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ABSTRACT In this paper, the design and the analysis of miniaturized implantable conformal patch antennas
are proposed for biomedical applications. A polyimide substrate material is considered to achieve conforma-
bility. The radiating element is a monopole rectangular patch antenna with three split ring resonators (SRR),
and a rectangular slot with CPW (coplanar waveguide) feeding is presented. The proposed implantable
conformal CPW-fed patch (ICCP) antenna resonates at free space at 2.41 GHz (2.01–2.82 GHz) frequency
with an impedance bandwidth of 810 MHz and the gain of 2.62 dB are observed. The in vitro test is
considered in muscle mimicking phantom gel with proposed ICCP antenna, and it resonates at 2.60 GHz
(2.41–2.81 GHz) with an impedance bandwidth of 400 MHz and the gain of −19.6 dB are observed. The
ICCP antenna is also considered in different layers of the human tissue simulation model, and the antenna
works at ISM band. The specific absorption rate (SAR) is obtained for all proposed cases, and these are all
within the limits of the federal communication commission (FCC). The ICCP antenna is manufactured and
tested for free space and a muscle mimicking phantom gels. Good agreement results have observed between
simulated and measured values.

INDEX TERMS Conformal antenna, SRR, CPW-fed, implanted devices, in-vitro, polyimide, SAR.

I. INTRODUCTION
Implantable devices with wireless communication telemetry
have very significant attention to recent days for medical
applications. An implantable antenna is a vital component
between implantable devices and external control devices for
telemetry systems to provide communication for patient and
doctor. Wireless devices can avoid long-term hospitalization
by using a remote health monitoring system [1]. With this,
the patient does not need to consult the doctor directly. Such
a remote health monitoring system can monitor the patient’s
medical data onto home and facilitate diagnostic support,
treatment to control the patient health condition [2]. To design
compact microstrip conformal patch antenna, Because of
their unique features such as ease of manufacture, com-
pactness, light weight, they are excellent devices for use in
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wireless systems. There is a growing demand for compact
microstrip patch antennas for wireless applications. It has
been described in the literature to use many techniques for
miniaturizing microstrip antennas, such as high dielectric
constant substrates, planar inverted F antennas (PIFA), spiral,
meander, shorting pins, and slot structures of wider band-
widths [3]–[5]. Many other techniques for miniaturization are
discussed in [6], [7]. Longer current paths can also minimize
the size of the antenna. The ISM (Industry, scientific, and
medical) bands (2.4-2.4835GHz) [8] with capacitively loaded
patch models. An implanted cavity slots antenna [9] with a
H-shaped model into the human body to obtain the radiation
parameters. The antennas [10], [11] for biomedical areas with
a rigid substrate will make them difficult to implant. The size
constraint [10] (124×124mm2) of the antenna is also a factor
of implantable devices.

Flexible conformal antennas have proposed [12] to ISM
band. The dimensions are optimized to 38.5% smaller
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with respect to the previous antenna model. An implanted
antenna [13] is proposed at ISM-band within a simulated
human body environment. In [14], [15], implanted anten-
nas are proposed to work for MICS and ISM bands. Mea-
surements were made in human skin mimicking gel and
rat skin mimicking gel, respectively. However, the proposed
implanted antennas are not flexible. The antenna parameters
like reflection coefficient and radiation pattern of implanted
antenna surrounded by biological tissues may differ from
an antenna in free-space. An implanted monopole antenna
is proposed to [16] ceramic substrates. To reduce the mis-
match and erosion problems of the human tissue to the
implanted antenna high dielectric substrates are used. It has
a peak gain of −19dB at 402MHz, which is best suitable
for bio-telemetry operations. A miniaturized in-vitro tested
implantable antenna [17] is proposed. An antenna is sim-
ulated a uniform skin phantom [18] at a depth of 3 mm,
and a realistic human phantom scalps for medical appli-
cations. Polyimide based patch antenna structures is also
proposed to [19]–[21]. The biological tissues will exhibit
different dielectric properties [22] for different frequencies.
Flexible thin antennas [21], [23] have been proposed with
conformal characteristics. Bending analysis of printed textile
antenna [24] has studied.

