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Abstract—This paper reports on a novel super-wideband
micro-hemispherical antenna with application in millimeter-
wave medical imaging. The antenna is composed of a
hemispherical shell suspended above a substrate and can be
fabricated using a fabrication technology originally developed
for micron-scale electromechanical resonators. The antenna
exhibits a wide fractional bandwidth of more than 80% (from 64
GHz to 150 GHz) and a high gain of 8.6 dBi at its center
frequency. Radiation parameters of the antenna are
characterized and the effect of its super-wideband behavior on
pulsed millimeter-wave imaging is demonstrated. Finally, a
preliminary array configuration composed of two antennas
placed side-by-side in the vicinity of a skin-mimicking target is
evaluated and the ability to fully detect the target has been
demonstrated.

I. INTRODUCTION

Historically, devices operating in the millimeter-wave
regime have been limited to specialized applications including
wireless communications [1], radar [1], and imaging [2]. The
unlicensed 60 GHz band is of interest for automotive and
wireless applications [3]. However, there hasn’t been enough
effort to employ this available technology for use in medical
systems. One particularly interesting application is the early
detection of skin anomalies (e.g. skin cancer) by monitoring
the skin in a non-invasive and harmless manner. Compared to
X-ray imaging which utilizes ionizing radiation and may lead
to malignancies, microwave and millimeter-wave radiations
are non-ionizing and consequently harmless [4].

Microwave radiation has the potential to effectively
discriminate between healthy and cancerous tissues and has
been employed in various prototypes to produce medical
images [5-8]. This band involves relatively lower frequencies,
which  guarantees  significant  penetration of the
electromagnetic waves in the human tissue. Whereas
microwave imaging systems are simpler due to their low
operation frequencies, they are bulky and inconvenient for
system-level integration. Furthermore, they lack the high
spatial resolutions required for certain applications such as
skin cancer diagnosis. In comparison to microwave radiation,
millimeter waves benefit higher resolutions as well as
sufficient penetration into the skin. As we further move to
higher operation frequencies (i.e. the THz regime),
electromagnetic waves have almost no penetration in the
tissue [9].
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The dielectric permittivity of the skin is directly
proportional to its water content in the millimeter-wave
regime [10]. Since the water content of cancerous tissues is
significantly =~ higher  than  their normal  healthy
counterparts [ 11], millimeter waves can provide high dielectric
contrasts between cancerous and normal tissues. These
advantages lead the millimeter-wave band to be of great
interest for medical imaging.

Millimeter-wave imaging can be performed using different
approaches, ranging from single-frequency operations to
wideband (pulsed) imaging methodologies [2]. A pulsed
millimeter-wave imaging system for biomedical applications
has already been introduced [12]. This system operates at a
center frequency of 30 GHz with a bandwidth of 20 GHz and
provides a high range resolution (defined as the minimum
detectable feature size in the direction of the transmitting
wave).

In wideband pulsed-imaging applications, the range
resolution is given by [2]:
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where B is the bandwidth of the system and c is the speed of
light in the transmitting medium. Thus, a high range resolution
pulsed-imaging system requires a broadband antenna as its
central element.
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In this paper, a novel three-dimensional super-wideband
miniaturized antenna, namely the Micro-Hemispherical Shell
Antenna (u-HSA), is introduced for the first time. The antenna
benefits from several key characteristics which make it a prime
candidate for use in millimeter-wave imaging systems. These
characteristics are as follows: 1) an extremely wide input
impedance bandwidth (~80%) from 64 GHz to 150 GHz
centered at 106 GHz, which provide for high lateral and range
resolutions (due to the antenna’s high operation frequency and
super-wideband behavior, respectively), 2) a three-
dimensional fully-symmetric structure which guarantees a
symmetrical gain pattern for balanced and symmetrical
scanning of the skin, and 3) a novel three-dimensional micro-
fabrication platform which allows for antenna integration in
the frontend and consequent development of a compact,
highly-integrated system. This is fundamental in developing a
cost-effective imaging system aimed at widespread use in
population screening.
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Figure 1. Geometry of the CWP-fed p-HSA. The shell-antenna has a diameter
of 1600 microns and is 5 microns thick.

