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Magnetically-coupled resonant wireless power transfer systems (WPTs) operating in the megahertz range is well-
suited for mid-range transmission of moderate power levels. The class-E power amplifier (PA) is attractive for the
MHz WPT applications due to the high-efficiency and soft-switching properties. However, since the output power
and the efficiency of the class-E PA strongly depends on the output load, any change in the mutual inductance of
coupling coils, which leads to the PA load variation, results in a dramatic loss in the overall performance of WPT
system. This paper provides a comprehensive design analysis to analytically and numerically mimic the PA
behavior to conveniently adapt any variation of the input impedance of the coupled coils to the PA optimum load
using a T-type matching network. An equivalent circuit analysis followed by the design theory for the class-E PA,
coupled coils, and the T-network has been presented. For validation purposes, the class-E PA implemented by the
cost-effective IRF640 MOSFET was first fabricated and its performance was measured for different load values.
The PA efficiency and output power was measured as high as 96.7% and 25.8 W, respectively, for the optimum
load value of 9 Q, which was closely predicted from the theory. A 1 MHz WPT system was then built for the
operating range up to 27 cm, showcasing its behavior in presence and absence of the proposed T-type matching
circuits at two arbitrary 10 cm and 25 cm distances between the coupling coils; the input impedance of the WPT
system for those separation distances were 4 Q and 0.2 Q, respectively. Results demonstrate power transfer
efficiencies of 88% and 15% at distances of 10 cm and 25 cm with the T-network, respectively, improved by 33%
and 12% to the non-matching state, respectively. The overall DC output power achieved using a full-bridge
rectifier are 21.9 W and 6.8 W at 10 cm and 25 cm, respectively.

1. Introduction method, the power is transferred via magnetic fields between trans-

mitter (Tx) and receiver (Rx) coils that resonate at the same frequency.

Recently, wireless power transmission (WPT) has attracted much
attention not only in the consumer electronics market but also in auto-
motive, medical, military [1]. With the current trend to wirelessly
charge batteries, pioneering vehicle manufacturers as well as producers
of cell phones, tablets, pacemakers, and etc. have been integrating this
promising technology into their new products [2-4].

Well-known WPT techniques are inductive coupling, magnetic
resonant coupling (MRC), microwave and laser [1]. With a compromise
among operating frequency, transfer distance, coil dimensions, and the
transmission power level, the MRC is more popular due to its ability to
transfer power at a mid-range distance (up to a few meters) with mod-
erate power levels (a few watts to hundreds of watts) [2]. In that
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In MRC WPT systems, the operating frequency can be selected
depending on the intended application. For example, the low-frequency
operation such as 20-205 kHz is suitable for high power applications at
short ranges (less than 20 cm) such as for electric vehicles battery
charging in the kilowatt range [5,6]. The 6.78 and 13.56 MHz ISM bands
are mostly appropriate for power transmission in the order of hundreds
of watts over mid-range distances (up to a few meters) with more
compact coil structure [7].

Another high-potential but less-common operating frequency for
WPT applications is 1 MHz [8-13]. For a target application to wirelessly
charge low power consumer electronics, that frequency has been
adopted for the purpose of the study as (i) it would lead to decreased
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Fig. 1. Different parts of the WPT system including matching network.

switching losses and, consequently, high-efficiency operation with less
technical difficulties in the PA fabrication process, and (ii) it would
make it possible to employ cost-effective power transistors (such as IRF
MOSFET) rather than costly GaN FETs commonly used for the MHz
frequencies [14].

There has been a great deal of research for the design and optimi-
zation of WPT systems in a variety of areas, such as improvement of
coupling coils [7,15], power amplifiers (PA) [16,17], load control
[18-20] and multiband systems [21,22]. However, less attention has
been paid to the role of the matching network between the PA and Tx
coil and its direct impact on other parts of the system. The performance
of the class-E PA is highly sensitive to the output load resistance, where
the maximum efficiency occurs only for the optimum value. When the
PA is connected to the coupled coils, any variation in the position of
coils, which modifies the mutual inductance, changes the output load of
PA leading to a rapid decrease in the system transfer efficiency. There-
fore, despite the careful design for other parts, the use of a matching
network is necessary to adapt the PA optimum load to that of the
coupled coils for any distance between Tx/Rx coils.

Studies in [23,24], reported WPT systems with air-core transformer
matching networks. In [11,25,26], the frequency tracking method was
used for impedance matching. Other prevalent approaches implemented
in WPT systems include the use of lumped-element matching networks
such as L- and Il-type [17,27,28]. I1- and T-networks have not only a
wider matchable region compared to L-types but also can get control of
the circuit quality factor [29,30]. Since a T-type has never been imple-
mented in the MHz WPT systems, it has been used for the purpose of the
study. It is worth mentioning that (i) for a low output load value close to
zero, a I[I-network is much less effective compared to a T-type when
designing the matching circuit using the Smith chart, and (ii) consisting
of three component variables would allow a more reliable impedance
matching capability compared to a L-type to easily control other criteria
such as parasitic effects and harmonic rejection [30].

