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This paper describes the analysis of the wireless power transmission
including recent progress in non-radiative wireless power transmission
(WPT) and the improvement methods. Generally, the WPT transmitter side
consists of a DC supply voltage source, inverter/power amplifier, transmitter
impedance matching device (IMD), source resonator and primary coil. The
WPT receiver meanwhile consists of the secondary coil, device resonator,
receiver IMD, rectifier and load. In order to achieve an efficient WPT, the
WPT transmitter must transmit energy with minimum loss at the receiver
side. This setup can be achieved by employing the power amplifier (PA). In
this paper, the power amplifier in wireless power transmission for portable
devices was designed. A Class E power amplifier was proposed and designed
to improve the WPT transmitter side. The effects of zero voltage and zero
derivative voltage switching on PA with optimization method was also
discussed.
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1. INTRODUCTION

Wireless power transfer was first invented by Nicola Tesla in the early 1890s [1]. His initial setup
was based on magnetic resonance and near-field coupling of two-loop resonators. According to his theory,
wireless power can be transferred using the radiative and non-radiative power transmission methods [2-3]. In
radiative transmission, power is transmitted through the antenna which propagates through air or vacuum
over a distance in the form of electromagnetic waves [4]. Due to its Omni-direction, the energy disperses and
yields a low-efficiency energy transfer [5]. In non-radiative transmission, power transfer depends on the near-
field magnetic coupling of conductive loops. This is generally classified as short-range and mid-range non-
radiative WPT [6]. For short-range, the distance between the load and source is usually only a few
centimeters as they are almost attached to each other [7]. The induction motor is an example of a short-range
non-radiative power transfer where the rotor part is detached inductively with the stator part. For the mid-
range, the transmission distance between the load and source is greater than the dimension of coil resonators
(with a maximum distance of 2 meters). It is reported that with a 2-meter distance, the WPT will have 40%
efficiency [8] and at the distance of 1.5 meters, the WPT will have an efficiency of approximately 80% [4].

Wireless power transfer setup consists of three major parts namely the primary (transmitter/source),
the medium (air) and the receiver (load), as shown in Figure 1. The input power is fed to the source where it
transmits and propagates through the air before finally delivered at the load side [9]. This distance between
the primary and secondary coils is classified as the WPT system [1].
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Figure 1. Basic schematic of WPT

Nowadays, WPT has become an attractive technology in the usage of portable electronics and
medical implants. Generally, WPT can be divided into two main categories; radiative and non-radiative [1].
In the radiative WPT system, microwave or radio waves are used to transfer the energy. The distance
between the source and the receiver can go as far as tens of kilometers. Charging a satellite with sun energy
is an example of a radiative WPT system. The drawback is that it is Omni-directional in nature and thus has
low efficiency. In 1896, Nicola Tesla used microwave signals to propagate energy and succeeded in
transferring 1 GV with high frequency over 25 miles to power up 200 bulbs [10]. However, its efficiency was
low and with high voltage and high frequency (HF), it can cause serious damage to the human being [11]. In
the 1930s, the method to convert AC current to the microwave was introduced. However, the challenge was
in converting microwaves back to electricity [11]. In 1964, W.C. Brown found a way to convert microwave
to electricity in a process called rectenna. In 1975, he succeeded in transferring 30 kW with 84% efficiency
over 1.5 Km [12]. In the 1970s to 1980s, solar power satellite in geostationary orbit of the earth was used by
NASA to transfer microwave energy from the sun to earth [11]. In 2008, the Cota system was introduced by
Hatem Zeine. According to the Cota WPT system, the transmitter can deliver electrical power via microwave
beams to the receiver up to 30 feet [13]. In 2011, power-cast launched a Wireless sensor system [14-16]. In
the project, they used radio frequency and converted it to DC in order to supply energy to low power
(microwatts and mill watts) wireless sensors.

