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Abstraci—This paper introduces an integrated receiver
circnit based on a full-wave adaptive rectifier (AR). It achieves
complex impedance matching and enables complexity and cost
reduction in resonant wireless power transfer (WPT) systems,
The conversion and system efficiency based on this AR receiver
are theoretically compared with other receiver architectnres
by using a WPT system model incduding all conduction and
switching losses. Fabricated in a 0.18-gm BCD process, the
AR receiver chip operates at 6.78 MHz, occupies 3mm? active
die area and includes control and supporting circuitry for
independent control of the reactive and resistive parts of the
load impedance. The chip was tested im a 2.5-W WPT system,
purposely built with extremely low coupling coefficient to enable
spatial freedom. Experimental data show that the proposed AR
chip achieves up to 96% efficiency. In addition, when wsed in
a WPT system, it delivers 2.15 W with 50.3% system efficiency
and 1.96 W with 29% system efficiency for coupling coefficients
k = 0.085 and k = 0.03, respectively.

Index Terms— Wireless power ftransfer, resonant power
conversion, adaptive tuning, impedance matching,

I. INTRODUCTION

N THE last decade, the growing number of personal

electronic devices that the average person relies on has
created a large demand for Wireless Power Transfer (WPT).
The development and commercialization of this technology
for consumer applications have also opened opportunities in
several markets, such as electric vehicles [1], household appli-
ances [2], RF energy harvesting systems [3], [4] and biomed-
ical implants [5], [6]. Among all WPT technologies, magnetic
induction has proliferated into many electronic systems. The
wide acceptance of magnetic induction as a WPT mechanism
is in part due to good tolerance to object misalignment, safety
for living beings [7], and to the possibility of using extremely
thin coils as transmitter and receiver antennas [8]. In many
WPT applications, the most pressing needs are maximizing
performance and minimizing footprint and cost. In order to
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Fig. 1. Typical high-frequency wireless power transfer system, where a
receiver post-regulator is used to control output voltage or current.

minimize the size of coils and other passive components it
is advantageous to operate at higher frequencies. Complying
with near and far field regulatory specifications is easier
if the operating frequency is constant and within one of
the Industrial Scientific Medical (ISM) frequency bands [9].
For these reasons, many end-equipment manufacturers are
interested in WPT solutions operating at 6.78 +0.015MHz
(the lowest frequency ISM band) [10].

A typical high frequency WPT system is shown in Fig. 1.
In order to maximize the performance in such systems, it is
beneficial to use reactive networks, which make these systems
operate in a resonant fashion and help to achieve source
and load impedance matching [11]-[14]. However, tuning of
such networks can be challenging, especially when transmitter
and receiver coils are poorly coupled and when their relative
position and orientation vary substantially [15]-[17].

Adaptive impedance matching techniques operating at a
fixed frequency are employed to maintain high efficiency at a
single frequency [18]. There are several adaptive impedance
matching techniques aiming at maximizing system perfor-
mance and efficiency, as well as increasing amount of
output power [19]-[21]. Although adaptive frequency tuning
approaches can be adopted for maintaining power transfer effi-
ciency [22], they have limited applications since the resonant
frequency allowing impedance tuning should be placed within
allowed bandwidth. Also, additional circuitry at the transmitter
and receiver is needed [13], [23]. In addition, a DC-DC con-
verter has been shown to function as variable impedance by
changing the duty-cycle of the switching devices. It has been
utilized as an impedance matching circuit to decrease the
power loss and increase the efficiency [24]-[26]. However,
this technique only helps to adjust the resistive part of the
load impedance while its reactive part is not controlled and
results in less optimum efficiency. Alternatively, a phase shift
conirol technique has been used to regulate output power when
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Fig, 2. (a) Example of SS WPT system usable with PRR and AR architectures. (b) to (e) Possible architectures used at rectifier output stage.

input power varies [27], [28]. Since this technique does not
allow for independent control of the resistive and reactive parts
of the equivalent load impedance, it does not yield the max-
imum achievable power elficiency. The resistive and reactive
parts of the impedance can be independently controlled by
adjusting the phase-shift of the active rectifier and its output
voltage level. Thus, the transferred power efficiency and the
amount of transferred power can be maximized as described
in [19]. In this paper a low-cost receiver chip for low-power
WPT systems, implementing this Adaptive Rectifier (AR)
concept, is proposed. The chip was specifically developed for
a 2.5W WPT battery charger targeted for consumer electronic
(wearable devices, biometrics and watches), whose power
levels are within few Watts. The issue of minimizing system
size and cost is addressed by operating at 6.78 MHz and
integrating the most of the contrel circuit. The proposed
hardware solution is ideally suited for single-receiver systems
but it can be extended to multi-receiver ones. In the proposed
AR-based receiver, the phase-shift technique discussed in [19]
is employed to realize an adaptive impedance matching. While
the results of a prototype operating at 100 kHz of resonance
frequency are reported in [19], such work does not introduce
any integrated circuit solution to the AR concept and does
not cover the challenges of high frequency operation in
WPT systems. In this paper, a PLL-based control architecture
has been introduced to implement the AR concept for high
frequency operation while achieving high power density and
efficiency for WPT systems operating at 6.78MHz. PLL-based
closed-loop control automatically compensates for Process-
Voltage-Temperature variations of delays in the design and
provides robust control against variations in the system
and IC.

