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A U-Shaped Meandered Slot Antenna for Biomedical Applications

Shikha Sukhija* and Rakesh K. Sarin

Abstract—In this paper, a U-shaped microstrip patch antenna with meandered slots is presented. It
is designed for biomedical applications to operate at 2.45 GHz. Based on the simulation experience, two
designs of the patch are introduced with and without use of meandered slots. The comparative study
between these two is also demonstrated. It is observed that the antenna with meandered slots shows
good performance with sufficient bandwidth, low losses and is capable of use in biomedical applications.
Furthermore, the proposed antenna has small size of 35∗29∗1.6 mm3, and the size of the ground is only
14% of the overall antenna size. The measured and simulated results show good agreement with each
other. The antenna is fabricated on an FR4 substrate, and simulation is carried out on FDTD based
Empire XCcel simulator.

1. INTRODUCTION

Rising applications in the field of communication demand many challenging characteristics of a patch
antenna. Their naturally favourite properties and inherent advantages such as compactness, ease of
fabrication and many other features make microstrip antenna such a prominent device in wireless
systems. Many studies on microstrip patch antennas reveal the increasing demand of compactness.
Many techniques are available in the literature for miniaturising an antenna such as the usage of
a substrate with high permittivity [1] because of the reduced effective wavelength, and operating
frequency decreases thus minimising the antenna size. Secondly, by lengthening the path of current
flow with the use of meandering structures [2–4], resonant frequency decreases which results in more
compact size of the patch antenna. The third technique is the use of shorting pin [5], in which the
effective size of the antenna increases, but physical dimensions get reduced as in Planer Inverted F
Antennas. The fourth technique is to incorporate vertical stacking to increase the current flow path
between two radiating patches [6]. Both meandered and stacked arrangements to reduce the antenna
size are presented in [7]. Many other miniaturization techniques are also discussed in [8–12]. A U-
shaped microstrip patch antenna is presented in [13]. Meandered slot is used in [14] for better matching
characteristics of an antenna. A miniaturized meandered slot antenna is proposed in [15] for its use in
biomedical applications.

Emerging applications of the microstrip patch antenna include their needs in biomedical sector too.
These growing applications comprise remote health monitoring [16], glucose monitoring [17, 18], self-
monitoring [19], digestive monitoring [20], etc. So with the increasing need, the scenario gets changed
to the use of patch antenna in biomedical zone. On the other hand, with the rapid increase of diseases,
people are now becoming more aware for their health. There are many diseases such as diabetes, cancer,
depression, thyroid, tuberculosis and HIV/AIDS in which the human body suddenly gain or lose weight.
In these cases, a patient or a person went to the doctor or expert for regular check-up. With the use
of patch antenna in a weighing machine, a patient or a person needs not to go to the hospital or gym,
and his/her weight can be easily monitored at home as well. The arrangement of such an application is
shown in Figure 1.
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Figure 1. Biomedical application of the proposed antenna.

For the use of antenna in medical applications, frequency bands and power levels are standardized
by MICS (Medical Implant Communication Service) band. MICS operates in 402–405 MHz band [21].
Usual frequencies allowed for ISM (Industrial, Scientific and Medical) application are 27 MHz, 433 MHz
and 2.45 GHz [22]. Safety issues should be considered when an antenna is implanted inside the human
body referring to IEEE C95.1 [23] standardized definitions.

To design an antenna for biomedical applications, one main consideration to be engaged is that
the size of the antenna should be small, and it performs good functionality. Microstrip patch antennas
offer favourable advantages such as compact size, low cost and easy manufacture. So these antennas
are the strong candidates to be used for biomedical applications. In this paper, a U-shaped meandered
slot microstrip patch antenna resonating at 2.4 GHz frequency is proposed. Based on [24], a single
frequency omnidirectional pattern can be obtained using a U-shaped structure. The proposed antenna
works in the ISM (industrial Scientific and Medical) band. Due to its wide bandwidth characteristics,
this antenna can also be used in weighing machine for the purpose of remote health monitoring. It
implies that if the frequency gets shifted from its original value, it will be within that frequency range
because of antenna’s wideband features. So, this antenna can be used for remote health monitoring as
well as weight monitoring.