In [31], a soft-switching zero voltage switching (ZVS) based class-E
PA and rectifier has been used. However, the system performance was
only investigated in a constant coupling factor of k = 0.1327 between
Tx/Rx coils. In [32], the input power of the kHz WPT system was pro-
vided by an inverter with four switches, which can be coslty particularly
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in the MHz range. A high-efficiency class-E PA with only one switch is
more common in WPT applications [27,31]. In [32], an adaptive
impedance matching was implemented in the receiver side. However, no
matching network has been used in the Tx side caussing the significant
power loss arised for different coils positions. In [17,27], the class-E PA
and rectifier as well as the II configuration matching network were
employed in the Tx side. However, the study in [33] demonstrated that,
similar to the class-E rectifier, the full-bridge rectifier can lead to achieve
comparable AC-to-DC efficiency (as high as 90%) but with fewer com-
plications in the design process. Therefore, the current study benefits
from the full-bridge rectifier with fast switching Schottky diodes.

A comprehensive design analysis has been performed to analytically
and numerically mimic the ZVS class-E PA behavior, monitoring its
performance separately from the WPT system for different load values.
An equivalent circuit analysis followed by the design theory of the class-
E PA, coupled coils, and the T-network has been presented. For valida-
tion purposes, a full WPT system was fabricated and a demonstration
experiment to wirelessly light up a 3 W LED at a separation distance 1.6
times larger than the outer diameter of the coils (i.e. 15 cm) was
presented.

2. WPT System Design and Analysis

Fig. 1 demonstrates all parts of the MCR WPT system. As shown in
this figure a clock pulse with 50% duty cycle was used to drive the
MOSFET of PA. The PA converts the DC input power to the AC output
power and then delivers to the load resistance (R, ,,). The maximum
efficiency of the PA can be obtained only for a single value of load
resistance that is called the optimum load, Ry, In practical WPT
systems, when the coupled coils are connected to the PA, there is no
external resistor for the PA and in fact the input resistance of the coupled
coils (Rin ) can be considered as the PA load. Therefore, Ry ,, is
constantly changing when the positions of the two coils change leading
to impedance mismatch between the PA and the coupled coils. An
appropriate matching network is hence necessary to possibly achieve
Rin_e = RL_pyi-

In the next step, the AC output power of the PA is transferred through
the magnetic fields between Tx/Rx coils, and then converted by the full-
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Fig. 2. Schematic of the class-E RF ZVS PA.
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Fig. 3. Equivalent circuit model of the magnetically coupled coils.

bridge rectifier to DC power and delivered to the resistive load (Rp).
According to [33], at 1 MHz operating frequency and for load resistors
smaller than 50 Q, the input resistance of full-bridge rectifier is almost
linearly proportional to the load resistance while the negative input
reactance is negligible. This condition simplifies the design of the
receiver section and eliminates the need for adjusting the receiver
capacitor to remove the negative reactance of the rectifier. The design
steps of the class-E PA, coupled coils, and the matching network will be
explained hereafter. Note that the analytical model developed in the
study was implemented in Matlab, whereas the numerical simulations
were conducted using the Keysight Advance Design System (ADS).

2.1. The Class-E ZVS PA Design Analysis

The initial concepts of the class-E power amplifier are not new and its
mechanism has been well-documented in numerous studies (e.g.
[16,34,35]). The conventional shape of zero voltage switching (ZVS)
class-E PA was impelemented in ADS and is shown in Fig. 2. The
MOSFET operates as a switch with an optimal duty cycle of 50%.
Lyes/Cresis a tuned filter to let only the first harmonic of the 1 MHz input
frequency reach the load R; ,,. The pure positive reactance jX, in-
troduces the suitable phase shift between the switch and the output
voltage to acquire the desired sinusoidal waveform. Cy; is the parallel
capacitor in drain-source whereas Ly and Qy are the inductor and quality
factor of the radio frequency (RF) choke, respectively. I and V. are the
DC supply current and voltage of PA, respectively. The PA efficiency
(also known as drain efficiency) is determined as the ratio of P, ,, and
Pac._pa =Po 4, /Pac [17]. In order to maximize the PA efficiency, three
key parameters of Ry ,, ., ,Cas and Xo should be carefully determined,
which are given by the following Egs. (1)-(3) [16,36]. Egs. (4)—(7)
represent the other required parameters for the optimal design. In those
equations, P, ,,,f,n_pa, and Q are the output power of PA, operation
frequency, PA efficiency and the quality factor of the series resonant
circuit, respectively.