The paper is organized as follows. In Section II, the
efficiency and maximum inputfoutput voltage range of
WPT systems with Post-Regulated Rectifier (PRR) and
AR architectures are compared. In Section III, the proposed
AR receiver chip hardware implementation is presented.
Section IV reports the experimental results relevant to the

proposed AR receiver chip and compares this receiver to
other prior art solutions.

II. PRR vs AR WPT SYSTEMS

The Series-Series (SS) resonant WPT system shown in
Fig. 2 consists of a transmitter (TX) and a receiver (RX). The
TX has an inverter, a series capacitor Crx and a coil Lry.
The RX has a coil Lgy, a series capacitor Crx and a full-
bridge rectifier connected to the DC load Rgyr, through
PRR architectures (Fig. 2(b)-2(d)) or directly through the
AR architecture (Fig. 2(e)). Despite an SS WPT system
is assumed for this analysis, the concepts discussed herein
are general and can be extended to other coil compensation
networks too. The TX coil sees the inverter output as a voltage
source V;, with a series resistance R;, whereas the RX coil
sees the rectifier input as an equivalent load resistance Rjoqq.
The inverter generates a square-wave voltage at the input of the
TX coil at the WPT system resonance {requency @ = 2z f;,.
In PRR-WPT systems, the full-bridge rectifier operates with
duty-cycle D = 100% so that the square-wave receiver voltage
Vrx is synchronous with the rectifier current Igx, as shown in
Fig. 3(a). The load voltage/current regulation is then achieved
by means of the adjustment of the post-regulator duty-cycle. In
AR-WPT systems, the square-wave receiver voltage Vgx can
have a phase lead/lag ¢ with respect to the rectifier current
Irx, and its duty-cycle D can theoretically vary from O to
1, as shown in Fig. 3(b). The load voltage/current regulation
is achieved by means of the adjustment of the AR duty-
cycle. Whichever rectifier architecture is adopted, if Crx and
Crx are tuned to resonate with Lyy and Lrx at the system
frequency, the current, voltage and power delivered by the
receiver coil can be expressed as presented in [19] and given
in (1):

_ @OLy Vs
"~ (Rs + Rrx)(Rioad + Rrx) + 2L,

Inx

Vex = Rioadlrx; Prx = EVRXIRX (1
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Fig. 3. Output waveforms of SS WPT systems with (a) PRR topologies and
(b) AR topologies.

where Rjoqq is the equivalent load resistance at the recti-
fier input, R; is the equivalent source resistance, L,, = k
/(LtxLgx) is the mutual inductance between coils, V; =
4V;n /7 is the first harmonic amplitude of the TX coil voltage,
and Iry and Vgx are the first harmonic amplitudes of RX coil
current and voltage. Similarly, the current, voltage and power
at the input of TX coil can be formulated as in (2):

_ Vs (Rioad + Rrx)
(Rs + RTX)(Rload + RRX) + szan

ITx
1
Vrx = Vs — RyITx; Prx = EVTXITX (2

From (1) and (2), given the DC load voltage Voyr and cur-
rent Ipyr requirements, the performance of the WPT system
is determined by the receiver architecture and control, which
influence the value of Rj,,4. The receiver architecture and
control also determine the ease of hardware implementation.
The features to analyze in order to assess the performance
and hardware cost of receiver architecture are: output power,
conversion efficiency, resulting WPT system efficiency, cur-
rent, voltage and duty-cycle operation ranges, part count,
FET voltage rating and driving voltage. Analyzing these
features provides the elements to understand when and why
the AR solution can be preferred to the PRR ones. For this
purpose, a model of the receiver load resistance Rjy,q4 and
of the entire WPT system, including all power losses, has
been developed as follows. Given the rectifier architecture,
the power delivered by the RX coil includes the rectifier and
the post-regulator losses (for PRR solutions) and the power
P,,; delivered to the DC load R,,:. Consequently, it can be
expressed as follows in (3):

