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Abstract
Implantable antennas have a vital role in biomedical telemetry applications. Therefore, a compact low-pro�le circularly polarized
biomedical implantable antenna operational in industrial, scienti�c, and medical (ISM) band at 2.45 GHz is reported. The presented
antenna is fed by a modi�ed co-planar waveguide (CPW) technique to keep the size of the antenna compact. The radiating monopole
consists of a slotted rectangular patch with one slot at an angle of 45 degree and truncated small patch on the left end of the CPW
ground plane to make the antenna circularly polarized at the required frequency band. A �exible Roger Duroid RT5880 substrate (εr = 2.2,
tanδ = 0.0009) with the standard thickness of 0.254 mm is used to achieve bending abilities. The complete volume of the designed
antenna is 21 mm × 13.5 mm × 0.254 mm (0.25  × 0.16  × 0.003 ). The antenna covers the bandwidth from 2.35-2.55 GHz (200 MHz) in
free space while from 1.63 GHz to 2.8 GHz (1.17 GHz) inside skin tissue. As the designed antenna is operational in skin tissue with larger
bandwidth, the bending analysis along the (x & y)-axis is also analyzed through the simulation. A good agreement between the simulation
and measurements of the bended antenna is observed. The measured -10dB impedance bandwidth and the 3dB axial ratio (AR)
bandwidth inside skin-mimicking gel are 47.7% and 53.8%, respectively at 2.45 GHz frequency band. Finally, the speci�c absorption rate
(SAR) values are also analyzed through simulations, and it is 0.78 W/kg inside skin over 1 g of mass tissue. The proposed SAR values are
less than the limit of the federal communication commission (FCC). This antenna is miniaturized and an ideal applicant for the
biomedical implantable applications.

