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A 92.3%-Efficiency Switching-Mode Dual-Output
Regulating Rectifier With Improved Link
Adaptability for Wireless Power Transfer

Tianqi Lu™, Graduate Student Member, IEEE, and Sijun Du™, Senior Member, IEEE

Abstract— This article presents a 6.78-MHz switching-mode
wireless power transfer (WPT) receiver (RX) with single-stage
dual-output regulation and improved adaptability to link vari-
ations for biomedical applications. Based on a modified voltage
doubler topology, it optimally transitions between voltage mode
(VM) and resonant current mode (RCM) to extend the WPT
range without compromising efficiency or delivered power. Seam-
less mode transition is achieved with no dead zones or output
undershoots, thanks to the proposed quasi-open-circuit mode
detection leveraging existing operational states without power-
carrier interferences. The essential advantages of switching mode
are consolidated via transient modeling. To meet dual-voltage-
domain supply requirement in bio-implants, the RX uses stacked
dc nodes in the voltage doubler to generate two regulated outputs
with only three power switches. Designed and fabricated in
a 180-nm CMOS technology, the proposed RX regulates two
dc outputs at 1.8 and 3.3 V, respectively, with unobservable
load-transient over/undershoots and cross-regulations. Using a
3.3-V-supplied class-D transmitter (TX), a 13.5-mm-radius TX
coil, and an 11.5-mm-radius RX coil, the RX achieves a maximum
WPT range of 7.5 cm under both 50-k$2 load conditions, demon-
strating a 42% extension compared with VM-only operation.
Real-time mode transition is validated through coil separation
distance transients between 3 and 5.5 cm. In addition, with
adaptive delay compensation in both VM and RCM operations,
the RX achieves a peak power conversion efficiency (PCE) of
92.3% at a maximum output power of 171 mW.

Index Terms— Dual output, link adaptive, receiver (RX), reg-
ulating rectifier, resonant current mode (RCM), soft switching,
switching mode, voltage mode (VM), wireless power transfer
(WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is a promising

non-invasive solution for powering implantable med-
ical devices (IMDs) such as retinal prostheses, neural
interfaces, and brain implants [1]. In such applications, the
inductive link coupling condition often fluctuates due to rela-
tive movements between the transmitter (TX) and the receiver
(RX) cails [2], [3], [4], as shown in Fig. 1. In addition, IMD
systems typically require two distinct power supplies, in which
the lower one is for signal processing circuits and the higher
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Fig. 1.  Typical structure of a biomedical WPT system facing variable
inductive link.

one is for electrical stimulation and high-performance analog
front-ends [3], [5], [6].

To ensure reliable power delivery against coupling vari-
ations in a WPT system, a third intermediate coil can be
implemented between TX and RX coils to concentrate mag-
netic flux [7], [8]; however, this significantly increases the
system complexity and fabrication cost. In typical two-coil
systems, a parallel-resonant LC tank is usually deployed at
the RX side to achieve a high voltage conversion ratio (VCR)
over the link (Fig. 1). In that case, the RX coil inductance
is preferably sized large to facilitate a high VCR [9], [10].
Nonetheless, as an implant, the stringent size requirement for
RX results in a low quality factor of the RX coil, leading to
high conduction loss and local tissue overheating risk.

Besides the resonant link, a typical two-stage RX interface
circuit comprises an open-loop voltage-mode (VM) rectifier,
such as a full-bridge rectifier or a voltage doubler, followed
by a dc—dc converter for voltage regulation [11], [12], [13],
as shown in Fig. 2(a). The dc—dc converter can provide tight
voltage regulation and a high VCR with a boost topology.
However, both the rectifier and dc—dc converter introduce
power losses, degrading the total power conversion efficiency
(PCE). It also necessitates extra power components.

To address cascaded losses and save components, single-
stage regulating rectifiers have been developed in the past
decade, of which most are based on full-bridge structures [14],
[15], [16], as shown in Fig. 2(b). The in situ rectifier out-
put voltage regulation can be achieved by hysteresis-based
pulse-frequency modulation [15], [17], [18], pulsewidth modu-
lation [19], [20], pulse conduction-time modulation [21], [22],
etc. Thanks to the simplified power paths, high PCE (over
90%) can be achieved. Nevertheless, the VCR of RX is limited
to the inherent voltage gain of the rectifier topology. In the case
of a full-bridge rectifier, the VCR is smaller than 1. Hence,
the rectifier only conducts when the input amplitude exceeds
the output voltage, setting a high power threshold. To mitigate
this issue, regulating voltage doubler with a theoretical VCR
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Fig. 2. Typical RX topologies. (a) Two-stage RX including a rectifier and a dc—dc converter. (b) Single-stage regulating rectifier RX. (c) RCM rectifier RX.

of 2 has been presented [17], [23]. Unfortunately, the doubling
effect can gradually diminish when the link coupling becomes
weaker, because of the reflected impedance difference between
a full-bridge rectifier and a voltage doubler [23], [24].

