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Abstract— This paper presents the design of Class-E rectifier
with dc-to-dc boost converter. In this paper, Class E synchronous
rectifier that regulates the output voltage at a fixed switching
frequency of 1 MHz is presented by a dc-dc power conversion. The
experimental prototype has been built and evaluated. The
converter achieved 83.33 percent efficiency with less than 5
percent of ripple percentage of the rectifier. This integrated power
converter with class E rectifier provides a low loss operation
suitable for Very High Frequency (VHF) applications.

Index Terms— Class E, Boost Converter, Rectifier, Circuit.

. INTRODUCTION

Modern world nowadays expects researchers and scientists to
be more creative in dealing with technologies. The power of
technology encourages more people to do research in depth.
Electronic field, on the other hand, enhances greatly by
electronic components. The usage of electronic components in
a power system receives a detailed focus nowadays as power
electronics have the advantages of reducing area and power
consumption; hence, saving more energy and becoming more
user-friendly. Because of its benefits in the enhancement of
high-frequency, high-efficiency, and low noise rectification [1],
Class-E has been utilized for several functions including as a
power amplifier. A simple Class-E power amplifier is made up
of a single switch device which can be operated at a carrier
frequency of the output signal and a load network that must only
allow a single spectral frequency component [2], [3]. This paper
concerns on the establishment of Class-E rectifier circuit that
will be used for building a 12-V boost converter for Very High
Frequency (VHF, 30-300MHz) applications[4].

A. Class-E Rectifier

A rectifier circuit has been established to convert an ac
voltage input to a dc voltage output [5]. In Class-E rectifier, the
transistor operates as a switch, and it is categorized as a family
of soft-switching inverters. To produce a very high efficiency,
the current and voltage waveforms of the switch are displaced
with respect to time. In other words, the switch is on at zero
voltage if the component values of the resonant circuit are
suitably selected. Switching losses are virtually zero voltage as
the switch current and voltage waveforms do not overlap during
the switching time intervals; therefore, produces high efficiency

[1].

According to [6], a Class-E rectifier with parallel capacitor is
as shown in Figure 1. The rectifier consists of a diode, a
resonant capacitor that is connected to diode (switch) in
parallel, an inductor, and a filter that is connected in parallel.
When the AC source Vzand the rectifier are coupled, they are
able to provide the desired AC-to-DC voltage. In this case, the
12V AC is supplied to the rectifier to obtain 5V DC. The
rectifier will act as a medium to convert to DC. When the diode
is off, the inductor and capacitor will form series of resonant
circuit. The current will flow through the capacitor and the
capacitor will then store energy until the current decreases to
zero. In contrast, when the diode is on, the current will flow
through a smaller resistance, which is the diode. At this state,
the current at the capacitor will fall to zero.
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Figure 1: Basic circuit of Class-E rectifier circuit [6]

Based on [7], the design of Class-E rectifier was made based
on two assumptions: firstly, the diode and the sinusoidal current
source of the rectifier are ideal; and secondly, the dc current I,
through the output filter inductance is neglected. This paper
highlights the advantages of having a design topology such as
the absorption of a transistor output capacitance and the
winding capacitance, the ability of the other capacitors to
absorb the rectifier-diode junction capacitance, and the winding
capacitance of second inductor. By having these characteristics,
leakage inductance of the transformer of the circuit could be
eliminated.

Furthermore, there is a need for a power conversion circuit
to have zero voltage switching (ZVS) characteristics. The
definition of this term can best be described as the typical
square wave power conversion during on-time of the switch
with resonant transitions of switching process [8]. Work in [9]
proved that the existing advantages of Class-E converter can be
preserved, while enhancing other parts, such as getting rid of
stress of the resonant tank components caused by the current
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values and peak voltages. Moreover, the new topology is also
able to have zero-voltage switching (ZVS) when turning on and
off, permitting the circuit to minimize power loss in the
switching process.

