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Robust Wireless Power and Data Transmission
System against Misalignment for

Implantable Medical Devices
Haoqi Zhu , Member, IEEE, Xu Wu , Member, IEEE, Feng Xiong, and Mustafa Tahir , Member, IEEE

Abstract—Implantable medical devices with wireless power and
data transmission (WPDT) are rapidly developing. However, they
suffer from performance degradation issues due to misalignment
between transmitter and receiver coils. To improve the system’s
robustness against misalignment, this article develops an inno-
vative WPDT circuit incorporating an impedance matching net-
work (IMN) in a Class-E power amplifier (PA). First, the target
impedance region is identified to obtain the high-efficiency power
transmission of the Class-E PA. Then, an ASK modulation scheme
is implemented using MOSFETs and a data modulation inductor
to transmit data. Leveraging the theoretical derivations about
the target impedance region, the IMN circuit is implemented to
keep impedance within the target region, avoiding performance
degradation due to misalignment. Finally, the robustness proposed
WPDT with an IMN circuit is validated through experiments
for 10 mm misalignment, demonstrating a 17% improvement in
efficiency compared with a conventional WPDT system without an
IMN circuit. The experiment also validates that the bit error bit,
which evaluates the data transmission reliability, remains less than
10−6 for a 1-Mbps data rate with a modulation index of 10%.

Index Terms—Class-e power amplifier (PA), impedance
matching network (IMN), implantable medical devices (IMDs),
wireless power and data transmission (WPDT).

I. INTRODUCTION

W IRELESS power and data transmission (WPDT) have
been extensively researched in implantable medical

devices (IMDs), such as cochlear implants [1], deep brain
stimulator [2], etc., for the diagnosis and treatment of organ
dysfunction, as depicted in Fig. 1. The power transmission
requirements for IMDs can vary significantly, spanning from
microwatt levels to several hundred milliwatts, contingent upon
the specific application and its operational demands [3]. The

Received 11 February 2025; revised 23 April 2025; accepted 19 May 2025.
Date of publication 23 May 2025; date of current version 30 June 2025.
Recommended for publication by Associate Editor O. Lucia. (Corresponding
author: Haoqi Zhu.)

Haoqi Zhu and Mustafa Tahir are with the College of Electrical Engineering,
Zhejiang University, Hangzhou 310027, China, and also with Shaoxing Institute,
Zhejiang University, Shaoxing 312099, China (e-mail: hqzhu23@zju.edu.cn;
mustafatahir@zju.edu.cn).

Xu Wu is with NARI Group Corporation, Nanjing 210003, China (e-mail:
wuxu0922@zju.edu.cn).

Feng Xiong is with College of Physica and Electronic Science, Hubei Normal
University, Huangshi 435002, China (e-mail: xf1207@stu.hbnu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3572948.

Digital Object Identifier 10.1109/TPEL.2025.3572948

Fig. 1. Implantable medical devices. (a) Cochlear implant. (b) Deep brain
stimulator.

data rate requirements also vary based on the application (e.g.,
retinal prostheses: 2–20 Mbps, cochlear implants: 1 Mbps) [4].
High power transmission efficiency and data transmission reli-
ability are imperative to extend battery life and enable real-time
monitoring, especially in cases of coil misalignment.

For the WPDT system, robustness is crucial to withstand
variations in the coil’s relative position. The full-bridge converter
is commonly used in WPDT of low-frequency and high-power
situations because it is insensitive to load variation [5]. However,
its square-waveform operation results in high total harmonic out-
put voltage distortion. This disadvantage significantly affects the
electromagnetic interference characteristic of the MHz WPDT
system. Besides, operating an MHz system with a full-bridge
converter poses challenges due to dead-time requirements [5].

For the MHz WPDT system in IMDs, the Class-E power
amplifier (PA) is a promising candidate to drive high-frequency
inductive links, thanks to its zero-voltage switching (ZVS) char-
acteristics and zero-voltage-derivative switching (ZVDS) [6].
Although the PA has a high-efficiency characteristic, it is highly
sensitive to variations in the load. When its load parameters
deviate from their optimal value, the system’s efficiency de-
grades [7]. Besides, the voltage amplitude also gets changed.
Consequently, utilizing the characteristic of voltage amplitude
change, the amplitude shift keying (ASK) modulation scheme,
known for its lower power consumption and simpler structure
design, is commonly utilized for data transmission [8], [9].

In the IMDs, the receiver coil is placed inside the body, while
the transmitter coil is located outside to transmit power and
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data. Continuous body movement makes it difficult to ensure
proper alignment between the receiver and transmitter coils [10],
making it possible to have a wide range of mutual inductance
variations between coils. This phenomenon leads to a wide
range of coupling coefficient and load characteristic variations,
thereby degrading the system’s power transmission efficiency
[11]. Furthermore, the modulation index (MI) of data transmis-
sion is affected by mutual inductance variations, resulting in
an increased BER and decreased data transmission reliability
[12]. Therefore, coil misalignment emerges as a fundamental
challenge in WPDT systems for IMDs, directly hindering the
achievement of high-efficiency transmission and reliable data
transmission—both of which are essential for the safe and
reliable operation of implantable devices.