2. ANTENNA DESIGN

2.1. Antenna Structure and Design

The proposed antenna shown in Fig. 2 is a U-shaped microstrip patch antenna and consists of two
vertical sections and one horizontal section of the patch. The substrate material used for the antenna
design is FR4 with dielectric constant of 4.4 and loss tangent of 0.002. The thickness t of the substrate
is 1.6 mm, and the overall dimension is L ∗ W ∗ t mm3 (40 ∗ 33 ∗ 1.6 mm3).

Another proposed structure with overall antenna size of 35 ∗ 29 ∗ 1.6 mm3 is shown in Figure 3.
This structure consists of regular meandered slots in a U-shaped patch. A rectangular copper plate
along the lower edge of the substrate is used as a ground plane placed opposite to the radiating patch
with 29 ∗ 5 mm2 size. All the dimensions for these proposed structures are described with their values
in Table 1.

The zoomed view of the meandered slots structure is shown Figure 4 for better understanding.
The slot thickness is 0.5 mm, and length is designed in accordance with the U-shaped structure. The
dimension of the single unit of meandered slot is e∗f mm2, i.e., 5∗2.5 mm2. The meandered parameters
and their values are given in Table 2.
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Figure 2. Proposed antenna design. Figure 3. Proposed antenna with meandered
slots.

Table 1. Parameters and their values.

Parameters Values in mm Parameters Values in mm
L 40 Lm 35
L1 19 L5 10.5
L2 15 Wm 29
L3 7.5 W6 6
L4 5 W7 12.50
W 33 W8 6.75
W1 5.5 W9 5
W2 5.5 a 2.75
W3 4.5 b 2.75
W4 5.75 c 1.25
W5 4 d 1.25

2.2. Working Procedure and Design Strategies

The approach was to design a U-shaped patch antenna with sufficient bandwidth and minimum losses
to produce the notch at central frequency of 2.45 GHz for bio-medical applications. The strategy for
designing this antenna can be summarized as follows:

First Step: A U-shaped patch antenna was designed for 2.45 GHz as the central frequency. Through
optimization and calculations, a U-shaped patch antenna is achieved as shown in Figure 2 with
parameters given in Table 1. The optimization was supported by fine tuning of the parameters by
using FDTD based Empire XCcel simulator [25]. The results are presented later for the purpose of
comparison.

Second step: The central meandered slot in the U-shaped patch is introduced with 35∗29∗1.6 mm3

as the overall dimension of the antenna. The optimization in respect of the length of meandered slot
was supported by fine tuning of the parameters by FDTD based Empire XCcel simulator. Through
optimization, the total length of the central meander became 5.5 mm. The parameters for this antenna
are given in Table 1 with their values in mm.

Third step: The left meandered slot in the U-shaped patch was introduced. The optimization in
respect of the length of left meandered slot was supported by fine tuning of the parameters by the
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Meander parameter Values in mm
e 5
f 2.5
g 0.5
h 0.5
i 0.5
j 0.5

Table 2. Meander parameters and their values. Figure 4. Zoomed view of meandered slots.

above discussed simulator. Using optimization technique, the total length of the left meander became
10.5 mm. The parameters are given in Table 2 with their values in mm.

Fourth step: The right meandered slot was proposed in the U-shaped patch. The optimization in
respect of the right meandered slot was supported by fine tuning of the parameters. The total length
of the right meandered slot became 10.5 mm which is the same as that obtained in the third step for
left slot. Dimensions are presented in Table 2.

Fifth step: After designing these three slots individually, the combinations of central, left and right
meandered slots are presented to analyse the performance of the proposed U-shaped meandered slot
antenna. The performance of these slots, independently and jointly, are illustrated in the next section.

