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Abstract— Arteriovenous grafts (AVGs) are indispensable life-
saving implants for chronic kidney disease (CKD) patients
undergoing hemodialysis (HD). However, AVGs will often fail
due to postoperative complications, such as cellular accumulation
termed restenosis, blood clots, and infections, which are dominant
causes of morbidity and mortality. A new generation of HD
implants equipped with biosensors and multiband antennas for
wireless power and telemetry systems that can detect specific
pathological parameters and report AVGs’ patency would be
transformative for CKD. Our study proposes a compact dual-
band implantable antenna for HD monitoring applications.
It operates in 1.4 and 2.45 GHz for wireless power transfer and
biotelemetry purposes. The miniaturized antenna with a current
size of 5 × 5 × 0.635 mm3 exhibits wide bandwidth (300 MHz
at 1.4-GHz band and 380 MHz at 2.45-GHz band), along
with good impedance matching at two resonance frequencies.
In addition, simulations are performed separately in a three-
layer homogenous phantom and a realistic human body model.
Measurements of the proposed antenna are evaluated in minced
pork. The measured results of the fabricated antenna prototype
are closely harmonized with the simulation ones, and the effect
of different proportions of fat tissue in pork mince was analyzed
to verify the sensitivity of the antenna to the contacting medium.
The specific absorption rate (SAR) and link budget calculation
are also analyzed. Finally, the wireless biotelemetry function of
the proposed antenna is realized and visualized by adopting a pair
of nRF24L01 wireless transceivers, and sustainable and stable
wireless data transmission characteristics are shown at a high
data rate of 2 Mb/s with up to 20-cm transmission distance.
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I. INTRODUCTION

CHRONIC kidney disease (CKD) has been acknowledged
as one of the leading causes of global mortality, and

as of 2022, it is currently on the rise [1]. CKD is a life-
changing disease affecting approximately 700 million world-
wide, contributing to 4.6% of all deaths in 2017, including
deaths caused by impaired kidney function [1], [2]. It is a
progressive pathology that eventually manifests as end-stage
kidney disease (ESKD) or kidney failure. At this point, there
is an irreversible decline in kidney function, leading to a high
mortality rate even when employing optimal renal replace-
ment therapy (RRT) [3]. RRT consists of hemodialysis (HD),
peritoneal dialysis, and renal transplantation, with HD having
a higher prevalence [4]. When performing HD, a conduit
connection is made to access a large bore blood vessel through
a surgical procedure known as vascular access (VA). The
dominant types of VA used for HD are arteriovenous graft
(AVG) and arteriovenous fistula (AVF). For both of these
approaches, a connection will be made between the artery
and vein directly in AVF, or through a synthetic tube, usu-
ally expanded polytetrafluoroethylene (ePTFE), in AVG. This
allows blood to be exchanged within a dialyzer where toxins
and waste products can be filtered, removed, and cleaned
before the blood is returned to the patient.

Consequently, blood can enter the dialysis machine by
artery and return to the patient through a vein [5]. However,
repeated monitoring and surveillance of blood flow through the
AVF or AVG are required for effective dialysis. Blood flow
often becomes restricted due to a buildup of cellular tissue
termed stenosis and/or forms a blood clot—thrombosis [6].
In addition, a significant cause of VA failure is intimal
hyperplasia, which, through an inflammatory cascade, causes
a blocking of the VA; this is initiated by endothelial injury.
This wound response often occurs where the native vessel
joins the synthetic prosthesis, called the anastomosis site [7].
In particular, VA failure accounts for at least 25% of all
hospital stays and 50% of all patient care costs in the first
year of dialysis [8], [9]. The frequency and unpredictability of
VA failure can result in additional medical complications and
significant financial burdens for treatment facilities. Regaining
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Fig. 1. Overview of the smart AVG and its detailed architecture.

access after thrombosis is generally more difficult and costly
than intervening before thrombosis occurs [10].

A potential solution is a biosensor-integrated telemetric
AVG, targeted at wireless detection and monitoring of vas-
cular complications, such as stenosis and graft failure while
maintaining functional access. The proposed SMART AVG is
equipped with a multielectrode biosensor and wireless teleme-
try system for traditional HD and its complication detection.
Fig. 1 illustrates the concept of the SMART wireless AVG,
whereby the sensors can detect the changes occurring within
the graft in situ and relay the data to the outside of the body.
From this, the patient’s AVG state can be monitored 24 h
a day, providing the clinician with the most information for
treatment planning. Therefore, this could allow the clinician
to intervene early, possibly extending the length of the AVGs
life, which, in turn, could result in better patient outcomes.
Pertinent “smart vascular implants,” such as self-reporting
stents incorporating biosensors and telemetry systems, can
detect cell growth, blood pressure, and blood flow in vessels,
leading the way for a new generation of vascular intervention
devices [11], [12], [13], [14], [15]. We, therefore, believe that
this technology is also amenable to AVGs, which offers the
potential for precision diagnosis and preemptive treatment for
CKD patients.