To address this issue, researchers have explored innovative so-
lutions to enhance the system’s robustness against misalignment
between coils. One commonly employed approach involves
optimizing the geometry structures of the coils or adopting
multicoil strategies [13]. By carefully designing and adjusting
the shape and size of the coils, it is possible to improve their
alignment and ensure stable power transmission efficiency. In
[14], a 3-D receiver and transmitter coil model is presented
to tackle the issue of misalignment sensitivity. In addition, a
sphere-shaped receiver coil is reported in [15] to impair the
impact of misalignment between coils. Furthermore, enlarging
the size of both the transmitter and receiver coil is proposed as
a means to improve misalignment tolerance [16], [17]. Ke et al.
[18] propose a multicoil receiver to enhance the misalignment
tolerance. A dual-resonant mixed-coupling coil is also reported
in [19] to enhance the misalignment immunity. Although these
methods mentioned above can effectively improve robustness
against misalignment in wireless power transmission (WPT),
they are not suitable for IMD applications due to stringent size
requirements.

Among control-oriented solutions, a self-oscillation control
strategy is presented in [20] and [21] to ensure a pure resistance
input impedance, which effectively mitigates the system’s output
fluctuations caused by changes in the coupling coefficient due to
coil misalignment. However, achieving accurate current/voltage
sensing poses a challenge in the application of IMDs due to their
operating frequency exceeding megahertz [22]. As an alternative
method, a dynamic tuning control approach has been developed
in [23], [24], and [25]. This method aims to adjust the resonance
inductance and capacitance to maintain high efficiency and
stable output characteristics when the coil is misaligned. How-
ever, it introduces additional passive components and switching
devices to ensure a stable tuning state, resulting in increased
system cost, volume, and complexity [26].

Alternatively, the impedance matching network (IMN) or
compensation network methods are popular solutions for MHz
WPT [27]. In [28], a Π-network consisting of some passive
components is introduced into the WPT system to enhance
the system’s efficiency and stabilize output characteristics. A
double-sided LCC compensation strategy is employed in [29] to
provide constant output voltage and current over the coupling
coefficient’s variation caused by coil misalignment.

Nevertheless, despite the numerous reported studies on WPT,
there is a lack of studies on WPDT that utilize the characteristics

of IMN to improve both power and data transmission against
misalignment ability. This is particularly important for IMDs,
requiring highly reliable data transmission, high power trans-
mission efficiency, and compact size.

Therefore, the motivation of this article is to address the
challenges associated with achieving not only high power trans-
mission efficiency but also data transmission reliability for IMDs
in case of coil misalignment. The article presents an innovative
WPDT circuit incorporating IMN to improve the robustness
against misalignment. By incorporating an IMN circuit, the
impedance transformation can be appropriately achieved, ensur-
ing that the impedance meets the Class-E PA’s target impedance
region within the coupling coefficient range. A data modulation
circuit is designed to integrate an inductor and MOSFETs into
the Class-E PA, enabling simultaneous data transmission while
maintaining high power transmission efficiency. A high data
rate is achieved by applying a constraint condition on the data
transmission rate in IMN circuit design. Notable contributions
in this article include the following.

1) An innovative WPDT with an IMN circuit is developed to
achieve high power transmission efficiency and reliable
data transmission in case of coil misalignment, which
improves the robustness against coil misalignment.

2) A unique constraint condition is implemented in the IMN
circuit’s design, enabling the calculation of IMN circuit
parameters and achieving the desirable high data rates.

3) A misalignment weight factor is presented to indicate the
significance of coil misalignment in relation to its vertical
distance. By incorporating this weight factor, researchers
can better quantify and evaluate the severity of coil mis-
alignment.

The rest this article is organized as follows. The target
impedance region for achieving the WPDT system’s high-
efficiency transmission is derived and discussed in Section II.
Based on the target impedance region, a WPDT with an IMN
circuit is demonstrated in Section III, including its analysis,
calculation, and design procedure. In Section IV, a prototype
is implemented to validate the proposed circuit’s effectiveness.
Finally, Section V concludes this article.

II. WORKING PRINCIPLE OF WPDT SYSTEM

Class-E PA is frequently utilized in WPDT systems to drive
the magnetic coupling resonance links, owing to its capability to
achieve nearly 100% efficiency. However, Class-E demonstrates
a high susceptibility to load variation, potentially causing a
deterioration in efficiency performance. In WPDT, horizontal
misalignment between the transmitter and receiver coils can
alter the links’ coupling coefficient, resulting in load impedance
feature variations within the PA that diminish the efficiency.
Therefore, it is essential to investigate the impedance range of
the load to achieve high-efficiency transmission.

A. Equivalent Circuit Derivation for WPT

The schematic of the WPT is depicted in Fig. 2, showcasing
the Class-E PA, series-parallel compensation capacitors, and
coupling coils. In this diagram, Lr and Lt denote the receiver and
transmitter coils, respectively, while rt stands for the transmitter
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Fig. 2. WPT schematic.

