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ABSTRACT: This paper presents a miniaturized implantable antenna with multi-resonances operating at the Medical Implant Commu-
nication Service (MICS) band (402–405MHz) and Industrial, Scientific, and Medical (ISM) band (433.1–434.8MHz, 868–868.6MHz,
and 902–928MHz) for advanced biomedical applications. The proposed antenna is notably compact, occupying a volume of 10× 10×
1.27mm3 (equivalent to 127mm3). Multi-resonance frequencies are generated by incorporating a shorting pin and a meandered resonator
structure. The proposed antenna exhibited wideband characteristics, with bandwidth ratios of 39.5% and 28.8% at 402 and 915MHz,
respectively. Moreover, the performance of the implantable antenna was further validated in different organs within a realistic human
body model, such as the heart, stomach, small intestine, and colon. The practical performance of the fabricated antenna prototype was
validated using a tissue-equivalent liquid phantom. Additionally, to evaluate the transmission performance under real-world scenarios, an
on-body antenna matched with the implanted antenna was designed for an in-body to on-body transmission setup. Under the maximum
safe input power of 25µW, link budget analysis demonstrates that data can be transmitted at a rate of 10Mbps over distances of 9.5 and
12 cm in the MICS and ISM bands, respectively. The simulated and experimental results verified the feasibility of substituting a realistic
human model with a homogeneous muscle model in the design of an implantable antenna system and demonstrated a strong potential for
diverse implantation scenarios and future biotelemetry applications.

1. INTRODUCTION

Implantable medical devices (IMDs) support an increasing
number of diagnostic and therapeutic functions, including

sensing, stimulation, monitoring, and drug delivery [1].
Among them, implantable antennas are key components
that enable wireless communication with external medical
devices [2]. Miniaturization is a critical challenge in the design
of implantable antennas, because the implant devices must
be compact enough to fit within the limited space available
inside the human body [3]. Various antenna miniaturization
techniques have been introduced, such as slot-based designs,
spiral-structured configurations, and multi-layered antenna
structures [4, 5]. In addition, the dielectric properties of human
tissues are frequency-dependent and vary significantly across
different body tissues, which further increase the complexity
of implantable antenna design [6]. Different implantation
scenarios can alter the resonant frequency and impedance
bandwidth, potentially affecting the ability of the antenna to
transmit and receive signals effectively. Increasing the antenna
bandwidth always results in a trade-off with miniaturization.
For example, the introduction of additional resonant arms or
elements can enhance the bandwidth through multi-frequency
operation [7, 8], but it often comes at the cost of increased
size, which is counterproductive for implantable applications.
In comparison, Planar Inverted-F Antennas (PIFAs) offer an
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advantageous solution owing to their inherent miniaturized
design and enhanced bandwidth capabilities [9]. Specifically,
by incorporating a ground plane with a monopole structure,
PIFAs enable multiple resonances, thus supporting a broader
operating frequency range than standard monopoles. This
makes them particularly suitable for medical devices that op-
erate across various frequency bands, such as skin-implantable
biotelemetry units, wireless capsule endoscopy (WCE) sys-
tems, and leadless pacemakers (LPs), all of which have
seen the widespread adoption of PIFA technology in recent
years [10–17].
Currently, a wide variety of frequency bands are used for

implantable device communication. The Medical Implant
Communication Service (MICS) band, which operates at 402–
405MHz, has been a popular choice because of its relatively
low risk of interference with other wireless services [18].
However, given the power consumption constraints and need
for prolonged battery life in implantable devices, they often
operate in multiple modes, such as sleep and wake-up modes.
This operational diversity necessitates an antenna that can res-
onate at multiple frequencies to adapt to these modes, leading
to the exploration of additional frequency bands. Industrial,
Scientific, and Medical (ISM) bands have also been considered
for biotelemetry in implantable devices. The frequencies
within these bands 433.1–433.8MHz, 868–868.6MHz, and
902.8–928.0MHz. Research has been conducted to design
antennas operating at these frequencies and evaluate their
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TABLE 1. Comparison of proposed antenna with prior works.

