
 

 

  
Abstract—The experimental and theoretical results of a ZVS 

(Zero Voltage Switching) isolated flyback DC-DC converter using 
multilayered coreless PCB step down 2:1 transformer are presented. 
The performance characteristics of the transformer are shown which 
are useful for the parameters extraction. The measured energy 
efficiency of the transformer is found to be more than 94% with the 
sinusoidal input voltage excitation.  The designed flyback converter 
has been tested successfully upto the output power level of 10W, 
with a switching frequency in the range of 2.7MHz-4.3MHz. The 
input voltage of the converter is varied from 25V-40V DC. 
Frequency modulation technique is employed by maintaining 
constant off time to regulate the output voltage of the converter. The 
energy efficiency of the isolated flyback converter circuit under ZVS 
condition in the MHz frequency region is found to be approximately 
in the range of 72-84%. This paper gives the comparative results in 
terms of the energy efficiency of the hard switched and soft switched 
flyback converter in the MHz frequency region. 

 
Keywords—Coreless PCB step down transformer, DC-DC 

converter, Flyback, Hard Switched Converter, MHz frequency 
region, Multilayered PCB transformer, Zero Voltage Switching 

I. INTRODUCTION 
HE most essential unit required for all electronic devices 
is the Power Supply Unit (PSU). The requirement is to 

design a compact Switch Mode Power Supply (SMPS) to 
make it compatible with the majority of modern electronic 
equipment. The continuous efforts with regards to the 
improvement of switching devices such as MOSFETs and 
diodes has lead to the increased switching speeds of the power 
supplies. The switching devices, working at higher 
frequencies, causes the size of passive elements such as 
capacitors, inductors and transformers to be reduced and this 
results in the compact size, weight and the increased power 
density of the converter[1]. In addition, with the help of 

 
 Hari Babu Kotte is with the Department of Information Technology and 

Media, Mid Sweden University, SE-85170, Sundsvall, Sweden, (phone: +46-
60148982; fax: +46-60148456; e-mail: Hari.Kotte@miun.se ).   

Radhika Ambatipudi is with the Mid Sweden University, Department of 
Information Technology and Media, SE-85170, Sundsvall, Sweden, e-mail: 
Radhika.Ambatipudi@miun.se).  

Dr. Kent Bertilsson is with the Department of Information technology in 
Media, Mid Sweden University, and Sundsvall. Sweden, 85170(e-mail: 
Kent.Bertilsson@miun.se). He is also CEO and co-founder of SEPS 
Technologies AB, Storgatan 90, SE-85170, and Sundsvall, Sweden. 

increased switching frequencies, the loop response of the 
power supply can be greatly enhanced. In the isolated 
converters such as flyback and forward, the switching 
frequencies are limited to less than 500 kHz because of the 
limitations of the existing core based transformers such as 
hysteresis and eddy current losses and also due to the 
increased switching losses of the Power MOSFET. Core based 
transformers have limitations such as magnetic saturation, 
core losses and, in addition, possess very bad high frequency 
characteristics because of the presence of magnetic cores [2]. 
In the late 1990s, research was concentrated on mitigating 
these limitations by using the coreless PCB transformers and 
their corresponding characteristics were presented in [3]. 
Recent investigation shows that the coreless PCB transformers 
can be used for signal and power transfer applications as 
mentioned in [4]. The transformers have however been limited 
to small voltage transformations as only the 1:1 transformers 
have shown sufficient efficiency. Here, the step-down 
transformer with a turn ratio of 2:1 have been developed 
enabling high frequency step down/up converters. The most 
widely used switch mode power supply topology for power 
applications of below 150W [5] is the flyback topology, 
which uses only a single magnetic element to act as a coupled 
inductor providing both the isolation and the energy storage. 
Its most attractive feature is that it requires no output 
inductors, whereas it is required by the remaining switching 
power supply topologies for filtering action. Thus, the 
consequent savings in both the cost and the size of the 
inductor forms a significant advantage in the flyback 
topology. The flyback converters appear in almost all modern 
low power equipments such as in computer monitors, laptop 
adapters, DVD players, set top boxes, telecom applications 
etc., 

In this paper, a low profile, low cost ZVS flyback power 
converter with a coreless step down (2:1) PCB transformer 
operated in MHz frequency region is presented. 

II. STRUCTURE OF CORELESS PCB STEP DOWN POWER 
TRANSFORMER 

A printed circuit board step down transformer is used and 
tested in the isolated flyback converter circuit for power 
transfer application. The primary and secondary windings of 
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the transformers are manufactured as three spirals in a four 
layered PCB laminate. The primary windings are split into 
layers 1 and 3 and externally connected to layer 4 where the 
secondary winding is sandwiched in between the two primary 
windings. 
 

 
Fig.1 3D View of four layered 2:1 step down coreless PCB 

transformer  
The PCB laminate of the transformer is FR4 material which 

has a breakdown voltage of 50kV/mm approximately [6]. The 
number of turns of the primary winding ‘N1’ is 32 and for the 
secondary winding ‘N2’ it is 16. The conductor width, 
separation and height are 0.6mm, 0.4mm and 70µm 
respectively. The outer diameter of the transformer is 36mm 
and the distance between the two consecutive layers of the 
PCB is 0.4mm. 

III. PERFORMANCE CHARACTERISTICS OF THE CORELESS 
PCB STEP DOWN POWER TRANSFORMER 

 
In this section, the resistive, inductive and capacitive 

parameters of the transformer are presented. The performance 
characteristics such as the transfer function H (f) and the input 
impedance (Zin) of the transformer with a resonant capacitor 
‘Cr’ of 820pF at a load resistance of 50 Ohms are measured. 
The initial parameters such as the primary self inductance 
‘LP’, the secondary self inductance ‘LS’ and the resistances of 
the windings are measured with the assistance of an HP4284A 
precision LCR meter at 1MHz frequency by open circuiting 
the opposite winding of the transformer. The preliminary 
primary and secondary leakage inductances of the 
transformers are obtained by using the Four-wire measuring 
method [7]. The leakage inductances of the flyback 
transformers, which are less than 1µH, are obtained by using 
the following expression  

                                    
Ω

=
502

50
V
V

f
L dut

lk π
                       (1) 

where Llk is the leakage Inductance, ‘f’ the excitation 
frequency, Vdut, the voltage across the device under test and 
V50Ω is the voltage across the 50Ω resistor. The actual 
parameters such as the leakage-, self- and mutual-inductance 
of the transformers are obtained by fitting measurements of 
the transfer function and the input impedance into the high 
frequency model of the transformer shown in fig. 2. The 
above measured parameters are used as initial values that are  

Fig.2. High frequency model of coreless PCB step down transformer 
 

fine tuned to fit the measurement in the frequency range 1- 
10MHz and the final parameters are shown in table I. The 
measured and modelled performance characteristics of the 
transfer function H (f) and the input impedance (Zin) are 
shown in figs 3 and 4 respectively. The modelled 
performances are obtained from the high frequency equivalent 
model [3] with Cr of 820pF and RL of 50Ω and are in very 
good agreement with the measured ones, indicating that both 
the model and the parameter values are correct. 

 

TABLE I 
 

MODELLED PARAMETERS OF THE DESIGNED STEP-DOWN TRANSFORMERS 
 

PARAMETERS  Values 

 
Rp(Ω)-DC 

 
Primary winding resistance 

 
1.10Ω 

Rs(Ω)-DC Secondary winding resistance 0.55Ω

Lp(µH) Primary self inductance 17.23µH 

Ls(µH) Secondary self inductance 4.54µH 

Llkp(µH) Leakage inductance of primary 0.46µH 

Llks(µH) Leakage inductance of secondary 0.23µH 

Lm(µH) Mutual inductance 8.5µH 

Cps(pF) Interwinding capacitance 68.0pF 
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Fig. 3 Measured and modelled voltage gain of the coreless PCB step 

down transformer with Cr=820pF and RL=50Ω 

 
The intrawinding capacitances of the primary and 

secondary windings are very small and can be ignored in 
further analysis. From fig. 3 we can observe that the transfer 
function H (f) of the coreless PCB step down transformer has 
a resonance at a frequency just above 8MHz, where the 
magnitude of H (f) increases from 0.5 to 0.8. 
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Fig. 4 Measured and modelled input impedance of the coreless PCB 

step down transformer with Cr=820pF and RL=50 Ohms 
 
The input impedance of the transformer is sufficiently high 

in the frequency range of 1.5-4MHz and it has a maximum of 
about 180Ω at a frequency of 2.4MHz.The input impedance 
phase angle (φ) of the transformer is illustrated in fig. 5 and is 
highly inductive in the frequency range of 1-2MHz. Hence, 
the optimal operating frequency region of the transformer is 1-
2MHz [4] and the transformer has higher input impedance and 
a highly inductive nature. Above 8 MHz the transformer again 
becomes inductive. However, it cannot be used efficiently in 
that range due to the low input impedance and increased ac 
resistance of the windings.  
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Fig.5. Measured and modelled input impedance phase angle of the 
coreless PCB step down transformer with Cr=820pF and RL =50Ω  

 
The resonant capacitor ’Cr’ across the secondary winding 

of the transformer as shown in fig. 2 plays an important role in 
these coreless PCB transformers as it provides the flexible 
operating frequency region. This transformer has a coupling 
coefficient of about 0.95. 
Energy Efficiency: Since no magnetic core exists, no magnetic 
core losses are involved in these types of transformers. In 
addition, the radiation losses in these transformers are 
negligible compared to the conductor copper losses according 
to [4]. Therefore, the power loss in the primary and secondary 
windings of 2:1 step down transformer is given by the 
following equation. 

                    )(||)(|| 22 sRipRiP acsacploss +=           (2) 
Where, ip/is is the RMS current through the primary/secondary 
winding and Rac (p)/Rac(s) - Primary/secondary winding ac 
resistance. The input and output powers of these transformers 
are obtained from the following equations [3] 

                                        
⎭
⎬
⎫

⎩
⎨
⎧=

in
pin

Z
REVP 1|| 2                  (3) 

                                      
LR
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P s
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2||
=                                (4) 

And in this case, Vp is the RMS voltage across the primary 
winding, Zin, the input impedance of the transformer, Vs, the 
RMS voltage across the secondary winding and RL is the Load 
Resistance. The measured energy efficiency of the transformer 
is given as  

                                  %100×=
in

out
meas P

Pη                  (5) 

The energy efficiency of the transformer is measured with a 
resonant capacitor of 820pF and at a load resistance of 50Ω. 
From fig.6 we can observe that the energy efficiency of the 
transformer is approximately 95% at a frequency of 2MHz.  
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Fig. 6 Measured energy efficiency of the transformer with a resonant 

capacitor of 820pF and with RL =50Ω 
 

Since the energy efficiency of the designed coreless PCB 
step down power transformer is greater than 94%, it is used in 
the flyback converter circuit in order to evaluate the 
performance of the transformer in switching circuits.  

IV. ZERO VOLTAGE SWITCHING (ZVS) OF THE CONVERTER 
 In case of hard switching converters, the rate of change of 

voltage (dv/dt) across the MOSFET and the rate of change of 
current (di/dt) flowing through the device are high and 
uncontrollable. The instantaneous power across the device is 
very high at turn-on and turn-off transition of the MOSFET 
which increases switching losses of converter. These results in 
the increased temperature of the converter, stress on the 
MOSFET and a higher cooling requirement. In addition, 
because of the high di/dt and dv/dt, there exists lot of EMI 
emissions from converter and reliability of the converter goes 
down. And also because of the increased turn-on and turn-off 
losses of hard switched converter the switching frequency is 
limited to lower frequencies and thus size of the converter 
increases. Passive snubbers are used in order to control high 
di/dt and dv/dt of the device and in this case the device losses 
are merely transferred to passive snubbers. This reduces the 
stress on the device at the cost of the energy efficiency of the 
converter.  

There is a requirement to employ some of the soft switching 
techniques in order to eliminate the aforementioned 
limitations of hard switched converter. Therefore, in this 
converter one of the soft switching techniques known as zero 
voltage switching is employed in order to reduce switching 
losses of the converter. With the assistance of soft switching 
techniques, the devices stress can be reduced and it is possible 
to achieve low EMI emissions from the circuit, reduce the 
switching losses of the converter and there exists a possibility 
to improve the diode recovery. In case of ZVS, the switch is 
turned on when the drain source voltage across the MOSFET 
is zero which reduces the instantaneous power loss across the 
device to zero [8]. In general, ZVS can be achieved with the 

help of an external inductor and a capacitor which forms the 
resonant circuit. In case of hard switched converters, the 
parasitic capacitance and inductance increases the energy loss 
of the converter and also distracts the circuit performance. 
Here in soft switching converters, the unwanted parasitic 
capacitance and inductances prove to be advantageous in 
order to reach the soft switching conditions. 

