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Abstract—This paper proposes a 20 MHz low-profile
dc–dc converter with magnetic-free characteristics based
on aircore planar inductors. The switch and diode of the
proposed converter operate in soft-switching modes, which
significantly reduces the switching loss. Furthermore, the
parasitic capacitances are taken as part of corresponding
resonant capacitors. A high-performance aircore inductor
with a variable width and an optimal connecting angle is an-
alyzed. The optimal parameters design method to achieve
minimum winding resistance is derived in detail. The res-
onant driving method is adopted to reduce driving loss in
a high-frequency condition. A 20 MHz prototype is built to
verify the feasibility of the proposed converter.

Index Terms—High frequency, low profile, magnetic-free.

I. INTRODUCTION

W ITH THE development of power electronic systems and
power devices, advanced topologies, control methods,

and high-frequency converters have begun attracting a lot of
attention, aiming for a higher power density, lighter weight,
and higher efficiency [1]–[8]. For instance, light-emitting diode
(LED) has become one of the mainstream lighting sources be-
cause of their long lifetime and high efficacy. LED drivers are
expected to be small in volume and have a low profile to achieve
the desired flexibility and aesthetics as suitable to the fields, such
as automotive lighting, indoor lighting, and aerospace lighting
[9]–[15].

Many research works have been performed to identify the
suitable converters and topologies of dc–dc systems. For non-
isolated situations, boost converter, Cuk converter, and single
ended primary inductor converter (SEPIC) converter are popular
candidates. In [13], a Cuk converter with zero voltage switch-
ing (ZVS) soft-switching characteristics is proposed. However,
extra switch and passive components are added. In [14], a mod-
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ified SEPIC converter with enhanced voltage conversion ability
is proposed. Its limitation is that it cannot operate in a soft-
switching condition. The converters mentioned above usually
operate at frequencies of around hundreds of kilohertz, and the
system volumes and weights are mostly restricted by the mag-
netic components and electrolytic capacitors. As a result, they
are not found suitable to be adopted in weight/volume sensitive
situations.

To reduce the volume and weight of a power conversion sys-
tem, the most effective approach is to promote the operating
frequency. In high-frequency conditions, energy stored in the
passive components during every period is very small. This re-
sults in a significant reduction in capacitance and inductance
[16]–[27]. With a smaller inductance, the magnetic core can be
avoided and aircore inductors can be used. For aircore inductors,
the copper tracks on a printed circuit board (PCB) can be used
as windings [28]–[33]. It can help to reduce the system profile,
and make the system more compact and flexible. Furthermore,
absence of a magnetic core significantly reduces the mass of
inductors. In addition, the electrolytic capacitors can also be
avoided to further reduce volume, weight and extend the lifes-
pan. In high-frequency conditions, ceramic capacitors of NP0
or C0G with high performance can be adopted by leveraging
the small energy transmission within each period.

There are limitations of frequency promotion, such as great
switching loss, large winding loss, and parasitic component in-
terference. In such high switching frequency conditions, the
most challenging aspect is the high switching loss. Hence, the
soft-switching operating mode of switch and diode is expected to
reduce switching loss. In high-frequency conditions, the switch
output capacitance and diode junction capacitance are at the
comparable levels with the necessary resonant capacitors. Thus,
these parasitic capacitances significantly impact system operat-
ing status and must be taken into consideration within design
procedure [17]. An effective way to deal with these parasitic
capacitances is to propose a suitable topology in which they
can be a part of resonant capacitors. Taking advantage of the
absorption, the value of discrete resonant capacitors can also
be reduced. Besides semiconductor loss, the loss of inductor or
transformer is also severe. Without core loss, the reduction of
aircore magnetic component loss must start from optimizing the
winding structure to achieve a smaller copper loss.

To solve the aforementioned problems, an advanced topology
suitable for operating under high-frequency condition should be
investigated. This paper proposes a 20 MHz dc–dc converter
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Fig. 1. Topology of the proposed dc–dc converter for LED driving
system.

along with the demonstration of the detailed design method of
the proposed high-frequency system with soft switching modes
of the switch and diode. This paper involves usage of aircore
planar inductors with an optimal winding structure to reduce the
winding loss. For the proposed dc–dc converter, the profile is
greatly reduced, and the power density is greatly improved. The
prototype adopts a pulsewidth modulation (PWM) type ON/OFF

control method that modulates the effective operating time of the
high-frequency signal. Its objective is to address the difficulty
in adjusting the operating frequency or duty cycle in such a high
frequency operating condition.