In this work, the implantable conformal CPW-fed patch
(ICCP) antenna is presented and it is suitable for biomed-
ical applications. The proposed antenna analyzed in phan-
tom mimicking muscle gel. The analysis has been carried
in different tissue environments. The organization of the
paper is as follows, section II describes the ICCP antenna
design, introduction, and characterization of muscle mim-
icking phantom gels. Antenna fabrication, evolution process
followed by simulated and measured results are shown in
section III. Section IV presents the summarized conclusions.

II. ANTENNA DESIGN
The ICCP antenna proposed structure is presented in Fig. 1.
The conformal patch antenna designs with polyimide as a
substrate having a εr of 3.5, δ of 0.008, and dimensions of
24 × 22 × 0.07mm3. The proposed antenna occupies less
volume.

The substrate has dimension is Ls × Ws. A CPW -feed
line (L3×W3) has 50-�. A rectangular patch (Lp×Wp) is
added to the feed-line with slots to get the required reso-
nance frequency band. The slot with a rectangular shape is
considered with L5×W5. Ring slots have the diameter W7
and split width of W4. Similar three ring slots are presented
on the patch. In the coplanar waveguide rectangular shaped
(L1×W1) with a split rectangular shaped (L2×W2) slot is
considered, the split width is W6, and slot width is L4. The
dimensions of ICCP antenna are optimized and is presents
in Table 1.

The human tissue simulation model with the implanted
antenna is presented in Fig. 2. Four different implant
structures are considered of the proposed ICCP antenna.
The ICCP antenna in four simulation models with muscle

FIGURE 1. The geometry of an ICCP antenna.

TABLE 1. Optimized dimensions of ICCP antenna.

FIGURE 2. Simulation phantom models of (a) single layer human muscle
tissue, and three-layer phantom models (b) case 1, (c) case 2, and
(d) case 3.

in Fig. 2 (a) and three-layer human tissues is presents in
Fig. 2 (b) to Fig. 2 (d). The three-layer tissue models consist
of skin as a top layer, fat as the middle layer, and muscle as
the third layer.
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FIGURE 3. (a) Muscle mimicking phantom gel and (b) phantom gel with
an implanted antenna.

FIGURE 4. Photograph of an ICCP antenna.

The thickness of each layer is considered each tissue
as 1.6mm for skin, 4mm for fat, and 8mm for muscle.
To obtained 2.45GHz operating frequency the dielectric con-
stant (εr ) is considered as 38.5, 5.29, 52.7 with a conductivity
(σ ) of 1.45 S/m, 0.10 S/m, 1.73 S/m for skin, fat, muscle
tissues respectively [22], [25], [26]. For in-vitro test charac-
terization mimicking gels are important. Several recipes have
been proposed that are used for measurement of implantable
antennas [27]–[29]. The muscle tissue gels are prepared for
de-ionized water, Triton, DGBE, agarose, NaCl [29]. The
muscle tissue mimicking phantom gels is presented in Fig. 3.

III. RESULTS
The ICCP antenna prototype is presented in Fig. 4. The ICCP
antenna design is carried out with CST tool.

The evolution of implanted conformal patch antenna
designs is illustrated with Fig. 5(a)–5(e). Fig. 6 presents the
simulation results of S11 for frequencies of each designed
model. In the first evolution process, antenna 1 (Ant. 1) con-
sists of a rectangular shaped patch of size 18×11mm2 with a
full ground, and it’s resonance frequency 3.61GHz with a S11
of −13.78dB. In the second process (Ant. 2) a symmetrical
small rectangular patch of 9×10mm2 is considered on both
sides of the feed line, and it radiates from 2.83 GHz with a
S11 of −14.46dB. In evolution three (Ant. 3) a rectangular
slot of 14×4mm2 is etched from the rectangular patch, which
radiates from 2.72GHz with −16.31dB of S11. In fourth

FIGURE 5. Evolution of an ICCP antenna (a) to (e) as follows ant. 1, ant. 2,
ant. 3, ant. 4, and ant. 5 models.

