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Abstract—This article proposes a series-LC resonant current
mode receiver (RCM Rx ) for wirelessly powered battery chargers.
With a series-LC scheme, the RCM Rx can operate at higher
resonant voltages than transistor breakdown voltages, enabling
robust near-field wireless power transfer. In the series-LC RCM
Rx, a dual automated maximum efficiency control (AMEC) and
a passive zero-current detector (ZCD) adaptively adjust operation
states, ensuring nonresidual energy in the Rx LC tank at the end of
the charging mode. Moreover, the passive ZCD operation algorithm
increases the power delivered to the load or battery by minimizing
the idle period between charging and resonant modes. The 180-
nm standard CMOS chip, which used only 1.8-V transistors, can
operate with 6.84 x higher resonant voltage up to 12.32 V than
the transistor breakdown voltage, 1.8 V, while receiving an input
power up to 169 mW, enabling a wide input range over variable
coil distances. The proposed system achieves the measured power
conversion efficiency up to 84.9% at the input power of 16.8 mW.

Index Terms—Automated maximum efficiency controller,
implantable medical devices (IMD), near field, nonresidual energy,
resonant current mode (RCM), series LC, transistor breakdown
voltage, wide input range, wireless power transfer (WPT).

I. INTRODUCTION

MPLANTABLE medical devices (IMDs) have been widely
I used for various applications, such as neural recording for
brain diagnosis [1], deep brain stimulation for neurological dis-
eases [2], cochlear implant for the auditory disorder [3], and elec-
troencephalography (EEG) monitoring for epilepsy control [4].
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Fig. 1. Conceptual diagrams of the conventional (a) VM rectifier and (b)

parallel-LC RCM Rx.

These IMDs operate with an internal battery, and the battery can
be charged by wireless power transfer (WPT) through coupled
inductive coils, which is a noninvasive process. Recently, IMDs
integrating numerous units such as optical stimulation, electrical
stimulation, and neural recording with multichannels in a single
chip have been studied [5]-[9], which require supply power up
to tens of milliwatt from the battery. To provide massive power
to the IMDs from the battery, ac voltage in a receiver (Rx) coil,
which can be received from a transmitter (Tx), should be large
enough. However, with up-to-date technologies, the ac voltage
cannot exceed the transistor breakdown voltages, which reduces
the power delivered to the battery or load (PDL) and may cause
safety concerns.

Fig. 1(a) shows the conventional structure of the voltage
mode (VM) rectifier [10]-[28]. The ac—dc rectifier generates dc
voltage Vrgc with ac voltage Vo received from Tx. When
Voo is larger than Vrpc, the rectifier current Irpc charges
rectifier output capacitor Crgc. The dc—dc converter converts
Vrec to the battery voltage Vpar. However, when the VM
rectifier receives power over a short coil distance, which in-
creases the coupling coefficient k, the Rx coil voltage can exceed
the transistor breakdown voltage Vpp [13]. This may cause
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serious damages to Othe human body as well as IMDs while
charging the battery with smaller V¢p than Vgp will result in a
lower PDL (P), which may not be suitable for power-hungry
applications. Moreover, the distance between Tx and Rx coils
should be carefully considered for safe WPT. To prevent the
transistor breakdown by excess WPT over a short distance, IMDs
typically adopt overvoltage protection depending on resonant
voltage levels across the Rx coil [14]. However, those methods,
at a short coil distance, lead to poor power conversion efficiency
(PCE) defined as Pj, divided by the received power Prx and
power transfer efficiency (PTE) defined as P, divided by the
transmitted power Prx.

Fig. 1(b) shows the conventional structure of a parallel-LC
resonant current mode (RCM) Rx [29]-[33]. The parallel-LC
RCM Rx boosts a small input voltage over a few resonant cycles
until inductor current /1, reaches its maximum and charges the
battery directly with /1. However, the conventional parallel-LC
RCM Rx suffers from a negative resonant capacitor voltage
Vo so that a resonant switch S; and a charging switch Sy
should be carefully designed [29]. Moreover, V o2 cannot exceed
breakdown voltages of S; 2, decreasing the received wireless
power in the Rx, Prx. The degradation of Pgrx leads to lower
power transferred to the battery (PDL), which may not be an
optimal choice for power-hungry devices. Thus, the parallel-LC
RCM Rx cannot operate efficiently at a short coil distance
due to higher Vo. Also, to increase the efficiency at a larger
coil distance, the time-interleaved scheme, which alternately
charges two resonant capacitors for continuous operation, has
been introduced [30]. However, this parallel-LC RCM receiver
suffers from the limited Rx input power due to the larger coil
distance and smaller input voltage V2 in the resonant Rx LC
tank, degrading the PDL.

On the other hand, a series-LC RCM Rx was proposed to
operate with higher resonant voltages [34], [35]. However, it
needs a reliable sensing circuit to detect the point where the
resonant voltage becomes zero and to control the RCM operation
while requiring an auxiliary high-speed comparator and addi-
tional power consumption. The conventional series-LC RCM Rx
also suffers from efficiency degradation due to residual energy,
which is stored in the resonant capacitor but not transferred to
the battery during the charging period.

