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A Single-Stage Direct-Conversion AC-DC
Converter for Inductively Powered Application

Qiong Wei Low, Student Member, IEEE, Mi Zhou, Student Member, IEEE, Liter Sick, Member, IEEE

Abstract—An innovative single-stage AC-DC converter for low
power, low frequency skin depth wireless power transfer is
presented. The power conversion efficiency of a wireless power
receiver is limited by the cascaded two-stage design which
constitutes a rectifier and a voltage regulator. Owing to the
proposed ON-/OFF-mode regulating rectifier, the voltage
rectification and regulation are achieved simultaneously in
one-stage, thereby improving the power conversion efficiency
substantially. The output voltage regulation is accomplished by
incorporating the Pulse Skipping Modulation (PSM) and the
Pulse Frequency Modulation (PFM) control into the structure. In
addition, there is no bulky inductor utilized in the proposed
one-stage design. Therefore, the footprint and cost of the receiver
can be minimized effectively. The proposed design has been
fabricated in 0.18um standard CMOS process. Measurement
results show that a peak power transfer efficiency of 93.48% is
achieved at a regulated output voltage of 2V in an output power
range of 2mW — 80mW.

Index Terms—Single-stage AC-DC, ON-/OFF-mode controller,
power con version efficiency, inductively powered application

1. INTRODUCTION

WIRELESS power transfer (WPT) technology is growing
rapidly in recent years, which is largely motivated by
extensive research work. It is attractive as the power can be
transferred through the magnetic coupling between two coils
without the usage of any power wires. Owing to the advantages
offered by the WPT technology, it has become an appealing
approach for the industrial application nowadays. The
advancement of the technology has benefited a wide range of
applications, such as for RFID smart card, animal tracking
control, imp lantable medical devices (IMD), wireless charging
for wearable and portable devices, [ 1-4]etc.

Fig. 1 shows a generic inductively coupled wireless power
transfer system. Two magnetically coupled inductors L1 and
L2 are used to transmit the power from the transmitter or reader
to a receiver or tag. To maximize the power transfer efficiency
between the coils, the resonant tanks at both transmitter and
receiver sides are usually designed to resonate at the same
frequency. The coupling between the coils induces an AC
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Fig. 1. Inductively coupled WPT system with the proposed one-stage
AC-DC converter.

voltage at the secondary coil L2. The induced AC voltage is
required to be converted to a DC voltage to power up the
microchip in the receiver for useful operations. For a typical
wireless power receiver, the power is usually transferred
through two stages, in which a rectifier is used foran ACto DC
conversion while a DC-DC converter in the form of switching
regulator or LDO would regulate the DC output voltage [5-11].
Thus, the power efficiency of the receiver is mainly dominated
by the efficiencies of both of the rectifier and the voltage
regulator, which can be expressed as in (1).

rlreceiver ~ rlrect X nregulator (1)

However, the power losses incurred from the cascaded
two-stage design often restrict the overall power efficiency of
the receiver. The high power losses generated from the
cascaded two-stage blocks would cause the thermal emission of
the device to increase, which may cause danger to the
consumers in certain applications. Besides, greater power
losses also imply that more power is required to be transmitted
from the transmitter in order to cater for the receiver
requirements. This is not desirable as in real life applications;
the power transferred from the transmitter may be limited due
to the orientation and the distance between the coils. Apart from
the power losses issues, the footprint and size o fthe receiver are
of main concern as well. The usual way of cascading an
inductive DC-DC converter which utilizes an inductor is
undesirable as it increases the footprint and cost of the receiver
[5-7]. Even though an LDO is frequently used in [8-11] to
regulate the rectified voltage with the aim of extending the
power transmission range, but the power efficiency is degraded
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greatly due to the losses incurred from the LDO.