Cas = ﬂwRL,,,A(j, (@ +4) ”

X = %{;“)RMW ~ LI525R, ., &)

Ly = it ¢ ] @
[0)] CUQRL,,,A((,,,,)
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2.2. The MRC Coils Design Analysis

Fig. 3 shows the equivalent circuit model for two magnetically
coupled resonant coils. Ly, and Lg, are the inductance of Tx and Rx coils,
respectively. Cryand Cgyare the series capacitors to set the resonant
frequencies of the coils. Rp_r, and Rp_p, are the parasitic resistance of
Tx and Rx resonators, respectively. R, . is the load resistance of the
coupling coil. V; and R; are the source voltage and resistance, respec-
tively. Applying the Kirchhoff voltage law results in the following matrix
equation:

4)-

where the impedance parameters at resonant frequency, wo = 1/
VL1«Crx = 1/+/LrxCryx, can be simplified and expressed as follows:
Zin =R +Rp_p,

Zip =2y = joM
Zyn =Ry . +Rp_p,

Z]]
2y

ZIZ ]l

Zn | | L (8)

©)

where M is the mutual inductance between coils that is related to the
coupling coefficient by [37.38]:
M

k=
VEInLr:

0<k<1 10)

By substituting (9) in (8) and further simplification, the voltage transfer
function (the ratio of Vp__to Vi) can be expressed as the following:

Vo.. iwk/LrLgcR;,_,

Vs @*KLpLg + (Ry+R, . )R .. +R, )

(1)

The power transfer efficiency of coupling coils can be written as [22,23]:

Po

o (2

e = P, .

R,
Vs G— 12)

1/2y2
RL,“,) )
The critical coupling is the other key parameter that is defined as the
coupling coefficient where the impedance matching and the maximum
efficiency take place at the same time. To extract this parameter, the
derivative of (11) is taken with respect to k. Setting the result equal to
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zero and solving for k yield (13) [39]:

R+ Ry )R + Ry )
o ¢ Clnle o

where k. is the critical coupling. At resonant frequency, the input
impedance of the coupling coils (Zj, = Vin/l1 = Vs-Rshi /I1) is simplified
as [23]:

k2L Ly,

Zin oo =Rin ., = R,_ T 14
e o =R e R, . a4

In order to achieve the maximum achievable efficiency, the input
impedance Zi; (=Rin ) should be matched to R;. By substituting (13)
in (14), simplification and regardless of negligible parasitic resistance of
the Tx coil with respect to the source resistance (R, ,, < R;), it is evident
that the matching condition is satisfied at the critical coupling (k.) and
the input impedance equals the source resistance (Z;, , = Ry). It should
be noted that in (14) the load of coupled coils is considered as real form,
R, ., and it is identical to the input resistance of the full-bridge rectifier
(Fig. 1). In [33], it has been demonstrated that selecting higher oper-
ating frequencies (such as 1 MHz and 6.78 MHz) with a wide range of
load resistance in the full-bridge rectifier results in the negative input
reactance and decreased system efficiency. To remove the negative
input reactance, a compensation method such as tuning the series
capacitor at the receiver resonator (Cgy) can be used [33]. At 1 MHz,
after eliminating the negative input reactance of the rectifier, the real
part of its input impedance is almost linearly proportional to the load
resistance. Moreover, when the load resistance is lower than 50 Q, the
negative input reactance of the rectifier is close to zero (Xi, , ~0)
without tuning the series capacitor of receiver coil. Therefore, since the
load resistance of the full-bridge rectifier is considered lower than 50 Q,
the load impedance of the coupled coils is a pure resistor.

2.3. The Matching Network Design Analysis

After the successful design of the high-efficiency ZVS class-E PA with
the optimum output resistance R; ,, as well as the coupling coils with
the input resistance of Ry, ., the two followmg situations occur:

1. Rin, =Ri_ P L this case, the system does not need the matching
network and the Tx coil can be connected directly to the PA output. It
should be noted that this situation happens only when the Tx and Rx
coils are at a certain distance. In this condition, the whole output
power of the PA is transferred to the coupled coils without any
reflection and the system is expected to reach the maximum
efficiency.

2. Rin , # RLPA(OP[J : In this case (which usually takes place in practice),
due to the mismatch, a considerable amount of output power of the
PA is reflected and the system efficiency decreases dramatically. Two
main factors that change R;, , and create the mismatch are the
variation of Tx/Rx coil position and the load value of coupled coils.

In the current study, the methodology used to design the T-type
matching network is to first extract the PA optimum load (R, o, ) as
well as the input impedance of the coupled coils (R, ) for the con51d-
ered separation distances between the Tx/Rx coils. The proper T-type

matching circuit elements are then selected depending on the Ry -
o

value being lower or higher than the R;, , (see more details in subSec-
tion 3.3).