Previously, our work has addressed the issues men-
tioned earlier in SMART stent technology and sen-
sors [11], [16], [17]. However, a series of technical barriers
exist in developing SMART AVGs, such as sensor design
for discerning different cell types associated with stenosis,
and thrombosis can cause issues while battery capacity and
lifespan also pose problems. In addition, a low-power micro-
controller that integrates programmable analog and high-speed
wireless biotelemetry is given attention to deal with. With all
these issues of the upmost concern, each subsystem becomes
a bespoke task to create the overall device, which, finally,
must all be integrated into a finished SMART AVG that

provides sound dialysis treatment with the benefits of remote
monitoring.

In particular, one major hurdle associated with wireless
AVGs is the design of efficient implantable antennas for
bidirectional telemetry to guarantee wireless control and com-
munication with the external device. In addition, implantable
antennas encounter interdependent challenges in their design,
including small size, wide bandwidth, sufficient gain, high
radiation efficiency, and specific absorption rate (SAR) under
the standard safety guidelines [18], [19], [20]. When designing
an antenna, there is always a tradeoff between operating fre-
quency and antenna performance. For example, low-frequency
bands, such as the Medical Implant Communications Ser-
vice (MICS) band (402–405 MHz) and the Medical Device
Radio Communications Service (MedRadio) band (401–406,
413–419, 426–432, 438–444, and 451–457 MHz), have advan-
tages of low power consumption due to the low penetration
loss through biological tissues. On the other hand, higher
frequency bands, such as the Wireless Medical Telemetry
Service (WMTS) band (1.395–1.432 GHz) and the Industrial,
Scientific, and Medical (ISM) band (433.05–434.79 MHz,
2.400–2.480 GHz, and 5.725–5.875 GHz), can lead to signifi-
cant size reduction, wide bandwidth, and high data rates [21].
Therefore, selecting an appropriate frequency band under the
condition of high loss and inhomogeneous human tissue is
crucial for designing implantable antennas. To achieve high-
speed data transfer and miniaturized self-reporting AVG, the
2.45-GHz ISM frequency band was selected as one operat-
ing frequency for the implantable antenna. In addition, the
1.4-GHz WMTS band was chosen for wireless power transfer.

Although, over the past few years, immense research has
been devoted to antenna design for biomedical telemetry
applications [22], [23], [24], [25], the majority of them
are designed for deep implantable devices, such as leadless
pacemakers [26], [27], deep brain stimulators [28], [29], and
ingestible endoscopes [21], [30]. Specifically, only a few
implantable antennas are targeted for the arm [31], [32], [33],
[34], [35], [36], [37], [38] and none for internal implantation
for HD applications. An early study of implantable antennas
for arm-implanted wireless communication was reported by
Xia et al. [31]; although the initial design size of this H-shaped
cavity slot antenna is compact, the fabricated antenna is
2.5 times larger than the simulation one, which exhibits a gap
between the simulation and the fabrication. Hossain et al. [32]
proposed an implantable antenna for bidirectional communi-
cation between an external monitor and implants in the arm
over the MICS band. This study, however, was constrained by
the bulky volume of the antenna and insufficient bandwidth
of 92.7 MHz, while the overall study lacks the analysis of
the SAR, which is the top priority of wireless biomedical
telemetry systems. With the rapid advancement in miniaturized
multifunctional implantable medical devices (IMDs), multiple
operations, such as wireless biotelemetry and wireless energy
harvesting, are expected to be realized simultaneously with
one single antenna. A dual-band cubic antenna loaded with
four antenna elements has been developed in an arm model
for wireless data telemetry and power transmission purposes.
It exhibits superior bandwidths of 900 and 1500 MHz at



ZHANG et al.: A COMPACT DUAL-BAND IMPLANTABLE ANTENNA FOR WIRELESS BIOTELEMETRY IN AVGs 4761

TABLE I
PROPOSED ANTENNA COMPARISON WITH PREVIOUS STUDIES IN ARM IMPLANTATION

2.45 and 5.8 GHz, respectively [36], but the maximum 1-g
SAR values of 1101.7 and 1135.8 W/kg are high at both
frequencies due to the employment of four antenna elements.

The proposed antenna is required to be designed with a
small volume, low profile, and planar configuration linked to
the host device architecture. Meanwhile, the antenna should
exhibit wide bandwidth that supports strong communication
ability while ensuring good radiation and patient safety. To this
end, the simulations of the proposed antenna were carried out
using a realistic human body model that included not only
various tissues but also comprises of blood and a series of
bones on the forearm. This low-profile antenna with dual-
band functionality is miniaturized as an ideal applicant for
the self-reporting AVG by etching two parallel notches and
an H-like slot on the radiating patch, embedding an open-end
slot in the ground, and a set of parameters analysis of the
feed position, slot geometry, substrate material selection, and
substrate thickness. Consequently, the proposed antenna with
dual-band functionality has the smallest size of 15.875 mm3

(5 × 5 × 0.635 mm3) compared to other arm-implanted
antennas in the literature, as shown in Table I. In addition,
the proposed antenna can meet the requirement of a wide
bandwidth at two resonant frequencies. It is worth noting that
this study not only emphasizes the antenna design and tuning
but also performs the validation on antenna biotelemetry
performance from a system level, which is rare among all
implantable antenna papers. The proposed antenna will realize
the wireless data and power transmission of a self-reporting
smart AVG operating at 2.45 and 1.4 GHz.