Hence, instead of having a two-stage design in the receiver,
we propose a onestage AC-DC converter with embedded
regulation capability, which is an energy-efficient solution in a
WPT system. The paper is organized as follow: Section II
reviews the state-of-the-art work. Section III illustrates the
concept and structure of the proposed one-stage AC-DC
converter. Section 1V describes the implementation of the key
circuit blocks. Measurement results are shown in Section Vand
conclusions are made in Section VI.

II. REVIEWSON ST ATE-OF-THE-ART WORK

Various state-of-the-art works have been proposed with the
objective of implementing the power conversion in a
single-stage. The works in [12-13] achieve the voltage
regulation by controlling the transmitter power. However, this
would slow down the transient response of the receiver as the
feedback has to go through the transmitter to adjust the power
transferred in response to a load change in the receiver. The
resonant regulating rectifier (3R) in [14] consists of five
off-chip diodes and three off-chip capacitors which increase the
footprint of the receiver. Moreover, the output voltage is
regulated manually with the help of the resonant tanks on both
sides. The pulse frequency modulation (PFM) control is used in
tandem with the pulse width modulation (PWM) control
scheme in [15]. The pulse frequency i increased or decreased
based on the upper or lower threshold limit of the pulse-width
regulated by the PWM control. However, the efficiency may
be degraded due to the varying pulse-width especially when the
pulse-width is at its minimum. In [16], a rectifying regulator
with PWM and PFM control schemes is proposed. The PFM
control utilized in [16] is discontinuous, that is a single short
pulse is generated only when the output voltage falls below the
reference voltage. By adaptively operating in resonant voltage
or current mode (VM or CM) as in [17-18], high voltage
conversion efficiency can be achieved in CM while high power
conversion efficiency can be obtained in VM for a wide load
range. In [19], a one-stage reconfigurable resonant regulating
rectifier is used to widen the operation region by avoiding the
variation in the system voltage conversion ratio. Besides, the
3-mode reconfigurable resonant regulating rectifier in [20]
employs a 3-level configuration that is able to provide for
higher power applications at 1 to 2A of output current.

III. PROPOSED ONE-STAGE AC-DC CONVERTER

In this paper, we propose a one-stage AC-DC converter,
utilizing a unique controller which consists of the Pulse
Skipping Modulation (PSM) and the Pulse Frequency
Modulation (PFM) control to produce a regulated output
voltage. As compared to the PWM control, the proposed
control scheme reduces the complexity of the design.
Compared to the work in [15], the on-time of the proposed
work is maximized whenever it is in the ‘ON’ mode in order to
optimize the efficiency for the entire load range. Besides, with
an adaptive clock, the proposed scheme operates by
periodically checking on the loads instead ofthe discontinuous
operation as in [16]. Hence, the regulating operation is more

predictable. Moreover, a unique PFM algorithm is proposed in
our work, aiming to reduce the switching power losses during
light loads and to maximize the transient response during heavy
loads. The proposed design retains an active rectifier structure,
constituting four power transistors and two comparators. With
the proposed ON-/OFF-mode controller, at least 81% of power
efficiency is obtained in the range of 2mW-80mW of output
power with a 2V output voltage. In addition, switching
synchronization is accomplished smoothly without any
calibration as in [14] and a good transient response is also
observed during measurement. The output voltage has been
tested at 1.8V and 2V respectively. The details of the proposed
design are discussed in the subsequent sections.

A. Concept and Structure of the proposed design

PSM Control

o
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Fig. 2. Basic concept of the ON-/OFF-mode controller.

The basic idea of regulating an output voltage is to have two
operations, which are the charging and the discharging
operations. When the output load demands for more power, the
converter must be able to provide the required output power
and thus the occurrence of charging is increased. In contrast,
when the system enters light-load conditions, in which lesser
power is required by the load, the converter must be able to
reduce the power transferred and hence the occurrence of
discharging is increased.