3. Simulation Results
This section deals with the simulation results for each part of the

designed WPT system, i.e. the class-E PA, MRC coils, and the matching
network.
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Table 1
Calculated values of the PA elements from
theory.
Parameter value
RL i 11.5Q
e 1A
Vas 71.24V
Xo 13.29
Cres 1.37 nF
Lres 18.3 yH
Cas 2.53 nF
Lf miny 80 uH

3.1. The Class-E ZVS PA

From (1), by specifying V. and the desired output power of P ,,, the
value of R s> the value of Ry, is calculated. Then, by choosing an
appropriate Q (any value above 5 should suffice [36]) and 5 (here n =
100%) the rest of the circuit parameters can be obtained. For example,
by setting V4. =20V, Py ,, =20 W, fo =1 MHz, = 100% and Q = 10,
the PA circuit parameters are calculated and listed in Table 1.

Fig. 4a depicts the input and output power of the PA as a function of
Ry ,,. It is evident that Py ,, and DC input power Py, cross each other at
11.5 Q, which leads to achieve the maximum efficiency. For the optimal
Ry ,, of 11.5 Q, the value of output power obtained from the analytical
and simulation closely match the initial desired value (20 W). Fig. 4b
plots the efficiency obtained from the analytical and numerical analyses
as a function of Ry ,,. As it can be seen, the maximum efficiency occurs
for R; ,, =11.5Q, which is in close agreement with the calculated value
in Table 1. Furthermore, in a wide range from 5Q to 24Q the system is
able to keep an efficiency as high as 90%. Referring to Fig. 4a, it should
be pointed out that for values much lower than 11.5 Q the enhancement
of the DC input current I, significantly increases the DC input power Py,
which can potentially damage the MOSFET or other elements in prac-
tice. Therefore, applying optimum resistance not only ensures the PA
optimal performance but also satisfies the safety concerns.

Fig. 4c and 4d show the simulated PA characteristics as a function of
the input power P, for the optimum load value R, ,, = 11.5Q. Note that
the power-added efficiency (PAE=Pgrroyu-Prrin/Pg4.), Which takes into
account the input RF power, was also reported [16,40]. As it can be seen,
the PAE reaches its maximum at an input power of 22.5 dBm. The
maximum output power and gain of the PA for that input power are 43.3
dBm and 20.8 dB, respectively.

Fig. 4e displays drain-source voltage Vs for several different values
of Ry ,, and also shows the gate pulse waveform with 50% duty cycle. As
observed, only for R ,, the drain-source voltage V4 becomes zero right
before the transistor turns on satisfying ZVS codition and dV(wt)/d(wt)
= 0 (zero-derivative switching ZDS condition). The simultaneous reali-
zation of these conditions are called the soft-switching or optimum
operation in which the PA has zero switching loss with the highest ef-
ficiency [16]. For other values of Ry ,, the system is in sub-optimum
operation and the switching loss increases significantly [16]. Fig. 4f
depicts the sinusoidal waveforms of the output voltage and current of
the PA for the optimum load.

Since the quality factor of the choke inductor (Qy) impacts the per-
formance of the PA (the higher the quality factor the higher the PA ef-
ficiency), Fig. 5 depicts the PA efficiency as a function of the RF choke
quality factor for various R ,,. As observed, while the maximum effi-
ciency was achieved for the optimum load, the PA efficiency rises with
the increase of the Qf whatever the R; ,,.

Fig. 6a plots the output voltage and current of the PA as a function of
Cgs when R;_,, = 11.5 Q. This figure illustrates the reasonable accuracy
of the analytical method with the simulation model. Fig. 6b shows the
output power of the PA versus Cy. As observed the output power of the

—PA(opt)



A. Fereshtian et al.

1001
_o_PorpA(anaIyticaI)
80 ro Po_, ,(simulation)
E 60 - —D—Pdc(analytical)
g <weeee P (simulation)
& 40 intersection
20
0 | | | | | I
0 5 10 15 20 25 30
RL p‘\(Ohm)
(a)
or e 100
_ 80 Maximum PAE 180
&
> 60 160
o
c
ks
S 40 140
i
20+ 120
0 L I I I I 0
5 10 15 20 25 30 35
Pin (dBm)
(c)
1501 Drain-Source Waveform Gate Waveform
100 b AT ‘nw.-—vﬁ_-—w 10v
_RL,pA:11'50 (analytical) T |
S S0fl...R_,,-1150
% .- RL—PAZSH (analytical)
Z 0fl—o-R_p,=50 i ) 0
—— RLVPA:WQ (analytical) %.13 -\}
_50 | ——R,_p,=179 (simulation) ”'nwf
100 I I I I I I I 10V
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (usec)

()

AEUE - International Journal of Electronics and Communications 137 (2021) 153826

100
80
;\? Ry paopt) — Analytical
= 60F — -Simulation
[9)
c
0
L 40t
i
20
0 | | | | | |
0 5 10 15 20 25 30
Ry_pa(OPM)
(b)
701 150
S
w
<
a
0 I I I I I
10 15 20 25 30 35
Pin (dBm)
(d)
351 48
------- Analytical
25- ---- Simulation
151 Simulation 4
— —— Analytical .
2 5 <
P 0 g
o -5 )
-15 4
-25
-35 : - : -8
0 0.5 1.5 2