Fig. 3. Simplify the circuit model of WPT.

coil’s equivalent series resistance (ESR), rr is the receiver coil’s
ESR, Cr and Ct represent the parallel and series compensated
capacitors. Lf indicates the choke inductor. Co and Lo acts as
the resonance capacitor and inductor, S1 denotes the switching
device, and Cp represents the shunt capacitor. RL is the ac load.

In WPT systems, the receiver circuit is usually jointly with the
transmitter circuit to facilitate the theoretical analysis and calcu-
lation. Consequently, Fig. 3 represents a simplified schematic of
the WPT circuit seen in Fig. 2. In addition, ensuring that both the
transmitter and receiver coils work at their resonant frequency
(fr) to optimize the power transmission efficiency is essential.
Hence, fr can be determined as follows:

fr =
1

2π
√
LtCt

=
1

2π
√
LrCr

. (1)

When the WPT systems operating frequency is equal to fr,
the reflected impedance Zref is calculated as follows:{

Zref =
Q2

rrr×RL

n2(Q2
rrr+RL) =

k2ω2
rLtLrRL

RLrr+ω2
rL

2
r

Zeq = Zref + rt
(2)

where Qr is the receiver coil’s quality factor, its expression
denotes ωrLr/rr, and ωr = 2πfr. k represents the coupling coef-
ficient between coils, and Zeq denotes equivalent impedance.

According to (2), Zeq is purely resistive, with its value mainly
determined by k. In Fig. 3, Zeq is identified as Class-E PA’s
load impedance Zpa (Zpa = Rpa+jXpa). However, this PA
demonstrates a high sensitivity to changes in its load impedance.
As a result, coupling coefficient variations directly impact the
PA’s load impedance, which can significantly deteriorate its
transmission efficiency.

B. Impedance Target Region for Class-E PA

To achieve maximum efficiency of the Class-E PA, it is crucial
to satisfy both the ZVS and ZVDS, which requires a certain
configuration value of the Lo-Co-Cp-Zpa network for matching.

TABLE I
CIRCUIT PARAMETERS

Hence, in this state, the shunt capacitor and resonance capacitor
are calculated as follows [28].{

Cp = 8
π(π2+4)ωrRpa

Co = 16
ωrRpa[16QL−π(π2+4)]

(3)

where the QL indicates the Class-E PA’s load quality factor,
which is equal to ωrLo/Rpa.

Based on the above-mentioned analysis, the optimal per-
formance at a fixed load parameter can be guaranteed using
the traditional design method for the Class-E PA, e.g., effi-
ciency and output power. However, obtaining the impedance
Zpa target region for Class-E PA design is critical to achieving
high-efficiency transmission characteristics when the coils are
misaligned. The PA’s operating condition must be known to
investigate the target impedance range. In the WPDT system
of IMDs, the output power is typically less than 100 mW [12].
Besides, the 16 MHz carrier frequency is employed to drive
the Class-E PA. The values of the resonance inductance Lo and
choke inductance Lf are selected as 3 and 2.7 μH, respectively.
Following the requirements for optimal parameters design, Cp

and Co are set to 40 and 40 pF using (3). The Class-E PA’s
efficiency and output power are subsequently investigated. The
details of the parameters are outlined in Table I.

Note that a 0.5 duty cycle is selected, and the PA’s stray
parameters are neglected in this study. Hence, the output power
and efficiency are calculated following the equation provided as
follows [30]: ⎧⎨

⎩
Pout =

I2
out

Req
= IoutVeq

η = Pout
Pin

= Pout
I2

dcRdc

(4)

where Iout and Idc denote the PA’s output and input currents,
respectively, Rdc represents the PA’s dc resistance, Veq indicates
the PA’s output voltage, Pin and Pout are the PA’s input and
output power⎧⎨

⎩
Iout =

gVdc
Rdc

, Idc =
Vdc
Rdc

, Veq =
gVdcReq

Rdc

Rdc =
π2+g[2π sin(φ−0.5π)−4 sinφ]

4πωrCs

(5)

where g and φ denote the dc–ac voltage’s transfer ratio and
the load current phase, respectively. These can be determined
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Fig. 4. Efficiency with different Zpa (Zpa = Rpa+Xpa).

Fig. 5. Output power with different Zpa (Zpa = Rpa+Xpa).

through the following calculations⎧⎨
⎩
g = π sin(φ+ϕ)+2cos(φ+ϕ)

−2 sin(φ−0.5π) sin(φ+ϕ)+0.5π cosϕ

φ = arctan
(
− 4−0.5π2+(2cosϕ+π sinϕ)s

π+(π cosϕ−2 sinϕ)s

) . (6)

The load phase ϕ and coefficient are defined as follows:⎧⎨
⎩ϕ = arctan

(
ωrLo−(ωoCo)

−1+Xpa

Rpa

)
s = πωrCsRpa

√
1 + tan2ϕ

. (7)

Utilizing (4)–(7), the impedance range (Zpa = Rpa+jXpa) is
swept to obtain the high-efficiency and a suitable output power
region. Fig. 4 demonstrates the efficiency curve’s variation with
regard to Zpa (Zpa = Rpa+jXpa). It illustrates the contour map
of efficiency, highlighting the region where η>0.95 with a star
symbol. The Class-E PA’s output power variation trend for
different Zpa is illustrated in Fig. 5, and the output power’s
contour map is displayed. Considering the circuit losses and the
IMDs’ output power requirement, an appropriate output power
range for Class-E PA might be [0.05, 0.12]. The target region
is marked with a star symbol in Fig. 5. Therefore, considering
efficiency and output power requirements, the target impedance
Zpa range is defined as [−6, 40] for Xpa and [40, 67] for Rpa.