Fig.2 illustrates the basic concept of the proposed
ON-/OFF-mode controller. PSM control is incorporated in the
design in order to cater for the charging and discharging
operations. The one-stage converter works in either ON-mode
or OFF-mode, in which ON-mode refers to the charging
operation while OFF-mode refers to the discharging operation.
During ON-mode, the converter works as a normal rectifier,
transferring the input power to the output as usual. However, no
power is transmitted to the output during OFF-mode and the
output voltage is sustained by the charge in the output
capacitor.

To gain a better insight of the ON-/OFF-mode operation, the
implementation of ON-mode and OFF-mode is described in
Fig. 3 (a) and (b). As shown in Fig. 3, the induced ACvoltage is
represented by the source Vjc, where Vac= Vin+ - Vin- The dc
smoothing capacitor is represented by Cp and Ry denotes the
load resistor. Fig. 3(a) shows the structure works as a full-wave
rectifier in ON-mode operation. When the input node Vin+ is
greaterthan the output voltage VDC, the power transistors MP2
and MN1 willbe turned on to charge up the output. On the other
hand, the power switches MP1 and MN2 will be turned on
when the node Vin- is higher than the output voltage VDC. Fig.
3(b) illustrates the OFF-mode operation. In this mode, both of
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Fig. 3. (a) ON-mode operation and (b) OFF-mode operation of the
proposed design.

the high-side switches MP1 and MP2 are turned off. Under this
condition, one of the low-side switches (either MN1 or MN2) is
turned on, depending on the input nodes Vint and Vin-.
However, there is no electrical connecting path for the current
to flow to the output, so the input current is almost zero. Hence,
no power is being transferred to the output and the output
capacitor is discharged to the load to maintain the output
voltage. As the input node is varying all the time, a dynamic
body bias (DBB) circuit is used to tie the body of the high-side
power switches, MP1 and MP2 to the highest voltage and
therefore to prevent latch-up [21].

The waveforms of the ON-/OFF-mode operation are
illustrated in Fig. 4. The system clock is generated from the
input voltages Vin+ and Vin-. Therefore, it is synchronized
with the input frequency. A feedback comparator is enabled
periodically to compare the output voltage with a reference
voltage. If the output voltage is below the reference voltage, the
converter will operate in ON-mode to charge up the output. In
contrast, if the output voltage is detected to be above the
reference voltage, the converter will work in OFF-mode to skip
the power transmission. As can be seen from Fig. 4, during

VA
VIN+ VIN-
E T2 } t
System :
Clk | |
Mode: | «opp ‘ON’ ‘ON’ ‘OFF’

Fig. 4.1Illustration of waveforms of the ON-/OFF-mode controller.

OFF-mode, the input current is almost zero, which means no
power will be transferred to the output. Besides, the comparator
is disabled after each comparison and it will only wake up at the
next rising edge of the systemclock. Consequently, the overall
power consumption of the converter can be minimized. Hence,
by utilizing the ON-/OFF-mode controller, the output voltage
regulation is achieved over a wide load range with minimal
power consumption.

B. PFM Control

To further enhance the performance of the one-stage
converter, PFM control is incorporated in the design as well.
The systemclock frequency can be reduced in order to decrease
the switching power losses under light-load conditions. By
reducing the system clock frequency, the frequency of turning
on the comparator is reduced as well and thus the overall
quiescent power can be minimized under light-load conditions.

In order to ensure that the mode transition occurs only at the
zero-crossing instant of the input current, the switching
frequency is required to be synchronized with the input
frequency. Hence, the switching frequency is designed to be in
multiple of the input frequency fj, There are two frequencies
2fi, and fj, available to be selected for the system. The selection
of the system clock frequency is done based on the load
conditions and the PFM algorithm as shown in the Fig. 5. The
PFM algorithm is designed such that the transient response of
the converter is maximized while at the same time the power
consumed is minimized during light-load conditions. When
heavy-load condition is detected, the frequency is increased in
order to speed up the transient response. On the contrary, when
light-load condition is detected, the frequency is decreased to
reduce the switching power losses.

