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Compact triple-band implantable
antenna for multitasking medical devices

Ömer Faruk Çelik1 , Sıddık Cumhur Başaran2,1

This paper presents a compact implantable antenna’s design, fabrication, and measurement for biotelemetry applications.

The proposed design with the size of 255 mm3 provides a triple-band operation that covers all the Medical Implant
Communication Service (MICS: 402 MHz), Medical Device Radiocommunications Service (MedRadio: 405 MHz), and
Industrial, Scientific, and Medical (ISM: 433, 915 and 2450 MHz) bands simultaneously. The compact structure with triple-
band performance is essentially achieved by using a spiral-like radiator loaded with meandered and internal gear-shaped
elements excited by a vertical coaxial probe feed. Also, the slots-loaded partial ground plane is utilized to improve impedance
matching at the desired frequency bands. The design and analysis of the antenna were carried out using the Ansoft HFSS
software in a homogenous skin model and the CST Microwave Studio in a realistic human model. The proposed antenna
was fabricated to validate the simulated results, and characteristics of its return loss and radiation patterns were measured
in minced pork meat. Moreover, realized gains and specific absorption rate (SAR) values of the antenna were numerically
computed using the simulators. Based on the simulated and measured results, the proposed antenna performance was found
to be comparable to the limited number of multiband implantable antenna designs reported in the recent literature.
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1 Introduction

In-body medical devices (IBMDs) that dynamically

transmit the physiological parameters they receive from

inside the human body to an external unit are used in

various applications such as neural recording [1], car-

diac pacemaker [2], monitoring glucose [3] and intraoc-
ular pressure [4], and capsule endoscopy [5]. For these

applications to be realized simultaneously, multiband im-

plantable antennas operating in the frequency bands al-

located for biotelemetry applications are needed. In addi-

tion, implantable antennas should be as compact as pos-
sible to adapt to miniaturized IBMDs. Moreover, due to

the high loss of the in-body environment, the gain of im-

plant antennas is expected to be as high as possible. On

the other hand, these antennas must meet the specific

absorption rate (SAR) limitations determined by inter-
national standards.

Medical telemetry applications are primarily carried

on in the MICS (402− 405MHz) and MedRadio (401−

406MHz) bands. In addition to these bands, Medical
Telemetry Service (WMTS: 1395 1400 MHz, and 1427

1432 MHz) bands are also allocated for the applications.

Apart from these bands, the ISM bands (433 -436 MHz,

902 -928 MHz, and 2.4 -2.484 GHz) are frequently pre-

ferred for this application due to not requiring any license.

Single-band, dual-band, or multiband implantable an-

tenna designs of various types and specifications that can

meet the principal requirements of IBMDs have been re-
ported in the literature [6-25]. In this context, single-
band, and dual-band implantable antenna based on split-
ring resonator (SRR), which are the building blocks of
metamaterial structures, have been designed in [6] and
[7], respectively. In addition, complementary SRRs have
been used as the primary radiator to achieve a dual-band
implantable antenna in [8]. Stack antenna configurations
based on - shaped [9] and S-shaped [10] radiator have
been developed for multiband implantable operations.
For the same purpose, two different implantable anten-
nas with serpentine-shaped resonators have been designed
in [11] and [12]. To achieve a miniature implantable an-
tenna structure offering dual-band operation, meandered
resonators have been employed in [13] and [14]. Simi-
larly, multiband miniaturized implantable antennas with
spiral-shaped resonators have been designed in [15] and
[16]. On the other hand, circularly polarized implantable
antennas have been reported in [17] and [18] for single-
band in-body applications. In [19], implantable antennas
based on effective relative permittivity calculation have
been discussed.

In this paper, we propose a novel triple-band com-
pact implantable antenna for multi-tasking in-body med-
ical devices. The radiator of the suggested antenna con-
sists of three semi circular-shaped concentric resonators
that are spirally connected and a circular patch placed
in their center. This configuration utilizes to keep a size-
able current path in a limited area, and thus miniatur-
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Fig. 1. Proposed antenna structure and simulation environment: (a) – top, bottom, and perspective views of the antenna,(b)(a) –
homogenous skin model, and (c) – a realistic human model

ization is achieved. Thanks to the meandered structures
used on the resonators that excite main frequency modes,
the current paths are extended, and additional miniatur-
ization is provided. Also, a partial ground plane loaded
with an L-shaped slot is used to improve impedance
matching and adjust resonant frequencies. As a result,
the proposed antenna with the novel structure operates
at 433MHz (392-474MHz), 921.5 MHz (843-1000MHz),
and 2405 MHz (2.02-2.76GHz). Thus, it completely cov-
ers MICS (402 MHz), MedRadio (405 MHz), and ISM
(433, 915, and 2450 MHz) bands, where all bands can
be used for biotelemetry applications. Also, the antenna
exhibits comparable size, bandwidth, realized gain, and
SAR distribution performance with the recently reported
multiband implantable antennas. In this article, the pro-
posed antenna structure is introduced in detail, the de-
sign evolution stages based on its equivalent circuit model
are explained, and the simulated and measured antenna
performance is presented, respectively.

