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Abstract—In this article, a novel 20-MHz high-frequency
high-performance dc–dc resonant converter is analyzed,
which owns the characteristics of soft-switching, low volt-
age stress, and small volume. The numerical analysis is
conducted in time domain and the resonant parameters
can be accurately calculated based on the corresponding
expressions. A full resonant rectifier stage is adopted with-
out using choke inductors, and the value and volume of
inductors can be greatly reduced. A 12-V input, 5 V/5 W
output prototype is proposed in the laboratory and the
experimental results verify the feasibility of the proposed
converter and numerical design methodology.

Index Terms—DC–DC, high-frequency converter, small
volume, soft-switching characteristics.

I. INTRODUCTION

W ITH the fast development of power electronic technol-
ogy, great demands of high efficiency, small volume, and

prediction ability have been put forward for power converters
[1]–[6]. High operating frequency can reduce the necessary
stored energy of passive components within every period, lead-
ing to small value and volume of inductor, transformer, and
electrolytic capacitor. Thus, improving the operating frequency
is the most effective way to reduce power system volume. Also,
with the value reduction of passive components, the parasitic
components are in the similar level of required resonant com-
ponents. Therefore, the parasitic capacitance of semiconductor
devices (switch and diode) can be utilized in high operating
situations [7]–[11].

However, higher operating frequency causes larger switching
loss [12]–[15]. The switches and diodes are expected to operate
in soft-switching mode. Hence, a lot of attention has been paid
to design a high-frequency converter with well soft-switching
characteristics. For tens of MHz dc–dc converters, the typical
structure consists of inverter stage, matching network stage,
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and rectifier stage. Under tens of MHz frequency condition,
the ground-reference switch structure is widely adopted, which
can simplify the driving circuit compared with float switch and
half-bridge structure.

Class E circuit is a typical resonant inverter with well-behaved
soft-switching characteristics. However, the voltage stress of
Class E circuit is quite high, which is around four times the input
voltage [16], [17]. To address this issue, Class Φ2 circuit with a
parallel branch is proposed to reduce voltage stress [18]. In Class
Φ2 circuit, a parallel branch is adopted to adjust the amplitude
of high-order harmonics in order to reshape the voltage across
the switch. In the rectifier stage, according to duality principle,
similar topologies can be adopted to regulate ac components to
constant dc value, such as current-driven Class E rectifier stage
[19]. In the rectifier, diode can be used to replace the switch.
Also, the synchronous rectifier based on switch shows good
performance on low conduction loss, especially for large output
current situation.

However, for the Class Φ2 inverter, because of the complex
resonance during the operating period, expressions of current
and voltage in time domain have not been established. The
characteristics in frequency domain, such as locations of poles,
are adopted to design system parameters [20]–[26]. The approx-
imation in this method leads to the shift of the working point,
resulting in the switching loss and the output error. Since the
abovementioned problems cannot be solved, the choice of pa-
rameters is mainly based on simulation results, which consumes
a lot of time. Thus, the accurate parameter expression calculation
method should be investigated. In addition, the traditionally used
current-driven Class E rectifier uses a choke inductor to provide a
constant inductor current, but the inductance is usually at quite a
high level, which increases the size of the system [27]. Therefore,
it is necessary to redesign the working state of the rectifier and
reduce the inductance by resonating with a capacitor.

Matching network stage is a bridge between the inverter stage
and rectifier stage, which can adjust the equivalent impedance
of rectifier stage to meet the requirement of inverter stage.
Matching network can be divided into isolated one and noniso-
lated one [28], [29]. For isolated matching network, transformer,
especially aircore transformer, is adopted to achieve impedance
adjustment. For nonisolated situation, L-type matching network
is the simplest one and widely adopted in high-frequency dc–dc
converter, which only consists of one inductor and one capac-
itor. It can achieve resistive to resistive transformation at de-
signed operating frequency. However, this matching network is
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Fig. 1. Proposed high-frequency converter based on Class Φ2 inverter, T-type matching network, and Class E rectifier.

difficult to achieve an inductive to resistive transformation when
the rectifier is inductive. Thus, a network with more flexible
transformation ability should be proposed.

In this article, the detailed analytic derivation of Class Φ2

inverter is demonstrated, which provides an accurate model and
parameter design methodology in time domain. A full resonant
rectifier stage is adopted without the use of choke inductors.

Also, the T-type matching network with inductive to resistive
transformation ability is designed. The proposed numerical de-
sign method can help guarantee soft-switching characteristics
of the high-frequency converter. The detailed analysis of Class
Φ2 inverter is depicted in Section II. Section III analyzes the
rectifier and matching network. The driving, control method,
and experimental results of 20-MHz prototype are given in
Section IV. Section V concludes this article.