To overcome these limitations, this article proposes a dual
automatic maximum efficiency controller (AMEC) with two
digital feedback for the series-LC RCM Rx structure to effi-
ciently charge the battery until the residual power in the LC tank
becomes zero and to reliably transfer the power with higher
resonant voltages than the breakdown voltage. In addition, the
proposed algorithm with a zero-current detector (ZCD) can
minimize the idle period between charging and resonant modes,
increasing the PDL and PTE [36].

The rest of this article is organized as follows. Section II
describes the operation principle of the proposed series-LC
RCM Ry, and Section III explains the detailed circuits and
algorithms. Theoretical analysis of the series-LC RCM Rx with
dual AMEC compared to conventional RCM Ry is presented
in Section IV. Section V verifies the series-LC RCM Rx with
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Fig.2. Conceptual diagrams of the (a) proposed series-LC RCM Rx with dual

AMEC, (b) operation phases, and (c) ZCD configurations.

chip measurement results. Finally, Section VI concludes this
article.

II. SYSTEM ARCHITECTURE

Fig. 2(a) shows the proposed series-LC RCM Rx with dual
AMEC for the battery charger. The series-LC RCM Rx consists
of an Rx coil Ly, a resonant capacitor Ca, dual AMEC, resonant
switch S;, and ZCD. The ZCD includes a charging power switch
Sa, the gate driving switches M 2, and an inverter. M; (PMOS)
and My (NMOS) support the ZCD operation by connecting the
gate of Sy to either Vpar of ground (GND) while requiring
much smaller costs such as silicon area and power consumption
compared to the power switches, S; (NMOS) and S (PMOS).
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The series-LC RCM Rx has two operation modes with two
switches, S; and S,. 1) Resonant mode: S; connects Vx to GND
to boost the capacitor voltage Vo received from the Tx while
S is opened. 2) Charging mode: S; opens and S, connects Vx
to Vpar to transfer energy from LyCy tank to the battery. Just
before the end of energy transfer, Sy is converted to a diode,
transferring all the energy until the residual energy of L,C» tank
is zero.

The dual AMEC uses two digital feedback, FB; and FBs, to
transfer all energies in LoC2 as shown in Fig. 2(a). FB; senses
Ve and finds the optimum end-of-resonance timing, which is
equal to a start-of-charging timing, 7. This timing is reflected in
the control signal of S; and makes V2 become zero at the end
of charging. Also, the diode mode in S ends passively by ZCD
operation at 1z when the current flows through S», /52, becomes
zero. tz determines the end-of-charging timing, which becomes
a start-of-resonance timing in the next period again without the
idle period. FB senses 7 and finds the optimum S,-conversion-
to-diode timing 7. This t2 is reflected in the control signal of So
to ensure safe and efficient charging. Consequently, the proposed
series-LC RCM Rx simultaneously charges the battery until Voo
and Iy, are zero at the end of charging.

Fig. 2(b) shows the three operation phases of series-LC RCM
Rx and Fig. 2(c) shows three configurations in three operation
phases of ZCD. The phase ®; is the resonant mode and phases
®, 3 are charging modes.

Operation ® ;: In phase ®1, S; closes and Vx is connected to
the GND. As M; closes and My opens in ZCD, S, operates as
an open switch. Thus, L»C» tank resonates for multiple resonant
cycles to increase Vo.

Operation @ »: Atthe optimum #; by FB1, the operation phase
®, starts. It is noted that the optimum #; determines the capacitor
voltage V¢ to become zero at the end of charging, . In phase
®9, S; opens. Also, as M; opens and M, closes in ZCD, So
is converted to a shorted switch. Thus, Vx is connected to
Visar and simultaneously delivers the energy in Ly, Er2, and
the energy in Cg, E ¢y, to the battery.

Operation @ 3: At the optimum 72 by FB,, the operation phase
®3 starts. In the phase ®3, M; closes and My opens in ZCD,
and S, can be reconfigured to a diode. Also, the body diode
between drain and body of S, is in the same direction as the
reconfigured Sy diode, and they are connected in parallel. The
diode-connected So transfers the rest of E;» and Egg to the
battery, until the current flowing through S,, /52, becomes zero,
leading V x to fall from Va1 to GND. Then, the diode operation
of S, ends and S» is converted to an open switch, generating the
end-of-charging timing, ¢z. Indeed, 7 is passively tracked by
ZCD operation, and at this timing, /1,2 is zero. Accordingly, FBo
determines f in the next period to be closer to the /g2 = 0 timing,
tz. Next, at passively tracked 7, the phase ®; starts immediately
again and resonates Vo. Thus, the idle time between charging
and resonant modes can be eliminated, thereby raising the charg-
ing period per sum of charging, resonant, and idle period, which
means that PDL can be increased. Consequently, thanks to the
dual AMEC, the energy in the LoCy» tank can be completely
transferred to the battery, while resulting in no residual energy
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Fig. 4. Timing diagram of the proposed series-LC Rx receiving resonant
voltages over the transistor breakdown voltage.

across Ly and Cy at the end of charging, improving PCE and
PTE for near-field resonant-mode WPT.

