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Abstract—This paper presents a 6.78-MHz wireless power
transfer (WPT) system for implantable biomedical devices. The
receiver (RX) features a compact single-stage triple-output recti-
fier that delivers three regulated DC outputs (1 V,2 V, and 3 V)
using only two power transistors and two buffer capacitors. A
novel load-shift-keying (LSK) technique, hybridizing the short-
circuit (SC) LSK and resistive-circuit (RC) LSK, is proposed,
achieving low-loss power-data backscattering and fully integrated
global power regulation between the RX and transmitter (TX)
chips. TX and RX chips were designed and fabricated in a 180-nm
BCD process. Measurement results show that the system provides
three regulated DC outputs at 1 V, 2 V, and 3 V, respectively,
with unnoticeable cross-regulations and load transients. Supplied
by a 3.3-V input at TX, it achieves 200.2 mW peak output power,
66.1% peak end-to-end (E2E) power efficiency, and up to 27.3%
E2E-efficiency enhancement thanks to global power regulation.

Index Terms—Wireless power transfer (WPT), biomedical
implantable devices, triple-output regulation, hybrid load-shift-
keying (LSK) backscattering, global power regulation.

I. INTRODUCTION

Wireless power transfer (WPT) is a promising technology
for implantable medical devices (IMDs), offering consistent
and non-invasive power delivery. As shown in Fig. 1(top),
conventional systems typically employ a multi-stage receiver
(RX) and an always-on transmitter (TX), which result in low
power efficiency and a large RX footprint. Such architectures
are unsuitable for advanced IMDs that demand multiple power
rails. A recent work [1] presents a single-stage triple-output
(SSTO) regulating RX, as depicted in Fig. 1(bottom). While
this design supports multiple outputs, it requires eight power
transistors (PTs) and an always-on TX, which compromises
overall system efficiency.

Meanwhile, global power control techniques have been
explored to dynamically regulate the TX power and enhance
end-to-end (E2E) efficiency. However, most reported solutions
are limited to single-output regulation [2]-[4]. In addition,
fully integrated power-data backscattering is highly desirable
in wirelessly powered IMDs to minimize the RX volume. This
is typically achieved using short-circuit (SC) load-shift-keying
(LSK). Nevertheless, SC-LSK incurs significant resonance loss
at the TX during uplink data demodulation, as it consumes
additional TX power without contributing useful energy to the
RX load.
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Fig. 1. Conventional wireless power transfer (WPT) system for biomedical

devices (top), state-of-the-art triple-output WPT system (bottom).

II. PROPOSED WPT SYSTEM

To simultaneously achieve multiple regulated outputs and
low-loss global power control, a WPT system is proposed as
shown in Fig. 2. Leveraging a voltage doubler topology, the
receiver (RX) adopts a stacked-node architecture to generate
three regulated outputs from a compact design, as shown in
Fig. 2(top). Specifically, Vo, and Vg, correspond to the volt-
ages across the output capacitors Cp; and Cp,, respectively,
while Vo3 is formed by stacking Vo, and Vg,. Although Vg,
has a shifted ground relative to the other outputs, this facilitates
powering circuit blocks operating at different voltage domains
within an IMD, with straightforward inter-domain communi-
cation enabled via level shifters. Furthermore, by utilizing only
two capacitors to deliver three outputs, the design significantly
reduces the RX footprint—an essential advantage for space-
constrained miniature IMDs.

To further enhance transmitter (TX) efficiency, the proposed
system introduces a hybrid global power regulation scheme
based on hysteresis control. Conventional hysteresis methods
rely solely on short-circuit (SC) load-shift-keying (LSK) at
the RX to toggle the TX [3], which results in substantial
energy waste at the TX during shutdown transitions, as de-
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Fig. 2. Proposed WPT system with single-stage triple-output rectifier RX and
fully integrated hybrid-LSK backscattering for global TX power regulation.
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Fig. 3. Operational principle of the proposed WPT system achieving triple-
output regulation under Rp; load transient.

picted in Fig. 2(bottom). To overcome this limitation, this
work proposes a fully integrated hybrid LSK technique that
synergistically combines SC-LSK with resistive-circuit (RC)
LSK. In the proposed scheme, SC-LSK reliably activates the
TX, while the RC-LSK deactivates the TX by augmenting the
RX resonance and thereby reducing the TX’s residual energy
consumption during turn-off. This hybrid approach minimizes
transition losses, effectively boosting both TX and end-to-end
(E2E) system efficiency.

