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Design and System Verification of Reconfigurable Matching Circuits for
Implantable Antennas in Tissues With Broad Permittivity Range
Yuan Feng , Yue Li , Linze Li , Bozhi Ma, Hongwei Hao, and Luming Li

Abstract— In this communication, we present an effective solution for
reconfigurable matching circuits for tuning medical implant communications service (MICS) band implantable antennas in various tissues.
We use only two lumped components, a shunt inductor and a series
varactor with bias in the proposed circuits, to match a spiral antenna on
the neurostimulator platforms. By properly tuning the bias voltage of the
varactor, impedance matching of the same antenna is achieved in different
tissues with a broad relative permittivity range from 5 to 60, which
indicates superior antenna performance in the dramatically changeable
biological environments. With the merits of simple configuration and easy
voltage programming, the proposed circuits are accurately designed on
impedance trace of the Smith Charts. In clinical applications, we integrate
the reconfigurable matching circuit with the neurostimulator platform.
The proposed circuits with implantable antenna are numerically analyzed
and experimentally validated at the system level. We achieve good
antenna impedance matching performance in various types of tissues, i.e.,
the reflection coefficients are less than −20 dB, and a 6–12 dB benefit of
link budget is achieved in different tissues.
Index Terms— Biomedical communication, implantable neurostimulators, reconfigurable antennas, varactor-tuned antennas.

I. I NTRODUCTION
The neurostimulator, such as the brain pacemaker, equipped with
a wireless physiological signal monitor, is of great significance in
remote care and treatment [1]. The implantable RF communication is primarily selected for monitoring the in vivo physiological
parameters. However, the adopted implantable antenna suffers from
the detuning problem caused by the changeable dielectric properties
of the surrounding tissues. It is quite a challenge to create an
efficient RF link using the same antenna in different biological
environments. As shown in Fig. 1, various factors lead to detuning.
First, surgeons implant neurostimulators in different locations in
patients, such as the subpectoral and subcutaneous location in the
chest or abdomen [2]–[4], as shown in Fig. 1(a) and (b). Clinical
experts also believe that neurostimulators might migrate in the human
body [5]. Different implantation sites have different permittivities,
such as fat (5.58), skin (46.72), or muscle (57.10) [6], as given
in Table I. Li et al. [7] also mentioned this phenomenon in the design
of pacemaker antennas. Second, the dielectric properties of bloodinfiltration-related tissues, such as not- or avg-infiltrated fat [8], are
Manuscript received July 19, 2019; revised November 13, 2019; accepted
November 13, 2019. Date of publication November 28, 2019; date of current
version June 2, 2020. This work was supported in part by the National Key
Research and Development Program of China under Grant 2016YFC0105500,
in part by the NSFC under Grant 81527901, in part by the Beijing New-Star
Plan of Science and Technology Program under Grant Z181100006218129,
and in part by the Natural Science Foundation of Beijing Manipulate under
Contract 4182029. (Corresponding authors: Yue Li; Luming Li.)
Y. Feng, L. Li, B. Ma, H. Hao, and L. Li are with the School of
Aerospace Engineering, Tsinghua University, Beijing 100084, China (e-mail:
lilm@tsinghua.edu.cn).
Y. Li is with the Department of Electronic Engineering, Tsinghua University,
Beijing 100084, China (e-mail: lyee@tsinghua.edu.cn).
Color versions of one or more of the figures in this communication are
available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TAP.2019.2955291

Fig. 1. Examples of environmental factors leading to implantable antenna
detuning. (a) Different dielectric properties of different implantation sites.
(b) Different tissue environments related to body type. (c) Dielectric properties
of tissue variation with age.
TABLE I
D IELECTRIC P ROPERTIES OF T ISSUES AT 403 MHz [6]