Figure 2. Surface current distribution on the pu-HSA at 106 GHz in the
differential mode. The current lines rotate around the shell surface, yielding
a directional radiation pattern.

The complete geometry of the antenna and its full
characterization results are presented in section II. Section I1I
evaluates the antenna performance in a wideband pulsed-
imaging system, and Section IV concludes the paper and
summarizes future directions.

II. ANTENNA GEOMETRY AND CHARACTERIZATION

The proposed antenna is composed of a hemispherical
shell suspended above a high-resistivity Silicon substrate, and
can be implemented using a micro-fabrication technology
originally developed for three-dimensional resonators [13]. A
representative  5-pum-thick,  1600-pm-diameter ~ Micro-
Hemispherical Shell Antenna supported on a thin (100-pum-
diameter) stem is demonstrated in Fig. 1. The antenna is fed
by two CPW lines which are electroplated on the Silicon
substrate and are connected to the stem from opposite
directions. The antenna can be operated in two separate modes,
namely the common and differential modes. Both modes of the
shell-antenna can be excited by this feeding configuration.
When the lines exhibit 0° phase difference at the stem location
(in-phase excitation), the common mode is excited. In this
case, the radiation pattern of the antenna is omnidirectional. In
contrast, the differential mode is excited when the two lines
feed the shell with 180° phase difference (out-of-phase
excitation), which forces the current lines to rotate around the
shell surface (Fig. 2). The antenna demonstrates a high-gain
performance in this mode, and is of interest for medical
applications for efficient scanning of the imaging area.
Antenna simulations are performed using ANSOFT
HFSS [14], with copper assigned as the shell structural
material.
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Figure 3. Return loss (S11) of the antenna for a feed line with a reference

impedance of 50 Q. A bandwidth of more than 86 GHz (from 64 GHz to >150

GHz) has been achieved.

Figure 4. Normalized radiation pattern at 106 GHz, showing the highly-
directive characteristic of the antenna in the differential mode.
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Figure 5. Three-dimensional gain pattern of the antenna at 106 GHz. A high
gain value of 8.62 dBi is achieved.
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TABLE I. RADATION PARAMETERS OF THE ANTENNA

BW% 80%

Radiation Efficiency at 106 GHz 69%
Gain (dBi) at 106 GHz 8.62
Directivity (dBi) at 106 GHz 10.25

Fig. 3 presents the antenna S11 in the 50-150 GHz range.
The antenna demonstrates more than 86 GHz bandwidth from
64 GHz to >150 GHz. The normalized radiation pattern and
the gain of the antenna are shown in Fig. 4 and Fig. 5,
respectively.  Another important parameter for the
characterization of any antenna is its radiation efficiency,
which is calculated as 69% for the shell antenna at 106 GHz.
Table 1 summarizes the radiation parameters of the antenna at
the center frequency of 106 GHz.

III. ANTENNA PERFORMANCE IN PULSED IMAGING

As already mentioned, in pulsed millimeter-wave imaging
systems a super-wideband pulse needs to be generated. Pulse
simulations are generally performed in a time-domain solver,
such as CST Microwave Studios [15]. However, since the shell
antenna is excited differentially by two ports, pulse
simulations are more conveniently carried out in a frequency
solver (for example ANSYS HFSS). In this regard, we
implemented an approach that exploits the S-parameters of an
antenna system (as its transfer function) to deduce the pulse
response in the frequency domain. The pulse response is then
transferred to the time domain by applying an Inverse Fourier
Transform (IFFT) operation. Another advantage of our
method is that it will alleviate the complicated procedure of
super-wideband pulse generation in future experiments.

A Gaussian pulse with 3-dB bandwidth of 86 GHz and
central frequency of 106 GHz is considered as the input pulse
to the antenna system.

t—t
v(6) = sinl2nfy(t — t)] exp [— %] @
where fy = 107 GHz, t = 3 ps, and t, = 500 ps.