The paper is divided into five sections. Following the intro-
duction in Section I, Section II includes the analysis of the cir-
cuit topology and system design method of the high frequency
converter. Section III presents the optimal winding structure of
aircore planar inductor by calculating the inductance and re-
sistance in detail. In Section IV, the 20 MHz prototype with
resonant driving method and ON/OFF control method is built and
the experimental waveforms are given. Section V concludes this
paper.

II. ANALYSIS AND DESIGN OF THE PROPOSED CONVERTER

A. Working Principle of the Converter

Fig. 1 shows the topology of the proposed converter. Here,
LED is taken as an example of the load. When the load is resistor
in other applications, the circuit can be designed with the same
methodology by simplifying the load to a pure resistor. The
converter comprises three stages, viz., inverter stage, matching
network stage, and rectifier stage. The inverter stage transfers
the dc component into a high frequency ac component and the
rectifier stage regulates the ac component into the dc output
voltage. The matching network stage is adopted to adjust the
equivalent impedance of the rectifier stage. Inductor Lrec rep-
resents the paralleled inductance of two inductors in matching
network and rectifier stage, respectively.

The design starts from the rectifier stage. Once the rectifier
stage is determined, it can be approximately represented by a
certain impedance from a fundamental component perspective.
Thereafter, the inverter stage and matching network stage can
be designed based on a simpler equivalent model.

The diagram of the rectifier stage is shown in Fig. 2. To
simplify the design procedure of the rectifier stage, the forward
conduction voltage of the diode is ignored. The diode junction
capacitance is absorbed by the resonant capacitor Cr . Input cur-

Fig. 2. Circuit of rectifier stage with LED as load.

rent of the rectifier stage can be approximately represented by
a sinusoidal current source iS (t) = IINsin(ωt + ϕ). For better
accuracy, the Norton model will be adopted in the future work.
The operating modes of the rectifier can be divided into two
periods; during 0 < t < (1 – D) T, the diode is OFF and during
(1 – D) T < t < T, the diode is ON. Here, T is the operating
period and D is the diode duty ratio (diode ON-time divided by
period T ).

When diode is OFF, based on Kirchhoff’s voltage law, the
voltage uC across the diode can be represented by

d2uC (t)
dt2

+
uC (t)
LrCr

=
diS (t)
Crdt

− VLED + IO RLED

LrCr
(1)

where VLED represents voltage drop and RLED is the equivalent
resistance. To reduce switching loss, the zero-current switching
characteristics is expected, thus, the boundary conditions of (1)
can be obtained

⎧
⎨

⎩

uC (t) |t=0 = uC (t)
∣
∣
t=(1−D )T = 0

iC (t) |t=0 = Cr
duC (t)

dt

∣
∣
∣
t=0

= 0
. (2)

Substituting (2) into (1), uC can be obtained as (3) shown
when 0 ≤ t < (1 − D)T . The voltage of diode is zero when
diode is on during (1 − D)T ≤ t ≤ T

uC (t) =
(

VLED + IO RLED − IINωLr

1 − ω2/ωr
2 cosϕ

)

cos (ωr t)

+
IINωLr

1 − ω2/ωr
2 cos (ωt + ϕ) − (VLED + IO RLED)

(3)

where ωr = 1/
√

LrCr .
Furthermore, the following equations can be obtained:

(VLED + IO RLED) [cos (ωr (1 − D) T ) − 1] +
IINωLr

1 − ω2/ωr
2

× cos ϕ cos (ωDT ) =
IINωLr

1 − ω2/ωr
2 cos ϕ

× cos (ωr (1 − D) T ) (4)

sin ϕ = 0. (5)

Then, during the diode turn-OFF and turn-ON procedures,
the current of inductor can be represented by the following
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equations:

iL,off (t) = IIN sin (ωt + ϕ) +
IINωLr

1 − ω2/ωr
2 Crω sin (ωt + ϕ)

+
(

VLED + IO RLED − IINωLr

1 − ω2/ωr
2 cos ϕ

)

× Crωr sin (ωr t) (6)

iL,on (t) = iL,off (t)
∣
∣
t=(1−D )T +

VLED + IO RLED

Lr

× [t − (1 − D) T ] . (7)

During one period, according to the voltage seconds balance
rule of inductor and the current seconds balance rule of capaci-
tor, the following equations can be obtained:

(

VLED + IO RLED − IIN ωLr

1 − ω2/ωr
2 cos ϕ

)
1
ωr

× sin (ωr (1 − D) T )

+ (VLED + IO RLED) DT − IINLr

1 − ω2/ωr
2

× sin (ωDT ) cos ϕ = 0 (8)

IIN

ω
cos ϕ [1 − cos (ωDT )] − (VLED + IO RLED) D2T 2

2Lr

+ IO T = 0. (9)

From the above analysis, it can be seen that there are nine
parameters among (4), (5), (8), and (9), namely IO , VLED , RLED ,
IIN , ω, Lr , Cr , and D, ϕ. Once the load parameters, operating
frequency and diode duty cycle are determined, the other four
parameters can be calculated. The expressions of Lr and IIN are
shown as follows:

Lr =
[
K
(
1−ω2/ωr

2
)
(1−cos (2πD))+2π2D2

]
(VLED +IO RLED)

2πωIO

(10)

IIN=
2πK

(
1 − ω2/ωr

2
)
IO

[K (1 − ω2/ωr
2) (1 − cos (2πD)) + 2π2D2 ] cos ϕ

.

(11)

According to (4), (5), (8), and (12), K is defined as (12) shown,
which is related with diode duty cycle D

K=
sin

(
2π ωr

ω (1 − D)
)

+ 2πD ωr

ω

sin
(
2π ωr

ω (1 − D)
)

+ ωr

ω sin (2πD)
. (12)

B. Design of System Parameters

Based on above equations, a prototype with 12 V input voltage
and 0.33 A constant output current is taken as an example to
analyze the proposed topology. The operating frequency is set
to be 20 MHz. Under above system specifications, the resonant
inductor and capacitor value can be calculated as illustrated in
Figs. 3 and 4, respectively. From Fig. 3, it can be seen that

Fig. 3. Curve of resonant inductor in different load and duty cycle
conditions. (Constant parameters: f = 20 MHz, IO = 0.33 A).

Fig. 4. Curve of resonant capacitor in different load and duty cycle
conditions.(Constant parameters: f = 20 MHz, IO = 0.33 A).

for a certain output power, the inductance forms a proportional
relationship with the duty cycle. On the other hand, with the
same duty cycle, the inductance increases in larger output power
condition. For capacitance, the curves in Fig. 4 show an opposite
conclusion as the inductance. It can be concluded from these
two figures that a smaller duty cycle is expected in the system,
because large duty cycle needs large inductance, which increases
the volume and loss. Meanwhile, small capacitance puts a strict
requirement for the parasitic capacitance of diode.

Fig. 5 shows the curves depicting inductance Lr in various
output current and power conditions. The operating frequency
and duty cycle keep in a constant value. It can be observed that
the inductance decreases with the increment in output current
IO . It means that in the same output power condition, large out-
put current is conducive to reduce the value of Lr , but larger
current leads to more conduction loss. Furthermore, the induc-
tance increases with the increment in output power in a constant
IO condition. Fig. 6 shows the curves of inductor Lr in various
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Fig. 5. Curves of inductor Lr in various output current and power
conditions.(Constant parameters: f = 20 MHz, D = 0.3).

Fig. 6. Curves of inductor Lr in different RLED and VLED /Io condi-
tions. (Constant parameters: f = 20 MHz, D = 0.3).

load conditions. It can be seen that the value of inductor Lr

forms a proportional relationship with the equivalent resistance
RLED . Furthermore, the value of Lr forms a proportional rela-
tionship with the ratio between the forward conduction voltage
VLED and current Io .

Meanwhile, the effects of parameter variations should be
taken into consideration. As shown in Fig. 7, a frequency varia-
tion of –10% leads to approximately 11% larger resonant induc-
tors. On the other hand, a frequency variation of +10% leads
to approximately 9% inductance discernment. The capacitance
under frequency variations shows the same result as that of the
inductance.

Fig. 8 shows the inductance curves under VLED variation
conditions, where the reference forward voltage is around
2.8 V. With a voltage variation of –10%, inductance reduced
by 9%. On the other hand, an increment of +10% to the volt-
age also results in approximately 9% increase in inductance
above the original value. Because of the unchanged operating
frequency, the capacitance performs an opposite trend as that

Fig. 7. Inductance curves under frequency variation conditions. (Con-
stant parameters: PO = 9 W, IO = 0.33 A).