Non-radiative WPT system uses induction and electromagnetic induction methods to transfer
energy. Non-radiative WPT is further divided into two categories; short-range and mid-range. The division
was based on the size of the space between the primary and secondary coils. Generally, the mid-range non-
radiative WPT system has a distance between two coils larger than the radius of the coils [17]. There are two
types of energy that can be transferred from primary to secondary coil namely magnetic induction and
electromagnetic induction. Electromagnetic induction has strong coupling effects between two coils as
compared to magnetic induction. Hence, most researchers used the electromagnetic induction method for
non-radiative WPT systems [18]. In electromagnetic induction, when current flows from the transmitter to
the primary coil, it produces magnetic flux. The receiver coil will receive the magnetic flux and energy will
be generated as shown in Figure 1. At an early age, WPT was used only in the AC machine. WPT for DC
setup was started in the 1960s for medical implants applications [19]. From the 1990s to the 2000s, there was
an increase of interest in WPT research. This is because of the idea of wireless charging for consumer
electronics [20]. In 2007, Kurs et al [8] introduced Witricity by transferring 60 W over a 2-meter distance
(mid-range) with 40% efficiency. In 2008, “Qi” (chee) commercialized the WPT technology by charging
portable devices (smartphones, tab) wirelessly [21]. According to a recent report, there are currently more
than 228 products that offer wireless charging [22]. There are standards for wireless charging that are
constructed Wireless Power Consortium (WPC), Power Matters Alliance (PMA) and Alliance for Wireless
Power (A4WP) [22-28]. In this paper, the non-radiative WPT system with a focus on consumer electronics
was designed and improved.

2.  APPROACH

According to [29], WPT will generate 12000 million dollars of revenue in 2020. The prediction is
shown in Figure 2. To improve the overall efficiency of the WPT system, we found that most researchers
added distant components to either the transmitter or the receiver sides of the system. As shown in Figure 3,
the inverter and power amplifiers were introduced to improve the transmitter’s power efficiency. To gain
optimum efficiency, the impedance between transmitter and receiver should be matching. Recent works in
the Non-Radiative WPT system are discussed in Table 3. According to [30-33], power amplifiers could be
applied to optimize WPT and increase the overall system efficiency.
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Figure 2. Predicted values of WPT technology in 2020 [29]
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Figure 3. WPT components

Recent works on Non-radiative WPT system

Year
References

2007 [8]
2009 [34]
2010 [35]
2012 [36]
2012 [37]
2012 [30]
2013 [38]
2013 [39]
2013 [40]
2014 [41]
2015 [42]
2015 [43]
2015 [44]
2016 [45]

Authors/ Publications

Kurs et al
Low et al
Yoo etal
Wang et al
Lee etal
Chenetal
Ahnetal
Lazaro et al
Leeetal
Alietal
Lietal
Suzuki et al
Ishida et al
Chung et al

Distance (mm)

2000
10

10

05

80
Nil
200-310
11.35
20

03

20
Nil
100
450

Efficiency

40%
75.7%
54.9%
74.08%
7%
73.4%
45-57%
82%
87%
88.11%
65%
80.2%
78%
79%

Frequency

9.9 MHz

134 KHz
15.1 MHz
13.56 MHz
13.56 MHz
13.56 MHz
144 KHz
100-150 KHz
13.56 MHz
22.2-22.4 MHz
40.68 MHz
10 MHz

60 Hz

370 KHz

In non-radiative systems, inductive power transmission is used to supply power to a device from
source (DC supply) to load wirelessly. Researchers used the power amplifier to connect the DC supply with
the primary coil [30-33]. The primary coil is mutually coupled with the secondary coil which connects to the
load. The mutual inductance (MI) between the coils is proportional to the space between the primary and the
secondary coils when they are in parallel and perfect alignment [46]. This 2-coil wireless power transmission
is a common method in the non-radiative system [47]. Researchers proposed a new method with 4-coil power
transmission to increase the power transfer efficiency with a larger coil spacing [8]. A basic schematic of a 2-
coil WPT is shown in Figure 4.

Power
Amplifier
output (AC)

Figure 4. Basic schematic of 2-coil WPT
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As shown in Figure 4, the power amplifier will produce an AC output to the primary coil (Tx). The
secondary coil (Rx) will generate energy due to the mutual inductance (MI123) between both coils. To obtain
optimum efficiency, the setup must have the same tuned resonance frequency of the LC tank on both sides
[48].