II. ANALYSIS AND ANALYTICAL DERIVATION

OF CLASS Φ2 INVERTER

The circuit diagram of the proposed converter is shown in
Fig. 1. It consists of a Class Φ2 inverter, a T-type matching
network, and a Class E resonant rectifier. The Class Φ2 inverter
converts the dc component to ac component. Compared with the
Class E inverter, a parallel branch composed of L2F and C2F

is added to resonate with LF , CF , and the poststage equivalent
impedance, thus, the third harmonic can be enhanced and the
second harmonic is suppressed, which effectively reduces the
voltage stress of the switch. The role of the T-type matching
network is to adjust the equivalent input impedance of the
rectifier, in order to meet the output impedance requirement of
inverter stage. The T matching network can adjust the phase and
amplitude simultaneously, which helps to ensure zero voltage
switching (ZVS) characteristics of the switch. The rectifier
regulates the ac component to dc output component, a Class E
resonant rectifier is adopted in this article to guarantee the zero
current switching (ZCS) characteristics of the diode. In previous
researches, the design of high-frequency converters are mostly
based on parametric scanning, which is very time-consuming
and the parameters may not be optimal. Thus, numerical analysis
is adopted in this article to realize the precise parameter design
of the system.

Fig. 2 shows the circuit structure of Class Φ2 inverter, the
voltage stress of the switch can be effectively reduced by har-
monic adjustment. The traditional method to design this inverter
is usually based on frequency-domain analysis and circuit sim-
ulation results, which causes huge time wastage and parameter
errors. Thus, to improve the design speed and accuracy of this

Fig. 2. Diagram of Class Φ2 inverter.

Fig. 3. Waveforms of the inverter.

stage, the numerical method in time domain will be adopted to
realize the theoretical analysis of the inverter.

Fig. 3 shows the current and voltage waveforms of the inverter.
When (1 − D)T ≤ t ≤ T, the switch is in ON state, vLF = Vin,
vL2F + vC2F = 0, that is to say, the inductor LF is charged
by the input voltage source during this period, thus, its voltage
increases linearly. Meanwhile, L2F and C2F resonate in series;
the differential equation for vC2F can be derived as

d2vC2F

dt2
+

1

L2FC2F
vC2F = 0 (1)

and its general solution can be obtained

vC2F = H1cos
t√

L2FC2F

+H2sin
t√

L2FC2F

. (2)
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Considering the existence of parasitic resistance of the reso-
nant components, the resonant current in L2F and C2F series
branch will generate unexpected power losses, reducing the
system efficiency. In fact, compared with Class E inverter,
the L2F and C2F series branch is introduced in Class Φ2

inverter, which resonates with other components, thereby in-
troducing corresponding higher harmonics and reducing the
voltage stress of the switch. In this article, for the purpose of
balancing the voltage stress of the switch and the efficiency
of the system, the series branch is designed to participate in
resonance only during the switch-OFF period, and the series
resonance between L2F and C2F does not occur when the
switch is ON. With this design method, the voltage stress during
the switch-OFF period will still be effectively reduced, and the
additional losses will not be introduced. To ensure that the series
resonance does not occur, the following conditions should be
satisfied: {

vC2F (t)
∣∣
t=(1−D)T = 0

C2F
dvC2F (t)

dt

∣∣
t=(1−D)T = 0

. (3)

Combining (2) and (3), it can be obtained that H1 = H2 =
0, which means that vC2F is always zero during the switch-ON

period, and there is no reactive current in the branch, avoiding
additional losses.

When 0 ≤ t ≤ (1 − D)T, the switch is in OFF state, according
to KCL, the following equation can be obtained:

iin = iCF + iC2F + iR. (4)

The inductor LF of the Class Φ2 inverter operates in resonant
state, so the current iin will flow in positive and negative direc-
tions as Fig. 3 shows. A paralleled capacitor in the input side of
the Class Φ2 inverter is usually used which buffers the energy
and stabilizes the input voltage.

Since the derivatives of these current equations satisfy⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

diin
dt = Vin−vCF

LF

diCF

dt = d
dt

(
CF

dvCF

dt

)
= CF

d2vCF

dt2

diC2F

dt = d
dt

(
C2F

dvC2F

dt

)
= C2F

d2vC2F

dt2

diR
dt = d

dt

(
vCF

Rinv

)
= 1

Rinv

dvCF

dt

(5)

it can be derived that

Vin − vCF

LF
= CF

d2vCF

dt2
+ C2F

d2vC2F

dt2
+

1

Rinv

dvCF

dt
. (6)

Besides, the voltage of CF can be expressed as

vCF = vL2F + vC2F = L2F
diC2F

dt
+ vC2F

= L2FC2F
d2vC2F

dt2
+ vC2F . (7)