C. Data Modulation Implementation

Fig. 6 demonstrates the proposed data modulation circuit in
this study. The presented circuit expands upon the framework
depicted in Fig. 2 by incorporating data modulation, denoted
by the purple. The data modulation circuit involves switching

Fig. 6. WPDT circuit.

devices S2, S3, and inductor La. Its implementation process is
demonstrated as follows.

The switching devices (S2 and S3) will turn ON when the
data-signal is 1, allowing the Class-E PA to operate optimally
tuned to achieve the highest efficiency transmission. Conversely,
S2 and S3 will turn OFF when the data-signal is 0, and the PA’s
load network incorporates La. In this state, the load network’s
reactance increases, which reduces the transmitter coil’s voltage
amplitude. Thus, the ASK modulation method is implemented
for the data-signal transmission. However, it is essential to note
that there exists a trade-OFF between the bit error rate and power
transmission efficiency when choosing the value of La. Reducing
the La can increase efficiency, but it may also result in an
increased bit error rate. Hence, designing the appropriate La

value is critical for the proposed data modulation scheme.
As stated before, when the data-signal is 1, the Class-E PA

operates optimally tuned. In this state, it is well known that the
load phase ϕ is approximately 49°, and the efficiency is highest
[31]. Furthermore, by substituting ϕ into (5) and (6) to obtain
an empirical formula, the relationship between tan(ϕ) and the
voltage amplitude of receiver voltage Vr can be expressed as
follows:

Vr =
1

k

√
Lr

Lt
[1.83Vdc exp(−0.47 tanϕ)] . (8)

For ASK modulation, the MI is directly related to the La,
which impacts both efficiency and bit error rate, and its expres-
sion is defined by

MI =
Vr_H − Vr_L

Vr_H + Vr_L
. (9)

When the data-signal is 0 and 1, Vr_L and Vr_H represent
the receiver coil’s output voltage amplitudes, respectively. The
expression of Vr_H is as

Vr_H =
1

k

√
Lr

Lt
(1.07Vdc). (10)

The Class-E PA incorporates La when the data-signal is 0.
Combined with (7) and (8), Vr_L is expressed as follows:

Vr_L =
1

k

√
Lr

Lt

[
1.07Vdc exp

(−0.47ωrLa

Rpa

)]
. (11)

Substituting (10) and (11) into (9), the value of La is deduced
as follows:

La =
−Rpa

0.47ωr
ln

(
1− MI
1 + MI

)
. (12)
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Fig. 7. Schematic of the proposed WPDT with an IMN circuit for IMDs.

Based on (12), the La is proportional to MI. A larger MI leads
to lower efficiency, while the bit error rate is also lower. Hence,
to enhance transmission efficiency, the MI is typically designed
to be 0.1 [31].

III. PROPOSED WPDT WITH IMN CIRCUIT

This section elucidates the proposed WPDT system with an
IMN circuit to improve the system’s robustness against mis-
alignment.

Fig. 7 demonstrates the proposed WPDT with an IMN circuit
in this study. The presented circuit expands upon the framework
depicted in Fig. 6 by incorporating separate modules for IMN,
data demodulation, and ac load RL, denoted by the red, blue, and
green boxes, respectively. Specifically, the data demodulation
circuit comprises an RC filter, an envelope detector, and a
comparator, which work in converting and extracting the data
signal.

If the proposed circuit is configured without IMN, the Class-E
PA’s load impedance Zpa is equal to the Zeq. As a result, the
system’s characteristics are determined by the Zeq, and both
efficiency and output power are significantly dependent on the
coupling coefficient k. By incorporating an IMN circuit, the
impedance transformation for Zeq can be appropriately achieved,
ensuring that the impedance meets the Class-E PA’s target
impedance region within the range of k [28].

The cochlea implant is used as a demonstration application to
validate the proposed concept. Utilizing the coil design criteria
outlined in [32], a circular PCB-type coil, as shown in Fig. 8,
is identified as an appropriate choice for WPDT. The design
specifies the transmitter and receiver coils to have inductance
values of 3 and 1 μH, respectively. At a frequency of 16 MHz,
the ESR for the transmitter coil (rt) and receiver coil (rr) are
measured to be 0.44 and 0.36 Ω, respectively. The specific
dimensions of these coils are detailed in Table II.

Fig. 8. Circular PCB-type coil’s geometry structure.