FIGURE 6. Evolution process S11 of an ICCP antenna.

evolution (Ant. 4), three split rings resonators (SRR) are
considered on rectangular patch eachwith 3mmdiameter. It is
operated on 2.59GHz with a S11 of −19.11dB respectively.
At final evolution (Ant. 5) split rectangular slots are etched on
considered on small rectangular patches on both sides of the
feed line. It is operated on 2.41GHz with S11 of −25.34dB.
The comparison of S11 values for each evolution process are
summarized in Table 2.

The simulated, measured S11 response to the proposed
ICCP antenna in free space is presented in Fig. 8 and mus-
cle tissue is presents in Fig. 10. The free space simulated,
measured S11 response is presented in Fig. 8. The resonance
frequency is 2.41GHz and band is (2.01-2.82GHz) with an
impedance bandwidth of 810MHz. The reflection coefficient
is −25.34dB.
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TABLE 2. Comparison of each evolution of ICCP antenna.

FIGURE 7. Measurement of S11 in the free space of an ICCP antenna.

Simulate and measured S11 values of an ICCP antenna in
muscle tissue are shown in Fig. 10. The resonance occurs
to 2.60GHz (2.41 - 2.81 GHz) frequency, and the S11 is
−22.2dB with the impedance bandwidth of 400 MHz.

The simulated and measured performance of an ICCP
antenna for free space and muscle tissue are tabulated
in Table 3. The S11 of simulated and measured results of
free space varies slightly because parametric effects and in
phantom human mimicking muscle gel varies with a different
dielectric constant of different tissues.

Measurement of the S11 is carried by vector network ana-
lyzer (VNA), keysight N9917A for the validation of the ICCP
antenna. The S11 in free space is presented Fig. 7. The S11 in
muscle phantom mimicking gel is presented in Fig. 9.

As shown in Fig. 2, different implanted positions are con-
sidered to analyze the performance of the ICCP antenna.
The S11 response of an ICCP antenna is presented in
Fig. 11. In single layer muscle tissue, the antenna operates
on 2.60GHz (2.41-2.81GHz) with an impedance bandwidth
of 400MHz and S11 of −22.2dB. By considering fat and
skin tissues (case 1), the resonant frequency is observed as

FIGURE 8. Simulated, measured S11 of an ICCP antenna in free space.

FIGURE 9. Measurement of S11 in phantom mimicking muscle gel of an
ICCP antenna.

FIGURE 10. Simulated, measured S11 of an ICCP antenna in phantom
muscle gel.

2.5GHz (2.3-2.7GHz) with −19.09dB S11 is of the same
bandwidth. In case 2, antenna position in between muscle
and fat, the resonance occurs to 2.87GHz (1.6-3.57GHz)
with a S11 of −22.57dB. For case 3, antenna positioned
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TABLE 3. Comparison of simulated and measured results of an ICCP
antenna.

FIGURE 11. S11 of an ICCP antenna with different implant positions is
presents in Fig. 2.

FIGURE 12. Cylindrical foams used for bending purpose with radius 2cm,
3cm, and 4cm.

in between fat and skin, the resonance occurs to 2.25GHz
(1.47-3.05GHz) with a S11 of −31.25dB. A slight shift in the
resonance to lower frequencies can be observed. The value of
S11 is still remaining less than −10 dB across the ISM band
of all cases.

The convex bending analysis is considered of the ICCP
antenna with 2cm, 3cm, and 4cm radius foam, to match the
curved surface of the human body is presents in Fig. 12.
It is observed that, when bending is considered to an
ICCP antenna, the resonance frequency is slightly shifted
lower side of the comparison of the planar antenna.

FIGURE 13. S11 response to a planar configuration and convex bending
states.

FIGURE 14. The ICCP antenna 3D gain plots (a) free space, (b) single layer
human muscle tissue, and three-layer phantom models (c) case 1,
(d) case 2, and (e) case 3.

At 2cm radius bending foam, the ICCP antenna res-
onates at 2.45GHz (2.29-2.62GHz) with an impedance
bandwidth of 330MHz. The resonance is occurred at
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TABLE 4. Comparison of ICCP antenna with existing antennas.

