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Abstract

In this paper, a novel miniaturized implantable circular antenna is presented. It supports both
wireless information communication and wireless energy transmission at the Medical Device
Radiocommunication band (MedRadio 402–405MHz) and the industrial, scientific, and med-
ical bands (ISM 902.8–928MHz). The antenna is circular to avoid sharp edges while mini-
aturization is achieved by adding two circular slots to the patch. The main scenario
includes embedding into the muscle layer of a cylindrical three-layer model of a human
arm for which several parameters are analyzed (resonance, radiation pattern, and specific
absorption rate). Power transmission efficiency and interaction distance limits to ensure con-
nections are also evaluated. Finally, the design is validated by an experimental measurement in
an anechoic chamber, and some new improvements are proposed.

Introduction

Recently, with the population’s aging acceleration, health care has gained more and more focus
in the society. Implantable medical devices (IMDs) have attracted much attention and have
been popularly studied thanks to their huge potential to be light, small, and utilized in various
pragmatic applications. However, the question of designing an efficient system that supports
both power and data transmission for IMDs remains crucial for researchers.

Radiation, as one of the mainly used methods for wireless charging, is more robust to loca-
tion change and has a smaller size of the reception device compared with the induction
and the midfield transmission method. For biomedical uses, several frequency bands are author-
ized: Medical Device Radiocommunication (MedRadio) service band (401–406MHz), and the
industrial, scientific, and medical (ISM) bands (433.1–434.8, 868–868.6, 902.8–928 MHz, and
2.4–2.5 GHz) [1–3]. Since the team of Chirwa [4] has published a study about the performances
of an implanted source in human intestine under different frequencies in 2003, many research
teams have carried out successively their own designs or analyses [5–7]. Some designs of antenna
possess multiple resonant frequencies but have larger sizes [8]; others are smaller in size
but resonate at higher frequency which will certainly lead to higher losses in deeper
implantation [9]; moreover, much research is performed in the skin layer, which adds difficulties
to medical surgery and is less realistic [10, 11].

In order to address such issues, authors proposed a miniaturized circular antenna in [12].
The antenna has two different resonant frequencies at 403 and 915MHz which correspond to
data and power transmission, respectively. Furthermore, the antenna is designed to be
implanted deep into the muscle tissue and not relatively sensitive to the variations of implant-
ation depth and thus robust to changes in the environment. A full wave 3D simulation of the
global wireless link showed the validity of the above.

This paper is an extended version of the work presented in [12]. Here, an experimental val-
idation of the design is added, including more details on the experimental process and a com-
parison between simulations in human and pork tissues. Pork tissue is usually used in
validation measurements. Furthermore, the antenna design is improved in order to achieve
a good performance during the experiment. The experimental validation of the wireless link
with the fabricated proposed antenna is performed in an anechoic chamber. Ground pork
meat is used as a biological surrounding environment of the antenna. A comparison between
the numerical prediction of the reflection coefficient and the measurement results validates
our approach.

In the “Antenna design” section, detailed structure of the antenna is first presented.
Numerical results (such as reflection coefficient, impedance, radiation pattern, and specific
absorption rate (SAR)) are subsequently analyzed in the “Antenna characteristics” section.
Then in the “In-body/off-body interaction” section, the in-body/off-body interaction with
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an external dipole is analyzed. Finally, in the “Experimental mea-
surements” section, the measurement scenario and results are pre-
sented for a well-defined environment.

Antenna design

A precise parametric model of the antenna is shown in Fig. 1. It is
made up of a ground plane, a patch, a substrate between them, a
superstrate over the patch, and a coaxial feeding. The substrate
and superstrate are made from the same material: Rogers RO
3210 (εr = 10.2, tan δ = 0.003). Both the patch and the ground
plane are circular, connected with a ground wire (located at
point W, diameter: 0.3 mm) which helps decrease the antenna
size. Two circular slots are also cut from the patch in order to
have two operating frequencies at 402 and 915MHz. The imped-
ance of the coaxial cable (located at point F) is standardized to
50Ω. All the parameters marked in Fig. 1 are presented in Table 1.