Introduction
Implantable medical devices (IMDs) are playing a signi�cant role in enhancing the living conditions of the patients day-by-day. The
telemetry system has given us many advantages by using an implantable antenna for the wireless communications between IMDs and
external monitoring devices and those advantages can be in terms of high data rates and long-distance communications1,2. The
schematic diagram of the implantable medical devices (IMDs) is presented in Figure 1. For the proposed model of the CP antenna,
implantable medical devices (IMDs) are the key components3. The in-body antenna must be very thin in pro�le, should have very less
values of SAR and antennas should have �exibility for human care purposes4. Therefore, during the design stages, the antenna must be
compatible and �exible along with the human body. Human body tissues can interfere with the operating frequency which can damage
the tissues, that’s why the antenna should have broader bandwidth that can cover the required frequency band after being tested on
human tissues5. The radiation properties of the CP antenna change rapidly due to the multiple layer structure of the human body. The
human structure has skin, fat, bone, muscle, and blood tissues. These tissues have different dielectric properties which make it di�cult
for designing a biocompatible CP antenna to be utilized for the human body applications6. Many in-body CP antennas are designed for
wireless communication at mid radio band ranges between (402-405 MHz)7–10 and at ISM band ranges between (2.4-2.48 GHz)11–16. A
compact sized broadband antenna for the implementations in biomedical implants operating at MICS band (403 MHz) was presented8. A
semi-�exible Roger 6010 substrate material was used with the thickness of 1.27 mm. SAR values were calculated as 284.5 W/kg over 1g
that is very high than our proposed design. Another ISM band biomedical antenna for implantable applications based on the Polyimide
substrate was reported10. The antenna had a realized gain of -16.8 dB and the operational bandwidth of 1.22%. The complete area of the
antenna was 25×20 mm2. The realized gain and the operating bandwidth were reported as -34.9 dB and 14.9% over the reported
frequency. A small size in-body circularly polarized antenna with improved impedance matching for medical utilizations was presented17.
The radiating patch has circular shape and there is a X-shaped slot inside the ground plane. The material used for the substrate was
Rogers 3010 with a substrate height of 0.634 mm. Because of the two-layered substrate the antenna pro�le is thick. But the antenna was
less biocompatible to human body and has high speci�c absorption rate (SAR) value of about 649 W/kg which is greater than the
standard limit of IEEE/IEC 6270-1 standard over 1g of mass tissue. An annular ring-shaped CP antenna with axial ratio bandwidth of
19.1% for the implants biomedical applications was reported18. This circular shaped antenna also had two layered substrates of �exible
material Roger 3010 with a height of 0.635 mm of each layer. The antenna operated in ISM band at the frequency of 2.45 GHz with the
operating bandwidth of 8%. This antenna worked in human body’s muscle tissue and the SAR values were calculated 508 W/kg that was
higher than the standard limit. The peak gain of the antenna was -17.5 dB. Bending analysis was not discussed as well as the size of the
antenna was larger than our proposed �exible implantable antenna. In another study, a CPW fed split-ring-resonator (SRR) based
implantable antenna for medical telemetry utilizations was depicted19. The total area of the antenna was 24 × 22 mm2 and the �exible
material used for the substrate was Polyimide with a 0.07 mm-thickness. The antenna has low-pro�le and appropriate for in-vitro testing.
The antenna’s size is still large as compared to our designed antenna. The realized gain of the antenna and the total operational
bandwidth were reported as -19.7 dB and 24.4% at 2.45 GHz, correspondingly. The performance comparison of the proposed antenna
with recent work is depicted in Table 1.
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This article describes a circularly polarized �exible implantable antenna for the biomedical applications operating in ISM band at 2.45
GHz, and size of 21 × 13.5 × 0.254 mm3 (0.25λg × 0.16λg × 0.003λg). The design employs a Rogers RT5880 �exible substrate ((εr = 2.2,
tanδ = 0.0009). At 2.45 GHz, and the antenna’s radiation pattern is elliptical in E-plane and omni-directional in H-plane. The implantable
antenna has small size, and it is �exible for the human body for better performance. The proposed-antenna is con�gured with a modi�ed
coplanar waveguide (CPW) technique, so its response to the greater bandwidth and reduced antenna back-radiation. Dimensions of the
antenna is small, and was constructed and investigated by physical layers, for example, the crust of the external body and its
corresponding dielectric properties, electrical conductivity, weight, and important parameters of the antenna like re�ection coe�cient,
far�eld, SAR and realized gain are calculated in this article. To make it bendable, a �exible material is used as a substrate. It should also
be kept in mind that bending of the antenna must have an insigni�cant outcome on the performance inside human tissues when tested.
The designed antenna is simulated and tested in the closeness of the human tissues. For instance, the area of the skin phantom is kept
50 × 50 mm2. Because of the novel modi�ed patch and the CPW, the proposed antenna covers the more bandwidth at 2.45 GHz and the
peak gain of the antenna is comparable with the previous research. Fundamentally, the e�ciency and designed antenna’s performance
under an in�uence of the physical body are improved and SAR values are signi�cantly reduced. This paper comprises the introduction of
the research work that covers the background of the proposed research, statement of the problem, objectives and the signi�cance of the
research. It also covers the design analysis of the proposed antenna and highlights the fabrication and measurements result as well as
testing of the antenna inside skin tissue, and describes the conclusion at the end.

Antenna Design Analysis
A compact size printed monopole antenna is proposed with a slotted rectangular-shaped radiator and fed by a modi�ed co-planar
waveguide (CPW) technique. The presented antenna contains distinct layers such as a CPW ground plane, a low-pro�le 0.254 mm-thick
�exible Roger RT5880 substrate (εr = 2.2 and tanδ = 0.0009) and a printed monopole (from bottom to top), as shown in Figure 2. The
complete volume of the antenna is 21 × 13.5 × 0.254 mm3 (0.24λg × 0.16λg × 0.003λg). The reported antenna is simulated in high
frequency structure simulator (HFSS) software and the S11 of the antenna is found to be -29.8dB at the working frequency of 2.45 GHz.
The operating bandwidth and the axial ratio bandwidth of the designed antenna seems to be 5.73% and 47.3%, respectively. The
optimized values of this antenna are summarized in Table 2.