To break through the VCR limitation of VM topologies, res-
onant current-mode (RCM) rectifiers have been proposed [25],
[26], [27], as illustrated in Fig. 2(c). Similar to a boost
converter, the LC resonant tank at RX is first resonating for
multiple periods with the switch S; closed; then, the accumu-
lated energy is delivered to the output at once using the RX coil
as a current source by closing S,. Thanks to this principle, the
RX can deliver power as long as the accumulated resonance
energy is higher than power dissipation, significantly lowering
the power threshold and boosting the VCR. A three-phase
RCM rectifier was recently presented with a freewheeling
phase, allowing power-efficient in situ output voltage regula-
tion [28]. Unfortunately, though an RCM rectifier improves
weak-coupling performance by multi-period resonance, the
lower charging frequency induces a larger steady-state output
voltage ripple, and the resonance phase poses over-voltage
risks under strong-coupling conditions. Series-LC-based RCM
topologies avoid the over-voltage risk, but they suffer from
either high conduction loss caused by energy residual [3] or
complex closed-loop control of phase switching, vulnerable to
coupling fluctuations [26].

To combine the advantages of both VM and RCM topolo-
gies, a reconfigurable voltage-/current-mode (VCM) rectifier
was presented in [29]. A half-bridge rectifier was designed to
be capable of reconfiguring between VM and RCM operations,
given their topology similarity. However, a dead zone between
the VM and RCM was exposed due to the lack of effective
input power detection at RX [30]. A modified operation was
introduced in [31] to solve the dead zone issue by frequently
switching between VM and RCM with an unalterable pattern,
which sub-optimizes the strong-coupling operation. Moreover,
the half-bridge topology limits the output power and PCE.
To address this, a hybrid VCM rectifier was proposed with
a full-wave operation [32], [33]. However, it will not enter
RCM until a huge voltage drop presents at the output, and it
switches back to VM as long as the output voltage is recovered
regardless of the input power level. The invisible VM under
weak coupling rather accelerates the output voltage dropping,
resulting in large ripples and unnecessary power losses.

In this article, a switching-mode RX is proposed to seam-
lessly select the optimal mode between VM and RCM against
link variations without transition issues such as dead zone
or output undershoots [34]. Unlike previous VCM rectifiers,
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Fig. 3. Proposed WPT system with the link-adaptive SMDOR.

accurate mode transition is achieved based on the proposed
quasi-open-circuit mode detection technique in both VM
and RCM. A modified dual-output voltage doubler topology
enables single-stage dual-output regulation using only three
power switches and one freewheeling switch. To illuminate
the VCR improvement by RCM and showcase the appropriate
mode transition point, the proposed RX transient behavior
has been precisely modeled, which is verified by simulations
and measurements. The remainder of this article is structured
as follows. Section II presents the topology, modeling, and
operational principle of the proposed RX. Section III shows the
system and circuit implementations. Section IV demonstrates
measurement results, and Section V draws conclusions.

II. PROPOSED SWITCHING-MODE RECTIFIER

Fig. 3 presents the proposed WPT system with the
link-adaptive switching-mode dual-output regulating rectifier
(SMDOR). SMDOR involves three power switches: Scy, Mp,
and My. The switches Mp and My form a dual-output voltage
doubler with two output capacitors Co; and Cgy. The switch
Scm connects the resonating capacitor C, in series, enabling
the RCM operation by disconnecting C, when the RX coil
L, works as a current source. During the VM operation, Scym
keeps closed with a considerably large switch size to minimize
its conduction loss; during the RCM operation, a smaller
size of Scy is used to minimize the switching loss. The
switch Sgx connects the two ac input terminals to enable a
freewheeling mode. In the proposed adaptive switching-mode
control loop, the input voltage, V,, is selectively monitored by
the mode detection block, and the dual-output regulation block
determines the proper operation state in both VM and RCM,
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Fig. 5. Modeling of the proposed RX RCM operation. (a) Schematic.
(b) RX RCM operation equivalence. (c) TX steady-state approximation.

to regulate the two dc outputs, Vo and Vp,. Based on both
input and output information, the VM/RCM controller finalizes
the gate driving signals with adaptive delay compensation
facilitating soft switching.

A. Switching-Mode Modeling and Analysis

The essential advantages of switching mode should be
illuminated in theory. As shown in Fig. 4, the proposed RX in
VM is modeled as a typical voltage doubler excluding output
regulation. Derived from [9] and [10], the VM VCR, defined
as the ratio between Vo and |Vy|, is given by

VCRyy = v/ Prx - nuNk nvm - R 0

Vsl
where nyym is the VM RX PCE. Assuming perfect impedance
matching at both TX and RX by L;—-C and L,—C; networks,
the TX power from Vg, Prx, and the link efficiency, npmk,

can be, respectively, expressed as
_ P
~ 2(Ri + Requm)
Reqvm
(Requm + R1) - [RoRym(wC>)? + 1]
where the input resistance of the VM RX, Ry, and the

equivalent resistance of the VM RX reflected at TX, Rgqvm,
are, respectively, given by