Fig. 8. Inductance curves under voltage VLED variation condi-
tions.(Constant parameters: f = 20 MHz, RLED = 0.5 Ω, IO = 0.33 A).

of inductance. The variation of resistance RLED has the same
effect as that of voltage VLED .

Another very important property of the rectifier stage is the
diode voltage stress. According to (3), the diode normalized
voltage stress can be represented by the following equation:

UC,n = UC−max/VO = max (|(1 − K) cos (ωr t)

+Kcos (ωt) − 1|) . (13)

Fig. 9 shows the curves of the normalized diode voltage stress
in various duty cycle conditions. It can be seen that small duty
cycle helps to reduce the diode voltage stress. With a certain
duty cycle, the inductance and capacitance can be calculated in
a certain load condition. Then, the equivalent impedance of the
rectifier stage can be approximately calculated based on the ratio
between the fundamental voltage and the fundamental current.

Fig. 10 shows the topology equivalent circuit of the inverter
and matching network stages. The equivalent resistance of the
rectifier stage is represented by ZR . The matching network is
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Fig. 9. Curve of normalized diode voltage stress in different D
conditions.

Fig. 10. Topology equivalent circuit including inverter and matching
network.

composed of CS and LS . With the help of the matching network,
the rectifier impedance ZR can be adjusted to ZL with two
components’ values shown in (14), to meet the output power
requirement. Here, ZL can be estimated by ZL = V 2

DS /Po

⎧
⎨

⎩

Ls = ZR

ω

√
ZL

ZR −ZL

Cs = 1
ω
√

ZL (ZR −ZL )

. (14)

For the inverter stage, the current and voltage waveforms are
shown in Fig. 11. The switch duty cycle is defined to be Ds . The
operating mode of the inverter stage can be generally divided
into two parts: when the switch turns-OFF at t = 0, the inductor
and capacitor begin to resonate and voltage across the switch is
larger than zero. At t = (1 − Ds)T the switch voltage resonates
back to zero, and this mode ends; then the switch turns-ON at
t = (1 − Ds)T with ZVS soft-switching characteristics. This
mode ends at time t = T and repeats again. When 0 < t <
(1 − Ds)T , the switch is OFF. The voltage across the switch can
be represented by the following equation:

d2uC

dt2
+

1
ZLCF

duC

dt
+

1
LF CF

uC =
VIN

LF CF
. (15)

The switch is expected to operate in ZVS when the switch
turns-ON. Thus, the initial condition can be represented by the

Fig. 11. Main current and voltage waveforms of the inverter stage.

following equation:
{

uC (0) = 0

uC ((1 − Ds)T ) = 0
. (16)

Furthermore, one extra formula can be obtained by induc-
tor volt-second balance principle. With a certain operating
frequency and switch duty cycle, substituting these boundary
conditions into (15), the relationship between the resonant
frequency and operating frequency can be calculated. Usually,
when the duty cycle is around 0.3 to 0.6, the frequency ratio
between the resonant frequency and operating frequency is
approximately 1.4 to 2. In addition, the impedance is expected
to be inductive and with a phase angle θ around 30° to 60°. The
phase angle forms a relationship with impedance parameters as
shown in the following equation:

tan (θ) =
ZL

ωLF
− CF ωZL. (17)

Fig. 12 shows the impedance angle curves in various res-
onant inductor and capacitor conditions. It is evident that the
impedance angle forms an almost proportional relationship with
the value of CF and an inversely proportional relationship with
LF . Based on the above calculation results, the final values can
be obtained by slightly tuning parameters through simulation
considering the effect of high-order harmonics.

III. ANALYSIS AND DESIGN OF OPTIMAL

WINDING STRUCTURE

With small inductance in high frequency, the aircore inductors
without magnetic core can be adopted. These inductors can
be divided into several different categories, such as solenoid
inductors and planar inductors. Commercial aircore inductors
are usually in solenoid form that takes some vertical space of
the system. For planar inductors, the copper tracks on PCB
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Fig. 12. Impedance angle curves with different inductor LF and
capacitor CF .

Fig. 13. Diagram of the variable width winding structure.

can be used as the windings. As a result, the aircore planar
inductors do not take extra vertical space. In this paper, aircore
planar inductors are chosen to reduce the system profile. There
are many different winding shapes of planar inductors, such as
square, hexagonal, and circular [29]. Among the several winding
shapes, circular winding is the most widely used one. In high-
frequency conditions, the winding resistance greatly increases.
The variable width winding structure with wider tracks in the
outer side shows smaller resistance characteristics compared
with the constant width structure [33]. Based on this structure,
an optimal structure of single-layer circular winding is designed
to further reduce winding resistance and achieve a higher quality
factor.