The optimum S,-conversion-to-diode timing 72 by FBo is
needed for safe charging and achieving high PCE as shown
in Fig. 3. When ¢, comes too earlier, charges can be accu-
mulated in the Vx node, resulting in a large voltage that can
damage switches in ®3. Also, since conduction loss of the diode-
connected So in @3 is higher than the shorted switch S, in ®o,
the duration of ®3 should be as small as possible to achieve high
PCE. On the other hand, when 7, comes later, the reverse current
flows from Vpat to the LoCy tank, degrading PCE. Accordingly,
there is an optimum point of ¢, for high PCE, and this 75 is the
time just before ¢z by predetermined interval time delay, f,¢.
This #,¢ is employed to guarantee timing margins for reliable
operation. In conclusion, FBy senses 7 and sets the optimum
So-conversion-to-diode timing, t2, for the next period so that ¢,
~+tiny becomes closer to 7 for safe and efficient charging opera-
tion. Also, the optimum 7, and diode-connected ZCD operation
prevent the reverse current in ®5 and ®3, as shown in Fig. 3.

Fig. 4 shows the timing diagram of the series-LC RCM Rx
receiving power over transistor breakdown voltage, Vep. Also,
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this series-LC scheme produces a larger resonant voltage Vo
across Ly and Cz with a voltage higher than the transistor
breakdown voltage at short coil distances while at the same time
resulting in high PDL (Pr) due to the high Prx. In addition,
unlike the conventional series-LC, which connects one terminal
of L, to the ground, the proposed series-LC RCM Rx connects
C» to the ground for reliable wide-range sensing of resonant
voltages. Then, an on-chip capacitor-dividing voltage detector
senses the large Ve and provides the divided signal to the
AMEC without transistor breakdown.

Moreover, the maximum voltages of S;, are the same as
VBaT, which is lower than Vpp. During the resonant mode @,
S; closes and Sy opens, connecting a switching node voltage
Vx to the ground. Then, the maximum voltage stress across Sy
and S, are equal to GND and Vpar, respectively. During the
charging mode ®2 S; opens and Sy closes, connecting Vx to
VeaT. Then, the maximum voltage stress across S; and So are
equal to Vpat and GND, respectively. Since Vx can be defined
as GND or Vpar, S1 and S, always have limited voltage stress
below Vpar despite the larger Voo than transistor breakdown
voltage Vpp.

III. CIRCUIT IMPLEMENTATION
A. Overall System

Fig. 5 shows the overall system structure of the proposed
series-LC RCM Rx with dual automated maximum efficiency

Overall system architecture of the proposed series-LC RCM receiver with dual AMEC.

control (AMEC) and passive ZCD operation, resulting in non-
residual energy in L2C» tank at the end of the charging mode
and no idle time between charging and resonant modes. The dual
AMEQC, resonant cycle selector (RCS), ZCD, and two power
switches S; o are integrated inside the chip, and the passive
components, such Ly and C, are external components, which
have higher allowable voltage stress than on-chip transistors.
The dual AMEC includes optimum checkers (OC), tick-tock
optimum trackers (TOT), and switch drivers to control S; and
So. The dual AMEC uses dual digital feedback, FB; and FBo,
to track optimum 7; and # for the next period, respectively. It is
noted that 7 is passively tracked by the passive ZCD operation.

Feedback 1 (FBI1) tracking t;: An on-chip capacitor divider
with Cgand C converts Vg to Vpry, which has a lower voltage
level than transistor breakdown voltages Vgp. A comparator-
based voltage detector compares Vpry to GND and generates a
digital signal ®+/p, which can be used for an RCS to determine
the number of resonance cycles by generating $rc. A capacitor
voltage (CV) OC, synchronized with an NMOS control signal,
®y, as clock (CLK), monitors $vp and provides NMOS se-
lection signal ® gy, to adjust ¢; for start timing of phase ®» in
the next period. An NMOS TOT adjusts S; turn-OFF timing ¢
depending on the state of ® gy for the next period by providing
NMOS TOT signal ® 7. An N-driver generates ® y by using
& and Vx to control S;. Itis noted that ® p;, which falls to GND
at tz by the passive ZCD operation, can be used to immediately
start the phase ®;. This FB; makes V2 become zero at the
end-of-charging timing in a steady state.
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Feedback 2 (FB2) tracking ts: A ZCD time detector (TD)
detects 7, falling time of Vx, and generates ®1p. A ZCD OC,
synchronized with PMOS control signal ® p, as CLK, utilizes
®1p that rises at 1z and ® p that falls at 7, to generate PMOS
selection signal ®gp. ®gp adjusts 7, for start timing of phase
®3 in the next period to obtain the optimal start time of the
So-conversion-to-diode. As we mentioned in Fig. 3, 17 — i
has to be the same as ¢, for high PCE and safety issues. Thus,
the ZCD OC delays the t» by fin¢, generating to + fing. Also,
comparing fz and ¢ + ti, is the same as comparing 7z — f;,¢ and
t2. A PMOS TOT adjusts the So-conversion-to-diode timing 72
for the next period by providing PMOS TOT signal ® rp. Then,
a P-driver generates ® p to control S,. This FBo ensures safe
charging and achieving high PCE.