2

Prx

3)

NLINK =

_ Ri-nvww Rp-nvm
2-VCR3 8

“4)

Rvm
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TABLE I

MODELING AND SIMULATION
CIRCUIT PARAMETERS

Parameter Value
Carrier frequency, fy (1/Pg) 6.78 MHz
Excitation amplitude, [Vs| 5V
inductance, L 1uH
TX coil resistance, R 0.5
outer radius, r; 13.5mm
inductance, L; 300nH
RX coil resistance, R, 20
outer radius, 1, 10 mm
Switch on resistance, Rgwy 0.1Q
Output capacitance, Co; and Cop 10nF

Time (us)

Fig. 6. Modeled and simulated transient waveforms of /1, in the RCM RX
at coupling factor k = 0.05.

0*M? Rym(wC>)?
R2 RVM (wC2)2 + 1

Reqvm = 4)
where VCRyp is the inherent VCR of voltage doubler; w =
27 fy is the angular frequency of the carrier (fy = 6.78 MHz);
and M is the mutual inductance between the TX and RX coils.
Note that (wC,R;)* > 1 is assumed to derive Reqvm in (5).
This neglects the effect of R;, on resonance shift, which should
also be practically satisfied by a parallel-resonant RX [9].

Fig. 5 shows the modeling of the proposed RX when it is
in RCM. Briefly, the RCM RX has two operational phases:
resonance phase and charging phase, excluding output regula-
tion. In the resonance phase, L,—C, tank is freely resonating
via Scm; in the charging phase, L, becomes a current source
delivering the resonance energy to one of the output capacitors,
Cos (or Cpy), via Mp (or My).

In previous RCM analysis in [27], [29], and [35], the TX’s
steady state is approximated solely based on the impedance
reflection during the resonance phase considering its much
larger duty ratio. This might be validated under extremely
weak coupling conditions with a low-quality TX resonance
loop (R; = 30 Q2 in [27] and [35]), in which the RX transients
are nearly invisible. However, it easily loses the efficacy in
practical WPT scenarios with higher power levels.

In this article, energy conservation is relied on to approx-
imate the TX’s steady state with a proposed time-domain
averaged RCM-equivalent resistance, Rgqg, as shown in
Fig. 5(b). Since the RCM operation will only engage under
weak coupling conditions, this approximation helps provide
intuitive conclusions without solving time-dependent reso-
nance transients at TX. Then, based on the approximated TX
steady state, the two-phase RCM transient behavior can be
solved at RX, regarded as a series-RLC resonant circuit. The
final RCM model is displayed in Fig. 5(c).

Authorized licensed use limited to: TU Delft Library. Downloaded on July 21,2025 at 12:57:00 UTC from IEEE Xplore. Restrictions apply.
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RX output power versus k at |Vs| = 1.8 V with constant-Vg loads.

In the resonance phase of the RCM RX, if all the resonance
energy in the previous cycle has been delivered to the output,
the L,—C, tank starts with zero initial conditions. For efficient
WPT, the RX during resonance phase shows an underdamped
response. Given V,((¢t) = |V;i|sin(wt), the inductor current
11, can be expressed as

I12(t) = Iyax(1 — e *)sin(wt)

(6)

where the damping factor o and the steady-state peak current
Ivax are, respectively, given by

R> + Rsw [Va1]
o=——; Iuax=—5—7—
2L, Ry + Rsw

in which Rgw is the switch ON-resistance. At RX, the input
power, PinRrx, can be separated into the output power of
the resonance phase, Poyr, and the loop power dissipa-
tion during both the resonance and charging phases, PLoss-
Here, it assumes that the RX in the charging phase is far
OFF-resonance and thus has negligible power received from
the TX. If the resonance phase duration is set to Trgs =
(N —=0.5)/2fy) (or (N —0.5)/2)Py, N is integral) and the
charging phase always starts at I;,-peak moments, Poyr and
PLoss can be, respectively, derived as

Er» _ Lo1%,(Tres)
025 —
Tres + 777 2(TRES + 0%)

(7

®)

Pour =

0.25
IRES + 7

R R
Lo+ Rsw 12,(1) dt

0.25

9)
Trgs + & Jo

Pross =
where I, during the charging phase is approximated to keep a
sinusoidal waveform and the charging phase duration is about
(0.25/ fo). To further calculate Poyr for VCR, V;;(¢) needs
to be solved to find I;,(¢). Applying Kirchhoff’s voltage law
(KVL) at the TX loop and RX loop in the resonance phase
results in

1
(ij1 + R+ — )Iu(t) + Via(t) = Vs(1) (10)
JjoCy

1
(ij2+R2+st+.—)IL2(f) =Va(). (1D
JjoCs
At resonance where » = (1/(L;C1)"?) = (1/((L2C2)"?)),
the amplitude of V,(¢) can be given by
Vsl

[Vl = oM|Ip1| = oM —————
Ri + Reoem

12)

where the equivalent resistance of the RCM RX reflected at
TX, Reqcwm, can be derived as

w*M?