Combining (6) and (7), the following differential equation can
be obtained:{

C2F
d2vC2F

dt2 + CF
d2vCF

dt2 + 1
R

dvCF

dt + vCF

LF
= Vin

LF

L2FC2F
d2vC2F

dt2 + vC2F − vCF = 0
(8)

where vF and v2F are the instantaneous voltages of CF and
C2F , respectively. A fourth-order differential equation can be
obtained, according to (8), as follows:

LFCFL2FC2F
d4vC2F

dt4
+

LFCFC2F

R

d3vC2F

dt3

+ (LFC2F + LFCF + L2FC2F )
d2vC2F

dt2

+
LF

R

dvC2F

dt
+ vC2F = Vin. (9)

By introducing a series of intermediate variables (α1, β1,
α2, β2 and coefficients A1, A2, A3, A4, A5), it can help to
express and calculate the circuit resonant parameters. Here, the
roots of the characteristic equation of (9) can be expressed by
(10), and the solution of (9) can be expressed by (11) in the
following:

r1,2 =
α1 ± jβ1

(1−D)T
, r3,4 =

α2 ± jβ2

(1−D)T
(10)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vC2F (t) = e
α1

(1−D)T
t
(
A1cos

β1

(1−D)T t+A2sin
β1

(1−D)T t
)

+ e
α2

(1−D)T
t
(
A3cos

β2

(1−D)T t+A4sin
β2

(1−D)T t
)

+A5 0 ≤ t ≤ (1−D)T

vCF (t) = (α1+α2)(1−D)2T 2

α1(α2
2+β2

2)+α2(α2
1+β2

1)
� d2vC2F

dt2 + vC2F 0 ≤ t

≤ (1−D)T

.

(11)

In the next three paragraphs, the conditions of the system are
found and used to solve the intermediate parameters A1–A5 and
α1, β1, α2, β2.

First, based on previous analysis, since L2F and C2F do
not resonate with each other during the switch-ON period,
vC2F and iC2F are always zero. Thus, it can be known that
vC2F (0) = vC2F (T ) = 0 and iC2F (0) = iC2F (T ) = 0. Taking
iC2F = C2F (dvC2F /dt) into consideration, the following two
conditions can be obtained:{

vC2F (0) = 0
dvC2F

dt |t=0 = 0
. (12)

Meanwhile, for the switch, its voltage vds (vCF ) starts to
change from zero at the moment when S is turned OFF. And
vds resonates to zero and satisfies dvds/dt = 0 when S is just
turned ON, so that the switch can achieve ZVS and zero derivative
voltage switching (ZdVS) characteristics. That is⎧⎪⎨

⎪⎩
vCF (0) = 0

vCF (t)
∣∣
t=(1−D)T = 0

dvCF

dt

∣∣
t=(1−D)T = 0

. (13)

In addition, the input current of the system iin can be expressed
as follows during the ON and OFF period:{
iin (0) = iCF (0) + iC2F (0) + iR (0) = CF

dvCF

dt |t=0

iin ((1−D)T )=[iCF (t) + iC2F (t) + iR (t)]
∣∣
t=(1−D)T =0

(14)
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⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iin (0) = iin (T ) = iin ((1−D)T ) + 1
LF

∫ T

(1−D)T vLF dt

= DTVin

LF

iin ((1−D)T ) = iin (0) +
1

LF

∫ (1−D)T

0 vLF dt

= TVin

LF
− 1

LF

∫ (1−D)T

0 vCF dt

.

(15)

Solving (14) and (15), the following two conditions of the
system can be obtained:{dvCF

dt |t=0 = DTVin

LFCF∫ (1−D)T

0 vCF dt = TVin

. (16)

Substituting the nine condition equations included by (3),
(12), (13), and (16) into (9), the following formula can be
obtained:

M
[
A1 A2 A3 A4

]T
=

(
α2
1 + β2

1

) (
α2
2 + β2

2

)
Vin

1−D

× [
0 0 0 0 0 0 D 1

]T
(17)

where M = [M1 | M2], M1 and M2 satisfy (18) shown at the
bottom of this page. It is also worth noting that there are nine
conditions for (9), so nine equations should be obtained; but as
seen from (17), there are only eight equations. This is because

TABLE I
NUMERICAL SOLUTION OF (16) WHEN D = 0.5

A5 = −A1−A3 according to vC2F (0) = 0, A5 is replaced by
−A1−A3 to reduce the order of the equations and simplify the
form of (17). In fact, (18) is a set of equations about α1, β1,
α2, β2, and A1−A5 synthesized by various conditions. The
appendix shows how to split and solve these variables. By
solving this system of equations numerically in MATLAB, it
can be concluded that α1, β1, α2, and β2 are only determined
by the duty cycle D of the switch and A1–A5 are only determined
by the duty cycle D and the input voltage Vin. When D = 0.5,
the solution of (17) is shown in Table I.