Reference Size (mm3) Band (MHz) Bandwidth Gain (dBi)

This work 10× 10× 1.27
402
915

159 (39.5%)
275 (28.8%)

−39.8

−26.2

[21] 14× 7.5× 0.5
402
915

64 (15.8%)
91 (10.1%)

−40.85

−32.98

[22] 15× 15× 1.27 915 97 (10.6%) −27

[23] π × 102 × 2.54 402 150 (38.1%) −34.08

[24] 10× 12× 1.27 402 170 (34.3%) −35.2

[25] 26× 54× 0.2 915 42.21 (4.6%) −11

[26] 11.6× 10× 0.5 402 65.36 (16.2%) −39.66

performance. For instance, a compact circularly polarized
rectangular patch antenna operating in the single 915MHz
ISM band was designed for biomedical applications [19].
Another study analyzed the radiation performance of miniature
antennas suitable for head-implanted medical devices that
operate in the MICS and ISM bands [20]. Furthermore,
one study assessed the efficiency of an antenna system for
skin-implantable biotelemetry units operating in the MICS
and ISM bands [21]. However, most of the literature faces a
critical challenge in that the practical bandwidths of the small
antennas are limited by their miniaturized size. Therefore,
to achieve antenna miniaturization with a wide bandwidth,
a multi-resonant compact antenna with a wider bandwidth
should be proposed for advanced biomedical applications.
Accordingly, in this study, a miniaturized, multiband planar

PIFA is presented for biomedical applications. The antenna
was notably compact, measuring 10× 10× 1.27mm3. The an-
tenna is designed to resonate at multiple frequency bands across
the MICS (402–405MHz) and ISM (433.1–434.8MHz, 868–
868.6MHz, and 902–928MHz) bands. Compared with the
most recent implantable antennas listed in Table 1, the proposed
antenna achieved a wider bandwidth at each resonant frequency
while maintaining a smaller size. The multi-band operation of
the antenna provides dual-mode communication. Specifically,
the MICS operating band allows data transmission, whereas
the ISM band ensures sleep mode and waits for the reception
of a wake-up signal. The dual-mode communication system
conserves battery energy to extend the lifetime of implanted
devices. To evaluate the transmission performance of the im-
plantable scenarios, we also designed a well-matched wearable
antenna that operates at 402–405MHz and 902–928MHz, re-
spectively. Furthermore, manufacturing and measurement pro-
cedures were conducted for both implantable and wearable an-
tennas. The consistency between the simulation and measure-
ment results confirms the feasibility of the antenna system for
in-body communication applications.
The remainder of this paper is organized as follows. The an-

tenna design is described in Section 2. The operating environ-
ment and evaluation of the antenna performance are introduced
in Section 3. The antenna system analysis and discussion are
presented in Section 4, and the link budget analysis is presented
in Section 5. Finally, the conclusions are presented in Section 6.

2. ANTENNA DESIGN
The exact geometry of the proposed planar Inverted-F antenna
is shown in Fig. 1. The dimensions are 10 × 10 × 1.27mm
(127mm3). As shown in Figs. 1(a)–(b), the serpentine-shaped
radiation patch and ground plane are printed on a Rogers
RO3210 substrate with a thickness of 0.635mm. The substrate
material Rogers RO3210 has a dielectric constant and tangent
loss of 10.2 and 0.0027, respectively. Fig. 1(c) shows another
0.635mm thick layer, which is the same material as the sub-
strate to provide insulation. In addition, the superstrate layer
with high relative permittivity can also shorten the effective
wavelength to support antenna miniaturization. A shorting pin
(via) with a diameter of 0.5mm is configured to connect from
the ground layer to radiation patch. A 50Ω coaxial probe with a
diameter of 0.9mm is adopted to feed the antenna along the di-
agonal direction. Themultiband operationwith enhanced band-
width was achieved by introducing a resonator and moving via
at the appropriate position (X = 6mm, Y = 3.5mm). The
optimized parameters are summarized in Table 2.

(a) (b)

(c) (d)

FIGURE 1. Proposed antenna geometry. (a) Radiating patch. (b)
Ground plane. (c) Isometric view. (d) Side view.
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TABLE 2. Detailed parameters of the implantable antenna (Units: mm).