TABLE II
TRANSMITTER AND RECEIVER COIL DIMENSIONS

For cochlear implant applications, the distance between the
receiver and transmitter coils has been meticulously set to 5 mm,
taking into account the body’s fat layers and skin thickness [32],
[33]. The misalignment distance of ±10 mm between coils is
also considered to validate the system as a worst-case scenario
[34], as illustrated in Fig. 9(a). ANSYS is utilized to evaluate the
coils’ coupling coefficient variation under these conditions. AN-
SYS provides designers with valuable insight into the interaction
of electromagnetic fields. The result in Fig. 9(b) indicates that
k ranges from 0.12 to 0.19 in the case of the coil misalignment
distance of ±10 mm. In Fig. 9(b), experimental measurements
are conducted to validate the simulation results’ accuracy. As a
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Fig. 9. Coupling coil misalignment. (a) Circular PCB-type coupling coils.
(b) Coupling coefficient variation trend with coils misalignment distance.
(c) Angular coil configuration. (d) Coupling coefficient variation trend with
coils angular misalignment.

Fig. 10. IMN implementation. (a) Two-port network for IMN. (b) T-model.

result, the ANSYS simulation results closely match the experi-
mental measurements, demonstrating its validity. Furthermore,
the variation of the coupling coefficient in terms of angular
misalignment is investigated from both the ANSYS simulations
and experimental measurements. Fig. 9(c) depicts the angular
coil configuration, while the coupling coefficient variation trend
with coil angular misalignment is illustrated in Fig. 9(d). The
coupling coefficient demonstrates a significant decline when the
coil angular misalignment exceeds 50°. Notably, the coupling
coefficient approaches zero when the coil angular misalignment
reaches 90° (the worst-case scenario). For the coil angular
misalignment, the experimental measurements validate the ef-
fectiveness of the simulation results.

On substituting k into (2), Rpa will deviate from the target
region when k is less than 1.7. To ensure the impedance Zpa

remains within the target region, an IMN circuit is employed, as
illustrated in Fig. 10. Fig. 10(a) shows the two-port of IMN, and
its expression is represented as follows:[

Vpa

VIMN

]
=

[
Z11

Z21

Z12

Z22

] [
Ipa

−It

]
. (13)

Generally, the two-port network consists of passive compo-
nents, (13) is simplified as follows:[

Vpa

VIMN

]
=

[
jX11

jX21

jX12

jX22

] [
Ipa

−It

]
. (14)

Combined with (2), VIMN is equal to ZeqIt. Hence, Zpa can
be obtained by

Zpa = jX11 +
X2

12

Zeq + jX22
(15)

As mentioned above, the Zeq is purely resistive. Hence, the
imaginary and real parts of Zpa can be expressed as follows.⎧⎨

⎩
Xpa = X11 − X2

12X22

X2
22+Z2

eq

Rpa =
X2

12Zeq

X2
22+Z2

eq

. (16)

According to (15), three degrees of freedom (X11, X12, and
X22) need to be designed when the coupling coefficient and the
operating frequency are fixed. Two equations can be constructed
by the target range for Xpa and Rpa. Hence, it is crucial to
establish an equation for obtaining the three parameters’ values.
Considering the high data transmission rate requirements, de-
signing the bandwidth (BW) of IMN is necessary. In alignment
with cochlear implant applications, a data rate of 1 Mbps and
a BW of 6 MHz are selected. Consequently, the quality factor
QIMN is obtained as follows:

QIMN =
fr

0.7BW
=

16

0.7× 6
≈ 3.8. (17)

In Fig. 10(b), a T-model impedance network is depicted,
with XT1, XT2, and XT3 representing each branch’s reactance at
16 MHz. The transfer relationship between the two-port network
and the T-model is expressed as follows [26]:⎧⎪⎨

⎪⎩
XT1 = X11 −X12

XT2 = X22 −X12

XT3 = X12

. (18)

Substituting (18) into (16), the expression of Xpa and Rpa is
as ⎧⎨

⎩
Xpa = XT3 +XT1 − X2

T3(XT3+XT2)

(XT3+XT2)
2+Z2

eq

Rpa =
X2

T3Zeq

(XT3+XT2)
2+Z2

eq

(19)

According to the T-model design criteria, the range of XT2

can be determined as follows.

XT2 = ZeqQIMN =

(
k2ω2

rLtLrRL

RLrr + ω2
rL

2
r

+ rt

)
QIMN. (20)

The T-model parameters can be calculated by combining (19)
and (20). As mentioned above, k varies from 0.12 to 0.19.
As a result, the T-model’s parameters ranges are XT1�[108,
256], XT2�[87, 217], and XT3�[−121, −54]. These parameter
values indicate that the T-model comprises two inductors and
one capacitor. The corresponding ranges for inductance and
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capacitance are provided as⎧⎪⎨
⎪⎩
LT1 ∈ [1.1μH, 2.5μH]

LT2 ∈ [0.9μH, 2.1μH]

CT3 ∈ [82 pF, 185 pF]

. (21)

To ensure that the impedance variation range keeps within the
target region and the selected values comply with manufacturing
requirements, LT1, LT2, and CT3 are designed with specific
values of 1.5 μH, 1.7 μH, and 100 pF, respectively.