changeable because of the changes in the blood contents [2] and
surgical bleeding [9]. Third, the patients implanted with neurostimulators range in age from 10 to 70 years [2], [10], [11]. The dielectric
properties of some tissues are significantly age-related, such as skin
and muscle [8], because of the decrease in the water content with
increase in age, as shown in Fig. 1(c). Having these in mind, the
dielectric properties of tissues surrounding the neurostimulators might
range as εr ∈ [5, 60], σ ∈ [0.04, 1] S/m. Furthermore, the range of
dielectric properties also represents the effective body properties of
multilayer tissues.
The performance of pacemaker antennas is usually investigated
in tissues with specific dielectric properties, such as 2/3 muscle
phantom with 2/3 dielectric properties of pure muscle [12], [13],
skin [14], and muscle [15]. To deal with the detuning problem,
Po et al. [16] report an automatic matching circuit in 0.13 μm
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Fig. 2. (a) Four L-type matching circuits. (b) Tuning region of No. (I) L-type
matching circuit, plotted in blue.

CMOS technology for tuning pacemaker 2.4 GHz antenna. In [17],
a comatching method is proposed for cooperatively matching different operation modes of the neurostimulator antenna in fat or
muscle tissue to the medical implant communications service (MICS)
band. To increase the matching stability of the capsule antenna
in tissues with dielectric properties changing from 40% muscle
to pure muscle, Nikolayev et al. [18] use a high permittivity biocompatible superstrate to reduce the antenna–body coupling. In the
subsequent research, Nikolayev et al. [19] improve the design by
concentrating the near field of a slot-path antenna in the capsule shell.
Magill et al. [20] propose a 2.4 GHz tissue-independent implantable
antenna using multiple modes of the antenna to deal with the detuning
problem.
In this communication, we propose a reconfigurable matching
circuit and a properly designed planar spiral monopole antenna for
neurostimulator platforms to cope with the potential antenna-detuning
risk in clinical applications. The reconfigurable matching circuit
makes it possible to tune the antenna in a changeable biological
environment with relative permittivity and conductivity changing
continuously as εr ∈[5, 60], σ ∈ [0.04, 1] S/m.
II. T UNING P RINCIPLE AND A NTENNA D ESIGN
A. Tuning Principle
In the designs of mobile antennas, varactors [varactor diodes
(VDs)] and p-i-n diodes are generally utilized to change the electrical
characteristics for reconfiguring the operating frequencies [21]. As a
voltage-dependent capacitor, varactors are ideal for antenna tuning in
a changeable biological environment. Fig. 2(a) indicates four L-type
matching circuits with a varactor and a lumped inductor or capacitor.
As an example, Fig. 2(b) shows the tuning region of No. (I) L-type
matching circuit. The green region in the Smith Chart is the ideal
matched region of a load Z load for an RF transmitter, defined in (1).
The tuning regions of No. (I) L-type matching circuit are defined
in (1) and (2). In practice, the impedance trace of the Smith Charts
helps us to quickly define the tuning regions. To tune the antenna
in different biological environments, we should find the parameters
of CVD , L, or C with a wide enough tuning region to cover all the
impedances of the antenna in different tissues as
(1)
20 log10 |(Z load − Z 0 )/(Z load + Z 0 )| ≤ −15 dB; Z 0 = 50+0 j
Z load = Z Ant /(1− j · Z Ant /2π f L)− j/2π f CVD ; f = 403 MHz. (2)
B. Antenna Configuration and Design Procedures
Without loss of generality, we designed a planar spiral monopole
antenna for the neurostimulator. Fig. 3(a) shows the layout of the

Fig. 3. (a) Layout of the proposed antenna. (b) Components and structures
of the neurostimulator. (c) Homogeneous tissue phantom.