3. SIMULATIONS AND MEASUREMENT RESULTS

3.1. Optimization of Parameters

Simulation was carried out using the FDTD based Empire XCcel simulator to determine the antenna
performance. For the three structures of the meandered slots discussed in the last section, 2n, i.e.,
23 combinations can be obtained for analyzing the performance of the proposed antenna. These 8
combinations include no meandered slot, left slot, central slot, right slot, combinations of left and
centre, centre and right, left and right, and the combination of all the three slots. The frequency vs.
S11 parameter graphs for all these combinations individually or jointly with their structures are shown
in Figure 5. In the proposed U-shaped antenna, meandered slots are designed to reduce the size of
the antenna. As the meandered structure has its own resonant frequency, slots create new edges of
the fringing fields which change the resonance frequency of the fundamental mode and generate other
modes for new resonant frequency in the form of spikes near fundamental mode. It is observed that
symmetric structure results in uniform behaviour of the curve. Contrary to this, the unsymmetrical
structures in Figures 5(b) and 5(d) result in nonuniform behaviour of the curve in the form of spikes.

It is also observed that due to the symmetrical structure of the proposed antenna, the performances
of left and right slots are exactly same as that shown in Figure 5(b). On the other hand, with the same
concept, the performance of joint meandered slots of left-centre and right-centre are also exactly same
due to the symmetry property as shown in Figure 5(d). From the above graphs it is concluded that
the central frequencies are nearly same for all these structures, and the only difference obtained is in
respect of the S11 parameters in dB. Figure 5(a) gives the losses up to −23.24 dB, and frequency of
operation is 2.392 GHz for the structure shown in Figure 2. Figure 5(f) reveals that −43.72 dB value of
S11 parameter at 2.478 GHz is obtained using meandered slots for the structure shown in Figure 3. So,
it can be concluded that by using meandered slots, the overall antenna size is reduced with enhanced
performance. On the other hand, individual left and individual right slots in Figure 5(b) give losses
up to −37.07 dB. The 10 dB return loss bandwidth obtained is approximately up to 400 MHz for the
proposed antenna. The summarized conclusion of the above results is illustrated in Table 3.

3.1.1. Effect of p on Performance of the Proposed Antenna

The distance of the port to the lower edge of the substrate is denoted as p shown in Figure 2 and
Figure 3. It is observed that by changing this value, the results overlap each other with the difference of
their S11 parameter value. Through fine tuning, the optimized position of the port obtained is 0.79 mm.
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(a) (b)

(c) (d)

(e) (f)

Figure 5. Frequency vs scattering parameter S11 for (a) without meandered slot, (b) left and right
individual slot, (c) central slot, (d) centre-left and centre-right slots, (e) left-right slot and (f) left-centre-
right combined slot.

As this value increases, S11 parameter decreases from −43.72 dB to −19.42 dB. The comparison graph
for this position at different values is shown in Figure 6. The frequency versus VSWR plot and frequency
versus impedance graphs for different values of p are illustrated in Figure 7 and Figure 8, respectively.

3.1.2. Effect of the Length of Ground Plane

The length and width of the ground plane for the proposed antenna are 5 mm and 29 mm, respectively.
By fine tuning, the desired central frequency is obtained. Different values of the length of ground plane
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Table 3. Performance comparison of 23 combination structures of the meandered slots.

Slot Type
fl

(GHz)
fh

(GHz)
fc

(GHz)
Bandwidth

obtained (MHz)
S11

(dB)
Without meandered
slot (Figure 5(a)) 2.214 2.598 2.3927 384 −23.22

Left, Right
(Figure 5(b)) 2.334 2.703 2.4970 369 −37.07

Central
(Figure 5(c)) 2.316 2.697 2.4988 381 −33.22

Left-Centre,
Right-Centre
(Figure 5(d))

2.349 2.706 2.4990 357 −35.08

Left-Right
(Figure 5(e)) 2.313 2.697 2.4989 384 −32.88

Left-Centre-Right
(Figure 5(f)) 2.319 2.715 2.4782 396 −43.72

Figure 6. Simulated S11 parameter vs. frequency
graph for different values of p.