The design procedure of the implantable antenna is explained as follows:

The basic antenna design (ANT I in Figure 3(a)) contains a 50-Ω CPW feedline, a rectangular printed monopole. The monopole’s width
and length are calculated using (1) and (2)12, as follows:

Wm =
λo

2( 0.5(ϵr + 1)
(1)

Where ϵr andλoare the relative permittivity and the wavelength of the substrate in free space at the operating frequency. The best choice
of ‘Wm’ leads to the perfect impedance matching. The length of the monopole can be evaluated by using equation (2):

Lm =
co

2fo ϵeff
− 2ΔLm(2)

where Wm and Lm are the width and length of the monopole antenna, co, ΔLm, and ϵeff are the velocity of light, change in the length of

the monopole due to its fringing effect, and the effective dielectric constant, respectively. The effective relative permittivity can be
calculated using equation (3):

ϵeff =
ϵr + 1

2 +
ϵr − 1

2
1

1 + 12
ts

Wm

(3)

where ts is the thickness of the substrate. At the end, the fringing effect can be calculated using equation (4):

√

√

( √ )
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ΔLm = 0.421ts

(ϵeff + 0.300)(
Wm
ts + 0.264)

(ϵeff − 0.258)(
Wm
ts + 0.813)

(4)

with the placement of ϵr = 2.2,  ts = 0.254 mm in (1)-(4), the initial parameters of the rectangular printed monopole are ‘Lm’ and ‘Wm’.
Upon full wave optimization, the width and length of the patch are Lm = 10 mm and Wm = 9.9 mm.

Proposed Antenna Design Steps
The design steps for the printed monopole antenna are shown in Figure 3. ANT I is the basic rectangular shaped radiator with -10 dB
re�ection coe�cient but in this instance, the antenna is resonating only at 3 GHz frequency without showing any circular polarization.
‘Lm’ and ‘Wm’ are the radiating monopole’s length and width (10 × 9.9 mm2). Then, to shift the frequency towards the proposed band and
to make the antenna CP, a rectangular monopole is slotted from its top and bottom edges, as described in ANT II (Figure 3(b)). This shifts
the resonating frequency from 3 GHz to 2.7 GHz (300 MHz) and keep its S11 value below -10 dB at 2.55 GHz with axial ratio bandwidth of
5.3%. Now, in the third case (ANT III), another horizontal slot is introduced in the bottom side of the radiator and the frequency shifted
from 2.7 GHz to 2.6 GHz (100 MHz) and the CP behavior at 2.55 GHz. Therefore, to move the frequency band towards lower frequency (at
2.45 GHz) with good axial ratio, another horizontal slot at an angle of 45 degree and truncated short patch at the edge of the CPW ground
plane are introduced as can be seen in ANT IV. Since, in the case of ANT IV, the printed monopole antenna shows axial ratio bandwidth of
47.3% and operating perfectly at 2.45 GHz with good impedance bandwidth. Simulated S11 of all the design steps are compared in Figure
3 (e), indicating the ease of impedance tuning at 2.45 GHz using the CPW technique. While the axial ratio comparison graph is shown in
Figure 3(f).

Parametric Study Of The Antenna
The analysis of parameters of the implantable antenna is fully explained in this section. The re�ection coe�cient at 2.45 GHz can be
adjusted by varying the values of the important parameters such as width of the upper horizontal slot in monopole ‘W1’, width of the
feedline ‘wf’, width of the CPW ground ‘Wg’, length of the upper slot in monopole ‘l2’, length of the CPW ground plane ‘lg’, length of the
horizontal rotated slot ‘G’ as presented in Figure 4. Figure 4(a) illustrates that by decreasing the value of ‘W1’ from 4 mm to 6 mm, the
frequency band shifted from 2.6 GHz to 2.45 GHz (150 MHz). When the value of the ‘Wf’ is changed from 7 mm to 9 mm then the
frequency band shifted from 2.2 GHz to 2.63 GHz (430 MHz) as presented in Figure 4(b). From Figure 4(c), It is also noticed that when the
values of the ‘Wg’ varied from 1 mm to 3 mm then the frequency band decreased from 2.45 GHz to 2.39 GHz (60 MHz). Again, when the
value of ‘l2’ is varied from 0.254 mm to 1 mm then there is a shift in the frequency from 2.45 GHz to 2.6 GHz (150 MHz) as shown in
Figure 4(d). By increasing the value of the ‘lg’ from 7 mm to 9 mm, the band moved from 2.45 GHz to 2.82 GHz (370 MHz) as described in
Figure 4(e). By changing the value of the slot ‘G’ from 4mm to 6mm the frequency has been shifted from 2.8 GHz to 2.4 GHz (400 MHz)
(see Figure 4(f)).