V.  ZVS FLYBACK CONVERTER CIRCUIT WITH ITS ANALYTICAL 
AND EXPERIMENTAL RESULTS 

The coreless PCB step down 2:1 power transformer is used 
in the flyback converter circuit as shown in fig. 7. The power 
MOSFET used in this circuit is ZXMN15A27K with VdsMax of 
150V and Rds (on) of 0.65Ω. The flyback diode of the converter 
is a STPS15L45CB schottky diode with a reverse blocking 
voltage capacity of 45V and the maximum forward average 
current rating of 15Amps.Here Lr and CR form the resonant 
tank circuit in order to achieve ZVS condition. The resonant 
element Lr includes the transformer leakage inductance, 
parasitic wire inductances, external resonant inductor, lead 
inductances and CR includes the output capacitance of the 
Mosfet, winding capacitances and the parasitic lead 
capacitances.  

In case of ZVS flyback converter the characteristic 
impedance (Zn), resonant frequency (fr), normalized load 
resistance (r) and the voltage conversion ratio (M)[9] are 
given by following equations(9),(10),(11)and(12). These 
equations are utilized to calculate the theoretical values of the 
switching frequency of the flyback converter as well as the 
voltage stress on the mosfet in order to compare with the 
practical values. 

 

Cr RL

Df

Lms

Vg

Vin
Cin

Q1

RsLlksRp Lr

Lmp

Cf

Cps

 
Fig. 7  ZVS flyback converter using coreless PCB step down 

transformer 
                  

  
Cr
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Vin
VoutM =                                           (9) 

 
Where, 
Rl is the load resistance of the converter; Vout/Vin is the 
output/input voltage of the converter. 
During resonant condition, the drain source voltage Vds of the 
converter reaches the peak value and it is given as follows: 

 
NVoutVinZnVds ++= Immax_              (10)  

 
Where ‘Im’ is the magnetizing current of the transformer and 
‘N’ is the turns ratio of the transformer. To achieve the ZVS 
condition of the converter the following equation must be 
satisfied. 

N
Mr ≤                                               (11) 

The expression for the switching frequency fsw of the ZVS 
flyback converter is given as 

( ) ( ) ⎟
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 Where          ⎟
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⎜
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⎛+=

M
rNarcsinπα                              (13) 

The flyback converter was tested with the following 
specifications:  Input supply voltage of the converter 25-40V 
DC with a nominal voltage of 32.5V.The output voltage of the 
converter is regulated at 13Volts for different input voltage 
conditions. The load resistance is in the range of 15-50Ω and 
converter has been tested within the frequency range of 2.7-
4.3MHz. Here, the main switch Q1 is driven by the Mosfet 
driver LM5111-1M which is fed by 1.1ns resolution dsPIC 
microcontroller. The output capacitance of the mosfet ‘Coss’ 
is 64.5pF at Vds=25V. The estimated total resonant capacitor 
‘CR’ of the circuit including the parasitic capacitance was 
168pF. The leakage inductance of the transformer is 0.46µH 
which is a very low value to obtain the ZVS condition within 
the aforementioned specifications. Therefore, an external 
resonant inductor of 5.2µH is chosen so that the switching 
frequency of the converter falls within the specified range by 
forming a resonant tank circuit with the total resonant 
capacitor of 168pF.The theoretical characteristic impedance 
‘Zn’(9) of the circuit is found to be 183.5Ω and the resonant 
frequency ‘fr’(10) of the circuit is 5.16MHz. 
 By varying the input voltage of the circuit at a given load of 
30Ω the energy efficiency of the unregulated flyback 
converter under Hard Switched and ZVS condition are plotted 
as shown in fig.8.The energy efficiency of the converter is 
drastically improved by the ZVS condition when compared to 
hard switched condition at the same switching frequency.  
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Fig.8 Measured energy efficiency of the unregulated converter under 

ZVS and Hard switched condition with a resistive load RL of 30Ω. 
 

We can observe that the efficiency of the ZVS flyback 
converter is maximum of 83.8% at the nominal input voltage 
of 32.5V whereas it is only 67% in case of hard switched 
converter. In both the cases, the energy efficiency is plotted at 
50% duty cycle ratio. Under these conditions the theoretical 
(13) and practical values of the drain-source voltage of the 
ZVS flyback converter are determined and are illustrated as 
shown in fig.9. 
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Fig. 9 Measured and Calculated Voltage stress on Mosfet under ZVS 

condition with a resistive load RL of 30Ω. 
 
 

The output voltage of the converter is also open loop 
regulated to 13Volts for different input voltage variations i.e., 
25-40V with a load resistance of 30Ω. The constant off time 
control technique of frequency modulation is employed to 
regulate the output voltage. Here the output power of the 
converter is maintained to be 5.7Watts. The energy efficiency 
of the regulated converter is depicted in Fig.10. It can be 
observed that the energy efficiency of the converter is 
maximum at the nominal input voltage of 32.5V and gets 
reduced at lower and higher input voltages. At lower input 
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voltage of 25V, for maintaining the same output voltage it is 
required to increase the duty cycle ratio of the converter.  
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Fig. 10 Measured energy efficiency of the regulated converter with a 

resistive load RL of 30Ω under ZVS condition. 
 

This results in the increased input current of the converter 
which enhances the conduction losses of the Mosfet.Similarly, 
for maintaining the output voltage of the converter to be 
constant at higher input voltage of 40V, the switching 
frequency must be increased which increases the switching 
losses of the converter.The calculated and the measured 
switching frequency of the regulated converter are shown in 
fig.11. Here, as discussed earlier the measured switching 
frequency of the converter is minimum of about 2.8MHz at 
lower input voltage and maximum of 4.3MHz at higher input 
voltage. In all the cases, while determining the energy 
efficiency of the converter, no consideration is given to the 
gate drive power consumption.  
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Fig.11 Measured and calculated switching frequency of the regulated 
converter circuit with a resistive load RL of 30Ω under ZVS condition 
 

The converter efficiency was measured with different load 
resistances ranging from 15-50Ω at a switching frequency of 
3.26MHz with an input voltage of 35V shown in fig. 12. The 

maximum energy efficiency of the converter is observed to be 
approximately 84% for the load resistance of 30Ω. 
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Fig.12 Measured efficiency of the flyback converter circuit with 

various load resistances 

In this case, the output voltage of the converter obtained 
falls within the range of 10-14Volts at a 50% duty cycle ratio 
under ZVS condition. With the assistance of frequency 
modulation, as discussed at an earlier stage, the output voltage 
of the converter can be regulated.  

The waveforms were captured when the converter circuit 
was operated at RL_max=50Ω and RL_min=15Ω and are 
illustrated in fig. 13 and fig. 14 respectively. The input voltage 
fed to the converter is of 35V with 50% duty cycle ratio. 
Fig.13 and fig.14 show the gate to source voltage (Vgs) applied 
to the switch ‘Q1’, drain to source voltage (Vds) of the switch 
‘Q1’ and the output voltage (Vout) of the converter circuit. In 
fig. 9 and 10 it can be observed from the drain source voltage 
that the ZVS condition is achieved at a frequency of about 
3.26MHz.  

 
 

Fig. 13 Measured waveforms with RL=15Ω. CH1 – Vgs (5V/div), 
CH3 – Vds (50V/div), CH4 – Vout (20V/div) 
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Fig. 14 Measured waveforms with RL=50Ω. CH1 – Vgs (5V/div), 
CH3 – Vds (50V/div), CH4 – Vout (20V/div) 

 
The corresponding magnitude of the maximum drain source 

voltage is observed to be 154V and 122V respectively for 
minimum and maximum load s considered. It can be observed 
that as the load resistance is increased further beyond RL_max, 
the circuit is losing the property of ZVS condition. 

VI. LOSS ESTIMATION OF THE ZVS FLYBACK CONVERTER  
The loss estimation of the transformer in the converter has 

been carried at an input voltage of 40Volts with the resistive 
load of 30Ω by maintaining the ZVS condition of the circuit. 
Under these conditions the input power level of the converter 
is 12.32W and the corresponding output power is 10.05 W 
with a total power loss of 2.27W. The measured primary and 
secondary RMS currents of the transformer in the flyback 
converter are 0.364 and 0.701 amp respectively. The winding 
resistance of the transformer increases with frequency, starting 
from the DC resistance value, due to the skin effect. From the 
dc resistance of the transformer given in table I, the ac 
resistances are calculated with the following equation [10] by 
approximating it to circular spiral inductor. 

)/exp1( )( δδ h
hR

R dc
ac −−

=                         (17)  

Where, 
 
 
Rdc   - DC resistance of the winding 
h       - Height of the conductor 
δ       - Skin depth 
The calculated ac resistances of the primary/secondary 

windings of the transformer at that particular frequency of 
3.45MHz are 2.51/1.25 Ω respectively. Therefore, the 
corresponding conductor losses of the transformer are 
obtained from (5) as 0.947W. According to antenna theory, 
the radiated power from the coreless transformer [3] is 
calculated by using the following equation.  

 
4

26160 ⎟
⎠
⎞

⎜
⎝
⎛=

c
afIP c

oπ                               (18) 

Where, 
‘Io’ is the RMS current flowing through the winding, ‘a’ /‘fc’ 
is the radius/operating frequency of the transformer and ‘c’ is 
velocity of light. As mentioned above, the RMS value of the 
secondary current through transformer is 0.701amp and radius 
of the outermost turn is 18mm. The calculated radiated power 
for the outermost loop of the transformer is 0.138nW and the 
total averaged radiated power of the transformer including 
remaining loops is therefore negligible which shows that there 
are no significant EMI emissions from the transformer. The 
remaining losses of the converter are shared by the other 
components such as the ZXMN15A27K (Q1) and the schottky 
diode STPS15L45CB (Df).For this particular load the 
temperature across the transformer and the power converter 
circuit excluding MOSFET driver, are measured with the 
assistance of an IR thermal camera and the results are depicted 
in fig. 15 and fig. 16 respectively.  
From the temperature profiles and estimated losses of the 
transformer, we can say that the transformer losses are less 
when compared to the circuit losses of the converter. 
 

 
 

Fig.15 Measured temperature of the transformer in the flyback 
converter circuit 
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Fig.16 Measured temperature of the flyback converter circuit 
excluding the transformer with Ar1 - Area of the Switch 
ZXMN15A27K (Q1), Ar2 - Area of the schottky diode 

STPS15L45CB. 

VII. CONCLUSIONS 

A low profile, low cost ZVS flyback converter using a 
multilayered coreless PCB step down transformer operating in 
the MHz frequency range has been successfully demonstrated. 
This converter has been tested up to the output power level of 
10W.The optimal switching frequencies of the converter in 
order to achieve higher efficiencies are determined 
analytically. The ZVS technique is incorporated into the 
flyback circuit in order to minimize the converter losses, EMI 
emissions from the circuit by reducing the di/dt and dv/dt. 
Under this ZVS condition for the converter circuit, the 
maximum energy efficiency of the converter obtained is 
approximately 84%. It can be concluded that there is a lot of 
improvement in terms of energy efficiency in ZVS converter 
when compared to hard switched flyback converter. The 
highest efficiency reported in the isolated topology operating 
in MHz frequency region is within the range of 70-80% in the 
forward converter [11] by using the two layered 14:10 
transformer. In our case, by using the multilayered coreless 
transformer the maximum energy efficiency of the regulated 
converter is about 84%. This work provides a significant step 
in increasing the switching frequency to the MHz region with 
the help of multilayered step-down coreless pcb transformer 
for isolated DC/DC converters, enabling smaller and more 
compact designs to be considered in the future. The 
transformer technology works efficiently up to at least the 
tested input power level of 12.32W and here in this case the 
switching devices are the main limitations for further 
development. The power level of the design can be increased 
with improved thermal management. The output voltage of the 
converter for varied input voltage is regulated by using the 
constant off time frequency modulation technique. From the 
experimental analysis it can be concluded that a high 
frequency isolated switch mode power supply operating in the 
MHz region can be designed by using these multilayered 

coreless PCB step down transformers. These coreless PCB 
step down power transformers plays an important role where 
there is a tight restrictions on the height of the converter. 
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Abstract-- In this paper, design and analysis of the high 
speed isolated cascode flyback converter using multilayered 
coreless PCB step down power transformer is presented. 
The converter is tested for the input voltage variation of 60-
120V with a nominal DC input voltage of 90V. The designed 
converter was simulated and tested successfully up to the 
output power level of 30W within the switching frequency 
range of 2.6-3.7MHz. The cascode flyback converter is 
compared with the single switch flyback converter in terms 
of operating frequency, gate drive power consumption, 
conduction losses and stresses on MOSFETs. The maximum 
energy efficiency of the cascode converter is approximately 
81% with a significant improvement of about 3-4% 
compared to single switch flyback converter. The gate drive 
power consumption which is more dominant compared to 
conduction losses of the cascode converter using GaN 
MOSFET is found to be negligible compared to single 
switch flyback converter. 
 