A. Analysis of the Winding Inductance

Fig. 13 shows the simplified diagram of the planar circular
winding with various track widths. In this diagram, the inner
radius, outer radius, and width of the kth turn are denoted as rik ,
rok, and wk , respectively. The labels N, riw , row , and s represent

Fig. 14. Polygonal structure diagram of the winding.

the turn number of the winding, inner radius of the structure,
outer radius of the structure, and the space between the turns,
respectively.

In the beginning, the relationship between the inductance and
structural parameters should be analyzed. To simplify the anal-
ysis, an approximate polygonal structure is adopted as shown
in Fig. 14. It comprises a series of concentric quasi-regular oc-
tagons, and each quasi-regular octagon belongs to the kth turn
with two edges l1k and l2k , which arrange alternately and inter-
sect at an angle of 135°. To make the inductance of the equiva-
lent model as close as possible to that of the original structure,
perimeter of the octagon in the kth turn should be equal to that of
the circle. Thus, l1k and l2k are obtained by (18), where radius
ratio a is defined as rok /rik

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

l1k = 0.5346
[
riw + (k − 1.5) s + ak−1 · (a−1)(row −r iw +s)

2(aN −1)

+
∑k−1

i=1 ak−1 · (a−1)(row −r iw +s)
aN −1 − s

]

l2k = 1.0362
[
riw + (k − 1.5) s + ak−1 · (a−1)(row −r iw +s)

2(aN −1)

+
∑k−1

i=1 ak−1 · (a−1)(row −r iw +s)
aN −1 − s

]

.

(18)

The total inductance of a winding is the sum of the self-
inductance of all the conductors and their mutual inductances.
The self-inductance can be calculated by the following equation
[30], [31]:

Ls = 0.8
N∑

k=1

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

l1k

[

ln
(

l1 k

ak −1 · (a −1 ) ( r ow −r iw + s )
a N −1

−s+t

)

+
ak −1 · (a −1 ) ( r ow −r iw + s )

a N −1
−s+t

3l1 k
+ 0.94315

]

+l2k

[

ln
(

l2 k

ak −1 · (a −1 ) ( r ow −r iw + s )
a N −1

−s+t

)

+
ak − 1 · (a −1 ) ( r ow −r iw + s )

a N −1
−s+t

3l2 k
+ 0.94315

]

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(19)
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As shown in Fig. 14, two major types of mutual inductance
are considered. One of them is the mutual inductance between
parallel conductors, such as conductors A and B or C and D,
which can be calculated using the following equation [30], [31]:

Mpara = 8
2∑

i=1

N −1∑

j=1

N∑

k=j+1

×
[

Mp

(
lik +lij

2
, rk −rj

)

−Mp

(
lik−lij

2
, rk −rj

)]

− 4
2∑

i=1

N∑

j=1

N∑

k=1

×
[

Mp

(
lik +lij

2
, rk +rj

)

−Mp

(
lik−lij

2
, rk +rj

)]

(20)

where the equation Mp satisfies (21) and Mp is in nanohenries,
l and geometric mean distance (GMD) are in millimeters

Mp (l,GMD) = 0.2l

⎡

⎣ln

⎛

⎝
l

GMD
+

√

1 +
(

l

GMD

)2
⎞

⎠

−
√

1 +
(

GMD
l

)2

+
GMD

l

⎤

⎦ . (21)

The other is the mutual inductance between conductors con-
nected at an angle of 135°, such as conductor E and F, which
can be obtained according to the following equation:

Mθ = 16
N∑

k=1

√
2

20
[(l1k + l2k ) ln

×
(

l1k + l2k +
√

l21k + l22k −
√

2l1k l2k

)

− l1k ln
(

l1k − l2k +
√

l21k + l22k −
√

2l1k l2k

)

−l2k ln
(

l2k−l1k +
√

l21k + l22k −
√

2l1k l2k

)]

. (22)

Based on aforementioned analysis, inductance of the wind-
ings with different structure parameters can be calculated with
the help of MATLAB. As shown in Fig. 15, the calculation
results match well with the simulation results of FEA tools. In-
ductances form a proportional relationship with the inner radius,
outer radius, and turns space. By changing these parameters, the
expected inductor value can be achieved.