1
fo = 2nl,Cy  2uliC )
According to [46] Rx and Tx effects can be shown at resonance by computing reflected impedance (lrer).
.'v.,‘l- == f k) I5' I5' (2)
where,
. Mg 0 Lg 0 00,
lam = s = g — =y =
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In which, iz and tglyg

While Q. represents the quality factor for load. This means that the primary loop can be simplified by
replacing LC to the reflected impedance (lrer).

To calculate the wireless power transfer efficiency,
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Figure 5. Basic schematic of 4-coil WPT
To calculate the power efficiency in 4-coil system,
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The efficiency for n" number of coil can be obtained as,
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j= ()

As reported in previous works [7], [33], [49-56], amplifiers/rectifiers can be added in a WPT
topology to improve efficiency on the transmitter side of the WPT system and thus improving overall
efficiency. Chen [30], reported that switching mode power amplifiers can be used in a WPT setup as it
converts DC to AC and acts as an inverter. It is reported that most Class E and Class DE switching mode
power amplifiers were used as they ideally have 100% efficiency [7], [33], [49-56]. However, the Class DE
power amplifier used two transistors with the push-pull method that produces a high gate drive where it is
hard to control the dead time. Therefore, it is hard to implant a Class DE power amplifier on a printed circuit
board (PCB) [33] and adding two transistors will increase the cost. Taking these factors into consideration,
this paper studies the Class E power amplifier which is selected to improve the efficiency of power transfer
from input to the transmitter coil of the WPT system [57].
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Numerous analyses have recently been performed on Class E, from studies on the capacitance of
drain to the source to the use of nonlinear or linear shunt capacitance. Most of the reports assumed the use of
linear shunt capacitance [58]. To obtain an optimum efficiency at high frequency with low noise and zero
switching loss, shunt capacitance must satisfy ZVS (zero voltage switching) or ZDS (zero derivative
switchings) [59-61]. The zero-voltage switching (ZVS) condition will enable the WPT system to have high
efficiency [62]. ZDS and ZVS are known generally as hard switching and soft switching respectively
In hard switching (ZDS), voltage regulators gain high switching losses due to the continuous rate of high
voltage and current being applied on the regulator’s integrated switch during ON and OFF conditions. The
loss is increased with an increase in frequency resulting in lower efficiency. Generally, when the transistor is
turned ON and OFF, voltage and current will overlap which causes hard switching losses as shown in Figure
6. However, this can be reduced by optimizing the derivative of the current and voltage in the switching
waveform.

Vi la

7 7

Switching loss Switching loss

Figure 6. Switching loss in current voltage waveform

Hard switching can be further improved using a technique called soft switching (ZVS). In soft
switching, the voltage will drop to zero before the transistor is turned ON or OFF. This will prevent the
current waveform from overlapping with the voltage waveform. This technique minimizes the loss. The
technique used to switch the transistor when the voltage reaches zero is known as zero voltage switching
(ZVS). However, if the transistor is switched when the current reaches zero, it is known as zero current
switchings (ZCS). Figure 7 shows the ZVS and ZCS in a current-voltage waveform.

Va L

7 A

Figure 7. ZVS and ZCS current voltage waveform

Soft switching also reduces electromagnetic interference and allows for higher frequency operation
[63]. In [60], a detailed analysis of the ZVS Class E power amplifier was discussed. The class E power
amplifier can achieve higher efficiency in comparison with the Class B and Class C amplifiers. In Class B,
the amplifier has higher power losses when the transistor is turned ON and OFF [58]. In Class E the
Amplifier’s efficiency can be increased by decreasing power dissipation with the desired output power.
Commonly, power dissipation occurs at the transistor side. When voltage and current in a transistor are at
their peaks, the overlapping of voltage and current will cause power dissipation. In Figure 8, an ideal current
and voltage through the transistor are shown. However, it is a challenge to obtain a waveform as shown in
Figure 8. Achieving this waveform can reduce the power dissipation to maximize efficiency.

A

Y

N

Voltage

Current
b ;

Figure 8. Ideal voltage and current waveform when the switch is ON and OFF
When the transistor is ON, the voltage in the transistor is high and it allows only voltage to flow
while the current in transistor reaches almost to zero. When the transistor is OFF, the voltage turns to zero
and it allowing only the current to flow. This switching affects the performance of an amplifier. Fast
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switching amplifiers can operate up to 100 MHz frequencies. According to Sokal [60], the voltage and
current waveforms will never have high voltage and high current at the same time.