Time(usec)

()

Fig. 4. Analytical and simulation results of the ZVS class-E PA. (a) output power and Dc input powe of the PA vs. R ,,; (b) efficiency vs. R ,,; (c) efficiency and
power added efficiency vs. P;, for the optimum load value R ppioms (d) power gain and output power vs. P;, for RL ppiop 3 (€) drain-source voltage waveforms of the

switch for different R; ,,; (f) output voltage and current of the PA for RL_pio -

100

fes]
o

(2]
o

N
o

Efficiency (%)

N
o

oL— | | |

20 40 60 80 100 120 140 160 180 200
Q
f

Fig. 5. The PA efficiency as a function of the RF choke quality factor Q for
various Ry ,,.

PA for C4 = 2.53 nF is close to the initial desired value (i.e. 20 W).

Fig. 7a and 7b display the Vg versus Cy4s (while R; ,, = 11.5 Q) and
Ry ,, (while C4; =2.53 nF), respectively. These figures show that for the
values lower than the optimum one the drain-source voltage rises
dramatically. Therefore, in order to avoid the risk of burning the
MOSFET in practice, a MOSFET with the higher drain-source breakdown
voltage compared to its optimum voltage (here Vgsp) = 73.5 V) has to
be selected.

In order to better understand the role of the duty cycle on the PA
performance, Fig. 8a depicts the efficiency and output power of the PA
with the optimum load for various duty cycles. As observed, the
maximum efficiency was obtained for a duty cycle of 50% due to
satisfying the ZVS and ZDS conditions. Moreover, the simulated output
power at the optimum duty cycle is close to the initially defined value of
20 W. Fig. 8b shows the PA efficiency versus Ry _,, for three different
duty cycle values. As it can be seen, the R;, ,, value corresponding to the
maximum achievable efficiency varies depending on the duty cycle
value; the maximum efficiency was attained only for the R, ,, = 11.5Q
and duty cycle = 50%. For other duty cycles, the PA is unable to reach
the highest efficiency level (due to the sub-optimum operation) even for
the load resistances corresponding to the maximum efficiency.

3.2. The MRC Coils

Fig. 9 shows the real part of the input impedance for the equivalent
circuit model of coupled coils versus coupling coefficient (k) for four
different values of Ry, _, while L1y (=Lgx)=20 pH, Cr,(=Cgrx)=1.26 nF,
Rp .. (=Rp , )=0 (assuming there is no parasitic resistance). In all cases,
it is apparent that when the coupling coefficient increases, the real part
of the input impedance increases significantly, which was previously
verified by Eq. (14). Moreover, the lower R, leads to higher value for
Re(Zj, ). Since both coils are resonant, the imaginary part of input
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impedance is zero, Im(Z;, . )=0.

For a clearer understanding, Fig. 10 illustrates the 3D curves of the
efficiency as a function of frequency and coupling coefficient, where the
source resistance is fixed at 50 Q and three different values of 5 Q (case
1), 50 Q (case 2) and 100 Q (case 3) are considered for the load resis-
tance. In all cases, the maximum efficiency occurs in the critical
coupling point (k.) that is indicated by the red arrow. For coupling co-
efficients higher than the critical coupling point (k> k., so called the
over-coupled state [24]) the frequency splitting occur and the efficiency
significantly decreases at the operating frequency of 1 MHz. On the
other hand, when the coupling coefficient is lower than the critical
coupling point (k< k, so called the under-coupled state [24]) the effi-
ciency begins to drop significantly while no frequency splitting happens.
To sum up, for a fixed R, value of 50 Q, the critical coupling value in-
creases with the increase of the R; _, in line with Eq. (13). Therefore,

—ccd
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Fig. 10. 3D curve of the efficiency as a function of frequency and coupling coefficient for three different R, _ values. (a) case 1: R, =5 Q. (b) case 2: R, . =50 Q.
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Fig. 11. Input reflection coefficient for various coupling coefficients (k) in
case 1.

maximum matching and efficiency are achievable for shorter distances
between the Tx/Rx coils by increasing the Ry, value.
Fig. 11 shows the input reflection coefficient of case 1 (R, , =5 Q)

IS,,I(cB)

50F ——k=0.3 ,
60 I I . I I | I
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(a)

versus frequency for various coupling coefficients. As observed,
maximum matching condition takes place for k=k. = 0.13, which is
identical to the critical coupling point in Fig. 10a. Moreover, for k > k.
the frequency splitting phenomenon gradually appears, whereas for k <
k. the impedance mismatch increases significantly.

