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Abstract  This paper proposes a slotted patch antenna with
wide bandwidth covering ISM frequency band (2.40–2.48 GHz)
for implantable biotelemetry applications. A homogeneous skin
phantom (HSP) model proves the usability of the proposed
antenna in in-body environments. At a resonance frequency
of 2.42 GHz, the design shows an S11 parameter of –35.56 dB,
a percentage impedance bandwidth of 66.6% (2–4 GHz), and
the maximum peak gain of –24.80 dBi. To validate the simulated
results, the designed antenna was fabricated and measured,
showing good compliance with the expected results. To ensure
tissue safety, a specific absorption rate (SAR) is simulated for
the proposed antenna which satisfies the requirements of IEEE
standards, with a value of 87.75 W/kg for 10 g of tissue. The
proposed antenna shows a telemetry range of 11 and 6.3 m at 7
kbps and 100 kbps data rates, respectively. The key features of
the proposed antenna include the following: miniaturization,
good S parameters, wide bandwidth, low SAR, good telemetry
range, and high gain.
Keywords  biotelemetry, implantable antenna, ISM band, specific
absorption rate (SAR)

1. Introduction

Implantable medical devices (IMD) are receiving more at-
tention from researchers and are used for monitoring human
health. IMDs sense real-time data and interact with an exter-
nal device wirelessly. Hence, implanted antennas need to be
used in IMDs to transmit data to the receiver [1], [2]. A wide-
band antenna offering features that allowing it to be implanted
is a key element for a such communication system [3]. De-
signs of implantable antennas differ from those of free space
antennas, since they are surrounded by lossy human tissue,
influencing the antenna’s characteristics. When designing
an implantable antenna, a few key points need to be consid-
ered, such as compactness, wide bandwidth, biocompatibility,
patient safety, etc.
Several frequency bands are allowed in implantable appli-
cations, such as ISM, MICS or WMTS. The MICS band is
mainly allocated and preferred for implantable applications,
but it has some limitations, for instance narrow bandwidth
and low data transmission rate. The ISM band has become in-
creasingly attractive for implantable applications, as it offers
a number of advantages, including wide frequency bandwidth,
fast data transmission, circuit simplicity, ability to incorporate

small antenna architectures, and good tissue penetration by
radio waves. The 2.4–2.48 GHz ISM band is the most popular
selection for wireless in-body biomedical devices due to good
availability of commercial off-the-shelf (COTS) components.

Antennas proposed for such wireless biomedical devices
are usually dipole, microstrip, spiral, meandered or dielec-
tric resonator antennas to ensure sufficient miniaturization.
Researchers have designed a number of different types of im-
plantable antennas for biotelemetry applications, as presented
in papers [4]–[6], [9]–[20]. In [4], a meander-shaped patch
aerial was proposed for IMDs. The designed antenna covers
7.3% of the 2.4 GHz ISM bandwidth. In [5], a serpentine-
shaped patch and an open-ended ground plane-based antenna
were designed for the 2.40 GHz ISM bandwidth, covering
8.6% thereof. A slot antenna was also designed for bioteleme-
try applications, covering 23.9% of the MICS band, as de-
scribed in paper [6].

One of the essential requirements of implanted antennas
is their stability of performance inside the human body.
Surrounding human tissues affect the resonance frequency
of the antenna and cause an uncontrolled shift, known as
the detuning effect. Therefore, antennas offering as great
a bandwidth as possible are needed to mitigate this effect.
For bandwidth enhancement, an aperture-coupled dielectric-
loaded implantable antenna was proposed in [12] for the 2.4
GHz ISM band, offering good bandwidth coverage (22%) and
a low SAR value. In [14], a stacked parasitic structure was
used for increasing the bandwidth. The achieved impedance
bandwidth was 30%.

A wideband compact implantable antenna for the 2.4 GHz
ISM band was presented in [16], with its bandwidth cov-
erage equaling 29%, i.e. approximately 670 MHz. In [20],
a miniature implantable antenna was shown, relying on low
permittivity substrate (RT Duroid 5880, εr = 2.2). This de-
sign offered a 64.9% wide impedance bandwidth.

Due to designed ground structure of the antennas mentioned
above, undesired backward radiation causes a reduction in
their performance, manifesting itself in energy efficiency and
gain losses. The bandwidth of the reported antennas needs
to be improved as well. Therefore, in this work, a center
rectangular slotted patch antenna with a full ground plane,
offering high impedance bandwidth is proposed. To achieve
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Tab. 1. Optimized antenna parameter values.