Fig. 3 shows the operation waveform. The RX outputs
are regulated by holding the voltages across Cp; and Copp
within independent hysteresis windows. Since Cp; and Cqp
are respectively charged by My, and Mp,, their voltages can
be independently regulated [5]. When all three outputs do not
require power input, the RX sends an RC-LSK signal to reduce
TX power to a very low level by pulse-skipping control. If any
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Fig. 4. System diagram of the single-stage triple-output RX with hybrid-LSK
modulation.

vf N

Ve D
Me,
Cgfﬂ Deadtime
Generator
Crx
Ven L
TX
Low-power mode [
Y My,
= VrerH e
Vv /et Integrated -
VRerL ) . ntegrate V,
Current Sensor |' GP
V,
e T4 P
vREF’s _%_
Fig. 5. System diagram of the class-D TX with global hysteresis power

regulation based on hybrid-LSK demodulation.

output demands power, an SC-LSK signal is sent to the TX
to resume the TX power to full scale.

III. CIRCUIT IMPLEMENTATIONS

Fig. 4 illustrates the RX architecture. The hybrid-LSK
switches, Ssc and Sgc, are realized as transmission gates to
enable efficient modulation between short-circuit and resistive-
circuit modes. Two PTs, My; and Mp;, are equipped with
adaptive gate biases and dynamic body biases (DBB) to ensure
robust turn-off characteristics and reliable output regulation
[5]. Furthermore, their active-diode operation is enhanced
by adaptive delay compensation, enabling near-zero voltage
switching and minimizing conduction losses. The hybrid-LSK
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Fig. 6. Chip photos of the proposed TX and RX chips, and the 6.78-MHz
inductive link information.
modulator generates the RC-LSK and SC-LSK control pulses
(Vre and Vgc), which are determined based on the control
signals Ve and Vep derived from hysteresis comparators that
monitor the output voltages. This architecture enables fully
integrated, low-loss backscattering control within the RX.
Fig. 5 presents the TX circuit architecture. A class-D power
amplifier energizes the TX resonance tank, while an integrated
current sensor monitors the high-side current, producing an
envelope signal that reflects the resonant amplitude. By de-
tecting the rising and falling edges of this current envelope,
the TX accurately demodulates the hybrid-LSK signals from
the RX. To reduce power consumption during idle or light-load
conditions, the TX enters a low-power mode by skipping three
out of every four resonant positive cycles, effectively achieving
a 75% power reduction relative to full-power operation. This
pulse-skipping strategy significantly improves transmitter effi-
ciency without compromising responsiveness to RX demands.

IV. MEASUREMENT RESULTS

Fig. 6 exhibits the TX and RX chip photos and the 6.78-
MHz inductive link specifications. The TX and RX chips
occupy 0.72 mm? and 0.81 mm?, respectively, including pad
rings. Fig. 7 shows the measured steady-state waveform at Viy
= 3.3V, coil separation distance Dcor, = 1.5 cm, and loads
Ro1 = Rop = Rgz = 700 €. It’s observed that Vg, Voo, and
Vo3 are regulated at 2 V, 1 V, and 3 V, respectively. These
voltage levels can be adjusted depending on applications. With
the hybrid-LSK modem, the TX switches between full-power
and low-power modes with a duty ratio.

Fig. 8, as measured load-transient waveform, shows unno-
ticeable cross-regulations and load transients at outputs when
Ro; varies between 100 € and 9.5 k). Fig. 9 displays the
measured hybrid-LSK demodulation waveform. After the RX
triggers RC-LSK (Vgc’s rising edge), the amplitude of the TX
coil current, Iyrx, decreases. This change in Iyrx is detected
to turn the TX to low-power mode. When the RX requests
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Fig. 7. Measured steady-state waveform of the proposed WPT system at Viy
=33 vV, DCOIL =1.5cm, and R01 = R02 = R03 =700 .
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Fig. 8. Measured load-transient waveform of the proposed WPT system at
ViN = 33V, DCOIL = 1.5 cm, and R02 = R03 =1kQ.

power, a 3-us SC-LSK pulse (Vsc) is generated. This results
in an amplitude increase in Ijrx, which is detected to turn TX
into full-power mode.