B. Boost Converter

A boost converter is a type of converter, in which the output
voltage is larger than the input. This is another type of switching
converter that operates by turning on and off an electronic
switch periodically [5]. Many appliances, including the dc-to-
de converters can be switched on by using the switch mode
supplies. The available voltage is often not suitable for the
system being supplied even a DC supply, wherein a battery may
be presented for the system. Therefore, to overcome the
challenge, a boost converter is used to increase the available DC
voltage to the desired level. In this case, many sources and
batteries can be the DC input for a boost converter, such as the
rectified AC from a main electric supply, DC from dynamos,
solar panels or fuel cells, and DC generators. Regarding the
advantage of a boost in which this type of converter is able to
supply large range of voltages, they will always be
accompanied by a few regulations to control the output voltage.
This results in the manufacturing of a lot of integrated circuits
for this purpose. One of them is the LM27313, which is
designed for the use in low power systems, such as cameras,
mobile phones, and PDAs [10].

The circuit diagram of a boost converter with MOSFET and
diode as a switching device is shown in Figure 2. The dc-to-dc
boost converter consists of an inductor, MOSFET and diode as
a switching device, and a capacitor and a resistor filter that are
connected in parallel. When the MOSFET is at the on-state, the
voltage at the diode will be inactive (off) and vice versa. The
duty cycle at the diode depends on the duty cycle that is applied
to the gate. The sum of both values will result in 100% duty
cycle. The voltage at the diode must be doubled from the value
of the voltage at the gate. On the other hand, the function of a
capacitor in a rectifier circuit is to lessen the variation in the
output voltage, letting it to behave like a dc [5].
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Figure 2: Basic circuit of a DC-to-DC Boost Converter [5]

Referring to [4], a 30 MHz resonant boost converter is able
to be built by considering the combination of a Class ® inverter
with a class-E rectifier. This work uses a multistage resonant
gate driver to power up the MOSFET effectively by providing
high speed and low driving loss of a particular circuit. Besides,
the equivalent impedance of the rectifier circuit can be
stabilized as long as the output voltage remained constant.
Thus, the effect of the load towards the ZVS operation can be
minimalized.

In order to achieve better record for boost converter
applications, [11] proposed a newer topology to have a high

gain non-isolated DC/DC boost converter. In this work, the
converter topology is obtained using a single switch quadratic
boost converter and a three-level boost converter. This type of
converter has quadratic static gain as the function of a duty
cycle. Then, the maximum voltage on both switches is limited
to half of the output voltage, which is in balanced; hence, it is
able to get rid of switches destruction and allow the connection
of inverters with the capacitive voltage divider. An established
work of [12] explained the enhancement of a boost converter
whereby the converter is able to produce higher voltage
conversion ratio than the traditional synchronously as a
rectified boost converter does. The input and output inductor
currents of a KY boost converter are continuous; therefore, it is
suitable to be implemented in low-ripple applications.

Ripple current, on the other hand, has a great effect on the
output condition of an electronic circuit. Therefore, the ripple
current is reduced in an Interleaved Boost Converter by
implementing advanced PWM techniques, as emphasized in
[13]. The author presented a two-phase interleaved boost
converter with a proportional integral controller, and simulated
for various Pulse Width Modulation schemes. The results
showed that the output voltage is well-monitored. This result
indicate that this approach improves the efficiency of the
system and able to reduce the ripple current.

As a boost converter is to step up the output voltage, [14] did
a comparison between an Interleaved Boost Converter with a
Conventional Boost Converter. In the paper, it is shown that a
three-phase Interleaved Boost Converter gives a reduced ripple
current as compared to the Conventional Boost Converter. By
further comparative analysis, it is shown that the performance
of an Interleaved Boost Converter can be enhanced by
employing soft-switching and coupling inductors in the
topology.

Il. DESIGN METHODOLOGY

A. Class-E Rectifier

In this work, firstly, a design of a resonant low dv/dt Class—
E Rectifiers has been developed. The specifications that need to
be achieved are as shown in Table 1.