The antenna has a circular shape to avoid sharp edges. Table 2
presents the comparison results between the circular Planar
Inverted-F Antennas that are designed in previous publications
and the antenna designed in this paper, which is smaller, embed-
ded deeper, and resonating at lower frequencies to reduce losses.

The antenna in this paper is analyzed in a more detailed model
of the tissue as compared with previous studies. In [7], the
antenna is embedded only 3 mm deep which is not as realistic
as in this paper because the implantation at this depth is more
vulnerable and more difficult to realize. In [9], the study is per-
formed with anatomical tissues and thus is for more specific
uses and less useful for other general implantation cases. The
implantation depth is 10 mm which is less deep and the antenna
is slightly larger compared with the antenna in this paper. In [11]
and [13], antennas are implanted into larger skin boxes. It is less
realistic since human skins are usually not that thick.

The antenna in this paper is embedded in the human tissue
model shown in Fig. 2. As in [6], a three-layer cylindrical
human arm model is used in this paper. The radius of each
layer is: bone: 25 mm, muscle: 25–47.5 mm, and skin: 47.5–50
mm. The implantation depth is calculated as the distance between
the center of the radiating patch and the external surface of the
skin layer. The length of the “arm” is set to the minimum value
to ensure proper consideration of a “realistic” case and avoid
heavy calculations.

Antenna characteristics

Reflection coefficients

Reflection coefficient is a key factor to characterize the resonant
frequency of an antenna. Figures 3(a) and 3(b) characterize the
reflection coefficient (S11) of the proposed antenna when implanted
into the three-layer arm model at the depth from 10 to 16mm at
403 and 915MHz. The dielectric constants of human tissue
(relative permittivity εr and electrical conductivity σ) at the corre-
sponding frequencies are shown in Table 3. The data in Table 3 are

Fig. 1. Geometry of the developed circular antenna.

Table 1. Antenna parameters

Parameter Value (mm) Parameter Value (deg)

R1 4.9 θ1 70

R2 3.76 θ2 18

w1 0.15 θ3 163

w2 0.32 θ4 109

t1 0.64

t2 0.64

D 10.7

Table 2. Comparison with previous designs

Reference Antenna radius (mm) Gain in tissue (dB) Resonant frequency (GHz) Examined depth (mm) Model used

[7] 8.5 −15 2.4 2–3 Muscle + phantom

[9] 6 −33.41 0.4; 0.9 10 Skin cube

[11] 7.5 −49.16 0.4; 2.4 10 Skin cube

[13] 2.5 N/A 2.4 25 Skin cube

This paper 5.35 −33.65 0.4; 0.9 10–16 Three-layer model

Fig. 2. Geometry of the three-layer arm model.

462 Shuoliang Ding et al.

https://doi.org/10.1017/S1759078720000197 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078720000197


extracted from the CST database. All the numerical results are
obtained with CST Studios [14] software.

As seen in Fig. 3, the designed antenna is not sensitive to the
implantation depth. The −10 dB bandwidth at 403 and 915MHz
are 80 and 60MHz, which covers the entire corresponding
authorized band.

Radiation pattern and efficiency

The radiation pattern is calculated in the center of the frequency
band: 403 and 915MHz. The 2D radiation patterns are presented
in Fig. 4.

The antenna is implanted at 10 mm depth. At MedRadio band
(403MHz), the maximum gain in far field is around −33.5 dB
and toward the Z axis (see Fig. 2 for axis positioning). At ISM
band (915MHz), the gain is −33.65 dB. It is worth pointing out
that the antenna has a better maximum gain at deeper location:
at 16 mm depth, its gain increases to −31.6 dB at 403MHz and
−33.1 dB at 915MHz since the radiation pattern has a narrower
main lobe.

