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Abstract—This paper presents a fully-integrated single-input
dual-output power management unit operating both in volt-
age/current modes for powering mm-scale wireless neural im-
plants. The chip operates in voltage mode most of the time, using
an active full-wave rectifier to regulate a low-voltage, high-load
output with high power efficiency and low output ripple (<32
mVpp). It switches to current mode rectification when generating
a high-voltage, low-load output. This dual-mode operation allows
for flexible power distribution and configurable voltage ratios
between the two outputs. The selected 40.68 MHz operating
frequency reduces the required capacitances for input impedance
matching and output filtering, enabling on-chip integration; the
only external component is the receiver coil. A novel resonance
breakup switch compatible with full-wave rectification ensures
a smooth cold start-up of the chip without any external voltage
supply. The chip was fabricated using 40-nm CMOS technology
with an active area of 1.18 mm2 and was tested in a wireless
power link. Measurement results demonstrate that the chip can
simultaneously regulate two outputs, VLV = 1 V and VHV

= 2 V, with a tested maximum output power of 10 mW and
32.6 µW on VLV and VHV , respectively. At the optimal output
power condition (PLV = 4.4∼6.7 mW), the system achieves a
peak power conversion efficiency of 85.87% and a peak end-to-
end efficiency of 17.32% when regulating VLV . The end-to-end
efficiency drops by only 2.38% when regulating both outputs
with RLV = 225 Ω and RHV = 400 kΩ.

Index Terms—Dual output rectifier, voltage mode, current
mode, dual-mode, full-wave rectification, active rectifier, wireless
power transfer, neural implants.

Received 10 April 2025; revised 3 June 2025 and 7 July 2025; accepted
14 July 2025. Date of publication 22 July 2025; date of current version 30
January 2026. This paper was recommended by Associate Editor H.-M. Lee.
(Corresponding author: Dante G. Muratore.)

Yi-han Ou-yang, Ronald Wijermars, Tianqi Lu, Wouter A. Serdijn, Sijun
Du, and Dante G. Muratore are with the Department of Microelectronics,
Delft University of Technology, 2628CD Delft, The Netherlands.

Pyungwoo Yeon is with the Meta Reality Labs, Menlo Park, CA 94025
USA.

Amin Arbabian is with the Department of Electrical Engineering, Stanford
University, Stanford, CA 94301 USA.

Color versions of one or more figures in this article are available at https://
doi.org/10.1109/TBCAS.2025.3591228.

Digital Object Identifier 10.1109/TBCAS.2025.3591228

I. INTRODUCTION

MODERN neuromodulation implants record neural sig-
nals for decoding brain activities and stimulate neu-

rons for targeted and personalized treatments in a closed-loop
fashion [1], [2], [3], [4], [5], [6], [7] - see Fig. 1. Three key
blocks - recording, stimulation, and data telemetry/processing
- are typically needed in such systems, each with different
voltage/power requirements. As a result, such applications often
require a power management unit (PMU) that can provide var-
ious output voltages—including a high-voltage supply (VHV )
and a low-voltage supply (VLV )—from a single AC input while
maintaining high power efficiency. VHV drives the stimulation
circuit to allow sufficient voltage headroom, while VLV powers
the recording, processing, and control circuits. In conventional
neural implant systems, VHV experiences the highest load as
stimulation is delivered continuously in an open-loop fashion
[5], [8], [9], [10], [11]. Recent advances in on-chip neural signal
processing, driven by the need to overcome data transmission
bottlenecks, have enabled real-time closed-loop neural stimu-
lation, drastically reducing the charge delivered to the tissue
[12], [13], [14], [15], [16]. Furthermore, advances in electrode
design, stimulation parameters optimization, and implantation
techniques [17], [18], [19] reduced the required stimulation
intensity to elicit a neural response. These improvements lead
to a reduced load on VHV , with power levels reported in the
microwatt range in [20], [21]. Instead, the need for continuous
multi-channel recording and on-chip signal processing to mon-
itor brain activity results in a larger load on VLV [20], [21],
[22], [23], [24], [25]. This marks a new trend in neuromod-
ulation implants, where the PMU is required to provide both
a high-power supply (VLV ) and a low-power supply (VHV ).
Furthermore, because VLV is used in precision circuits such as
analog front ends, it has stricter voltage ripple requirements than
VHV . Finally, since stimulation is not performed continuously,
VHV does not need to be constantly regulated. Future wireless
power transfer (WPT) systems for closed-loop neuromodula-
tion should consider these requirements to exploit power and
area efficiency.

Modern PMU structures have gradually evolved from cas-
caded power conversion stages [26], [27], [28], [29], [30], [31],
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Fig. 1. The general structure of a wireless closed-loop neuromodulation
implant.

[32] and multi-tapped rectifiers [11], [33] to more compact
and advanced topologies. In recent years, several dual-output
voltage-mode (VM) rectifiers based on a single resonant LC
tank have been proposed, operating in either half-wave or full-
wave rectification modes [22], [34], [35], [36], [37], [38], [39],
[40], [41], [42] (Fig. 2(a)). Dual-output regulation is achieved
through time-interleaved switching of multiple power transis-
tors connected to different loads. However, since the charging
current for each output is identical, these structures are only
efficient when the load currents at both outputs are comparable
and when VHV draws the majority of power. In emerging neu-
romodulation implants, where VLV dominates overall power
consumption, significant regulation losses appear at VHV . For
example, the tested power conversion efficiency (PCE) in [35]
reduces by 8% when VLV dominates the power consumption
and further decreases by 19% due to voltage regulation. In
addition, the output voltage ratio of the VM rectifier is strongly
dependent on the corresponding loads [35] and the switch
controller accuracy [36], [42]. Particularly, [22] achieves an
output voltage ratio of seven by employing series and parallel
resonant configurations for each output; however, its efficiency
is relatively lower compared to other works due to strict load
requirements and passive rectification.