Initially, the antenna is conducted in a three-layer cubic
phantom using ANSYS HFSS software. Then, the perfor-
mance of the compact antenna is optimized by analyzing the
feed position, substrate materials, substrate height, and the
insertion of the ground slots, as shown in Section III. In addi-
tion, the proposed antenna is performed in a realistic human
body model in a finite-difference time-domain (FDTD)-based
Sim4life simulation. The SAR of the implantable antenna is

Fig. 2. Configuration of the proposed antenna with its design parameters.
(a) Top view of the antenna. (b) Bottom view of the antenna. (c) Side view
of the antenna. (d) Exploded view of the antenna.

simulated for calculations inside a human forearm model to
prevent potential safety hazards. The measured results are
evaluated in Section IV using pork mince. The effect of
fat in the pork mince on the reflection coefficient of the
antenna is also compared, illustrating that the frequency of
the antenna is inversely proportional to the amount of fat
in the tissue. In addition, a link budget for the proposed
antenna is analyzed, while the practical demonstration of the
wireless communication usability of the proposed antenna was
conducted by adopting the nRF24L01 transceiver modules.

II. METHODOLOGY

A. Layout the Proposed Antenna

The proposed two-layer implantable antenna configuration
is illustrated in Fig. 2(a)–(d). This miniaturized antenna is a
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TABLE II
GEOMETRY PARAMETERS OF THE PROPOSED ANTENNA

meandered-shaped microstrip patch antenna with a low profile
and is easy to integrate with the circuit, making it ideal for the
AVG implant circuit. The radiating patch loaded with mean-
dered slots is used to reduce the antenna size by increasing
the physical path of the surface current flow. An L-shaped slot
on the ground plane is responsible for the antenna tuning and
bandwidth enhancement, as presented in Fig. 2(a)–(b), and the
detailed parameters of the proposed antenna are presented in
Table II. A coaxial feed with a diameter of 0.4 mm is located
near the lower left corner of the patch antenna with a position
of P (x = 3.25, y = 0.5), as annotated by the blue circle.
To operate the miniaturized antenna at the desired resonant
frequencies, we fabricated the proposed antenna on a Rogers
RT/Duroid 6010 substrate (dielectric constant = 10.2 and tan-
gent loss tanδ = 0.0023) of 0.635 mm in thickness. This high-
permittivity substrate reduces the antenna size by shortening
the effective wavelength of the antenna. The final antenna was
designed to have a compact volume of 15.875 mm3(5 × 5 ×

0.635 mm3), occupying a small implantation space in the body.

B. Simulation Environment

The antenna design and simulation setup were initially
performed in Ansys HFSS version 2021 R1. According to the
HD application, it needs to be able to be embedded inside the
muscle tissue, and therefore, a three-layer tissue scenario—
skin, fat, and muscle—is constructed with depths of 1.5, 8.5,
and 52 mm, respectively, with a total depth of 62 mm; this
is similar to previous modeling within an arm for dielectric
materials [39] accounting for this. Fig. 3 illustrates how the
proposed dual-band antenna is performed inside a phantom of
dimensions 100 mm × 100 mm × 62 mm. The cube phantom
box is assigned the corresponding dielectric properties of each
tissue and is simulated in a radiation box with dimensions
500 mm × 500 mm × 500 mm. The electrical properties
of different specific body tissues at frequencies of 1.4 and
2.45 GHz are shown in Table III.

Considering that the human body is not homogeneous,
we then further assessed the performance of the antenna
in a realistic human body model in FDTD-based Sim4Life

Fig. 3. (a) Multilayer phantom simulation for the antenna simulation in
HFSS. (b) Realistic human body “Glenn” model for the implantable antenna
simulation in Sim4life; the implant is implanted between the radius and ulna
approximately 2-cm distal from the radial tuberosity, thus avoiding impinging
on the elbow joint. At a depth that is subcutaneously located over the
brachioradialis and pronator teres in order to have minimal biological tissue
obscuring the antenna, (c) anatomical position of the smart AVG implant and
the comparison of the reflection coefficient (|S11|) of the separate antenna
simulation in the phantom in HFSS, the separate antenna simulation in the
“Glenn” model in Sim4life, the entire AVG module simulation in the “Glenn”
model in Sim4life, and the encapsulated AVG module simulation in “Glenn”
in Sim4life.