Parameter Value Parameter Value
w1 4 t1 2.5
w2 3 t2 3.5
r1 1.5 z 5
r2 2 s 5.5
p1 7 b 1.5
p2 6 V 0.635
h 3 R1 0.9
L 10 R2 0.5

(a)

(b)

FIGURE 2. (a) Step-wise designing modifications. (b) Reflection coef-
ficient S11 of the corresponding designing steps.

As shown in Fig. 2(a), the proposed multi-band antenna with
wideband characteristics was designed and evolved through
four steps. The reflection coefficient (S11) comparison for the
corresponding steps is shown in Fig. 2(b). As shown in step 1,
the design of the proposed miniaturized antenna starts with a
rectangular patch antenna. Owing to the introduction of a tor-
tuous resonator, two resonant frequencies occur at 1.25 and
2.45GHz, respectively. In step 2, by introducing a rectangu-
lar radiant plate, the resonant frequencies of the antenna shift
slightly, but result in two stronger impedance matching at ap-
proximately 1 and 2GHz, respectively. To ensure that the an-
tenna operates within the target frequency bands, we inserted a
via and a new resonant cavity on the antenna patch in step 3.
The antenna generated a new resonant frequency at approxi-
mately 393MHz and achieved acceptable impedance match-
ing, thus producing a triple-band operation mode for the an-
tenna. Finally, to cover the bandwidths of 868–868.6MHz
and 902–928MHz, we introduced continuous and meandering
slots above the feeding in step 4 and subsequently achieved
impedance matching with a −10 dB bandwidth of 174MHz
(854–1028MHz).
To better understand the working principle of the antenna,

the current distributions of the metal radiation layer at 402 and
915MHz are shown in Fig. 3. At 402MHz, the full radiation

(a) (b)

FIGURE 3. Current distributions on the radiating patch plane at (a)
402MHz and (b) 915MHz.

patch is activated, and the current flows in the same direction
from the feed to the via without changing its direction, indicat-
ing that all metal strips contribute to the low resonant frequency.
In Fig. 3(b), the metal strip on the left side of the patch at the
915MHz band has a higher surface current density, and the cur-
rent changes direction only once at the lower right-hand corner
of the patch, which indicates that good impedance matching is
achieved at 915MHz.
Moreover, the parameters affecting the antenna impedance

matching were analyzed. First, based on the surface current dis-
tribution, it can be observed that the left-side meandered struc-
ture plays a dominant role in the resonance around 915MHz.
To further investigate its effect, a parametric study on the num-
ber of meander turns has been conducted. As shown in Fig. 4,
it is evident that increasing the number of meander turns im-
proves the impedance matching performance while simultane-
ously shifting the resonant frequency toward a lower frequency.
This behavior can be attributed to the increase in the effective
current path length, which leads to a lower resonant frequency
and enhanced matching characteristics. Second, the position
of the shorting via also plays a critical role in determining the
antenna performance. By adjusting the via location, the electro-
magnetic coupling and current distribution within the antenna
are modified, which in turn affects the input impedance and
resonant characteristics. As shown in Fig. 5, different via posi-
tions can introduce additional resonances, shift the operating
frequencies, and improve the impedance matching, enabling
dual-band operation.

FIGURE 4. Effect of the number of meander turns on the reflection
coefficient.
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(a)

(b)

FIGURE 5. Via design steps and results: (a) Step-wise designing, (b)
Reflection coefficient of the corresponding designing steps.

FIGURE 6. Equivalent circuit model of the antenna.

In addition, an equivalent circuit model was simulated using
advanced design system (ADS) software, as shown in Fig. 6.
The lumped components are precisely tuned to align the cir-
cuit’s resonant frequencies with the operational frequencies of
the antenna. The values of the lumped components are listed
in Table 3. To validate the model, the simulated and measured
reflection coefficients were compared with the circuit model
results, as illustrated in Fig. 7. The comparison demonstrates
close agreement among the three responses, and the equivalent
circuit accurately replicates the reflection coefficient character-
istics of the proposed antenna across its resonant frequencies,
bandwidth, and overall variation trends.

TABLE 3. Values of the circuit model (Units: Ω, nH, pF).