Current-mode rectifiers (CM) [23], [44], [45], [46], [47], or
resonant current-mode rectifiers (RCM) [43], [48], [49], [50],
[51], [52], are boost converter structures that can generate high
voltage level outputs from an AC input signal resonating at a
low amplitude, based on the principles of charge accumulation
and charge transfer. These structures typically achieve a voltage
gain exceeding two (VHV /|VAC1|> 2), as shown in Fig. 2(b),
offering a promising solution to the efficiency bottlenecks of
dual-output VM designs. However, dual-output generation us-
ing a CM charging scheme inherently introduces significant
voltage ripple on both outputs, as it requires multiple resonant
cycles before each subsequent charge transfer can commence.
To address this issue, bulky off-chip filtering capacitors are
required [23], [43], [44], [45], [46], [47], [48], [49], [50], [51],
[52], which restricts implant miniaturization. Furthermore, the
breakup switch SW1, which plays an essential role in the LC
tank loop, degrades the power transfer efficiency (PTE) of the
link and complicates the startup procedure, as the switch control
requires VLV or VHV before it becomes available. As a result,
all prior works implementing CM operation achieve only half-
wave rectification and suffer from power switch stress due to

Fig. 2. Existing and proposed PMU topologies for dual-output applications
with highlighted current flow paths: (a) Dual-output Half-Wave Rectifier
(HWR) with VM charging [35], (b) Dual-output rectifier with CM charg-
ing [43], and (c) Proposed Full-Wave Rectifier (FWR) with dual VM/CM
charging.

the negative swing of VAC . This issue can be addressed by
using thick-oxide devices, albeit at the cost of reduced PCE. In
particular, [52] introduced a voltage doubler structure capable
of full-wave rectification with zero negative swing, similar to
its VM counterpart structure [40], [41]; however, it requires two
identical off-chip capacitors (2 µF each), and fixes the output
voltage ratio at two, restricting its applications.

To address the aforementioned new challenges in WPT for
neuromodulation implants, this paper introduces a fully on-
chip, single-input dual-output (SIDO) PMU with dual-mode
powering (Fig. 2(c)). By incorporating two distinct operation
modes, the proposed SIDO PMU can provide two supplies
without compromising efficiency or voltage ripple: a low-level,
low-ripple voltage (VLV ) with high output power, and a high-
level high-ripple voltage (VHV ) with low output power. Un-
like prior monolithic-mode designs, this work eliminates bulky
passive components, achieving high power and area efficiency,
low output ripple, and fully independent startup. To the best of
the author’s knowledge, this is the first work that fully exploits
the advantages of a dual-mode charging strategy to realize all
these features within a miniaturized implant system. As an
intended application, a next-generation retinal prosthesis [53]
has been investigated, as it demands two distinct voltage levels
with load-driving capabilities ranging from the microwatt to
milliwatt scale. The organization of this paper is as follows:
Section II discusses the operation principle of the dual-mode
PMU. Section III describes the detailed circuit implementation
of the main components. Section IV presents the measurement
results of the fabricated chip and a comparison with the state-
of-the-art. Finally, conclusions are drawn in Section V.

II. OPERATING PRINCIPLE

The wireless link operates at 40.68 MHz to reduce the size of
the on-chip resonance and filter capacitors, and to increase the

Authorized licensed use limited to: TU Delft Library. Downloaded on February 18,2026 at 08:53:21 UTC from IEEE Xplore.  Restrictions apply. 



OU-YANG et al.: 40.68-MHZ FULLY-INTEGRATED VOLTAGE/CURRENT-MODE DUAL-OUTPUT PMU FOR WIRELESS NEURAL IMPLANTS 43

Fig. 3. Mode configurations and their conceptual transient waveforms.

Q-factor of the coils for better PTE. The receiver resonates at
a low AC voltage (VAC � VLV ) to maximize power delivery in
VM for VLV ; while the CM rectifier can boost the AC voltage
to generate VHV when needed. Both VM and CM phases are
realized using active switch control for higher PCE.

The proposed dual-mode PMU for dual-output WPT systems
operates in three phases controlled by a mode-switching algo-
rithm: the freewheeling phase, the VM charging phase, and the
CM charging phase. The circuit configuration and their concep-
tual waveforms are shown on the left and right sides of Fig. 3,
respectively. The following sections explain the operation of
each phase and the mode-switching algorithm.

A. Freewheeling Phase

The freewheeling (FW) phase builds up the resonance in the
parallel-connected LC tank and accumulates energy within the
loop (Fig. 3, the mode labeled ’FW’). During this phase, the
switch SW1 is closed while switches SW2, SW3 and SW4

are open. Energy starts to accumulate within the LC resonator
and VAC gradually increases. The FW phase is activated at
startup and after the CM charging phase to ensure that VM
charging is performed only when VAC > VLV . This condition
may not always be satisfied without the FW phase, as an offset is
introduced to VLV for delay compensation. Consequently, the
FW phase avoids the potential reverse charging issue. More-
over, the FW phase incurs no power penalty, since the energy
accumulated during this phase is fully transferred to the load in
the subsequent VM phase.

B. Current Mode Charging Phase

In the CM phase, the energy stored in the LC resonator is
delivered to the VHV load (Fig. 3, the mode labeled ‘CM’).
SW1 disconnects C2 and L2 to break the resonance; mean-
while, SW3 is open to disconnect the VM rectifier, and SW2

is closed to allow the L2 current to flow into the VHV load and

output capacitor CHV . SW4 remains closed, connecting VAC2

to the ground and providing the current return path (the green
line). When the resonance breakup switch opens, the VAC1 node
is boosted to a high voltage to charge VHV . Although CM
charging mitigates the need for a large AC voltage amplitude,
it has a lower PCE than VM charging [44], [45].

The activation timing of the CM phase should be carefully
chosen to maximize energy transfer to the VHV load, thus a
sufficiently high VHV can be achieved. Consider an inductive
coil link as in Fig. 4(a), where VS is a voltage source that
can be modeled as |VS |cos(wt) at the Tx side, V12 and V21

are the induced voltage at the transmitter (Tx) and the receiver
(Rx) sides, respectively, ω is the angular frequency, k12 is the
coupling coefficient between L1 and L2, and M12 is the mutual
inductance, given by M12 = k12

√
L1L2. RSW represents the

breakup switch resistance, while R1 and R2 are the equivalent
series resistances of L1 and L2, respectively. The energy E(t)
stored in the L2C2 tank can be derived as:

E(t) =
1

2
L2I

2
L2(t) +

1

2
C2V

2
C2(t) (1)

where IL2 is the current flowing through L2 and VC2 is the
voltage across C2. According to Eq. (1), the maximum current
IL2 in the receiver coil can be found when VC2 = VAC2 − VAC1

is zero. Breaking the resonance loop at this point yields the
maximum ΔVHV .

It is important to quantify the voltage change ΔVHV in each
CM charging step. According to Kirchhoff’s Voltage Law:

V21(t) = L2

diL2(t)

dt
+

1

C2

∫ t

0

iL2(t)dt+ (R2 +RSW )iL2(t)

(2)

where V21(t) can be expressed as |V21|sin(wt). In steady state,
V21 in the receiver side can be derived as [49]:

|V21|=

∣∣∣∣∣∣
jωVSM12

R1 +
ω2M2

12

R2+RSW

∣∣∣∣∣∣ =
ω|VS |M12

R1 +
ω2M2

12

R2+RSW

(3)
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Fig. 4. (a) The equivalent model of a series-parallel Tx-Rx inductive link,
(b) Comparison between the simulated and calculated result of iL2MAX vs.
RSW and |VS |.