Figure 7. Simulated plot showing VSWR vs.
frequency plot for different values of p.

are taken such as 5 mm, 15 mm, 25 mm and 35 mm, and it is perceived that varying this length affects
the antenna performance seriously. Figure 9 shows that by changing the ground plane dimensions, the
resonant frequency changes its value. As the value of ground length shifts from 5 mm to 15 mm, the
behaviour of resonant frequency and S11 parameters shift from 2.47 GHz to 3.34 GHz and from −43.72 dB
to −19.93 dB, respectively. The frequency versus VSWR plot and frequency versus impedance graphs
for different ground plane lengths are illustrated in Figure 10 and Figure 11, respectively.

3.2. Prototyping and Results Discussion

The proposed U-shaped patch antenna with meandered slots structure is fabricated on an FR4 substrate
with dielectric constant of 4.4. The image of the fabricated antenna is shown in Figure 12(a). The
simulated current distribution is presented in Figures 12(b), (c), (d). It can be visualized that current is
flowing uniformly over the patch and is intensive in the U-shaped structure of the antenna. Generally,
the operating bandwidth is determined by −10 dB band [26]. The current at lower frequency is generated
because of the edges of the patch. Lower, upper and resonant frequencies f is calculated by following
equations [27]

So = S1 + S2 + S3 + S4 + S5 + S6 (1)
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(a) (b)

Figure 8. Simulated plots for different values of p, (a) frequency vs. impedance (real-part) and (b)
frequency vs. impedance (imaginary part).

Figure 9. Simulated S11 parameter vs. frequency
plot for different length of ground plane.

Figure 10. Simulated VSWR plot for different
length of ground plane.

(a) (b)

Figure 11. Simulated impedance vs. frequency plots for different length of ground plane, (a) real part
and (b) imaginary part.

f =
c

So
√

εr
(2)

With the help of above relations, the calculated lower, upper and operating frequencies are obtained
as 2.38 GHz, 2.76 GHz and 2.48 GHz, respectively. The simulated S parameters of lower, upper and
operating frequencies are included in Table 3.
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Figure 12. (a) Fabricated antenna photograph, (b) simulated current distribution at 2.31 GHz, (c)
simulated current distribution at 2.47 GHz and (d) simulated current distribution at 2.71 GHz.

3.2.1. Equivalent Circuit

An equivalent circuit for the U-shaped antenna is illustrated in Figure 13. This equivalent circuit
model contains a parallel RLC circuit in series with reactance. This circuit is used to calculate the
input impedance matching at any frequency if the bandwidth, resonant input impedance and resonant
frequencies are known [28].

Figure 13. Equivalent circuit model.

It can be concluded from the desired output of the microstrip model that there is direct correlation
between the dielectric constant (εr), substrate height (h), and the feed width (Wf ) with the impedance
of the antenna. In RLC tank circuit, if the value of R1 is 50 Ω, then at each operating frequency, the
values of C1, L1 and Lp are given as:

C1 =
2Wfεr

Lhω2
0

, L1 =
1

C1ω2
0

and Lp =
WfL1

L

where Lp is a series inductor due to coaxial feed probe, and L is the length of the proposed antenna. The
calculated values for C1, L1 and Lp, according to the aforementioned equations, are 5.18 pF, 0.79 nH
and 0.18 nH, respectively.
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3.2.2. Measurement Results

The performance of the proposed antenna structure is analyzed in terms of S11 parameters. SMA
connector of the antenna to be tested is connected to a co-axial cable of a vector network analyzer.
One port calibration is performed using calibration standards such as short, open and load. The S11

parameter vs. frequency graph is plotted for the proposed antenna as simulated by Finite Difference
Time Domain (FDTD) based Empire XCcel simulator together with measurement using VNA. Due
to the useful advantage of the proposed antenna, the behaviour of the antenna is measured by using
chicken. As the dielectric properties of chicken and human muscle are almost same [29], this model was
developed to provide real environment for the antenna applicable to biomedical applications [30].

The tissue thickness for three layers, i.e., skin/fat/muscle [31] and dielectric properties [32] are
tabulated in Table 4 and Table 5, respectively. As a matter of fact, there is no significant change in the
matching characteristics by incorporating muscle model. It only changes the dielectric constant by 20%
and resonant frequency by approximately 4% [33].