_ 13
R> + Rgq (13)

Reqoem =

in which Rgq is the proposed RCM-equivalent resistance.
On the other hand, the input power of RX, Prx, can be

Authorized licensed use limited to: TU Delft Library. Downloaded on July 21,2025 at 12:57:00 UTC from IEEE Xplore. Restrictions apply.



2358

expressed as

|Vs|? ~ Reqem
2(Ry + Regem)  Ri + Regem

Based on the relationship that Pinrx = Pour + Pross, Req
can be obtained by simultaneously solving (8), (9), and (14).
Then, Poyt can be calculated to reveal VCR by

~/Pour - ncm - R
[Vsl

where ncy is the RCM RX PCE excluding conduction losses,
which are already considered in P oss.-

Cadence simulations are conducted to verify the efficacy
of this RCM modeling. Table I shows the circuit parameters
used in both modeling and simulations. Fig. 6 presents both
the simulated I;, waveform using the proposed RCM RX
topology and the modeled (calculated) I;, transient waveform.
It is observed that the RCM resonance phase can be accurately
mimicked by the series-RLC start-up transient, and the cal-
culated envelope curve (|/;,| in the modeling) tightly tracks
the peak I;, values in the simulation.

Fig. 7 shows the VCR performance of both VM and RCM
RX based on the aforementioned models, using the parameters
from Table I and nym = nem = 1. As shown in Fig. 7(a), the
VM RX shows limited VCR whose maximum only reaches
around 10, at the critical coupling k£ = 0.05 (maximum power
point), over the entire Ry, range from 500 €2 to 50 k2. The VM
VCR drops below 5 when k falls below 0.01. In comparison,
the RCM RX shows a much higher VCR in general. Fig. 7(b)
shows the RCM RX performance when the resonance phase
duration is 1.5 x Py. The maximum VCR exceeds 80 at the
critical coupling £k = 0.08, and the VCR remains higher than
5 even when k drops to 0.003 at Ry, = 50 k€2. Fig. 7(c) shows
the RCM RX with a 4.5 x P, resonance phase duration and
a critical coupling k = 0.055 similar to the VM RX. Due
to higher Progss in the resonance phase, it shows lower VCR
under strong coupling conditions; its weak-coupling VCR is
comparable to the 1.5 x Py RCM case. Note that with a higher
quality RX coil, the RCM operation can potentially show a
higher weak-coupling VCR with a longer resonance phase.

Fig. 8 shows comparison of the VCR of VM and RCM
RX via both the models and simulations. It is observed from
Fig. 8(a) that the RCM VCR can outperform VM VCR over
the entire k range from 0.001 to 0.02 at Ry, = 10 k€. In the
weaker coupling region, the RCM RX can still present at
least doubled VCR than the VM RX. The calculated results
from models show good fits with the simulated results; the
small error is mainly caused by the impedance matching
approximation during the modeling process. Fig. 8(b) shows
the relationship between VCR and Ry at k = 0.025. Under
this coupling condition, the VM RX slightly outperforms
the RCM RX when a heavy load condition applies (R <
2 k). However, the RCM RX fast boosts the VCR when Ry
increases, which will not be limited by its circuit topology.
This endorses the potential that the proposed RX can sustain
the output voltage by switching to RCM operation and, in case
of a very weak inductive link, simultaneously lightening its
load condition (e.g., putting some loads into sleep).

(14)

PnRrx =

VCRcy =

15)
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Besides the open-loop VCR analyses, Fig. 8(c) displays the
relationship between the RX output power and k when the
RX has a constant-output-voltage load, mimicking a regulating
rectifier. The amplitude of the source voltage, |Vs|, is set to
1.8 V, closely matching IMD power levels. Since the constant
output voltage, Vo, sets a “conducting” threshold for the VM
rectifier, the VM RX cannot harvest power from TX until k
exceeds 0.007 (or 0.012) at Vo = 5 V (or 10 V). In contrast,
the RCM RX can always harvest power from TX insensitive
to k, thanks to its current-mode nature, thus achieving an
extended operable coupling range. Based on the coil sizes in
Table I, the coil separation distance, D,, can be approximated
using the equation [9]

(16)

to provide a more intuitive feeling of the extension feature.
For miniaturized IMD applications with a smaller or higher
resistance RX coil, the RCM operation promises an even more
significant extension of the WPT range.

B. Operational States of SMDOR

Fig. 9 shows the operational modes and states of the
proposed SMDOR. It has three operational modes: VM, RCM,
and freewheeling (0X) mode. In either VM or RCM,, it, respec-
tively, presents three different operational states to realize the
dual-output power distribution. In RCM, each state further
involves two phases: a resonance phase and a charging phase.
The detailed operation is as follows.