FIGURE 15. SAR of an ICCP antenna models.

2.43GHz (2.26-2.58GHz) for 3cm radius foam, and 2.44GHz
(2.29-2.59GHz) for 4cm radius foamwith 320MHz, 300MHz
impedance bandwidths respectively. The S11 is still remain-
ing less than−10dB and the operating band is still maintained
in ISM band for the different radius of bending analysis.

The S11 of planar and cylindrical bent configurations is
presented in Fig. 13.

The 3D gain plots of an ICCP antenna is represented
in Fig. 14. At free space the gain is 2.62dB, single muscle
tissue the gain is−19.7dB, and−18.4dB,−11.7dB,−18.1dB
for different implant positions the gain is observed of an ICCP
antenna respectively.

FIGURE 16. Measurement setup of an ICCP antenna model.

The specific absorption rate (SAR) of an implanted
antenna is presented for single, three-layer simulation mod-
els in Fig. 15. The 1-g maximum SAR value is observed
as 0.719W/Kg in a muscle simulation model and it is
presents in Fig. 15(a). Similarly, three-layer simulation mod-
els as shown in Fig. 15(b), 15(c), 15(d) with SAR values
of 0.534W/Kg, 0.229W/Kg, 0.914W/Kg. These SAR values
meet the SAR standard of IEEE C 95.1-2005, and 1-g aver-
age SAR is less than 1.6W/kg [17]. The maximum SAR is
observed at 0.914W/Kg, and it is below the standard level.

The radiation pattern characteristics of E-plane and
H-plane of the ICCP antenna are presents in Fig. 17. The
measurement setup is presented in Fig. 16 for radiation pat-
tern characteristics. The E-plane has a bi-directional radia-
tion pattern of a −3dB beamwidths observed as 80◦. The
maximum radiation is focused in a broadside direction.
The maximum radiation are concentrated at 315◦-0◦-45◦ and
135◦-180◦-225◦. Similarly, the radiation pattern is observed
as the omnidirectional with a beamwidth of 75◦ for H-plane.
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FIGURE 17. The radiation patterns (E-field, H-field) of ICCP antenna in
free space.

A good agreement was found between the simulated and
measured radiation characteristics.

The surface current distributions of ICCP antenna at free
space and three different implant positions in human tissues
is presents in Fig. 18. In free space, the surface current dis-
tribution is observed as 94.7A/m. In the single layer muscle
tissue simulationmodel is 144A/m. The current concentration
is high at the lower end of the rectangular patch, and this leads
to the resonant frequency. For different implant positions,
current distributions observed at 144A/m, 197A/m, 296A/m,
112A/m for single layer human tissues, case 1, case 2, and
case 3 for a tissue phantom three layer simulation model,
respectively. The current concentration is varied due to the
absorption of tissue layers.

The ICCP antennameasured results in phantommimicking
muscle gel is compared with the existing antenna models
and is summarized in Table 4. The conformal patch antenna
observed a very small volume of enhanced bandwidth and
conformal properties.

FIGURE 18. Surface current distributions at (a) free space, (b) single layer
human muscle tissue, and three-layer phantom model (b) case 1,
(c) case 2, and (d) case 3 of ICCP antenna.

IV. CONCLUSION
Aminiaturized implantable conformal CPW-fed patch (ICCP)
antenna is designed at ISM-band to operate on biomed-
ical applications. The proposed ICCP antenna has res-
onated with 2.41GHz frequency of free space with S11 of
−25.34dB. The impedance bandwidth of 810MHz (2.01-
2.82) is observed. The radiation pattern characteristics are
observed bi-directional and semi-omnidirectional with a peak
gain of 2.62dB. The fabricated antenna is tested for free
space and in-vitro with different models to analyze the per-
formance. The proposed ICCP antenna is implanted and ana-
lyzed with an artificial muscle mimicking phantom gel. The
ICCP antenna resonates at 2.60GHz (2.41-2.81GHz) with a
S11 of −22.2dB and impedance bandwidth of 400MHz. The
measured results are agreed well with the simulation. The
maximum SAR was observed as 0.914W/kg, which meets
the safety guidelines of the IEEE standard.
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