Since a constant value for the input resistance was so far considered,
there was therefore no control over the coupling coefficient k. that
maximizes the efficiency. For each arbitrary coupling coefficient, the
maximum efficiency can be achieved to a reasonable extent when the
matching condition is satisfied. In Fig. 12 the input reflection coefficient
and efficiency are plotted for case 1 versus R, for four different coupling
coefficients. As observed, for a higher value of k, a higher R; is needed to
achieve the impedance matching, as can be deduced from Eq. (14).
Moreover, it can be concluded that there exists an exclusive and suitable
R (and vice versa) for every coupling coefficient that leads to the perfect
matching and maximized efficiency. According to the concepts and ex-
amples that have been expressed in this section, the impedance match-
ing for the coupled coils is of uppermost importance to reach the optimal
performance in the overall WPT system.
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N
o

200
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Fig. 12. Simulation results of case 1 (R, , = 5 Q) versus R, for different coupling coefficient (k) values. (a) input reflection coefficient; (b) efficiency.
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Fig. 13. (a) Impedance matching process using Smith chart for the considered cases; T-type matching networks for two states: (b) R;_, <Rs ,(case 1 and 2). (c)

Ry ,>Rs ,,(case 3 and 4).

Table 2
T-matching network lumped elements values for the considered cases when
Rs, =11.5Q.

Ry ,<Rs Ry ,>Rs ,,
Parameter R, =05Q R, ,=5Q R, =20Q Ry, =50Q
case 1 case 2 case 3 case 4
Cy 16.48 nF 10.3 nF 8.47 nF 5.85 nF
Ly, 1.93 uH 7 uH 11 yH 7.47 yH
Ly 7 uH 3.5 uH 3.33 yH 5.88 yH

3.3. The T-type Matching Circuit

The T-type impedance transformation network is shown in Fig. 13.
The goal here is to determine X;,X2, and X3 to ensure the load resistance
of matching network, R; ,,(=Rin_,) well-adapts the source resistance
Rs*M(:RLfPA(,JP[] ). The Smith chart was used to design the matching

network (Fig. 13a), where the load/source resistance are normalized to
Zo = 50 Q (being the characteristic impedance of system). We first as-
sume that RS’M(:RL’PA(upz)) = 11.5 Q (the value obtained from Section

3.1), whereas four different values are considered for R;_,,(=Rin_..) such
as 0.5 Q (case 1), 5 Q (case 2), 20 Q (case 3), 50 Q (case 4). Two con-
ditions, i.e. R; ,,<Rs ,, and R; ,,>Rs ,, were investigated separately. If
R; ,,<Rs ,, to move from the load to source resistance in the chart, we
initially need a series capacitor followed by a parallel inductor and then
a series inductor, as shown in Fig. 13a for case 1 and 2; the relevant
matching network is shown in Fig. 13b. In contrast, if R, ,>Rs ,,, for
moving from the load to source resistance, we need a series inductor,
followed by a parallel inductor and a series capacitor, as shown for case

Table 3
Measured parameters of the experimental WPT system.

Power amplifier Coupling coils Matching netl Matching net2

d=10cm d=25cm
R ,, =9Q Cre = 3.3 10F -
Ly =1mH Ly = 7.7 yH Cy = 25 nF Cy = 65 nF
Cys = 3 1F Crx = 3.3 0F Ly, =1.2uH Ly, = 1.45 uH
Lo = 1.8 uH Lpe = 7.74 yH Ly, =21uH Ly, = 0.46 yH

3 and 4 in the Smith chart with the corresponding matching network in
Fig. 13c.

Table 2 summarizes the calculated values of the lumped elements for
each of the considered cases. Note that the use of L-type matching
network with only two lumped elements limits not only the selection of
the inductor and capacitor with standard values but also the control of
the other criteria such as the circuit quality factor, parasitic effects and
harmonic rejection [30]. T- or ITI-networks with three elements provides
not only more freedom in practice to conveniently choose a wide range
of values for the inductors and capacitors but also leading to wider
matchable regions compared to L-networks [28-30]. Specifically, as
seen in the Smith chart (Fig. 13a), one can easily change the length of the
paths for each of the considered cases, which is a great advantage in
practice for choosing various values of lumped components.

It is worth mentioning that, based on the Smith chart design, to adapt
very low load impedances in the order of a few tenths of ohms to those of
the source in the order of a few ohms, unlike a T-type matching network,
designing a Il-type makes it very challenging to move from the load
towards the source in Smith chart. In other words, selecting a first shunt
element in the II-type would lead to a very small SWR circle radius,
which would ineffectually limit the movement towards the source. That
issue would even get more complicated for the PA load values closer to
the input impedance of the WPT system. As is the case in the current
study, for a large separation distance between the coupled coils (e.g. 25
cm) the input impedance of the 1 MHz WPT system drops off to very low
values (<0.5 Q) whereas the PA optimum load is in the order of few
ohms (9 Q). Hence, inserting a T-type matching circuit is preferred to a
II-type between the WPT system and the PA.

