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A Single-Switch and Parameter-Insensitive Capacitive Power Transfer System
for Biomedical Implants
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Abstract—This letter proposes a nonresonant capacitive power
transfer system for active biomedical implants that eliminates
resonance dependency while maintaining physical isolation. By
leveraging biological tissue as the dielectric medium in a four-plate
coupler and drawing inspiration from Zeta converter topology, the
system achieves parameter insensitivity and single-switch control.
Theoretical analysis via state-space averaging confirms output volt-
age regulation solely through duty-cycle adjustment, independent
of component variations. Experimental validation using 20 mm ×
20 mm plates through 4-mm pigskin demonstrates 207 mW power
transfer with 30.1% efficiency at 1 MHz with a simplified receiver
circuit (1 diode/1 inductor/1 capacitor). The system maintains 3.7
V output under 150% load transients, 100% inductance variations,
fat content change and issue bending.

Index Terms—Active biomedical implants (ABIs), capacitive
power transfer (CPT), parameter-insensitive, single-switch, zeta
converter.

I. INTRODUCTION

IN RECENT years, Active Biomedical Implants (ABIs) such
as pacemakers, artificial hip joints, and cochlear implants

have become increasingly common in medical diagnosis and
treatment. Currently, ABIs typically draw power from either
built-in lithium batteries or transcutaneous wires. However,
batteries have limited lifespans (typically 3–8 years), necessi-
tating surgical replacement. This causes patient discomfort and
poses a risk of electrolyte leakage that may harm surrounding
tissue. Transcutaneous wires create a permanent opening, posing
infection risks, and restricting patient mobility.
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Wireless Power Transfer (WPT) enables power transmission
without physical electrical contact, serving as an effective solu-
tion for ABI charging [1]. Capacitive Power Transfer (CPT) is
a WPT technique based on electric field coupling, offering key
advantages for ABIs: minimizing EMI and eddy current losses,
thus reducing tissue heating risks and meeting SAR safety lim-
its. Crucially, CPT performance is unaffected by nearby metal
implants (e.g., pacemakers). Ferromagnetic core-free coupling
plates reduce system size/weight, facilitate flexible substrate
integration, and support ABI miniaturization [2]. While CPT
shows promise for ABI charging, key challenges persist: prac-
tical hurdles in ensuring accurate resonance [3] and ABI space
constraints.

Existing studies have proposed nonresonant CPT systems
without inductor compensation. Such systems typically oper-
ate at relatively high frequencies (> 100 MHz) [4] to reduce
loop impedance. However, limited by the voltage and current
withstand capabilities of high-frequency semiconductor devices,
their transmitted power is often restricted to the tens-of-milliwatt
level [5]. Another category of nonresonant CPT systems operates
at lower frequencies, but their power level also remains hard to
enhance due to large loop impedance [6]. Most existing CPT sys-
tems for ABIs adopt resonant topologies [7] and demonstrates
promising performance under idealized laboratory conditions
their practical deployment in ABIs charging scenarios faces
significant challenges.The primary difficulties arise from two
factors: 1) variations in the biological tissues, such as changes
in body composition, alter the coupling parameters and conse-
quently impair the resonant behavior of the system [8] and 2)
component parameters, such as those of compensation inductors
or capacitors, are susceptible to thermal drift and manufacturing
tolerances, further exacerbating system detuning. To address
these challenges, dynamic tuning control presents a potential so-
lution. In [9], automatic frequency calibration enables adaptive
tuning to counteract detuning induced by parameter variations.
However, the practical implementation of this approach requires
complex detection.

ABI require compact dc power supplies for battery charg-
ing, yet its implanted receivers face severe space constraints.
Conventional approaches adopt bridge rectifiers, necessitating
bulky discrete components: half-bridge configurations require
two diodes plus filtering circuits, while full-bridge designs
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Fig. 1. Conventional Zeta converter.

Fig. 2. The proposed CPT system for ABIs. (a) Overall circuit, (b) coupler
dimensions, and (c) coupling parameters.

demand four diodes with additional passive filters [9], [10].
These solutions significantly hinder device miniaturization due
to excessive space occupation by diodes and filtering capacitors.
Furthermore, if the output voltage regulation is infeasible via the
external transmitter, a dc–dc converter [11] must be integrated
into the implanted module, further increasing the system vol-
ume and contradicting the minimalistic design imperative for
implantable systems.