Index Terms-- Cascode flyback DC-DC converter, 
Multilayered coreless PCB transformer, Gate drive power 
consumption, MHz frequency operation. 

I.  INTRODUCTION 
As the high frequency operation is associated with energy 
storage elements, operating the converters in high 
frequency region reduces the size of magnetic 
components [1] such as transformers, inductors and 
capacitors. The most common semiconductor device 
utilized for high frequency converters is the power 
MOSFET instead of power BJT [2], [3]. Since, power 
MOSFETs are the majority carrier devices compared to 
their counterparts BJTs these are considered as faster, 
rugged and possesses higher current gain. Also 
MOSFETs contains the higher input impedance which 
makes it possible to design a simple gate drive circuitry. 
On the other hand, as the switching frequency is 
increased, the switching losses of semiconductor devices 
in converter circuit such as MOSFETs, diodes and the 
gate drive power consumption which is functional 
dependent on frequency increases. In core based 
transformers the hysteresis and eddy current losses which 
also depends on frequency gets increased. Even though 
the core materials are available upto few hundreds of kHz 
to MHz, the core losses combined with the winding 
losses makes them to utilize these transformers for lower 
operating frequencies in switch mode power supplies 

(SMPS). Hence in order to meet these challenges, lot of 
research is progressing in both semi conductor and 
magnetic areas. The recent investigation on the 
multilayered coreless printed circuit board step-down 2:1 
transformers provides the way to use them for power 
transfer applications in MHz frequency region [4]. Also 
in semi conductor devices area, due to the theoretical 
limitations of Si material [5], new materials such as GaN 
and SiC which provides excellent high frequency 
switching behavior, high thermal performance 
characteristics are introduced. According to [6], among 
these two materials GaN provides the higher performance 
characteristics compared to SiC material. These 
improvements in magnetics and with latest semi 
conductor GaN MOSFETs, it is possible to design the 
low profile, high speed and high power density SMPS.  
 

Flyback topology is the most widely used SMPS 
topology in most of the AC-DC and DC-DC converter 
applications for power ratings of below 150W [7] 
because it requires only a single magnetic element i.e., 
coupled inductor. This serves the purpose of isolation, 
step-up/step-down conversions as well as acts an energy 
storage element. The attractive feature of this topology is 
that it does not require any output inductors as any other 
topology demands. In AC-DC and DC-DC Converters 
such as laptop adapters and telecom applications, high 
voltage power MOSFETs of 500-1000V consists of high 
gate charge. While operating these transistors at higher 
frequencies the power required to turn on the MOSFETs 
gets increased which leads to high gate drive power 
consumption. This has a significant effect under light 
load and low power conditions. As per figure of merit 
discussed in [8], there exists a tradeoff between the gate 
charge ‘Qg’ and the on-state resistance ‘Rds_on’ of 
MOSFET. If a high voltage MOSFET which consists of 
low ‘Qg’ is selected it consists of higher ‘Rds_on’ which 
leads to conduction losses of MOSFET. Therefore, in 
order to reduce the on-state resistance of these 
MOSFETs, the die area must be increased which in turn 
reduces the switching speed of MOSFET. Paralleling of 
MOSFETs is also one of the solutions for reducing the 
conduction losses however it also suffers from the same 
disadvantage of low switching speeds of converter.  

Therefore, in this paper a low profile, high speed 
cascode flyback power converter using multilayered 
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coreless PCB step-down power transformer is reported. 
The significance of gate drive power in cascode flyback 
converter over the increased conduction loss, energy 
efficiency, switching speed compared to its counterpart 
single switch flyback converter is discussed.  

II.  MULTILAYERED CORELESS PCB STEP-DOWN POWER 
TRANSFORMER 

 
Recent research [9], [10] proves that the multilayered 

2:1 coreless PCB step-down power transformers are 
highly energy efficient of about 90-97% in MHz 
frequency region and can be used for DC-DC converter 
applications. Since, this provided the scope for increasing 
step-down ratio of transformer, a further step-down ratio 
transformer of approximately 8:1 which is of primary-
secondary-secondary-primary (PSSP) structure for SMPS 
application was designed on a four layered FR4 laminate. 
The breakdown strength of PCB laminate used to design 
coreless PCB transformer is 50kV/mm [11]. The two 
secondaries of transformer are connected in parallel and 
are sandwiched in between the two primaries which are 
connected in series for optimal design. The windings are 
spiral in shape in order to reduce the interwinding 
capacitance of the transformer and also to increase the 
amount of inductance compared to other structures [12]. 
Here, the number of turns of primary/secondary in each 
layer is 24/6 with a primary/secondary DC resistance 
Rp/Rs of transformer as 2.71/0.08Ω. The electrical 
parameters of transformer such as self/leakage inductance 
of primary and secondary are 29.38μH/1.9μH and 
0.548μH/0.038μH respectively which are obtained by 
following the procedure described in [4]. The 
interwinding capacitance of transformer is 125pF and the 
intrawinding/self capacitances of these transformers are 
considered as almost negligible. The achieved coupling 
coefficient ‘K’ by using the following equations is 0.93.  
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Lm Mutual inductance  
Lp/Ls Primary/secondary self inductance  

 
The prototype of the designed multilayered coreless 

PCB step-down transformer is shown in fig.1. 
 

 
Fig. 1:  Multilayered coreless PCB step-down 8:1 transformer 

This transformer was integrated into the cascode and 
single switch flyback converter and the performance of 
converter circuit was evaluated.  

III.  OPERATING PRINCIPLE OF CASCODE FLYBACK 
CONVERTER 

The cascode converter using multilayered coreless 
PCB step-down power transformer is shown in fig. 2. In 
case of cascode flyback converter, a low voltage (LV) 
MOSFET ‘Q1’ having low gate charge ‘Qg’ is connected 
in series with the high voltage (HV) MOSFET ‘Q2’.  
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Fig. 2:    Cascode flyback converter using multilayered coreless PCB 

step down transformer 

 
In this case, the LV MOSFET ‘Q1’ is driven directly 

from the MOSFET gate driver. A capacitor ‘C1’ is placed 
across the drain source of LV MOSFET ‘Q1’ in order to 
limit the drain-source voltage of LV MOSFET ‘Q1’ 
within its maximum drain-source breakdown voltage 
‘Vds_max’. This also ensures the gate- source voltage of HV 
MOSFET ‘Q2’ within its gate-source voltage limits. A 
reservoir capacitor ‘C2’ is placed across the gate of the 
HV MOSFET ‘Q2’ and it is charged with the external DC 
source.  

 
The operation of cascode converter [13] using two 

MOSFETs can be explained in different modes as 
follows. 

 
Mode (i)-(Vgs1>Vth1 & Vgs2>Vth2): When the gate -

source voltage of LV MOSFET ‘Q1’ ie., Vgs1 is greater 
than its gate threshold voltage, Vth1, the MOSFET ‘Q1’ 
fully enhances and it gets turned ON. As soon as the LV 
MOSFET ‘Q1’ turns ON, due to the voltage across the 
reservoir capacitor ‘C2’, which falls across the gate-
source of HV MOSFET ‘Q2’, it gets turned ON. At this 
instant of time, the cascode converter gets into the 
conduction state and hence the current starts flowing 
through the primary winding of flyback transformer and 
the two switches (Q1 and Q2). In this state, the voltage 
drop across both MOSFETs is equal to their on-state 
voltage drops. Here, the flyback diode ‘Df’ is in reverse 
biased condition and hence the filter capacitor, ‘Cf’ 
supplies the load current. 

 
Mode (ii)-(Vgs1<Vth1): When the gate-source voltage 

‘Vgs1’ is less than its gate threshold voltage ‘Vth1’, 



 

MOSFET ‘Q1’ gets into turned OFF condition. Since, the 
voltage across MOSFET ‘Q2’ is constant, when the 
MOSFET ‘Q1’ is OFF, the current takes the path through 
the parallel capacitor across ‘Q1’ i.e., C1 and the gate -
source capacitance of HV MOSFET ‘Q2’. Now the drain-
source voltage ‘Vds1’ across LV MOSFET starts to 
increase. At this instant of time, the potential of source 
terminal of HV MOSFET ‘Q2’ starts to build up. 

 
Mode (iii)-(Vgs2<Vth2): As the potential of source 

terminal of HV MOSFET ‘Q2’ builds up, the gate-source 
voltage ‘Vgs2’ of HV MOSFET gets reduced and when it 
reaches its gate threshold voltage ‘Vth2’, the HV MOSFET 
‘Q2’ gets turned OFF. At this instant, the drain-source 
voltage ‘Vds2’ of HV MOSFET ‘Q2’ raises. Under this 
condition, the current in both the switches now tries to 
flow in the drain-source capacitance of HV MOSFET 
‘Q2’, the drain-source capacitance of LV MOSFET ‘Q1’, 
its parallel capacitor ‘C1’ and into the reservoir capacitor 
‘C2’. To a small extent this current also flows into its 
miller capacitance. 

 
Mode (iii)-(Vgs1<Vth1 & Vgs2<Vth2): When gate-source 

voltage of both switches ‘Q1’ and ‘Q2’ are less than their 
corresponding gate threshold voltages, the switches 
comes into the turn OFF condition. In this case, the 
flyback diode ‘Df’ comes into the ON state and the stored 
energy in the secondary winding is fed to the load 
resistance, RL.  

 
The gate-source and drain-source voltage of HV and LV 
MOSFETs in different modes of operation conditions is 
illustrated in fig. 3. 
 

 
Fig. 3:    Gate and drain voltages across two switches (Q1 and Q2) of 

cascode converter  

 
Because of the low gate charge of LV MOSFET, ‘Q1’, 

the gate drive power consumption due to ‘Q1’ is 
considered to be negligible.  

 
The DC current flowing into the gate of the HV 

MOSFET ‘Q2’ is also negligible because of equalization 
of the amount of charge entering and leaving the 
capacitor ‘C2’ [14] during turn ON/OFF process. The 

whole gate charge is thus charging/discharging the 
external capacitor and hence not wasted. In this way the 
drive power required to switch the HV MOSFET is 
almost zero and that of the LV MOSFET is negligible. 

IV.  EXPERIMENTAL RESULTS 
 

The cascode flyback converter and single switch 
flyback converter were initially simulated by using 
SIMetrix simulation software. Soft switching techniques 
enable the high frequency operation, high energy 
efficiency, compact and light weight converters, [15]-
[17]. Therefore both the cascode and single switch 
flyback converters were maintained to operate under zero 
voltage switching (ZVS) conditions. Based upon the 
analysis and simulation results the prototype was 
designed and then tested with following conditions: The 
input voltage to converter is varied from 60-120V with a 
dc nominal voltage of 90V.The full load resistance of the 
converter is of 10Ω with the switching frequency range of 
2.6-3.7MHz. Here, MOSFET is driven with the help of 
LM5111-1M MOSFET gate driver whose rise/fall times 
are of about 14 ns/12 ns for 2 nF load. In cascode flyback 
converter, the LV MOSFETs ‘Q1’considered are 1) Si 
MOSFET- ZXMN15A27K and 2) GaN MOSFET –
EPC1013 and the HV MOSFET ‘Q2’ considered is Si 
MOSFET STP3NK60ZFP whose characteristics are 
listed in Table I. The secondary side diode considered is 
of Si schottky SR1660 whose reverse blocking voltage 
capacity is of 60V and with forward current rating of 
16Amp. 

