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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 Siek, 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 S kipping Modulation (PS M) 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 0.18µm 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—S ingle-stage AC-DC, ON-/OFF-mode controller,
power con version efficiency, inductively powered application

I. INT RODUCTION

W

IRELESS 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 applicat ion nowadays. The
advancement of the technology has benefited a wide range of
applications, such as for RFID s mart card, animal t racking
control, imp lantable med ical devices (IM D), 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 fro m 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 for an AC to 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 main ly do minated
by the efficiencies of both of the rectifier and the voltage
regulator, wh ich can be expressed as in (1).
≈

(1)

However, the power losses incurred fro m the cascaded
two-stage design often restrict the overall power efficiency of
the receiver. The high power losses generated fro m the
cascaded two-stage blocks would cause the thermal emission of
the device to increase, wh ich may cause danger to the
consumers in certain applications. Besides, greater power
losses also imp ly that more power is required to be transmitted
fro m 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 fro m
the power losses issues, the footprint and size o f the 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 fro m the LDO.
Hence, instead of having a two-stage design in the receiver,
we propose a one-stage AC-DC converter with embedded
regulation capability, which is an energy-efficient solution in a
WPT system. The paper is organized as follow: Sect ion II
reviews the state-of-the-art work. Section III illustrates the
concept and structure of the proposed one-stage AC-DC
converter. Section IV describes the implementation of the key
circuit blocks. Measurement results are shown in Section V and
conclusions are made in Sect ion VI.
II. REVIEWS ON ST ATE-OF-THE-ART WORK
Various state-of-the-art works have been proposed with the
objective of imp lementing the power conversion in a
single-stage. The works in [12-13] achieve the voltage
regulation by controlling the transmitter power. Ho wever, 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 is 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 minimu m. In [16], a rectify ing 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 belo w the
reference voltage. By adaptively operating in resonant voltage
or current mode (VM o r CM ) as in [17-18], h igh 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]
emp loys a 3-level configuration that is able to provide for
higher power applications at 1 to 2A of output current.
III. PROPOSED ONE-ST AGE AC-DC CONVERT ER
In this paper, we propose a one-stage AC-DC converter,
utilizing a unique controller wh ich 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.
Co mpared to the work in [15], the on-t ime 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 of the discontinuous
operation as in [16]. Hence, the regulating operation is more
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predictable. Moreover, a unique PFM algorith m 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 addit ion, switching
synchronization is acco mplished smoothly without any
calibrat ion 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

PAC

ON-mode
OFF-mode

PDC
CL

RL

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

The basic idea of regulat ing 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 charg ing is increased. In contrast,
when the system enters light-load conditions, in which less er
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. Ho wever, 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 AC voltage is
represented by the source VAC, where VAC = Vin + - Vin-. The dc
smoothing capacitor is represented by CL and RL 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
greater than the output voltage VDC, the power transistors MP2
and MN1 will be turned on to charge up the output. On the other
hand, the power switches MP1 and M N2 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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OFF-mode, the input current is almost zero, wh ich means no
power will be transferred to the output. Besides, the comparator
is disabled after each co mparison and it will only wake up at the
next rising edge of the system clock. 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.

….

MN1

(b)
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 lo w-side switches (either MN1 or MN2) is
turned on, depending on the input nodes Vin+ 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 fro m 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

B. PFM Control
To further enhance the performance of the one-stage
converter, PFM control is incorporated in the design as well.
The system clock 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
mu ltip le of the input frequency fin. There are two frequencies
2fin and fin available to be selected for the system. The selection
of the system clock frequency is done based on the load
conditions and the PFM algorith m as shown in the Fig. 5. The
PFM algorith m is designed such that the transient response of
the converter is maximized wh ile 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 fo r 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, indicat ing that the system enters
light-load condition and thus the system clock frequency will
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Fig. 7. The configurations and input waveforms of (a) ON-mode and (b)
OFF-mode.

–Vds(ON), which is the drain to source voltage drop of MN1. The
current flows through MN1 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
(2).

VDC

System_clock

80mW
2mW

2mW

Fig. 6. Simulated waveforms of the converter operating in PFM mode.

be reduced by half.
Fig.6 shows the simu lated waveform of the PFM control. As
can be observed, the system clock frequency is changing fro m
fin to 2fin during the increment of output power fro m 2mW to
80mW . On the contrary, the system clock frequency is reduced
fro m 2fin to fin when the output power is stepped down fro m
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 configurat ion 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 examp le, when VIN+ is g reater than
VIN-, M N1 is turned on and the node VIN- is limited to

(2)
For OFF-mode configuration as shown in Fig. 7(b), the
output is isolated fro m the input source by turning off both
high-side power switches. There is no electrical connecting
path for the power to flo w fro m 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 examp le, when VIN+ is higher than the threshold voltage
of MN1, MN1 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 MN1 or
MN2 and the leakage power losses which can be expressed as
in (3).
(3)
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The total efficiency of the ON-/OFF-mode converter can be
expressed as in (4), where PLoad is the output power, Pcon
represents the conduction power losses, Psw denotes the total
switching power losses, Pcontroller is the power consumption of
the controller which includes the active diode comparators and
all the control blocks and Pleak represents the total leakage
power losses. For ideal case, the leakage power losses can be
excluded fro m the expression.