TABLE III
ELECTRICAL PROPERTIES OF THE BODY TISSUES AT THE DUAL-BAND

software. Since the majority of CKD cases occur in elderly
individuals, it is estimated that, in more than 50% of peo-
ple over the age of 75 [40], [41], we set out the antenna
analysis in the “Glenn” model, which is reconstructed from
real-world human imaging data (Model information, Glenn,
elderly, 84-year old, 1.73-m height, 61.1-cm weight, and
20.4-kg/m2 BMI). The high-resolution “Glenn” model has a
volume of 141.72 × 416.31 × 1624.62 mm3 and contains
more than 300 tissues and organs throughout the entire body.
It is an anatomical model created from real-human magnetic
resonance image data, presenting a higher level of detail and
accuracy than the phantom in HFSS. For the HD application,
the antenna along with other components is implanted inside
the muscle, at the center of the antebrachial location, between
the artery and vein, as exhibited in Fig. 3(b) and (c). The
proposed antenna is placed at a distance of 46 mm from the
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Fig. 4. Design process of the dual-band implantable antenna with the
corresponding reflection coefficient of each design step.

outer portion of the arm. Fig. 3(c) also compares the reflection
coefficient (|S11|) of the proposed antenna in the phantom in
HFSS and Sim4life, the entire smart AVG device simulated in
the “Glenn” model, and the smart AVG encapsulated in bio-
compatible polydimethylsiloxane (PDMS: relative permittivity
εr = 2.76 and tangent loss tanδ = 0.03) shell [42].

The difference of |S11| is observed between the HFSS
and Sim4life simulation. This may be caused by the volume
variance of the models and the contacting environment, where
the antenna/smart AVG is surrounded by veins and arteries,
in which blood has higher relative permittivity than the muscle.
There is no significant deviation from the resonance frequen-
cies and reflection coefficients of the simulations in sim4life
except for the case of adding the encapsulation shell.

Fig. 3(c) shows that the addition of the biocompatible
encapsulation shell can shift the two resonance frequencies
to higher ones and affect the S11 values of the antenna, but
the proposed antenna still exhibits robust performance at the
target frequencies, with an S11 value of −18.86 dB at 1.4 GHz
and −13.75-dB S11 at 2.45 GHz. The results also indicate the
reliability of the phantom model used in HFSS, which will
serve as a reference for antenna measurement validation.

C. Dual-Band Antenna Design

The miniaturized slot microstrip patch antenna that we
designed has dual-band characteristics for biotelemetry pur-
poses. To reduce the size of the antenna, a high relative
permittivity material is employed as the substrate of the
antenna. In addition, loading the meandered-shape and open-
ended slots on the radiating element and ground plane will
also effectively miniaturize the size while realizing dual-band
characteristics [43]. The design and modification processes
are visualized in Fig. 4, with the corresponding reflection
coefficient at each step. Primarily, an L-like open-ended mean-
dered slot was introduced to the radiating patch, which is

Fig. 5. Surface current distributions on the radiating patch at (a) 1.4 and
(b) 2.45 GHz. Surface current distribution and 3-D far-field radiation pattern
plots at (c) 1.4 and (d) 2.45 GHz.

responsible for decreasing the resonant frequency by extending
the current path within the patch. As presented in Fig. 4, the
resonant frequency immediately dropped from 5 to 2.06 GHz,
achieving over 50% miniaturization. In step 2, a horizontal
rectangular slot is fused to radiating patch layer, resulting in
frequency reduction and another slight resonance generated at
around 3.5 GHz. U-slot patch antennas have been proposed
and extensively used to obtain dual resonances with wide
bandwidth characteristics [43], [44]. Therefore, we cut a U-like
slot in the patch, by positioning each segment properly with
the optimized dimensions in step 3. The antenna generated two
resonances at 1.51 and 2.87 GHz with good impedance match-
ing. To further reduce these two resonances to the desired
bands (1.4 and 2.45 GHz), we employed a rectangular notch
in the radiating patch and an open-ended slot near the feed
location of the ground plane. Consequently, both frequencies
moved to lower resonances in step 4, with better resonant char-
acteristics for both bands. A further ground slot and two corner
notches in radiating patch participate in the miniaturization and
impedance matching of the antenna in step 5. The ground slots
introduce an additional parasitic element, which contributes to
the enhancement of radiation efficiency. It is obvious that the
miniaturized dual-band antenna was successfully obtained by
loading meandered slots in the radiator and the ground plane of
a rectangular patch antenna. It is noteworthy that the optimal
dimensions and locations of these slots and the feed were
selected by analyzing the parametric studies in Section III.