1) VM Operation: When the inductive link provides the RX
with sufficient power, and the outputs also demand power, the
proposed RX operates in VM. Herein, Scy is always ON, and
Sox is always OFF. L, and C, form a parallel resonance tank
at RX with a dual-output voltage doubler load. If both the
outputs demand power, the RX works in state Sy, where
both Mp and My are enabled as active diodes. The received
power is split and then delivered to both Co; and Co;,. If Vo,
is sufficiently high while Vg, is not, the RX will switch
to state Symp, where only Mp remains as an active diode.
Hence, the low side of the voltage doubler is disabled, and
all the received power flows to Coy to level up V. In the
opposite case, the RX enters state Sy to only charge Co;.
Though Vg, might also increase in this state due to capacitor
stacking, the proper voltage level can still be maintained by
tight regulation settings, which will be verified in Sections III
and IV.

2) RCM Operation: When the inductive link weakens, the
RX switches to RCM to maximize power receiving from the
link. Spx still maintains OFF in this mode. A complete RCM
cycle includes a resonance phase and a charging phase. In the
resonance phase ®;, Scym is ON, and both Mp and My are
disabled. Hence, the received energy is accumulated in the L,—
C, resonant tank. The charging phase starts when the absolute
current in L, reaches its maximum, indicating that L, holds
all the resonance energy, and ends when [y, returns to zero.
The direction of /1, should match the output to be charged.
To charge C;, the phase @, is entered to turn off Sy and turn
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Fig. 9. Operational modes and states of the proposed SMDOR.

on Mp when I, reaches the positive peak. Similarly, to charge
Co1, the phase @3 is entered, starting with a negatively peak of
I1,. The waveforms of three RCM states are shown in Fig. 9
(bottom). If both the outputs require power, the RX operates
in state Scy; to charge Co; and Co; in an alternate manner of
o, > &, > O — P3. In contrast, it enters state Sy (P
— ®,) or state Scmz (P} — D3) when power is in demand
for Ol‘lly C02 or COl‘

3) Freewheeling (0X) Mode: A freewheeling (0X) mode is
necessary to idle the RX when both the outputs have sufficient
energy in the reservoir capacitors. In the 0X mode, only the
switch Spx is on. Hence, L,—C, resonance is shorted by
the low impedance path Sgx, minimizing the power received
from the link. Furthermore, since this 0X mode changes
the reflected impedance of RX at the TX side, it inherently
sends an impedance-shift-keying signal to TX, which can be
demodulated by TX to stop emitting power and thus improving
end-to-end efficiency of the whole WPT system.

III. SYSTEM IMPLEMENTATIONS

Fig. 10 illustrates the system diagram of the proposed
SMDOR. In the power stage, Scy and Sox are implemented
by transmission gates. The three power switches, Scm, Mp,
and My, are adaptively sized for VM and RCM operations
to optimize the efficiency tradeoff. Mp, My, and Sox have
dynamic body biases (DBBs), which provide p- and n-type
MOSFET devices with the maximum and minimum voltages,
Vmax and Vi, respectively. In addition, Mp, My, and Spx
have adaptive gate biases to isolate large voltage swings during
their OFF states, allowing dual-output regulation, which will be
detailed in Section III-C. In the control circuitry, both Vo, and
Vo, are monitored in the dual-output controller using a parallel
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pulse-frequency modulation (PPFM) strategy, to be revealed
in Section III-A. The ac input voltage, V., is monitored in
the mode detector at selected moments, determined by the
detection trigger, which will be shown in Section III-B. Based
on the mode signal Vyiopg, the gate signals of Mp and My,
Vp and Vg, are generated by either VM or RCM switching
control loop, both of which have adaptive delay compensation
to achieve soft switching, as shortly discussed in Section III-C.

A. Dual-Output Regulation

Fig. 11 shows the dual-output regulation waveforms of
SMDOR in RCM under /1 0ap; load transient, and the imple-
mentations of the hysteresis comparators. The lower output
voltage, Vo1, is regulated to stay in a predetermined hysteresis
window through adjusting the ON/OFF duty cycle of My by the
control signal V. Then, by referring Vg, as a dc reference,
the higher output voltage, Vo,, is regulated by controlling
the ON/OFF duty cycle of Mp by the control signal Vcrp,
also based on a hysteresis window. Hence, both the outputs
are regulated in a parallel way without power distribution
conflicts; different ON/OFF states of Mp and My result in
multiple operational states described in Section II-B. In prac-
tice, the ripple in Vg; can be regarded as a common-mode
drift for Vo, resulting in a slightly larger ripple in Vg,
compared with its preset hysteresis window. However, given
programmable hysteresis windows, the output ripples can still
be application-dependently specified and designed. Both VM
and RCM SMDOR regulate the two outputs in the same way,
as shown in Fig. 11 [23].
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Fig. 11. Dual-output controller. (a) Operational waveform in RCM under

I1.0ap2 load transient. (b) Circuit implementation.