B. Optimal Design of the Winding Resistance

The winding resistance is also related with several parameters.
One important parameter is how the radius ratio a is decided.
Based on an intuitive hypothesis, the radius ratios rok /rik in a
certain winding should maintain a constant value, which may
help to achieve the minimum resistance. Here, two simple
structures with two and three turns are tested. For the two-turns

Fig. 15. Inductance in different structure parameter conditions.
(a) Constant parameters: row = 8 mm, s = 0.2 mm, t = 0.072 mm.
(b) Constant parameters: riw = 2 mm, s = 0.2 mm, t = 0.072 mm.
(c) Constant parameters: riw = 2 mm, row = 8 mm, t = 0.072 mm.

condition, the radius ratio of first track is assumed to be a. There-
fore, the inner radius of the second track can be calculated to be
ariw + s and the system resistance can be calculated as follows:

R2turn =
2πρ

t

(
1

ln a
+

1
ln (row/(ariw + s))

)

. (23)

According to (23), the resistance is calculated as shown in
Fig. 16. Here, riw is chosen to be 2 mm and row is chosen
to be 8 mm. The figure indicates that the resistance reaches
its minimum value when the value of a is approximately 2.
Furthermore, it can be calculated that the radius ratio of the
second track is also 2, same as that of first track.

For the three-turns condition, the radius ratio of the first track
is assumed to be a1 and the radius ratio of the second track is
assumed to be a2 . Thus, the inner radius of the third track can
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Fig. 16. Resistance under various radius ratio conditions (two-turns).

Fig. 17. Resistance under various radius ratio conditions (three-turns).

be calculated to be a1a2riw + a2s + s and the system resistance
can be calculated as follows:

R3turn =
2πρ

t

×
(

1
ln a1

+
1

ln a2
+

1
ln (row/(a2a1riw +a2s+s))

)

.

(24)

According to (24), resistance of three turns is calculated as
shown in Fig. 17. Here, riw is chosen to be 2 mm and row is cho-
sen to be 8 mm. It is identified that when a1 is 1.57 and a2 is 1.56,
the resistance reaches its minimum value. In this condition, the
radius ratio of the third track is calculated to be 1.56. It shows
that a constant radius ratio can help to achieve the smallest wind-
ing resistance, which complies with the previous assumption.

Based on the above analysis, the radius ratio in different tracks
is selected as the same value. In N turns situation, the optimal
radius ratio can be calculated by the following equation:

aN + aN −1 s

riw
+ · · · · · · + a2 s

riw
+ a

s

riw
− row

riw
= 0. (25)

Fig. 18. Winding structure with transition straight conductor.

The above analysis is based on the usage of a simplified
structure in an ideal condition. In actual situations, a transition
straight conductor is needed to connect the adjacent turns. As
shown in Fig. 18, the corresponding angle of the straight con-
ductor is set to be a constant value β (0 < β < π). Here, an
optimal value β should be calculated to achieve the minimum
winding resistance.

Through integral calculation, it can be derived that the dc
resistance of the arc in the kth turn is

Rk (2π−β ) =
(2π − β) ρ

t ln a
(26)

where ρ is the resistivity of the conductor, and t is thickness of
the winding. The dc resistance of the straight conductor in the
kth turn can be calculated by the following equation:

Rk β =
ρ
√

1 + (a + as)
2 − 2 (a + as) cos β

t ln
(

a+1
2

) (27)

where as = s/riw . Based on (26) and (27), the dc resistance of
the whole winding can be calculated.

In high-frequency ac conditions, influenced by the skin effect,
current is mainly distributed in the conductor surface reducing
the effective cross-sectional area of the conductor, significantly
increasing the winding resistance. The work in [32] gives an
empirical formula for calculating high-frequency resistance of
the windings caused by the skin effect, the ac resistance is
derived as follows:

Rac =
ξ

2
· sinh ξ + sin ξ

cosh ξ − cos ξ
· Nρ

t

·
⎛

⎝
2π − β

ln a
+

√

1 + (a + as)
2 − 2 (a + as) cosβ

ln
(

a+1
2

)

⎞

⎠

(28)
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Fig. 19. Curve of winding ac resistance in different β conditions.

where ξ = t
√

πfμσ, f is the frequency of the ac current, μ and
σ are the permeability and the conductivity of the conductor,
respectively.