Fabricated Prototype Of The Proposed Antenna
The designed biomedical implantable monopole antenna is fabricated on a �exible Roger RT5880 substrate of thickness 0.254 mm, the
front and back views of the manufactured prototype is shown in Figure 5. The radiation pattern is evaluated in an anechoic chamber and
its evaluation setup is presented in Figure 5(c). In the far�eld evaluation chamber, we have a proposed printed antenna and
radiofrequency (RF) absorbers are used to absorb RF signals from the antenna inside chamber. A vector network analyzer (VNA) is used
to check the S11 of the implantable antenna. In the case of the simulated results, the designed antenna covers the bandwidths from 2.39-
2.53 (140 MHz) at 2.45 GHz, while in the case of measured re�ection coe�cient, the antenna covers the bandwidths from 2.35-2.55 GHz
(200 MHz) at 2.45 as shown in Figure 6.

The (E & H)-planes of the antenna are simulated and measured in free space (see Figure 7). The two-dimensional (2D) radiation pattern
describes the behavior of the antenna. The designed antenna behaves as an elliptical shaped pattern along E-plane while the omni-
directional radiation pattern along H-plane at 2.45 GHz frequency band. The simulated and measured gain of the designed antenna are
calculated to be -2.5 dB and -2.7 dB at 2.45 GHz. The current density of the implantable antenna is shown in Figure 7(b). The current
mainly �ows around the coplanar waveguide (CPW) feedline, ground plane and the lower slots. Since, the current is �owing throughout
the printed monopole in a circular pattern to show the circular polarization behavior. The comparison of the simulated and measured
axial ratio and the peak gain graph is illustrated in Figure 8. From the table and the graph, it can be clearly seen that the simulated
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antenna covers the axial ratio bandwidth in free space from 1.83 GHz to 3 GHz (47.3%) at 2.45 GHz while the fabricated antenna featured
axial ratio bandwidth from 1.95 GHz to 2.83 GHz (35.9%) at 2.45 GHz as presented in Table 3.

Bending Analysis Of The Flexible Antenna
Since, the antenna is made up of a �exible Roger RT5880 substrate therefore it is necessary to check the bending analysis of the antenna
along horizontal and vertical axis to validate the S11 of the antenna when it is in unbent condition. The antenna in implantable situations
depends on the twisting while in practice. In this section, the bending analysis of the antenna along x-axis and y-axis in free space are
fully explained. The bending analysis are not only simulated but also experimentally validated using a cylindrical foam of radius 30 mm.

Bending Along X-axis
Unlike twisting radii (bending along x-axis ‘Bx’ = 20 mm to 100 mm) are selected along x-direction to study the S11 behavior, peak gain,
and far�eld of the antenna. The simulated results of the antenna are compared in Figure 9 (a), when it is bent along the x-axis. It is well-
known that there are unnecessary changes in all twisting radii and there is a slide reduction in the gain obtained with the radiation pattern
at 2.45GHz. While the comparison in the axial ratio of the bended antenna along x-axis is shown in Figure 9 (b). From the graph, it is clear
that there is a minor difference in the values of the axial ratio when it is bent along x-axis. Its axial ratio value is below 3dB as well as it is
perfectly resonating at 2.45 GHz.

The proposed biomedical implantable monopole printed antenna’s re�ection coe�cient is not only simulated but also measured when it
is bent along x-axis. Figure 10 indicates the comparison between simulated and measured S11 when bent along x-axis (Bx=30mm). In the
case of the simulated result, the bent antenna covers the bandwidths from 2.38-2.53 GHz (150 MHz) at 2.45 GHz, while in the case of
measured S11, the antenna covers the bandwidths from 2.43-2.49 GHz (60 MHz) at 2.45 GHz.

Figure 11 illustrates the simulation and measurement results of the radiation pattern along (E & H)-plane in free space when the �exible
antenna is bent along x-axis. The 2D radiation pattern describes the behavior of the antenna. The reported antenna behaves as an
elliptical shaped pattern along E-plane while the omni-directional radiation features along H-plane at 2.45 GHz frequency band. During
bending analysis along x-axis at Bx=30mm, we noticed the simulated peak gain of the antenna is -2.14 dB while the measured gain of
-2.3 dB.