4. Experimental results

In order to experimentally validate what has been presented in
previous sections, the overall WPT system including the class-E PA,
coupling coils, T-type matching network, and the full-bridge rectifier
were implemented.

A low-cost IRF640 MOSFET was used as a switch with the drain-
source voltage breakdown of 200 V. A DSO-2070 oscilloscope and
function generator (DC-70 MHz) was employed to generate a pulse with
50% duty cycle for the MOSFET gate. The output voltage of the gener-
ator was not sufficient to drive the IRF640 MOSFET requiring minimum
10 V. Therefore, an IC gate drive TC4427 was utilized as the MOSFET
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Fig. 14. Measurement setup to demonstrate the class-E PA performance.
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Fig. 15. (a) Simulated and measured results of the output power and efficiency of the PA versus Ry ,,; measured results of the (b) V4 and (c) V, ,, when R ppioy =

9 Q.

driver to supply sufficient gate voltage. Moreover, a variable gate
resistor (1-20 Q) was considered to improve the MOSFET gate voltage
waveform and decrease the switching loss. To assess the PA perfor-
mance, a DC voltage of V4. = 20 V was applied to the MOSFET drain, and
the values of other components were obtained according to the required
output power of P, ,, =25 W, provided thaty_p, = 100% and Q = 5.4.
Note that by applying the theory provided in Section 2.1, the optimum
Ry _,, value is 9.2 Q. The specifications of the implemented circuit for the

class-E PA and other sections are listed in Table 3.

Fig. 14 shows the fabricated experimental setup of the class-E PA to
evaluate its performance individually. In the setup, the Tx coil is utilized
as the resonant circuit. The measured and ADS simulated results of the
efficiency and the output power of the PA were plotted in Fig. 15a as a
function of R;_,,. As observed, the efficiency reaches its maximum with
R; ,, = 9 Q, which is very close to the optimum value obtained from
theory. Moreover, the measured PA maintains a high efficiency level (as
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(b)

Fig. 16. The overall WPT system for two different distances in the presence of the proposed matching networks. (a) with rectifier and distance = 10 cm. (b) without

rectifier and distance = 25 cm.
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Fig. 17. (a) Measured and simulated efficiency as a function separation distances between the Tx/Rx coils in the absence of the matching network at 1 MHz; black
crossed-lines indicate the measured efficiency in presence of the T-network at 10 cm and 25 cm; (b) measured output voltage of the coupled coils with the T-type
matching network and (c) drain-source voltage of the PA for the two considered distances.

high as 90%) for a wide range of different load values from 7 to 16 Q (6
to 14 Q in simulations). Overall, a fairly good agreement was obtained
between the simulated and measured results, especially for the higher
compared to lower values of the load resistance. The latter can be related
to the reduction of the MOSFET stability due to the significant increase
of the DC input current of the PA for lower R ,, values. Fig. 15b and ¢

10

display the measured drain-source voltage and the output voltage of the
PA with Ry, =9 respectively. The RMS value of the output
voltage and power of the PA are 15.25 V and 25.8 W, respectively, being
close to the desired values (15.18V and Py ,, = 25 W). The corre-
sponding efficiency for that load is 96.7%, while the DC input power is
Py = 26.6 W.
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Table 4
State-of-the-art of WPT systems operating at 1 MHz.
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T loils rati ‘
Reference x/Rx Coils Opelatlllg Efficiency Output
type distance power
Spiral o
18 diameter: 15 cm 75 cm 86% 14 W
Circular 11 mW at
2.5t01 11
19] diameter: 10 cm 5 to 10 em < 1% 2.5 cm
Square spiral o
[10] 40 x 40 mm? 5 to 40 mm < 41.2% _
83% at 25 W at
Circular 3 cm 3 cm
11 Up to 20
[11] diameter: 10 cm p 1o 20 ¢ < 5% at <2 W at
> 10 cm > 10 cm
Square plate 90.3% to 9.3 to
12 to 2
12l 921 x 22.1 em? | UP f0 2 mm 99.4% 9.94 W
Cireul < 87% up to
[13] di;auneltrecx%-l ?E} cm Up to 10 em 25 cm S TOW
o 2.5% at 10 cm
18.1 é
Spiral 88% at 10 cm 810 Z\Ifndt
ira,
This work . P Up to 27 cm
diameter: 15 cm 4.1 W at
15% at 25 cm
25 cm

Fig. 16 displays the experimental setup of the overall WPT system for
two different distances. The Tx and Rx coils are identical with 5 turn and
a 4 mm pitch, 15 cm outer diameter and 1.4 mm copper wire diameter.
Plexiglases with a thickness of 5 mm and two wooden stands were used
as the substrate and holders, respectively. In the rectifier part, four
similar low-power-loss SR506 Schottky diodes were used.