Given the initial conditions iL2(0) = 0 and diL2(t)
dt

∣∣∣
t=0

= 0

at startup, the solution of Eq. (2) leads to the complete form of
iL2(t) and its maximum value iL2MAX in steady state, as shown
in Eq. (4) and Eq. (5), respectively:

iL2(t) =
|V21|

R2 +RSW
sin(ωt)− e−αt ω|V21|

ωd(R2 +RSW )
sin(ωdt)

(4)

iL2MAX =
|V21|

R2 +RSW
=

ω|Vs|M12

R1(R2 +RSW) + ω2M2
12

(5)

where α= R2+RSW
2L2

represents the neper frequency and
ωd = 1/

√
L2Cpar is the undamped natural angular frequency.

Fig. 4(b) compares the simulated and calculated results of
iL2MAX, demonstrating a close agreement between them.
Increasing the transmitter side voltage or reducing the breakup
switch resistance can lead to a higher iL2MAX.

The derived expressions for iL2(t) and iL2MAX can be further
used to estimate the achievable VHV after n cycles of CM
operation. In the Appendix, we present the analytical deriva-
tion of the charging and discharging voltages, VHV,ch(n) and
VHV,disch(n), respectively, as functions of iL2(t), RHV , and
CHV . Based on these expressions, the cumulative result of
VHV (n) can be calculated accordingly:

VHV (n) =
n∑

i=0

(VHV _ch(i)− VHV _disch(i)) (6)

C. Voltage Mode Charging Phase

The VM phase starts once the resonating AC voltage am-
plitude reaches the desired voltage level of VLV . Fig. 3 (the
mode labeled ‘VM’) illustrates the simplified configuration for
VM operation with full-wave rectification. Only the positive
VAC1 cycle is shown for simplicity. During this phase, the
switch SW1 is closed to enable energy accumulation in the LC
resonator (similar to the FW phase). The switch SW2 is open to
disable the CM rectifier. The switch SW3 closes to conduct cur-
rent into the FWR. SW4 represents the cross-coupled NMOS
transistor within the FWR that grounds VAC2 and provides the
current return path (the blue line).

The VM charging phase performs high-efficiency charging
from the LC resonator to the VLV load and output capacitor
CLV . It performs full-wave voltage rectification to reduce the
output ripple approximately by half compared to conventional
half-wave rectification used in dual output rectifiers [43], [44].

Fig. 5. The flowchart of the mode-switching algorithm.

Similar to Eq. (6), the achievable VLV after n switching
cycles in the VM can be recursively calculated based on the
voltage expressions derived in the Appendix:

VLV (n) =

n∑
i=0

(VLV _ch(i)− VLV _disch(i)) (7)

Eq. (6) and Eq. (7) can be used to determine the optimal time
interval for the transition between the VM and CM phases, as
further discussed in the following section.

The regulation mechanism for VLV is depicted in Fig. 3
(labeled ‘load transient’). Unlike VHV , which employs a self-
adaptive charging scheme, VLV is regulated by an over-voltage
protection (OVP) circuit with a trigger voltage near 1.0 V. Under
light load, excess power is dissipated by the OVP, while under
heavy load, the DC voltage level is maintained, ensuring robust
operation across dynamic load conditions.

D. Mode-Switching Algorithm

Fig. 5 illustrates the mode-switching algorithm implemented
by the control logic on chip. The algorithm starts from the
FW mode to build up the AC signal swing and store energy
within the LC resonator. Once the amplitude of the AC signal
reaches the target level of VLV , the system transitions to VM. To
enable dual-output rectification, the transition from VM to CM
is required. Three conditions must be satisfied for the system
to switch from VM to CM: (i) the CM control flag CM_EN
is active. If CM_EN = 0, the system works as a single output
rectifier to generate only VLV , (ii) VHV is below the regulation
threshold VHV _TH , and (iii) there have been sufficient cycles
(N0) since the last CM charging operation, ensuring adequate
time for the AC signal swing to rebuild and preventing consecu-
tive CM charging operations that could disrupt VLV regulation.

If all three conditions are satisfied, the system performs CM
charging for one cycle before switching to FW mode to build
up the resonance again. Notably, an optimal N0 exists that is
constrained by both a lower and an upper limit.

The lower limit for N0 is decided by the acceptable PCE
degradation in VM for the high-load output VLV - see Fig. 6(a).
If N0 is too small, then the system does not spend sufficient
time in VM charging the high output load VLV . To evaluate the
power degradation of the proposed dual-mode charging scheme
under different N0, the corresponding PCE is formulated in
Eq. (8):

PCE =
PLV

PLV + PLoss,total
(8)
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Fig. 6. The comparison between the calculation and behavioral simulation
results of (a) PCE versus N0, and (b) N0,MAX versus RHV with achievable
VHV from 2.0 V to 2.4 V.

PLV =

[
1

n+ 1

n=∞∑
m=0

(
VLV (0) +

m∑
i=1

ΔVLV (i)

)]2

/RLV

(9)

where PLV is the output power, ΔVLV (i) is the voltage accu-
mulation on VLV at step i based on Eq. (7), and PLoss,total is
the power loss as derived in [54]. Notably, ensuring N0 > 20
limits the PCE degradation to less than 2.0%.

The upper limit for N0 is decided by the desired output
voltage VHV for a given load RHV . When N0 is too large,
the CM charging (VHV _ch) may not fully compensate for the
discharging in between CM cycles (VHV _disch). For a given
output level and load, there exists a maximum N0,max that can
sustain proper CM operation - see Fig. 6(b)). For our target
specifications (VHV = 2V and RHV = 100kΩ), the calculated
theoretical N0,MAX = 90. However, considering the potential
losses due to imperfect switching timing and power leakage,
selecting N0 = 40 provides a sufficient margin.

Considering both lower and upper limits, this work uses
N0 = 40. Notably, this number significantly exceeds those pre-
viously reported in CM-based schemes [43], [50], mainly be-
cause the majority of power is delivered to the VLV output in the
high-efficiency VM charging phase. The conceptual waveform
showing the mode switching and VHV regulation is depicted
in Fig. 3 (labeled ‘steady state’). The CM rectification starts
at the zero-crossing point. A high voltage is induced on VAC1,
and current flows into the VHV load capacitor CHV . During
the CM rectification and the subsequent FW mode, VLV is not
being charged, which leads to a larger ripple and reduced power
efficiency in VM. However, the system operates in the high-
efficiency VM to drive the heavy load on VLV most of the time.
Hence, the overall efficiency in VM is not affected significantly.
For example, with VHV connected to a 225kΩ load, the end-
to-end efficiency in VM charging only drops by 2.38% in this
work (detailed in Section IV).