Fassively tracking tz: The passive ZCD operation tracks the
timing when /g2 becomes zero tz. This passive tracking makes
Ir» = 0 at the end-of-charging timing. At 7z, the charging
phase ®3 ends and immediately starts the resonant phase ®;
again. Since the next resonant phase starts just after the charging
phase ends unlike conventional RCM Ry, there is no idle period
between charging and resonant periods, which increases the
PDL.

Fig. 6 shows the timing diagram of dual AMEC and passive
ZCD operation. In the case of FB;, when VC?2 is higher than
GND attz, FB1 expedites 7, in the next period by the delay unit,
tq (about 3.6 ns in this article). On the other hand, when VC2
is lower than the GND, FB; delays ¢; in the next period by 7.
Thus, VC2 stays around GND to extract all the energy of the
resonant tank in a steady state. It should be noted that reducing
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the delay unit 74 has the benefit of increasing PCE while slowing
down the tracking speed until it reaches the steady state. In the
case of FBy, when ¢, is earlier than ¢ — i, FB2 delays 72 in
the next period by 74. On the other hand, when ¢, is later than
tz — tint, FBo expedites 72 in the next period by #,4. Thanks to the
passive ZCD operation, ¢z can be extracted whenever /7,2 = 0.

B. Optimum Checkers (OC)

The OC oversees the previous state and determines whether
the start timing of the next state should be delayed or expedited
by providing ® sy and ® gp. The proposed dual AMEC includes
two OC, which are CV OC and ZCD OC as shown in Fig. 7.
The CV OC consists of D-flipflop (D-FF) and a positive edge
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trigger. The voltage detector compares VC2 and GND at tz and
generates a digital signal ®yp. Also, ® yrises at 7z, and positive
edge triggered, acting as a reset signal of D-FF. When VC?2 is
higher than GND, ® gy is O at t, on the other hand, if VC2 is
lower than GND, ®gyis 1 at t4.

ZCD OC consists of two D-FFs, positive or negative edge
trigger, AND-gate, and delay line with f,; delay unit. ®1p, the
output of TD, rises at ;. Also, ®p falls at 72 and is delayed
by ting, generating Ppnp. The AND-gate generates $onp from
®p and $pnp by checking if there is an overlapped duration
between tz and 15 + tit. If 17 is later than 5 + fi¢, Panp 18 0
at tz, on the other hand, if ¢ is earlier than 75 + fit, Panp 1S 1
at 7. ®aAnp acts as a clock signal of D-FF and generates ® gp.
Note that comparing ¢z and t2 + f;,,, is the same as comparing
ty — tint and fo.

C. Tick-Tock Optimum Tracker

Fig. 8 shows the schematic and timing diagrams of the TOT,
which delays or expedites the next state by ¢,4. The TOT consists
of delay lines, bidirectional shift registers, and an OR-gate to
sum the outputs of delay lines and shift registers. D[n] is a delay
line output depending on ® pry, while a delay unit has a delay
of t4. P[n] is a shift register output with a clock signal ® o7 x
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Fig. 9. (a) Schematic diagrams of the drivers. Timing diagrams of the

(b) N-driver and (c) P-driver.

and an input shift parameter ® gz 1,, which adjusts the P[n] array
to transit to either left or right to select the optimal D/n]. Then,
outputs of AND-gates from D[n] and P[n] pass through the OR-
gate, resulting in @17, which is the optimum delayed signal
by t4. For example, if ®gpy, is 1, the P[n] array shifts to the left.
Then, the next period of 1ot is expedited by 74. On the other
hand, if ®ggy, is 0, the P[n] array shifts to the right, delaying by
t4 in the next period of ®1or.

The NMOS TOT receives @ g as an input of ® g5y, in TOT,
which has the information whether V3 is higher or lower than
GND. Then, it outputs ® 7, the optimum delayed or expedited
by 24, to have V2 = 0 at the end of charging. Thus, V¢ at the
end of the charging mode stays close to GND as it moves up
and down. In order to minimize the difference between V9 and
GND to achieve high PCE, ¢4 has to be decreased.

Likewise, the PMOS TOT receives ® gp as an input of ®gpy,
in TOT, which has the information whether 7 is earlier or later
than 7z — t;,. The output of the PMOS TOT @ 7p is optimally
delayed or expedited by 74 to achieve safe charging and high
PCE. Thus, S,-conversion-to-diode timing 5 stays close to 7 —
tint as it moves up and down. The small z; is also preferred to
minimize the difference between ¢, and ¢ — t;,, for safe charging
and high PCE.

D. Switch Drivers

Fig. 9 shows the N-driver and P-driver, which control the
NMOS power switch S; and the PMOS power switch So,
respectively. The N-driver consists of an SR-latch, a negative
edge trigger, and multiple power buffers. ® 7 rises at optimum
t; by FB; and Vi falls at 7z, which is passively tracked by ZCD.
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Fig. 10.

®rn and Vx act as SR-latch inputs and generate @y falling
at #; and rising at tz. Also, in the P-driver composed of the
SR-latch and multiple power buffers, ® rp rises at optimum 72
by FBs and @y falls at £; by FB1. ® 7p and ® jy act as SR-latch
inputs and generate P p rising at ¢, and falling at 7.