As shown in the Fig. 5, if the output voltage is detected to be
below the reference voltage for at least once, the system clock
frequency will be increased by two times. In contrast, if the
output voltage is detected to be above the reference voltage
thrice consecutively, indicating that the system enters
light-load condition and thus the system clock frequency will
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Fig. 5. Flow chart ofthe proposed PFM algorithm.
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Fig. 6. Simulated waveforms ofthe converter operating in PFM mode.

be reduced by half.

Fig.6 shows the simulated waveform of the PFM control. As
can be observed, the system clock frequency is changing from
fin to 2fi, during the increment of output power from 2mW to
80mW . On the contrary, the system clock frequency is reduced
from 2f;, to fi, when the output power is stepped down from
80mW to 2mW.

C. Power Losses and Efficiency

Fig. 7 shows the ON and OFF-mode configurations and their
respective input waveforms. For ON-mode configuration as
shown in Fig. 7(a), the structure works as a normal rectifier by
turning on one high-side and one low-side power switches for
each conducting cycle. For example, when VIN+ is greaterthan
VIN-, MN1 is turned on and the node VIN- is limited to

Vioxom =T R

ds,ON(Mn) ds,ON(Mn)

(a) ON-mode:

VG” | VIN+:
MP]

VIN+ Ly

(b) OFF-mode:

Fig. 7.The configurations and input waveforms of (a) ON-mode and (b)
OFF-mode.

—Vason), which is the drain to source voltage drop of MN1. The
current flows through MNI1 and MP2 to charge up the output.
Under this mode, the power losses are the conduction loss and
switching loss of both conducting switches (MP2 and MN1)
and the leakage power losses which include the reverse current
conduction loss and the leakage power loss of the transistors.
The total power losses for the ON-mode can be expressed as in

Q).

Plosses (ON-mode) = Pconduction loss (Mp&Mn)

+ Pswitching loss (Mp&Mn) + Pleakage

(2

For OFF-mode configuration as shown in Fig. 7(b), the
output is isolated from the input source by turning off both
high-side power switches. There is no electrical connecting
path for the power to flow from the input source to the output.
Therefore, the input current is almost zero and the output
voltage is sustained by the output charge of the output capacitor
CL. Under this mode, the gates of the low-side switches (MN1
and MN2) are still connected to the input source and hence a
small power is used to charge up the gate of any of the switches.
For example, when VIN+ is higher than the threshold voltage
of MN1, MNI1 is turned on and the node VIN- is clamped to
ground. On the other hand, when VIN- is greater than the
threshold voltage of MN2, MN2 will be turned on and the node
VIN+ will be clamped to ground. Hence, the power losses
during OFF-mode are the switching power loss of MNI1 or
MN?2 and the leakage power losses which can be expressed as
in (3).

Plosses (OFF-mode) = Pswitching loss (Mn) + Pleakage (3)
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The total efficiency of the ON-/OFF-mode converter can be
expressed as in (4), where Pr,.q is the output power, P,
represents the conduction power losses, Py, denotes the total
switching power losses, Peonrolter 1S the power consumption of
the controller which includes the active diode comparators and
all the control blocks and P represents the total leakage
power losses. For ideal case, the leakage power losses can be
excluded from the expression.

I’10N —/OFF —mode
PLoad

PLoad + Pcon * (n ’ T) + Psw + Pcontroller + Pleak

1
> —

2

4)

’

D. Mathematical Analysis of One-stage Converter
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Fig. 8. The equivalent circuit model and the associated half-time period

waveform ofthe converter.

In this section, we develop an analytical model for the
ON-/OFF-mode controller ofthe one-stage converter.

During each conduction cycle, one PMOS switch and one
NMOS switch will be turned on and their equivalent
on-resistance can be modeled as in Fig. 8. The Vac (t) denotes
the AC power source and the total on-resistances of both
switches can be simplified as Rys. The smoothing dc capacitor
and the output load are represented by Cp and Ry respectively.