Following Sokal’s conditions, the following suggestions were identified to obtain high-efficiency setup;

1) Voltage and current waveforms do not exist at the same time; 2) Current waveform must reach zero before
the voltage to rise. This means that when the switch is ON, the current waveform reaches its peak and
decreases to zero. When the switch is turned OFF, the voltage starts to reach its peak.; 3) The voltage
waveform rise section is delayed when the current reaches zero; 4) To reduce the power dissipation, the
voltage and current waveforms must reach zero before the transistor is turned ON and OFF; 5) When the
switch is ON, the transistor voltage is nominally zero. This means that it has no effect on the parallel shunt
capacitance and will not discharge the capacitor connected in parallel. By following these suggestions, the
expectation on that; 1) suggestion 1 will decrease the major power loss; 2) suggestions 2, 3,4, and 5 will
reduce power dissipation when the switch is turned from ON to OFF and OFF to ON; 3) suggestions 2 and 3
are known as Zero Current Switching (ZCS) and 4) suggestions 4 and 5 are known as Zero Voltage
Switching (ZVS).

In a Class E PA, the resonant circuit is included to generate bi-harmonic and poly-harmonics from
the fundamental frequency. If the transmitting signal has fundamental frequency f-0, the resonant circuit will
have a frequency of 1.5fo followed by a filter to maximize the output power at the fundamental frequency.
The resonant circuit impedance changes at its 3rd harmonics, 3fo. The devices’ inductive impedance is active
at the 1st harmonics and capacitive reactance at other harmonics. These results voltage and current are not
symmetrical which can improve the operating efficiency [58]. This method of increasing efficiency from the
carrier frequency was introduced in the 1960s [64].

vi
+ PR ]

IRFS40
¥ c1
L ~R1

Figure 9. Basic schematic of a Class E power Amplifier

In our proposed setup, the Class E power amplifier consists of a switching mode transistor
(IRF540), a shunt capacitor (Cs), RF choke (L1), series LC circuit resonator (L2 and C2) and load (R). A
simple schematic of a Class E power amplifier is shown in Figure 9. Assuming an ideal Class E power
amplifier, the voltage across the transistor can be written as;

ot ) e =0 ©)
d Li{ﬁuf} ~ 0
( dowt lwe=zm (7

For the current, Raab [56] reported a detailed theoretical analysis for the Class E PA where he assumed that
the current is a sinusoidal,

iglwt) = Ig sinfwt + @) (8)

When the switch is turned ON,

ety =1, + 15 sinfwt + @) 9)
At initial ON state i(0)=0, this can be stated as,
I, = —Igsin(g) (10)
Using trigonometric relationships [58],
-2

sing = ——

Vri+ 4 (11)
and
cosg = —

vid +4 (12)
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If the voltage and current are sinusoidal then there is no power loss. This means that the collector has 100%
efficiency and that input dc power and output power delivered to the load are equal,

Iz

.;ﬁli'llflfzi."[ (13)
g 2Vec,
T R (14)
. ]21-’55:‘5
n'R = ] -
v (15)

Putting the value of #¢  and Iain equation (10),

— lZi-’ccEE -2

voTovmt 4 (16)
_ Vee B
T Rmt+4 or,
=0 __.631-’55
‘o T HIEET 17)
For the voltage,
Vg = IgR (18)
Putting the value of Isin the equation (13),
0 '"IﬁﬂrrI Vee = i o
v — Voo = > H (19)
o = V11536
‘r =NLL0 (20)
Putting this value in equation (18),
Ve = 1.074Vee (21)
Voltage across the switch consists of quadratic components calculated using Fourier series equations [58];
13"
Vo =—= l plet) sinfewt + @ldowt
T.Ja (22)
Vo = 2 (Es’nz + 2cos2 )
R T Lac\2Thed @ (23)
V=—= l --u(m:}cns(m:+ o ) ot
T (24)
Vi =— 2 (:+ Tsin o+ 25’.:12-;9)
= weal, V2 (25)
The series inductance and shunt capacitance can be derived using equation (12) and (13);
W el
L= 11525
Vg H (26)
R = wl 1
R T @7

According to Sokal, to obtain the desired output power (Pou), the load resistance (R)) and supply voltage
(Vcce) can be adjusted. Using the basic power formula F=VIjp equation (17);
Vec?