TABLE I 
MOSFETS AND CORRESPONDING PARAMETERS  

 
S.No MOSFET(Material) Vds_max 

(V) 
Id 

(A) 
Rds_on 

(Ω) 
Qg 

(nC) 
Coss 
(pF) 

1 ZXMN15A27K (Si) 150 2.4 0.65 6.6 64.5 
2 EPC1013 (GaN) 150 3.0 0.1 1.7 85 
3 STP3NK60ZFP (Si) 600 2.4 3.3 11.8 43 
 

In case of flyback converter the Si HV MOSFET 
STP3NK60ZFP is considered for comparison with the 
cascode flyback converter. The following tests were 
carried out by using the multilayered coreless PCB step-
down transformers and the three cases are as follows.  
 
Case (i): Cascode converter with ‘Q1’ as Si LV 
MOSFET: ZXMN15A27K and ‘Q2’ as Si HV MOSFET: 
STP3NK60ZFP 
 
Case (ii): Cascode converter with ‘Q1’ as GaN LV 
MOSFET: EPC1013 and ‘Q2’ as Si HV MOSFET: 
STP3NK60ZFP 
 
Case (iii): Flyback converter with ‘Q1’ as Si HV 
MOSFET: STP3NK60ZFP 
 
In the first two cases, the HV MOSFET ‘Q2’is driven 
with a supply voltage of 12V dc with a charging capacitor 
of 10μF.The simulated and measured energy efficiency of 
the converter in all the three cases is illustrated in fig. 4 



 

including gate drive power consumption at 50% duty 
cycle ratio.  

60 70 80 90 100 110 120
70

72

74

76

78

80

82

Vin (Volts)

E
ffi

ci
en

cy
, 

(%
)

 

 

Case(i)
Case(ii)
Case(iii)

 
Fig. 4:  Simulated (Solid) and Measured (Symbol) Energy efficiency of 

the converters for input voltage variation with RL=10Ω 

This figure shows that the simulated and measured 
energy efficiency of converters is in good agreement with 
each other. From fig. 4 it can be observed that the 
maximum energy efficiency of the converter is achieved 
in case of cascode converter with GaN MOSFET 
followed by the cascode converter with Si MOSFET. At 
nominal input voltage of 90V, the energy efficiency of 
the cascode converter with GaN/Si MOSFETs is 
80.4%/79.5% respectively and for the single switch 
flyback converter it is only 76.4% because of the 
improved gate drive power consumption and also due to 
the fast rise and fall times of the LV MOSFET ‘Q1’ in 
cascode flyback converter. From fig. 4 we can observe 
that the energy efficiency of single switch flyback 
converter is drastically reduced compared to cascode 
converter particularly at lower input voltages because of 
the influence of gate drive power. The measured gate 
drive power consumption in case (i) is 0.28Watts, in case 
(ii) is 0.05Watts and in case (iii) it is 0.6Watts. This 
shows that the gate drive power consumption in cascode 
flyback converter using GaN MOSFET is negligible 
because of low ‘Qg’.  
 
In cascode converter due to two series connected 
MOSFETs, the static/conduction loss gets increased 
which is dependent on Rds_on of MOSFETs. Therefore, the 
conduction losses of the MOSFETs in single switch 
flyback converter and cascode converter were measured 
at a given power with nominal input voltage. The 
measured conduction loss in case (i) is 0.133 Watts, in 
case (ii) it is 0.118 Watts whereas in case (iii) it is only 
0.115 Watts. From the measured gate drive power 
consumption and conduction losses in all the three cases, 
it can be observed that the gate drive power consumption 
is a dominant factor compared to conduction losses of 
MOSFETs. Even though the low Rds_on MOSFET is 
placed in single switch flyback converter, the gate charge 
of the MOSFET gets increased according to figure of 
merit (3) for the given power application [8],[18] which 
increases the gate drive power consumption with lower 
conduction losses. The figure of merit of MOSFETs can 

be given as follows. 
 
      );(),(),( _ dsgsgdsgsondsdsgs VVQVVRVVFOM     (3) 
 
Therefore, the gate drive power which is a function of 
frequency finds its advantages in high frequency SMPS 
with cascode topology particularly in low power and light 
load conditions compared to single switch flyback 
converter. In the cases (i) and (ii), at higher input voltages 
there exists no significant improvement in terms of 
energy efficiency. However, at lower input voltages the 
energy efficiency in case (ii) is increased because of gate 
drive power consumption as discussed earlier. Also in 
terms of size there exists a significant improvement in 
case (ii) compared to case (i) where ZXMN15A27K is of 
DPAK and EPC1013 is land grid array (LGA 
1.7x0.9mm) package. The GaN MOSFET utilized in 
cascode converter costs about 2.42$/unit whereas for 
ZXMN15A27K is about 0.57$/unit. But these exceptional 
features such as low conduction loss and low gate drive 
power consumption can be only obtained by utilizing 
GaN MOSFET together with coreless PCB step down 
power transformers which is beneficial for the future 
generation ultra low profile converters. The maximum 
switching frequency of the cascode converter at Vin of 
120V with GaN/Si as LV MOSFETs was found to be 
3.65/3.64MHz respectively whereas in case of single 
switch flyback converter it is 2.88MHz only. This 
represents that higher switching speeds are possible with 
the cascode converter compared to single switch flyback 
converter.  
 
The maximum load power attained in all the three cases 
is approximately 30Watts and load power profile with 
respect to input voltage variation is illustrated in fig. 5.  
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Fig. 5: Measured load power of the converters for input voltage 
variation with RL=10Ω 

Fig. 5 shows that all measurements and comparisons 
were made at approximately same power levels in all the 
three cases for varied input voltage. At nominal input 
voltage, output voltage of the converter in all cases is 
approximately 13V and this can be regulated to 12V for 
wide input voltage & load variation using constant off 
time frequency modulation technique discussed in [9].  
At an input voltage of 70V, the simulated waveforms of 
cascode flyback converter with Si MOSFET at a load 
resistance of 10Ω i.e., case (i) are illustrated in fig. 6.  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The figure shows the output voltage of converter (Vo), 
gate-source voltage fed to LV MOSFET Q1 (Vg), drain-
source voltages Vds_max of both MOSFETS Q1 & Q2 and 
the voltage across shunt resistor Rsh i.e., Vsh. 
 
Under the same conditions, measured waveforms were 
captured from oscilloscope and are shown in fig. 7. 
 

 
 

Fig. 7:  Measured waveforms with RL=10Ω. CH1 – Vgs (10V/div), 
CH2- Vsh (100mV/div), CH3 – (Q1) Vds (20V/div), CH4 – (Q2) Vds 

(50V/div) 
 
In fig. 7, CH1-CH4 shows the gate to source voltage (Vgs) 
applied to the LV switch ‘Q1’, voltage across shunt 
resistor ‘Rsh’of 0.33Ω, drain to source voltage (Vds) of LV 
switch ‘Q1’ and drain to source voltage (Vds) of HV 
switch ‘Q2’of the converter circuit. It can be observed 
from fig. 7, that the MOSFETs are almost operated in 
ZVS conditions. 
 
The stress on high side MOSFETs in cascode converter 
and the single switch converter with the input voltage 
variation are depicted in fig. 8. From fig. 7 and fig. 8, at 
an input voltage of 70V the stress on HV MOSFET is 
reduced by approximately 22V in cascode converter 
compared to single switch flyback converter. In addition 
to the above mentioned advantages of high speed cascode  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
converter, the stress on the HV MOSFET ‘Q2’ gets 
reduced compared to single switch flyback converter and 
hence the reliability of converter gets increased. 
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Fig. 8:  Measured drain-source voltage of the HV MOSFETs with the 
input voltage variation 

V.  LOSS ESTIMATION OF CASCODE CONVERTER  
 
The loss estimation was made for case (i) under following 
conditions. At the nominal input voltage of 90V, with a 
load resistance of 10Ω the input/output power of 
converter is 21.1/16.8Watts respectively which leaves the 
total loss of about 4.3Watts. At this instant, the switching 
frequency of the converter is 3.45MHz.  

  
A) Transformer Losses: The measured mean/RMS 

currents flowing through the primary are 0.235/0.252 
Amps. The RMS current flowing through the secondary 
winding of flyback transformer is 1.7Amps. The 
calculated AC resistances of the primary/secondary 
obtained as mentioned in [4] are 9.77Ω/0.310Ω and the 
copper losses of the transformer which can be given by 
the following equation (4) are 0.62/0.89Watt respectively. 
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Where, 
ip/is- RMS currents through primary/secondary winding 
Rac (p) / Rac(s) - Primary/secondary winding ac resistance  

 
B) MOSFET Losses: A MOSFET loss consists of 

both conduction and switching losses [19]. The average 
conduction losses i.e., static losses [20] of LV/HV 
MOSFET whose Rds_on is 0.65/3.3 are 0.017/0.088Watts 
respectively which can be obtained as follows.  

Dondseanavgc RP _2m_ I             (5) 
Where, 
Imean – mean current flowing through the switch  
Rds_on – on state resistance of MOSFET 
D – Duty cycle ratio  
 
MOSFET switching loss consists of both turn-on and 
turn-off losses [21]. Since, converter was not operated 
fully under ZVS conditions, it experiences some of the 
turn on losses which can be obtained as follows.  

swddsoffswonswswitching fIVTTP __
2
1        (6) 

Where, 
Tsw_on – turn-on switch transition time 
Tsw_off – turn-off switch transition time 
Vds – drain source voltage  
Id – current though MOSFET  
fsw – switching frequency   
  
Under the above mentioned conditions, the estimated 
turn-on losses of LV/HV MOSFET are 
0.439/0.604Watts.  
  
Here, since the drain-source voltage of MOSFETs is 
almost zero at the instant when the switch is turned off, 
the turn-off losses are considered as negligible. 
 

C) MOSFET driver loss: Theoretically, the power 
consumption of MOSFET driver [22] can be given as 
follows 

  gswggate QfVP              (7) 
Where, 
Vg   - Gate voltage 
fsw   - Switching frequency of MOSFET 
Qg   - Total gate charge of MOSFET  
 
The calculated/measured MOSFET driver loss is found to 
be 0.27/0.28Watts. 

 
D) Diode Losses: The flyback diode conduction loss 

[20] obtained by using equation (8) loss is 0.388Watts. 
  
 )1(_ DIVP avgDfdiode       (8) 

Where, 
Vf   - Diode forward voltage drop 
ID_avg - average current flowing through flyback diode 
 

E) Miscellaneous losses: It consists of ‘Coss’ loss and 
switching losses of secondary rectifier diode and 
remaining circuit losses.  

In general, the loss across the output capacitance ‘Coss’ 
is given as follows. 

   swdsosss fVCP 2cos
2
1       (9) 

These computed losses are illustrated as a pie diagram in 
fig. (9). The losses are represented in anti clockwise 
direction starting from the transformer losses which is 
designated as ‘Tr_Loss’ in fig. 9. 
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Fig. 9:  Loss estimation of cascode converter –Case (i) 

Under these conditions, the temperature of cascode 
converter circuit including coreless PCB transformer, 
LV/HV MOSFETs, flyback diode MOSFET driver, are 
measured with the assistance of IR thermal imaging 
camera. This thermal profile of above mentioned devices 
in the cascode converter is depicted in fig. 10. 
 

 
Fig. 10:  Ar1 - Area of the Switch STP3NK60ZFP (Q2), Ar2 - Area of 
the Transformer, Ar3 - Area of the Switch ZXMN15A27K (Q1), Ar4 - 
Area of the schottky diode SR1660, Ar5 – MOSFET Driver LM5111 

The loss contributed by the multilayered coreless PCB 
transformer is around 36% out of the total loss. With the 
proper design of this coreless PCB transformer i.e., by 
reducing the primary and secondary resistances, also by 
maintaining exact ZVS conditions a highly energy 
efficient, low profile cascode flyback converter can be 
achieved.  