2 Trible-band implantable

antenna and performance analysis

In this section, firstly, the structure of the proposed
antenna and simulation environments are introduced in
detail. Then, design evolution stages are discussed based
on the lumped element equivalent circuit model, and the
current distributions at the related frequencies are given.
Finally, the simulated and measured characteristics of
the proposed antenna are presented, and the antenna’s
performance is compared with other reported multiband
antennas.

2.1 Proposed antenna structure and simulation environ-

ments

The proposed antenna structure and the simulation
environments are illustrated in Fig. 1, while its design
parameters and corresponding values are given in Tab. 1.
As shown in Fig. 1(a), the primary radiator of the an-
tenna is composed of three concentric semi-circular ring
resonators of different structures connected spiral-like,
and a fully circular-shaped patch placed in their cen-
ter. The outermost resonator has a straight profile, while
the innermost is an internally gear-shaped structure. The
resonator between them is in the form of a meandered
line. The antenna is excited by a thin microstrip feed
line placed between the circular patch and feeding point.
The radiator with microstrip feed line is on a single-layer
semi-circular Rogers RO3010 substrate (εr = 10.2 and
tan δ = 0.0022) with 0.635 mm thickness. The radiator
is excited by a vertical coaxial probe feed placed between
the feed line and the ground plane. A partial ground plane
loaded with an L-shaped slot is placed on the backside
of the substrate, as shown in Fig. 1(b). In addition, the
Rogers RO3010 copper-free pure dielectric material is uti-
lized as a top layer (superstrate) to prevent the direct
connection between the body tissue and copper radiator.

This suggested compact design achieves the triple-
band operation using the spiral-shaped radiator with var-
ious semi-ring resonators. At the same time, bandwidth
improvement and fine frequency adjustment are provided
thanks to the slot-loaded partial ground plane. Numeri-
cal design and analysis were conducted using the HFSS
simulation setup that mimics a homogenous skin model,
as shown in Fig.1(b). The electrical properties of the ho-
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Fig. 2. Design steps(#1 and #2)of the proposed antenna and
corresponding real parts of the input impedance characteristics

Fig. 3. Return loss characteristics for the proposed antenna design
steps #1 and #2

mogeneous skin tissue were assigned in the simulator de-
pending on the frequency. The skin tissue’s dielectric con-
stant and conductivity values were εr = 46.74 and σ =
0.689 S/m at 402 MHz, εr = 41.33 and σ = 0.872 S/mat

915 MHz, εr = 38.01 and σ = 1.46 S/mat 2450 MHz, re-
spectively, [20]. In addition, the optimum antenna struc-
ture was again analyzed using the CST Katja realistic
human model, shown in Fig. 1(c), for additional valida-
tion. In both simulators, the antenna was positioned at a
depth of 3 mm.

Table 1. Design parameters of the proposed antenna

Parameter Value (mm) Parameter Value (mm)

w 15 l1 7.5

w1 3.6 l2 2

w2 1.8 l3 2.2

w3 1 l4 2.5

w4 0.2 α1 20◦

w5 12.3 α2 10◦

w6 5.5 α3 22◦

l 15 g 0.2

2.2 Design evolution based on the resonance principle

and equivalent circuit model

This compact antenna configuration providing triple-
band performance was developed in four main steps. Also,
many parametric studies were carried out to adjust the
desired resonance frequencies simultaneously, and opti-
mum design parameters were obtained. The configura-
tions of the first two design steps (#1 and #2) and the
impedance characteristics corresponding to each step are
shown in Fig. 2. Also, the return loss characteristics of
the configurations are illustrated in Fig. 3. As seen in
Fig. 2, the starting configuration of the antenna consists
of a three windings spiral-shaped radiator placed on a di-
electric substrate with the other side fully grounded. The
antenna is excited by the microstrip feed line connected to
the circular patch in the center of the radiator. Each wind-
ing of the spiral-shaped radiator and the circular patch

Fig. 4. Equivalent circuit model for step #2
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Fig. 5. Simulated return loss characteristics of EM and circuit
model for step #2

Fig. 6. Return loss(s11)characteristics for configurations #2 and
#3 of the antenna

Fig. 7. Surface current distributions for the proposed antenna

act as a resonator, exciting a different resonant mode. Fig-
ure 2 and 3 show that the starting configuration exhibits
multi-band behavior. However, since the impedance val-
ues are low (about 20-30 ohms) at frequencies other than
500 MHz, full resonant modes do not occur at these fre-
quencies. Therefore, a partial ground plane is introduced
to the antenna (step #2) to tune the impedance levels
(about 40-50 ohm), as shown in Fig. 2. Hence, the config-
uration (#2) offers a triple-band operation with sufficient
bandwidths at 540, 1280, and 2450 MHz, respectively, as
shown in Fig. 3.