III. HARDWARE IMPLEMENTATION

Fig. 7 illustrates the proposed VM/CM PMU system archi-
tecture that regulates a 40.68 MHz inductive wireless link to
generate dual outputs. The chip simultaneously achieves recti-
fication, regulation, bias generation, and overvoltage protection
using only the Rx coil as an external component. The 240 pF
resonance capacitor C2 (consisting of 80 pF C2a, 80 pF C2b,
and 80 pF parasitic capacitance seen from node connections),

the 250 pF filtering capacitor CHV and the 2 nF VLV filtering
capacitor CLV are integrated on-chip. CLV and CHV use a
stacked structure with a metal-on-metal (MOM) capacitor on
top of a thick-oxide low-leakage varactor (2.5 V voltage rating)
to achieve high capacitance density and low power leakage,
while C2 uses a MOM capacitor to ensure minimal variation
and low resistance. The PMU comprises three main blocks: the
VM rectifier, the resonance breakup switch, and the CM rectifier
with the control logic.

A. VM Rectifier

The VM rectifier uses active PMOS diodes (M1,2) with a
cross-coupled NMOS pair structure (M3,4). The active diodes
are controlled by a common-gate comparator and a gate driver,
both optimally sized to minimize switching losses. The rectifier
uses thin-oxide devices to minimize power losses.

High-Voltage Protection Switch: SW3 (Fig. 8(a)) protects
the rectifier core devices during CM by turning off before
VAC1 exceeds 1.25 V (40-nm CMOS limit), and remains ON
during VM. To fully turn off SW3 during CM, the switch
buffer (Fig. 8(b)) supplies VAC1 and ground to the PMOS
and NMOS gates, respectively. Conversely, to turn on SW3

during the VM phase, the switch buffer supplies ground and
VLV voltage rails to the transmission gate. VHV is not used as
the supply since CM operation is not always enabled. SW3 is
upsized to reduce conduction loss during VM charging (PCE
decreases by 1.2% when assuming 0.5Ω resistance), at the
cost of notable parasitic capacitance at VAC1b. As a result,
the delayed switching of pull-down transistor M4, increases
switching loss due to the negative swing at VAC2. To mitigate
this, a dummy capacitor, Cd1 = 24 pF is placed at VAC2. This
solution effectively compensates for asymmetrical loading
of VAC1b and VAC2, offering area advantages over a dummy
switch and has a negligible impact on matching. Simulation
results show a 2.27% improvement in rectifier PCE at the RLV

load of 200 Ω, without degrading link PTE.
Common Gate Comparator: The common-gate (CG) com-

parator used in this work (Fig. 8(c)) can accommodate a high
input common-mode voltage and has a low static power con-
sumption [55]. It operates in the VM comparison when the FW
control signal (VFW ) is not enabled. To compensate for the
turn-on delay, this design uses comparator offset compensation
[54], [56]. The offset is introduced through a programmable
mismatch in the current mirror M6 and M8 to accommodate
process variations, and functions well in the steady state when
VLV > Vth,M5 + Vth,M6 (strong inversion). However, the gen-
erated offset is dependent on the working region and varies
with VLV during startup, reducing the effective power trans-
ferred to the load. Apart from the late turn-on problem, this
technique also has a reverse current problem during startup
[54], [57]. Although the fixed delay problem can be solved
using a voltage-controlled delay cell with a feedback loop de-
sign, it cannot properly compensate the turn-on delay during
startup [57], which increases startup power and may risk device
breakdown [39]. To prevent the AC voltage from exceeding
safety limits during startup, an auxiliary coupling voltage Vos
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Fig. 7. The overall structure of the proposed design.

Fig. 8. The circuit implementation of (a) active voltage rectifier, (b) driving circuits for the high-voltage protection switch, (c) common gate comparator,
(d) pulse duration time control circuit, (e) digital logic to prevent multiple-pulsing, (f) startup auxiliary circuit, and (g) the simulated waveform of the turn-on
delay compensation using the conventional mismatch-based scheme (M6 size = 100/1 μm for a fair comparison) and proposed coupling capacitor-based
scheme. The robustness of the proposed scheme is verified through a 500-point Monte Carlo simulation and PVT analysis.

at Vy is introduced by a coupling capacitor Cc. The capacitive
divider between Cc (33 fF) and the total parasitic capacitance
Cp (51.7 fF) at the node Vy sets the value of Vos as a function

of VAC . It can operate at VLV as low as 0.61 V. Consequently,
the proposed design accelerates startup by reducing reverse
current at low VLV (Fig. 8(g)). In this work, the Cc-induced
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coupling voltage compensates for 0.2 ns delay (typical value),
while the input pair programmable offset (2 bits) compensates
for up to 0.25 ns (typical value). Monte Carlo and corner sim-
ulations show robustness of this method across PVT variations
(Fig. 8(g)).

The comparator’s turn-off delay leads to reverse current loss.
This design uses a current-starved delay cell (Fig. 8(d)) to create
a delayed signal (Vpd) of the turn-on signal (VP _buf ) to switch
off the power transistor (M1,2) in the rectifier at the right time.
Vpd pulls Vy in the comparator to ground throughM9, while Vpu

pulls Vx to VLV through M10, causing the comparator to gen-
erate a high signal and switch off M1,2. The delay time can be
manually controlled by a 2-bit resistor array that adjusts the bias
current of the delay cell, as verified by the measurement VAC1

waveform (shown above Fig. 8(d)). To prevent the multiple
pulsing issue [58] which increases switching losses, this design
uses digital logic as shown in Fig. 8(e) to latch the Vpd signal
until the next comparison cycle starts. To prevent excessive
power demand during startup, an auxiliary circuit (Fig. 8(f)
[59]) is designed to shorten the startup delay by providing
additional current to the delay cell through M14 (Fig. 8(d)).
When VLV reaches its stable state, Vstart transitions from low
to high, disabling the current path.

B. Resonance Breakup Switch

The resonance breakup switch (SW1) is an essential part
of this design that affects both the CM and VM operation.
When SW1 is OFF during CM operation, it should completely
block the conduction path within the LC tank to maximize
ΔVHV . When SW1 is ON during VM operation, it should have
a small equivalent resistance to reduce the losses in the link. For
example, assuming an on-resistance of 0.5 Ω, SW1 degrades the
PTE by 2.2%.

A transmission-gate structure is used to allow full-wave rec-
tification in VM. A thick-oxide native (normally-on) NMOS
device enables self-startup when VLV has not yet reached its
stable value. A negative supply voltage −VLV (Section III-D3)
is used to turn the native NMOS switch OFF during CM. The
thick-oxide PMOS switch is driven between ground (ON in
VM) and VAC1 (OFF in CM), similarly to the one in SW3.