Parameter Value [mm] Parameter Value [mm]
lp 10 l3 1
wp 10 ro 1.20
w1 0.25 ri 0.50
s1 1.25 gw 4.40
s2 1.50 gl 7.90
s3 5 rs 1
sw 5 lb 35
r1 0.50 wb 70
l2 1.25 d 6

the highest possible degree of miniaturization, the shorting
pins technique is used.

2. Design Methodology

For the purpose of implanting the antenna, a design with
a resonating frequency of ISM 2.42 GHz is considered.

2.1. Antenna Design

Figure 1 shows the dimensions and shape of the antenna. The
Rogers 6010 (εr = 10.2, tg δ = 0.0023) PCB laminate with
a thickness of h = 0.25mm is chosen for the substrate and the
superstrate layer, as the antenna is expected to operate while
being surrounded by human tissue. A full ground plane is
used to reduce backward radiation, which leads to efficiency
and gain improvements. The center slot of 5 × 5 mm helps
fix the operating frequency within the ISM band, resulting
in resonance at 3.9 GHz. By inserting such a square center
slot, the effective size of the patch is reduced and the surface
current path becomes longer than with a regular shape patch.
Next, more slots are introduced to enhance the surface current
route and to get closer to resonance in the ISM band. By
introducing circular slots at the corners of the square center
slot, the resonance frequency is lowered to 3.0 GHz, while
2 shorting pins, each with a radius of 0.5 mm, shorting the
patch to the ground provide a satisfactory value of resonant
frequency equaling 2.42 GHz and an acceptable gain value.
The final design of antenna this work is concerned with has
a volume of 50 mm3 and measures 10 × 10 × 0.50 mm. Table
1 summarizes all the dimensions of the patch, ground, and
other aerial structures.

2.2. Simulation Setup

The designed antenna was simulated using the Ansoft HFSS
software, with the finite element approach adopted and a ho-
mogeneous human skin tissue box model, with its dimensions
equaling 70 × 70 × 35 mm3. The frequency-dependent elec-
trical parameters of skin in the 2.4 GHz ISM band (εr = 38,
σ = 1.44 S/m) were taken from [7], and the design is simu-
lated at various skin depths, as shown in Fig. 3b.

3. Results and Discussion

In the next step, the designed antenna was fabricated and
then its parameters were measured to validate the simulated
results. The prototype of the antenna and the measurement
setup are presented in Fig. 4. To ensure that the measurements
are taken under conditions similar to those under human skin,
the antenna was placed between two layers of pork [11].
The S parameter is measured by using a vector network
analyzer (VNA) and an anechoic chamber was used for far-
field measurements.
Figure 5a shows the simulated and measured values of the S
parameter vs. frequency, where |S11| value equals –35.55 dB
at 2.42 GHz. The measured bandwidth of the designed anten-
na, covered by a pork tissue sample, is 1.31 GHz (2.06–3.37
GHz). One may notice that the measured results fail to per-
fectly match the simulated parameters. This is caused by many
factors impacting the simulation and measurement environ-
ments, such as accuracy of simulation and measurement tools,
complexity of biological tissues, tissue properties (as these
may not accurately represent the specific conditions which
were used for simulation), physical fabrication and placement
of the antenna in the pork tissue during measurements, fre-
quency ranges, and the power levels used during simulation
and measurement phases. From Fig. 5a, it can also be ob-
served that the measured parameters of the designed antenna
nearly match the simulated values and also holds the 2.40
GHz ISM band.
The far-field gain plot of the designed antenna is shown in Fig.
5b. The design shows a simulated peak gain of –24.80 dBi
and a measured peak gain of –25.07 dBi, respectively, at the
working frequency of 2.42 GHz. Negative gain is observed
because the designed antenna is electrically tiny and is sur-
rounded by lossy skin tissue. It is observed that all implanted
patch antennas offer low gain values. Compared to other ref-
erence antennas, the designed aerial shows a good gain value
due to the full ground feature, which results in low backward
radiation.
Figure 5c shows the simulated and measured radiation patterns
at the working frequency of 2.42 GHz. One may notice that
the E and H plane graphs are almost omnidirectional. The
maximum simulated and measured radiation values amount
to –7.04 dB and –9.79 dB, respectively, corresponding to bore
side direction, i.e. θ = 0◦.
The surface current density and SAR are also simulated to
examine the impact of the designed antenna on human tissue.
Figure 6a shows the surface current density on the patch with
a maximum value of 173.75 A/m, while Fig. 6b illustrates
the average SAR distribution for 10-grams of tissue at 2.41
GHz resonance frequency. SAR analysis is conducted by
calculating the amount of heat the radiation generates in
the human tissue. The IEEE C95.1-2019 standard specifies
the allowed SAR value of 2 W/kg per 10 g of tissue in the
frequency range of 100 kHz to 6 GHz for implantable patch
antennas [8].
To validate this, the proposed antenna was inserted into
a homogeneous skin box structure, at a depth of 6 mm. At
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Fig. 1. Details of the designed IMD antenna: a) top, b) bottom, and c) isometric view.
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Fig. 2. Four design steps and plot showing the corresponding S
parameters of the designed antenna.