E. Resonant Cycle Selector (RCS)

Fig. 10 shows the schematic diagram of RCS for the case of
six resonance cycles. The RCS consists of a 3-b counter, inverter
array, AND-gate array, and OR-gate. The 3-b counter divides ®vp
with a reset signal as ® and outputs Q/0] to Q[2]. External
voltages, N[O] to N[2], decide the number of resonant cycles.
The RCS output signal $rc becomes 1 as N[O] to N[2] are
equal to Q[0] to Q[2], respectively. For example, to determine
six resonant cycles, N[O] = 1, N[1] =0, and N/2] = 1 should be
applied, then the AND-gate Ag, which receives inputs of N[0],
inverted N[ 1], N[2], Q[0], inverted Q[1], and Q/2], produces a
periodic signal proportional to six. Since only Ag has an output
of 1 out of 8 AND-gates, the OR-gate outputs only Ag output,
generating ®Prc. However, @y rises at t, which is passively
tracked by ZCD operation, and acts as a reset signal, leading the
next resonant mode to start just after the charging mode ends.
Thus, the idle period between charging and resonant periods is
removed, enhancing the PDL.

The RCS, voltage detector, TD, and dual AMEC, which
consists of OCs, TOTs, and switch drivers, are not limited to
specific frequencies. However, the proposed system operation at
higher frequencies requires more bias current for the high-speed
voltage detector and a smaller time delay in TOT.

IV. THEORETICAL ANALYSIS

A. Maximum Resonant Voltage in Resonant Mode

The proposed series-LC RCM Rx can receive resonant volt-
age V¢ higher than transistor breakdown voltage Vpp realizing
near-field wirelessly-powered medical devices. To describe this,
this section suggests a new indicator, which is the ratio of the
maximum peak-to-peak resonant voltage amplitude over the
transistor breakdown voltage ( = Vg ,,/VBD), to quantify the
capability of high resonant voltage in Rx.

Since the algorithm with passive ZCD operation immediately
starts the next resonant period right after the charging period
ends, which means Tiprg,p = 0 as shown in Fig. 11(a), the
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Fig. 11. (a) Conceptual waveforms of the proposed series-LC Rx and (b)
equivalent models for the resonant mode.

operation of the proposed RCM Rx can be divided into two
modes. First, in the resonant mode, which is shown as 0 < ¢t <
Treso,p with an equivalent model of Fig. 11(b), the energy in
L»C 3 tank resonates for multiple cycles. Second, in the charging
mode, where Treso,p < t < Treso,p + Tcua, p, the FBy
senses the Vg in previous end-of-charging timing and tracks
the next optimum start-of-charging timing so that make Vo =
0 at the end of charging. Also, the charging period ends when I7,»
equals zero with passive ZCD operation, leading all the energy
in LyCy tank to transfer to the battery.

Fig. 11(b) shows the equivalent model for the resonant mode,
in which the resonant period is T}, and the resonant frequency is
w = 27/Tp. The voltage source of Tx can be modeled as Vg(?)
= Vy cos(wr). The ON-resistance of S; is Ry. The equivalent-
series-resistance of L; and Ly are Ry, ; and R », respectively. V2
and Vy; are equal to —jwMI 2 and jwMI, 1, respectively, where
M is the mutual inductance between L; and L. The steady-state
condition of Vy; in Fig. 11(b) can be calculated as

jwMV,
Vo = — (1
Ry + L2+RN
I1,5(t) in the resonant mode can be derived from
1/t dlps (t
Vaor (t) = N / Iz (t)dt + Lo ZQ ®) + (Rro+ Rn)Ire
2 Jo t

(2)
with Kirchhoff’s voltage law. Considering the initial condition
of I1,5(0) = 0 and Vo(0) = 0. The solution of I,5(7) at the
resonant mode /7,2 REsO(?) can be written as

v
Ioreso (t) = ﬁ (1-

where a is (Rp2 + Rn)/2Ls [37]. Also, Veo(t) of the resonant
mode Vg RESO(?) can be written as

/O e (t) dt

e ) sin(wt) (3

1

Vi t) = —
c2,Reso (1) o
_ 1 Vo
Cy Rpa+ Ry

awe~* sin (wt) + (w?e " — w? — a?) cos (wt) + o?

w3 + a2w

“)

As plotted in Fig. 12, the maximum of V¢ until f = Trgso,
Ve, RESO, MAX(1), increases and reaches the saturated voltage
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Fig. 12.  Conceptual waveforms of the received Vg and Veo/Vip.
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Fig. 13.  Conceptual waveforms in the charging mode.

Voo, rESO,sAT at TRESO,saT- This Voo RESO, AT can be writ-
ten as

1 Vo1 w? + 202
Cy Rro+ Ry w? + 2w’

®)

Vo2, RESO,SAT =

The suggested indicator, Vg2, ,p/Vep, for series-LC RCM
Rx can be written as VCQ’RESOJ\AAX(t)/VBD for Trrso <
Treso,sat and Vg rEso,saT/VBD for TREso > TRESO,SAT-
Unlike parallel-LC RCM Rx and VM Rx, Ve rESO,saT/VBD
can be greater than 1 for series-LC RCM Rx, meaning that the
series-LC scheme can receive larger voltage than the parallel-LC
scheme. A large resonant voltage V o2, which is supremely above
the transistor breakdown voltage Vpp, allows for greater input
power, extending the wide input range.