The criteria for the converter to function normally is that the
input amplitude has to be greater than the voltage drop across
the on-resistance of both of the high-side and low-side power
switches, as expressed in (5).

WVac | > Vi) + Vs 6))

Assumed that the positive and negative half cycles are
symmetrical and the converter conducts a maximum duration
of (t,-t;) during each conduction cycle, as illustrated in Fig. 8.
During steady-state, the total input charge supplied by the input
AC source and the total output charge delivered to the output
can be derived as in (6) and (7) respectively.

dt, m=>1

.4
t2 Vae Slnm—7_TT t —Vpe
Qinzf

tq Rds

(©)

T
"7V, v T
Qout=f idt=£(n-—>, n=1
0 RL RL 2

(7

By applying the principle of conservation of charge, the output
voltage can be expressed in (8) by equating the total input and

. . T,
output charge, where m - T is the rate of charging andn i

the rate of discharging.

Vie e m-T i
AC yp (cos ot~ oS tz)
Voc = R T ;mn =1
—ds, .2
(t, —t) + R.2

@)

Fromthe equation (8), it can be inferred that under light-load
conditions when Ry increases to conduct lesser load current, the
output voltage Vpc is maintained by increasing the rate of
discharging or reducing the rate of charging. In contrast, during
heavy-load condition, the output voltage is regulated by
increasing the charging rate or reducing the discharging rate.
Hence, by modulating the conduction rate of the converter, the
output voltage regulation is accomplished over a wide load
range.

E. Output Voltage Ripples

Under steady-state, the voltage drop due to the ESR of the
output capacitor Cp, and the discharging of Cp into the load Rp
contribute to the output voltage ripples. Hence, the output
voltage ripples can be approximated as in the equation (9).

-nT

AViipptes = lo-Resg + Vpc '(1 - eRL'CL)
)

As can be inferred from the equation (9), the output voltage
ripples can be reduced by increasing the output capacitor value
or the operating frequency.

F. Self-startup Mechanism

The proposed structure possesses self-startup ability. During
startup, a reset pulse is used to trigger the mode selection to
ON-mode, enabling the converter to work as a full-wave
rectifier. The parasitic capacitances of the high-side power
switch MP2 can be modeled as in the Fig. 9.

During startup, the output voltage VDC is zero and therefore
the gate-source voltage Vig» can be approximated as in the Fig.
9, which is a capacitive ratio of the input voltage Vint.
Initially, as MP2 is in the cut-off region, the parasitic
capacitances Cyq and Cgy, are almost of the same value and thus
the voltage Vg is roughly half of the voltage Vin+. As Vin+
increases gradually, the voltage Vi, increases as well
Eventually it will exceed the threshold voltage of the transistor
MP2 and MP2 will be turned on, acting as a passive diode to
slowly charge up the output capacitor. The same applies to the
negative cycles as well, the transistor MP1 will act as a passive
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Fig. 9.Parasitic capacitances of power transistor MP2.

diode and the current will flow through the transistors MP1 and
MN?2 to slowly charge up the output capacitor. After several
cycles, the output voltage will reach the minimum supply of the
control blocks and thus the structure will start to work in the
ON-/OFF-mode operation as described earlier. The simulated
waveform during startup is shown in Fig. 10.
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Fig. 10. Simulated waveforms during startup.

IV. IMPLEMENTATION OF KEY CIRCUIT BLOCKS

A. Wireless Power Receiver with the proposed Single-stage
AC-DC Converter

Fig. 11 shows the block diagram of the wireless power
receiver with the proposed single-stage AC-DC converter. It
consists of the ON-/OFF-mode reconfigurable topology as the
power stage and the controller. The ON-/OFF-mode controller
determines the operation modes of the reconfigurable topology
based on the load requirements to achieve voltage regulation. In
addition, the PFM control is utilized to select the switching
frequency of the system in order to maximize the transient
response during heavy-load and to minimize the switching
power losses during light-load. To cater for different reference
voltage values, a non-inverting gain amplifier can be used to
tune the reference voltage by manipulating the value of the

Power Stage

= 1
Transmitter : Receiver

To Power Stage
Mode| ON/OFF- Feedback
mode € Comparators |Vri_i Bandgap
VGP1 VGP2 controller P
Gate v
Drivers Poevecr System Clock
PFM > .
Generation
VG1 VG2
Vin+  Vin- Controller

Fig. 11. Block diagram of the wireless power receiver with the proposed
single-stage AC-DC converter.

feedback resistor, Rygjusi. The equation of the tuning is as shown
in (10).