D. Current Distribution

Current distributions of the proposed antenna on the radiat-
ing patch at 1.4 and 2.45 GHz are shown in Fig. 5(a). Current
is pumped in from the power source through an SMA cable
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into the inner conductor of the coaxial feed, which penetrates
the substrate and connects the patch directly. Following this
configuration, the current propagates from the feed line to
the rest of the patch. The current distribution has the highest
magnitude and strongly concentrates along the edges of the
left arm at 1.4 GHz. In the contrast, the current distribution
at 2.45 GHz shows a higher current density around the right
arm. In addition, more significant charge accumulations can
be seen at the edges of the patch and the two arms of the
antenna at 2.45 GHz. The surface current distribution on an
antenna affects the direction, efficiency, and polarization of
the radiated wave, which together determines the antenna’s
radiation pattern. For example, the surface current distribution
determines the direction of maximum radiation or the main
lobe of the radiation pattern. The direction of maximum
radiation is perpendicular to the direction of maximum surface
current. As shown in Fig. 5(b) and (c), the maximum radiation
occurs in close proximity to the maximum current density at
both frequencies. In addition, it is observed that the edge of the
radiating patch at 2.45 GHz exhibits a higher current density
than that at 1.4 GHz, resulting a higher level of side lobes in
the radiation pattern at 2.45 GHz.

E. SAR Distribution

Due to the effects of radiation interacting with the human
body, it is necessary to consider SAR. SAR generally evaluates
the rate of electromagnetic power absorbed by biological
tissues (per unit mass) when exposed to the electromagnetic
field and is determined by the following equation [45], [46]:

S AR =
σ E2

2ρ
(1)

where E is the magnitude of the electric field, and σ and ρ

are the conductivity and mass density of the biological tissue,
respectively. To comply with safety guidelines, SAR cannot
exceed 1.6 W/kg, over averaged any 1-g cubic tissue regulated
by the IEEE C95.1-1999 standards [47] or 2 W/Kg per 10 g
according to IEEE C95.1-2005 [48]. To study the radiation
effect on the human body and meet the limitation of the
regulations, the SAR is simulated and analyzed in the Glenn
human model using Sim4life software, and Fig. 6 presents
the SAR distributions in the surrounding tissues. By assuming
that the net input power of the antenna is 1 W, the 1-g
peak average SAR is 767 and 785 W/kg observed at 1.4 and
2.45 GHz, respectively. To satisfy the human safety regulation,
the maximum allowable input power is 2.08 and 2.03 mW over
a 1-g SAR body model, correspondingly. The detailed SAR
and maximum allowable input power for 1 and 10 g of tissues
are shown in Table IV.

III. PARAMETRIC STUDIES

Parametric analysis is a crucial tool for antenna design,
optimization, and fine-tuning. This section investigates a series
of parametric studies aiming to realize a compact implantable
antenna with outstanding antenna performance parameters in
the WMTS and ISM bands. Several critical physical parame-
ters, including feed positioning, slot dimensions, and substrate

Fig. 6. Average SAR distribution of the implantable antenna inside the
human forearm.

TABLE IV
PEAK AVERAGE SAR AND MAXIMUM ALLOWABLE NET-INPUT POWER

FOR THE PROPOSED ANTENNA

Fig. 7. Parametric studies of the proposed antenna with (a) feed position,
(b) ground slots, (c) substrate materials, and (d) thickness of the substrate.

thickness, are explored, as well as the variation of the substrate
materials, which affect the gain of the antenna.

A. Effect of Feed Locations

In a microstrip antenna, the input impedance varies with
the position of the coaxial feed. Therefore, the feed position
determines the input impedance or impedance matching
between the transmission line and the port. The effect on
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S11 of the antenna concerning the feed positions is shown in
Fig. 7(a); there is no significant deviation from the resonance
frequencies, but the S11 values and the antenna impedances
are seriously affected by the feeding position. The initial
two positions, P1(3,3) and P2(0.4,4.5), show no resonance
in either frequency, while a single resonance is induced at
1.4 GHz by exciting the antenna at P3(4.6,4.6). Another single
resonance appears at 2.43 GHz by placing the feed position at
P4(1.5,2.3). A dual-band mode, with weak resonance charac-
teristics, appears when the antenna is switched to P5(0.5,0.5).
In addition, the impedance matching improved significantly
at both resonant frequencies of 1.4 and 2.45 GHz when the
feeding position changes to P6 (3.25,0.5), which was adopted
for the antenna design.

B. Effect of L-Shaped Ground Slot

As visualized in Fig. 2(b), an open-ended L-shaped ground
slot is embedded in the antenna for compactness purposes. The
slot consists of two segments, and their effect on the reflection
coefficient is illustrated in Fig. 7(b). The incorporation of the
ground slot enlarges the current path of the proposed antenna
in the ground plane. By inserting slot segment 1, the resonant
frequencies of both bands shifted to lower frequencies. When
slot segment 2 is embedded on the ground plane, the ISM
band exhibits a more significant reduction in resonance, while
the lower band reduces only slightly. In the meantime, slot
segment 2 significantly improved the impendence matching
in the lower band. Overall, the slotted ground enhances the
bandwidth of the antenna.