A (28)

F.e = 05768
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and for the load resistance,

Vecs

Foue (29)
According to Grebbennikov, the load resistance will change if the shunt capacitor is used in parallel. The
formula reported by Sokal where the values of inductance and capacitance can be derived from equations (7)

and (8). To obtain the value of the shunt capacitor (Cs) and its capacitance, the value of (fm"’"E ) must be
known. If the system is ideal then R is equal to Rland. Using equation (18) and (27), and (26);

R, = 0.5768

wl R 1
— Vg = wlH = =

I ® 5.447 or, (30)

_ 0.1836

* " wR (31)
V. wl
—~ =_=1.1525
Vo g Or, (32)
L, = 11325 i
s T sy (33)

1
= —

For the series resonator (LC), +L{ . It can be further simplified in equation (34),
-|I:.- —_ 1
T (34)

To obtain individual values of (L) and (C) in the LC series circuit, equation (34) was further elaborated by
Grebennikov [65]. In equation (36), a quality factor (Q) is added which explains the quality factor of the load
resistor. The value of Q is an assumption and must be greater or equal to 1.7879 [60].

1
g w3, (35)
o1

° " wQR (36)

Multiple factors should be taken into consideration while designing a wireless power transmission
setup such as size, weight, and cost. The size of the setup depends on the primary and secondary coils of the
setup. Large coils should be used to strengthen the coupling effects between the two coils if we are using
KHz frequency (400 KHz). But if we use the high frequency in MHz, a strong coupling effect can be
achieved with a smaller coil size resulting in a lighter weight and a cheaper cost. Taking this and ISM band
(industrial, scientific and medical) standards into consideration, 1 MHz was used in this paper [66].

The portable devices generally have supply voltages of 5V, 9 V, and 12 V. Normally, the 5 V is
used for power banks, 9V is used in wireless charging pads and 12 V is used to charge toys such as drones.
Using the previous equations, the parameters set up for the amplifier was calculated. Chen et al [30] and
Srimuang et. al [67] used 25 V and 32 V drain voltages respectively in their previous works. However, that
32V and 25 V DC were not practical as most of the smartphones today use 5 V with 2 A (10 W) for charging
of the battery. Portable power banks available in markets has similar output configuration (10W) [68]. In the
simulation and experiment, besides 5 V, the supply voltage of 9 V and 12 V also has been used to simulate
the practicality of the designed power amplifiers.

3. RESULT AND ANALYSIS

In this work, the Class E power amplifier has been designed and simulated with LTsim software. The
setup was then tested in experiments. A few simulations were carried out in this paper. In the first simulation,
the 5V drain voltage with 5 V and 6 V gate voltage has been used as shown in Table 4. Increasing the gate
voltage can increase the efficiency of the designed setup. In Table 5, the drain voltage is constant at 5 V and
the gate voltage has been varied from 4 V to 6 V.
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Table 4. Efficiency with 5 V and 6 V gate voltage

Drain Gate voltage Power input Power output Efficiency
voltage (V) V) (mW) (mW) (%)
1 5 25.163 21.028 83.57
2 5 105.31 89.065 84.574
3 5 238.71 203.41 85.21
4 5 437.88 373.71 85.35
5 5 704.35 602.72 85.57
6 5 1038 892.87 86.02
7 5 1435.9 1241.8 86.48
1 6 33.524 29.197 87.09
2 6 139.41 122.64 87.97
3 6 318.55 280.49 88.05
4 6 580.14 514.36 88.66
5 6 918.34 825.87 89.93
6 6 1346.7 1215.3 90.24
7 6 1857.7 1681 90.49
Table 5. Efficiency with constant drain voltage
Drain voltage Gate Voltage Power input Power output Efficiency (%)
() (%) (mW) (mW)
5 4 190.43 77.466 40.68
5 5 704.35 602.72 85.57
5 6 926.62 825.87 89.93
Table 6. System Setup for 5 V drain voltage
Parameters Calculated Simulation with Simulation with parameters
values calculated available in market
values
Drain Voltage 5V 5V 5V
Gate voltage 6V 6V 6V
L1 2.98 uH 3uH 3.3uH
C1 217 nF 2 nF 2.2nF
L2 11.345 uH 11uH 12 uH
C2 1.864 uF 2nF 2.2nF
R1 14.77 Q 15Q 15Q
Pout 1w 825 mw 823 mw
Frequency 1 MHz 1 MHz 1 MHz
Efficiency - 89.93% 89.67%

Figure 10 shows the simulation results of the drain and gate voltage wavelength while supplying 5 V drain
voltage and 6 V gate voltage. Figure 11 shows the voltage and current waveform at the load resistance.