input power of 1 W, the SAR value, as shown in Fig. 6b,
reached 87.75 W/kg for 10 g of tissue. Therefore the input
power limit equals 22.79 mW. It is much higher than the
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Fig. 3. Homogeneous skin box model – a) and S parameters at
different skin box depths – b).

minimum required input power of 25 µW, showing that the
calculated SAR value is not an issue for this design.

4. Link Budget Calculation

In the next step, link budget calculations are performed to
obtain the telemetry range of the proposed antenna at differ-
ent data rates. The link margin for far-field communication
should be typically over 0 dB, which basically balances all
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Fig. 4. Prototype of the designed antenna and the measurement
setup.

the losses and the gain of the communication link. The link
margin equation and parameters are taken from [2] and are
summarized in Tab. 2:

Link margin [dB] = Link
C

N0
−Required C

N0

LM [dB] = Pt+Gt−Lf+Gr−N0−
Eb
N0
−10 logBr+Gc−Gd,

where Pt is transmitted power, Gt is transmitted gain, Lf is
free space path loss, Gr is receiver gain, Br is data rate, and
N0 is noise power density. The free space path loss Lf can
be calculated as:

Lf [dB] = 20 log
4πd
λ
.

Link margin is calculated for two data rates of 7 kbps and
100 kbps, and the corresponding link margin vs. distance plot
is obtained (Fig. 7).
From Fig. 7, one may observe that the proposed antenna
supports communication up to a distance of 11 m and 6.2 m,
for 7 kbps and 100 kbps data rates, respectively.
A comparison of the proposed antenna and other designs de-
scribed in recent papers is provided in Tab. 3. One may notice
that the obtained bandwidth of the designed antenna is better
than the values obtained while using other referenced anten-
nas. From the table, one may also see that other parameters
of the proposed antenna are satisfactory as well and that it
may be useful in implant applications.

5. Conclusion

A skin-implanted antenna operating within the 2.4 GHz ISM
band has been presented in this paper. The design has an
excellent bandwidth of 2 GHz and a reflection coefficient |S11|
of –35.55 dB at resonance frequency of 2.42 GHz. To confirm
the simulated results, the antenna’s parameters were measured

Frequency [GHz]

Frequency [GHz]

1.5

1.5

2.0

2.0

2.5

2.5

3.0

3.0

3.5

3.5

4.0

4.0

S
  [

dB
]

11
G

ai
n 

 [
dB

]

–35

–32

–8

–12

–16

–20

–24

–20

–16

–12

–8

–30

–31

–3-

–29

–28

–27

–26

–25

–24

–25

–20

–15

–10

–5

Simulated

Simulated

Measured

Measured

0

90o

120o

150o

180o
210o

240o

270o

300o

330o 30o

60o

simulated E plane
simulated H plane

measured E plane
measured H plane

E-H plane

a)

b)

c)

Fig. 5. Summary of simulated and measured parameters: a) S
parameter, b) far field gain, and c) radiation pattern of the designed
antenna on an E–H plane.

under conditions similar to a real implant, and the results have
been found to be satisfactory. SAR values are determined
according to several IEEE standards for safety purposes,
with the results being well under the permissible values. It
should be highlighted that the proposed antenna has a wide
impedance bandwidth, low SAR, good gain, and a frequency
spectrum that is suitable for biomedical applications.
Finally, the maximum allowed input power was calculated,
and it was observed that the full permissible input power
was much higher than the value of 25 µW required for the
transmitter. The link budget analysis proved that a telemetry
range of up to 11 m and 6.2 m could be achieved for the
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Fig. 6. Surface current on patch a) and average SAR for 10 g tissue
at 2.41 GHz b).
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Fig. 7. Link margin plot for 7 kbps and 100 kbps.

data rates of 7 kbps and 100 kbps, respectively. The obtained
results of the antenna that has been designed and fabricated for
the purposes of this paper suggest that it may be successfully
used in biotelemetry applications.
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