According to the duty cycle D, cycle T, and load R of the in-
verter, by substituting intermediate variables α1, β1, α2, β2 into
(19) shown at the bottom of this page, the resonant parameters
of the inverter can be solved.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

M1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

eα1cosβ1 − 1 eα1sinβ1

α1 β1

eα1 (α1cosβ1 − β1sinβ1) eα1 (α1sinβ1 + α1cosβ1)

α2
1 − β2

1 2α1β1

eα1
[(
α2
1 − β2

1

)
cosβ1 − 2α1β1sinβ1

]
eα1

[
2α1β1cosβ1 +

(
α2
1 − β2

1

)
sinβ1

]
eα1

[
α1

(
α2
1 − 3β2

1

)
cosβ1 − β1

(
3α2

1 − β2
1

)
sinβ1

]
eα1

[
β1

(
3α2

1 − β2
1

)
cosβ1 + α1

(
α2
1 − 3β2

1

)
sinβ1

]
α1

(
α2
1 − 3β2

1

)
β1

(
3α2

1 − β2
1

)
(
α2
2 + β2

2

) [
eα1 (α1 cosβ1 + β1 sinβ1)− α1 −

(
α2
1 + β2

1

)] (
α2
2 + β2

2

)
[eα1 (α1sinβ1 − β1cosβ1) + β1]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

M2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

eα2cosβ2 − 1 eα2sinβ2

α2 β2

ea2 (α2cosβ2 − β2sinβ2) eα2 (α2 sinβ2 + β2 cosβ2)

α2
2 − β2

2 2α2β2

eα2
[(
α2
2 − β2

2

)
cosβ2 − 2α2β2sinβ2

]
eα2

[
2α2β2cosβ2 +

(
α2
2 − β2

2

)
sinβ2

]
eα2

[
α2

(
α2
2 − 3β2

2

)
cosβ2 − β2

(
3α2

2 − β2
2

)
sinβ2

]
eα2

[
β2

(
3α2

2 − β2
2

)
cosβ2 + α2

(
α2
2 − 3β2

2

)
sinβ2

]
α2

(
α2
2 − 3β2

2

)
β2

(
3α2

2 − β2
2

)
(
α2
1 + β2

1

) [
eα2 (α2cosβ2 + β2sinβ2)− α2 −

(
α2
2 + β2

2

)] (
α2
1 + β2

1

)
[eα2 (α2sinβ2 − β2cosβ2) + β2]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(18)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

LF = −2α1

(
α2
2 + β2

2

)
+ 2α2

(
α2
1 + β2

1

)
(α2

1 + β2
1) (α

2
2 + β2

2)
(1−D)TR CF = − (1−D)T

2 (α1 + α2)R

L2F = − 2(α1 + α2)
2 [α1

(
α2
2 + β2

2

)
+ α2

(
α2
1 + β2

1

)]
α1α2

{
(α2

1 + β2
1 − α2

2 − β2
2)

2
+ 4 (α1 + α2) [α1 (α2

2 + β2
2) + α2 (α2

1 + β2
1)]

} (1−D)TR

C2F = −
α1α2

{(
α2
1 + β2

1 − α2
2 − β2

2

)2
+ 4 (α1 + α2)

[
α1

(
α2
2 + β2

2

)
+ α2

(
α2
1 + β2

1

)]}
2 (α1 + α2) [α1 (α2

2 + β2
2) + α2 (α2

1 + β2
1)]

2
R

(1−D)T

(19)
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Fig. 4. Current-driven Class E resonant rectifier.

III. ANALYSIS OF CLASS E RECTIFIER AND

T TYPE MATCHING NETWORK

Fig. 4 shows the circuit of the Class E resonant rectifier
adopted in this article, which is driven by iin(t) = Iinsin(ωt +
ϕ), where Iin, ω, and ϕ represent the current magnitude, angular
frequency, and initial phase angle, respectively. Here, Dd is the
duty cycle of the diode Dr.

In order to simplify the analysis of this stage, we assume that:
1) the output capacitor Co is large enough so the output

voltage Vo has no ripple;
2) all devices are ideal, that is, the forward voltage drop of

the diode and equivalent series resistances (ESRs) of the
passive components are ignored.

The voltage and current waveforms of the rectifier are shown
in Fig. 5; it can be seen that the current of the diode iD can
resonate to zero, achieving ZCS characteristic. When 0 ≤ t ≤
(1−Dd)T , the diode is in OFF state, according to KCL and
KVL, the following differential equation can be obtained:

d2vD
dt2

+
1

LdCd
� vD − ωLdIincos (ωt+ ϕ)− Vo

LdCd
= 0. (20)

Then, the voltage of the diode vD is solved, Equation (21)
shown at the bottom of this page,

where ωd = 1/
√
LdCd. Meanwhile, the current of the induc-

tor Ld is derived as Equation (22) shown at the bottom of this
page.