VI.  CONCLUSION 
 

A low profile cascode flyback converter with 
multilayered coreless PCB step down power transformer 
for an output power level of upto 30Watts operating in 

Tr_Loss 



 

2.6-3.7MHz was presented. Since the HV MOSFET and 
the LV GaN MOSFET in the cascode converter needs 
negligible power, the gate drive power consumption is 
approximately reduced by 12 times compared to single 
switch flyback converter for the same output power level. 
The conduction losses increment in the cascode converter 
with the advanced switches like GaN MOSFET is 
negligible. Also the stress of the HV MOSFET can be 
shared by the LV MOSFET in case of cascode converter 
compared to single switch flyback converter which 
increases its reliability. Apart from these advantages, with 
the help of cascode converter higher switching speeds of 
converter are possible compared to single switch flyback 
converter. The energy efficiency of the cascode converter 
including gate drive power was improved by 3-4% 
compared to single switch flyback converter and the 
maximum energy efficiency of the cascode converter is 
approximately 81%. Since, at low power conditions the 
energy efficiency with cascode converter is greatly 
increased compared to single switch flyback converter it 
can be concluded that there will be a great improvement 
in the power consumption under no-load and light load 
conditions. From the loss estimation, it can be concluded 
that by reducing the dc resistance of the transformer, and 
also by operating the converter in perfect ZVS conditions 
the energy efficiency of cascode flyback converter in 
MHz can be further improved. 
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Abstract-- This paper introduces high frequency half 
bridge DC-DC converter, using multilayered coreless 
Printed Circuit Board (PCB) step down power transformer. 
The converter is simulated and then implemented on a PCB. 
Complementary Pulse Width Modulated (PWM) signals are 
generated to turn on high and low side Metal Oxide 
Semiconductor Field Effect Transistors (MOSFETs) 
alternately by a micro-controller. The isolated gate drive 
signals are provided to the high side MOSFET by using high 
frequency coreless PCB isolation transformer. We tested the 
converter for switching frequency range of 2 to 3 MHz, and 
for maximum input voltage up-to 170 V. The maximum 
output power achieved is 40 W and the maximum energy 
efficiency is approximately 82 %. 
 

Index Terms—Printed Circuit Board, Pulse Width 
Modulation , Switch Mode Power Supplies. 

I.  INTRODUCTION 
New devices and topologies are always the pushing 
power in the development of power electronics. Switch 
Mode Power Supplies (SMPS) are used for DC-DC power 
conversion and it is desirable to reduce the size of the 
SMPS by increasing the switching frequency of the 
converter circuit used in the power supply. The main 
objective of this trend is to increase the power density by 
decreasing the size of the passive components such as 
inductors, capacitors and transformer and to improve the 
dynamic performance [1]. This results in compact power 
converter and enhanced loop response of the power 
supply [2]. With the fabrication of high frequency and 
efficient power electronic devices and also with the 
design of high frequency multilayered PCB power 
transformers, it has become possible to design high 
frequency and power efficient isolated converters. 
Multilayered PCB step down transformers are highly 
energy efficient and can be used in SMPS for power 
transfer applications in MHz frequency range. Recent 
research reveals that high frequency and high energy 
efficiency of the step down transformers is possible [3]. 
At high frequencies, the switching losses increase and 
limit the performance, especially at high voltages. To 
overcome this problem, often different soft switching 
techniques are used. To achieve super efficient power 
conversion, at higher voltages and higher frequencies, 
more research is needed. 

 
Half bridge converter circuits can be used in various 

applications such as power supplies and motor drive.  
Although, the structure of the half bridge circuit is 
complicated because isolated gate drive signals are 

required for high side MOSFET but there are certain 
advantages to use this topology in DC-DC converter 
circuits. The advantage of half bridge is that the effective 
duty cycle, as seen by input and output filter, is twice that 
of individual switch duty cycle. Also, the effective 
frequency is twice that of the individual switch 
frequencies. Both high efficiency and high power density 
are achievable with half bridge converter topology 
[4].This paper presents a half bridge converter using 
multilayered PCB transformers.  

II.  DESCRIPTION AND EXPERIMENTAL 

RESULTS OF THE CIRCUIT 
In this section the detailed description of the high 
frequency half bridge converter circuit is presented and 
the experimental results are shown.  
 
The half bridge converter circuit was simulated and all 
parameters were optimized. The maximum energy 
efficiency of the converter was computed by variation of 
the circuit parameters. At best achieved conditions 85 
percent energy efficiency was achieved in simulations. 
The circuit diagram of the Half Bridge converter is shown 
in Fig.1. 
 
The actual circuit was implemented on a PCB. We used 
microcontroller to generate PWM signals that were fed to 
a MOSFET driver. After passing through the driver, the 
signals were fed to the gate of the lower MOSFET. 
Although there are some MOSFET drivers available with 
switching frequency up-to 1MHz and high side voltage 
up-to 125V [5] but there is no high side MOSFET driver 
available in the frequency range greater than 1 MHz and 
high side voltage range greater than 125V. To circumvent 
this problem, a multilayered coreless PCB isolation 
transformer [6] is used to transmit gate drive signals from 
input to isolated output. By using this gate drive 
transformer, a low power consumption passive gate drive 
circuitry [7] was built up and utilized to drive the high 
side MOSFET. Here, a zener diode was used to limit the 
gate-source voltage below 12 V.   
 
CoolMOS SPU02N60S5 Power MOSFETs were used in 
the design. These devices offer significant advantages at 
high power levels. They can be operated with the lowest 
control power, the cheapest drive circuitry and the highest 
switching frequencies. They are ideal for applications like 
highly efficient power supplies and low power 
application like battery charger, line adapter and auxiliary 
supplies [8]. 
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Figure 1. Circuit diagram of half bridge converter circuit 

 
Since, the converter is designed to operate in MHz 
frequency range, traditional core based transformer 
cannot be used in high frequency converters. This is 
because in core based transformers, the core losses 
become dominant when the switching frequency of the 
converter is increased. Coreless PCB transformers can be 
used in signal and power transfer applications, in high 
frequency converters, because they do not have core and 
there are no core losses [9].  
 

The 4:1 coreless PCB center-tapped power transformer 
designed for half bridge converter can be operated in the 
frequency range of 1 to 6 MHz. The transformer is 
designed in four layers of PCB and it has two primary 
windings in the first and the fourth layer while two 
secondary windings in second and third layer. With this 
structure better coupling between primary and secondary 
windings is achieved. The primary windings are 
connected in series and the secondary windings are 
connected in parallel to achieve the desired inductance. 
The number of turns in primary winding are 24 and in 
secondary winding are 6. The electrical parameters of the 
transformer were measured using RLC meter at 1 MHz. 
The self/leakage inductances of the primary/secondary 
winding are 7.73 H/1.38 H and 2.33 H/0.417 H 
respectively, whereas the primary/secondary winding ac 
resistance of the transformer is 2.2 /0.7 , with an inter-
winding capacitance of approximately 50pF. The 4:1 
multi-layer coreless PCB power transformer and gate 
drive transformer used in the circuit are shown in Fig. 2. 
 

 

 

Figure 2. Transformers used in the converter circuit 

The measured energy efficiency of this step down power 
transformer for load resistance of 10  and sinusoidal 
excitation up to the output power level of approximately 
17 W is illustrated in Fig. 3. 
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Figure 3. Energy efficiency of power transformers used in the converter 
circuit 

 
On secondary side, the SR 1660 Schottky barrier rectifier 
diode was used. It has maximum average forward 
rectified current capability of 16A and maximum DC 
blocking voltage of 60V. The coreless PCB spiral 
inductor of 300nH and the output filter capacitor of 10uF 
were used for the removal of ripples to get the DC output 
voltage.   
 
The prototype of the designed half bridge converter with 
integrated multi-layer coreless PCB transformer is shown 
in Fig. 4. Complementary gate signals, with 30% duty 
cycle, are applied to both MOSFETs. The gate signals for 
both high and low side MOSFETS are shown in Fig. 5. 
The Drain-Source voltages of both MOSFETs are shown 
in Fig. 6. 
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Figure 4. Prototype of Half Bridge converter circuit 

    

 
Figure 5. Gate signals for High and Low side MOSFETS 

 

 
Figure 6. Drain-Source voltages of High and Low side MOSFETS 

 
The energy efficiency of the unregulated half bridge 
converter circuit was computed for the input DC voltage 
of up-to 170 V and switching frequency in the range of 2 
to 3 MHz, with the load resistances of 10 , 20  and  
40 .  When computing the efficiency, the power 
dissipation of the gate drive circuit was not included. 
 

It was observed that by increasing the input voltage of the 
converter, at load resistors 10 , 20  and 40  and 
switching frequency of 2.5MHz, the energy efficiency of 
the unregulated half bridge converter varies. With 10  
load resistor and 170 V input voltage, the output voltage 
of the converter is 20 V and output power was 40 W.  

The maximum energy efficiency of the converter for 
input voltage of 16 V with duty cycle of 30% and load 
resistor of 20  was achieved.  Under these conditions, 
the output voltage of converter was 20 V and output 
power was 22.9 W. The efficiency values, with the 
variation of input voltage, and load resistor values of 10 

, 20  and 40  are plotted Fig. 7. 
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Figure 7. Energy Efficiency with variation in input voltage variation for   

RL =10 , 20  and 40  
 
Theoretically, each MOSFET should have maximum of 
50% duty cycle but due to the rise/fall times they are 
switched below 50 % duty cycle. By keeping the 
switching frequency, input voltage and load resistance 
constant, it was observed that the efficiency of the 
converter varies by variation in the duty cycle of the 
switching PWM signals. The maximum value of the 
energy efficiency was achieved at 30 % duty cycle.  The 
variation of energy efficiency with the variations in the 
duty cycle is shown in Fig. 8. 
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Figure 8. Energy efficiency with the variation of duty cycle 

 
The energy efficiency of the converter also varies with 
the variation in the switching frequency. While keeping 
the input voltage, duty cycle and load resistance constant, 
the variation of energy efficiency with the variation in the 
switching frequency was computed.  



 

The variation in the energy efficiency as a function of 
frequency is shown in Fig. 9. It was observed that as the 
switching frequency of MOSFETs was increased beyond 
2.7MHz, the efficiency of the converter was reduced due 
to increased switching losses of power MOSFETs, gate 
drivers and Schottky diodes. 
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Figure 9. Energy efficiency with the variation of switching frequency 

 

III.  ESTIMATION OF LOSSES IN THE 

CONVERTER CIRCUIT 
The losses in the converter were estimated with input 
voltage of 120 V and the load resistance of 10 . The 
input power of the converter was 27 W while, output 
power was 22 W. The power loss of the converter was   
5 W. It is understood that as the switching frequency 
increases, the switching loss and gate loss increase [1]. 
These losses in the converter are shared by MOSFETs, 
gate driver, transformer and rectifier diode.  
 
Power dissipation in the gate drive can be calculated 
according to equation 1 [10]. 

 

    swGGdriver fQVP ××=             (1) 
 

Where fsw is the switching frequency, VG is the gate 
voltage and QG is gate charge of the MOSFET.  

SPU02N60S5 has gate charge specified as 12 nC for   
VG = 12 V. The power dissipation in the driver, due to 
charging and discharging of MOSFET gate capacitances, 
at switching frequency of 2.5 MHz, is 0.39 W. If both 
channels of the LM5111 are operating at equal frequency, 
with equivalent loads, the total losses will be twice of this 
value, which is 0.78 W. The power dissipation of the 
microcontroller is 0.33 W. Hence, approximately 1 W 
power is dissipated in the gate drive circuit. 
The MOSFETs are the prominent sources of loss within 
the converter. There are two categories of losses in 
MOSFETs i.e. the conduction loss and switching loss. 
Since in our design the MOSFETs are operated in 
saturation region the conduction loss is less as compared 
to switching loss. The switching loss occurs when the 
MOSFETs are in transition state and are more 

complicated to analyze as compared to conduction loss.  
The temperature profile of MOSFETs measured with IR 
thermal camera is given in the Fig. 10. 
 

 
Figure 10. Temperature profile of MOSFET 

 
The output rectifier also contributes to the losses of the 
converter. Although the schottky diodes have lowest 
forward voltage drop but compared to normal P-N 
junction diode its forward voltage increases more quickly 
with higher current. Analysis of switching loss of rectifier 
diode is complicated. Thermal profile of SR-1660 
schottky diode is shown in Fig. 11. 
 

 
Figure 11. Temperature profile of Rectifier diode 

 
Power loss in the transformer is computed according to 
equation 2 [2]. 
 

