scanning provides
the measured scattering data at each grid point as shown in Figure 12.

Step 3: The qualitative normalized permittivity/reflectivity image with improved contrast
variation is generated on the basis of reference reflectivity (when MUT is completely covered
by the metal plate) and the inherent reflectivity (R) from the surface of MUT.

2 Pr(n,m)
R = |F(n'm)| = 5 (5)
i(n,m)
2
14 [
er(n,m) = ErO - (6)
1- |F(n’m)|
where P, ~and P, . are the local incident and the reflected normalized powers at each

pixel represented by the nth row and mth column in the overall measurement matrix. From
the above-mentioned technique, the reflectivity variation which is related to permittivity
variation of the MUT at the interface plane, is measured and presented in the form of 2D
images.

3.2. 2-Dimaging results

First of all, the 2-D microwave image of a typical laboratory made standard as shown in
Figure 13 is obtained to validate the performance of the designed antenna for practical
imaging applications. The laboratory standard consists of two metal patches of triangular
and rectangular shapes being etched over the FR-4 substrate of known dimensions as shown
in Figure 14(a). The actual measurement includes the proposed antenna along with the VNA,
and the measurements of scattering parameters are carried out at each sampling location
in the frequency range of 1-14 GHz. The. In this case, the measurement of reflection coeffi-
cient S, is done at 17 (row) x 28(columns) sampling locations having the separation of
200 mm between antenna and MUT. After applying the proposed imaging algorithm, a
corresponding reflectivity images are generated, which are further refined with the help of
MATLAB-based algorithm as shown in Figure 14(b) and (c).

Figure 14(b) represents the microwave image of the object shown in Figure 14(a) obtained
with the help of deigned antenna without lens being present. It can be clearly observed that
both the structures are not clearly distinguishable in Figure 14(b) because of relatively low
directivity of the Vivaldi antenna in this case. It is mainly due to this reason that the standard
Vivaldi antenna is loaded with the designed hemisphere lens, and Figure 14(c) shows the
microwave image of the same object obtained with the help of lens-loaded Vivaldi antenna.
From Figure 14(c), it is obvious that the two structures can now be clearly distinguished in
comparison to the background medium. After comparing Figure 14(c) with that of 14(a), it
can be concluded that the two structures of different shapes can be identified, and their
relative positions can also be approximately determined with the help of the designed Vivaldi
antenna loaded with the hemisphere lens.
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Figure 14. (a) FR-4 sheet etched with triangle and rectangle. (b) Corresponding reflectivity image
obtained using the proposed scheme without lens. (c) Corresponding reflectivity image obtained using
the proposed scheme with lens.

In the second case, a mannequin with a gun shaped metallic concealed object is consid-
ered as shown in Figure 15. The measurement of reflection coefficient is done using the lens
antennain a similar fashion as described earlier at 14 (rows) x 14(columns) sampling locations
having the separation of 200 mm between antenna and MUT in the region specified by
rectangle shown in Figure 16(a).

Figure 16(b) shows the presence of a concealed structure which can be clearly distin-
guished from the background medium. In this case because of the limited resolution, the
shape information cannot be very accurately obtained. However, the presence of an object
concealed behind the cloth having different dielectric signature as compared to the back-
ground medium has been identified successfully.

Conclusion

In this work, a novel antipodal Vivaldi antenna has been designed, fabricated and tested.
The directivity of the antenna ranges from 2.4 to 11.46 dBi in the wide-band frequency range
starting from 1.05 to 14 GHz. The return loss of the antenna is well above 10 dB in the entire
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Figure 16. (a) Mannequin concealed with gun shaped metal object. (b) The corresponding reflectivity
image obtained using the proposed technique.

band of operation. The concept of a hemisphere dielectric lens has been introduced, which
is found to increase the overall directivity of the designed antenna. The designed antenna
is superior in the terms of directivity, input reflection coefficient, the radiation pattern and
the gain. Finally, the designed antenna along with the proposed time domain microwave
imaging algorithms has been used to investigate various real-life contraband detection
problems. The designed hemisphere-loaded Vivaldi antenna has shown potential for a num-
ber of microwave imaging applications because of its wide bandwidth and focusing
capability.
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