2
2 RX
Prx = RloadIRX’yms = Rioad = Prect + Ppost + Poys

2
©))

Let us assume that the rectifier and post-regulator use the
same power FETs. Then, (3) can be rewritten as in Table I,
for PRR and AR receiver architectures, where Rys, Qg, tsw,
Vsp and t;; are the FET channel resistance, gate charge,

switching time and body-diode forward voltage and dead-time,
respectively. Also, D is the post-regulator or rectifier duty-
cycle (D' = 1 — D) and f; is the post regulator switching
frequency. Replacing expressions in the third column of Table I
into equations in the second column of Table I provides a
second set of equations, connecting Rj,,q and Igx for each
rectifier architecture, which can be solved together with (1),
also connecting Rj,qg4 and Irx, to obtain the entire WPT sys-
tem solution for any value of the duty-cycle D, in the feasible
range [Dpin >0, Dpgx <1].

The model discussed above can be used to theoretically
demonstrate that the efficiency performance of the AR solu-
tion in loosely coupled WPT systems is comparable to the
best one among PRR solutions in terms of WPT system
efficiency, while offering the advantage of lower part count,
wider operation range and FET selection. As an example,
a WPT system with f,, = 6.78 MHz, Vrx = 8 V, Ry =
03 Q, Lrx =75 pH, Rrx = 2.13 Q, Lgx = 0.95 uH,
1.15 Q, Crx = (a)LTx)—l, Crx = (C()LRx)*l,
and k = 0.06, is considered in a charger configuration. Such
WPT system is supposed to charge a Lithium battery from
3.3 V to 4.3 V, through a constant-current phase at 0.45 A,
followed by a constant-voltage phase at 4.3 V. Four receiver
architectures are considered including buck, boost and buck-
boost PRR and AR. All architectures are assumed to use the
Vishay FET Si2372DS [29], both for the rectifier and the
post-regulators.

For each feasible operating point (Voyr, IouT), the rec-
tifier conversion efficiency and the WPT system efficiency
have been calculated by using the aforementioned model for
PRR and AR architectures. The results are shown in Fig. 4,
where the white lines represent the locus of battery operating
points during the charging process, which is stopped at 0.1 A,
the minimum current the AR rectifier can deliver in continuous
mode. The values of the rectifier conversion efficiency, the bulk
voltage Vp and the WPT system efficiency at the three corners
of the charge line are highlighted in the plots.

Based on the developed model, the buck and buck-boost
PRR architectures allow for the widest voltage and current
operability ranges. The buck PRR yields very low WPT system
efficiency, whereas the boost and buck-boost PRR enable the
highest conversion and WPT system efficiency. However, the
resulting boost and buck-boost PRR bulk voltage values are
quite low (0.8 V to 1.1 V), thus requiring additional circuitry
to generate the FET gate drive supply voltage. The AR archi-
tecture ensures a global WPT system efficiency comparable
to boost and buck-boost PRR and allows an operability range
between boost and buck-boost PRR. Also, it can use the
rectifier output for FET gate drive to reduce the number of
external components and resulting hardware complexity.

It is also worth noting that in PRR architectures, when
the WPT system operates in no-load conditions, Rj,,q goes
to infinity, the rectifier output is open and consequently the
receiver voltage Vgpx rises to the peak value Verx pr =
oL, Vs/(Rs + Rrx), which yields a peak rectifier output
voltage of Vp px = @ Vrx, pr/4. Therefore, all power switches
in the PRR architectures must be rated for the Vjp; voltage.
In WPT-based personal electronic devices, such voltage is

Rrx =
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POWER DELIVERED BY THE RECEIVER COIL EXPRESSED IN TERMS OF RECTIFIER AND PRR LOSSES AND OUTPUT POWER
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around 30V. With the AR architecture, instead, the no-load
condition ensures the RX coil is shorted through the recti-
fier FETs, thus inherently limiting the maximum voltage peak
and the FETs voltage rating.

III. AR ARCHITECTURE - PRINCIPLE OF OPERATION

The proposed AR IC solution implements the concept of
a synchronous rectifier with independent control of voltage
amplitude and phase shift. At system level, its principle of
operation and efficiency optimization are discussed in [19],
whereas an effective model for the power and efficiency
analysis is given in [30]. The AR circuit is shown in Fig. 5,
while Fig. 3(b) shows the current Jrx and voltage Vzx at the
output of the receiver coil, where %1 = z(1 — D)/2 + ¢ and
%y =z (1 + D)/2 4 ¢. The independent control of duty-cycle
D and phase ¢, with0 < D < 1and —xn/2 < ¢ < /2, allows
the modulation of the resistive and reactive components of the
equivalent load impedance Ztoad = f’g x/Trx seen at the input
of the rectifier [19]. Zz,qq is the ratio of the first harmonics of
voltage opx and current ipx respectively, thus combining the
possibility of load power modulation and phase compensation.