Fig. 9(a) shows the circuit implementation of the resonance
breakup switch (SW1) during VM in conventional structures
with an FWR. This structure suffers from a significant increase
in ON resistance during the Φ2 phase, when VAC2 > VAC1. In
the Φ1 phase, where VAC2 = 0, Req is only 0.52Ω due to a fixed
VGS applied to the NMOS switch. However, when VAC2 > 0,
Req increases due to the reduced gate drive voltage, especially
during VAC2 < Vth,P . As a result, rather than charging the in-
tended resonant capacitor C2 through the high-impedance path,
the inductor current is diverted to an unintended low impedance
path formed by the parasitic capacitance and the rectifier power
transistor (M3 in Fig. 8(a)), which increases switching losses
and degrades PCE.

To reduce Req to an acceptable value based on simulation
results, it would require a PMOS switch ∼20 times larger. In-
stead, this work addresses this problem by splitting the switch-
capacitor pair into two anti-parallel structures - Fig. 9(b). When

Fig. 9. The VM configuration of the resonance breakup switch and its
equivalent resistance in (a) the conventional half-wave and (b) proposed full-
wave scheme. The size of SW1 in (a) is double that of SW1a/SW1b for a
fair comparison.

VAC2 increases, the equivalent resistance (Req,a) of SW1a in-
creases as before, whileReq,b of SW1b remains small. Hence, in
this phase, the majority of the current flows through SW1b. Vice
versa, when VAC1 increases, current flows through SW1a. This
way, the overall ON resistance is low over the full cycle, leading
to lower power losses in the breakup switch. In addition, the
negative voltage swing in VAC1 is eliminated, which mitigates
the switching losses in the NMOS power transistor pair and
further improves the rectifier PCE by 5.7% under the nominal
load condition of 200Ω. The proposed topology avoids the need
for complex bias schemes or excessive use of transistors and
capacitors [52].

C. CM Rectifier

The CM rectifier in Fig. 10(a) uses an active diode (SW2)
with a dynamic body bias to prevent leakage current to the
substrate [60]. The active structure minimizes the voltage drop
across the diode to maximize efficiency, as shown in Fig. 10(b).
During CM, the resonance-breakup switches SW1a/SW1b and
the protection switch SW3 are open. The pull-down switch
SW4 connects VAC2 to ground to provide current return path. A
negative voltage −VLV is applied to the native NMOS transis-
tors in SW1a/SW1b. VAC1 directly drives the PMOS transistors
in SW1a/SW1b and SW3, while the NMOS transistor in SW3

can be grounded.
As mentioned above, this work focuses on applications where

most of the power is required for VLV , while VHV has a light
load. Hence, the resonance breakup switches SW1a/SW1b and
the protection switch SW3 are optimized to reduce conduction
losses during VM. The drawback is that they contribute a large
parasitic capacitance to the VAC1 node. If passive charging
with a diode voltage drop (∼0.7 V) is adopted [43], [45], [46],
[50], [61], most of the current in the inductor is used to charge
the parasitic capacitance at node VAC1, and VHV cannot be
properly regulated to the expected high voltage. This can be a
significant bottleneck, especially in low-power, high-frequency
applications, because both the available power and the charging
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Fig. 10. (a) The circuit implementation of the CM charging rectifier, (b) Simulated charging waveforms, (c) the operation flowchart and the circuit
implementation of the non-overlapping clock generator, and (d) simulated CM charging waveform with uncompensated/compensated non-overlapping clock
signals. The robustness of the proposed scheme is verified through a 500-point Monte Carlo simulation and PVT analysis.

time are insufficient for conducting the CM charging. To over-
come this passive mode charging limitation, this work proposes
an active charging structure to reduce the voltage drop between
VAC1 and VHV .

The following requirements have to be satisfied: (i) SW3

needs to open before the CM phase starts to protect the core
devices in the VM rectifier, (ii) SW1 needs to open when
VAC1 = VAC2 to maximize the current coming from the in-
ductor, and (iii) SW2 needs to close when VAC1 ≥ VHV to
start charging the output capacitor CHV . Similarly to the VM
rectifier, the early switch-ON or the late switch-OFF of SW2

when VAC1 < VHV can introduce a reverse current from VHV

to VAC1. Also, the late switch-ON or the early switch-OFF of
SW2 when VAC1 >VHV (SW1 in OFF state) can generate large
spikes on VAC1 [36] and cause stress problems since there is
no low-impedance path for the inductor current.

To address these issues, the CM control logic uses a non-
overlapping clock with adaptive delay. The operation princi-
ple is illustrated in the flowchart in Fig. 10(c). Initially, a
comparator recovers the system clock in phase with the zero
crossing point (ZCP). This clock is sent to the digital control
unit along with the CM_EN signal and the output of the N0

counter (Section II-D) to generate the enable signal for the CM
charging periodically (CLKCM,in). The comparator is offset
compensated to minimize its delay and maximize the inductor
current when the LC tank is opened (details in Section III-D2).

First, CLKCM,in derives the overlapping clock signal to
open the protection switch SW3 before SW1 opens. SW2 is
closed only when SW1 (and SW3) are open. The required
non-overlapping time demands dynamic adjustment, as it in-
creases proportionally with VHV . This is realized using a
programmable delay line controlled by a 3-bit counter. At ev-
ery CM charging cycle, VAC1 is sampled when SW2 closes
and compared with VHV . If VAC1 < VHV , the non-overlapping
time is increased by incrementing the counter output bits. If
VAC1 > VHV , the counter is not updated. Fig. 10(d) shows the
delay compensation for the control signal of SW2. When VSW2

turns on before VAC1 > VHV , the counter continues to increase

until the cross-point reaches its optimal timing. Monte Carlo
and corner simulations confirm that the proposed CM delay
compensation scheme can effectively suppress reverse current
under PVT variations (Fig. 10(d)).

D. Auxiliary Circuits

1) Bandgap Reference and Overvoltage Protection: A low-
voltage bandgap reference circuit [62] generates the 0.55V
reference voltage (VREF ) for the control logic and the OVP
circuit (Fig. 11(a)). The OVP circuit ensures that VLV remains
within the safe operating range and also enables voltage regula-
tion. When VLV exceeds the 1.02V threshold voltage (decided
by VREF , the resistive divider, and the hysteresis window),
the output of the hysteresis comparator VOVP goes high. As
a result, the NMOS transistor (M1) conducts and discharges
VLV through a 100Ω resistor (R1) connected to the ground.
This local voltage regulation can regulate VLV across a wide
range of Tx power (31.6 mW to 63.1 mW when RLV = 200Ω,
and 50.1 mW to 112.2 mW when RLV = 100Ω). By imple-
menting a global power control scheme through backward data
telemetry [63], [64], the VOVP can also be used to regulate the
Tx power (PTX ) level. In this configuration, the OVP circuit
can protect VLV against high Tx power up to approximately
158.5 mW.