5

(7)
By applying the principle of conservation of charge, the output
voltage can be expressed in (8) by equating the total input and
output charge, where

is the rate of charging and

is

the rate of discharging.

(4)
(8)
D. Mathematical Analysis of One-stage Converter

R on,p

VDC

CL

VAC (t)

R on,n

RL
Io

t1

Vin+

t2

VDC

R ESR

R ds  R on,p  R on,n
Fig. 8. The equivalent circuit model and the associated half-time period
waveform of the converter.

In this section, we develop an analytical model for the
ON-/OFF-mode controller o f the 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 simp lified as Rds . The smoothing dc capacitor
and the output load are represented by CL and RL 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).
(5)
Assumed that the positive and negative half cycles are
symmetrical and the converter conducts a maximu m duration
of (t 2 -t 1 ) 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.

(6)

Fro m the equation (8), it can be inferred that under light-load
conditions when RL increases to conduct lesser load current, the
output voltage VDC 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 CL and the discharging of CL into the load RL
contribute to the output voltage ripples. Hence, the output
voltage ripples can be approximated as in the equation (9).

(9)
As can be inferred fro m 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 fu ll-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 Vsg2 can be approximated as in the Fig.
9, wh ich is a capacitive ratio of the input voltage Vin+.
Initially, as MP2 is in the cut-off reg ion, the parasitic
capacitances Cgd and Cgs are almost of the same value and thus
the voltage Vsg2 is roughly half of the voltage Vin+. As Vin+
increases gradually, the voltage Vsg2 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
MN2 to slowly charge up the output capacitor. After several
cycles, the output voltage will reach the minimu m supply of the
control blocks and thus the structure will start to wo rk in the
ON-/OFF-mode operation as described earlier. The simu lated
waveform during startup is shown in Fig. 10.
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Fig. 11. Block diagram of the wireless power receiver with the proposed
single-stage AC-DC converter.

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

VDC

(10)

B. Proposed Controller
ON-mode
Start-up

OFF-mode

VDC

Steady-state: ON-/OFF-mode operation

R FB1

CMP1
VDC
0
VinVDC 1
CMP_FB
D

R FB2
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 d iagram 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 regulat ion. 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 min imize the switching
power losses during light-load. To cater for different reference
voltage values, a non-inverting gain amp lifier can be used to
tune the reference voltage by man ipulating the value of the

VG1

Adjustable
Bandgap

Q

Clk
RST Reset Q

EN DM
Delay

CMP2
VDC
0
Vin+
VDC 1

Mode
Vin+
Vin-

PFM

VG2

PSELECT

2fin System
0
Pulse
Clock
clock
Generator
Generator fin
1

ENCMP
Fig. 12. Implementation of the controller.

The implementation of the controller is illustrated in Fig. 12.
A feedback co mparator, CM P_FB is utilized to co mpare 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. Th is 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 d ifferent
frequencies. The selection of the system clock frequency is
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V. M EASUREMENT RESULT S
The proposed one-stage AC-DC converter was fabricated in
a standard 0.18µm CMOS process using 5.5V devices. The
chip micrograph photo of the size 1.5 mm × 1.2 mm is as shown
in Fig. 13. The total active area is 0.4246 mm2 , in wh ich the
power transistors occupy an area of 0.2964 mm2 and the
controller takes up an area of 0.1282 mm2 . 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 diameter are 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 4.7µF 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, IAC. The
input AC power is obtained by taking the average of the p roduct
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 fro m the equation in (11).

Driver

260um

Bandgap
&
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CMP2

90um

85um
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460um

Driver

40um

1.2mm

done based on a PFM algorith m as discussed in the Section III.
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,
MP1 and MP2 o f the converter utilizes an unbalanced biasing
comparator, CMP1 and CM P2 as in [22], which has been
designed to minimize the circuit delay in order to avoid any
reverse current fro m flo wing.
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Fig. 13. Chip micrograph photo of the proposed design.
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Fig. 15 shows the measured steady-state waveforms of input
voltage, input current, output voltage and system clock at 5mA
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 (fin ) and 250 kHz (2×fin ) according to the proposed
PFM algorith m. Under the conditions that no power transfer is
required, the system clock frequency changes to the min imu m
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
fro m Fig. 16 to 19. The input voltage, output voltage and the
signal ‘Mode’ waveforms at different load condit ions are
shown from Fig. 16 to Fig. 19. The signal ‘Mode’ in the figures

Fig. 14. The test boards for the proposed design .

VAC (5V/Div)

I AC (2.5A/Div)
VDC = 2V(200mV/Div)

System Clock (3V/Div)

10µs

Fig. 15 The measured steady-state waveforms of input voltage, input
current, output voltage and system clock.