Based on the Class-E PA’s calculation expressions provided
in Section II, the PA’s output voltage is shown as follows:

Vpa = 1.83Vdc exp(−0.47 tanϕ). (22)

If the WPDT operates without an IMN circuit, the voltage Veq

is equal to Vpa. However, considering the influence of the IMN
circuit, the voltage Veq needs to be rederived, and the calculation
expression is illustrated below

Veq =
VpaZeqZT3

(Zeq + ZT2)ZT3 + ZT1 (Zeq + ZT2 + ZT3)
(23)

where ZT1, ZT2, and ZT3 denotes the impedance of LT1, LT2,
and CT3, respectively.

According to the value of LT1, LT2, and CT3, the expression
of Veq is given by the following equation:

Veq =
1.94ZeqVpa√
Z2

eq + 1222
. (24)

Based on Fig. 9(b), the coupling coefficient k is 0.19 when
the coils are aligned. Substituting k into (2), the value of Zeq

is approximately 57.8. Hence, Veq can be calculated using the
following equation:

Veq =
1.94ZeqVpa√
Z2

eq + 1222
≈ 1.52Vdc exp(−0.47 tanϕ). (25)

The modified receiver voltage Vr_m is

Vr_m =
1.52Vdc

k

√
Lr

Lt
exp(−0.47 tanϕ). (26)

The modified Vr_Hm and Vr_Lm are as⎧⎨
⎩
Vr_Hm = 0.89Vdc

k

√
Lr

Lt

Vr_Lm = 0.89Vdc
k

√
Lr

Lt
exp

(
−0.47ωrLb

Rpa

) . (27)

Class-E PA are known for their high sensitivity to fluctuations
in load parameters. When its load parameters deviate from
their optimal value, the system’s efficiency degrades [32]. The
relationship between the Class-E PA’s load Rpa and the coupling
coefficient k is given in (2). If the WPDT system operates without
an IMN circuit, the Rpa varies from 23 to 58 Ω in the range
of k from 0.12 to 0.19. Based on Section II-B, to achieve an
efficiency of η≥0.95 and an output power range between 0.05
and 0.12 W, the Class-E PA’s target impedance range, denoted
as Zpa, is defined as [−6, 40] for Xpa and [40, 67] for Rpa.
If the IMN circuit is incorporated into the WPDT system, the
calculation of Rpa and Xpa is depicted in (28), resulting in Rpa

ranging from 41 to 67 Ω and Xpa ranging from -4 to 37 Ω in

Fig. 11. Experimental platform.

TABLE III
COMPARISON OF PORK TISSUE AND HUMAN TISSUE

the range of k from 0.12 to 0.19. The Rpa and Xpa obtained
by incorporating the IMN circuit satisfies the target impedance
region for the Class-E PA. Hence, the addition of the IMN circuit
contributes to the enhancement of robustness in WPT efficiency{

Rpa = Re[Zpa] = Re[
(Req+ZT2)ZT3

(Req+ZT2)+ZT3
+ ZT1]

Xpa = lm[Zpa] = lm[
(Req+ZT2)ZT3

(Req+ZT2)+ZT3
+ ZT1]

. (28)

IV. EXPERIMENTAL RESULTS

The prototype of the proposed WPDT with an IMN circuit
is developed for performance validation, as depicted in Fig. 11.
Notably, pork tissue is employed in the experimental testing
process as a surrogate for human tissue to simulate the in vivo
environment. As shown in Table III, pork tissue exhibits physical
properties—including dielectric constant (εr), conductivity (σ in
S/m), and density (ρ in kg/m3)—that closely approximate those
of human tissue [35]. These similarities make pork a reliable
and widely accepted substitute for experiments involving im-
plantable devices. To ensure biomedical safety, the proposed
WPDT system adopts a carrier frequency of 16 MHz, which
complies with the ICNIRP and IEEE C95.1 standards for human
electromagnetic exposure. This frequency remains below the
20 MHz limit specified in relevant guidelines to minimize tissue
absorption and satisfy specific absorption rate constraints [36].
The design is based on the framework of commercially available
cochlear implants, ensuring regulatory compatibility and safe
operation in implantable applications. Besides, an FPGA board
is utilized to compute the BER and generate random data signals.
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TABLE IV
PARAMETERS OF THE PROTOTYPE

It is crucial to ensure that switches S2 and S3 exhibit low
parasitic capacitance in order to prevent adverse effects on the
operation of the PA. In the designed prototype, the BSS138PW
from Nexperia is employed as the switching device, attributing
to its advantageous characteristics such as an on-resistance of
approximately 1.2 Ω and an output capacitance of 7 pF. The
capacitors used in the prototype are the C0G material’ MLCC
series from TDK with 1% tolerances to minimize parameter
errors. The selection of inductors with a self-resonant frequency
higher than 300 MHz to mitigate parasitic capacitance’s impact.
Besides, an 800 MHz BW oscilloscope and a 500 MHz BW volt-
age probe are utilized to achieve highly accurate measurements.
Considering the stray parameters of the circuit and components,
the actual components’ value is slightly adjusted. Table IV lists
the prototype’s parameters. Notably, the experimental measure-
ment is divided into two parts. In one part, the RLC circuit
depicted in Fig. 6 is utilized as the receiver’s load. This setup
allows for the measurement of power transmission efficiency,
output power, MI, and the receiver coil’s voltage. In other parts,
the receiver load consists of the half-wave rectifier and a data
demodulator, as illustrated in Fig. 7. The measurement includes
the BER and the data demodulation waveforms.

