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In this paper, an efficient, coplanar waveguide (CPW)-fed printed circular ring fractal ultra-wideband (UWB) antenna is
presented for biomedical applications. In UWB technology, short-range wireless communication is possible with low transceiving
power, a characteristic that is particularly advantageous in the context of microwave and millimeter-wave (mmWave) medical
imaging. In the proposed antenna configuration, the UWB response is achieved by introducing wedged slots in the radiating
patch, designed on a low-loss substrate. A CPW partial ground plane is truncated from the edges to optimize the antenna
impedance. Experimental results indicate the antenna’s robust performance across the frequency range of 3.2-20 GHz. The well-
matched measured and simulated results confirm our contribution’s employability. Furthermore, a time-domain study offers
valuable insights into how the antenna responds to transient signals, highlighting its responsiveness and adaptability to biomedical

applications.

1. Introduction

Biomedical applications such as stents, implants, and dental
and surgical fixtures need biocompatibility and exceptional
mechanical characteristics [1-4]. Therapeutic and diagnostic
instruments for medical checkups, i.e., electroencephalo-
gram (EEG), magnetic resonance imaging (MRI), and ul-
trasonic devices, use transducers [5, 6]. In microwave and
millimeter-wave (mmWave) medical and monitoring ap-
plications, ultra-wideband (UWB) technology is preferred
because of its higher transmission rate, reliability, multipath
component resolution, and easy penetration [7-13]. UWB is
a recognized technology that uses multiplexing, beam-
forming, and diversity together to improve the performance
of a wireless system in the presence of fading and

interference [14-18]. Moreover, UWB has low output power,
which satisfies the safety concerns of regulatory authorities
for continuous on-body operation since low-energy signals
with less electromagnetic sensitivity can neither affect hu-
man tissues nor obstruct other medical signals [19-22].
Therefore, in this day and age, UWB technology is being
commonly used in biomedical applications that have
transducers, and an ingenious UWB antenna turns out to be
a vital component for reliable medical imaging and clinical
equipment as it provides extra liberty to designers to choose
from a wider frequency range [13, 23-28].

Designing a printed antenna with decent radiation
performance is simple, but tailoring a design suitable for
multiple frequencies and pattern selectivity is not easy. To
address this, several UWB antennas with a significant gain
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over wide frequency bands [29-31] have been recently
designed. While these antennas perform effectively within
the UWB frequency range and have high gains, their size
renders them unsuitable for practical use. For biomedical
applications, especially multisensor imaging gadgets, an
antenna needs to be compact because a small unit antenna
cell allows the placement of multiple antenna elements in an
array configuration, eventually increasing imaging resolu-
tion. For this purpose, the researchers have realized com-
pactness by increasing the relative permittivity (e,) of the
substrate, adding repetitive structure, and introducing slots
[32, 33]. Such strategies ensured compactness at the cost of
low directivity and impedance matching. In short, for
biomedical applications, an antenna should be small, have
high directivity and a wide bandwidth, and enable high
penetration inside the human body.

In this work, a low-profile UWB antenna is proposed for
biomedical applications. The miniaturization is achieved by
designing fractal geometry, and to simplify the fabrication
process, a ground plane is placed on the same side as the
radiating patch that corresponds to the coplanar waveguide
(CPW) technique. For improved impedance matching, the
corners of the ground plane are truncated. The presented
configuration achieves a wide impedance bandwidth of
16.8 GHz, ranging from 3.2 to 20 GHz. Furthermore, the
antenna maintains consistent behavior in terms of both
radiation and input impedance across the entire operating
range. This feature makes it suitable for both near- and far-
field microwave and mmWave medical imaging.

Table 1 offers a comprehensive comparative analysis of
various UWB antennas designed for biomedical
applications. The comparison encompasses factors such as
dimensions, dielectric material, €,, operating frequency,
fractional bandwidth (FBW), and gain. Upon closer ex-
amination, it becomes evident that the proposed antenna
design showcases a wide frequency bandwidth of 16.8 GHz,
indicating its adaptability for diverse applications across the
UWB spectrum. Furthermore, a substantial gain of 5.36 dBi
and FBW of 144.82% further emphasize the effectiveness of
the proposed design in signal reception and transmission,
making it a promising choice for biomedical applications
where efficient and reliable signal transmission is
paramount.

The rest of the organization of this manuscript is as
follows: Section 2 explains the antenna design process and its
optimization strategy, along with the results. Section 3
contains details of the fabrication and experimental setup,
supplemented by an insightful comparison between the
simulated and measured results. Section 4 presents the time-
domain analysis and group delay response both in
side-by-side and face-to-face configurations. Finally, con-
cluding remarks are mentioned in Section 5.