Table 1
Specifications to be achieved for Class-E Rectifier

Specification Value
Output voltage, Vo 5V

Output current, 1, 0t00.1A
Operation frequency, f 1MHz
Output Voltage Ripple <5%

Furthermore, the ESR of the filter capacitor R is 25mQ. The
Class-E rectifier circuit is as shown in Figure 3.
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Figure 3: Circuit of a transformerless Class-E Rectifier [15]

Firstly, the minimum value of load resistance, Rimin Was
obtained by:

Vo

1 O(max)

RLmin(Q) = (1)

Then, the output power maximum, Pymax and the value of
inductor, L were calculated as follows:

Po(max) = Volo(max) (2)
_ RLmin
L= 00 ?3)

For a resonant capacitor, C, current at diode, lgm, the peak
voltage value Vn, diode voltage, Vam and the capacitor filter,
Cs,, were obtained using these formulas:

Q
B WoRLmin (4)
V= ‘EV", where Mygr = 0.3684 (5)
MyR
Idm: 2.77710max (6)
Vim=3.601V, (7
1

After all the values of the components were obtained, the
simulation of the circuit was done in Multisim. The board was
tested later on a breadboard and the components of the circuit
were adjusted until the desired specifications were achieved.
The readings and observations obtained were recorded as
explained later in the Results section.

Figure 4 shows the circuit track which has been built using
Proteus software.

Design of Class-E Rectifier with DC-DC Boost Converter

Figure 4: Circuit track of a Class E rectifier using Proteus software

Once the circuit testing process on a breadboard with the
desired specifications was completed, the finalized circuit was
then built on a printed circuit board (PCB). Figure 5 shows the
final hardware specification built for the Class E rectifier and
the Boost converter on a PCB.

Figure 5: Class E rectifier and Boost converter on PCB

The detailed results will be discussed in following parts.

B. Boost Converter

The second part of the system consists of a boost converter
designed to get a 12V output from a 5V source. The requirement
for this design is the output voltage ripple, which must be less
than 5% by controlling the capacitor.

Based on Figure 6, the duty cycle is calculated by using the
following formula:

D=1-2 )

Vo

From the duty cycle, the value can now be calculated after
the inductor used to form the continuous current operation is
confirmed at the positive region. The formula to obtain the
inductance value is as follows:

__D(1-D)?R

Lmin - 2F (10)
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Figure 6: Circuit of a boost converter

Then, after the value of Lmin was calculated, L was assumed
to get the value of the inductor ripple current A, . The value of
L has to be much larger than Lmin to ensure the continuous-
current operation. The variation in inductor current AI; can be
determined by this formula:

Bpy=ven (11)

To find the values for the other parameters such as the
inductor current, I; , the following formula is used:

Vs

I, = A=D7R (12)

After the inductor current has been calculated, the maximum
and minimum inductor currents were also calculated using the
average value. The change in current, [, s the minimum
value of the current limit of the integrated switch, and I, is
the maximum value of the current limit of the integrated switch
[16]:

ILmax = IL + AZi (13)

=l -k (14)

ILmin L 2

From the calculations, the suitable value of capacitance
required by the limitation of the output ripple was obtained by
using:

D
RS

After all of the component values were obtained, a few steps
were done ahead. Firstly, the simulation of the circuit was
simulated using Multisim Software. Then, the experiment was
conducted on a breadboard with the desired values of the
components. Through observations, the desired results obtained
were then recorded. After the experiment on a breadboard has
succeeded with the targeted output values, the finalized circuit
was done by Proteus simulation software and printed on a PCB
board.

¢= (15)

I1l. SIMULATION RESULTS

As mentioned earlier, this particular work is done using both
software and hardware parts. Therefore, the simulation was
conducted prior to the hardware to get an early picture of how
the actual experimental works. Besides, the simulation results
can be divided into two parts. The first part focuses on the Class
E rectifier simulation and the second part is for the Boost
Converter simulation. All of the component values used are
obtained theoretically using the existing formulas for both parts.

A. Class E Rectifier

Based on the equations given in the design methodology
section, the values obtained for the components are as tabulated
in Table 2.

Figure 7 shows the complete Class-E rectifier simulation
circuit whereby the values were obtained from theoretical
formulas. Besides, the alternating current (AC) supplied to the
circuit is 19.19Vp with the frequency of 1IMHz.