C. Effect of Substrate Materials

Appropriate selection of substrate material is critical in
designing small dimensional antennas, especially at high
operating frequencies. Four different commercial substrates
with dielectric constants ranging from the values of 2.2 to
10.2—Rogers RT Duroid 5880, RO 3006, RT 6010, and
FR4—have been considered for the proposed antenna. The
following performance parameters—resonant frequency, return
loss, peak gain, directivity, and bandwidth of different sub-
strate materials—were compared under the same dimensions
(w = 5 mm, l = 5 mm, and h = 0.635 mm), as exhibited in
Fig. 7(c) and Table V. It can be observed that the substrate
material with a higher value of permittivity exhibits lower res-
onant frequencies. The guided wavelength of the patch antenna
can be reduced by using a high-permittivity substrate, thereby
reducing its physical dimensions. In addition, the performance
of peak gain and directivity also depends upon the substrate
materials. Table V illustrates that both frequencies obtain the
highest peak gains and peak directivities when the antenna is
mounted on the Rogers RT/Duroid 6010 substrates. In addi-
tion, we further investigate the effect of loss tangent changes
on the antenna. We set loss tangent values to 0.0001, 0.001,
0.0023, and 0.1 on the same Rogers RT/Duroid 6010 substrate.
As depicted in Table VI, as the loss tangent increases, the gain
decreases. Therefore, substrates with low loss tangent values
are desired, where the Rogers RT/Duroid 6010 substrate has

TABLE V
SUBSTRATE PARAMETERS AND THEIR EFFECTS

ON THE PROPOSED ANTENNA

the lowest loss tangent value among the four substrates listed
in Table V.

D. Effect of Substrate Thickness

To explore the appropriate substrate thickness for the pro-
posed antenna, we compared how it performed with varying
substrate thicknesses (h) ranging from 0.15 to 1.27 mm.
Fig. 7(d) shows the values of S11 corresponding to the substrate
thicknesses in a given Rogers RT/duroid 6010LM material,
proving that the resonant frequencies decrease by increasing
the height of the substrate. Notably, a higher thickness leads
to wider bandwidth and a lower reflection coefficient, which
is desired. Generally, the magnitude of the fringing field
generated between the periphery patch and the ground plane
is responsible for the radiation of the antenna, and it depends
on the width of the antenna and the height of the substrate.
As the substrate thickness increases, the parasitic capacitance
formed by the fringing fields also increases, leading to the
effect of shifting the resonance frequency to lower values [49].
As expected, Fig. 7(d) shows that, as the thickness of the
substrate increases, the resonance frequency decreases, but
the bandwidth increases. Considering the above, we chose
the 0.635 mm height to achieve a sufficient bandwidth for
biomedical wireless communication and the required device
compactness (bandwidths of 300 MHz at 1.4 GHz and
380 MHz at 2.45 GHz).

IV. EXPERIMENTAL SETUP AND MEASUREMENT

After the antenna was analyzed in different simulation
scenarios, it was time to investigate the actual performance
in vitro. The physical antenna prototypes were fabricated,
and a series of measurements were performed. For simplicity,
a muscle model (mixed with blood and fat) with a dimension
of 100 × 100 × 60 mm3 was used for the measurement.
The results were compared with the simulated version of the
homogenous phantom.

The fabricated prototype is shown in Fig. 8(a). To excite the
antenna, a 50-� coaxial cable is used to feed the antenna, and
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Fig. 8. (a) Fabricated antenna prototype and solder details. (b) Reflection
coefficient measurement setup and results for the proposed antenna with
different fat percentages in the pork mince.

hence, the soldering procedure is significant for obtaining good
impedance matching. The conductor within the insulation of
the coaxial cable is soldered to the radiating metal patch, while
the outer conductor is connected to the ground plane of the
antenna. Then another end of the coaxial cable will be linked
to a vector network analyzer (VNA, Agilent Technologies
E83628) for measuring the S-parameters of the antenna.

A. Reflection Coefficient for the Implantable Antenna

The measurement setup of the reflection coefficient for
the proposed antenna is presented in Fig. 8(b). The resonant
frequency of the antenna is highly dependent on the vari-
ous dielectric properties of different tissues [50]. Since the
antenna is placed in the muscle tissue layer in the simulation,
we employed pork mince for the measurement. We studied
three pork minces with different fat percentages: 5% fat, 12%
fat, and 15% fat.