The AR implementation proposed in this paper uses syn-
chronization and pulse-width modulation circuits that detect
the zero-crossing of igy and adaptively synthesize the desired
duty-cycle D and phase ¢ of vgx. To do that, it is necessary
to introduce zero voltage intervals in the voltage pgrx. This
is done by turning on (» and @4 simultaneously. The FETs
@1, ..., Q4 are then driven so that the differential input volt-
age ogy is characterized by the three-level periodic waveform
shown in Fig. 3(b). As a result, two FETs are always in series
with the RX coil in all switching states, whereas the DC load
is connected to the RX coil only during the time corresponding

to the # D phase. The FETs switching synchronization is
realized in the proposed AR IC by employing the closed-loop
control scheme shown in Fig. 6. Edge sensitive control of the
rectifier in such systems allows for flexible duty-cycle control
and provides improved system design freedom for different
applications.

The implemented IC is comprised of a low-side zero-
crossing detector, high-speed comparators, delay circuits,
PLL, external compensation circuit, saw-tooth generator,
PWM comparator, driver circuit and supporting circuitry
(reference and internal rail generators).

Due to high-frequency operation and accurate timing control
needed, it is critical to optimize the circuit blocks for both
speed and accuracy with enough immunity to switching noise
and coupling. Zero crossing detector circuit has to detect
the zero crossings of the receiver current without producing
any glitch or jitter, which may cause the PLL to lose its
steady state operaling point and may lead the close loop
system to lose its regulation. Similarly, PLL circuit needs to
guickly find the operating point and synchronize to its input
by having wide bandwidth. Also, it needs to have high gain to
have lower steady-state error and high noise rejection, which
helps operating at high frequency with correct timing. The
PWM comparator and ramp generators are also required to
have enough speed and accuracy for high frequency operation
and accurate timing control.

Power FETs are used in H-bridge configuration to achieve
voltage rectification for AC to DC conversion. The timing of
the full-bridge rectifier switching is determined by measuring
the zero-current crossing of the RX current. In this design, this
is achieved by monitoring the current through the low-side
power FETs by using the zero-crossing detector to digitize
the zero crossings of the receiver current. Due to switching
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Fig. 4. Conversion efficiency for (a) Buck PRR receiver, (c) Boost PRR receiver, (¢) Buck-boost PRR receiver and (g) AR receiver. System efficiency for
(b) Buck PRR receiver, (d) Boost PRR receiver, (f) Buck-boost PRR receiver and (h) AR receiver.

noise and capacitive coupling, it is challenging to sense the
RX current. This is addressed in this design by incorporating
a deglitch circuit together with high-speed comparator for
implementing the zero-crossing detector circuit. After that, a
delay is introduced into the sensed zero-crossing signal and the
sensed gate drive signals. In this way, either phase lead or lag
can be controlled in the AR to adjust the reactive impedance
of the AR to compensate for passive component mismatch.
An off-chip FPGA is used to modulate the duty-cycle of
the AR switches in order to increase or decrease the real

impedance of the AR and provide more or less power to the
load. For that purpose, a proportional controller is utilized in
the FPGA to produce the error signal Vggg and regulate the
output voltage. The control signals for the power FETs are
generated by using this error signal and comparing it to the
generated ramp. The edge-sensitive control of the proposed
rectifier allows a flexible and reliable duty-cycle control.

The PLL is utilized to align and adjust the FETs gate drive
signals relative to the delayed zero-crossing detector’s output.
Also, the system clock generated by the PLL is used by the
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Fig. 5. Adaptive Rectifier circuit schematic.

saw-tooth generator, the output of which is used by the PWM
comparator to compare the error voltage Vrgrgr, and generate
FET control signals Vg1, Vg2, Vs, and Vgs. Synchronous
rectification relies on correct timing of gate signals that needs
to be recovered from the input AC current signal by, for
instance, detecting its zero current crossings. Zero current
crossing detection generates the reference clock of the whole
system. Any jitter, unintended delay or uncertainty in zero-
crossing detection yields an inaccurate reference clock, which
can cause efficiency loss or loss of regulation. To ensure
correct timing of gate signals, the proposed receiver IC utilizes
the zero-crossing detector circuit shown in Fig. 7, based on
a high speed comparator. The circuit senses and digitizes
the receiver current while passing through low-side FETs,
Q) and Q4.