Because of resonance, the current iLd is bidirectional. During
the analysis of the rectification part, the input part of the rectifier
is represented by a current source. In the complete proposed
topology, the rectifier part follows the inverter and matching
network. Thus, the energy can be drawn from the inverter and

Fig. 5. Waveforms of rectifier.

matching network and can also be returned to the inverter and
matching network.

According to the volt–second balance of the inductor Ld

and the amp–second balance of the capacitor Cd, (23) can be
obtained as follows:{

1
T

∫ T

0 vD (t) dt = Vo

1
T

∫ T

0 iLd (t) dt =
Po

Vo

. (23)

Besides, the diode voltage is zero when t = (1−Dd)T , that
is, vD((1−Dd)T ) = 0. Substituting these three constraints into
(21) and (22), (24) shown at the bottom of next page, can be
easily derived, where Ton = DdT and Toff = (1−Dd)T , Dd

is the conduction ratio of the diode. It can be seen that the
variables of (24) are Cd, ωd, and ϕ; their numerical solution
can be calculated by MATLAB when ω, Po, Vo, Iin, and Dd are
known.

Actually, the change of Iin and Dd can significantly affect
the voltage stress of the diode and the phase angle of the
equivalent input impedance of the rectifier. Fig. 6 shows the
curve of the nominal diode voltage stress VDmax/Vo and the

vD (t) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Iin
Cd

� (ωsinωt− ωdsinωdt) sinϕ+ ω (cosωdt− cosωt) cosϕ

ω2 − ω2
d

− Iin
Cd

� sinωdtsinϕ

ωd
+ Vo (1− cosωdt) , 0 ≤ t ≤ (1−Dd)T

0, (1−Dd)T ≤ t ≤ T

(21)

iLd (t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
ω2cosωdt− ω2

dcosωt
)
sinϕ+ ωωd (sinωdt− sinωt) cosϕ

ω2 − ω2
d

Iin

−VoωdCdsinωdt, 0 ≤ t ≤ (1−Dd)T

iLd ((1−Dd)T )− Voω
2
dCd [t− (1−Dd)T ] , (1−Dd)T ≤ t ≤ T

(22)
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Fig. 6. Relationship between VDmax, Vo, and Dd.

diode ratio Dd, it can be seen that VDmax/Vo increases sharply
as Dd increases, thus resulting in an increasing voltage stress.
During the circuit design process, the input and output voltages
are taken as determined parameters. For the diode, the forward
conduction voltage usually forms a proportional relationship
with the rated voltage. Hence, higher voltage stress leads to
higher diode conduction loss. In addition, for the purpose of
analyzing the input impedance characteristics of the rectifier,
Fourier analysis is performed on (21) to obtain

vD (t) = Vo +

∞∑
n=1

VDnsin (nωt+ ϕn). (25)

Here, the amplitude VDn and the phase angle ϕn of the nth
harmonic satisfy⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

VDn = 2
T

×
√(∫ T

0 vD (t) cos (nωt) dt
)2

+
(∫ T

0 vD (t) sin (nωt) dt
)2

ϕn = arc tan
(∫ T

0 vD (t) cos (nωt) dt

/
∫ T

0 vD (t) sin (nωt) dt
)

.

(26)
Then, the input impedance of the rectifier can be written as

Zrec = (VD1/Iin)∠(ϕn − ϕ).
Fig. 7 shows the relationship between the phase angle ϕrec(=

ϕn − ϕ), Iin, and Dd when Po = 5 W and Vo = 5 V. It can be
seen that ϕrec increases as Iin or Dd increases. According to
Figs. 6 and 7, the selected Iin and Dd should promise moderate

Fig. 7. Relationship between ϕrec, Iin, and Dd.

VDmax and smallϕrec, so that the rectifier can operate efficiently
and reliably. Then, the resonant parameters can be calculated by
MATLAB easily.

Fig. 8 shows the parameter curves ofLd andCd with different
Iin and Dd under the condition of Po = 5 W, Vo = 5 V, and
f = 20 MHz, which provides a reference for the selection of
resonant parameters. Here, the resonant inductor increases as
duty Dd increases, and the resonant capacitor decreases as duty
Dd increases.

In HF and VHF systems, the L matching network, as shown
in Fig. 9, is often used due to its small number of components,
simple structure and high efficiency. In the original design, this
article intended to adopt this network to transfer the equivalent
input impedance of the rectifier Zrec to a pure resistor Rinv

at the switching frequency, so that the system can meet its
power requirement and the switch can operate in soft-switching
condition.