B. Seamless Mode-Transition Detection

Fig. 12 presents the mode detector implementation. Since
V. can exhibit a large voltage swing, it is first divided by a
capacitive divider. The dc level of the divided version of V.,
Vacprv, 18 set to Vo, as shown in Fig. 12(a). The mode detec-
tion is executed by comparing V scpry With reference voltages,
Vrvac and Vgeoy, in two continuous-time comparators with
enable signals, Vyacen and Veoven, respectively. The reference
voltages determine the mode transition points. To eliminate
false decisions by V,. malformations, a three-consecutive-
period mechanism is proposed. In VM, the positive peak
Vacpry should be lower than Vyyyc for three consecutive
periods to allow VM-to-RCM transitions; for RCM-to-VM
transitions, the positive peak Vacpry should be higher than
Vrvac for three consecutive detections.

Detection Triggers

40p-5p in Syyy;

M entire Sy

27 pos. peak
in ®, after @,

(d)

Fig. 12. Mode detector implementation. (a) Quasi-V,c-open-circuit detector.
(b) Mode detection trigger in VM. (c) Mode detection trigger in RCM.
(d) Trigger summary.

Typically, in VM, the proper input power detection should
be done with open-circuit V,. detection, which is challenging
with open-loop rectifiers due to the distorted V,.. However,
the proposed SMDOR can leverage the operational state Sy
to monitor the full-swing amplitude of V,., where the L,—C,
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Fig. 14. Mode detector workflow.

tank freewheels during the positive half period of V,.. This
technique is named quasi-open-circuit V,. detection. However,
using Syms is not always feasible when the input weakens
because SMDOR needs to hold up both the outputs, which
necessitates mode-transition detection in Syy. Therefore, a
40p-5p detection trigger in Syyy iS proposed, as shown in
Fig. 12(b). This mechanism enables SMDOR to temporarily
operate in Syys for five resonance periods (Py) after operating
in Sypmp for 40 x Py. Fig. 13(a) displays the waveforms of
40p-5p detection triggers. During the temporary Syms, Cop can
still be charged to maintain both the outputs without obvious
voltage undershoots.

In RCM, the resonance phases, ®;, can be leveraged to
detect the open-circuit V,. without interfering with power
delivery. Fig. 12(c) shows the mode detection trigger in RCM.
Since the RCM mainly operates under weak coupling and
the coupling changes slowly, the second Py, instead of the
first, in @, is selected for V,. amplitude detection for higher
accuracy. Moreover, ®; starts with a negative or positive
half cycle depending on whether it is followed by &, or
@3, respectively. The different starting half cycles result in
different positive peak V,. values. To exclude this error, the
mode detection is only activated in &; followed by ®sj,
as shown in Fig. 13(b). A comprehensive workflow of the
proposed mode detector is shown in Fig. 14.

C. Power Switch Gate-Driving Chain

Fig. 15 shows the detailed gate-driving chain for Mp. The
gate control signal, Vgp, comes from both the VM and RCM
switching controllers, depending on Vyopg and Verp. The
VM switching controller includes an active-diode compara-
tor, CMPyy, and adaptive delay compensation loops. The
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Fig. 15. Mp gate-driving chain including VM and RCM controllers, adaptive
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Fig. 16. Mp gate-driving chain implementations. (a) VM switching controller.
(b) Dp. (c) Sub-blocks in the RCM switching controller.

RCM switching controller mainly involves two comparators,
CMPcym; and CMPcey, determining the start and end moments
of the charging phases respectively, both of which also have
adaptive delay compensation. The spare VM driver engages
in VM for the full-size Mp. The gate-driving chain for My is
implemented similarly.

Fig. 16 shows sub-block implementations in the Mp
gate-driving chain. As depicted in Fig. 16(a), CMPyy is
implemented by a common-gate comparator with resistor-
based turn-on/-off voltage offsets (Rps). The adaptive delay
compensation loop includes a sample-and-hold (S/H) circuit,
a low-offset latched comparator, and an 8-bit bi-directional
shift register. The S/H circuit samples V, at the final switching
moments of Vgp, which is compared with V¢, to identify the
switching errors. The shift register finally adjusts the two Rog
to achieve zero-voltage soft switching. As shown in Fig. 16(b),
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Fig. 18. Measurement setup of SMDOR.

the gate driver of Mp, Dp, has two modes depending on Vrp;
Vp follows either Vgpiy in VM/RCM or Vyax in 0X mode.
Fig. 16(c) details the RCM switching controller. CMPcyy
is implemented by a two-stage common-source comparator
with an adaptive delay compensation loop similar to that in
CMPyy. The referred voltage Voios at the negative node
of CMPcy; is adjusted to minimize the error between V.
and Vo, at the final turn-off edge of Scy (Mp’s turn-on is a
dead time later). CMPcyp, is implemented by a common-gate
comparator with a resistor-based offset, Ros, added on V.
The adaptive delay compensation loop adjusts Rps to find the
zero-voltage turn-off of Mp (Scm’s turn-on is a dead time
later).