Symbol R1 L1 C1 R2 L2 C2

Value 20.06 0.1 2.87 68.59 7.05 14.37
Symbol R3 L3 C3 C4 L4 C5

Value 250 1.1 11.99 14.75 5.46 21.36

3. ANTENNA PERFORMANCE

3.1. Operating Environment
Figure 8(a) shows the simulation setup of the in-body antenna
implanted into a homogeneous muscle-equivalent model with

FIGURE 7. Circuit model, simulated and measured in liquid phantom
S11 comparison.

(a)

(b)

FIGURE 8. Simulations and measurements in implantation environ-
ments. (a) Simulation setups. (b) Measurement setups.

dimensions of 100mm × 100mm × 100mm, and the dielec-
tric parameters of the model were frequency-dependent. In ad-
dition, we used a high-resolution, realistic numerical human
model [27] to study the influence of the biological environment
on antenna performance. We selected four typical implant po-
sitions: the heart, stomach, small intestine, and colon. Pho-
tographs of the fabricated antenna are shown in Fig. 8(b). The
proposed antennawasmeasured in a liquid phantom, whichwas
similar to the muscle-equivalent model in the simulation. The
liquid phantoms were manufactured using deionized water, Tri-
ton (X-100), DGBE, andNaCl salt in different proportions [28].
The dielectric constants of the liquid phantom were character-
ized using the Keysight Dielectric Probe Kit. As shown in
Fig. 9, the frequency-dependent relative permittivity and con-
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FIGURE 9. Comparison of the measurement results in the liquid phan-
tom with those in the database.

ductivity of the liquid phantom are consistent with those of
muscle tissue in the Gabriel open-access database within the
200–1200MHz. Our proposed antenna was first designed and
optimized using a homogeneous muscle-equivalent model in
simulation, then evaluated using a realistic numerical human
model numerically and a liquid phantom experimentally.

3.2. Reflection Coefficients of the Antenna
The comparison results of the reflection coefficient S11 under
different operating environments are shown in Fig. 10. In
the homogeneous muscle-equivalent model, the achieved
impedance bandwidths (S11 < −10 dB) were as follows:
124MHz (334–458MHz), 174MHz (854–1028MHz) and
224MHz (1573–1797MHz). The achieved bandwidth is
sufficiently wide to cover four target frequency bands: MICS
(402–405MHz), ISM (433.1–434.8MHz, 868–868.6MHz and
902–928MHz). Owing to the complexity of human tissues,
the resonant frequencies slightly shifted downward within the
four specific tissues of the realistic human model at both the
first and second resonances. The antenna exhibited consistent
reflection coefficients S11 within different types of human
body tissues, confirming its stability in a realistic human body
environment. In addition, the measured reflection coefficient
S11 using the liquid phantom was compared with the sim-

FIGURE 10. Comparison of simulated and measured S11 in different
environments.

ulations. As can be seen, the measured −10 dB impedance
bandwidth are 159MHz (323–482MHz), 275MHz (819–
1094MHz) and 180MHz (1575–1755MHz), respectively.
Some frequency shifts between the measured and simulated
resonances can be observed at higher frequencies, mainly be-
cause of the unavoidable manufacturing errors in the compact
antenna size and impedance matching difficulties at higher
frequencies. Notably, we found that the resonant frequencies
at the MICS band are perfectly matched between realistic
human tissue scenarios in simulations and the homogeneous
muscle-equivalent model in experiments, and the resonant
frequencies of human tissues at the ISM band shifted down by
at most 9.3% from that of the homogeneous muscle-equivalent
model but still covered the target frequency band. This
means that the homogeneous muscle phantom model in both
the simulations and experiments can provide an effective
solution for the implantable small antenna design at the MICS
(402–405MHz) and ISM (902–928MHz) bands if balancing
the realistic human computational overhead in the simulations
and the accuracy of the target resonant frequencies.
Specifically, the radiation efficiency is−40.8 dB at 402MHz

and −31.5 dB at 915MHz, and the corresponding efficiency
curves are presented in Fig. 11. It is well known that im-
plantable antennas typically exhibit low radiation efficiency
due to the highly lossy nature of biological tissues, which
causes significant electromagnetic absorption and attenuation.
Moreover, the stringent miniaturization requirements introduce
increased ohmic losses and reduce the effective aperture, fur-
ther degrading the overall radiation performance.