)(||)(|| 22 sRipRiP ACsACploss +=   (2) 

  
Where RAC (p) and RAC (s) are AC resistance of the 
primary and secondary winding respectively and ip and is 
is RMS current through primary and secondary winding 
respectively.  At 2.5MHz, RAC (p) and RAC(s) of the 
transformer were calculated as mentioned in [10] and are 
given as 2.68  and 0.82  respectively. ip and is  were 
estimated to be 0.42A and 0.7A respectively. The power 
loss of transformer is estimated to be approximately 
1.5W. The temperature profile of transformer is given in 
Fig. 12. 



 

 
Figure 12. Temperature of transformer 

 
By analyzing temperature profile, it can be inferred that 
the MOSFETs losses are dominant while transformer 
losses are less as compared to other circuit components. 

IV.  CONCLUSION 
Compact, low cost and high density half bridge DC-DC 
converter was successfully designed and tested by 
implementation of the circuit on a printed circuit board. 
The converter was operated in MHz frequency region and 
maximum output power upto 40 W. The maximum 
energy of unregulated converter was approximately 82 %. 
The maximum energy efficiency as a function of input 
voltage, duty cycle and switching frequency was 
computed. Multilayered coreless PCB transformers used 
in the converter circuit have shown major contribution in 
the energy efficiency and compactness of the size. This 
research work is revolutionary step in the design of half 
bridge DC-DC converter, operating in MHz frequency 
region, using coreless PCB transformers. It is concluded 
that it is possible to design very small and compact 
switch mode power supplies in the future when better 
switching devices and techniques are developed. 
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High-Speed (MHz) Series Resonant Converter (SRC)
Using Multilayered Coreless Printed Circuit Board

(PCB) Step-Down Power Transformer
Hari Babu Kotte, Member, IEEE, Radhika Ambatipudi, Member, IEEE, and Kent Bertilsson

Abstract—In this paper, design and analysis of an isolated low-
profile, series resonant converter (SRC) using multilayered coreless
printed circuit board (PCB) power transformer was presented.
For obtaining the stringent height switch mode power supplies,
a multilayered coreless PCB power transformer of approximately
4:1 turn’s ratio was designed in a four-layered PCB laminate that
can be operated in megahertz switching frequency. The outermost
radius of the transformer is 10 mm with achieved power density
of 16 W/cm2 . The energy efficiency of the power transformer is
found to be in the range of 87–96% with the output power level
of 0.1–50 W operated at a frequency of 2.6 MHz. This designed
step-down transformer was utilized in the SRC and evaluated. The
supply voltage of the converter is varied from 60–120 VDC with a
nominal input voltage of 90 V and has been tested up to the power
level of 34.5 W. The energy efficiency of the converter under zero-
voltage switching condition is found to be in the range of 80–86.5%
with the switching frequency range of 2.4–2.75 MHz. By using a
constant off-time frequency modulation technique, the converter
was regulated to 20 VDC for different load conditions. Thermal
profile with converter loss at nominal voltage is presented.

Index Terms—DC–DC power converters, high-frequency mag-
netics, megahertz frequency, transformers.

I. INTRODUCTION

LOTS OF research is progressing in the semiconductor
and magnetic fields in order to meet the ever increas-

ing demand for the low-profile, low-power, high-power density
and highly energy efficient converters for portable appliances.
Current switching frequencies of the commercially available
isolated power converters are typically in the range of 100–
500 kHz. Operating the converters from several hundred kilo-
hertz to megahertz leads to a low-profile and high-power density
converter with the reduction of passive elements size such as in-
ductors, transformers, and energy storage capacitors [1]–[4].
However, the increased switching frequencies of a converter
impose challenges such as core losses of core-based transform-
ers/inductors, skin and proximity effects due to the induced
eddy currents in the windings, dielectric losses [5], switching
losses of power devices, and the increased gate drive power
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consumption of the converter that are frequency dependent and
hence cannot be ignored. In order to eliminate the core losses
that are predominant in a high-frequency region, development
in magnetic field shows that the air core, i.e., coreless printed
circuit board (PCB) planar transformers can be a potent alterna-
tive to the existing core-based transformers in several megahertz
switching frequencies for low-medium power applications. In
the earlier research, it has been demonstrated that these coreless
PCB transformers can be used as an isolation transformer for
both signal and power transfer applications in the power range
of 0.5–100 W with higher energy efficiencies in a megahertz
switching frequency region [6]–[8]. Even though there exists no
magnetic core, the skin and proximity effects of the conductors
play a dominant role at higher operating frequencies. Therefore,
the recent study on the winding strategies, i.e., by introducing an
optimum hollow factor [9] in the circular spiral inductor shows
that the losses of the windings at higher operating frequencies
can be reduced along with the improvement of the quality factor.
Apart from this, different winding strategies were also investi-
gated [1] to reduce the parasitic capacitances of multilayered
coreless PCB inductor in order to operate in a wide operating
frequency region.

Since most of the switch mode power supplies (SMPS) ap-
plications such as laptop adapters, LCD monitors, etc., de-
mand step-down conversion ratios, the research has been also
focused on the design, analysis, and application potential of
multilayered coreless PCB step-down transformers. In previous
works [10], [11], the authors have demonstrated that various
multilayered coreless PCB step-down transformers of differ-
ent turn’s ratio evaluated for sinusoidal/square wave excitation
are highly energy efficient in the megahertz frequency region.
Therefore, these multilayered coreless PCB step-down power
transformers were utilized in various single-ended topologies
such as flyback, cascode flyback converters [12]–[14] to achieve
low-profile converters. However, when these converters are op-
erated in the megahertz switching frequency region, it is rec-
ommended to implement the soft-switching techniques such as
zero-voltage switching (ZVS)/zero-current switching (ZCS) to
reduce the switching losses, which in turn increases the stresses
of the MOSFETs and conduction losses [15]. Since for the given
power transfer application at a given switching frequency, the
size of the power transformer in double-ended topologies com-
pared to single-ended ones can be reduced [16], [17] because
of the full utilization of the transformer. Due to this reason,
the double-ended topologies such as half-bridge, full-bridge,
and push–pull are becoming more popular in modern days for

0885-8993/$31.00 © 2012 IEEE
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low-medium power applications especially in telecom and auto-
motive industries [17]. Also, the copper losses of the transformer
can be reduced in double-ended topologies compared to single-
ended converters due to the reduction of the transformer size.
For operating the converters in the megahertz frequency region,
resonant converters such as series resonant, parallel resonant,
series–parallel, and LLC resonant converters are suitable where
the switching losses of the converter at the switch transitions can
be decreased dramatically. In these resonant converters, since the
switch currents/voltages are processed in sinusoidal manner, the
losses at the transitions and electromagnetic interference (EMI)
emissions of the converter get reduced [18]. This also results
in the high-frequency operation of the converter possessing low
MOSFET stress without sacrificing the energy efficiency. Series
resonant converters (SRCs) operated above resonant frequency
have many advantages such as inherent short-circuit protection,
ZVS conditions, reduced harmonics, utilization of transformer
leakage inductance, [19], etc.

In this regard, a multilayered coreless PCB step-down center-
tapped power transformer of approximately 4:1 turn’s ratio with
the dimensions of 20 mm × 20 mm × 1.48 mm operating in the
megahertz frequency region was designed and evaluated. Here,
for driving the high-side MOSFET of the SRC, a multilayered
coreless PCB signal transformer of 1:1 turn’s ratio was also de-
signed and assessed. Even though the SRC has the disadvantage
of uncontrollability of the output voltage at light load condi-
tions [19], due to its numerous advantages as discussed earlier,
in this paper the design, analysis with simulation and exper-
imental results of the SRC using multilayered coreless PCB
signal and power transformer were presented.

II. MULTILAYERED CORELESS PCB POWER

AND SIGNAL TRANSFORMERS

A. Design Methodology of Multilayered Coreless
PCB Power Transformer

One of the limiting factors for operating isolated converter
topologies in the megahertz switching frequency region is core
losses of transformer that are frequency dependent [20]. There-
fore, in order to operate the converter in a high-frequency region,
a multilayered center-tapped coreless PCB step-down power
transformer was designed. Since in case of coreless PCB trans-
formers, the total self-inductance is dependent on the geometri-
cal parameters of the primary/secondary windings, it is required
to choose these parameters in an optimal manner in order to
design an efficient transformer. For a given power transfer ap-
plication, based upon the topology, specified input/output volt-
ages and frequency “f” of operation, the inductance and the
turn’s ratio required for the transformer can be obtained. The
coreless PCB transformer operation is based on the resonance
phenomena between leakage inductance and the external res-
onant capacitor. Therefore, by assuming a leakage inductance
of about 10% of its self-inductance, based upon the required
operating frequency of the transformer, a resonant capacitor is
selected. Here, for the power transfer application of 50 W, the
estimated primary inductance of the transformer is found to
be approximately in the range of 6–8 μH in the operating fre-

quency of 2–4 MHz with the transformer turn’s ratio of 4:1. A
hollow winding factor that is defined as the ratio of inner radius
“Rin” to that of the outermost radius “Rout” [9] is considered
as 0.45, in order to increase the quality factor “Q” and hence
to reduce the dc resistance of the transformer. Here, the inner
radius of the transformer is considered as 4.5 mm that results in
the outermost radius of approximately 10 mm. For increasing
the effect of hollow factor, the width “w” of the winding should
be considered as at least ten times of the skin depth correspond-
ing to the operating frequency [9] of transformer. Here, it is
approximately 8–10 times its skin depth corresponding to the
operating frequency region of 2–4 MHz by also taking into the
consideration of current carrying capability of the conductors.
In order to increase the amount of inductance for the given ra-
dius, the separation between tracks “s” should be as close as
possible within the manufacturing capability. Here, in this case,
it was considered as half of the width of the trace width “w.”
This gives a larger amount of inductance with high-quality fac-
tor and low ac resistance. To meet the isolation requirements
between primary and secondary windings of the transformer,
the PCB laminate thickness “t” of about 0.4 mm is considered.
Transformer’s PCB laminate is FR4 material whose breakdown
voltage is of 50 kV/mm approximately [21]. The height of the
conductor is considered as 70 μm for all the windings of the
transformer. This can be reduced to decrease the ac resistance
of transformer with the expense of increased dc resistance. In
order to attain the desired amount of primary/secondary induc-
tances of transformer by using the aforementioned geometrical
parameters, the calculations were done by using the Hurley and
Duffy method [22].

B. Geometrical and Electrical Parameters of Designed
Multilayered Coreless PCB Power Transformer

The cross-sectional view and 3-D view of the designed core-
less PCB power transformer are shown in Fig. 1(a) and (b),
respectively. The transformer has two primaries on the first and
fourth layers, whereas its secondary windings are sandwiched
in between the two primaries in order to ensure better coupling
between the windings. The number of turns “N” in each layer of
the four-layered PCB is 12 with a track width “w”/separation “s”
of 0.34/0.17 mm, respectively. The height of copper track “h”
is 70 μm, and the thickness of the PCB substrate “t” is 0.4 mm
resulting in the total height of the transformer “T” as 1.48 mm.

The two primaries of first and fourth layer are connected
in series and hence the total number of primary turns is 24.
Since it is required to carry larger amount of currents on the
secondary side compared to primary, two windings are paral-
leled on the secondary side that leads to six number of turns
resulting a 12:6:6:12 primary–secondary–secondary–primary
(PSSP) structured multilayered coreless PCB center-tapped
power transformer.

In the series resonant converter, the leakage inductance of
transformer plays a dominant role in determining the resonant
frequency of the circuit. So, it is highly beneficial if the sufficient
leakage inductance is attained by the designed transformer itself
so that the size of the external inductor can be reduced or in some
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Fig. 1. (a) Cross-sectional view of multilayered coreless PCB power trans-
former in R–Z plane. (b) Three-dimensional view of the multilayered coreless
PCB power transformer of PSSP structure.

cases it can be avoided. Therefore, in terms of leakage induc-
tance point of view, among the various structure of transformers
such as PSSP, secondary–primary–primary–secondary (SPPS),
and primary–secondary–primary–secondary (PSPS) [23], [24]
it is better to use the transformer of either PSSP or SPPS struc-
ture compared to PSPS. Also in case of interleaved structure,
i.e., PSPS, the isolation requirement is higher between the layer
stack up, whereas for the other structures such as PSSP and
SPPS, the distance between the two adjacent intrawinding lay-
ers can be reduced. In coreless PCB transformer where copper
losses are dominant, it is recommended to have lower ac re-
sistance in order to reduce the losses in the transformer and
thereby in converter circuit. Hence, PSSP structure that attains
lower resistance compared to SPPS was taken into consideration
compared to other structures for designing the high-frequency
multilayered coreless PCB step-down power transformer.