This letter proposes a novel nonresonant CPT system with
single-switch control and parameter insensitivity. Compared
with existing nonresonant systems, the proposed system still
uses inductors but achieves a significant improvement in trans-
mitted power. While matching the power level of resonant CPT
systems, it obviates the need for resonance between the inductor
and self-capacitor. The system has a simple structure, fewer com-
ponents, and a quasi-Zeta converter topology. Enabling output
voltage regulation via simple duty cycle adjustment, it delivers
excellent adaptability to biological tissue load variations. The
main contributions of this letter are as follows:

1) Establishing a four-plate time-domain model with biolog-
ical tissue as the medium, and proposing a novel CPT
architecture integrating this model with Zeta circuits.

2) Analyzing the operating modes of the proposed CPT sys-
tem, establishing its model via the State-Space Averaging
(SSA) method, and demonstrating the insensitivity of the
system output voltage to component parameters.

II. CAPACITIVE COUPLING MODEL CONSIDERING TISSUE

Fig. 1 shows the circuit of the conventional Zeta converter and
the CPT system based on it. In the conventional Zeta circuit, the
topology is divided into two parts by the lumped capacitor C
1. Thus, it is theoretically feasible to achieve physical isolation
between the source-side circuit and the load circuit by replacing
C 1 with four coupling plates.

Fig. 3. Capacitive coupler (a) seven-admittance equivalent circuit and (b)
series-connected equivalent circuit.

The proposed CPT system is shown in Fig. 2(a), the capacitive
coupler consists of four coupling plates (P1∼P4). Specifically,
two receiving plates are placed between the skin and subcu-
taneous tissue, with a 1 μm Parylene-N layer against the skin
and a 0.15 mm Kapton layer against the fat. Both films prevent
direct conduction current generation in the tissue. As marked in
Fig. 2(b), the length and width of the plates are L and W. The
skin thickness is d 1, and the spacing between the plates is d 2.

The equivalent circuit between any two plates Pi and Pj (i,
j≤4, i, j�N + and i�j) is shown in Fig. 2(b). Both the coating and
the tissue can be equivalent to a parallel R–C circuit as shown in
Fig. 2(c). The impedance between plate Pi (or j ) and the tissue
through the coating is parallel combination of RCL i (or j ) and C
CL i (or j ).Noted that high-quality coatings provide good
insulation: R CL value is very large, so only C CL is considered.
The equivalent capacitance C CL of the coating layer can be
directly measured by measuring the capacitance between the
coated and uncoated plates. Similarly, the impedance between Pi

and Pj through the tissue is a parallel combination of R T ij

and C T ij , equivalently represented as admittance Yij . In
addition, considering tissue influence on receiver plate backs,
two film capacitances for the Kapton coating on P3/P4 backs
are defined as C int3 and C int4. Furthermore, Y int is defined
as the tissue admittance between P3/P4 backs. Admittances Y
ij and Yint are obtained via Maxwell simulations.

The port voltages and currents of the coupler are U p, Us, I
p, and I s. The seven-admittance equivalent circuit in Fig. 3(a)
can be further equivalent to the circuit in Fig. 3(b), consisting of
a series-connected self-impedance and a voltage controlled cur-
rent source (VCCS). The equivalent-circuit derivation process
is detailed in [12]. The parameter relationships between the two
equivalent circuits in Fig. 3 are given by the following:⎧⎪⎪⎨
⎪⎪⎩
Zp = Ys

YpYs−Ym
2

Zs =
Yp

YpYs−Ym
2

Zm = −Ym

YpYs−Ym
2

and

⎧⎪⎪⎨
⎪⎪⎩
Zint =

1
Yint

+ Cint3+Cint4

jωCint3Cint4

ZCLp = CCL1+CCL2

jωCCL1CCL2

ZCLs =
CCL3+CCL4

jωCCL3CCL4

(1)

⎧⎪⎪⎨
⎪⎪⎩
Yp = Y12 +

(Y13+Y14)(Y23+Y24)
Y13+Y14+Y23+Y24

Ys = Y34 +
(Y13+Y23)(Y14+Y24)
Y13+Y14+Y23+Y24

Ym = Y13Y24−Y14Y23

Y13+Y14+Y23+Y24

. (2)

According to Kirchhoff’s Current Law (KCL), the current I
s1 in Fig. 3(b) can be expressed as follows:

Is1=
Zin

(Zs1+ZCLs)+Zin
· Is − Zm1

(Zs1+ZCLs)+Zin
· Ip. (3)
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Fig. 4. Series-connected equivalent circuit of the coupler in (a) frequency-
domain and (b) time domain.