The RX current is sensed by using sense resistors in series
with low-side sense FETs. The main challenge of detecting
the zero crossings of the rectifier corrent using sense resistors
is that their size has to be chosen for optimal operation
for accuracy, speed and efficiency. A smaller vollage swing
at the input of comparator requires increase in accuracy
specification (offset, etc.) for comparator design. Therefore,
FETs and sense resistors need to be optimized for the best
design trade-off. A benefit of using the suggested design for
zero-crossing detection is that the comparator input signal
can be bidirectional without having another circuit stage. This
comparator consumes about 1 mA quiescent current to achieve
a propagation delay of 700 ps in response to 5 mV input step.
It has also 10 mV hysteresis to increase its immunity to noise.
The offset of the comparator is kept below 15 mV (£3-sigma)
for accurate detection.

The rising edge of the comparator signal is used as the
reference clock edge for the PLL. Around the zero crossings,
the zero-crossing detector can produce glitches due to the
capacitive couplings or switching noise. In order to keep the
PLL locked during the close-loop operation, the reference
clock extracted from the zero crossings of the rectifier current
must be free of glitches. This problem is solved by adding a
deglitch of about 14 ns at the falling edge of the comparator
output. This allows holding the comparator output for 14 ns
when the comparator output changes from high to low and
helps filtering any potential glitches around the zero crossings.

The phase control of the proposed receiver is achieved by
introducing a phase lead or lag, based on the delay difference

of the reference clock generated by the zero-crossing com-
parator and the feedback clock that controls the gate of the
power FETs in the AR. For this purpose, the programmable
delay circuit shown in Fig. 8 is incorporated. Depending on the
desired delay or phase, the MUX selects one of these delayed
signals and supplies to the PLL circuit. The difference of the
delays introduced to the zero-crossing detector output and to
the feedback clock sets the amount of phase lead or lag. The
resolution of the programmable delay is set to about 1ns and
the number of stages is set to 64.

The PLL based control scheme in the proposed AR design
forces the gate driver signals to align with the zero-crossing of
the rectifier current regardless of the delays of blocks in the
feedback path. This helps the control loop to automatically
compensate for Process-Voltage-Temperature variations in the
design. In addition, the use of the PLL in this design allows
for the system design to be relaxed against timing con-
straints imposed by the gate driver delay/strength. Moreover,
since the PLL processes only edges, the proposed design
becomes insensitive to the duty cycle of the zero crossings
of the rectifier current signal. The PLL circuit shown in
Fig. 8 consists of a Phase and Frequency Detector (PFD), a
charge pump, and voltage controlled oscillator (VCO) circuits.
A third-order charge-pump based PLL is used to take advan-
tage of its noise rejection and lower steady-state error.

In order to suppress any charge sharing from the parasitic
capacitances on the nodes connected to sink and source current
sources they are biased by the unity-gain amplifier [31]. This
helps avoiding any sink and source current mismatch that can
result in a phase error and jitter. The ramp generator and
the oscillator operate at 13.56 MHz to be able to generate
the control signals for the active rectifier circuit. The ramp
signal amplitude is controlled by a reference voltage, Vegax.
The output of the comparator resets the ramp and restarts the
integration at every clock cycle. This output is also fed to
a flip flop to divide its frequency by two. The cross over
frequency and phase of the PLL are set to 230 kHz and
70 degrees, respectively, to ensure the PLL stability and fast
settling at 6.78 MHz operation. For that purpose, the main
capacitor €] is set to 100 pF, while C; and R are set to
2.5 pF and 50 k£, to achieve the PLL compensation across
process-voltage-supply corners.

The ramp signal used for generating the oscillator clock is
also used for the PWM controller to generate the PWM signal.
The duty cycle of the signal generated by this circuit becomes
D = Verr / Vpeak. The PWM comparator shown in Fig. 8 is a
high speed and low quiescent current comparator based on [33]
and used for oscillator as well. It is designed to consume less
than 120 u A and have ~5 ns propagation delay to achieve fast
speed and low quiescent current. The control signals for the
power FETs in the AR circuit are then generated by using the
divided down version of the VCO clock and PWM signals as
illustrated in Fig. 8. A simplified first order dynamic model has
been adopted to setup the AR control, based on the assumption
that the WPT system does not require wide control bandwidth
in low power battery charging applications of interest for
the receiver chip presented in this paper. In particular, as
discussed in Section II, the combination of (1) with one of
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the equations in Table 1 allow to find the solution of the
WPT system, providing the expression of the receiver current
Irx as a function of the load resistance Royr, of the input
voltage V;n and of the duty-cycle D. Therefore, for given

load and input voltage conditions, the AC small-signal receiver
current can be expressed as fo = HddA, where d is the AC
small-signal component of the duty-cycle and H; depends
on the DC operating conditions determined by Royr, Vin
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Fig. 9. (a) Die picture of the proposed active rectifier circuit. (b) Typical
6.78 MHz waveforms, with input current iy (cyan) and differential input
voltage Vyecr(magenta). (c) Adaptive rectifier test-chip in an open-cavity
QFN package.