FIGURE 11. Radiation efficiency of the proposed antenna.

3.3. Radiation Patterns
The position and orientation of the implanted antenna travel-
ing through the human body are uncontrollable, which poses a
significant challenge to stable signal transmission. Therefore,
an almost omnidirectional radiation pattern of the antenna is
desired. The far-field radiation pattern and peak gain of the
antenna were investigated in different human tissues. Fig. 12
shows the radiation patterns simulated at 402 and 915MHz on
two cross sections (xoz-plane and yoz-plane) when the antenna
is implanted in the heart, colon, small intestine, and stomach.
As can be seen, in most scenarios at two resonances, the radia-
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(a)

(b)

FIGURE 12. Radiation patterns of the proposed multiband implantable antenna. (a) 402MHz. (b) 915MHz.

(a)

(b)

FIGURE 13. Comparison of far-field polar gain patterns. (a) 402MHz. (b) 915MHz.

tion patterns exhibit approximate omni-directivity. This feature
benefits a stable signal transmission over various antenna ori-
entations. The 3-D far-field gain radiation pattern is shown in
Fig. 13. In Figs. 13(a) and (b), the far-field polar gain patterns
of the antenna implanted in the homogeneousmusclemodel and
numerical human model are compared at 402 and 915MHz,
respectively. The peak gain values of the antenna in the ho-
mogeneous muscle model were −39.8 and −26.2 dBi at the
402 and 915MHz, respectively. The peak gain values of the
antenna implanted in the realistic numerical human model is

reduced by 5.8 dBi and 5.1 dBi at 402MHz and 915MHz, re-
spectively, which was caused by the different dielectric prop-
erties of the complex human tissues. The relatively low gain
at 402MHz is mainly attributed to the highly lossy nature of
biological tissues, which leads to significant electromagnetic
absorption and attenuation, as well as additional dielectric and
conductive losses and impedance mismatch effects. In addi-
tion, due to the long wavelength at this frequency, the antenna
operates with a very small electrical size, inherently resulting in
low radiation efficiency and degraded gain performance. Com-
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TABLE 4. Simulated maximum average SARs and calculated maximum safety input power.

Tissue Frequency (MHz)
SAR
(W/kg)

Maximum input
power (mW)

1-g 10-g 1-g 10-g

Heart 402 446.3 78.16 3.58 25.58
915 337.6 67.51 4.73 29.62

Colon 402 595 73.62 2.68 27.16
915 453.1 65.34 3.53 30.6

Stomach 402 412.3 75 3.88 26.6
915 429.1 69.88 3.72 28.62

Small intestine 402 706.5 79.49 2.26 25.16
915 632.9 74.33 2.52 26.9

(a) (b)

FIGURE 14. On-body antenna geometry. (a) Radiating patch. (b)
Ground plane.

pared with 915MHz, the larger wavelength at 402MHz further
limits the radiation capability. Such a low gain is commonly
observed in implantable antennas operating in the MICS band
due to the combined effects of the lossy tissue environment and
stringent miniaturization constraints.

3.4. Radiation Safety Evaluation
To ensure the safety of patients wearing IMDs, the IEEEC95.1-
2005 standard limits the peak average specific absorption rate
(SAR) of 1 g and 10 g of human tissue to less than 1.6W/kg
and 2W/kg, respectively [29]. We conducted SAR evaluation
at four different locations (heart, stomach, small intestine, and
colon) in the human model. For these evaluations, the input
power of the implanted antenna was set to 1W. The SAR and
maximum allowable input power values at the MICS band of
402MHz and ISM band of 915MHz for the four implant loca-
tions are listed in Table 4. Based on the 1-g peak SAR calcu-
lated in typical human tissues, the maximum safe input power
of the antenna system operating in the MICS and ISM bands
should not exceed 2.26mW and 2.52mW, respectively. How-
ever, for implantable antennas, the input power should be lim-
ited to −16 dBm (25µW) [30], which is much lower than the
calculated value. All the calculated maximum average SARs
within different tissues are below the localized in-body expo-
sure limits of 1.6 and 2W/kg for 1-g and 10-g tissues, respec-
tively.