antenna occupying a 20 × 10 mm2 space with a 5 mm clearance
height. The total length of the proposed antenna was approximate to
the quarter-wavelength of the 403 MHz wave in fat (not infiltrated)
tissue. The model of the neurostimulator, composed of a titanium (Ti)
metal case, a 1 mm thick PCB made of FR4 (εr = 4.4, tan θ = 0.02),
a feedthrough, a header made of silicone rubber (εr = 3.1, tan θ =
0.04), and the antenna, was based on Model G102RS manufactured
by Beijing PINS Medical Company, Ltd [1], with a 65 × 50 ×
11 mm3 size, as shown in Fig. 3(b). A homogeneous body phantom
with the dimension of 180 × 150 × 90 mm3 was used to study the
performance of the antenna in human tissues, as shown in Fig. 3(c).
All the simulations of the studies were addressed by Ansoft HFSS.
We have investigated the changes in the dielectric properties of
tissues surrounding the neurostimulator before. Various evidence indicated that the range of the dielectric properties should be εr ∈ [5, 60],
σ ∈ [0.04, 1] S/m [2]–[11]. We use five examples of tissues with
specific dielectric properties, such as fat (not infiltrated), 40% muscle,
2/3 muscle, skin, and muscle, to discuss the impedance characteristics
of the antenna. The dielectric properties of these tissues are listed
in Table I, representing the most representative sets of data in the
range of the dielectric properties. For the optimization of the antenna
and the reconfigurable matching circuit, we took the following steps.
Step 1: Simulations start with a planar spiral monopole antenna
for the neurostimulator, in fat (not infiltrated) tissue.
Step 2: Investigate the impedance characteristics of the antenna in
different tissues, fat (not infiltrated), 40% muscle, 2/3 muscle, skin,
and muscle tissues.
Step 3: Select one of the four circuit topologies from Fig. 2(a).
Step 4: Determine circuit parameters with a proper tuning region
to cover all the impedance of the antenna in different tissues.
Step 5: If the lumped components corresponding to the circuit
parameters are easy to get, turn to finish. If not, reselect the circuit
parameters, turn to Step 4; reselect circuit topologies, turn to Step 3;
redesign the antenna, and turn to Step 1.
Following these steps, we found the properly designed layout of
the antenna, as shown in Fig. 3(a). Moreover, as shown in Fig. 4,
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Fig. 4. (a) and (b) Simulated |S11 |, and impedance of the proposed antenna
in various tissue phantoms.

Fig. 6. (a) and (b) Manufacture and assembly of the antenna. (c) Neurostimulator prototype. (d) |S11 | and impedance measurement setup.

Fig. 5. (a) and (b) Simulated |S11 |, and impedance of the proposed antenna
after matching by using the reconfigurable matching circuit.

due to the unmatched impedance of the antenna in tissues with high
permittivity, including 40% muscle, 2/3 muscle, skin, and muscle
tissues, most of the energy was reflected in the port resulting in a
strong |S11 |. Comparing the impedance constellation of the antenna
in different tissues with the shapes of the tuning regions for the four
reconfigurable matching circuits, we selected No. (I) L-type matching
circuit for reconfigurable matching, and the circuit parameters were
CVD ∈[3, 20] pF, L = 47 nH. The tuning region of the optimized
reconfigurable matching circuit is shown in Fig. 4(b). It covered the
whole impedance constellation of the antenna in different tissues.
Fig. 5 shows the matched antenna impedance in different tissues tuned
by the reconfigurable matching circuit. Superior antenna performance
in changeable biological environments benefits from the optimized
reconfigurable matching circuit.
III. S YSTEM D ESIGN AND E XPERIMENTAL M EASUREMENT
A. Antenna Manufacturing and Measurement Setup
The proposed antenna was manufactured by the femtosecond laser
(StarCut Tube 2 + 2) and assembled within the header, as shown
in Fig. 6(a) and (b). To fix the antenna, we designed a grooved
housing made of resin material for the header. The inside of the
grooved housing was filled with silicone rubber. The resin and
the silicone rubber were equal in permittivity. On the top surface
of the housing, we made a 0.2 mm thickness coating of silicone
rubber to cover the antenna. The assembled neurostimulator is shown
in Fig. 6(c) and is composed of the Ti case, PCB, feedthrough, and
header. To ensure air-tightness during the measurement, we used
silicone rubber to seal the Ti case, instead of welding the case by
laser welding for real products.

Fig. 7. (a) and (b) Measured |S11 |, and impedance of the proposed antenna
in various tissue phantoms.