The rectifier is inductive at the switching frequency, and its
input impedance can be represented by Zrec = Rrec + jXrec. The
impedance after transforming through the matching network is
expected to satisfyZinv = Rinv = V 2

DS1/(2Po), where VDS1 is
the amplitude of the fundamental component of vDS (the output
voltage of Class Φ2 inverter). The expression of Zinv can be
calculated as

Zinv =
s2LSCSZrec + sLS + Zrec

s2LSCS + sCSZrec
. (27)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Iin
Cd

[
(ωsinωToff−ωdsinωdToff )sinϕ+ω(cosωdToff−cosωToff)cosϕ

ω2−ω2
d

− sinωdToffsinϕ
ωd

]
+ Vo (1− cosωdToff) = 0

Iin
(ω2−ω2

d)ωdCd
[ωd (cosωdToff − cosωToff) sinϕ+ (ωsinωdToff − ωdsinωToff) cosϕ]

− Iin(1−cosωdToff )sinϕ
ω2

dCd
+ Vo(ωdToff−sinωdToff )

ωd
= TVo

Iin
ω

[
(ω2

dcosωToff−ω2cosωdToff) cosϕ
ω2−ω2

d
+

(ω3 sinωdToff−ω3
dsinωToff)sinϕ

ωd(ω2−ω2
d)

+ cosϕ

]
− VoCd

(
1− cosωdToff +

ω2
dT

2
on

2

)
+Ton

[
(ω2cosωdToff−ω2

dcosωToff)sinϕ+ωd(ωsinωdToff−ωdsinωToff)cosϕ

ω2−ω2
d

Iin − VoωdCdsinωdToff

]
= TPo

Vo

(24)
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Fig. 8. Parameter curves of Ld and Cd. (a) Relationship between Ld,
Iin, and Dd . (b) Relationship between Cd, Iin, and Dd.

Fig. 9. Circuit of L matching network.

Substituting Zrec = Rrec + jXrec and s = jω into the above
formula, and letting Zinv = Rinv, the parameters of this stage are
calculated as⎧⎪⎪⎨
⎪⎪⎩
LS =

XrecRinv +
√

RrecRinv (R2
rec +X2

rec −RrecRinv)

ω (Rrec −Rinv)

CS =
1

ω

√
Rrec

Rinv(R2
rec+X2

rec−RrecRinv)

.

(28)
It can be seen that the following conditions should be satisfied

in order to ensure the realization of the inductive to resistive
transformation:{

Rrec −Rinv > 0

R2
rec +X2

rec −RrecRinv > 0
. (29)

Fig. 10. Circuit of T matching network.

However, the matching network usually adopts to achieve
high to low transferring. For prototype specs in Section IV, the
impedance can be calculated as Zrec ≈ 5 + j2.5 Ω and Rinv ≈
23 Ω. Equation (29) cannot be satisfied, thus, the L matching
network cannot be used in this article.

To solve this problem, this article considers adding a capacitor
to the L matching network to form a T matching network, as
shown in Fig. 10. Now, the expression of Zinv can be calculated
as

Zinv =

s3LMCM1CM2Zrec + s2LM (CM1+CM2) + sCM2Zrec + 1

s3LMCM1CM2 + s2CM1CM2Zrec + sCM1
.

(30)

Using the same method, the parameters of T matching net-
work are calculated as⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

CM1 = CM2

=

√
Rrec

[
X2

rec + (Rinv −Rrec)
2
]
/Rinv −Xrec

ω (RrecRinv −X2
rec −R2

rec)

LM =
1

ω2CM1
− RinvXrec

ω (Rinv −Rrec)

(31)

and to realize the inductive to resistive transformation, the
relationship between Rinv, Rrec, and Xrec should satisfy{

Rrec −Rinv < 0

R2
rec +X2

rec −RrecRinv �= 0
. (32)

It can be easily found that (32) is true with a wide range. For
the prototype, when Zrec ≈ 5 + j2.5 Ω and Rinv ≈ 23 Ω, it can
be calculated that the T matching network can meet the system
requirements.

It can be seen that in the proposed circuit, three inductors
are used. One major concern is the variation of the inductance.
Taken the most serious 5% variation of inductor in matching
network, for example, the transferred impedance amplitude
variation is within 8%, and the impedance angle variation is
within 3.5°. Under this variation condition, the soft-switching
characteristics of the inverter are almost unchanged, which is
verified by simulation. Similar conclusions can also be obtained
for the other two inductors. Besides, the T-type network can be
removed when the rectifier equivalent impedance is the same
as the required inverter impedance at certain input/output specs.
Thus, passive components can be reduced.
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Fig. 11. Diagram of control and driving signal.