To optimize the design of β and minimize the winding resis-
tance, the derivative of (28) is calculated.

Setting the derivative value be zero, the extreme points are
obtained as follows:
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

β1 = arccos

ln2 ( a + 1
2 )+

√

ln4 ( a + 1
2 )−ln2 a[(ln2 ( a + 1

2 )−ln2 a)(a+as )2 +ln2 ( a + 1
2 )]

(a+as )ln2 a

β2 = arccos

ln2 ( a + 1
2 )−

√

ln4 ( a + 1
2 )−ln2 a[(ln2 ( a + 1

2 )−ln2 a)(a+as )2 +ln2 ( a + 1
2 )]

(a+as )ln2 a

.

(29)

It can be proved from further mathematical analysis that Rac
reaches its minimum in β1 and maximum in β2 . It implies that
β1 is the best design choice. Fig. 19 also shows the value of the
resistance with various values of β when riw = 2 mm, row = 6
mm, N = 5, and s = 0.2 mm (a = 1.1886, as = 0.1) to verify
the correctness of the above analysis.

From Fig. 19, it is evident that the winding resistance in-
creases with the increment of angle when it is between β1 and
β2 . The resistance achieves the minimum value at β1 which is
consistent with the above analysis, which agrees with simula-
tion results. Fig. 20 shows the curves of β1 with different a and
as . It can be seen that β1 forms an approximately proportional
relationship with a, and β1 also increases with the increment of
as . Based on the optimal a and β, the aircore inductor with the
expected value and small ac resistance can be designed.

IV. EXPERIMENTAL RESULTS

Based on the proposed topology and winding structure, a
9 W dc–dc converter for LED driving system is designed in
this paper. The input voltage is 12 V and the output voltage is
27 V. The operating frequency is set to be 20 MHz. Based on the
design method of the proposed converter, the system parame-
ters can be calculated, as shown in Table I. In the prototype, the
sum of the discrete paralleled capacitor and switch output par-
asitic capacitor is taken as the resonant capacitor. The parasitic

Fig. 20. Curves of β1 related with a and as .

TABLE I
PARAMETERS OF THE PROPOSED CONVERTER

Fig. 21. Diagram of the PWM type ON/OFF control method.

capacitance varies when selecting different type switches and
packages. Thus, to compensate parasitic capacitance variation,
the paralleled discrete capacitor can be slightly tuned to modify
the performance. For a certain inductance with expected size and
quality factor, winding structure design starts from the induc-
tance expressions of (18)–(22). The inductance curves indicate
that winding turns number plays a dominant role of determining
the inductance. Then, by adjusting the inner radius, outer radius,
and space, the specific inductance can be achieved. Based on the
certain inner/outer radius and space, the angle can be optimized
by (29). In addition, another 12 V input, 5 V/10 W output dc–dc
prototype for auxiliary power supply is also built.

Fig. 21 depicts the PWM type ON/OFF control method of
the proposed converter. The 20 MHz high-frequency signal is
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Fig. 22. Diagram of the resonant driving circuit.

Fig. 23. Resonant driving voltage waveform.

modulated with the enable signal by an AND gate. When enable
signal is high, the 20 MHz signal passes through the AND gate
and the output capacitor is charged. When enable signal is low,
the output of the AND gate keeps low and the output capacitor
discharges to the load. Thus, the effective operating time of the
system can be adjusted by changing the duty cycle of the enable
signal. Furthermore, as shown in Fig. 22, in the driving circuit,
a resonant inductor is added in series with the switch gate,
which can resonate with the switch input capacitance to make
use of the capacitor-stored energy. The resonant driving method
can reduce the driving loss. However, it increases the switch
conduction loss. Fig. 23 shows the resonant driving waveforms.
At t1 , the driving voltage reaches the threshold voltage vth and
the switch turns-ON. At t2 , the driving voltage reaches the critical
voltage vcv , then the switch is fully turned ON.

As shown in the switch datasheets, when the driving voltage
is between the threshold voltage and critical voltage, the switch
ON-resistance is in a high value condition. After the driving volt-
age is higher than the critical voltage, the switch ON-resistance
significantly reduces and also remains constant. Compared with
the square-wave driving method, the transition time between the
threshold voltage and critical voltage is longer in the resonant
driving method.