2. Fractal Antenna Design

Figure 1 shows the geometry of the anticipated UWB an-
tenna with an overall size of 25%35 mm?, while the rest of the
antenna parameters are listed in Table 2. The substrate used
for the antenna design is RT/Duroid 5880 with €, of 2.2 and
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a height (h) of 0.787 mm. From Figure 1, it can be seen that
the circular radiating patch consists of 12 wedged slots. The
slots are designed by combining a circular element having
a diameter (D) and a thin strip having length and width
denoted by L, and W, as shown in Figure 1. This approach
led to the realization of fractal geometry. For improved
impedance matching in the UWB frequency band, a modi-
fied CPW feed technique is utilized. A modification in the
ground plane is carried out by meandering the edges in
a curved shape, as depicted in Figure 1. With the current gap
between W and W, set at 0.2 mm, it is crucial to highlight
that modifying this parameter emerges as a notable tech-
nique for achieving the desired frequency response, pri-
marily attributed to the coupling effect.

The design process of the proposed antenna starts with
the configuration of a conventional CPW-fed circular
monopole antenna (see Figure 2a), and its respective re-
flection coeflicient (S;;) is plotted in Figure 3. It can be
observed that the design of Figure 2(a) is operating well in
the frequency range of 3-4 GHz and 10-30 GHz. To get
resonance in the UWB range and to improve impedance
matching, 12 wedge slots are etched into the circular patch,
as shown in Figure 2(b). The introduction of slots tends to
achieve UWB response from 3.2 to 25 GHz (see Figure 3).
Further improvement in impedance matching is carried out
by meandering the edges of the ground plane, as shown in
Figure 2(c), while corresponding S,, is shown in Figure 3.
CST Microwave Studio v2022 is used for the design and
simulation processes.

3. Fabrication and Measurement

For the verification of simulated data, a prototype of the
proposed antenna is fabricated using the LPKF machine, as
shown in Figure 4. The fabricated prototype is then tested
using a Rohde & Schwarz (R&S) vector network analyzer
(VNA) to measure its actual performance.

A comparison between the simulated and measured S,
characteristics of the proposed antenna is shown in Figure 5.
Due to measurement equipment limitations, the S;; char-
acteristics are measured up to 20 GHz. It can be noticed that
the antenna is operating well in the frequency range of
3.2-20 GHz and offers an impedance bandwidth of 16.8 GHz.
It is also noticeable from Figure 5 that the trends of the
simulated and measured curves are similar, yet the values of
the measured data are slightly shifted to the left when
compared with the simulated ones. There are two main
reasons for this: (i) human error in in-house fabrication and
(ii) the use of conductive silver epoxy adhesive for soldering
coaxial connectors to the transmission line (simulation does
not consider variations from soldering).

Figure 6 depicts the simulated and measured two-
dimensional (2D) radiation patterns for yz- and xz-planes.
The radiation characteristics were computed for the 4, 8, 12,
and 16 GHz frequency bands. As shown in Figure 6, the
antenna has bidirectional properties for the yz-plane and
omnidirectional properties for the xz-plane. In addition,
excellent coverage is evident since the offered antenna dis-
plays almost constant response over the operating bandwidth.
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TaBLE 1: Comparative analysis among previously presented and proposed UWB antennas meant for biomedical applications.

Dimensions . . . . .

Ref. N R Dielectric material &, Frequency band (GHz) FBW (%) Peak gain (dBi)

(mm”) (9
[34] 14.9x33.14 0.34x0.77 FR-4 4.4 3-11 114.28 4.74
[35] 50 x 60 2.9x%x3.5 Denim substrate 1.4 7-28 120 10.1
[36] 31x31 0.72x0.72 RT/Duroid 5870 2.33 3.04-11 113.39 7.5
[37] 16 x 21 0.42 % 0.55 FR-4 4.4 3.4-12.5 114.5 5.16
[38] 23.1x32 0.58x0.8 FR-4 4.6 3.1-12 117.88 3.54
[39] 29 %27 0.87 x 0.81 FR-4 4.4 3-15 133.33 —
[40] 51 x95 0.93x1.74 FR-4 4.4 1-10 163.63 —

20x28 0.49 x 0.69 4
[41] 16 x 22 0.39 % 0.54 FR-4 4.4 2.95-12 121 36
Proposed 25x35 0.96 x1.35 RT/Duroid 5880 2.2 3.2-20 144.82 5.36

LG
WG
vVeE——D
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FIGURE 1: Geometry of the proposed antenna.
TaBLE 2: Optimal design parameters of the proposed antenna (all dimensions in mm).

Parameter Wy Ly We Wes L; t
Value 25 35 2.4 11 14.2 0.8
Parameter R, R, R; D W, L,
Value 9.5 8.5 5 10 1 3.5

Figure 7 shows the surface current distribution of the
proposed antenna at different frequencies. It is observed that
the transmission line is perfectly matched at 50Q) with fewer
losses, and all current is reaching the radiating element. At
lower frequencies, current distribution is concentrated
around the transmission line and lower half of the radiating
patch, as shown in Figures 7(a) and 7(b), whereas at higher
frequencies, the current dissipates almost equally, creating
an electrical loop (see Figures 7(c) and 7(d)).