Table 2
Calculated values for Class-E Rectifier

Parameter Value

Resistance, R 50 Q
Inductance, L 20.5uH
Capacitance, C 1.236nF
Peak value, Vi, 19.19v
Diode current, I, 27TmA

Diode voltage, Vg, 18V
Capacitor filter, C¢ 251nF

Maximum power output, B, 0.5W
C
1.236nF
L D1
— >
20.5pH 1N4148
3, 19.19 Vpk Cf RL
G) 1MHz ==225nF 500
00 w1

Figure 7: Simulation circuit of Class E circuit

Figure 8 shows the output voltage ripple for Class-E rectifier
simulation captured by an oscilloscope.
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Figure 8: Output waveform of a Class E rectifier

Based on Figure 8, the output voltage ripple occurred at the
waveform due to inadequate smoothing action by the calculated
values for the capacitor. The values of output voltage ripple and
the simulation results obtained for Class E- rectifier for each
parameter are as presented in Table 3.

Table 3

Simulation Results for Class E Rectifier
Parameter Value
Output Voltage,V, 481V
Output Voltage Ripple, % 0.27v

o

Percentage of Output Voltage Ripple 5.61%
Output Current, I, 0.10A
Output Power, P, 0.48W

By comparison, the simulation results have a slight difference
from the theoretically calculated values. As mentioned in Table
3, the percentage of output voltage ripple that is 5.61% is 0.61%
higher than the calculated value (5%), and the output voltage,
which is 4.81V is 0.19V lower than the preferred output
voltage, 5V. Besides, the current produced for the simulation is
low, indicating an insufficient power output for the simulated
system.

B. Boost Converter

Based on the equations stated in the design methodology
section for Boost Converter, the value obtained for the
components involved in the circuit are as tabulated in Table 4.

Table 4
Calculated values for Boost Converter

Parameter Value

Duty cycle, D 0.58

Resistance, R 15Q
Minimum inductance, Lmin 13.23pH
Variation in inductor current, A, 2.09A
Average inductor current, I, 0.57A
Maximum inductor current, I, 1.84A
Maximum inductor current, I, . 0.845A
Capacitance, C 2.32uF

Design of Class-E Rectifier with DC-DC Boost Converter

As mentioned in the table, the minimum capacitance value is
2.32uF. However, the capacitance used in the experimental
work is 1000uF. The capacitor value is able to contribute
greatly towards the output voltage ripple, resulting in a better
ripple smoothing.

With regard to the simulation part, the constructed boost
converter built in Multisim is as shown in Figure 9. Diode
1N5822 has been selected because of its large current
withstand, while MOSFET IRLZ44N is chosen due to its logic
level MOSFET that can be triggered easily using PWM from
the microcontroller board.

24pH

g
1N5822

w1 al
—5V v2 E}muuu

c1 R1
—1000pF 150

|||-

Figure 9: Simulation of a Boost Converter

Table 5 is the compilation of results obtained from the
simulation of the Boost Converter. It is shown that the output
voltage, V, of the boost converter is 0.55V, which is lesser than
the desired value 12V since the value is 11.45V.

Figure 10 shows the waveforms of the gate voltage, Vg in
Channel A and drain voltage, Vps in Channel B. From the
observation, the amplitude value of Vpsis double as compared
to Ve when the MOSFET is at the on-state and the diode is off,
however, it has a contrast outcome during the pulse activation
process. The duty cycle at the drain can be determined by
acknowledging the remaining D value, which is 0.42.

Table 5
Simulation Results for Boost Converter

Parameter Value
Input Voltage, V; 5.00v
Output Voltage, V, 11.45v
Output Current, I, 0.74A
Voltage at gate, V; 5.00V
Frequency, f 58kHz

Duty cycle, D 58%
Efficiency, 1 85.00%
Output Power, P 8.7W
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Figure 10: Waveform for Vg and Vps of Boost Converter

As for the output value, which is the blue-coloured square
waveform in Figure 10, the ripple is not too obvious as it is very
small. Meanwhile, the output value of the waveform is the same
as the observed value via multimeter in Multisim. In addition,
the output power that has been obtained throughout the
simulation is 8.7W. Thus, the simulation result is near to the
targeted value with 1.3W difference.

IVV. EXPERIMENTAL RESULTS

In this part, the experimental results are divided into two; the
class-E rectifier and the boost converter.