22

ao43gdaa

g8

Viados)

Figure 10. Drain voltage VV(n002) and gate voltage VV(n005) when drain voltage V1 is 5 V
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Figure 11. Voltage and current waveforms at load resistor R1 when V1 is 5 V. V(n004) waveform shows the
voltage supplied and I(R1) is current wavelength

Experiments were then conducted with the actual ICs (refer to Figure 16). Table 7 shows the
comparison between the actual and the simulated results. It showed that the actual efficiency for 5 V drain
voltage and 6 V gate voltage was around 80%.

Table 7. Comparison between simulated and actual with 5 V drain voltage

Vdd Simulation Actual
Pin Pout Efficiency Pin Pout Efficiency
5 0.926 0.825 89.93% 1.034 0.823 79.67%
6 1.077 0.973 90.34% 1.389 1.115 80.25%
7 1.241 1.128 90.85% 1.892 1.523 80.47%

In the next simulation and experiment, another Class E power amplifier for 9 V drain voltage was
designed. Table 8 shows the calculated parameters with 9 V drain supply voltage and 6 V gate voltage. With
this setting (9 V drain voltage and 6 V gate voltage), 91.32% efficiency was achieved. Since some of the
calculated parameters could not be found in the market, the simulation was performed with parameters
available in the market. In this setting, the efficiency was slightly lower (90.93%).

Table 8. System setup for 9 V drain voltage

Parameters Calculated values Simulation with Simulation with parameters
calculated values available in market

Drain Voltage 9V 9V 9V

Gate voltage 6V 6V 6V

L1 2.756 uH 2.7uH 2.7uH

C1 1.9479 nF 2nF 2.2nF

L2 2.389 uH 2.4 uH 2.2uH

Cc2 10.623 nF 10.6 nF 10.2 nF

R1 15Q 15Q 15Q

Pout 25W 2.4039 W 2.3925

Frequency 1 MHz 1 MHz 1 MHz

Efficiency 91.32% 90.93%

The simulation results are shown in Figure 12 which presents the drain and gate voltage wavelength
while supplying 9 V drain voltage and 6 V gate voltage. Figure 13 shows the voltage and current waveform
at the load resistance.

o i) "
L A T I I B
MUTHTR
wl ORI
W Ll a0 al I ad WAl T

LAV ERR TR R U
3-1[1 Rt 'f': Erf || f 's
I} |'? '|.l :", :': ‘.'. 1I| ..\
L J v Y j !
w

Figure 12. Drain voltage V(nOOZ) and gate voltage I(L1) wavelength when drain voltage V1 is 9 V
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Figure 13. Voltage and current waveforms at load resistor R1 when V1 is 9V. V (n004) waveform shows the
voltage supplied and I(R1) is current wavelength

In Table 9, the drain voltage is constant at 9 V and the gate voltage has been changed from 4V to
6V. The highest efficiency was achieved at gate voltage 6 V (91.32%). Experiments were then conducted
with the actual ICs (refer to Figure 16). Table 10 shows a comparison between the actual and the simulated
result. It is shown that the actual efficiency for 9 V drain voltage where the 9 V gate voltage is around 79%.