We measured the antenna impedance in different tissue phantoms.
As shown in Fig. 6(d), the antenna installed on the neurostimulator
was measured in the liquid phantom with a similar configuration of
simulation. Phantoms for different tissues were made according to
the recipes given in [13] and [22]–[25]. The detailed recipes are as
follows.
1) Fat (not infiltrated) phantom, volume ratio: oil (76.7%) and
triton X-100 (23.3%) [22].
2) 40%muscle phantom, volume ratio: triton X-100 (78.5%),
deionized water (21.5%), NaCl (4.28 g/L) [23].
3) 2/3 muscle phantom, weight ratio: glycerin (71.3%), deionized
water (20.1%), and NaCl (4.0%) [13].
4) Skin phantom, weight ratio: sugar (56.2%), NaCl (2.3%), and
deionized water (41.5%) 24].
5) Muscle phantom, weight ratio: sugar (45.0%), NaCl (1.4%),
and deionized water (52.4%) 25].
Fig. 7(b) plots the measured antenna impedance, agreeing well
with the simulation results. The whole impedance constellation
of the antenna in different tissue phantoms was located in the
tuning range of CVD ∈ [3, 20] pF, with shunt inductor of
L = 47 nH.
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Fig. 9. (a) Values of V R and IDC for reconfigurable matching. (b) DC circuit
topology of the matching circuit. (c) IDC measurement setup.

Fig. 8. (a) Reconfigurable matching circuit schematic and its integrated
schematic with the neurostimulator system. (b) Off-body programming
device of the neurostimulator system. (c) Inside view of the neurostimulator
prototype.

Fig. 10. (a) and (b) Measured |S11 |, and impedance of the proposed antenna
after matching by using the RC.

B. System Design
Based on the design process, we can easily integrate the reconfigurable matching circuits with the neurostimulator platform. A 3.7 V
dc battery is usually used for pacemakers. The varactor, SMV1249
(Skyworks), with a variable capacitance range from 37.25 pF (at
reverse voltage, V R = 0.0 V) to 2.96 pF (at V R = 3.5 V) met the
design requirements. A 56 nH inductor was used for antenna tuning
in practice instead of the 47 nH inductor in simulation. As shown
in Fig. 8(a), the varactor was driven by a voltage follower. Inductor L
also acted as a dc short inductor. V R was controlled by an on-chip
programmable digital to analog converter (DAC) within the microcontroller unit (MCU). The inductive link is commonly used in medical
implants as a low-rate, “touch” range transcutaneous communication
for implants programming and RF module waking up [25]. We
integrated the inductive link for off-body DAC programming. The
neurostimulator incorporated a small coil inside the Ti case, as shown
in Fig. 8(a) and (c). The inductive coupling between the external and
in-body coils was used as the communication channel. The inductive
link was compatible with the PINS Program System [26], shown
in Fig. 8(b). In clinical application, clinicians and researchers can
wake up the RF module by the PINS Program System for wireless
physiological signal monitoring.
C. Antenna Tuning and Optimized RF Link
We measured the matching characteristics |S11 | of the proposed
antenna. The PINS Program System is used for wireless DAC
programming, and the measured |S11 | acted as the feedback marker
to find the proper V R , while tuning the antenna. Fig. 9(a) shows
the values of the programmed V R when the neurostimulator was

Fig. 11.

|S21 | Measurement setup.

placed in different tissue phantoms. As shown in Fig. 9(b) and (c),
we measured the current IDC of the dc bias. The benefit from the
nanopower operational amplifier LPV521 (Texas Instruments) is that
the maximum of IDC is lower than 0.5 μA, as shown in Fig. 9(a). The
loss of dc bias is less than 0.1% of the power consumption of the
neurostimulator [27]. As shown in Fig. 10, the proposed antenna
within the neurostimulator platform was well matched at MICS band
with reflection coefficients less than −20 dB, despite the changeable
biological environments.
The +z direction communication link |S21 | between the neurostimulator within different tissue phantoms and a dipole antenna was
measured on an open roof, shown in Fig. 11. The neurostimulator
and the dipole were vertical polarization and were set 3 m apart from
each other. The |S21 | between two dipole antennas was measured
in the identical environment for reference. To avoid cable radiation
effects, we followed the tips given by El-Saboni et al. [28], and split
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Fig. 13.
Simulation results in the interface of fat and muscle layers.
(a) Simulated |S11 |. (b) Simulated impedance and circuit parameters.
TABLE II
C OMPARISONS W ITH R EPORTED W ORKS