Based on the abovementioned analysis, the design step of the
proposed converter can be summarized as follows. For the con-
verter with specified input/output and frequency requirement,
the design procedure is from rectifier stage, to matching network
stage, and finally, inverter stage. The diode duty cycleDd should
be determined by considering the voltage stress and circuit loss.
Usually, a moderate diode duty cycle is selected around 0.5.
Under certain Dd, the equivalent impedance of rectifier stage
can be obtained. To match up with the required impedance of
inverter stage, the parameters of T-type matching network can
be calculated by (31). Finally, the inductance and capacitance
parameters of the Class Φ2 inverter can be calculated by (19)
with obtained α1, β1, α2, β2, and A1–A5.

IV. EXPERIMENTAL RESULTS

A 20-MHz, 5 V/5 W with 12 V input voltage prototype is built
based on the proposed topology and design method, which helps
to verify the feasibility and correctness of the abovementioned
design method.

In the prototype, the control circuit regulates the voltage and
power through a low-frequency signal as Fig. 11 shows. By ad-
justing the duty cycle of the pulsewidth modulation (PWM) En-
able control signal, the effective operating time can be changed,
and the total power of the converter is divided into two parts, as

PO = PonDE + Poff(1−DE). (33)

Since the output power Poff = 0 at OFF state and Pon remains
unchanged at ON state, the total output power PO is only related
to DE . The output voltage can be controlled by adjusting the
duty cycle DE of the low-frequency signal.

To keep a constant voltage, when the output power decreases
from rated power PO_R to light power PO_L, the duty cycle of
PWM Enable signal changes from 1 toDE . Then, the equivalent
average power Pon during the ON stage can be calculated as

Pon =
PO_L

DE
=

PO_RDE

DE
= PO_R. (34)

From the above equation, it can be seen that in light load
operation mode, the equivalent power and voltage seen by the
converter does not change under the PWM ON/OFF control (burst
fire control) strategy. Thus, with the same output voltage and
switching frequency, the switch can maintain soft-switching
characteristics under this control method.

Fig. 12 shows the implementation of the driving and con-
trol circuit in the prototype. The high-frequency signal and

Fig. 12. Driving and control circuit of the converter.

Fig. 13. Prototype of proposed topology.

TABLE II
EXPERIMENTAL PARAMETERS OF THE PROTOTYPE

low-frequency Enable signal are combined by a NAND gate,
and several paralleled inverters are used to enhance the driving
ability. When the operating frequency is at tens of MHz, the
resonance of the input parasitic capacitance of the switch can be
used in the drive circuit to achieve the purpose of reducing drive
loss [30]. In the prototype inductor, LG resonates with parasitic
capacitor Ciss, and the driving voltage is in sinusoidal form.

As shown in Fig. 13, the prototype occupies an area of 1.3
× 5.4 cm2 and its vertical height is 0.7 cm. The experimental
parameters of this system are given in Table II. DPO4014B
(Tektronix) is used as the oscilloscope in the experiment, the
voltage probe is P6139A (Tektronix), and the voltage source is
DP832A (RIGOL).

The waveforms of the prototype under rated working condi-
tion are shown in Figs. 14–16. Fig. 14 shows the waveform of
the drain-source voltage of the switch vds. It can be seen that the
switch achieves ZVS characteristics very well and the amplitude
of vds is about 32 V, only 2.67 times the input voltage.

Fig. 15 shows the waveform of vC2F , which is generally
consistent with the analysis result. However, due to the parasitic
inductance of printed circuit board (PCB) layout and passive
component (inductance/capacitor) deviation, there are some dis-
tortions from the ideal ones.

Fig. 16 shows the waveform of the diode voltage; the voltage
stress of the diode is about four times the output voltage and the
conduction ratio of the diode is 0.5, which is in good agreement
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Fig. 14. Experimental waveform of vds.

Fig. 15. Experimental waveforms of vC2F .

Fig. 16. Experimental waveform of diode.

with the abovementioned theoretical analysis. Fig. 17 shows the
waveform of the output voltage.

Constant output voltage under different load conditions can
be realized by ON–OFF control, the waveforms of the prototype
under ON–OFF control is shown in Figs. 18 and 19. Fig. 18
shows the waveform of vds, and Fig. 19 shows the waveform of
vC2F , illustrating closed-loop performance and soft-switching
characteristics of the system.

Fig. 20 shows the efficiency curve of the system under
different loads. It can be seen that the efficiency of the system
is higher than 80% under different loads, and the highest
efficiency is around 82% in the vicinity of rated output power.

Fig. 17. Waveform of vO .

Fig. 18. Waveform of vds under ON–OFF control.

Fig. 19. Waveform of vC2F under ON–OFF control.

Fig. 20. Efficiency curve of the system under different loads.
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The proposed converter has also been tested under higher power,
the efficiency begins to reduce when the power is higher. If the
current is further increased, the inductor and diode should be
reselected to reduce the conduction loss, and the synchronous
rectification may be adopted.