Figure 4 shows surface current densities of configu-
ration #2 at the resonance frequencies and its lumped
equivalent circuit model obtained using AWR-Microwave
Office Circuit Design Software. The AWR simulated re-
turn loss characteristic is compared with the HFSS re-
sult, as illustrated in Fig. 5. An excellent agreement is
achieved. When surface current densities at the resonant

frequencies shown in Fig. 4 are examined, as expected,
the current is concentrated in the outermost resonators.
Thus, the first frequency band (540 MHz) occurs because
of the effective lengths of the resonators. The innermost
resonators excite the second frequency band at about
1280 MHz. Also, the third frequency band (2450 MHz)
is mainly generated by the microstrip feed line. Based on
the current distributions and resonance principle, lumped
elements equivalent circuit of configuration #2 is modeled
as three resonators connected in series. It can be seen that
each resonator is modeled as an RLC circuit, and the se-
ries connection between them is modeled as an RL circuit.
The optimal values of RLC are provided using the AWR
software.

We now discuss the other design stages (#3 and #4)
that resulted in the desired antenna structure operating
at 402, 915, and 2450 MHz frequencies used for bioteleme-
try applications. Figure 6 shows the configuration of steps
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Fig. 8. Photographs of the antenna prototypes and measurement setups

(#2, #3, #4) and compares their frequency responses.

As seen, the current path is extended, and the frequency

bands are shifted to the lower value by using the mean-

dered line and internally geared shaped structure in the

second and third rings, respectively, in Step#3. Thus, 402

MHz, 915 MHz, and 2 GHz bands are achieved thanks

to this configuration. However, impedance matching at

2.45 GHz needs to be improved to obtain a better res-

onance characteristic. Finally, the circular ground plane

is enlarged by replacing it with a square type to increase

realized

The gain of the design (see Step #4). And thus, ap-

proximately 2.5 dBi, the gain improvement is achieved

at 402 and 915 MHz frequencies. Also, an L-shaped slot

is introduced on the ground plane, and the feed point is

shifted to the right side to precisely adjust the desired

frequency bands. The optimum size and location of the

slot and position of the feed point have been determined

by a series of parametric studies and the surface current

distributions.

2.3 Surface current distributions

To evaluate the resonance principle, the simulated sur-

face current distributions at each resonant mode are pre-

sented in Fig. 7. It can be seen that the current distri-

bution is concentrated on the two outermost ring res-

onators at 402 MHz, as expected. For 915 MHz, it has a

high concentration on the gear-shaped resonator. Next,

the current distribution at 2450 MHz is concentrated on

the right side of the gear-shaped resonator, microstrip

feed line, and the slot placed on the ground plane.

3 Results and discussion

Fig. 9. Comparisons of the simulated and the measured return loss
characteristics for the antenna

The proposed implantable antenna design was fabri-
cated, and the prototype antenna’s return loss and ra-
diation pattern measurements were carried out. Fig. 8
shows the prototype antennas and the measurement se-
tups of return loss and radiation patterns. As seen, the
measurements were performed by immersing the proto-
type in the minced pork meat. The prototype antenna
was placed at a depth of about 3mm in the meat. The
simulated and measured return loss characteristics are il-
lustrated in Fig. 9. The simulation of the antenna in a
homogenous skin model was carried out using the An-
soft HFSS simulator. The simulation was repeated using
the CST Katja realistic human model for additional val-
idation, as shown in Fig. 1(c). It can be seen that the
simulation and measurement results are in good agree-
ment, except for a slight level shift of the Katja model
at 915 MHz. Based on the HFSS result, the proposed an-
tenna operates at 433 MHz, 921.5 MHz, and 2405 MHz
frequencies with corresponding impedance bandwidths of
18.94%, 17.04%, and 30.96%, respectively. As a result, the
antenna simultaneously covers licensed (MICS 402 MHz
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Fig. 10. Comparisons of the simulated and the measured radiation patterns for the antenna

Fig. 11. Antenna simulations inside Katja realistic human model: (a) – radiation patterns,(b) – SAR distributions(the values are
normalized plotted)

and MedRadio 405 MHz) and free (ISM 433, 868, 915,

and 2450 MHz) frequency bands for biotelemetry appli-
cations. Thanks to the use of ISM bands in addition to

MedRadio bands, multiple biotelemetry applications can

be performed simultaneously.