and D. The average rectifier output current is 2/7 times
the Irx current and is injected into the parallel of the load
resistance Rpyr and output capacitor impedance 1/(sCouyr).
This yields a simplified duty-to-output voltage gain oyt /d,

as given in (4):
bour 2Hg4 Rour

d ~ 7© 1+sRourCour

“

IV. MEASUREMENT RESULTS

The proposed AR chip was fabricated in 0.18 um
BCD process. The die photo in an open-cavity QFN pack-
age and the location of main circuit components are shown
in Fig. 9(a). The total die area of this IC is 7.56 mm?
(2.75 mm x 2.75 mm) but only 3 mm? active die area is
used for implementing the AR circuit. This active die area is
partitioned in a way that 1.5 mm? is used for driver and power
FETs while the other 1.5 mm? portion is allocated for analog
and control circuitry.

Besides having less power components, this type of rec-
tifier also offers an opportunity to reduce the silicon cost.

Indeed, at all times, the maximum voltage sustained by FETs
QO1,..., Q4 is the output voltage, which is regulated by the
rectifier itself and is in most applications lower than 5 V.
The maximum operating voltage of the receiver is set to 9V
by using the power FETs rated for 9 V. These power FETs
are sized to have nominal channel resistance of 240 mQ.
The AR IC can regulate the output from 3.5 V to 5V
(9 V absolute max) for 500 mA maximum load current. The
TX and RX current and differential voltage waveforms are
also shown in Fig. 9(b) for the case where duty cycle of
the transmitter is powered with 8 V input and receiver is
adjusted to regulate output voltage to 4 V. Also, a phase
shift is introduced to the receiver to achieve the optimum
operating point for the system efficiency and power transfer.
The experimental set-up shown in Fig. 9(c) has been employed
to characterize the AR across different system conditions and
to collect data across multiple duty-cycles and phase values.
A 2 W LED is adopted to load the AR. An FPGA is used
to control the system parameters in the experimental setup in
order to have better capability of jointly controlling output,
duty-cycle and phase. The error amp implemented in the
FPGA has allowed for taking the experimental data across
various operating conditions. Also, phase is controlled by
changing the programmable delay settings through the FPGA.
Once desired system dynamics are well-defined for a specific
application, the error amp and compensation components
can also be integrated into the receiver IC. RX and TX
coils are used for the wireless power transfer across differ-
ent angle and spatial locations. The TX coil is built using
1.7 oz/sqft copper PCB and sized to 70 mm x 70 mm with
9 turns. Its measured quality factor is 156. Its measured
inductance and self-resonance frequency are 6.76 pH and
20 MHz, respectively. The RX coil is designed using 1-layer
and 1.7 oz/sqft copper PCB coil and sized to 15 mm x 15mm
with 8 turns to have its inductance around 0.9 xH. The
measured quality factor of the RX coil is 47, while its
measured self-resonance is 73 MHz. The RX is also suitable
for higher power applications, but geometry of the coils needs
to be adjusted to meet the requirements of the specific high
power application.

The proposed AR was tested in a 2.5 W and 50% efficient
wireless power system, with a coupling coefficient of the
TX and RX coils of k£ = 0.085 (case study I). As the power
delivered to the load approaches zero, the AR can operate
either at zero duty-cycle and arbitrary phase or arbitrary duty-
cycle and phase equal to 7 /2 radians. The first strategy creates
a series L-C tank with substantial (but limited) circulating
current, which induces EMF on the TX coil. This reduces
the TX current, limiting ohmic losses in the system. The
second strategy detunes receiver and transmitter tank, in most
cases reducing system losses even further. In a commercial
product, the TX current can be dynamically optimized in
many different ways. The proposed AR is characterized in
this experimental setup with input supply voltage Vi set
to 8 V and regulated output voltage loaded with two red
LEDs in series (4 V total). The other system parameters
are set as Ry, = 03 Q, Ltx = 7.5 uH, Rrx = 2 Q,
Lrx = 095 pH and Rgx = 1.1 Q. Crx has 1% and
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Fig. 10. Output power and efficiency of the system using the proposed
adaptive rectifierr. RX coil is aligned with the center of the TX coil
(k = 0.085). (a) Simulation results based on the system model. (b) Experi-
mental results.
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Fig. 11. System efficiency and output power vs output voltage achieved with
the proposed AR (k = 0.076).