R
Vref_adjust = (1 + Radjust)Vref (10)
B. Proposed Controller
CMP1 CMP2
VDC vpc } voe }
Vin- VGl Vint+ VG2
VDC vbC
RFBI
P
Rip, g 0 Mod >
N S
RSTReset O System
= | Adjustable Vint—»  Clock clock | Pulse
EN
Bandgap DM Vin- —p| Generator |f, Generator
Delay
ENeyyp .

Fig. 12. Implementation ofthe controller.

The implementation of the controller is illustrated in Fig. 12.
A feedback comparator, CMP_FB is utilized to compare a
fraction of the output voltage VDC with a reference voltage.
The comparison result is stored in a flip-flop which is updated
according to the system clock. The system clock will first
activate the comparator circuit and after a certain delay only
activate the flip-flop. This is to ensure that the correct
comparison result is stored as the comparator circuit takes some
time to stabilize after the activation. The input voltage, Vin+
and Vin- are used to generate two clocks of different
frequencies. The selection of the system clock frequency is
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done based on a PFM algorithmas discussed in the Section IIL
There are two frequencies, which are 250 kHz and 125 kHz
available for the selection, depending on the load conditions.
The signal ‘Mode’ is used to determine the mode operation,
which is either ON-mode or OFF-mode. The active diodes,
MPI1 and MP2 of the converter utilizes an unbalanced biasing
comparator, CMP1 and CMP2 as in [22], which has been
designed to minimize the circuit delay in order to avoid any
reverse current from flowing.

V. MEASUREMENT RESULTS

The proposed one-stage AC-DC converter was fabricated in
a standard 0.18um CMOS process using 5.5V devices. The
chip micrograph photo ofthe size 1.5 mm X 1.2 mm is as shown
in Fig. 13. The total active area is 0.4246 mm?’, in which the
power transistors occupy an area of 0.2964 mm’ and the
controller takes up an area of 0.1282 mm?. The design has been
tested at the ISM band of 125 kHz. Fig. 14 shows the
transmitter and the receiver boards of the inductively powered
system. A power amplifier is used to drive the primary side and
the secondary side provides the input to the chip through
inductive coupling. The coils of 4.3cm diameterare used for the
power transmission. In order to weigh the trade-offs between
the voltage ripples and the capacitor value, an off-chip dc
filtering capacitor of 4.7pF is used to store the output charge.
For safety purpose, zener diodes are connected externally at the
input to prevent the voltage from going higher than the
breakdown voltage of the 5.5V devices.

As illustrated in Fig. 14, a sense resistor, Rsense is inserted
into the input path to measure the input AC current, Ipc. The
input ACpower is obtained by taking the average ofthe product
of the input voltage and the input current over several period
cycles. The power conversion efficiency (PCE) of an AC-DC
converter can be calculated fromthe equation in (11).