IV. MEASUREMENT RESULTS

The proposed SMDOR chip is fabricated in a 180-nm
CMOS technology, occupying a silicon area of 1.5 mm?
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Fig. 19. Measured steady-state waveform of SMDOR in VM/0X at Vo =
1.8V, Voo =33 V,and R; = Ro = 1 kQ.
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Fig. 20. Measured zoomed-in waveform of SMDOR in VM.

including pads, or 0.7 mm? excluding pads, as shown in

Fig. 17. The 5-V devices are used in the power stage, and
the 1.8-V devices are used in the control circuitry. Fig. 18
shows the measurement setup. Co; and Co, are implemented
off-chip with 2.2-uF capacitance for each. The TX is realized
by a 6.78-MHz half-bridge class-D power amplifier with a
3.3-V dc supply. Both TX and RX coils are assembled by
single-layer planer PCB coils with 35-um copper thickness.
L, and L, have inductance of 951 and 540 nH, respectively.
The coil separation distance between L, and L, is adjustable
without lateral misalignment.

Fig. 19 shows the measured steady-state waveform of the
proposed SMDOR when it regulates two outputs by alter-
nately operating in three VM states and the 0X mode, under
R = R, = 1 kQ and strong coupling conditions. It is
observed that Vo, and Vg, are regulated at 1.8 and 3.3 V,
respectively. A 40p-5p mode detection trigger is presented
when SMDOR operates in Syy. Fig. 20 shows the measured
zoomed-in waveforms of the three VM states and the 0X
mode. As described in Section II-B, V,. shows freewheeling
behavior in both Syyp and Syys, and the 0X mode displays
a minimum V,. swing by shorting the L,—C, resonance. It is
also observed that adaptive delay compensation helps SMDOR
realize near-optimal zero-voltage turn-on and -off of both Mp
and My in all VM states.

Fig. 21 exhibits the measured steady-state waveform when
the SMDOR operates in RCM/0X, under R, = R, =
10 k2 and weak coupling conditions. It is observed that
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Fig. 21. Measured steady-state waveform of SMDOR in RCM/0X at Vo =
1.8V, Vo, =3.3V,and R; = Ry = 10 kQ.
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Fig. 22.  Measured zoomed-in waveform of SMDOR in RCM under very
weak (left) and weak (right) coupling conditions.
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SMDOR still tightly regulates Vo, and Vg, at 1.8 and 3.3 V,
respectively, by entering different RCM states. Fig. 22 shows
the measured zoomed-in waveforms of RCM states under two
different weak coupling conditions. Both the cases match the
operation described in Section II-B. In the very weak coupling
case, SMDOR has longer resonance phases (larger Nggs) to
sufficiently build up energy. Adaptive delay compensation also
helps SMDOR in RCM achieve near-optimal phase switching
between resonance phases and charging phases.

Fig. 23 displays the load-transient waveform of SMDOR
under Ry, steps between 5 k2 and 180 2 at R, = 700 Q.
SMDOR operates in VM/0OX due to the strong coupling.
The 0X mode engages more under R, = 5 k2 condition,
while Syy3 dominates when Ry becomes heavier. During the
transient, Vo, and Vo, are stably regulated at 1.8 and 3.3 V,
respectively, without notable overshoot, undershoot, or cross-
regulation, thanks to the hysteresis-based PPFM strategy.
Fig. 24 shows the load-transient waveform of SMDOR in
VM/0X under Ry, steps between 5 k2 and 400 Q at Ry =
800 2. No undershoot/overshoot on Vg, or cross-regulation
at Vo is observed. Since Ry, extracts energy from both Cg;
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Fig. 23. Measured Ry ;-load-transient waveform of SMDOR at Vo; = 1.8 V,
Voo =33V, R, = 700 2, and Ry between 5 k2 and 180 .
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Fig. 24. Measured Ry »-load-transient waveform of SMDOR at Vo; = 1.8 V,
Vor =33V, R = 800 €2, and Ry between 5 k2 and 400 .

and Cgy, SMDOR stays in Sy longer in the heavier loading
case of R, = 400 2. Multiple 40p-5p mode detection triggers
can be observed during Syy; without obvious voltage drops
at Voo.

Fig. 25 presents the measured mode-transition waveform
of SMDOR against TX power transients to demonstrate the
efficacy of the proposed switching-mode operation, at Dy, =
3.5 cm and Ry = R, = 10 k. The class-D power amplifier
is switched from its full-power mode to a low-power mode by
skipping three consecutive positive pulses. Thus, the TX emit-
ting power is decreased by 4x, mimicking a strong-to-weak
coupling transient. By manually delaying the VM-to-RCM
transition, the voltage undershoots at both Vg, and Vg, are
observed after the TX mode transient when SMDOR operates
in VM. In comparison, when SMDOR switches to RCM, both
Voi and Vg, can be recovered and then stay in the normal
regulation states. This proves the higher power receiving
ability and the higher VCR of the RCM operation compared
with the VM counterpart. Note that in the proposed SMDOR,
the intentional VM-to-RCM delay does not exist and the
dedicated mode detector completely avoids such a transient
undershoot.