4. TRANSMISSION CHARACTERISTIC ANALYSIS

4.1. On-Body Antenna Design
To evaluate the in-body to on-body transmission characteristics
of the proposed transmitting antenna, we designed an on-body
matched single-layer planar receiving antenna. As shown in
Fig. 14, the size of the receiving antenna is 30×25×1.27mm3.
The antenna has a single-layer planar structure consisting of
a radiating element and a dielectric substrate using Rogers
RO3210. The feed point of the antenna is located in the middle
of the bottom edge of the antenna, and the radiation element of
the antenna is a meandering monopole structure. The matched
multi-resonances of the on-body antenna were achieved by
modifying the structure of the resonator. The detailed parame-
ters are summarized in Table 5.

TABLE 5. Detailed parameters of on-body antenna (Units: mm).

Parameter Value Parameter Value Parameter Value
c 30 g 22 u 1
n 6 f 20 x 13
m 5 k 25 w 2

For the performance evaluation of the on-body antenna, as
shown in Fig. 15(a), the on-body antenna was placed on the
surface of the homogenous muscle model with a 1-mm gap
in simulation and arranged on the surfaces of the liquid phan-
tom and a realistic male in experimental measurements. The
reflection coefficients S11 of different scenes were shown in
Fig. 15(b). As observed from simulated results, the resonant
frequencies of the antenna are 402MHz and 915MHz, and the
−10 dB impedance bandwidths are 9MHz (397–406MHz) and
51MHz (891–942MHz), respectively, providing a good match
with the proposed in-body antenna. From the measurement re-
sults of liquid phantom, wrist, chest, and back, the bandwidth
of the antenna covers the target bands adequately, which in-
dicates the feasibility of the proposed antenna within practical
application scenarios.
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(a)

(b)

FIGURE 15. (a) Simulation and measurement scenarios. (b) S11 com-
parison in different implantation scenarios.

4.2. Transmission Coefficient of the Antenna System

4.2.1. S-Parameters

As shown in Fig. 16, to investigate the transmission coefficient
S21 of the antenna system, the S-parameters are derived by pre-
senting the in-body and on-body antennawith the homogeneous
muscle model in simulation and the liquid phantom in measure-
ment, respectively. As shown in Fig. 16(c), considering that
the actual experiment will be limited by the opening direction
of the liquid phantom container, this section selects the simula-
tion and experimental results of the S-parameters in x-axis di-
rection to compare the transmission performance of the antenna
system. The simulation and actual measurement results of the
S21 of the antenna system at a transmission distance of 2 cm are
shown in Fig. 17. It is observed that the good match between
in-body Tx antenna and on-body Rx antenna provides promis-
ing transmission coefficients. At the resonant frequencies of
402MHz and 915MHz, the simulation results of the maximum
transmission coefficients S21 are −43.89 dB and −35.67 dB,
respectively, and the actual measurement results are−31.62 dB
and−39.19 dB. Same trends can be observed for simulation and
measurement results, while the differences in S21 are mainly
due to the unsatisfactory experimental environment and manu-
facturing error of the antennas.
As illustrated in Fig. 18, a realistic wireless data transmission

scenario is experimentally established to validate the practical
feasibility of the proposed implantable antenna. The system
consists of a microcontroller-based transmitter and receiver,
each integrated with a CC1101 operating in the MICS band
(402–405MHz). In the experimental setup, the in-body an-
tenna is immersed in a tissue-mimicking liquid phantom to
emulate the lossy biological environment, while the on-body
antenna is positioned outside the phantom and connected to

(a)

(b)

(c)

FIGURE 16. Transmission characteristic evaluation arrangement. (a)
Simulation setup using a homogeneous muscle model (Rx antenna in
x, y, and z-axis directions). (b) Simulation setup using a numerical
human body model. (c) Measurement setup using a liquid phantom.

the receiver module. The transmission distance between the
in-body transmitter and the on-body receiver is approximately
5 cm, forming a complete in-body to on-body wireless commu-
nication link. During operation, ECG signals are continuously
modulated and transmitted from the in-body antenna at a trans-
mitting power of 3 dBm (≈ 2mW) and a data rate of 128 kbps.
The signals propagate through the lossy medium and are suc-
cessfully received, demodulated, and reconstructed at the ex-
ternal receiver without noticeable distortion or interruption, as
shown in Fig. 18. These results demonstrate that the proposed
implantable antenna enables stable and reliable wireless data
transmission under realistic conditions. Moreover, the selected
transmitting power complies with SAR safety constraints, re-
maining below themost stringent allowable input power among
different tissue scenarios, thereby confirming its suitability for
biomedical telemetry applications.