Crx has 5% mismatches with respect to their nominal value.
Fig. 10 shows the simulation and experimental results for
the output power and system efficiency. The simulations
done using the model closely predict the experimental data.
As shown in Fig. 10(a), the system model estimates 2.33 W
of maximum power at 50.8% system conversion efficiency.
Similarly, the experimental results show that the maximum
output power is 2.15 W at 50.3% system conversion efficiency,
as shown in Fig. 10(b). These data are all measured with
RX coil aligned with the center of the TX coil (k = 0.085).
As typical in all WPT systems, the above values of efficiency
can be influenced by PCB parasitic losses.

The proposed AR is also characterized in a WPT system
with k¥ = 0.076 (case study II) and over the output voltage
operability range from 2.8 V to 8.8 V. The measured efficiency
and delivered output power of the proposed AR are shown in
Fig. 11. For these conditions, a maximum of 47.2% WPT
system efficiency is achieved at 4.8 V rectifier output voltage
while delivering 2.31 W, and a maximum of 2.68 W power is
delivered at 44% WPT system efficiency and 7.2 V rectifier
output voltage.

The spatial freedom provided by the proposed AR is
also demonstrated by using it in a low coupling setup.

TABLE I

INPUT/OUTPUT POWER AND EFFICIENCY FOR TWO DUTY-CYCLE
AND PHASE SETTINGS AND POWER DISSIPATION DISTRIBUTION

Condition I: Condition IT:
D=1, p=0 D=0.43, ¢p=0.19 (I/m)
Par s Simulatie Bench test | Simulation | Bench test
Lostnoma [A] 0.550 0.550 0.620 0.629
Vaizzorms [V] 4.919 4.913 3.207 3237
P [W] 2435 2432 1.550 1.573
L. [A] 0.505 0.505 0.291 0.289
Veur [V] 4.646 4.643 4.231 4.196
P, W] 2.346 2.345 1.235 1.213
Poona [W] 0.070 - 0.112 -
Poye [W] 0.016 - 0.011 -
P, [W] 0.003 - 0.191 -
5 ﬁg;l:;f% 1| 963 96.42 79.68 77.11
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Fig. 12.  (a) Experimental setup illustrating receiver coil location and
orientation. RX coil is placed at the side of the TX coil with an angle of
80 degree (k = 0.03). (b) Receiver coil Output power (left) and efficiency
(right) of the system using the proposed adaptive rectifier.

Fig. 12(a) shows the RX coil placed at the side of the
TX coil, with an angle of 80 degrees and a coupling coefficient
k = 0.03 (case study III). Fig. 12(b) shows the experimental
data collected in such low coupling condition. The adaptive
tuning technique appears particularly effective: 1.96 W output
power can be achieved at 29% system efficiency. Impedance
matching, and thus maximum power point transfer (MPPT),
is achieved at ~0.6 duty-cycle and with a slight phase-shift to
compensate for resonant capacitors mismatch. It is worth to
note that the proposed AR IC solution allows for programming
both the phase and the duty-cycle (see Fig. 5) to modulate
the load impedance seen from the input of the rectifier. This
feature can be exploited for MPPT, as the AR IC can monitor
the rectifier output power by sensing output voltage and load
current, and search for MPPT by adjusting phase and/or
duty-cycle.



TABLE III
PROPOSED RECTIFIER VS. PRIOR ART

Vrx

Vrx

Vour L.

Vrx

Fig. 13. Output voltage regulation achieved by using the proposed AR.
Output voltage setting is changed by changing the duty-cycle periodically to
regulate output to 3.3V or 5V.

The efficiency of the receiver IC is measured and compared
with simulation results for two conditions. The first condition
is set for duty-cycle D = 100% with phase ¢ = 0°, which
yield ~96% (simulated and measured) receiver efficiency for
output voltage of ~4.64V. For this condition, the conduction
power loss dominates other losses. The second condition is
set for duty-cycle D = 43% with phase ¢ = 34°, which
results in 79.6% (simulated) and 77% (measured) receiver
efficiency for rectifier output voltage of ~4.2V. For this duty
cycle and phase condition, the switching loss becomes more
than the other losses. For these two conditions, the simulated
conduction, gate and switching losses are reported in Table II.
The receiver efficiency represents the conversion efficiency
of the receiver from the rectifier input to its output. The
WPT system efficiency is much lower compared to receiver
efficiency, due to low coupling factor of the systems of
interest in this paper. Thus, only a fraction of the power can
be transferred from the TX to the RX side. Moreover, the
losses in the inverter and in the coils also impact the overall
efficiency.