Fig. 5. The proposed CPT system and its working mode I and mode II.

According to Fig. 3(b) and (3), Fig. 3(b) can be further
simplified as Fig. 4(a), which satisfies (4)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Up =
(
Zp1 + ZCLp − Z2

m1

Zs1+ZCLs+Zint

)
︸ ︷︷ ︸

Zp

·Ip

+ Zm1Zint
Zs1+ZCLs+Zint︸ ︷︷ ︸

Zmp

·Is

Us =
(Zs1+ZCLs)Zint

Zs1+ZCLs+Zint︸ ︷︷ ︸
Zs

·Is +
(
Zm1 − (Zs1+ZCLs)Zm1

Zs1+ZCLs+Zint

)
︸ ︷︷ ︸

Zms

·Ip

. (4)

The impedance Z p, Z s, Z mp, and Z ms in Fig. 4(a) are series
of equivalent R–C pairs, satisfying Z p = R p+1/(jωC p), Z s = R
s+1/ (jωC s), and Zmp,s=Rmp,s+1/(jωCmp,s). The time-domain
model for the frequency-domain model in Fig. 4(a) is shown in
Fig. 4(b). The equivalent capacitance and sources u mp, u ms in
Fig. 4(b) are as follows:{

Cp = − 1
2πfIm{Zp}

Cs = − 1
2πfIm{Zs}

and

{
ump = Rmpis +

Cs

Cmp
uCs

ums = Rmsip +
Cp

Cms
uCp

. (5)

III. WORKING PRINCIPLE OF THE SYSTEM

Compared with conventional air-gap CPT systems, the main
coupling capacitances of the coupler for tissues reaches tens of
nano-farads, which is significantly larger than that of the former.
Consequently, similar to capacitive dc–dc converters [13], the
system state variables (e.g., inductor currents and capacitor volt-
ages) are dominated by dc components, with ripple amplitudes
substantially smaller than their dc offsets. This characteristic
eliminates the need for resonant compensation and enables
modeling the system via the SSA method.

The CPT system operates in two modes as shown in Fig. 5.
1) Mode I: When switch S1 is turned ON, inductor L 1 stores

energy, diode D 1 remains OFF, and power is delivered to
the load R L through the path Cp-um-Cs-L2.

TABLE I
SYSTEM MAIN PARAMETERS

2) Mode II: When switch S1 is turned OFF, L1 continues con-
ducting and transfers power to Cp and Cs, while inductor
L2 supplies R L through D 1.

Select the currents iL1, iL2, and voltages uCp, uCs, and uCd

as state variables. The output voltage is derived using the SSA
method. The system operating states and output equation are
given by (4) {

dxn(t)
dt = A · xn(t) +B · Edc

uout = C · xn(t) +E · Edc
(6)

where xn (t) = [uCp, uCs, iL 1, iL 2, uC d]T.
Matrices A and B are constructed from submatrices A 1, A 2

and B 1, B 2, respectively, corresponding to the two operational
modes of the system. Assuming the duty cycle of the driving
signal for switch S1 is D, the state-space matrices are defined as{

A = D ·A1 + (1−D) ·A2

B = D ·B1 + (1−D) ·B2
. (7)

The explicit forms of A 1, A 2, B 1, and B 2 are given in (8)
and (9) shown at the bottom of this next page.

By solving (7), it can be derived[
ūCp ūCs īL1 īL2 ūCd

]T
= −A−1B · Edc. (10)

The output voltage u out is

uout = ūCd =

D (1−D)RmsRLEdc⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Rp (RL +R2) + 2D3R1 (R2 +RL −Rs)+

D2 [RmpRms +Rp (R2 +RL −Rs)

+R1 (−3R2 − 3RL +Rs)]

+D [R1 (R2 +RL)−RmsRmp

+Rp (−2R2 − 2RL +Rs)]

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

. (11)

IV. SYSTEM DESIGN AND EXPERIMENTAL RESEARCH

A. System Design

The experimental prototype is illustrated in Fig. 6. A 4-mm-
thick pigskin tissue is used, coupled with four plates (20 mm ×
20 mm) coated with 1-μm-thick Parylene-N and spaced 40 mm
apart. The transmitting circuit is composed of a MOSFET S1 and
an inductor L 1, powered by a battery with voltage of 12 V. The
receiving circuit has a reduced volume, consisting of surface
mounted diode D 1, inductor L 2, and capacitor C d. Table I
shows the equivalent parameters of the experimental prototype.
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Fig. 6. Experimental prototype.