A comparison between the experimental and simulated
reflection coefficients is visualized in Fig. 8(b). In particular,
the measured antenna bandwidths of reflection coefficient are
below −10 dB, ranging from 1.31 to 1.68 GHz (370 MHz) and
from 2.44 to 2.83 GHz (390 MHz) in the pork mince with 5%
fat, which can cover the desired frequency bands. However,
the resonant frequencies shift to higher values compared
with the simulation (HFSS) results, which may be on account
of the existence of the fat tissue and the air gaps among the
tissues [51]. In addition, the result reveals that the higher
the fat content in the pork mince, the greater the shift in
the resonance frequencies; more particularly, the low relative
permittivity and conductivity of fat tissue will decrease the
electrical properties of the environment. Consequently, the

Fig. 9. (a) Schematic of an anechoic chamber and its relevant hardware.
(b) Far-field radiation pattern measurement setup. (c)–(f) Comparison nor-
malized radiation pattern (in dB) between the simulation and measurement
results at (c) E-plane at 1.4 GHz, (d) H-plane at 1.4 GHz, (e) E-plane at
2.45 GHz, and (f) H-plane at 2.45 GHz.

antenna in the pork mince with 5% fat shows good agreement
with the simulation result.

B. Radiation Pattern Measurement

Far-field radiation pattern and gain are the key factors to
guarantee reliable data communication, which can be mea-
sured in an anechoic chamber. Fig. 9(a) presents a schematic of
an anechoic chamber and its relevant hardware setup. Notably,
this measurement system uses a “theta over phi” (θ /φ) coor-
dinate system, which indicates that the azimuth is scanned by
rotation of θ and elevation is scanned by rotation of φ. The
measurement setup in the anechoic chamber is demonstrated in
Fig. 9(b). To accurately measure the antenna under test (AUT),
the AUT is placed in the center of the support stand at a 1.16 m
distance from the probe antenna, while the implantable antenna
is inserted into the pork mince through the bottom hole of the
measuring box, connecting directly to the coaxial feed cable in
the support stand to mitigate the effect of the metal exposure
of the cable. Absorption foam is added to the bottom of the
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measuring box to further combat interference. The comparison
of simulated and measured normalized radiation patterns in the
E-plane and the H-plane at 1.4 and 2.45 GHz is exhibited
in Fig. 9(c)–(f), respectively. The measurement results at
1.4 and 2.45 GHz, on the E-plane, are closely consistent with
the simulated ones. For the H-plane, the measured radiation
patterns show suitable agreement with the simulated other than
the orientation differences between them. This may be due to
the misalignment of the antenna placement in the pork mince
during the rotation of the support stand. In addition, the peak
gains of the antenna measured in the pork mince phantom are
−31.5 and −32.1 dBi at 2.45 and 1.4 GHz, respectively. The
deviation between the simulated and measured gain might be
caused by the following reasons.

1) The antenna was inserted into the pork mince but not
fixed in one place during the radiation pattern measurement.
Thus, the orientation of the antenna might be changed due to
the movement of the rotation stage.

2) The implantation depth of the antenna also determines
the gain of the antennas. Fig. 9(b) presents the setup of the
radiation pattern measurement; the proposed antenna with a
short coaxial cable (to reduce cable loss) is connected to
another coaxial cable through the bottom of the container (to
mitigate the influence of the metal exposure) in the support
stand, resulting in a deeper implant position compared to the
simulation. In addition, the reflection from the container/box
can affect the performance of the antenna gain values.

3) The contacting environment of the antenna is another key
factor affecting its performance. Therefore, the space/air gap
in the minced pork can also influence the antenna gain.

In addition, considering the fact that the antenna will be
surrounded by heterogeneous tissues, we further performed
3-D far-field radiation pattern simulations at 1.4 and 2.45 GHz
in the anatomical human phantom “Glenn” in Sim4Life.
As shown in Fig. 10, the proposed antenna emits high-
strength radiation from Glenn’s arm to the outside of the body,
which facilitates wireless biotelemetry with the exterior device.
As aforementioned, the antenna is placed centrally in the
forearm, between the artery and vein, 46 mm subcutaneously
on the outside of the arm. The peak gains of −31.1 and
−29.33 dBi are obtained at 1.4 and 2.45 GHz, respectively.
Compared to the simulation results in HFSS, the reduction of
the peak gain values may be caused by the volume variance of
the models and their surrounding environments, as previously
mentioned in the |S11| comparison. In addition, the implan-
tation position in the Glenn model is deeper than that of the
three-layer phantom model distance from the antenna to the
outer arm.

C. Wireless Link Budget Analysis

Link budget calculations are performed in this study
to estimate the communication capability of the proposed
implantable antenna with an external standard dipole antenna
(as a reference). The proposed implantable and dipole antenna
with a gain of 2.15 dBi are assumed as transmitter and
receiver, respectively. To mitigate electromagnetic interference
to the human body and ensure communication quality, the

Fig. 10. 3-D radiation patterns of the proposed antenna in the realistic human
model “Glenn” arm at (a) 1.4 and (b) 2.45 GHz.