Bending Along Y-axis
Different values of the twisting radii (bending along y-axis ‘By’ = 20 mm to 100 mm) are taken along y-axis to validate the S11 behavior,
realized gain, and radiation pattern of the antenna. The simulation outcomes of the antenna are compared in Figure 12 (a) when it is bent
along the y-axis. There are minor changes in all twisting radii and there is a slide reduction in the gain obtained with the radiation pattern
at 2.45 GHz. While the comparison in the axial ratio of the bended antenna along y-axis is shown in Figure 12 (b). From the graph, it is
clear that there is a minor difference in the values of the axial ratio when it is bent along y-axis. Its axial ratio value is below 3dB as well
as it is perfectly operating at 2.45 GHz.

The proposed �exible implantable antenna’s S11 is simulated as well as measured when it is bent along y-axis. Figure 13 demonstrates
the contrast of the simulated and measured S11 when bent along y-axis (By=30mm). In the case of the simulated result, the bent antenna
covers the bandwidths from 2.39-2.52 GHz (130 MHz) at 2.45 GHz, while in the case of measured result, the antenna covers the
bandwidths from 2.40-2.49 GHz (90 MHz) at 2.45 GHz.

Figure 14 illustrates the simulation and measurement results of the radiation pattern along (E & H)-plane in free space when the �exible
antenna is bent along y-axis. The 2D radiation pattern describes the behavior of the antenna. The proposed antenna behaves as an
elliptical shaped pattern along E-plane while the omni-directional radiation properties along H-plane at 2.45 GHz frequency band. During
bending analysis along y-axis, we noticed the simulated antenna’s peak gain is -2.12 dB and the measured peak gain of -2.35 dB.

Testing Inside Skin
To explore the appropriateness of the antenna inside skin tissue for biomedical telemetry applications, the proposed design is simulated
and tested in human body phantom like skin, in this section. Consequently, to design an antenna for the applications in biotelemetry that
had high precision and the presence of the human skin phantom must take into consideration while calculating SAR. For that the antenna
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performance in proximity of human skin phantom and the SAR values at 2.45 GHz are also evaluated. The area of the skin phantom box
is 50 × 50 mm2 as can be seen in Figure 15. HFSS software is used for simulating the proposed antenna. In an ideal case, in-body
antennas should be planned to avoid the signi�cant coupling effects from the human tissue. In order to measure the radiation pattern
and scattering parameters of the printed monopole implantable antenna inside Skin, a ‘Skin-Mimicking Gel’ with ϵr of 46 is used (see
Figure 16)), as its properties are very closed to human skin tissue.

The contrast between the simulated and measured S11 of the antenna inside skin is described in Figure 17. The simulated S11 inside the
skin indicate that the biomedical antenna operates from 1.6 GHz to 2.75 GHz (46.9%) at 2.45 GHz while the fabricated antenna inside
mimicking gel, on the other side, featured bandwidths from 1.63 GHz to 2.8 GHz (47.7%). This proves that both simulated and measured
results have good agreement among each other.

Figure 18 presents the (E & H)-plane of the simulation and measurement results of the radiation pattern inside skin tissue. The 2D
radiation pattern describes the behavior of the antenna inside skin. These far �eld results prove that the antenna inside skin has
broadsided omni-directional radiation pattern along E-plane while the elliptical radiation pattern along H-plane at 2.45 GHz frequency
band. The simulated realized gain value inside skin is found to be -13.8 dB at 2.45 GHz, whereas measurement results give the realized
gain of -15.3 dB at 2.45 GHz. The simulated and measured axial ratio and realized gain graph is shown in Figure 19 and their values are
illustrated in Table 4. It can be noticed that the simulated antenna inside skin tissue covers the axial ratio bandwidth from 1.75 GHz to 3.1
GHz (55.1%) at 2.45 GHz while the fabricated antenna inside skin-mimicking gel featured axial ratio bandwidth from 1.68 GHz to 3 GHz
(53.8%) at 2.45 GHz.

Speci�c Absorption Rate (Sar)
The radiations of electromagnetic waves may cause health risks to human body and such risks are calculated in terms of SAR. The
relationship between the input power and the SAR is as follows10:

SAR = 
σ E2

ρ  (5)

where ′σ′and′ρ′ denotes the thermal conductivity (S/m) and the mass density (kg/m3), while E is the electric �eld intensity (V/m). The
electric power intensity is related to the signal power as below13:

Power (W/m2) = 
( E( V/ m) ) 2

377  (6)

SAR simulations were accomplished when the proposed antenna is kept inside skin. Input power Pin is kept constant at 0.5 W with the
SAR evaluated based on the IEEE/IEC 6270-1 standard, averaged over 1 g of mass tissue. SAR values calculated at 2.45 GHz is 0.78
W/kg inside skin tissue as presented in Figure 20.