Fig. 26 exhibits the measured real-time mode-transition
waveform of SMDOR at R;; = Ri» = 10 k2. Seamless mode
transition between VM and RCM is observed to regulate both
Vo1 and Vi, at 1.8 and 3.3 'V, respectively, against coil separa-
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Fig. 25. Measured mode-transition waveform of SMDOR against TX power
transients at Do = 3.5 cm, Vo1 = 1.8V, Voo = 3.3 V,and R = R» =
10 k€2, with manually delayed VM-to-RCM transition.

Fig. 26. Measured real-time mode-transition waveform of SMDOR against
coil separation distance transients at Vo; = 1.8 V, Voo =33 V, and R, =
Ri» = 10 kQ.

tion distance transients between 3 and 5.5 cm. No undershoot
voltage or mode dead zone is observed, benefiting from the
proposed quasi-open-circuit mode detection.

The improved link adaptability of the proposed
switching-mode operation is further quantitatively illuminated
in Fig. 27, which shows the relationship between the output
voltages and coil separation distance. When Ry = Ry, =
50 k€2, the conventional VM-only operation cannot sustain
the two outputs when Dj, exceeds 5.3 cm. In comparison,
the fully activated SMDOR can sustain the two outputs until
D, reaches 7.5 cm, resulting in a 42% WPT range extension.
Moreover, under the load conditions of R;; = R, = 10 kQ
and R = Ry, = 5 kR, the proposed SMDOR can still show
WPT range extensions of 33% and 30%, respectively.
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Fig. 29. Measured PCE under different load conditions and coil separation
distances when SMDOR is in RCM.

Fig. 28 shows the measured PCE of the proposed SMDOR
under different load conditions. In both D, = 1.5 cm and
Dy, = 3.2 cm cases, SMDOR operates in VM. The output
power is the sum of the power consumed in both the load
resistances, while the input power is the product of V,. and
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TABLE I
COMPARISON TO STATE-OF-THE-ART WORKS
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JSSC’23 [18] JSSC 24 [22] JSSC’16 [25] JSSC’20 [26] JSSC’17 [29] JSSC’24 [32] This work
Technology 180nm 180nm 180nm 180nm 350nm 180nm 180nm
Frequency 6.78MHz 6.78MHz 0.05MHz 13.56MHz 1MHz 13.56MHz 6.78MHz
Tovolo Full-bridge Full-bridge Parallel-LC RCM | Series-LC RCM Half-bridge Voltage doubler Dual-output
pology rectifier rectifier rectifier rectifier rectifier & voltage doubler
Number of power 7 6 2 5 3 3 3
switches
Number of Outputs 2 2 1 1 1 1 2
(Voltages) 3.7V, 5V) (1-4.5V,4.5V) (unregulated) (unregulated) (3.2V) (1.8V) (1.8V,3.3V)
Output Regulation PFM PWM No No Reverse Current DPWM PPFM
Load-transient Unnoticeable N/R N/A N/A N/R 110mV Unobservable
Over/undershoot
Soft Switching Yes No No Yes No Yes Yes
Operation Mode VM & RCM VM & RCM VM & RCM
VM VM RCM RCM .
Mode Transition with dead zone with 200mV Seamless
undershoots
Coil Diameter / 32mm/ 1.89uH; . . 17cm/250pH; 3cm/ 1.39uH; 2.7cm/ 951nH;
Inductance (TX; RX) | 31mm /187,00 | |27 #H: 374 nH | 6.5uH; 7.2mH NR 3em/ 4.4pH 2em/ 295nH 2.3cm/ 540nH
Maximum WPT 3mm 10mm 8.5cm NR 13.5cm 7.2cm 7.5¢cm
Distance
Max. Poyrror 300mW 123mW 2.8uW 15.4mW 20mW 81mW 171mW
Peak PCE 91.8% 92.7% 67.7% 92.6% 77% 90.1% 92.3%

N/R: not reported; N/A: not applied.

the current flowing into the SMDOR chip (Irx in Fig. 18).
A measured peak PCE of 92.3% is achieved when the total
output power, Pourror, reaches 171 mW, which is also the
measured maximum power. The measured PCE of SMDOR
in RCM is shown in Fig. 29. Table II shows comparison
of this work with the recently published WPT RX works.
The proposed SMDOR improves the link adaptability with
RCM while maintaining the state-of-the-art PCE and delivered
power of VM counterparts. A 7.5-cm maximum WPT distance
is achieved using 2.7/2.3-cm-diameter TX/RX coils. Seamless
mode transition is further enabled together with dual-output
regulation, making it a competitive candidate for advanced
biomedical applications.

V. CONCLUSION

This article presents a 6.78-MHz link-adaptive SMDOR
for over 100-mW biomedical WPT applications. The
switching-mode principle is modeled and verified by simula-
tions and measurements. The prototype chip exhibits seamless
mode transition between VM and RCM, up to 42% extended
WPT range, high delivered power, high power efficiency, and
dual-output regulation.
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