> REPLA CE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE -CLICK HERE TO EDIT) <
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
mo ment when the input current is zero to avoid any power
losses. The output voltage and the ‘Mode’ signal are co mpared
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
1mA, imp lying that the discharging operation is executed more
frequently under this light-load condition. However, as the load
current increases gradually fro m 1mA to 40mA as shown fro m
Fig. 16 to Fig. 19, ON-mode operation is executed more
frequently, indicat ing 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
fro m 1mA to 40mA . The regulator is able to track the reference
voltage despite a load-step of 40 times is applied to it. Fig. 20(a)
shows a voltage undershoot of 200mV during the load -step
fro m 1mA to 40mA while Fig. 20(b) shows a voltage overshoot
of 180mV during a load-step fro m 40mA to 1mA. The regulator
takes 68µs to recover fro m the voltage undershoot and it takes
290µs to recover fro m the voltage overshoot.
Fig. 21 shows the graph of measured power conversion
efficiency (PCE) against the output power. By ad justing 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 lo wer. 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 maximu m 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. Tab le II shows the
comparison between the proposed work and the relevant
state-of-the-art-works. There are different act ive rect ifier
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 p iezoelectric application, [26-27] are designed for
biomed ical 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
kHz to 134 kHz, such as for animal t racking control to track the
temperature or p ressure of the animals.
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VAC (5V/Div)

VDC = 2V (200mV/Div)

Mode (2V/Div)

20µs
Fig. 16 Measured steady-state waveforms at 1mA.

VAC (5V/Div)

VDC = 2V (200mV/Div)

Mode (2V/Div)

20µs

Fig. 17 Measured steady-state waveforms at 5mA.

VAC (5V/Div)

VDC = 2V (200mV/Div)

Mode (2.5V/Div)

20µs

Fig. 18 Measured steady-state waveforms at 10mA.

VAC (5V/Div)

VDC = 2V(200mV/Div)

Mode (2.5V/Div)

Fig. 19 Measured steady-state waveforms at 40mA.

20µs
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(b)

(a)
40mA

40mA

1mA
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1mA

180mV
200mV
290us

68us

Fig. 20. Measured load transient-response of the proposed converter with load-step of (a) 1mA-40mA, (b) 40mA-1mA.

Measured PCE (%) vs Output Pow er (mW)
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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
Distance between Transmitter/Receiver
Output Capacitor CL
Active area
Load regulation (∆VDC /∆I LOAD)
Line regulation (∆VDC /∆VIN)
Max. link efficiency (ȠLINK)
Max. receiver efficiency (ȠRECEIVER )
Total efficiency (ȠTOTAL=ȠLINK×ȠRECEIVER )

24µH/0.1Ω @ 125 kHz
0.5 cm
4.7 µH
0.425 mm 2
2.56 mV/mA
60 mV/V
11.2%
93.48%
10.47%

TABLE II PERORMANCE COMPARISON WITH OTHER ST ATE-OF-THE-ART WORK
T BCAS
2008
[25]
0.5 µm
CMOS

JSSC
2009
[24]
0.35 µm
CMOS

Active
rectifier

Active
rectifier

Timing
AC-DC

Active
voltage
doubler

No

No

Yes

*0.4

1.03

Frequency

125kHz
–1MHz

Output
Voltage (V)

ISSCC
2013 [10]

JSSC
2015 [11]

JSSC
2015 [3]

JSSC
2017 [20]

JSSC
2017 [18]

Proposed
Work

0.5 µm
CMOS
Adaptive
output
active
rectifier

0.35 µm
CMOS

0.35 µm
CMOS

0.35 µm
CMOS

0.35 µm
CMOS

0.35 µm
CMOS

0.18 µm
CMOS

1X/2X
Active
rectifier

Rectifier
+ LDO

R3
rectifier

3-mode
R3
rectifier

VM-CM
rectifier

One-stage
AC-DC
Converter

No

Yes

No

Yes

Yes

Yes

Yes

Yes

*0.1

N.A

**2.25

*0.11

4.8

3.06

4.77

1.56

1.8

200kHz
–1.5MHz

200kHz
–3.3MHz

20Hz

2MHz

13.56
MHz

2MHz

13.56
MHz

6.78MHz

1MHz

125kHz
–250kHz

4.36

1.13-2.28

1.8

2.24

2.5 - 4.6

1.27 - 4

4.5

3.6

5

3.2

1.8-2.0V

Max. P OUT

150mW

42mW

10mW

10mW

~ 13mW

32mW

1.45W

102mW

6W

20mW

80mW

Measured
Peak PCE
(%)

84.8

87

87.1

83

87

84.2

76

92.6

92.2

77

93.48

Technology
Structure
Regulation
Capability
Chip Area
(mm2 )

*Active area. **Including stimulating system.

ISSCC
2010 [26]

TPEL
2011
[23]
Discret
e

JSSC
2013 [27]

References

0.18 µm
CMOS
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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]. Ho wever, 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 wh ile 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 IM D.
The proposed converter has improved the power conversion
efficiency fro m 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 from the 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 min imal footprint wh ile operating in
the range of mW power at the ISM band of 125 kHz to 134 kHz,
such as for imp lantable animal tag or b io medical implantation.
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