Ve
n — ﬁ _ R,
AC—-DC — -
fae = f Oy ) * Le®dt

(11)

Fig. 15 shows the measured steady-state waveforms of input
voltage, input current, output voltage and system clock at SmA
load current. The input voltage Vac denotes (Vin+ - Vin-). As
can be observed, the input current is almost zero when no
power transfer is required. In order to synchronize with the
input frequency, the system clock frequency changes between
125 kHz (fiy) and 250 kHz (2xf;,) according to the proposed
PFM algorithm. Under the conditions that no power transfer is
required, the system clock frequency changes to the minimum
frequency, as shown in Fig. 15 in order to reduce the switching
power losses and enhance the power efficiency. To verify the
modulation scheme, the converter has been tested at different
load currents, such as 1mA, 5mA, 10mA and 40mA as shown
from Fig. 16 to 19. The input voltage, output voltage and the
signal ‘Mode’ waveforms at different load conditions are
shown fromFig. 16 to Fig. 19. The signal ‘Mode’ in the figures
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2 T R W RSN 5 5 e DR A T B P I AT BTV AT LT

1.2mm

Clock Generator
PFM&PSM
controller

Poweér
amplifier
with
heat sink_T

-

Fig. 14. The test boards for the proposed design.
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Fig. 15 The measured steady-state waveforms of input voltage, input
current, output voltage and system clock.
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represents the modulation of the conduction rate of the
converter. As discussed earlier, ON-mode denotes the charging
operation while OFF-mode represents the discharging
operation. The frequency of the mode transition is
synchronized with the system clock frequency, which is at the
moment when the input current is zero to avoid any power
losses. The output voltage and the ‘Mode’ signal are compared
among four different load current scenarios. In the waveforms,
ON-mode is indicated by logic ‘0’ while OFF-mode is
represented by logic ‘1’. As can be seen from Fig. 16,
OFF-mode is performed more often when the load current is
ImA, implying that the discharging operation is executed more
frequently under this light-load condition. However, as the load
current increases gradually from ImA to 40mA as shown from
Fig. 16 to Fig. 19, ON-mode operation is executed more
frequently, indicating that more power is required to be
transferred to the output in order to cater for the increasing load
requirements. Hence, by regulating the charging or discharging
rate of the converter, the output voltage regulation is achieved
successfully.

To further investigate the regulation capability of the
proposed one-stage converter, the output load current is stepped
from 1mA to 40mA . The regulator is able to track the reference
voltage despite a load-step of40 times is applied to it. Fig. 20(a)
shows a voltage undershoot of 200mV during the load-step
from 1mA to 40mA while Fig. 20(b) shows a voltage overshoot
of180mV during a load-step from40mA to 1mA. The regulator
takes 68ps to recover from the voltage undershoot and it takes
290us to recover from the voltage overshoot.

Fig. 21 shows the graph of measured power conversion
efficiency (PCE) against the output power. By adjusting the
bandgap reference voltage, the output voltage is tested at 1.8V
and 2V respectively. When the output voltage is changed from
2V to 1.8V due to the adjustment of reference voltage, the
power efficiency degrades. With a lower output voltage, the
on-resistance of the power transistor is higher as the gate
voltage driving the transistor is lower. Hence, the power losses
are higher, causing the efficiency to be lower. Measurement
results show that a peak power efficiency of 93.48% is achieved
at the output voltage of 2V in an output power range of
2mW-80mW. The maximum output voltage ripples is
measured to be around 140mV.