Figure 8(a) illustrates the realized gain of the proposed
antenna as a function of frequency. It can be noted that the
gain is increasing with the increase in frequency. From
simulations, the minimum and maximum gain values are
noted to be 1.52 dBi and 5.36 dBi at 3.2 GHz and 20 GHz,
respectively. The measured minimum gain value is noted to
be 1 dBi at 3.2 GHz, and the maximum value is observed to
be = 4.4 dBi at 16 GHz. Here, it is essential to mention that
the gain is measured only up to 16 GHz, constrained by the
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FIGURE 3: Comparison of S;; characteristics of antenna designs
shown in Figure 2.

measurement setup. The proposed antenna’s radiation and
total efficiency results are shown in Figure 8(b). As observed,
the radiation and total efficiencies are >85% for the entire
operating range.

4. Time-Domain Analysis

It is vital to evaluate the antenna’s performance in the time
domain for near-field microwave medical imaging appli-
cations [13, 42]. Consequently, two identical antennas are
positioned in a side-by-side and face-to-face configuration,
maintaining a 30cm separation between them. This ar-
rangement is depicted in Figures 9(a) and 9(b), with both
antennas operating in a transceiver mode.

To evaluate the time-domain performance of the pro-
posed antenna, a Gaussian pulse with an operating range of
1-20GHz is used to excite antennas. The normalized
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FIGURE 2: Design evolution of the proposed antenna (a) Step-1 (b) Step-2 (c) Step-3 (proposed).
g

FIGURE 4: Fabricated prototype of the proposed antenna.

amplitudes of the input and output signals for both setups
are shown in Figures 10(a) and 10(b). The cross-correlation
between transmitted and received pulses is calculated using
the below equation, known as the fidelity factor (FF) [43]:

[2 8, 1), (t+1)dr
[ IS, @)Pde [, ]s, (0 de]

where S, (t) corresponds to the transmitted signal, S, (¢)
represents the received signal, and the group delay is
denoted by 7. The FF values for both side-by-side and face-
to-face configurations are listed in Table 3. In a face-to-face
configuration, the FF value is high, which shows less dis-
tortion in the transmitted signal.

For UWB antennas, minimal distortion over the entire
UWRB range is desired. To find the dispersion characteristics
and phase distortion of an antenna, the average delay be-
tween the center of the transient output and the input signal
is measured; this phenomenon is known as group delay.

FF =m

1
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FIGURE 5: §S;; characteristics of the proposed UWB antenna.
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Ficure 6: Radiation patterns of the proposed antenna at (a) 4 GHz, (b) 8 GHz, (¢) 12 GHz, and (d) 16 GHz.
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FiGure 7: Simulated surface current distribution of the proposed antenna at (a) 4 GHz, (b) 8 GHz, (c¢) 12 GHz, and (d) 16 GHz.

Realized Gain (dBi)

[ 1]
- !,.’
R =
maE T ™ —.'
-/Iz EggmB
| V2
w
/
’
m
-/
/
I}
/ m
1 " 1 1 1 n 1 1 1 P 1 1 1 " 1 "
2 4 6 8 10 12 14 16 18
Frequency (GHz)
—-—— Simulated

m  Measured

()

100

80

60

40

Antenna Efficiency (%)

20

4 6 8 10 12 14 16 18 20
Frequency (GHz)

—s— Radiation Efficiency
—o— Total Efficiency

(b)

FIGURE 8: (a) Realized gain and (b) efficiency of the proposed antenna.
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FIGURE 9: Time-domain analysis configurations: (a) side-by-side; (b) face-to-face.
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Figure 10: Input and output signals for (a) side-by-side and (b) face-to-face configurations.

TaBLE 3: Fidelity factor of the proposed antenna.
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FIGURE 11: Group delay response of the proposed antenna.

Figure 11 demonstrates that both side-by-side and face-
to-face configurations have a peak value of 1.37ns, in-
dicating that less distortion will occur during the trans-
mission of short pulses.

5. Conclusion

A fractal UWB planar antenna is designed and presented for
biomedical applications. The radiating element is composed
of a modified CPW-fed circular ring fractal structure. To

improve impedance matching, the corners of the ground
plane are modified with meandering arcs. The planar fractal
antenna exhibits an impedance and FBW of 16.8 GHz and
144.82%, respectively, ranging from 3.2 to 20 GHz. More-
over, the designed antenna showcases nearly constant ra-
diation characteristics across its operational bandwidth. The
time-domain performance of the antenna is also evaluated,
and acceptable characteristics suitable for a range of bio-
medical applications, especially microwave and mmWave
medical imaging, are observed.
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