The electrical parameters of the designed coreless PCB trans-
former are measured by using the precision RLC meter HP
4284A at 1 MHz. The measured self-inductances “Lp /Ls” of
the primary/secondary windings are obtained by open circuit-
ing the opposite winding of the transformer and are recorded as
7.89 and 0.64 μH, respectively. Since the leakage inductances
“Llkp /Llks” play a prominent role in the resonant converter cir-
cuits, it is important to measure the leakage inductance precisely.
Therefore, the primary/secondary leakage inductances are ob-
tained by solder shorting the opposite winding of the trans-
former and corresponding values for the designed transformer
are 1.95/0.16 μH. All the interconnections while taking the mea-
surements were minimized in order to achieve exact electrical
parameters. The turn’s ratio “n” of the designed transformer ob-

tained from measured self-inductances of primary/secondary is
3.51 that can be obtained as follows:

n =

√
Lp

Ls
. (1)

The interwinding capacitance “Cps” between the primary and
each secondary winding of transformer is found to be 30 pF and
the intrawinding/self-capacitance “Cpp /Css” is found to be neg-
ligible. The calculated coupling coefficient (K) obtained from
the measured parameters of the transformer is 0.75. The mea-
sured dc resistance of the primary/secondary winding of the
transformer per layer using Agilent 34405A digital multimeter
is 0.52/0.10 Ω, respectively. Due to the eddy current phenom-
ena, the winding losses get increased as the frequency increases
causing both the skin and proximity effects. Since, it is a four-
layered PCB power transformer, proximity losses are dominant
compared to the losses incurred by the skin effect. Hence, it
is necessary to estimate the ac resistance of primary/secondary
windings of transformer in the desired operating frequency re-
gion. The ac resistance of the transformer in “mth” layer can be
obtained by using the following expression [25], [26]:

Rac,m = Rdc,m · ξ

2

[
sinh ξ + sin ξ

cosh ξ − cos ξ

+ (2m − 1)2 · sinh ξ − sin ξ

cosh ξ + cos ξ

]
(2)

where
ξ = h/δ;

Rdc,m dc resistance of the winding in the corresponding
layer;

h height of conductor;
δ skin depth in a conductor;

m number of layers in a winding section where MMF
reaches from 0 to maximum value.

In the previous expression, the first term represents skin ef-
fect whereas the second term describes the proximity effect. In
this transformer, where the structure is of PSSP, “m” tends to
unity whereas for the other noninterleaved transformer wind-
ings it is greater than unity [26]. The calculated ac resistance
of both primary/secondary windings of transformer using the
aforementioned expression is illustrated in Fig. 2.

C. Performance Characteristics of Designed Multilayered
Coreless PCB Power Transformer

The deterministic features of operating frequency of trans-
formers such as transfer function H(f) that is defined as the ratio
of the magnitude of secondary voltage Vsec to that of the primary
voltage Vpri of transformer, input impedance Zin [10], [27] were
measured with the help of RF power amplifier, BBM0A3FKO
by giving sinusoidal excitation. The load resistance RL is of
10 Ω and a resonant capacitor Cres of 6.8 nF is connected across
the secondary terminals of transformer. These characteristics
along with measured energy efficiency of the transformer are
plotted in Fig. 3. The maximum gain frequency of transformer
from the transfer function H(f) plot under loaded conditions in
Fig. 3 is found to be 8 MHz, whereas the maximum impedance
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Fig. 2. Calculated ac resistance of primary/secondary windings of the multi-
layered coreless PCB step-down power transformer.

Fig. 3. Measured transfer function “H (f),” input impedance “Zin ” and effi-
ciency “η” at RL of 10 Ω, with Cres of 6.8 nF.

frequency (MIF) is 3.5 MHz with an input impedance of 135 Ω
approximately. As mentioned in [27] and [28] for power transfer
application, the maximum energy efficiency frequency (MEEF)
of the transformer is less than the MIF. In this case, MEEF of the
transformer is found to be 2.6 MHz with an energy efficiency
of 92% approximately. At the MEEF, the input voltage fed to
the primary winding of transformer is 45 Vrms , and then the
secondary voltage is found to be 10.5 Vrms at a load resistance
of 10 Ω resulting in the output power of 10.5 W. The measured
energy efficiency of transformer is illustrated in Fig. 4 under
different loaded conditions with a resonant capacitor of 6.8 nF.
It can be observed from Fig. 4 that the energy efficiency of trans-

Fig. 4. Measured energy efficiency of coreless PCB step-down power trans-
former for different loads, with Cres = 6.8 nF.

Fig. 5. Measured energy efficiency of coreless PCB step-down power trans-
former at RL of 10 Ω, with Cres = 6.8 nF at a frequency (MEEF) of 2.6 MHz.

former is maximum for all the loads at MEEF of transformer
as discussed earlier. Since the transformer is utilized for power
transfer application, the energy efficiency of transformer as a
function of the load power is required. Therefore, the power
test of transformer is reported at MEEF in the output power
range of 0.1–50 W with sinusoidal excitation. The energy ef-
ficiency of transformer with respect to output power level for
the optimal load condition of 10 Ω is illustrated in Fig. 5. From
Fig. 5, it can be observed that energy efficiency of the trans-
former is in the range of 87%–96% for the load power range of
0.1–50 W at a frequency of 2.6 MHz. Under these conditions,
the maximum power density of transformer is reported to be
16 W/cm2 . The primary/secondary voltage and current wave-
forms of transformer at 2.6 MHz with a load power of 20 W
are depicted in Fig. 6. The waveforms are captured with the
help of Tektronix TPS2024 four-channel isolated oscilloscope
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Fig. 6. Measured waveforms of transformer with Cres = 6.8 nF and RL

= 10 Ω. CH1—Vpri (50 V/div), CH2—Ipri (1 A/div), CH3—Vsec (20 V/div),
CH4—Isec (2 A/div).

Fig. 7. Thermal profile of coreless PCB power transformer with Cres =
6.8 nF, operating frequency of 2.6 MHz with a load power of 20 W and ambient
temperature of 25 ◦C.

whose bandwidth is 200 MHz. The primary/secondary voltages
are measured using voltage probes P5120/P2220, respectively,
whereas the currents flowing in transformer are obtained using
Tektronix ac current probes CT2. The corresponding thermal
profile of transformer at a power level of approximately 20 W
was recorded with IR thermal imaging camera and shown in
Fig. 7. The temperature of transformer at this power level is
found to be 55.3 ◦C with an ambient temperature of 25 ◦C.

Since the operating frequency of transformer can be varied
with the help of external resonant capacitor “Cres ,” the effect of
resonant capacitors on transformer was determined.

The measured energy efficiency of transformer by varying
the resonant capacitors at an optimal load resistance of 10 Ω
is illustrated in Fig. 8. It can be observed that MEEF of trans-
former is moved toward lower operating frequencies by increas-
ing the value of external resonant capacitor. Since the power
transformer possesses the desired conditions for power trans-

Fig. 8. Measured energy efficiency of coreless PCB step-down power trans-
former for various resonant capacitors at RL of 10 Ω.

fer application, the transformer was utilized in the SRC and
evaluated.

D. Signal Transformer

Converter circuit topology plays an important role partic-
ularly while utilizing the coreless PCB transformer for power
transfer applications in terms of radiated emissions [29] because
of the absence of magnetic core. If the transformer is utilized in
single-ended topologies such as flyback, forward, etc., since the
current waveforms are nonsinusoidal in nature, the amount of
radiated emissions from the coreless PCB transformers are high
compared to double-ended topologies. In addition to this as dis-
cussed earlier, for the given power transfer application, size of
the transformer gets reduced in the double-ended converter that
leads to maximum utilization of the transformer compared to
single-ended topologies. Based upon the previous conclusions,
a double-ended series resonant converter topology was chosen
for characterizing the designed multilayered coreless PCB step-
down transformer for power transfer applications.

For driving the high-side MOSFET in the SRC, a high-side
MOSFET driver capable of operating in the megahertz fre-
quency region and at high input voltages is required. However,
there exists no commercially available MOSFET gate driver
according to author’s knowledge exceeding the input voltage
of 125 V and 1-MHz switching frequency [30]. Therefore, it is
required to design a gate drive circuitry capable of driving the
high-side MOSFET at higher switching frequencies with gal-
vanic isolation. In this regard, a transformer was designed in
a multilayered PCB in order to reduce area of the transformer,
resistance of the winding for the same amount of inductance
compared to two-layered transformer and also for reduction of
radiated EMI [11], [29]. A four-layered signal transformer of
1:1 turn’s ratio where two primaries/secondaries are connected
in series was designed. The prototype along with the dimen-
sions of signal transformer and power transformer is illustrated
in Fig. 9(a) and (b), respectively.
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Fig. 9. (a) Coreless PCB signal transformer (8.75 mm × 8.75 mm × 1.48 mm)
and (b) power transformer (20 mm × 20 mm × 1.48 mm).

For signal transfer applications, it is desirable to operate the
coreless PCB transformers at the “MIF” [31] in order to mini-
mize the gate drive power consumption of the circuit. Therefore,
for a given application, the desired inductance of the transformer
is determined by knowing the input capacitance of the MOS-
FET that acts as resonant capacitor, for achieving MIF in the
operating frequency region of the converter. From the initial es-
timations by knowing the peak input voltage of the transformer
“Vpeak ,” Frequency of operation “f,” MOSFET input capac-
itance that determines the peak current “Ipeak” the required
amount of primary inductance of the gate drive transformer was
determined. In order to operate the gate drive circuit in the fre-
quency range of 2–4 MHz, for the MOSFET load capacitances
of 100–1000 pF, ideally it is required to have the transformer
primary inductance in the range of 1.5–3 μH.

The geometrical parameters of signal transformer such as
width “w”/separation “s” of the winding are 0.22/0.18 mm, re-
spectively. The number of turns of the primary/secondary is 16
with an outermost radius of 4.4 mm. The electrical parameters
of the designed signal transformer measured at 1 MHz such as
self-/leakage inductance of primary/secondary are 1.01/0.26 and
1.28/0.33 μH, respectively. Since the designed transformer pos-
sesses lower inductance compared to the estimated inductance
as discussed earlier, and also in order to reduce the magnetiz-
ing current through the transformer and hence the gate drive
power consumption, high-frequency NiZn ferrite plates whose
radius is of 5 mm with the thickness of approximately 1.5 mm
were utilized. The electrical parameters of the designed signal
transformer along with ferrite plates measured at 1 MHz such
as self-/leakage inductance of primary/secondary are 1.95/0.45
and 1.85/0.44 μH, respectively, which are measured as dis-
cussed in the previous section. The interwinding capacitance of
transformer is 11 pF with the coupling coefficient of 0.76. The
dc resistance of primary/secondary winding is 0.64 Ω. Since
the MOSFET load is a parallel combination of resistance and
capacitance, a load consisting of 100 Ω and 1000 pF is con-
nected across the secondary winding of the transformer. With
the sinusoidal excitation, the performance characteristics of sig-
nal transformer such as transfer function H(f), Zin , and energy
efficiency are illustrated in Fig. 10.

Fig. 10. Measured transfer function “H(f),” input impedance “Zin ” and effi-
ciency “η” of signal transformer at RL of 100 Ω, with Cres of 1000 pF.

Fig. 11. Schematic diagram of the SRC using multilayered coreless PCB
signal and power transformers.

The characteristics from Fig. 10 illustrate that the transfer
function/voltage gain of the transformer is high with sufficient
input impedance and energy efficiency within the wide fre-
quency range of 1–4 MHz. Hence, this transformer was utilized
in the gate drive circuitry of the SRC for driving high-side MOS-
FET in the megahertz switching frequency region and evaluated.

III. SRC

An SRC is considered by connecting the resonant elements
such as Lr and Cr in series with that of the load as illustrated
in Fig. 11.

The resonant element “Lr ” can be obtained from measured
primary and secondary leakage inductances and turn’s ratio of
transformer by using (3) and it is of 3.94 μH

Lr = Llkp + n2Llks . (3)

A series resonant capacitor “Cr ” of 1.36 nF is utilized in
the SRC and therefore resonant frequency of the converter is
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Fig. 12. DC gain characteristics and quality factor “Q” of the SRC using
multilayered coreless PCB power transformer.