4.2.2. Distance Characteristics of Transmission Coefficient S21

The transmission characteristic of the proposed antenna system
is evaluated using the homogeneous muscle model, a numerical
humanmodel in simulation, and the liquid phantom inmeasure-
ment, respectively. Firstly, as shown in Fig. 16(a), the on-body
receiving antenna was placed on the surface of the homoge-
neous muscle model in three orientations which are x-, y-, and
z-axis directions, while the in-body transmitting antenna was
placed inside the model. Secondly, as shown in Fig. 16(b), the
in-body antenna was implanted in different locations within the
human body model, while placing the on-body antenna on the
body surface in parallel. Seven implant positions, including the
stomach, heart, small intestine, and colon, were selected for ob-
taining S21 under different distances. The simulated distance
characteristics of S21 in different implantation scenarios are
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(a) (b)

FIGURE 17. (a) Simulated and (b) measured results between S-parameters and frequency in MICS and ISM bands for x-axis direction.

FIGURE 18. Wireless data transmission scenario setup.

shown in Fig. 19. It can be seen that with the increase of trans-
mission distance, the S21 of the antenna system gradually de-
creases. At the same distance, the difference ofS21 between the
homogeneous muscle model and the numerical human model
is within 5 dB, illustrating the transmission stability of the pro-
posed antenna systemwithin different biological environments.
Finally, we conduct an experimental measurement to verify the
transmission characteristic of the antenna system. As shown
in Fig. 16(c), we moved the Tx antenna in parallel within the
liquid phantom in x-axis while fixing the Rx antenna on the
phantom surface, and the measured distance characteristics are
obtained in Fig. 19. It can be seen that the measured S21 of
the antenna system based on a homogeneous muscle-equivalent
liquid phantom performs approximately 10 dB better than that
of the simulated ones using a realistic humanmodel at theMICS
band of 402MHz. This phenomenon may be due to the shad-
owing and diffraction effects of electromagnetic waves in a re-
alistic human-sized measurement environment. However, the
transmission characteristics at the ISM band of 915MHz ex-
hibit good accordance between the simulated human model and
measured phantom model. The comparison results also reveal
the feasibility of substituting a realistic human model with a
homogeneous muscle model in implantable antenna system de-
sign and performance evaluations.

5. LINK BUDGET ANALYSIS
Link budget is the statistical analysis of all gains and losses
throughout the entire process from the transmitter to the re-
ceiver through the transmission medium in a communication
system [31]. In order to evaluate the communication quality
of the antenna system, both the antenna systems operating at
MICS and ISM bands are conducted for link budget analy-
sis. The frequency-shift keying (FSK)-based impulse radio (IR)
modulation with noncoherent detection proposed in our previ-
ous work [32] is used to calculate the link budget of the in-body
to on-body channel. According to the calculation results in [32],
given a threshold of the bit error rate (BER) equal to 10−3,
the required signal-to-noise power ratio (SNR) is 10.94 dB. The
system marginMa is defined as

Ma =
Eb/N0

[Eb/N0]s
(1)

where Eb and N0 are unilateral power spectral densities of en-
ergy and thermal noise per bit, respectively. [Eb/N0]s rep-
resents the Eb/N0 required for the antenna system. If the
Eb/N0 of the system is greater than the required [Eb/N0]s, i.e.,
Ma ≥ 0 dB, it proves that the wireless communication scheme
is feasible. The greater the link margin of the system, the higher
the reliability and stability of communication transmission. The
link Eb/N0 in decibel is given by