Fig. 12. (a) Measured S-parameters of two dipole antennas. (b)–(f) Comparison of |S21 |, without or with the RC. The marked values are the |S21 | at
403 MHz.

coaxial ferrite cores were positioned on the feed cable. As shown
in Fig. 12, in fat (not infiltrated) phantom, the impedance of the
proposed antenna at MICS band is always matched, resulting in an
equal link budget. In other tissue phantoms, after being tuned by the
reconfigurable circuit (RC), the link budget of the neurostimulator
improved a lot, with 6–12 dB benefit achieved. Because of the
significant increase in link budget after reconfigurable matching,
in clinical applications, the received signal strength indication (RSSI)
can be used as a marker for adaptive matching. While waking up the
RF module in a standardized clinical scenario, the neurostimulator
platform software automatically scans the driving voltage V R and
detects the changes in RSSI. The optimal V R is with the maximum
RSSI. In practice, the purpose of tuning is to improve the link
budget. The reconfigurable antenna provides us with an opportunity
for in situ tuning so that we can always find an optimal link for
different patients. In terms of power consumption, a 6–10 dB output
power decreasing of CC1101 (Texas Instruments) is with at least a
2.9 mA current consumption reduction of Tx mode [29]. Therefore,
a 0.5 μA dc power consumption is the advantage that outweighs the
disadvantages. Although the reconfigurable setup will consume some
power, the mismatch losses will result in more power consumption
due to the increased transmitter power.

IV. D ISCUSSION AND C ONCLUSION
Using reconfigurable matching, we proposed a MICS band spiral monopole antenna operating properly in tissues with dielectric
properties changing continuously at εr ∈ [5, 60], σ ∈ [0.04, 1]
S/m. The efficiency of the in-body to off-body RF link in the
changeable biological environments is greatly improved. We use
the tuning region tracking of the reconfigurable matching circuit and
the impedance trace of the antenna to optimize the design. Therefore,
only two lumped components, a shunt inductor and a series varactor,
are used for tuning. The dc bias is also simplified, low cost, and
easily integrated with the neurostimulator platform. The proposed
work provides a new application scenario for varactor reconfigurable
matching, which not only solves the biomedical engineering problem
but also contributes to the promotion of antenna technology.
In comparison with previous work [17], we offer a different
impedance matching strategy and a better solution for the detuning
problem. Owing to the benefit from the continuously adjustable
characteristic of the reconfigurable matching circuit, the proposed
reconfigurable antenna can operate in tissues with changeable permittivity range from 5 to 60, not only in two tissues with specific
values of permittivity, as shown in Fig. 13, but also in mixed tissue
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types, in the interface of fat and muscle layers, which the previous
dual-mode antenna could not. The permittivity from 5 to 60 is also the
consideration for the range of effective permittivity of the multilayer
human body. Also, the reconfigurable matching circuit is validated
at the system level with the neurostimulator platform. The wireless
off-body programming for the in-body, reconfigurable matching circuit is proposed and validated. The reconfigurable matching method
is more practical and general.
Comparing with the reported works, given in Table II, we present a
systematic solution to the detuning problem of implantable antennas.
Although the capsule antenna proposed by Nikolayev et al. [19] can
also be matched in the air environment, the achieved characteristics require sacrificing the radiation efficiency. Confirmed experimentally, the proposed reconfigurable antenna can also operate in
human tissue, which is with maximum properties at εr = 81.1,
σ = 2.25 S/m [6], [18]. The robustness of the capsule antenna in [19]
also partly benefits from the thick capsule shell. For the neurostimulators, the metallic shell is also contributing to the radiation. To achieve
the same effect as the capsule antenna in [19], we need a thick
coating to cover the whole neurostimulator, including the antenna
and the Ti shell. The continuously adjustable matching circuit is a
cost-effective method to cope with the potential antenna-detuning risk
in clinical applications. In our study, we chose the MICS band as the
operating frequency to follow the FCC rules, and the investigation
on the optimal frequency for the neurostimulator should get more
attention. Nikolayev et al. [30] provide a good reference for the
optimal radiation of body-implanted antennas.
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