The driving loss of the square-wave driving method can be
approximately calculated as follows:

Psquare = CgsV
2
gsf. (30)

The driving loss of the resonant driving method can be
approximately calculated as follows:

Presonant = 2π2f 2V 2
gsC

2
gsRg . (31)

Here, the switch average current within time t1 to t4 is defined
as Iavg , ON-resistance between transition times t1 to t2 and t3 to

Fig. 24. Conduction and driving loss with two driving methods
(20 MHz).

Fig. 25. Voltage waveform across the diode.

t4 is defined as Rtra , and ON-resistance between fully turned-ON

time t2 to t3 is defined as Ron . The period is represented by T.
The switch conduction loss of the square-wave driving method
can be approximately calculated as follows:

Pon square = I2
avgRon

(t4 − t1)
T

. (32)

The switch conduction loss of the resonant driving method
can be approximately calculated as follows:

Pon resonant = I2
avgRtra

2 (t2 − t1)
T

+I2
avgRon

(t3 − t2)
T

. (33)

Under 20 MHz condition, the sum of the switch conduction
loss and driving loss under different switch average current
conditions is shown in Fig. 24. It can be seen that there is a cross
point of these two loss curves. It can be concluded that when
system switch current is small, the resonant driving method is
conducive to improve the system efficiency. On the other hand,
when system is in a high current condition, the square-wave
driving method should be adopted.

Fig. 25 shows the diode voltage waveforms of the rectifier
stage. The duty cycle of the diode is approximately 0.35 and
the stress is approximately three times of the output voltage.
Fig. 26 shows the switch drain-to-source voltage and the driv-
ing voltage. The switch can operate in the ZVS condition and
the driving signal is in sinusiodal form with the resonant driving
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Fig. 26. Switch drain-to-source voltage and driving voltage.

Fig. 27. Voltage of inductor LF .

Fig. 28. Voltage of capacitor CS .

Fig. 29. Enable signal and ac ripple of output current.

method. The voltage waveforms of the inductor LF and the ca-
pacitor CS are depicted in Figs. 27 and 28, respectively. Fig. 29
shows the current ripple is approximately 20 mA, which is 5%
of the output current. Smaller output ripple can be achieved by
either improving the ON/OFF control frequency or increasing the
output capacitance. Fig. 30 shows the top and side view of the
prototype, the height of the system is 0.157 in, and the power
density is as high as 39.13 W/in3.

In a rated output condition, the efficiency is 90% and the
loss breakdown is shown in Fig. 31. For 12–5 V application,
the switch and diode waveforms are shown in Fig. 32. With
the same design method, they can also achieve soft-switching

Fig. 30. Top and side photographs of the prototype. (a) Top view.
(b) Side view.

Fig. 31. Losses dissipation of the prototype.

Fig. 32. Waveforms of 12–5 V prototype. (a) Switch drain-to-source
voltage and driving voltage. (b) Voltage across diode.
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TABLE II
PROPERTIES COMPARISONS BETWEEN DIFFERENT TOPOLOGIES

TABLE III
PARAMETERS OF THE PROPOSED CONVERTER (10 MHZ)

modes. Table II lists some high-frequency state-of-the-art dc–dc
converters. High magnetic loss and negative effect of parasitic
components are the bottlenecks of further improving their op-
erating frequency to tens of Megahertz. It can be seen that with
20 MHz operating frequency and aircore inductor, the proposed
converter has the lowest profile.

If the operating frequency reduces to 10 MHz, the capacitors
CF , CS , and Cr will be 1000, 680, and 390 pF; the inductors LF

and Lrec will increase to 110 nF and 210 nH. As shown Table III,
the capacitor size can be kept almost the same. To keep the
same winding resistance, the aircore inductors are redesigned.
Compared with the outer radius, the size of LF increases about
1.9 times and the size of Lrec increases about 5.8 times, which
greatly reduces the system power density. In further work, the
proposed converter is going to be modified into an isolated one
by inserting an air core transformer between the inverter and
rectifier stage.

V. CONCLUSION

This paper proposed a low-profile high-frequency dc–dc con-
verter. An optimal parameter design method was analyzed,
which guaranteed the switch and diode operating in the soft-
switching modes. Air core inductors with magnetic-free charac-
teristics significantly reduced the need for system vertical space.
The systematic design method of winding structure contributed
to lower winding resistances. A 20 MHz prototype was built,

which verified the feasibility of the proposed topology and de-
sign strategies. The power density could be as high as 39.13
W/in3 and the efficiency was 90%.
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