V. CONCLUSION

This article analyzed a 20-MHz high-performance dc–dc res-
onant converter. In this article, the proposed numerical method
was used to analyze the working mode of the circuit in time do-
main, and the resonant parameters can be accurately calculated.
A small resonant inductor was used in the rectifier, rather than
a choke inductor, which can reduce the size and help to achieve
soft-switching. A 20-MHz, 5 V/5 W with 12 V input voltage
prototype was built to verify the feasibility and correctness of
the proposed design method. The switch kept low voltage stress
characteristics and ZVS characteristics. The system efficiency
was about 82% at rated output power.

APPENDIX

There are eight equations in (17), and the number of unknowns
is exactly eight, so the equations can be solved. In order to obtain
the specific values of the eight intermediate variables, we first
divide α1, α2, β1, β2, and A1–A4 into two groups, that is, when
solving A1–A4, we take α1, α2, β1, and β2 as known variables,
then, (17) can be regarded as an eighth-order nonhomogeneous
linear system of equations for A1, A2, A3, and A4. According to
the method of solving linear equations mathematically, if there
is a unique solution for A1, A2, A3, A4, the rank of the coefficient
matrix M and the augmented matrix MAU should be four. Since
M is an 8 × 4 matrix, its rank is determined to be four. MAU is
shown in (A1), and mxy is the element of the xth row and yth
column of the matrix M. For MAU, in order to make the rank
to be four, its fifth-order subforms should be zero. According to
these requirements, (A2) can be obtained for α1, α2, β1, and β2

as in the following:

MAU =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m11 m12 m13 m14 0

m21 m22 m23 m24 0

m31 m32 m33 m34 0

m41 m42 m43 m44 0

m51 m52 m53 m54 0

m61 m62 m63 m64 0

m71 m72 m73 m74
(α2

1+β2
1)(α2

2+β2
2)Vin

1−D D

m81 m82 m83 m84
(α2

1+β2
1)(α2

2+β2
2)Vin

1−D

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A1)⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

m34P −m31P1 −m32P2 −m33P3 = 0

m44P −m41P1 −m42P2 −m43P3 = 0

m64P −m61P1 −m62P2 −m63P3 = 0

(Dm84 −m74)P − (Dm81 −m71)P1

− (Dm82 −m72)P2 − (Dm83 −m73)P3 = 0

(A2)

TABLE III
NUMERICAL SOLUTIONS OF (A1)

where the matrices P, P1, P2, and P3 are

P =

⎡
⎢⎣
m11 m12 m13

m21 m22 m23

m51 m52 m53

⎤
⎥⎦ P1 =

⎡
⎢⎣
m14 m12 m13

m24 m22 m23

m54 m52 m53

⎤
⎥⎦

P2 =

⎡
⎢⎣
m11 m14 m13

m21 m24 m23

m51 m54 m53

⎤
⎥⎦ P3 =

⎡
⎢⎣
m11 m12 m14

m21 m22 m24

m51 m52 m54

⎤
⎥⎦ .

By solving (A2), the values of α1, α2, β1, and β2 can be
obtained. Then, (17) can be simplified as (A3); taking α1, α2,
β1, and β2 into (A3), A1–A4 can be calculated easily⎡

⎢⎢⎢⎢⎣
m31 m32 m33 m34

m41 m42 m43 m44

m61 m62 m63 m64

m81 m82 m83 m84

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
A1

A2

A3

A4

⎤
⎥⎥⎥⎥⎦

=

(
α2
1 + β2

1

) (
α2
2 + β2

2

)
Vin

1−D

⎡
⎢⎢⎢⎢⎣
0

0

0

1

⎤
⎥⎥⎥⎥⎦ . (A3)

It can be seen from (A2) that the solutions of α1, α2, β1,
and β2 are only related to the duty cycle D of the switch. Due
to the complexity of (A2), its algebraic solution is difficult to
find. Luckily, the numerical solution with higher precision can
be easily obtained by MATLAB, and can meet the requirements
of practical engineering. The numerical solutions of (A2) with
different duty cycles are given in Table III.

Then, the unknowns A1, A2, A3, and A4 in (17) can be
expressed as⎡

⎢⎢⎢⎢⎣
A1

A2

A3

A4

⎤
⎥⎥⎥⎥⎦ =

(
α2
1 + β2

1

) (
α2
2 + β2

2

)
Vin

1−D

×

⎡
⎢⎢⎢⎢⎣
m31 m32 m33 m34

m41 m42 m43 m44

m61 m62 m63 m64

m81 m82 m83 m84

⎤
⎥⎥⎥⎥⎦

−1 ⎡
⎢⎢⎢⎢⎣
0

0

0

1

⎤
⎥⎥⎥⎥⎦ . (A4)
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