This work [10] [26] [33] [34] [35]
Receiver structure Adaptive rectifier | Regulating rectifier | Rectifier +buck R’ rectifier Boost +AR Rectifier +buck
Coil type Resonant Resonant Resonant Resonant Resonant Resonant
Max. output power 25W 6 W 6W 6W 1W 5W
Carrier 6.78 MHz 6.78 MHz 6.78 MHz 6.78 MHz 6.78 MHz 6.78 MHz
Receiver efficiency 96% 86% 84.6 % 92.2% >50% 81%
Distance 7 mm NA 7 mm NA 1 mm NA
Active Die Area 3 mm’ 5.52 mm’ 14.44 mm’ 4.77 mm* 6.25 mm’ 6.25 mm’
Power density 1200 mW/mm? NA 415 mW/mm® | 1257 mW/mm? | 160 mW/mm’ 800 mW/mm®
Process 0.18 pm BCD 0.35 pum BCD 0.13pmBCD | 0.35 pm CMOS | 0.18 pm CMOS 0.18 pm BCD
QIF ghitp 1 capacitor 3 diOdeS. and 1 inductqr i 1 capacitor 1 capacitor L inductqr find
components 3 capacitors 2 capacitors 2 capacitors
Protection circuit Not needed Schottky diode NA NA NA By SPC
INETOUR O U0 OO O Table III shows the performance of the proposed rectifier
Vour=33V b compared with prior art. In particular, the AR discussed in

this paper has been compared to previous literature works
designed for 1W, 5W and 6W ([10], [26], and [33]-[35])
in order to show the differences between architectures in
terms of power density, number of external components and
protection capabilities. While these solutions are designed
for different power values and require bigger die areas for
higher power, size impact of these architectures has been
showed by reporting their power density while quoting their
active die area and process. The proposed solution achieves
a power density level which is comparable to the best of
the higher power solutions [33], but with higher efficiency,
and is much higher than the power density of the lower
power solution discussed in [34], with higher efficiency as
well. The number of off-chip components is just one, which
also shows the impact of the proposed architecture in system
size. In addition, the protection capability of the proposed AR
shows technological advance of this architecture at 6.78 MHz
operation. The AR does not require over-voltage protection
circuitry, as it inherently operates by imposing low load
impedance to the output of receiver coil. In normal operation,
the receiver coil is clamped to the output voltage, which is the
voltage of battery under charge. The feedback loop keeps the
output regulated ensuring that, when the charge of the battery
is complete and the no-load condition is reached, the duty-
cycle is reduced to zero. In this condition, the coil is shorted,
through the rectifier FETs Q) and Q4, to stop the energy
transfer to the output. This prevents the over-voltage condition
by inherently limiting the maximum voltage peak. In addition,
voltage on Q; and Q3 switches is always clamped by the
output voltage. As a result, the FETs voltage rating can be
kept low. To avoid unstable operation during the startup, power
FETs are kept off until the rectifier output voltage reaches
around 2.5 V to have enough headroom for the receiver IC
to operate properly and its functional blocks to settle for their
initial operating conditions. Once the rectifier output is higher
than 2 V, PLL is started to synchronize the zero-cross detector
output with the bypassed V4 (While Q4 is kept turned off) for
its initialization and fast settling before closed loop control is
enabled.



Fig. 13 illustrates the duty-cycle control of the close-loop
system, where the regulated output voltage is changed by
periodically changing the duty-cycle. The time response shown
in Fig. 13 aligns with the expected behavior given in (4)
and shows that the simplified first order model approximates
the real system behavior sufficiently well for practical narrow
bandwidth control design purposes.

V. CONCLUSIONS

The single-stage full-bridge synchronous Adaptive
Rectifier (AR) offers beiter performance and cost trade-off
compared to other double-stage full-bridge Post-Regulated
Rectifier (PRR) architectures in low power WPT systems. This
paper shows that the AR solution in loosely coupled WPT sys-
tems is comparable to PRR solutions in terms of WPT system
efficiency, while offering the advantage of lower part count
and wider operation range. The AR sclution also provides
better system flexibility to deal with mismatches, whereas
PRR solutions inherently lack robustness against WPT system
uncertainties and power control flexibility. Moreover, all
power switches in the PRR must be rated for higher peak
voltage, while AR can operate with low-voltage switches. The
AR chip presented in this paper was implemented in (.18 xm
BCD process to be used as receiver IC for WPT systems
that require low system footprint and complexity, and low
silicon cost. This chip enables high-frequency operation,
autonomous receiver-side power control, active receiver-side
impedance tuning, and adaptability to varying coupling
coefficients. Experimental results prove the 6.78 MHz WPT
system operation at low coupling coefficients with about 50%
system efficiency while delivering up to 2.5 W and enabling
small solution size.
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