Table 9. System efficiency with 9 V drain voltage

Drain voltage (V) Gate Voltage (V) Power input (W) Power output (W) Efficiency (%)
9 4 414.07 mW 178.66 mW 43.15
9 5 2.1323 1.8136 85.05
9 6 2.6325 2.4039 91.32

Table 10. Comparison between simulated and actual

Vdd Simulation Actual
Pin Pout Efficiency Pin Pout Efficiency
9 2.6309 2.3925 90.93% 2.016 1.5936 79.04%
10 3.3061 3.0126 91.12% 241 1.9201 79.67%
11 4.0385 3.6840 91.22% 2.816 2.19657 78.00%

In the last simulation and experiment, another Class E power amplifier for 12 V drain voltage was
designed. Table 11 shows the calculated parameters using the 12 V drain supply voltage and 6 V gate
voltage. With this setting (9 V drain voltage and 6 V gate voltage), 87.75 % efficiency was achieved. Since
some of the calculated parameters could not be found in the market, the simulation was performed with
parameters available in the market. In this setting, the efficiency was slightly lower (84.18%).

Table 11. System Setup for 12 V drain voltage

Parameters Calculated values Simulation with calculated Simulation with parameters
values available in market

Drain Voltage 12V 12V 12V

Gate voltage 6V 6V 6V

L1 15241 uH 1.5uH 15uH

C1 3.5167 nF 3.5nF 3.3nF

L2 1.3224 uH 1.3uH 1.2uH

Cc2 19.1555 nF 19 nF 18 nF

R1 8.3088 Q 8Q 82Q

Pout 8w 7.545 W 6.6425
Frequency 1 MHz 1 MHz 1 MHz
Efficiency - 87.75% 84.18%
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Figure 14 shows the drain and gate voltage wavelength while supplying 12 V drain voltage and 6 V
gate voltage. Figure 15 shows the voltage and current waveform at the load resistance. In Table 12, the drain
voltage is constant at 12V and the gate voltage has been varied from 4 V to 6 V. The highest efficiency was
achieved at gate voltage 6 V (87.75%).
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Figure 14. Drain voltage V(n002) and gate voltage I(L1) wavelength when drain voltage V1 is 12 V
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Figure 15. Voltage and current waveforms at load resistor R1 when V1 is 12V. V (n004) waveform shows
the voltage supplied and I(R1) is current wavelength

Table 12. System efficiency with 12 V drain voltage

Drain voltage (V) Gate Voltage (V) Power input (W) Power output (W) Efficiency (%)
12 4 1.0435 588.45 mW 56.39
12 5 5.8196 4.6046 79.12
12 6 8.5986 7.545 87.75

Experiments were then conducted with the actual 1Cs (refer to Figure 16). Table 13 shows a
comparison between the actual and the simulated result. It is shown that the actual efficiency for 12 V drain
voltage and 12 V gate voltage is around 75%.

Table 13. Comparison between simulated and actual

Vdd Simulation Actual
Pin Pout Efficiency Pin Pout Efficiency
12 7.8904 6.6425 84.18% 4.992 3.759 75.30%
13 9.2194 7.7662 84.23% 5.525 4.1697 75.46%
14 10.644 8.9733 84.30% 6.006 4.4982 74.89%

1 MHz frequency with IRF540-N switch was used for all the actual experiments. This result shows
that with the 5 V, 9 V, 12 V drain voltages, the system can achieve between 75% to 80% efficiency
indicating a promising result. From the experiments, when the supplying drain voltage is above 12V, it will
heat up the switch. This is due to a high switching loss. Figure 16 (a, b, ¢ and d) shows the actual design of
the Class E power amplifier.
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Figure 16. Designed Class E PA

The efficiency of the power amplifier will affect the overall efficiency of the end-to-end WPT
system efficiency. An efficient power amplifier will improve the efficiency of the WPT system. In this paper,
the Class E power amplifier has been designed and tested for 5 V, 9 V and 12 V settings which achieved very
good efficiencies. A further extension of the current design will improve the complete setup of the wireless
power transmission system for portable devices such as mobile handsets, wireless chargers, and drones.

4. CONCLUSION

Wireless power transfer (WPT) is currently one of the rising issues in this industry. In this paper, a
non-radiative WPT system with the focus on consumer electronics was designed, improved and proposed to
implement the Class E power amplifier on the transmitter side of the WPT system. An effective power
amplifier will improve the overall efficiency of the WPT system. The system is designed and simulated based
on three voltage settings of the current consumer electronics (5 V, 9 V, and 12 V). The parameters of Class E
were computed analytically using the formula generated from the literature review. The parameters were then
simulated using the LTspice simulation software before the actual settings were built. Results showed a high
efficiency (75% - 80%) indicating a very promising result.
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