A comparison of gain is also presented in Table 2. In [7], the
designed antenna has a gain of −15 dB when implanted into a
muscle cylinder with a tissue-mimicking phantom. But the
antenna is embedded only 3 mm deep which is not as realistic

as in this paper because the implantation at this depth is more
vulnerable and more difficult to realize. In [9], the antenna has
a similar size to the one in this paper; the gain at 915 MHz is
−33.41 dB when implanted into an anatomical head tissue. But
this study is for more specific uses and less useful for other gen-
eral implantation cases. The implantation depth is 10 mm which
is less deep and the antenna is slightly larger compared with
the antenna in this paper. In [11], the antenna has a gain of
−49.16 dB at 403MHz when implanted 10 mm into a skin box
which is lower than the one here.

Specific absorption rate (SAR)

SAR is a vital parameter that indicates the safety level of an
embedded antenna; it represents the average amount of electro-
magnetic power that can be absorbed by human body. The two
IEEE standards about SAR limits [15, 16] point out that the
value of SAR for every 1 or 10 g of human tissue cannot be higher
than 1.6 and 2W/kg, respectively. In Table 4, the maximum input
power for the antenna that satisfies each SAR limit at 403 and
915MHz for implantation depths of 10 or 16 mm is given.

Fig. 3. Reflection coefficient of the antenna ((a) at 400
MHz and (b) at 915 MHz).

Table 3. Dielectric constants of human tissue [14]

Frequency Bone Muscle Skin

403 MHz εr 13.22 57.15 46.81

σ (S/m) 0.09 0.79 0.69

915 MHz εr 12.45 54.98 41.35

σ (S/m) 0.15 0.93 0.85

Fig. 4. 2D radiation pattern of the antenna at 10 and 16mm implantation depth ((a)
at 403 MHz and (b) at 915 MHz).
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Surface current

The surface current is also an important factor, especially during
the antenna’s design. It shows the polarization of the antenna
and the current path on the patch. This helps adjust the antenna
in order to resonate in the correct frequency range. Figure 5
shows the surface current on the radiating patch at 402 and
915MHz.

As seen, the current along the external slot reaches its peak
value when the antenna resonates at 402MHz and the current
along the internal slot reaches its peak at 915MHz. This shows
the radiation and the polarization mode of the antenna.

In-body/off-body interaction

The antenna is designed to receive energy and emit signal for infor-
mation exchange at the same time, therefore it is necessary to evalu-
ate its capacity and efficiency with a more realistic situation in order
to examine its performance and also to choose the best energy
transmitting frequency band. In this section, a half-wavelength
(in air) dipole is used as an external device for both energy and
information transfer at the operating frequencies as shown in Fig. 2.

The external device is located face-to-face with the main lobe
of the antenna at its operating frequency.

As a reception device from transmission dipole

The value of power received is a significant parameter to evaluate
the performance of the implantable device as a reception device.
In Table 5, the power received by the embedded antenna from the
external dipole as well as the implantation depth and the dipole to
skin distance in each case is provided. It should be noted that for
each frequency band, there exist different radiated power limits:
−16 dBm (25 μW) at MedRadio band (401–406MHz) [17] and
30 dBm (1W) at ISM band (902–928MHz) [18].

With the maximum authorized input power, the antenna is
able to receive 4000 times more energy (nearly 1000 times
when embedded deeper) in the ISM band than in the
MedRadio band. Therefore, in our case, the ISM band (902–
928MHz) is chosen as the energy transmission band. The SAR
values in both cases are much lower than the limits.

As an emission device to reception dipole

It is also necessary to analyze the power redelivered to the external
dipole to ensure the possibility to receive signal from the circular
antenna when it is embedded inside human body.