A. Power Transmission Efficiency Robustness

Fig. 12 illustrates the performance of the WPDT circuit when
the coils are aligned, where Vd and Vg represent the drain-source
and gate-source voltages of S1. In Fig. 12(a), the Class-E PA
exhibits the ZVDS and ZVS features when the data signal is 1.
Similarly, when the data signal is 0, it satisfies the ZVS feature, as
depicted in Fig. 12(b). Experiments show that the implemented
data modulation circuit meets the design requirements.

Fig. 13 depicts the receiver coil voltage waveforms for the
proposed WPDT with IMN circuit. It should be noted that
the misalignment distance is denoted by Dx. In Fig. 13(a),
the receiver voltage waveform is presented when the coils are
aligned (Dx = 0 mm), showcasing voltage amplitudes of 8.9
and 7.3 V for high and low data signals, respectively. Hence, the
MI approaches 0.1, indicating that the result meets the design
requirement. Furthermore, this operating state’s output and input

Fig. 12. Proposed WPDT circuit’s experimental results. (a) Vd and Vg wave-
forms when the data signal is 1. (b) Vd and Vg waveforms when the data signal
is 0.

TABLE V
COMPARISON RESULTS

powers are 67.3 and 99 mW, respectively. The power dissipation
from circuit chips is estimated to be around 10 mW. Hence, the
power transmission efficiency is 61.7%.

Fig. 13(b) depicts the receiver coil voltage waveforms when
Dx = 5 mm. The high and low data signals exhibit voltage
amplitudes of 8.75 and 6.7 V, respectively, resulting in an MI
value of 0.13. At this point, the power transmission efficiency
measures at 58%. Moving to Fig. 13(c), as Dx increases to
10 mm, the receiver coil voltage waveform shows voltage am-
plitudes of 7.8 and 5.25 V for the high and low data signals.
The system’s efficiency is measured at 47.1% with an MI of 0.2.
Furthermore, as the coil misalignment distance increases, the
MI also increases.

Based on the receiver voltage’s calculation expression pro-
vided in Section III, the comparing results from calculation,
simulation, and measurement are outlined in Table V when the
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Fig. 13. Experimental waveforms of the proposed WPDT with IMN circuit
when the data rate is 1 Mbps. (a) Dx = 0 mm. (b) Dx = 5 mm. (c) Dx = 10 mm.

coils are aligned. It is evident that the simulation results closely
approximate the calculation results. However, there is some error
between the measurement results and calculation results. These
disparities can be attributed to the circuit’s parasitic parameters,
reducing the receiver coil’s voltage. In addition, the value of
MI is the same for calculation, simulation, and measurement,
demonstrating the proposed calculation method’s effectiveness.

Fig. 14 presents a comparative analysis of experimental re-
sults for the proposed WPDT with and without an IMN circuit,
considering output voltage RMS and system efficiency. Notably,
a misalignment weight factor is incorporated in Fig. 14 to
quantify the severity of misalignment between coils. This factor

Fig. 14. Performance comparison under different misalignment weight fac-
tors. (a) Receiver coil’s RMS voltage with different misalignment weight factors.
(b) System efficiency with different misalignment weight factors.

is determined by the ratio of the misalignment distance to the
vertical distance between the transmission and receiver coils.
For misalignment distances ranging from 0 to 10 mm and a fixed
vertical distance of 5 mm between the coils, the misalignment
weight factor varies from 0% to 200%. As the misalignment
distance increases, the weight factor’s value correspondingly
rises.

In Fig. 14(a), the RMS voltage of the receiver coil is depicted
for various misalignment weight factors. The red and blue curves
illustrate the trends in output voltage RMS for the WPDT with
and without the IMN circuit. Notably, for the proposed WPDT
circuit with an IMN circuit, the output voltage exhibits a modest
variation from 5.8 to 4.83 V across the range of misalignment
weight factors, with a particularly slight fluctuation of less than
0.3 V within the 0% to 120% range. In contrast, the WPDT
without the IMN circuit experiences a more substantial voltage
change, ranging from 6.2 to 3.2 V. Consequently, the proposed
WPDT with an IMN circuit demonstrates enhanced robustness
in maintaining output voltage stability against misalignment.

The variation trends in power transmission efficiency with
different misalignment factors are depicted in Fig. 14(b). For
the proposed WPDT with the IMN circuit, the system efficiency
ranges from 61.7% to 47% across the misalignment weight
factors, showcasing a 17% improvement at the highest 200%
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Fig. 15. Data demodulation waveform with a data rate of 1 Mbps when coils
are aligned.

misalignment weight factor. In contrast, the WPDT without
the IMN circuit experiences a more significant efficiency drop,
ranging from 63% to 30% within the same interval. It is evident
that adopting the WPDT with the IMN circuit enhances power
transmission efficiency, especially under severe misalignment
conditions. The efficiency reduction for misalignment weight
factors ranging from 0% to 200% is notable in the WPDT without
an IMN, reaching up to 33%. Hence, the IMN circuit signifi-
cantly improves power transmission efficiency in misalignment
scenarios.