2) Clock recovery and Zero-Crossing Detection: The 40.68
MHz system clock is recovered from the AC signals using a
comparator. However, the conventional latch-based comparator
[65] suffers from a significant comparison delay, leading to
losses during CM charging as explained in Section II-B. This
work uses a delay-compensated comparator (Fig. 11(b)) [66]
to achieve clock recovery and zero-crossing detection. The
unbalanced sizing in the PMOS input pair (M1,2) introduces
an offset voltage Vos (VAC1b + Vos = VAC2) of approximately
250 mV to account for the delay between the cross point of
the AC signals and the rising edge of the comparator output
(fclk), resulting in a 25% increase in inductor current during the
CM operation. Additionally, the M3 transistor, sized identically
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Fig. 11. (a) The circuit implementation of the OVP and the simulated VLV w/ and w/o OVP versus different Tx powers, (b) Comparator with a mismatched
input pair, and (c) Negative voltage generator.

Fig. 12. Die photograph of the 40-nm CMOS PMU chip.

to M2, is placed alongside M1 to generate the falling edge of
fclk, thereby maintaining the duty cycle of the 40.68 MHz clock
close to 50%.

3) Negative Voltage Generator: A negative supply (−VLV )
is required to strongly turn OFF the native NMOS transistor
used in resonance breakup switches SW1a/SW1b during CM
operation. This supply is provided by the negative voltage gen-
erator illustrated in Fig. 11(c), which consists of two charge
pumps (formed by M3∼M10 and C1a∼C2b) working in time-
interleaved mode and two output switches (M1 and M2). The
charge pumps are controlled by the non-overlapping 40.68 MHz
clock outputs CLK1 and CLK2, to continuously charge the
output capacitor C3 through the output switches. The nominal
output voltage when CM is activated is -0.5 V.

IV. EXPERIMENTAL RESULTS

The proposed dual-output PMU was implemented using stan-
dard 40-nm CMOS technology. The chip micrograph (Fig. 12)
shows that the design occupies a core area (active circuit area,
w/o test I/O pads) of 1.18 mm2, and a total area of 2.28 mm2. A
replica rectifier circuit (not included in the core area) without
the on-chip resonance capacitor is also integrated to measure
the rectifier input power for PCE.

The measurements of the PMU chip use a custom-designed
coil link, following the design methodology introduced in [67].
The Tx/Rx coils are separated by 14 mm, a typical separation
distance for retinal prostheses applications. The coil dimensions
are optimized to meet the strict surgical constraints, and its
parameters have been characterized using a vector network
analyzer (Keysight P9374A) - details in Table I. The Tx LC
resonator is matched to the 50Ω impedance of an RF power

TABLE I
THE POWER COIL PARAMETERS USED FOR THE WPT SYSTEM

Item Tx(L1) Rx(L2)
Outer diameter d [mm] 26.8 16
# of turns 4 1
Trace width w [mm] 0.8 0.25
Trace spacing s [mm] 0.6 -
28-AWG Cu wire l2 [mm] - 8
Inductance [nH] 595.41 74.06
Quality factor 186.82 24.76
Frequency [MHz] 40.68
Cu trace thickness 35 µm
Substrate thickness 1.57 mm Fr4
Distance [mm] 14 (air+tissue)
Coupling coefficient k12 0.0523

source (Agilent N5183B MXG), and the Tx power is adjusted
to regulate VLV = 1 V according to the load RLV .

A. Cold Startup Measurement

Fig. 13 presents the measured cold start-up waveforms of the
Rx chip under a 250Ω load at VLV with a transmitter power
of 13.6 dBm (22.91 mW). The rectifier initially operates in a
passive-mode configuration, formed by the transistors M1(M2),
with uncertain gate voltage, and the body diode of M4(M3).
As VLV increases, the uncompensated comparator begins to
generate digital control signals to drive M1(M2). After ap-
proximately 0.4ms of passive rectification, VLV reaches 0.6 V,
activating the OVP while VREF gradually increases. The OVP
phase lasts for 0.88 ms until VREF exceeds 0.3 V, and the chip
starts operating normally to regulate VLV .

B. Voltage-Mode (Single) Output Measurement

Fig. 14(a) shows the setup for measuring the voltage con-
version ratio (VCR) in the VM rectifier and presents the AC-
in and DC-out waveforms during VM operation. The phase
differences between different channels on the oscilloscope have
been calibrated to ensure accuracy. With a 250Ω load at VLV ,
the measured mean value of VLV is 0.99 V, with a ripple of
31.67 mVpp. The peak-to-peak amplitude of VAC is 2.11 V,
yielding a VCR of 93.84%.

Since this design incorporates an on-chip resonant capacitor
(C2), a replica circuit without the integrated resonant capacitor
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Fig. 13. Measured cold start-up procedure at RLV = 250 Ω and PTX =
22.91 mW. The passive mode configuration at one of the conduction phases
is shown in the lower right corner.

Fig. 14. (a) VCR measurement diagram with measured waveforms of
VLV , VAC1, and VAC2 for VCR calculation at RLV = 250Ω, (b) PCE
measurement diagram with measured waveforms of VAC2 - VAC1 and
VRsense for PCE calculation at RLV = 250Ω, (c) Measured PCE and VCR
versus RLV .

is used to measure the rectifier PCE, avoiding the need for
complicated current measurements in the LC tank. Fig. 14(b)
illustrates this setup, based on [36], [58]. A 10Ω current-sensing
resistor captures the input current, which is then multiplied by
VAC to calculate the average input power across several cycles.
Meanwhile, the average output power at VLV is measured using
an isolated voltage meter. For a 250Ω load, the measured input
power is 4.02 mW with VLV = 0.91V, resulting in a PCE of
82.5%.

Fig. 14(c) provides a summary of the simulated and measured
VCR and PCE across all loads, ranging from 100Ω to 350Ω.
The measured VCR peaks at 94.23% at RLV = 350Ω, while
the PCE reaches 85.87% at RLV = 150Ω.

Fig. 15. Measured dual VM/CM operation waveforms under the conditions
of RHV = 400 kΩ and RLV = 150 Ω.

Fig. 16. (a) Measured VHV charging and delay compensation logic (3.3V
I/O) waveforms with RHV = 1 MΩ, (b) Measured steady state VHV with
RHV = 400 kΩ under different PTX , (c) Measured maximum IHV and
VHV under different PTX .