In [19], an RF-DC conversion circuit is proposed with an effi-
ciency of 33.1%. If 5% of total converted DC power is assumed to
be used for emitting signal, for each distance between the energy
delivery dipole and the skin surface, there is always a correspond-
ing maximum distance between the reception dipole and the skin
surface in order to ensure the connection (energy received by the
reception dipole ≥−90 dBm [20] which is the minimum power
that can be received by mobile phones without information
loss) for every different implantation depth. The results are pre-
sented in Table 6. For example, if a dipole at 915 MHz is fed
with 30 dBm and is 375 mm from the tissue surface while the
implanted antenna is at 16 mm depth, then under the above
restrictions an external dipole (at MedRadio band) should be
placed at a maximum distance of 155 mm.

Furthermore, in [21] a table of sensors is presented together
with their average power consumption. This also validates the use-
fulness of the antenna in this paper.

Table 4. Maximum input power for the antenna

Max input power (mW)
1 g-average 10 g-average

Implantation depth (mm) 10 16 10 16

403 MHz 15.38 14.99 72.22 71.17

915 MHz 14.08 14.01 86.33 91.19

Fig. 5. Surface current on the radiating patch at around phase = 250° ((a) at 402 MHz
and (b) at 915 MHz).
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Experimental measurements

Electromagnetic simulation of the experimental case

During the experiment, ground pork meat is used as replacement
for “human tissue” since it is more realistic than using liquid
material to emulate dielectric properties of human tissue for vari-
ous RF frequencies [22]. A cylindrical plastic cup is used to guar-
antee the cylindrical form to simulate the human arm. Due to the
absence of the bone and change in the shape of the tissue, a fur-
ther simulation with these experimental materials is realized in
order to match the situation. The simulation structure is shown
in Fig. 6.

The antenna is embedded with the coaxial cable in a cup of
ground pork. The thickness of the plastic cup is 0.5 mm and the
implantation depth is calculated from the center of the antenna
to the inner surface of the plastic cup at the same height level.

It is worth pointing out that although in Fig. 6 the antenna is
embedded together with the coaxial cable, in the real case, the
coaxial cable is no longer used because the antenna will serve

as a power receiving device. It will be directly connected with a
rectifying circuit and then feed the corresponding sensor.

Although porcine meat has been used frequently as a replace-
ment of human tissue thanks to its easy accessibility and its simi-
larity of dielectric properties and biological responses to human
tissues [23], there are still slight differences between the electrical
properties of the two tissues, especially when it is adipose tissue.
Table 7 shows the electrical characteristics of ground meat and
human muscle at 915 MHz [22, 24].

Due to this change of environmental characteristics, some fine-
tuning should be done to the antenna design in order to obtain the
same resonant frequencies as in the simulations. Table 8 shows the
parameters of the newly designed and fabricated antenna.

In the new design, the two resonant frequencies are moved
slightly to lower frequencies (by reducing the radius of the two
slots respectively) in order to leave a margin for the frequency
shifting caused by a decrease in the dielectric constant.
Furthermore, a glue layer of 0.8 mm (εr≈ 3.5) to stick the sub-
strate together with the superstrate is also taken into account.
The metallic patch has a diameter of 10.8 mm but the diameters
of substrate, superstrate, and ground plane are all increased to
11 mm, in order to cover the patch. This new design avoids the
direct contact between the patch and the surrounding tissue
and thus becomes more robust to the environmental change
and has a higher gain.

Table 5. Results as reception device

Embedded depth
(mm)

External dipole–arm
surface distance (mm)

Max authorized emission
power (dBm)

Max power
received (dBm)

SAR (W/kg)

1 g-average 10 g-average

403
MHz

10 105 −16 −54.5 1 × 10−4 3 × 10−5

10 375 −16 −66.2 2 × 10−6 1 × 10−6

16 375 −16 −64.5 2 × 10−6 1 × 10−6

915
MHz

10 105 30 −18.5 0.32 0.22

10 375 30 −28.76 0.024 0.017

16 375 30 −31.35 0.025 0.018

Table 6. Results as emission device

Implantation
depth (mm)

Distance between
energy delivery dipole
and arm surface at

915 MHz (mm)

Maximum distance
between reception

dipole and arm surface
at 400 MHz (mm)

10 105 450

375 185

700 105

16 105 425

375 155

625 105

Table 7. Comparison of dielectric characteristics

Ground pork Human muscle

εr 39.8 54.9

σ (S/m) 0.65 0.93

Fig. 6. Simulation model for predicting changes during measurements.