Eb/N0 = Pt − PL− LM − 10 lg (fb)−N0,dB (2)

where Pt is the input power of the antenna, and PL is the path
loss related to the implantation depth. The path loss can be ob-
tained from the transmission coefficient |S21| of the antenna
system in Fig. 14, which includes the gain of the transmitting
antenna and receiving antenna. LM represents miscellaneous
loss, assuming 3 dB, and fb represents the data rate. N0 in-
dicates the thermal noise power spectrum density in decibels,
which is given by

N0,dB = 10 lg (kT0) +Nf (3)

The relevant parameters are summarized in Table 6.
The link margin of the antenna system is calculated at data

rates of 0.1Mbps, 1Mbps, and 10Mbps with a communication
distance of 1–12 cm inside the body. The calculated system
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(a) (b)

FIGURE 19. Distance characteristics of transmission coefficient S21 and transmission distance. (a) MICS band of 402MHz. (b) ISM band of
915MHz.

(a) (b)

FIGURE 20. Link margin versus distance in (a) MICS band and (b) ISM band.

TABLE 6. Link budget parameters of the proposed antenna system.

Parameters Variable symbol Value
Frequency (MHz) f 402/915

Transmitted power (dBm) Pt −16

Miscellaneous losses (dB) LM 3
Distance range (cm) d 1–12

Receiver noise figure (dB) Nf 6
Temperature (K) T0 300

Boltzmann constant (J/K) K 1.38× 10−23

Bit error rate BER 10−3

Signal to noise power ratio (dB) [Eb/N0]s 10.94

margins at MICS and ISM bands are shown in Fig. 20. As can
be seen, when the data rate is 1Mbps, and the transmission dis-
tance is 12 cm, the link margin of the antenna system in both
the MICS and ISM bands is greater than 0 dB, indicating that
reliable communication can be achieved at 1Mbps. When the
data rate is 10Mbps, the maximum transmission distance of the
system in the MICS band reaches 9.5 cm, while reliable com-
munication can be ensured at a transmission distance of 12 cm
in the ISM band. As a result, the link budget analysis demon-
strates that the proposed antenna system is available for provid-
ing a highly reliable implant communication system. Accord-
ing to [33], a link margin (LM) greater than 20 dB is commonly

used as the criterion for reliable communication. Based on this
criterion, it is observed from Fig. 17 that when the data rate is
1Mbps, the maximum transmission distance reaches 5.5 cm in
the MICS band and 9.5 cm in the ISM band. When the data
rate is 10Mbps, the maximum transmission distance is 2.6 cm
in the MICS band and 5.7 cm in the ISM band. As a result,
the link budget analysis demonstrates that the proposed antenna
system can provide a highly reliable implant communication
link and meets the commonly accepted LM performance crite-
rion reported in [33].

6. CONCLUSION
This paper proposes an innovative compact multi-resonant
wideband Planar Inverted-F Antenna (PIFA), which operates
across multiple frequency bands: MICS band (402–405MHz)
and ISM band (433.1–434.8MHz, 868–868.6MHz, and 902–
928MHz). A good agreement between the simulation and
measurement results was observed. The measured −10 dB
impedance bandwidths with a tissue-equivalent liquid phan-
tom are 323–482MHz (39.5%) and 819–1094MHz (28.8%).
In addition, the antenna performance was evaluated within
various biological environments, including a homogeneous
muscle-equivalent model, several typical organs, such as heart,
stomach, small intestine, and colon within the realistic human
model, respectively. Matching with an on-body antenna, sta-
ble reflection and transmission coefficients illustrate the robust-
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ness of the proposed antenna system applied in diverse implant
applications. The homogeneous muscle-equivalent phantom
model has been clarified as an effective substitute for a real-
istic human model at the MICS band with well-matched S11,
10 dB variation of S21, and ISM band with 9.3% frequency
shift of S11, well-matched S21, respectively. Moreover, the
radiation pattern for the proposed antenna has been evaluated.
The results show that the antenna has stable performance, with
peak gain values of −39.8 dBi and −26.2 dBi at 402MHz and
915MHz. The link budget analysis shows that the proposed
antenna system can support a reliable communication at a data
rate of 10Mbps with the transmission distance covering 9.5 cm
and 12 cm in the MICS and ISM bands, respectively. The pro-
posed antenna is a promising candidate for future implantable
medical devices requiring reliable wireless communication ca-
pabilities.
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