Table 4. Human tissues and their thickness
for the proposed antenna [31].

Human tissue Thickness in mm
Skin 4
Fat 4

Antenna substrate 1.6
Muscle 8

Table 5. Dielectric properties of human tissues [32].

Tissue Permittivity
εr

Conductivity
σ (S/m)

Muscle 52.7 1.73
Skin 38 1.46
Fat 5.28 0.10

Bone 18.54 0.80

The combined simulated and measured S11 parameter performances of this antenna are illustrated
in Figure 14. It can be illustrated that the antenna resonates at 2.478 GHz and exhibits 396 MHz
simulation bandwidth in free space while the antenna in muscle environment resonates at 2.114 GHz
frequency and has simulation bandwidth of 209.4 MHz. On the other hand, it can also be seen that
the proposed antenna measurement in free space displays the bandwidth of 468 MHz at 2.4532 GHz,
and in chicken environment it exhibits bandwidth of 279.2 MHz at 2.1489 GHz. Due to its measured
wideband characteristics, this antenna can also be used in weighing machine for the purpose of remote
health monitoring. This implies that if the frequency gets shifted from its original value due to circuitry
effect, it will be within that frequency range because of antenna’s wideband features. Table 6 exhibits
the comparison of the proposed antenna with some reported antennas at 2.45 GHz.

Table 6. Comparison of different antennas at 2.45 GHz.

Reference S11 parameter Size (mm2) Substrate used
[34] −31 35 × 40 PET substrate
[35] −22 50.33 × 32 FR4 and Macor
[36] −36.66 41.5 × 29 FR4
[37] −14.2 50 × 16 jean

Proposed −43.72 35 × 29 FR4

The simulated and measured radiation patterns for the proposed antenna are presented in Figure 15.
The patterns are plotted at 2.45 GHz frequency. These radiation pattern measurements for rf and
microwave range frequencies have been performed using an anechoic chamber. The figure shows
the radiation patterns for both E-plane and H-plane. For H-plane, the co-polar component shows
monotonous behaviour as expected, and the measured patterns are also showing similar characteristics
except at some points owing to the existence of parasitic effect in SMA connector. On the other hand,
the co-polar component in E-plane has a well-known shape like figure eight (8) as expected. Measured
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Figure 14. Simulated vs. measured S11 parameter graph.

(a) (b)

(c) (d)

Figure 15. Simulated vs. measured co-polar and cross polar plots for the proposed antenna at 2.45 GHz.

results show good resemblance with simulated results. Some deviation occurs due to the SMA connector
and feeding connector, but these are still within the acceptable limits. It can be observed that at resonant
frequency, the pattern obtained is almost omnidirectional.
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The antenna transfer function was obtained using two identical antennas to calculate the
transmission coefficient S21(ω), for the two identical antennas separated by a distance r between their
apertures. The distance was chosen to satisfy the general far-field requirement r ≥ 2D2/λ where D is
the maximum dimension of the aperture of the antenna [38]. The antenna transfer function was then
calculated using Eq. (3), and the frequency domain gains are calculated using Equation (4)

H̄(ω)ant =
√

2πrc

jω
S̄21(ω)e+jωr/c (3)

G(ω)ant =
4πf2

c2

∣∣H̄(ω)ant

∣∣2 (4)

The S21 of the proposed antenna gain is shown in Figure 16.

Figure 16. Measured S21 vs. frequency graph for the proposed antenna.

4. CONCLUSION

This paper reports a design of U-shaped patch antenna with meandered slots for ISM band application
and explains the comparison between experimental results of the proposed antenna in free space and
muscle model. Due to its wide bandwidth features, this antenna can be used for remote health
monitoring system. The measured and simulated results give similar response. Its compactness,
good frequency vs. losses response, radiation pattern will definitely help this designed antenna to be
an effective candidate for biomedical applications. The characterization of the proposed antenna in
weighing machine will be of great interest. Future scope also includes more reduction in size and SAR
calculation of the proposed antenna.
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