Table 8. Parameters of the newly designed antenna

Parameter Value (mm) Parameter Value (deg)

R1 4.82 θ1 22

R2 3.68 θ2 18

w1 0.15 θ3 141

w2 0.32 θ4 179

t1 0.64

Dpatch 10.8

Dground 11
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This impedance of the antenna is standardized to 110Ω in
order to obtain a good performance.

Measurement results

The measurements are performed in an anechoic chamber.
Figure 7(a) shows the fabricated antenna in comparison with a
euro cent. Figure 7(b) shows the antenna with glued superstrate
and soldered together with the coaxial cable. Figure 7(c) shows
the structure under measurement inside the anechoic chamber.
The whole antenna is embedded in the ground pork with a certain
implantation depth measured from the outside. Then the con-
nector is fixed onto the measurement platform in order to
avoid uncertainties.

The coaxial cable is folded behind the main radiating direction
in order to minimize the influence of radiation that comes from
the cable. Moreover, the glue that surrounds the radiating patch
may also lead to the isolation of the antenna from the pork tissue.
The scenario is presented in Fig. 8(a).

Figure 8(b) shows the measured results of the reflection coeffi-
cient obtained by the Vector Network Analyzer Agilent E8363b as
compared with the corresponding simulated S11. The results at the
first resonant frequency of 403MHz are in satisfactory agreement.
For the second resonant frequency, there is a shift in the resonance
of around 25MHz. This is because, on the one hand, the dielectric
constant of the pork tissue is lower than that of the human muscle;
on the other hand, the air bubbles that exist among the ground
pork meat may also decrease the equivalent permittivity of the sur-
rounding environment. Therefore, the antenna resonates at a
higher frequency than designed. However, in general the measure-
ment results and simulation results match well with each other.

In order to validate this assumption, a new simulation using the
dielectric properties of pork is performed and the reflection coeffi-
cient S11 at 915MHz band is compared with the experimental
result. This is shown in Fig. 9.

As shown in Fig. 9, the result of the simulated S11 in pork is
much closer to the measurement result compared with the simu-
lation in muscle, which validates the previous assumption that
this shifting is caused by the difference between the pork and
human tissue.

Conclusion

In this paper, a miniaturized circular antenna is designed for
deep-body wireless biomedical applications. The antenna is stud-
ied while embedded into a three-layer cylindrical model of arm
and its performance is evaluated. The dual resonant frequency
covers MedRadio (401–406MHz) and ISM bands (902–928
MHz). The antenna has a gain of −31.6 dB at 403MHz and
−33.1 dB at 915MHz, respectively. The in-body/off-body link is
also analyzed. First, we assess the amount of power that could
be received from an external dipole at the maximum authorized
input power in order to select the appropriate energy

Fig. 7. (a) Fabricated antenna compared with one euro cent. (b) Complete antenna
with a coaxial cable and superstrate. (c) Antenna embedded into minced pork.

Fig. 9. Comparison of different reflection coefficient results.

Fig. 8. (a) Experimental structure of the fabricated antenna. (b) Measurement results
compared with simulation results.
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transmission band. Then the amount of power that could be rede-
livered to the external device is also calculated, and the distance
limits to ensure reliable connection are shown in the paper.
Finally, the antenna is fabricated and tested in an anechoic cham-
ber. Although slight differences are observed between the meas-
urement and simulation results, the deviation is acceptable
while the source of discrepancies (air bubbles and change in the
dielectric properties of tissue) is identified.

In the future, several transmission and link budget scenarios
will be tested and measured in the anechoic chamber.
The newly design antenna will also be tested.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1759078720000197.
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