Fig. 7. Under open-loop conditions, the minimum values of (a) L1 and (b) L2.

For the inductors L 1 and L 2, the condition for continuous
inductor current is that their peak-to-peak current ripples are less
than twice their average currents, as shown in (12). Thus, the
inductor values should satisfy (13). Specifically, the minimum
values of L 1 and L 2 under different duty cycles in the open-loop
operating condition are presented in Fig. 7{

ΔiL1 = EdcDT
L1

≤ 2̄iL1

ΔiL2 = uout(R2ac+RL)(1−D)T
L2RL

≤ 2iout =
2uout
RL

(12)

{
L1 ≥ EdcDT

2īL1

L2 ≥ 1
2 (RL +R2ac) (1−D)T

. (13)

In the proposed CPT system, it is sufficient for the values of
inductors L 1 and L 2 to be larger than their minimum values to
maintain the system’s continuous current mode (CCM), without
the need to maintain a resonant state. Based on the analysis, two

standard inductors with L 1 = 150 μH and L 2 = 100 μH are
selected. The effective load range is 0–250 Ω.

B. Open-Loop Characteristics

The losses of the system stem from the following five com-
ponents: coupler loss P Coupler, switching loss P sw, loss of L 1

inductor P L1, loss of L 2 inductor P L2, and loss of D 1 diode P
D1. Thus, the overall efficiency of the system can be expressed
as follows:

η =
Pout

Pout + PCoupler + PL1 + PL2 + Psw + PD1
. (14)

Each power losses of the system is evaluated by (15)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pout = u2
out

/
RL

PCoupler = EdcD (̄ip1 + īL1)− ī2L1R1dc − ī2L2R2ac − Pout

Psw = 1
2Edc (̄ip1 + īL1) (tr + tf) f

PL1 = ī2L1R1dc+
(

2
√
2ΔiL1

π2

)2

R1ac

PL2 = ī2L2R2dc+
(

2
√
2ΔiL2

π2

)2

R2ac

PD1 = ΔUD1 (̄is2 + īL2) (1−D)

.

(15)
Among these parameters, īL1 and īL2 are the average currents

of inductors L 1 and L 2 over the full cycle; f denotes the
frequency, with a period of T=1/f; t r and t f represent the turn-ON

and turn-OFF times of the switch, where t r+t f = 0.08T; ΔiL
1and ΔiL 2 are the peak-to-peak current ripples of inductors L 1

and L 2; R 1dc and R 1ac are the dc and ac internal resistances of
L 1, while R 2dc and R 2ac are the dc and ac internal resistances
of L 2; and ΔUD 1 = 0.2 V is the forward voltage drop of D
1. Let īp1,2 and īs1,2 denote the average currents of the power
transmitter and receiver in Mode I and II, respectively. In Mode
I, īp1 and īs1 satisfy (16){

īp1 = ums
Rms

− Cp

CmsRms
ūCp

īs1 = −īL2
. (16)

Based on volt–second balance of L 2, it can be obtained that(
ums −RsiL2 + ūCs − RL+R2ac

RL
ūCd

)

A1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

− 1
CpRp

− Cs

CpCmpRp
0

Rmp

CpRp
0

0 0 0 − 1
Cs

0

0 0 R1

L2
0 0

Cp

L2Cms
− Rms

RpL2

1
L2

− CsRms
RpL2Cmp

0
RmpRms

RpL2
− (Rs+R2)

L2
− 1

L2

0 0 0 1
Cd

− 1
CdRL

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
,B1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1
CpRp

0

1
L1

Rm

RpL2

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (8)

A2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 − 1
Cp

0 0

− Cp

CsRsCms
− 1

CsRs

Rms
CsRs

0 0

1
L1

− CpRmp

RsL1Cmp

Cs

L1Cmp
− Rmp

RsL1

RmpRms

RsL1
− R1+Rp

L1
0 0

0 0 0 −R2

L2
− 1

L2

0 0 0 1
Cd

− 1
CdRL

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
,B2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0

0

0

0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (9)
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Fig. 8. System output curves against the load resistance. (a) uout and (b) Pout.