TABLE VI
EFFECTS OF LOSS TANGENT VALUES ON THE PROPOSED ANTENNA GAIN

input power to the implantable antenna is set to 25 µW
(−16 dBm) under the European Research Council limita-
tion [52]. In addition, high data rates of 1 and 2 Mb/s are
considered in the link budget analysis of this wireless smart
AVG system to guarantee efficient communication with the
external device. Other related parameters for calculation of
the link budget concerning transmitter, receiver, propagation,
and signal quality are presented in Table VII. Link margin
(LM) in a wireless communication system can be computed,
as described in the following [53], [54]:

L M(dB) =
C1

No
−

C2

No
(2)

C1

No
= Pt + G t + Gr − L f − No (3)

C2

No
=

Eb

No
+ 10 log10(Br ) − Gc + Gd (4)



4768 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 71, NO. 6, JUNE 2023

TABLE VII
LINK BUDGET PARAMETERS FOR THE PROPOSED ANTENNA

Fig. 11. Calculated LM as a function of distance at 1- and 2-Mb/s data rates.

L f = 20 log10

(
4πd
λ

)
(5)

No = 10 log10 (k) + 10 log10 (Ti ) (6)
Ti = T0(N F − 1) (7)

where (C1/No) is the signal-to-noise ratio for the actual link
(Al) of the implantable antenna and (C2/No) is the signal-to-
noise ratio of the required link (Rl).

The computed LM of the proposed antenna for various
transmission distances at different data rates is shown in
Fig. 11, which shows that the implantable antenna can easily
achieve 2 Mb/s of data rate within a distance of 10 m. As the
external receiver will be in contact with the skin, the wireless
data transmission distance should be less than 5 cm. As shown
in Fig. 11, the LM is higher than 55 dB within 1 m, which
is sufficient for the wireless biotelemetry of the proposed
antenna.

Furthermore, wireless data transmission is experimentally
validated in Fig. 12, where the transmitter module equipped

Fig. 12. (a) Wireless data transmission scenario setup. (b) Results of the
output on Arduino serial monitor: transmitter monitor (left) and receiver
monitor (right).

with the proposed implantable antenna can steadily and con-
tinuously transfer and receive data at a distance of 20 cm.

D. Wireless Data Transmission Validation

Prior to integrating the proposed antenna on the AV graft
implant, it is required to demonstrate the actual feasibility
of data transfer for the implantable antenna. Consequently,
this study employs an ultralow power consumption protocol
nRF24L01 with a proprietary adaptive network technology
(ANT) for both transmitter and receiver circuits for the wire-
less biotelemetry system. In particular, the nRF24L01 module
serves the ISM frequency band (2.400–2.480 GHz) by adopt-
ing the Gaussian frequency-shift keying modulation. It offers a
maximum of 2-Mb/s data transmission rate, which can transmit
data efficiently. Fig. 12 illustrates the communication scenario
under which data are being transmitted from a transmitter
in-body (minced pork) to an exterior receiver. To verify
the performance of the proposed antenna, we modified and
fabricated a new PCB for the transmitter module based on
the nRF24L01 module and directly connect the implantable
antenna (i.e., proposed antenna) enclosed by minced pork,
while the receiver module adopts the commercial nRF24L01
receiver with an onboard antenna. The receiving antenna in
the nRF24L01 module follows an inverted F-shaped design to
obtain the compact structure, and it can operate in the range of
2.4–2.525 GHz with high precision. Subsequently, the
transceiver modules interface with microcontrollers for trans-
mitting and receiving a set of random data, respectively.
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In particular, this pair of transceivers operates at 2.45 GHz,
aiming to support bidirectional data transmission for wireless
smart AVG. Consequently, the transmitter module equipped
with the proposed implantable antenna can steadily and contin-
uously transfer and receive data at a distance of 20 cm. We did
not explore or demonstrate higher transmission distances as
this is adequate for targeted implantation applications. In addi-
tion, we did not account for the tissue losses in the prior link
budget calculation, and the actual arm contains less muscle
compared to the measurement setup.

V. CONCLUSION AND FUTURE WORK

This article presents a miniaturized implantable antenna
operating at 1.4 and 2.45 GHz for wireless powering,
biotelemetry, and purposes of self-reporting AVGs. The design
process, parameter features, and corresponding propagation
characteristics are reported in this study. In particular, the
antenna performance was investigated by placing the antenna
between the artery and vein in the antebrachial location
(forearm) of a human body model, resembling the actual
implantation site in vivo. The measured results were evaluated
by performing the antenna prototypes inside the pork mince.
Regardless of several effects on the antenna performance,
including fat presence, coaxial cable loss, and orientation mis-
alignment, the measured results show suitable performance.
In addition, SAR values and the maximum allowed input
power for the antenna were simulated in the human model.
The computed LK indicated a redundant communication link
that can be reached by employing the proposed implantable
antenna and an external reference antenna. Moreover, the con-
ducted demonstration of the wireless communication system
visualizes that the proposed antenna is reliable and suitable
for wireless data transmission in HD applications. These data
support that this compact antenna is a good candidate for
supporting the wireless telemetry of SMART AVGs. In the
future, we will further implement the wireless power supply
function of the antenna and develop the wireless system for
SMART vascular active implants by considering both wireless
power and data transmission.
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