Table I summarizes the performance of the proposed
receiver. The line and load regulation are measured to be
60mV/V and 2.56mV/mA respectively. Table II shows the
comparison between the proposed work and the relevant
state-of-the-art-works. There are different active rectifier
designs done at different operating frequency to cater for
different load power applications. The proposed design is
compared to the reference works that have the nearest possible
frequency or output power range. The work in [23] is designed
for piezoelectric application, [26-27] are designed for
biomedical imp lantation and [11] and [20] are used for wireless
charging for portable devices. The proposed design is suitable
for the applications that are working in the ISM band of 125
kHzto 134 kHz, such as for animal tracking control to track the
temperature or pressure of the animals.
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Fig. 16 Measured steady-state waveforms at I mA.
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Fig. 17 Measured steady-state waveforms at SmA.
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Fig. 18 Measured steady-state waveforms at 10mA.
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Fig. 20. Measured load transient-response ofthe proposed converter with load-step of (a) ImA-40mA, (b) 40mA-1mA.
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Fig. 21. Measured power conversion efficiency (PCE) versus output power at 2V and 1.8V output voltage.
TABLE I PERFORMANCE SUMMARY
Transmitter and Receiver Coil 24uH/0.1Q @ 125 kHz
Distance between Transmitter/Receiver 0.5 cm
Output Capacitor Cr 4.7 uH
Active area 0425 mm
Loadregulation (AVpc/AlLoap) 2.56 mV/mA
Line regulation (AVpc/AVin) 60 mV/V
Max. link efficiency (I]Link) 11.2%
Max. receiver efficiency (Irecevir) 93.48%
Total efficiency (HTOTAL:HLINKXHRECEIVER) 10.47%
TABLE I PERORMANCE COMP ARISON WITH OTHER ST ATE-OF-THE-ART WORK
references | anoe | s issce | hee | oasse | oassce JSSC JSSC JSSC JSSC | Proposed
[25] [24] 2010 [26] (23] 2013 [27] | 2013 [10] | 2015 [11] | 2015 [3] | 2017 [20] | 2017 [18] Work
Technolo 0.5 pm 035 pm 0.18 um | Discret 0.5 pm 035 pm 035 pm 035 pm 035 pm 035 pm 0.18 pm
& CMOS CMOS CMOS e CMOS CMOS CMOS CMOS CMOS CMOS CMOS
. Adaptive
Structure Active Active Timing \;:CIE;VZ output lA)éc/fv)é Rectifier R’ 3_??@ VM-CM Oglg_s]t)age
rectifier rectifier AC-DC g active . +LDO rectifier . rectifier
doubler . rectifier rectifier Converter
rectifier
Regula?lf)n No No Yes No Yes No Yes Yes Yes Yes Yes
Capability
Chip Area *0.4 103 *0.1 NA | #2025 *0.11 48 3.06 477 156 18
(mm”)
Output 436 | 113228 | 18 224 | 25-46 | 127-4 45 36 5 32 1820V
Voltage (V)
Max. Pour 150mW 42mW 10mW 10mW | ~ 13mW 32mW 145W 102mW 6W 20mW 80mW
Measured
Peak PCE 84.8 87 87.1 83 87 84.2 76 92.6 92.2 77 93.48
(%)

*Active area. **Including stimulating system.
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The work in [23-25] utilizes a typical active rectifier
structure that does not possess regulation capability. In order to
regulate the rectified voltage, a LDO is used as in [11] and a
buck converter is used in [5-7]. However, due to the two-stage
design, the power efficiency is degraded. Even though the work
in [26] eliminates the use of an inductor, but the input voltage is
rectified before supplying the two converter cores in the design.
Thus, the power is still being transferred through two stages.

In order to have an at least 90% of power efficiency for a
two-stage design, each stage of the design needs to achieve at
least a 95% of power efficiency which is a great challenge. The
proposed work has adopted an energy-efficient one-stage
design, achieving a peak power efficiency of 93.48% at a
regulated output voltage of 2V. In spite of the simplicity of the
structure, the proposed design achieves the best power
efficiency compared to the other state-of-the-art-works as
shown in the Table II. In addition, it possesses a good
regulation capability while having a minimal footprint in the
receiver.

VI. CONCLUSION

This paper presents a one-stage AC-DC converter for
inductively powered applications, such as in RFID and IMD.
The proposed converter has improved the power conversion
efficiency from a typical two-stage design to a one-stage
design. In addition, it minimizes the cost and footprint of the
receiver by omitting the use of an inductor fromthe design. The
unique modulation scheme implemented has successfully
regulated the output voltage across a wide load range. Owing
to the energy-efficiency modulation technique, a peak power
efficiency of 93.48% is achieved in an output power range of
2mW-80mW. The proposed work is suitable for the
applications that require minimal footprint while operating in
the range of mW power atthe ISM band of 125 kHzto 134 kHz,
such as for implantable animal tag or biomedical implantation.
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