Fig. 9. PTE curves against the load resistance.

D = RL+R2ac
RL

(1−D) ūCd. (17)

Combining (5) and (17), the solution is obtained as follows:

īp1 = RL+R2ac
DRLRms

ūCd + Rs

Rms
īL2 − ūCs

Rms
− Cp

CmsRms
ūCp. (18)

Similarly, in Mode II{
īp2 = −īL1

īs2 =
ump

Rmp
− Cs

CmpRmp
ūCs

. (19)

From the volt–second balance of inductor L 1, it can be
obtained that

EdcD = (ump −RpīL1 + ūCp) (1−D) . (20)

Combining (5) and (20), the solution is obtained as follows:

īs2 = EdcD
(1−D)Rmp

+
Rp īL1

Rmp
− ūCp

Rmp
− Cs

CmRm
ūCs. (21)

Based on the above analysis, the theoretical losses of each
part of the system can be calculated. Figs. 8 and 9 present
the comparison of the curves of the system’s output voltage,
power delivery level (PDL), and power transfer efficiency (PTE)
versus load resistance in the open-loop state. From the curve
comparison, it can be observed that the theoretical, simulation,
and the measured results are basically consistent.

Taking D = 0.4 as an example, the system’s PTE reaches a
peak value of 29.7% when the load resistance is 90 Ω. Under
this state, theoretical calculations are performed on the losses of
each part of the system, and the results are as shown in Fig. 10. It

Fig. 10. Loss distribution of the system under D = 0.4 and optimal efficiency.

Fig. 11. System waveforms during load switching in (a) Case I and
(b) Case II.

shows that the total loss of the system is 309.5 mW, among which
the coupler loss accounts for as high as 81.55% , followed by
the switching loss with a proportion of 14.83% , and the losses
of the remaining parts are relatively small.

C. Closed-Loop Control and Parameter Insensitivity

To further validate the practical value of the proposed system,
a closed-loop control experiment was conducted. The output
voltage reference was specified as 3.7 V, a common battery
voltage. Two cases were tested: Case-I used L 1 = 150 μH and L
2 = 100 μH, while Case-II used L 1 = 75 μH and L 2 = 200 μH.
For both cases, the load was switched from 250 Ω to 100 Ω and
then returned to 250 Ω. The corresponding voltages u p, u s, u i,
and u out are shown in Fig. 11. Note that u i is the voltage across
a constant resistor, which characterizes load current variations.

Two experiments are conducted to verify the system’s insensi-
tivity to variations in coupling conditions. In Case-III, a 0.5-mm
fat is placed between the receiver plates and the skin to simulate
the impact of changes in fat content. In Case-IV, the tissue is
bended inward by 30° to simulate the impact of patient posture
changes on the system. The results are shown in Fig. 12.

Fig. 11 demonstrates that doubling the system inductances
resulted in operating characteristics and waveforms exhibiting
close resemblance. In addition, Fig. 12 verifies that increases in
fat content and tissue bending do not exert excessive influence
on the system. Crucially, in all four cases, the target 3.7 V output
voltage was achieved at approximately the same duty cycle.
This experiment confirms the feasibility of regulating the output
voltage through the duty cycle of a single switch and establishes
the system’s insensitivity to component variations.

D. Comparison With Existing Literatures

As compared in Table II, the proposed system achieves
significant implementation advantages. Crucially, the receiver
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Fig. 12. System waveforms during load switching in (a) Case III and
(b) Case IV.

TABLE II
COMPARISONS BETWEEN RECENT WORKS

requires merely 1 diode, 1 inductor, and 1 capacitor, demon-
strating superior component economy and compact design. Fur-
thermore, compared with resonant CPT systems, the proposed
system exhibits lower parameter sensitivity; compared with
nonresonant CPT systems, it achieves higher PDL and PTE.

V. CONCLUSION

This letter demonstrated a nonresonant CPT system for ABIs,
achieving 207 mW PDL and 30.1% PTE through 4 mm bio-
logical tissue at 1 MHz using a single-switch transmitter and
ultra-simplified receiver (1 diode/1 inductor/1 capacitor). Ex-
periments confirm robust output regulation at 3.7 V under 150%
load transients, 100% inductance variations, fat content variation
and tissue bending, eliminating sensitivity to the parameter vari-
ation while reducing component count significantly, establishing
a hardware-efficient solution for implantable applications.
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