B. Efficiency Comparison in Charging Mode

In the proposed series-LC RCM Rx, the dual AMEC and
passive ZCD operation charge the battery until /1,2 and Vo are
equal to zero. On the other hand, conventional RCM Rx sends
the energy to the battery when the resonant current peaks [34].
However, simultaneously charging the battery with L and C2 in
the proposed RCM Rx has an advantage compared to charging
the battery with only L» in conventional RCM Rx as shown
in Fig. 13. This section compares the power losses including
switching loss Pgyw and conduction loss Pconp in the charging
mode.

For a fair comparison, four assumptions for the conventional
RCM Rx are needed. One is that the conventional RCM R has
no residual energy at the end of charging, despite the absence
of dual AMEC, and the second is that the conventional RCM
Rx has a series-LC scheme. Third, energy stored in L,C tank
at the start of charging, which is # = 0, for both conventional
and proposed RCM Rx are the same. Finally, total period 71,
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which is Treso + Tcuc + TipLe, for conventional and pro-
posed RCM Rx are Ty, ¢ and Tprr,, p, respectively, and are
the same. Here, T1p1,g, p in the proposed RCM R is zero while
TipLE, ¢ in the conventional RCM R is not zero. In Tiprg, ¢,
the conventional RCM Rx remains the switching state of power
switches open, and the next resonant period starts when Tcug, ¢
+ TipLe, ¢ becomes 0.25T, [34].

If the same sizes of the power switches are used for both con-
ventional and proposed RCM Rx, then C ¢ nvios and Cg, pmos,
which are NMOS and PMOS gate capacitors, respectively, are
the same. Thus, the switching energy loss when switching states
changes is the same in both conventional and proposed RCM Rx.
As the transitions of switching state occur two times either from
the resonant mode to the charging mode or from the charging
mode to the resonant mode, the switching power loss Pgyy can
be written as

Psw.c = Psw.p = 2(Cgxmos + Capmos) Vaar /T (6)

Here, the switching power loss Psyw is independent of Pry.

For the conventional RCM Ry, the charging period starts
as the I1» peaks, and the linearized I in the charging mode
I12 cHG, c(t) can be written as

Ic

Tene,c

Itocne,o (t) =Ic — t @)
where I - is the peak current of the charging period. Since energy
stored in inductor Ly transfers to the battery, the relationship is
obtained as

1 1
§L212~ =3 IcVearIcne,c (8)
Lol
Teng,c = V2 = 9)
BAT

The conduction loss of conventional RCM Rx, Pconp, ¢
with associating (9) can be written as

1 Tcug, o

Pconp,c = 175 cug,c (t) dt - Rp

Trri,e 0

1 Tens,cld R

- Rp
TrrL,c 3

1 LB
Trri,c 3Vear

(10)

where the ON-resistance of S is R p. Also, R p is constant during
the charging period for simple calculations.

For the proposed RCM Ry, the charging period ends when
the I, and V o become zero due to dual AMEC. The linearized
I1,2 in the charging mode, /1,2 cuG, p(t) can be written as

Ip
Tcne, P

Itocug,p (t)=1Ip — t (11)
where Ip is the peak current of the charging period. Vo in
the charging mode Vg cug,p(t) can be derived as quadratic
function and can be written as

t

1
Voachg,p (1) =Vp — = [ Iz (t)dt

C2 Jo
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1 Ipt? >
— | Ipt — —— 12
Cs ( F 2TcHG, P (12)

where Vp is the peak voltage of the charging period. From
the final condition of Vs cua,p(Tcaa,p) = 0, (12) can be
rewritten as

:VP—

2C. 2 Vp
Ip
Since energy stored in inductor Ly and capacitor Cy transfers
to the battery, the relationship is obtained as

13)

Tene,p =

1 1 1

502‘/1% + §L2112: =3 IpVearlcue, p- (14)
From (13) and (14), Vp and Ip can be derived as
Ve = 2186, p Vaar - 4C>Tcug, VAT (15)

TCQHG7P +4LyCo TgHG,P +4LyCo

The conduction loss of proposed RCM Rx, Pconp, p, With
associating (13) can be written as

1

Trr,p

Tcue, P )
Fconp,p = /0 ILQ,CHG,P (t) dt- Rp

1 Teno pl? Rp

- Trrop 3
1 20,Vplp
= -Rp. 16
Trrip 3 P (16)

As mentioned in assumption, L2C» tank energy at the start
of charging, which is # = 0, for both conventional and proposed
RCM Ry is the same, and the relationship can be written as

1 1 1
5CQVI% + 5LQI,% = iLQIé . (17)
From (8) and (15), (17) can be rewritten as
L
802 2 (18)

a7 Lue.r = Tec.c -
Téug,p +4C2Ls ’ ’

From (9) and (16), Pconp, c/PconD, p can be written as

LT3,
FPeoxn.c . Vo (19)
Pconp,p 2C5VpIp
From (8), (15), and (18), (19) can be rewritten as
P 272
COND,C _ CHG.P | ¢ (20)
Pconp, P LoCy

Since ZTZCHG,P/LQCQ +8>1,s0Pconp,c/Pconp,p > 1,
which means that the proposed RCM Rx has lower conduction
power loss in the charging mode than conventional RCM Rx.