Fig. 10 shows the measured E2E (from TX input to RX
output) power efficiency at Dcop, of 0.5 cm and 1.5 cm. A
peak E2E efficiency is obtained at 66.1% when D¢gop, = 0.5
cm. The maximum output power reaches 200.2 mW at Dcor.
= 1.5 cm. Due to the frequency-splitting effect, the maximum
output power is not achieved under the stronger coupling
condition. Fig. 11 shows that up to 27.3% E2E efficiency
improvement is achieved with the proposed hybrid-LSK-based
global power control, which accordingly results in 2.2x input
power reduction at TX.

Table I compares this work with recently reported WPT
systems for IMDs [6], [7]. Thanks to the proposed triple-
output architecture and the low-loss hybrid-LSK backscatter-
ing scheme, this design achieves a reduction in power compo-
nent count and die area, while delivering competitive output
power and superior E2E efficiency. Notably, the system main-
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Fig. 9. Measured hybrid-LSK demodulation waveform of the proposed WPT
system at Viy = 3.3 V, Dcor. = 1 cm, and Rp; = Rop = Roz = 1 k.
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Fig. 10. Measured end-to-end (E2E) power efficiency of the proposed WPT
system versus output power at Viy = 3.3 V. Ipy, o2, and Ip3 are the output
currents flowing through Ro;, Roz, and Ros, respectively.

tains state-of-the-art output power levels with fewer power
transistors and a more compact footprint, making it particularly
well-suited for space-constrained biomedical implants.

V. CONCLUSIONS

This paper presents a 6.78-MHz wireless power transfer
(WPT) system for bio-implant applications. The proposed
system features a hybrid load-shift-keying (LSK) power-data
backscattering technique that minimizes transmitter resonance
energy loss, thereby enhancing end-to-end (E2E) power effi-
ciency. A single-stage rectifier at the receiver simultaneously
delivers three regulated DC outputs (1 V, 2 V, and 3 V)
with negligible cross-regulation and fast transient responses.
Experimental results validate peak output power of 200.2 mW,
achieving up to 66.1% peak E2E efficiency and demonstrating
a maximum 27.3% E2E-efficiency improvement compared to
unregulated WPT methods.
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Fig. 11. Measured E2E power efficiency versus output current, Ip;, with or
without global power regulation at Viy = 3.3 V and I, = Ip3 = 5 mA.

TABLE 1
COMPARISON WITH STATE-OF-THE-ART WPT SYSTEMS.
JSSC’18[2] | ISSCC'21[3] | TCASI'23[6] | VLSI'24[7] | This work
Technology (hm) | 65 CMOS | 180 CMOS | 180 CMOS | 180 CMOS 180 BCD
Frequency (MHz) 13.56 6.78 6.78 6.78 6.78
TX 1.44; TX0.98; TX 0.98; TX 0.72;
. 2! * > '’ "
DieAreaimint) | poq aq RX 1.3 RX 2.7 RXL72 1 pxo.81
Global Power Constant . . .
Regulation Off-Time Hysteresis | Hysteresis N/A Hysteresis
Wireless Power Harmonic Hybrid
Data Link SEEK S DEESK comm. RC/SC LSK
XV, (V) 2.5 1.8 1.8 5* 33
RX Vg (V) 1.2-2.5 1.2-1.8 18,3 3 1,2,3
# of RX V, 1 1 2 1 3
RX Power
G HOATERT 4PT;1C, | 4PT;1C, | 6PT;2C, | 6PT;2C, | 2PT;2C,
OURICPOWRE | 45 32 7 82 200.2
(mW)
E2E Efficiency 69% 61.9% 31.3% 52.6% 66.1%
*Estimated from paper.
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