A. The Effect of the Super-Wideband Characteristic of the
Antenna on Pulsed Imaging

Antenna fidelity, defined as the peak of the cross-
correlation function between the input (incident) and output
pulses is employed as a relevant metric to evaluate its
performance in a wideband pulsed millimeter-wave imaging
system. Antenna fidelity indicates the resemblance between
the incident and received pulses and is calculated as [16]:

+oo
F = max, f 7(t — 7). f(t)dt, 3)
where 7(t) is the normalized received electrical field and £ (t)
is the normalized time derivative of the input signal at the
antenna terminal.

Since we perform fidelity simulations in the frequency
domain, S-parameters need to be calculated. In this case, the
antenna fidelity is obtained by simulating at least two antennas
to obtain the S21 parameter. After multiplying the input pulse
by the S21 of the two-antenna system in the spectrum domain,
we apply an IFFT operation using a customized code which

Figure 6. Antenna configuration when placed in front of each other with a
distance of 5 mm. The fidelity is calculated as 82%.
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Figure 7. Normalized incident and received pulses for the case where the
antennas are placed side-by-side (fidelity=96%).

we developed in MATLAB and obtain the pulse response in
time domain.

Two antenna configurations are simulated for fidelity
evaluations. The first configuration is shown in Fig. 6. The
antennas are placed in front of each other, with a distance of 5
mm between the centers. This distance is typically used for
fidelity evaluation of antennas [17]. A fidelity value of 82% is
achieved in this case. The fidelity increases as the distance
between the antennas is decreased [17]. In the second
configuration (Fig. 8 without considering a target), the
antennas are placed next to each other in the same plane. This
is a more practicalcase in skin imaging methodologies.
Both the incident pulse (original Gaussian pulse given as an
input to the first antenna) and the received pulse (by the second
antenna) are demonstrated in Fig. 7. A fidelity value of 96% is
achieved when the distance between the antennas is 8 mm
(estimated distance between two representative antennas in a
skin imaging array). This fidelity is higher than what was
achieved in the previous configuration (due to the reduction of
mutual coupling between the antennas) and is also higher than
what has been reported elsewhere [18].
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Figure 8. Antenna configuration for evaluation of the backscattered pulse
response from a PEC cube.
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Figure 9. Normalized pulse responses in the presence and absence of the
target. The presence of the target is fully observable.

B. Skin Tissue Response

In general pulsed-imaging systems, a narrow incident
pulse is used to propagate into the imaging domain. An image
is subsequently created from the backscattered pulse which
contains the impact of target. To show the antenna
performance in this context, two simulations are performed,
one in the presence of a target and the other in its absence. As
shown in Fig. 8, the target considered is a PEC rectangular
cube mimicking the effect and geometry of the skin tissue. The
size of the cube is realistically set as 13mm X 5mm X
1.2mm. Two response pulses, one in the absence of the target
(direct response) and the other in its presence (reflection from
the target), are shown in Fig. 9. A significant difference is
observed between these pulses, demonstrating the fact that the
target is fully observable. Suitable metrics will be employed in
the future to quantify the difference between the two pulses. A
tumor model will also be included in the skin phantom.

IV. CONCLUSION

A novel super-wideband antenna for pulsed millimeter-
wave imaging applications is proposed. The antenna can be
built using a novel MEMS technology on a high-resistivity
Silicon substrate. The antenna is characterized by a high gain

(>8 dBi) and an extremely wide fractional bandwidth (~80%)
at the central frequency of 106 GHz. The effect of the super-
wideband characteristic of the antenna on pulsed millimeter-
wave imaging applications is also demonstrated.

Our future work involves modifying the fabrication process
of the resonators towards fabrication and characterization of
the antenna. A wideband imaging algorithm will be employed
to obtain an image from a representative target. The antenna
will finally be employed in a suitable array configuration for
medical imaging applications.
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