B. Data Transmission Robustness

The BER serves as a critical metric for evaluating the reliabil-
ity and robustness of data transmission. A lower BER signifies
enhanced reliability in data transmission. Hence, to assess the
bit error rate, several million random bits are transmitted from
the FPGA and subsequently received by the FPGA via the data
demodulation circuit. After performing calculations within the
FPGA, it is calculated that the BER is less than 10−6 for a
1 Mbps data rate. Fig. 15 displays the experimental waveform
with a 1 Mbps data rate when the coils are aligned, including the
transmitted data, demodulated data, and the receiver coil volt-
age. Notably, the demodulated data waveform closely matches
the transmitted data waveform. As mentioned above, the MI
increases as the coil misalignment distance increases. Therefore,
the BER will be below 10−6 when the coil misalignment ranges
from 0 to 10 mm, contributing to enhanced robustness in data
transmission.

In contrast, the WPDT without IMN circuit exhibits an ap-
proximate MI measurement of 0.14 in case of 10 mm coil
misalignment, as illustrated in Fig. 16. Conversely, the MI of the
proposed WPDT with IMN circuit is measured to be 0.2 under
the same operating condition, as shown in Fig. 13(c). Hence,
the experimental result indicates that the proposed circuit effec-
tively improves data transmission robustness in misalignment
scenarios.

Overall, it can be concluded that the proposed WPDT with
an IMN circuit for IMDs improves the power transmission
efficiency’s robustness and ensures the data transmission’s reli-
ability in cases of coil misalignment.

Fig. 16. Experimental waveforms of the WPDT without IMN circuit when
Dx = 10 mm.

TABLE VI
COMPARISON WITH PREVIOUS WORKS

C. WPDT Implementation Strategies Comparisons

The proposed WPDT circuit has been evaluated against exist-
ing literature, with its unique attributes delineated in Table VI.
The comparison results demonstrate that the WPDT developed
in this study exhibits superior performance, particularly in sce-
narios involving coil misalignment. Furthermore, the proposed
WPDT circuit is also characterized by its high power transmis-
sion efficiency.

The studies listed in Table VI are dedicated to the exploration
of diverse data modulation strategies and circuit designs, with
a primary focus on optimizing transmission efficiency and rate
within a specified coil distance. Despite the potential impact of
coil misalignment on system transmission performance, these
investigations have not thoroughly considered the degradation
in potential transmission efficiency and data transmission rate
characteristics that may arise from such misalignments. In this
article, we aim to fill this research gap by specifically addressing
the challenges associated with the degradation of power trans-
mission efficiency and data transmission rate for IMDs when
coil misalignment. Given the distinct nature of these challenges,
it is imperative to recognize that a direct comparison of the
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studies listed in Table VI may not be entirely fair, as they do not
uniformly account for the complexities introduced by coil mis-
alignment. This article aims to provide a comprehensive analysis
of the effects of coil misalignment on IMD performance, offering
a more nuanced perspective that can inform the design of robust
and reliable systems for medical applications.

V. CONCLUSION

This study presents an innovative WPDT circuit, incorporat-
ing an impedance-matching network to address the robustness
of coil misalignment. A comprehensive exploration is presented,
which includes the implementation of the data modulation
and IMN circuit and the calculation of the theoretical design
methodology. This research also contributes by identifying and
considering the constraint condition on data transmission rates
to design the IMN, which ensures a high data transmission rate
in IMDs. Experimental results demonstrate a 17% enhancement
in the power transmission efficiency and minimal output voltage
fluctuation (less than 1 V) compared to without an IMN circuit
when the coil misalignment distance reaches 10 mm (i.e., 200%
misalignment weight factor). The bit error bit, which evaluates
the data transmission reliability, is less than 10−6 in cases of
1 Mbps data rate with a MI of 10%. Consequently, the proposed
circuit can effectively enhance the robustness when the coils are
misaligned in terms of power transmission efficiency and data
transmission reliability.

The current study focuses on a low-power WPDT system
in IMDs utilizing loosely coupled magnetic links with unidi-
rectional data transmission. While effective for basic teleme-
try, many real-world applications, such as neural recording or
bidirectional communication in implantable medical systems,
require half-duplex or full-duplex data exchange. This presents
a significant challenge: how to achieve high-speed bidirectional
data transfer over a single magnetic coupling channel, while
simultaneously maintaining high-efficiency power delivery. To
address this dual-objective constraint, future work will investi-
gate the integration of advanced modulation techniques, signal
multiplexing, and timing control strategies. In addition, the sys-
tem’s robustness under misalignment can be further improved by
incorporating adaptive impedance matching algorithms or real-
time auto-tuning networks, enabling more reliable performance
under dynamic in vivo conditions.
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