Since PSW, Cc = Psw,p and PCQND ,C > PCOND,P7 the power
delivered to the battery is higher for the proposed RCM Rx with
same energy in LoCy tank at the start of charging. Moreover,
these result is extracted when the residual energy at the end of the
charging mode is zero for the conventional RCM Rx according
to the assumption. As considering the residual energy of the
conventional RCM Rx in the calculation, Pconp, c/PconD, P
will be greater than (20). Therefore, the proposed series-LC
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Fig. 15. Measured waveforms of Vg and I7,2 showing nonresidual energy at

the end of the charging mode.

RCM Rx with dual AMEC is theoretically verified as an efficient
WPT solution for IMDs.

V. MEASUREMENT RESULTS

The proposed series-LC RCM Rx with dual AMEC using
180-nm 1P6M standard CMOS process occupies an active chip
area of 0.54 mm? while utilizing only 1.8-V transistors. Fig. 14
shows chip micrograph and proof-of-concept series-LC RCM
Rx chip measurement setup. Also, the parameters of spiral Tx
coil, L;, and Rx coils, Ly, are presented and were designed
for WPT at the resonant frequency of 5 MHz. In Tx stage,
the function generator (AFG3011) drives L; with 40 V, and
the series-L ;C; resonant stage amplifies the magnetic flux be-
tween two coils. In Rx stage, series-L2C 2 tank connected to the
proposed chip achieves Vo, larger than transistor breakdown
voltage Vpp. The dual AMEC also achieves nonresidual energy
at the end of the charging mode regardless of resonant cycles N
and coil distance d.

Fig. 15 shows the measured waveforms with N = 3 focusing
on the end-of-charging timing when Ve = 0 and /2 = O by
the proposed dual AMEC and passive ZCD operation. The two
digital feedback of dual AMEC adaptively track the optimum
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start of charging timing 7; and optimum Ss-conversion-to-diode
timing f,. Also, passive ZCD operation passively tracks the
end-of-charging timing f;. With these tracked timings, the
NMOS and PMOS control signals, which are &y and P p,
respectively, adaptively determine the operation states of power
transistors. Finally, the nonresidual energy of LoCy tank at the
end-of-charging timing will lead to a high PCE.

Measured waveforms of V2 in Fig. 16 show that dual AMEC
tracks the optimum points for Ve = 0 by feedback 1 with
resonant cycles of 3 and 4. When V2 is higher than GND, ® g
becomes 0. Then, the start time of the next charging period will
be delayed by 3.6 ns. When V¢ is lower than GND, the next
charging period will start early by 3.6 ns. Thus, the charging
period can adaptively end when Vg is close to GND. It is noted
that the smaller delay unit than 3.6 ns can further make V¢ at
the end of the charging mode closer to GND, achieving higher
PCE.

Fig. 17 shows the maximum peak-to-peak resonant voltage
amplitudes Vg, pp, Which are 12.32 V and 8.72 V for resonant
cycles of 2 and 3, respectively, while the battery voltage Vpar
is set as same as Vpp, which is 1.8 V. The case of N = 2
was measured at a coil distance of 10 mm while the case of
N = 3 was measured at a larger coil distance of 23 mm, where
the Rx input power decreases and the optimum N = 3 can be
used. The ratios of the maximum peak-to-peak resonant voltage
over the output voltage ( = Vg, pp/Vep) are 6.84 and 4.84
for resonant cycles of 2 and 3, respectively, enabling much
higher resonant voltages than the supply or transistor breakdown
voltages. Considering that Vg ,,/Vp is lower than 1 in VM
and parallel-LC RCM structures, the series-LC RCM scheme
can be robust to higher voltage stress. In other words, while the
voltage of off-chip components Ly and Cy reach over Vpp in the
series-LC RCM, the voltage stress of on-chip transistors stays
under Vpp, ensuring safety concerns.

Fig. 18 shows the measured PCE and PTE as a function of coil
distance d, peak-to-peak resonant voltage amplitude V cg, pp, and
Rx input power Prx while the Tx voltage source Vg drives L;

Fig. 17. Measured waveforms of the maximum V2 when Vpp = 1.8 V.
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Fig. 18.  Measured PCE and PTE over coil distance along with power loss
breakdown at the input power of 16.8 mW.

with 40 V,,,. Each efficiency point was measured with optimum
resonant cycles. At the coil distance of 10 mm, the proposed
Rx achieves the maximum resonant amplitude of 12.32 V,
and PTE of 3.27% for Vgatr = 1.8 V at Prx = 169 mW. The
measured PTE was limited to around 3.27% at a 10 mm distance,
and we estimated that suboptimal coils, e.g., with lower quality
factors, may decrease the coil link efficiency ( = Prx/Prtx) and
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TABLE I
PERFORMANCE COMPARISON