Radiation patterns of the antenna simulated in the ho-

mogenous model and measured in the minced meat from
pork are displayed in Fig. 10. It is observed that the sim-

ulation and measurement results are in good agreement,

except for minor differences in some cases, probably due

to the deterioration of minced meat during the long mea-

surement period. In addition, while measuring the radia-

tion pattern of the antenna for φ = 0 at 2450 MHz, the

measurement could not be completed due to the failure

of the positioner controller device.

Also, realized gain values of -33.76, -16.8, and -21.2

dBi are obtained at 402, 915, and 2450 MHz. On the

other hand, Fig. 11 shows the radiation patterns and SAR

distributions obtained using CST Katja realistic human

model for additional validation. As shown in Fig 11 (a),
the peak realized gain values at 402, 915, and 2450 MHz

are -39.1, -26.57 and -20.96 dBi, respectively. Also, the ob-

tained SAR values for 0.5 W input power are about 229,

264, and 245 W/kg for these frequencies, as shown in Fig

11 (b). The simulated peak SAR values seem to be high

as compared to the standard imposed by the IEEE. How-
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Table 2. Performance comparison of the multiband implantable antennas

Frequency Peak
Volume

1-g Avg

Ref. bands Bandwidth Gain
(mm3 )

SAR

(MHz) (%) (dBi) (W/kg)

MICS&MR&ISM(433) 37.3 -22

(10) WMTS (1430) 3.64 -17 254 N/A

ISM (2450) 4.16 -16

MICS&MR 15.92 -40.85 665

(11) ISM (915) 9.95 -32.98 52.5 837

ISM (2450) 4.29 -22.37 759

ISM (915) 8.7 -26.4 380

(12) Midfield (1800) 8.2 -23 21 358

ISM (2450) 7.3 -20.47 363

MICS&MR&ISM(433) 36.8 -30.5 305

(15) Midfield (1600) 10.69 -22.6 17.15 588

ISM (2450) 8.94 -18.2 305

MICS&MR 23.13 -23 241

(16) WMTS (1430) 14.13 -20.5 197.04 269

ISM (2450) 18.12 -19 290

(21)
MICS&MR&ISM(433) 24.81 -12.25

432
1299

ISM (2450) 14.7 -12.4 990

(22)
MICS&MR&ISM(433) 30 -18.5

447 N/A
ISM (2450) 1.6 -19.5

(23)
MICS&MR&ISM(433) 28 -16

340
242

ISM (2450) 10 -13.8 150

This
MICS&MR&ISM(433) 18.94 -33.76 229

work
ISM (915) 17.04 -16.8 255 264

ISM (2450) 30.96 -21.2 245

MR: MedRadio

ever, the maximum input power for implantable medical
devices is restricted to 25 µW. In this context, we cal-
culate the maximum allowable input power to meet the
1-g SAR safety limits. To keep the SAR values under the
IEEE standards, the proposed antenna allows maximum
input power of 3.49 mW at 402 MHz, 3.03 mW at 915
MHz, and 3.26 mW at 2450 MHz. Based on the restricted
input power of 25 µW, the proposed antenna is safe for
operation in all bands.

In this section, the proposed triple-band implantable
antenna design is compared with the previously reported
multiband implantable antennas in terms of the volumes,
operating frequencies, impedance bandwidths, gains, and
SAR distributions. In this context, Tab. 2 shows the de-
tailed performance comparison of the antennas. As seen,
only the proposed antenna simultaneously covers MICS
(402 MHz), MedRadio (405 MHz), and ISM (433, 915,
and 2450 MHz) bands allocated for biotelemetry appli-
cations. Also, the proposed antenna has the lowest SAR
distribution values compared to the others. Moreover, the
proposed antenna performs comparably to other antennas
in terms of bandwidth, gain, and size. Furthermore, un-
like the reported implantable antennas, only in this study
the resonance modes of the antenna are explained based
on the lumped element equivalent circuit model.

4 Conclusion

In this study, a triple-band implantable antenna loaded

with various shaped concentric resonators, each exciting

a different resonant mode, was designed for multi-purpose

biotelemetry applications. Also, a lumped equivalent cir-

cuit model of the suggested antenna was developed to

demonstrate the working mechanism and behavior of the

excited modes. Moreover, the fabricated prototype’s re-

turn loss and radiation pattern measurements were per-
formed inside the minced meat from pork to validate the

numerical results. According to the return loss character-

istics, only the proposed antenna simultaneously covers

MICS (402 MHz), MedRadio (405 MHz), and ISM (433,

915, and 2450 MHz) bands used for biotelemetry appli-

cations when compared to the other reported multiband

implantable antennas. In addition, SAR distribution and

realized gain values in the respective bands are better
than the most of the said antennas.
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