C. Dual-Mode (Dual) Outputs Measurement

Fig. 15 shows the measured transient waveforms to validate
the dual VM/CM operation. The test conditions are set to RHV

= 400 kΩ and RLV = 150Ω, with a transmitter power of 17.2
dBm. The negative voltage generator operates as intended, pro-
ducing -0.5 V to disconnect the LC resonator and enable the CM
operation every 0.98 µs (N0 = 40). As a result, VAC1 rises above
VHV (2.0 V), leading to an undershoot in VLV of 113.83 mV
due to the lack of charging in the CM and FW phases. Thanks to
the FWR structure, the undershoot only lasts for one cycle. This
is acceptable since VLV has more relaxed requirements during
HV stimulation.

Fig. 16(a) shows the measured charging procedure of VHV

alongside the delay compensation logic outputs, validating the
CM charging concept. The test conditions are set at RHV = 1
MΩ and RLV = 200Ω, with a transmitter power of 15.7 dBm.
During VHV charging, the voltage rises from 1.078 V to 2.029
V within 7 µs. The delay compensation logic D[1 : 0] (D[2]
not shown) automatically changes as VHV increases according
to the functionality described in Section III-C. The maximum
achievable VHV depends on the transmitter power (Fig. 16(b))
and the load current IHV . When IHV increases to 4.88 µA, VHV

can be regulated to 1.95 V. Fig. 16(c) illustrates the correlation
between VHV and the maximum current load, as a function of
the transmitter power. High output current can be achieved by
increasing PTX .

D. Load Transient Measurement

Fig. 17(a) and (b) present the load transient responses of
VLV and VHV , respectively. As the Tx power increases from
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Fig. 17. Measured load transient response waveform of (a) VLV with RLV

switching between 150 Ω ∼ 350 Ω and (b) VHV with RHV switching
between 338 kΩ and 731 kΩ.

12.2 dBm to 16.0 dBm, VLV is regulated around 1.0 V un-
der both light and heavy load conditions, exhibiting a 105
mV undershoot and a 97.4 mV overshoot at 20 ns rise/fall
load step. The VHV regulation is achieved through a self-
adaptive scheme that adjusts to varying load conditions. Under
the light load condition, the slower discharge rate requires less
frequent recharging, validating the proposed mode-switching
concept.

E. System-Level Efficiency Measurement

Fig. 18(d) presents the system-level efficiency results, cov-
ering both PTE and end-to-end (E2E) efficiency using the
Tx/Rx coils in Table I. The PTE is measured using an external
resonant capacitor C2 terminated with a resistive load RLV

without the chip (Fig. 18(a)). The measured PTE matches the
simulated PTE closely, achieving 28.98% at 225Ω load. The
E2E efficiency is measured using the PMU chip with the in-
tegrated resonant capacitor and a resistive load for each out-
put, RLV and RHV (Fig. 18(b)). The peak E2E efficiency for
VM and dual VM/CM are 17.32% and 14.94%, respectively,
when RLV = 225Ω. Notably, the E2E efficiency decreases at
most by 2.7% across all loads when regulating also VHV .
The E2E efficiency was measured using a 9-mm pork sample
with a 5-mm air gap between the Tx/Rx coils to simulate
biomedical implant conditions (see Table I, bottom-right). The
ex vivo experiment results show negligible efficiency degrada-
tion, with E2E efficiency decreasing by less than 0.48% across
all loads.

The difference between the PTE and E2E efficiencies is due
to three main reasons: (i) The rectifier PCE accounts for 3.66%
losses, (ii) The breakup switch in the LC resonator accounts for
2.83% losses, (iii) The impedance of the bonding wires (gold,
1.5 mm long, 25 µm diameter, two parallel-connected wires per
AC input) and PCB traces between the Rx coil and the on-chip
resonance capacitor account for 5.17% losses. This is due to the
quality factor drops of the receiver from 28.1 to 21.8 (simulated
result, see Fig. 18(c)). This issue can be mitigated using parallel
bonding wires to lower their equivalent resistance and adjust the
PCB/coil designs.

Fig. 18. (a) PTE measurement setup, (b) E2E efficiency measurement setup,
(c) Simulated Q-factors of the receiver coil w/ and w/o the bonding wires
connections, and (d) Measured system-level PTE/E2E vs. RLV with RHV

fixed at 400 kΩ.

Fig. 19. Simulated power breakdown of the chip working at RLV = 250Ω
in (a) VM operation, (b) VM/CM operation.

F. Power Breakdown

Fig. 19 shows the simulated power breakdown of the pro-
posed Rx chip design operated in the VM and dual VM/CM
under the load condition of RLV = 250Ω. The dual VM/CM
operation achieves an output efficiency of 68.1% on VLV , which
is slightly less (4.19%) than that of the VM operation. The lower
power efficiency is mainly due to the extra power consumption
for the level shifters and the negative voltage generation block
in Fig. 7(b), in addition to the cycles used for the CM and FW
phases, during which VLV is not charged.

G. Comparison With State-of-the-Art

The performance of the proposed PMU is summarized and
compared with the state-of-the-art in Table II. Most designs
using voltage-mode charging [34], [35], [36], [37] assume that
VHV has the largest load, thus VAC > VHV most of the time.
While other works adopt current-mode charging to mitigate the
need for large VAC , their performance in terms of voltage ripple
and voltage rating (by using thick-oxide devices) remains con-
strained by using HWM charging [11], [23], [48]. Additionally,
the large off-chip output capacitors (several μF) hinder system
integration for implantable devices.

In contrast, the proposed SIDO PMU is the only design that
prioritizes delivering the main portion of power to VLV while
achieving high power efficiency. This represents a significant
advantage over previous VM rectifier designs that prioritize
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TABLE II
COMPARISON TO STATE-OF-THE-ART DUAL-OUTPUT RECTIFIER DESIGNS

Item TBioCAS’19 [23] TBioCAS’20 [34] JSSC’21 [35] JSSC’22 [11] TCAS-I’23 [48] JSSC’24 [36] JSSC’24 [37] This work

Process 350-nm 180-nm 180-nm 180-nm HV BCD 180-nm 65-nm 65-nm 40-nm

Frequency (MHz) 1 1-10 6.78 40.68 6.78 40.68 13.56 40.68

Structure CM Full-wave VM HWM2 HWM + CM CM Full-wave VM + HWM Full-wave VM Full-wave VM + CM

Cold-startup No No Yes Yes Yes Yes Yes Yes

Output voltage 2.6 V & 3.9 V 1.5 - 3 V & 1.5 - 3 V 1.8 V & 3.3 V 10 V & 4.7 V & 2 V 1.8 V & 3 V 1.1 V& 2.2 V 1.2 V & 2.5 V 1.0 V & 2.0 V

Power POUT (mW) 4.7 (mainly PLV ) ≤65 (mainly PHV ) ≤1020 (mainly PHV ) 186 (mainly PHV ) ≤ 7 (mainly PHV ) ≤60.5 (mainly PHV ) ≤ 20 (mainly PHV ) ≤ 10 (mainly PLV )