In the measurement process, two arbitrary distances of 10 cm and 25
cm were selected between the Tx/Rx coils and the T-type matching
network was implemented only in the Tx part to adapt the input resis-
tance of coupling coils to the optimum PA load. Since the output resis-
tance of the coupling coils Zy, . (i.e. 2.5 Q and 0.9 Q for 10 cm and 25
cm, respectively) were comparable to the chosen load value of 3.3 Q, the
use of the matching network was ignored in the Rx side. This is also valid
for the case with the full-bridge rectifier as its input impedance (i.e.
~ 1.7 Q at 1 MHz according to Fig. 3a in [33]) is close to the selected
load value.

Fig. 17a plots the measured and simulated efficiency (Po . /Pg4.) of
the proposed WPT system in the absence of the rectifier as a function of
distance between the Tx/Rx coils. A reasonably good agreement was
obtained. As observed, the maximum efficiency occurs at 7.5 cm, which
is the distance where the input resistance (seen from the coupling coils)
becomes equal to the optimum resistance of the PA, i.e., Ri» . =Ry, Aopt)
= 9 Q. Hence, at that distance the system reaches the best matching
condition without using any matching network. For other distances
between two coils, the use of the matching network is necessary to in-
crease the overall system efficiency. The efficiency was measured in
presence and absence of the matching network for two arbitrary dis-
tances between the Tx/Rx coils (Fig. 17a). As it can be seen, thanks to
the T-type matching network, the efficiency at those distances was
increased by 33% (from 55% to 88% at 10 cm) and 12% (3% to 15% at
25 cm). Moreover, based on the measured output voltages shown in

Fig. 17b, the AC output power Po (= %), at 10 cm and 25 cm were
18.1 W and 4.1 W, respectively.

It should be noted that the input resistances of the coupling coils
(Rin_,.) for 10 cm and 25 c¢m at the resonant frequency of 1 MHz are 4 Q

11

and 0.2 Q, respectively. For the two considered distances, since the input
resistances of the coupled coils are lower than the Ri priy = 9 the
circuit model of Fig. 13b was selected and implemented as the matching
network. As a showcase to light up a 3 W LED, the output load resistance
was set to R; , = 3.3 Q, and with the AC output power of 4.1 W the
system was able to successfully illuminate the LED at 25 cm distance
(Fig. 16b). Without applying the matching network, the system effi-
ciency was very low and the output power was less than 1 W, not being
sufficient to light up the LED. Fig. 17c shows the measured drain-source
voltage for the two considered distances. By applying the full-bridge
rectifier, while R, = 3.3 Q, the overall efficiency (DC output power) at
10 cm and 25 cm separation distances are 93% (21.9 W) and 21.9% (6.8
W), respectively, where the overall efficiency is defined as (Po ,/Pgc).

The characteristics of the WPT system developed in the current study
were compared to those of the state-of-the-art operating at 1 MHz in
terms of the operating range, efficiency and output power; a summary is
provided in Table 4. As observed, taking into account the system di-
mensions and operating ranges, the transfer efficiency and output power
of the systems decrease with the increase of the distance. However, at
distances comparable to the overall dimensions of the coils the perfor-
mance of the systems developed in the previous works degrades
dramatically. Conversely, the obtained results of the proposed system
demonstrate the suitability to operate at larger distances with fairly
acceptable efficiency and output power levels.

5. Conclusion

A comprehensive design analysis of a 1 MHz WPT system including
the class-E PA, coupling coils, T-type matching network, and the full-
bridge rectifier was presented. The importance of the matching
network in the overall system performance was demonstrated.
Depending on the input resistance of the coupled coils, which is a
function of the distance between Tx/Rx coils and being different from
the optimum load resistance of the PA, a methodology was proposed for
the T-type matching circuit design, where the values for the lumped
elements were extracted from the Smith chart analysis. For validation
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purposes, the class-E PA with cost-effective IRF640 MOSFET transistor
was separately designed and tested, and the complete structure of WPT
system was further implemented showcasing its behavior in presence
and absence of the proposed T-network at 10 cm and 25 cm. A good
agreement was achieved between the analytical and experimental re-
sults. The PA efficiency and output power was measured as high as
96.7% and 25.8 W, respectively, for the optimum load value of 9 Q,
which was closely predicted from the theory. Moreover, it was demon-
strated that the T-network provides 33% and 12% efficiency increase at
10 cm at 25 cm, respectively. The overall DC output power achieved
using a full-bridge rectifier were 21.9 W and 6.8 W at 10 cm and 25 c¢m,
respectively. The working ability of the WPT system was successfully
tested to wirelessly light up a 3 W LED at the 25 cm separation distance
thanks to the proposed matching network strategy. One perspective
would be to store enough energy with a voltage high enough to power
sensors including power management circuits.
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