Conclusion
This paper provides a low-pro�le ISM band compact size printed monopole antenna for the applications in biomedical implants. The
presented antenna is simulated by high frequency structure simulator (HFSS) software. This proposed antenna resonates in ISM Band at
2.45GHz. The antenna is designed on a �exible material of RT/Duroid 5880 (ϵr = 2.2, tanδ = 0.0009) with complete dimensions of 21 mm
× 13.5 mm × 0.254 mm. The measured gain of the antenna inside skin-mimicking gel is calculated as -15.8 dB, while the measured
bandwidth of the antenna reported is 47.7% inside skin tissue, respectively and the axial ratio bandwidths experimentally calculated as
53.8% inside mimicking gel. The SAR values are found to be less than FCC standards which is 0.78 W/kg inside skin tissue. Problems of
compliance with biocompatibility and safety related to the construction of medical applications were also discussed. This antenna is
miniaturized and an ideal applicant for in-body biomedical applications. Furthermore, we will try to improve the impedance bandwidth of
the proposed antenna so that both axial ratio and impedance bandwidth will be in close contact with each other.
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Table 1
Performance comparison of the proposed antenna with recent work.

Ref.
No.

Dimensions
(mm3) / (λg
\varvecλ\varvecg 3)

Operating
Frequency
(GHz)

Substrate Material
(εr)
\varvecϵ\varvecr)

Realized
Gain
(dB)

Imp.
BW
(%) /
AR
BW
(%)

Polarization/
Antenna Type

Human
Tissue
Enclosure

SAR
(W/kg)
@ 1g

[7] (22.5×22.5×2.5)
(0.59×0.59×0.065)

0.403 &
2.45

Roger 3210
(10.2)

-26 /
-15

35.3
& 7.1

Linear/
Zig-Zag Patch

SKIN Not
Calculated

[8] (23×16.4×1.27)
(0.098×0.070×0.005)

0.402 Roger 6010
(10.2)

-34.9 12.9 Linear/PIFA SKIN 284.5

[9] (22×23×1.27)
(0.57×0.6×0.033)

0.402 &
2.4

Roger 3010
(10.2)

-36.7 /
-27.1

7.4 &
6.6

Linear/
Slotted Patch

SKIN 832/
690

[10] (25×20×0.07)
(0.34×0.27×0.00095)

2.45 Polyimide
(2.78)

-16.8 1.22 Linear/
Printed Patch

SKIN 1.0

[11] (15×21.5×1.5748)
(0.39×0.56×0.039)

2.45 Roger 3210
(10.2)

<-15 3.2 Linear/
Square Patch

SKIN Not
Calculated

[12] (3.14×100×2.54)
(0.082×2.6×0.066)

0.4 / 2.45 Roger 6010
(10.2)

-33.1/
-14.55

38.1
&
17.6

Linear/
Circular Patch

SKIN 241.5/
149.7

[13] (10.4×10.4x0.508)
(0.145×0.145×0.007)

2.45 Taconic
(2.95)

-34 16.3
/
15.1

Circular/
Printed
Monopole

SKIN 356.4

[14] (14×14×0.5)
(0.365×0.365×0.013)

2.45 Roger 3010
(10.2)

-15.96 18.36
/
6.93

Circular/
Printed
Monopole

SKIN 0.494

[15] (40×40×1.59)
(1.37×1.37×0.054)

1.76/ 4.88 FR-4
(4.4)

-39/
-22.2

20.3
&
32.11

Linear/
Monopole

SKIN Not
Calculated

[16] (3.14×28.6×1.34)
(0.082×0.748×0.035)

0.402/
2.45

Roger 3010
(10.2)

-41 /
-21.3

41 &
27.8

Linear/
Circular PIFA

SKIN 666/
676

[17] (3.14×23×0.634)
(0.082×0.60×0.016)

2.45 Roger 3010
(10.2)

-20.3 16
/
18.3

Circular/Slotted
Circular Patch

MUSCLE 649

[18] 3.14×25×1.27)
(0.082×0.65×0.033)

2.45 Roger 3010
(10.2)

-17.5 8
/
19.1

Circular /
Annular Ring

MUSCLE 508

[19] (24×22×0.07)
(0.36×0.33×0.001)

2.45 Polyimide
(3.5)

-19.7 24.4 Linear /
Monopole

SKIN 0.719/
0.229

[This
work]

21×13.5×0.254
(0.25×0.16×0.003)

2.45 Roger RT5880
(2.2)

-15.8 47.7
/
53.8

Circular /
Simple
Monopole

SKIN 0.78
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Table 2
List of parameters of the proposed antenna.