PCE@PHV (mW) &
PLV (mW)

75.3%@N/A & 4.7 90.75%@62.5 & 1
83%@6.25 & 1.0

91.9%@660 & 360
65%@66 & 36

81%@186 & N/A &
N/A

85.1%@1 & 1 90.1%@55 & 1.1
76%@5.5 & 5.5

88%@8 & 8 85.87%@0.011 & 6.7

Active area (mm2) 1.35 < 6 < 0.601 < 4.6 2.7 < 0.74 0.1454 1.18 & 0.245

Tx/Rx diameter ratio 70 mm / 22 mm N/A (cap. coupling) N/A 33 mm / 24 mm 41 mm / 23 mm 16.5 mm / 4 mm 35 mm / 30 mm 26.8 mm / 16 mm

Coil distance (mm) N/A N/A 15 12 10 2 6-15 14

Link efficiency N/A N/A N/A 86.6% N/A N/A N/A 25.59% - 29.28%

End-to-end efficiency N/A N/A N/A 69.66% 31.3% @ POUT = 2
mW

N/A 32.4-62.7% VM: 17.32%, VM + CM:
14.94%

Output voltage ripple N/A < 6 mVpp 42 - 60 mVpp N/A CM: 180 mVpp 90 mVpp N/A VM: 31.67 mVpp, VM
+ CM: 113.83 mVpp

No. of off-chip capaci-
tors1

4 (0.1 µF / 4.7 µF /
4.7 µF / 100 µF)

2 (0.47 µF / 1 µF) 3 (1.1nF3

/ 4.7 µF / 4.7 µF)
4 (N/A) 3 (N/A) 3 (194pF3 / 220nF

/ 470nF)
3 (238pF3 / 1 µF
/ 1 µF)

0

1 Including the resonant capacitor 2 Half-wave mode 3 Calculated from the resonant frequency 4 Including the on-chip decoupling capacitor 5 w/ & w/o on-chip capacitors

identical currents to charge both outputs. With all resonant
and output capacitors integrated on-chip, the proposed design
occupies only 1.18 mm2 of active chip area. The measured
voltage ripple on VLV remains competitive with other designs
that rely on off-chip capacitors (100 ∼ 500× higher than the on-
chip capacitor used in this work), thanks to the FWR structure
and high resonance frequency.

V. CONCLUSION

This paper presents a fully integrated SIDO PMU for
wirelessly powering modern closed-loop neuromodulation im-
plants. The proposed SIDO PMU is configurable to operate
in either single-output (VLV ) or dual-output mode (VLV and
VHV ). In the dual-output configuration, it uses a combined
voltage/current-mode strategy to simultaneously generate VLV

for high-power loads and VHV for low-power loads. The chip
operates at 40.68 MHz and requires only an external Rx coil
while achieving a peak E2E efficiency of 14.94% when enabling
the dual VM/CM charging. The wireless power link can provide
a maximum output power of 10 mW on VLV and drive µA load
levels on VHV . These advantages make this work attractive for
applications requiring distinct power levels and precision on
different outputs.

APPENDIX

In this section, we derive Eq. (6) and Eq. (7) for the optimal
resonant cycle analysis using rectifier waveforms in Fig. 3.

1) CM Operation: The CM operation begins at t= t0. iL2

first charge the parasitic capacitor Cpar until VAC1 exceeds VHV

(t= t1). Neglecting the inductor resistance R2, and assuming
the initial condition of iL2(t0) = iL2MAX and diL2(t)

dt

∣∣
t=t0

= 0,
the nodal equation can be derived as:

L2
diL2(t)

dt
+

1

Cpar

∫ t1

t0=0

iL2(t)dt= 0 (10)

At t1, Cpar is charged to VAC1 = VHV (n), where n is the
current CM charging cycle. Across two consecutive charging

cycles (from t2 to the next t1, approximated as ΔT ≈ N0

fclk
, VHV

decreases by Eq. (11), due to the absence of charging:

VHV _disch(n) = VHV (n− 1)(1− e−ΔT/τ ) (11)

where τ =RHV CHV is the time constant formed by the load
and filtering capacitor at VHV , fclk is the resonant frequency,
and N0 is the number of AC periods in between CM charging
cycles. Hence, VHV at step n can be derived as (neglecting the
zero crossing voltage, VZC , for simplicity):

VHV (n) = VHV (n− 1)e−ΔT/τ =
1

Cpar

∫ t1

t0=0

iL2(t)dt (12)

By solving Eq. (10) and Eq. (12), the solution for t1 and the
corresponding current iL2(t1) can be obtained:

t1 =
1

ωd
arcsin

[
ωdCparVHV (n− 1)e−ΔT/τ

iL2,max

]
(13)

iL2(t1) = iL2,max cos(ωdt1) (14)

During the CM charging transfer phase (t2), iL2(t) decreases
approximately linearly with a slope of i′L2(t1) due to the short
charging time (t2 < 2 ns). Hence, iL2(t2) can be derived as:

iL2(t2) = iL2(t1) + i′L2(t1) · (t2 − t1) (15)

Finally, the voltage increase per charging cycle can be analyti-
cally approximated using Eq. (16):

VHV _ch(n) =

∫ t2
t1

iL2(t)dt

CHV
� iL2(t1) + iL2(t2)

2
· t2 − t1
CHV

(16)

VHV (n) can be derived recursively based on Eq. (11) and (16).
2) VM Operation: The VM operation begins at t= t′0. iL2(t)

first charge the resonant capacitor C2, and the parasitic capac-
itance Cpar, until VAC2 exceeds VLV plus the rectifier power
switch drop VD at t= t3:

1

C2

∫ t3

t′
0=0

iL2(t)
C 2

C2 + Cpar
dt+ VZC = VLV (n− 1) + VD

(17)
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By solving Eq. (17), the expression for t3 is derived as follow:

t3 =
1

ω
arcsin

{
ω(C2 + Cpar) [VLV (n− 1) + VD − VZC ]

iL2,max

}

(18)

Similar to Eq. (11) and Eq. (16), the precise charging and
discharging voltages of VLV in each half-period cycle can be
calculated as follows:

VLV _ch(n) =
1

CLV

∫ t4

t3

iL2(t)dt (19)

VLV _disch(n) = [VLV (n− 1) + VLV _ch(n)](1− e−ΔT ′/τ ′
)

(20)

where t4 = 1/4fclk, τ ′ =RLV CLV is the time constant formed
by the load and filtering capacitor at VLV , ΔT ′ = t6 − t4 �
t3 + 1/4fclk. VLV (n) can be derived recursively based on
Eq. (19) and Eq. (20).
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