TCAS1 2020 [16][ JSSC 2019 [22] | JSSC 2017 [20] | TBCAS 2019 [32]{ JSSC 2020 [30] [ JSSC 2019 [31] This Work
Rx Structure VM VM VM RCM/Boost Conv. RVM Parallel-LC RCM Series-LC RCM
Application WPT WPT WPT WPT Battery Charger WPT Battery Charger
Process Tech. [um] 0.18 0.065 0.18 0.35 0.18 0.35 0.18
Resonant Freq. [MHz] 40.68 13.56 144 1 13.56 1 5
Robust to Voltage Stress No No No No No No Yes
Vinmax / Veo @1.8V <1 <1 <1 <1 1.7 (3Vpp/1.8V) <1 6.84 (12.32Vpp/1.8V)
Input Range N/A ~ 70mW N/A N/A N/A ~ 45mW 1mW ~ 48mwW 10uW ~24mW | 3.47mW ~ 169mW
dasEtesny ek | N No No No 3% No 3%
Residual power in Rx Yes Yes Yes Yes, but recycles Yes Yes, but recycles No
Period between Chg&Reso N/A N/A N/A N/A 0 N/A 0
Max. PCE (@ Rx Pin)  [80.9% (@ 70mW)| 75.4% (@ 12mW)|66.5% (@ 150uW)| 75.3% (@ 4.7mW)|67.8% (@ 11mW)| 75% (@ 18mW) | 84.9% (@ 16.8mW)
Max. PTE (@ Rx P, d=1cm) N/A N/A 2.04% (@ 225uW) N/A N/A N/A 3.27% (@ 169mW)
Max. PTD [mW/cm’] (@ d)' N/A 2.42 (@ N/A) 8.1 (@ 1cm) 11.8 (@ N/A) 40.2 (@ 1cm) N/A 324 (@ 1cm)
(Rx coil area [cm’], PDL) | (N/A, 56.6mW) [ (3.8, 9.2mW) | (0.0864, 0.7mW) (3.8, 45mW) (0.49, 19.7mW) (N/A, 18mW) (3.46, 112mW)
# Off-Chip Cap. 1 1 2 3 2(+ Off-Chip Ind.) 3 1
Inductance of Rx coil 170nH N/A 23.7nH 4.5uH 137nH 13uH 350nH
Active Area [mm?] 1.58 5.11 0.078 1.35 1.25 24 0.54

% PTD (Power Transfer Density) = PDL/Rx coil area.

PTE (= P1/Ptx). Atadistance of 10 mm, the 6.84 x higher res-
onant voltage amplitude than the battery voltage ensures a wide
input range over breakdown voltages in the proposed series-LC
RCM Rx. In addition, the maximum PDL was 112 mW at a coil
distance of 10 mm, and the maximum power transfer density was
32.2 mW/cm? at the Rx coil area of 3.46 cm?. The maximum
PCE was 84.9% at an input power of 16.8 mW thanks to the dual
AMEC and passive ZCD operation, as the power loss break down
was analyzed based on simulations at this point. As shown in the
pie chart, the controller circuits, including dual AMEC, voltage
detector, TD, RCS, ESD protection, and other logics, consume
the power of 293 W (11.6% of total power dissipation and
1.74% of total input power), which should be further optimized
to maximize the PCE. Among total power dissipation of 2.53
mW, the NMOS switch (S;) has the conduction and switching
losses of 425 uW (16.8%) and 737 uW (29.1%), respectively,
and the PMOS switch (S2) has the conduction and switching
losses of 669 uW (26.5%) and 406 W (16%), respectively. It
can be noted that the maximum PCE of 84.9% with Prx of 16.8
mW can be also obtained at a smaller coil distance, e.g., 10 mm,
by decreasing Vrx, which can optimize both PTE and PCE at
the same condition.

For a fair comparison, Table I summarizes the key perfor-
mance of the proposed series-LC RCM Rx with dual AMEC
compared to the state-of-the-art wireless power Rx designed
for IMDs. The series-LC scheme ensures the robust RCM
operation against on-chip transistor voltage stress, which can
charge the battery to 1.8 V with higher resonant voltages up
to 12.32 V,,,, while the maximum voltage stress of on-chip
power switches stays under transistor breakdown voltage, 1.8 V.
Also, this series-LC scheme for Rx stage allows maximum input
power to reach 169 mW, expanding the input power range and
enabling near-field WPT. Moreover, it achieves a competitive
peak efficiency of 84.9% due to dual AMEC with two digital
feedback. It should be noted that the proposed system still needs
the optimized coils to further improve the coil link efficiency
and PTE.

VI. CONCLUSION

The proposed series-LC RCM Rx can operate with 6.84 %
higher resonant voltage amplitude than transistor breakdown
voltages, enabling robust near-field WPT against voltage stress.
The RCM Rx also achieves highest input power of 169 mW
compared to the previous publications, extending input power
and PDL ranges. In addition, the dual AMEC and passive ZCD
operation lead to a complete energy transfer from L»C» tank
to the battery, resulting in high PCE. Moreover, the proposed
algorithm with passive ZCD operation eliminates the idle pe-
riod between charging and resonant periods, improving PDL.
Therefore, the proposed series-LC RCM Rx with dual AMEC
can provide power-efficient and overvoltage-tolerant solutions
for near-field WPT applications.
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