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)

Ls 21 l8 1.5 w2 4.1

l1 1.0 l9 1.5 w3 3.0

l2 1.0 l10 5.0 w4 6.5

l3 8.0 g 0.4 w5 8.0

l4 1.0 lf 15 w6 1.5

l5 1.0 wf 0.6 w7 2.0

l6 1.0 ws 13.5 wg 10.1

l7 1.5 w1 4.0 wg2 8.0

lg 8.0 wg1 3.0 wp 9.9

G 7.0 S 0.5 ts 0.254

lp 5.5 w 9.9    

Table 3
Simulated and measured results comparison at 2.45 GHz in free

space.

Simulated in Free Space Measured in Free Space

Gain
(dB)

Imp. BW
(%)

A.R BW
(%)

Gain (dB) Imp. BW
(%)

A.R BW
(%)

-2.5 5.71 47.3 -2.7 8.1 35.9

Table 4
Simulated and measured results comparison at 2.45 GHz inside skin.

Simulated inside skin Measured inside mimicking gel

Gain (dB) Imp. BW
(%)

A.R BW
(%)

Gain (dB) Imp. BW
(%)

A.R BW
(%)

-13.8 46.9 55.1 -15.3 47.7 53.8

Figures
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Figure 1

Schematic diagram of the implantable medical devices (IMDs).
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Figure 2

Proposed low-pro�le antenna with dimensions, (a) front view, (b) side view.
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Figure 3

Printed antenna design procedure; (a) rectangular monopole (ANT I), (b) slotted monopole (ANT II), (c) Modi�ed slotted monopole (ANT
III), (d) Modi�ed slotted monopole with modi�ed ground plane (ANT IV). (e) Simulation results comparison of S11, (f) Comparison of the
axial ratio in dB.
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Figure 4

Parametric study of the antenna; (a) variation in ‘w1’, (b) variation in ‘wf’, (c) variation in ‘wg’, (d) variation in ‘l2’, (e) variation in ‘lg’, (f)
variation in ‘G’.

Figure 5

Prototype fabricated antenna; (a) top View, (b) bottom view, (c) antenna setup inside anechoic chamber.
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Figure 6

Comparison of the simulation and measurement re�ection coe�cients [dB] of the prototype printed antenna in free space.

Figure 7

2D Radiation pattern of the antenna in free space at 2.45 GHz, (b) Current distribution throughout the radiating monopole at 2.45 GHz
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Figure 8

Comparison of the simulated and measured gain and axial ratio of the printed monopole antenna in free space.

Figure 9

Bending analysis of the antenna along x-axis at 2.45 GHz, (a) Comparison in S11, (b) Comparison in AR.
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Figure 10

Bending of the antenna and S11 behavior when bent along x-axis (Bx=30 mm).

Figure 11

2D radiation pattern of the antenna in free space when the antenna is bent along x-axis (Bx=30mm).
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Figure 12

Bending analysis of the antenna along y-axis at 2.45 GHz, (a) Comparison in S11, (b) Comparison in AR.

Figure 13

Bending of the antenna and S11 behavior when bent along y-axis (By=30 mm).

Figure 14

2D radiation pattern of the antenna in free space when the antenna is bent along y-axis (By=30mm).
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Figure 15

Human skin phantom box, (a) perspective view, (b) side view.

Figure 16

Antenna measurements setup inside ‘skin-mimicking gel’ of human tissue.
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Figure 17

Comparison between the simulated and measured S11 of the antenna inside skin tissue.

Figure 18

Simulated and measured far�eld results at 2.45 GHz inside skin tissue.
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Figure 19

Comparison of the simulation and measurement gain and the axial ratio of the prototype printed antenna inside skin.

Figure 20

SAR distribution of the proposed antenna inside skin tissue over 1 g at 2.45 GHz.