A. Class-E Rectifier

The graph shown in Figure 11 is the input value that has been
supplied to the Class-E rectifier. The requirement of the work,
which is to achieve the frequency of 1MHz is satisfied.
However, the maximum amplitude value achieved partial
requirement because the value obtained is 11.3V},, whereby it is
supposed to be equal to the voltage source, which is 19.19V.
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Figure 11: Simulation of Input for Class-E rectifier

The output voltage value, V, = 5.09V that has been obtained
is as shown Figure 12, and |ts ripple value is 113mV (2.22%).
Both of these outcomes have fulfilled the requirement of the
work, in which the output voltage must be equal to 5V DC and
the ripple formed is less than 5%.
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Figure 12: Simulation of output voltage for a Class-E rectifier

Table 5 presents a comparison between the simulation and
the experimental results.

Table 5
Comparison between Simulation and Experimental Result

Parameter Simulation Experimental
Input Voltage, V; 19.19Vv 11.30V
Output Voltage, V, 481V 5.09V
Output Current, I, 0.10A 0.02A
Ripple Voltage 0.27v 0.11Vv
Percentage of Ripple 5.61% 2.22%
Frequency, f 1 MHz 1MHz

The differences between these results are large because the
values of the components used in the experiment depend on the
standard values and they do not use the calculated values
accurately.

B. Boost Converter

The source of DC-to-DC boost converter which has been
supplied is as shown in Figure 13. The amplitude obtained is
6.3V, where it is much larger than the specification given. This
is due to the harmonic distortion that appeared in this

waveform.
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Figure 13: Simulation of input voltage for boost converter

From Figure 14, the waveforms between gate-to-source and
drain-to-source are compared. When the gate-to-source
waveform in source 2 is in ON state, the drain-to-source in
source 1 will be in OFF state, and when the gate waveform is in
OFF state, the drain waveform will be in ON state with the
amplitude which is double from the amplitude in source 1. The
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duty cycle in source 1 is equal to 59%, where it meets the boost
converter concept that depends on voltage at sources and the

output voltage, D =1 - = In contrast, the duty cycle at drain is

42%, and eventually when both duty cycles are added it will
result in 100% duty cycle.
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Figure 14: Waveform between gate-to-source and drain-to-source

Figure 15 shows the output voltage waveform of this work.
The output voltage that has been obtained is 13.9V instead of
12V. There is the occurrence of gap between these voltages due
to the harmonic distortion appeared in the waveforms.

D30X 20124, WY54480296 Thy Dec 10 1302:13 2015
500V, 2 0.0s 20005/ Stop ] 106V

: Boguisition

Norrmal
250MSals

Channels

1001

+ Measurements =
Freql)
59.5kHz
Pk-Pk( 1}
7.0V

Duty(1)

58.1%
Max( 1)

13.9V

Figure 15: Output voltage waveform

A comparison between the experimental results and
simulation results for dc-to-dc boost converter is shown in
Table 6.

Table 6
Comparison between Simulation and Experimental Result

Experimental

Parameter Simulation : :
Oscilloscope Multimeter

Input Voltage, Vs 5.00V 6.40 V 5.01V
Output Voltage, V, 1145V 10.90 V 10.50 V
Output Current, 1, 0.74 A 093 A 0.70 A
Voltage at gate, Vg 5.00v 510V 5.00 vV
Frequency, f 58kHz 59 kHz 59 kHz
Duty cycle, D 58 % 58.00 % 58.00 %
Efficiency, 1 85.00 % 89.00 % 83.33%

Design of Class-E Rectifier with DC-DC Boost Converter

V. CONCLUSION

The design methodology and results of the integrated class-E
rectifier circuit with a DC-to-DC boost power conversion has
been presented in detailed in this paper. The controlled class-E
rectifier with dc-dc boost converter is able to regulate the output
voltage at fixed switching frequency by controlling the
conduction angle or duty ratio of the MOSFET. The cycle time
of the switch will determine the charging and discharging
period for the capacitor. It is also shown that the simulation
result of class-E rectifier has higher ripple percentage than the
experimental results. For future works, there is a need to focus
on the enhancement of the Class-E rectifier, such as including
an impedance matching circuit to ensure a perfect connection
between the Class-E rectifier and the boost converter. This is
because the loss factors in the power transferring process cause
a failure for the boost converter to behave as the expected
perfect system.
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