2.17 MHz that is obtained as follows:

fr =
1

2π
√

LrCr

. (4)

The characteristic impedance “Zch” of the circuit is given as

Zch =
√

Lr

Cr
. (5)

The quality factor “Q” of the SRC is obtained from the char-
acteristic impedance “Zch” and load resistance “RL ”

Q =
Zch

RL
. (6)

Since for MOSFETs, ZVS is preferred compared to ZCS [32]
the optimal operating condition of the SRC is obtained above
resonant frequency “fr ” of tank circuit. Therefore, the switching
frequency of the converter should be greater than 2.17 MHz. In
this region, the converter is ensured to be operated in ZVS
conditions and hence the turn-on losses in switching devices
get minimized that increases the overall energy efficiency of the
converter. The dc gain characteristics from [33] of the SRC for
load variation of 10–30 Ω are illustrated in Fig. 12. Here, below
“fr ,” the converter is said to be operated in ZCS whereas above
“fr ” it operates in ZVS condition.

It can be observed that the dc gain of SRC is always less
than unity as the resonant tank elements, and load forms volt-
age divider circuit. The dc gain is observed to be maximum at
resonant frequency “fr .”

IV. CONVERTER PROTOTYPE WITH SIMULATION

AND EXPERIMENTAL RESULTS

In order to achieve lower leakage inductance in the conven-
tional transformer, generally the interleaved structure (PSPS) is
employed compared to other structures. However, if the conven-
tional transformer has to be utilized for the resonant converter
circuits, in order to achieve the desired leakage inductances, it

Fig. 13. Measured gate drive signals of low side “Q2 ”—CH1 and high-side
“Q1 ”—CH3 power MOSFETs.

is required to either introduce the air gap in the transformer or
to utilize the external resonant inductor to operate it in the high-
frequency region. By introducing the air gap, there exist several
challenges to be faced in conventional transformers such as the
nonuniform current distribution in the windings, lower magne-
tizing inductance, etc., with which the energy efficiency of the
transformer and hence the converter gets reduced at higher op-
erating frequencies [34], [35]. On the other hand, if the external
inductor has to be utilized, the power density and the energy
efficiency of the converter get reduced. Due to the aforemen-
tioned drawbacks in the conventional transformer, especially in
high-frequency dc–dc converter applications, the multilayered
coreless PCB step-down power transformers can be utilized.
Therefore, the high-frequency dc–dc SRC with the multilay-
ered coreless PCB power and signal transformers was tested and
evaluated in this section in the megahertz frequency region. The
high-side and low-side MOSFETs “Q1” and “Q2” selected ac-
cording to specifications in converter circuit are ZXMN15A27K
whose breakdown voltage is VdsMax of 150 V and Rds(on) of
0.65 Ω. The required gate drive signals are provided by using
1.04-ns resolution dsPIC microcontroller strengthened by the
MOSFET driver LM5111. Here, the low-side MOSFET “Q2”
was directly driven from one of the MOSFET driver outputs
using a gate resistance “R2 .” The other output of MOSFET
gate driver is given to the primary side of signal transformer as
shown in Fig. 11 and the secondary side signal is level shifted
by using a series capacitor “C2” and a zener diode “D3 .” This
signal is fed to high-side MOSFET “Q1” and both these low-
side CH1 and high-side signals CH3 at a switching frequency of
approximately 2.3 MHz with corresponding rise and fall times
are depicted in Fig. 13. Here, the resistor “R1” is placed in series
with that of the capacitor “C2” for limiting the current through
the zener diode “D3 .” In order to prevent the short through cur-
rents in MOSEFTs of the converter, a dead time of 34 ns is
provided in between high-side and low-side MOSFETs.

The rectifier diodes “D1” and “D2” utilized on secondary
side of the converter are SR1660 Schottky diodes whose reverse
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Fig. 14. Prototype of the SRC (45 mm × 35 mm) including coreless PCB
transformers.

blocking voltage is 60 V with maximum average forward cur-
rent rating of 16 A. The series resonant capacitor “Cr ” placed
in the converter is of 1.36 nF whose voltage rating is of 200 V
with ±5% capacitance tolerance. The SRC prototype including
controller and transformers is illustrated in Fig. 14. Here, con-
troller and converter parts are on either side of PCB and coreless
PCB power and gate drive transformers are connected by using
interface pins.

The converter was operated with following specifications: dc
input voltage range of 60–120 V with Vnominal of 90 V, with the
load variation of 10–30 Ω in steps of 5 Ω. A resonant capaci-
tor “Cres” of 240 pF is connected across secondary winding of
transformer in order to bring MEEF in the range of 2–3 MHz
in the SRC. The choice of the resonant capacitor to improve
the energy efficiency of transformer was such that the resonant
frequency of the converter circuit is unchanged. Here, the exter-
nal resonant capacitor “Cres” and the interwinding capacitance
“Cps1” of transformer together referred to the primary side [27]
is given by (7) and it is 33.0 pF that is negligible and hence do
not affect the characteristics of SRC

Cres ′ =
(

1
n2

)
· 2 · Cres +

(
1 − n

n2

)
· Cps1 . (7)

Therefore, with the help of external resonant capacitor “Cres ,”
the energy efficiency of the converter was improved by 1–2%
compared to without any external secondary resonant capacitor
and maintained high in this frequency region without changing
the characteristics of the SRC. The converter was initially simu-
lated using SiMetrix software by modeling high-frequency SRC
for the aforementioned conditions.

The measured energy efficiency of the unregulated converter
for different load conditions in terms of input voltage variation
with a duty cycle ratio of 82% is illustrated in Fig. 15. From
this figure, it can be observed that the energy efficiency of the
converter is approximately 86.2% where the input/output volt-
age of the converter is 120/20.13 V at a switching frequency of
2.63 MHz.

The energy efficiency of the converter is obtained maximum at
the full load of 15 Ω and it is decreasing in nature for varied load
resistances. The input and output power level of the converter

Fig. 15. Measured energy efficiency of the SRC for varied input voltage “Vin ,”
with different load conditions.

Fig. 16. Simulated and measured energy efficiency of the SRC for RL =
15 Ω.

under these conditions is approximately 31.3/27 W, respectively.
The tested maximum output power of the converter at 10-Ω load
resistance is 34.5 W with input/output voltages of 120/18.6 V
and the achieved energy efficiency under these conditions is
reported to be 85.2%.

At an optimal load resistance “RL ” of 15 Ω, the simulated
and measured energy efficiency of the converter is illustrated
in Fig. 16. From this figure, it can be observed that the simu-
lated and measured energy efficiency of the converter is in good
agreement with each other. The simulated and measured wave-
forms for the nominal input, Vnominal of 90 V are illustrated in
Figs. 17 and 18, respectively. Figs. 17 and 18 show the gate to
source voltage fed to low-side MOSFET Vgs , drain to source
voltage of low-side MOSFET Vds , primary voltage Vpri and
current Ipri fed to transformer. Here, the SRC is operated under
ZVS conditions at a switching frequency of 2.63 MHz that can
be observed from drain to source voltage of the converter in
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Fig. 17. Simulated waveforms of SRC for Vnom inal and RL = 15 Ω.

Fig. 18. Measured waveforms with RL = 15 Ω. CH1—Vgs (10 V/div), CH2—
Vds (50 V/div), CH3—Vpri (50 V/div), CH4—Ipri (500 mA/div).

Fig. 18. The maximum drain–source voltage of the MOSFET at
this condition is 98 V. The corresponding captured waveforms
of the primary and half of the secondary winding voltages and
currents of the transformer are illustrated in Fig. 19.

A. Loss Estimation of the Series Resonant Converter

At nominal input voltage Vnominal of 90 V, the losses of the
converter were estimated and determined the contribution of the
losses by the elements of the circuit approximately. The mea-
sured input/output powers of the converter are 16.74/14.36 W,
respectively, at the nominal input voltage of 90 V. The energy
efficiency of the converter is approximately 86% with a re-
sistive load of 15 Ω. The total power loss of the converter is
2.38 W. The major losses in the converter are contributed by
coreless PCB transformer, MOSFETs, and rectifier diodes of
the circuit. The measured rms currents of primary/half of the
secondary winding of transformer are 0.47/0.67 A, respectively.
From the calculated ac resistance of power transformer shown
in Fig. 2, at a particular switching frequency of the converter,

Fig. 19. Measured waveforms with RL = 15 Ω, CH1—Vpri (50 V/div),
CH2—Ipri (500 mA/div), CH3—Vsec (20 V/div), CH4—Isec (1 A/div).

i.e., at 2.63 MHz, the primary/secondary copper losses of trans-
former are estimated. The total winding losses of transformer is
found to be approximately 1 W. The measured current flowing
through resistive load “Iload” is 0.98 A and the forward voltage
drop “Vf ” of each diode corresponding to load current is 0.45 V.
Therefore, the conduction loss of diodes is computed from (8)
and it is 0.36 W for two diodes

Pconduction diode = Vf · Iload · D. (8)

Since the MOSFETs consist of both conduction and switching
losses [36], it is important to estimate these losses in the con-
verter particularly when operated at higher switching frequen-
cies. In this converter, each switch conducts with duty cycle
ratio “D” of 41%. The measured average current “Iavg” flow-
ing through the MOSFET is 0.19 A with an on-state resistance
“Rds−on” of each MOSFET as 0.65 Ω. Therefore, the total con-
duction loss of two MOSFETs obtained by using the following
equation is 19.2 mW:

Pconduction = I2
avg · Rds−on · D. (9)

The switching losses of the MOSFETs [37] can be computed as
follows:

Pswitching =
1
2

(Tsw on + Tsw off ) · Vds · Id · fsw (10)

where
Tsw on turn-on switch transition time;
Tsw off turn-off switch transition time;

Vds drain–source voltage;
Id current through MOSFET;

fsw switching frequency.
Since the converter is operated in ZVS conditions, the turn-

on losses of MOSFET are negligible. Therefore, the measured
switching loss, i.e., turn-off loss of high-/low-side MOSFETs
are 0.4/0.43 W, respectively. The left over losses are contributed
by the series resonant capacitor “Cr ” because of its equivalent
series resistance and by remaining circuit elements. These losses
are represented as bar graph and depicted in Fig. 20.
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Fig. 20. Loss estimation of the SRC for Vnom inal with RL = 15 Ω.

Fig. 21. Measured temperature of the SRC including the transformer with
Sp1—spot temperature of transformer, Sp2—spot temperature of low side MOS-
FET (Q2 ), Sp3—spot temperature of series resonant capacitor (Cr ), Sp4—spot
temperature of high-side MOSFET (Q1 ), Sp5—spot temperature of diode rec-
tifier (D1 +D2 ).

From Fig. 20, it can be observed that the transformer con-
tributes approximately 42% of the converter losses. Further, the
energy efficiency of the converter can be improved by optimiz-
ing the transformer design, by employing latest GaN MOSFETs
that give promising results at higher switching frequencies [38],
as well as with synchronous rectification on the secondary side
of the converter.

Under the same operating conditions of Vnominal and load
resistance of 15 Ω, the temperature of the converter including
transformer are recorded using IR thermal imaging camera and
thermal profile of the converter is illustrated in Fig. 21.

The input voltage of the converter is maintained constant at
Vin max of 120 V and load resistance “RL ” of the converter is
varied from 15 to 30 Ω. The energy efficiency of the regulated
converter is depicted in Fig. 22. Here, the output voltage of the
converter is regulated to 20 V with ±2% tolerance by using a
constant off-time frequency modulation technique.

Fig. 22. Energy efficiency of the regulated converter with different load con-
ditions for a constant input voltage.

V. CONCLUSION

An ultralow profile, low-cost SRC using the multilayered
coreless PCB step-down, center-tapped power transformer along
with the signal transformer is fabricated in a PCB of 45 mm
× 35 mm area. The design method for the multilayered core-
less PCB step-down transformer for the given power transfer
application was proposed. The power transformer tested for si-
nusoidal excitations was found to be highly energy efficient in
the megahertz frequency region with the tested power density
of 16 W/cm2 . The designed multilayered signal transformer was
proven to be successful for driving the high-side power MOS-
FET in the megahertz switching frequency region. The converter
was operated above resonant frequency to achieve ZVS condi-
tions in order to reduce the turn-on loss, EMI emissions from
the converter. The demonstrated converter was tested up to the
output power level of 34.5 W with the maximum energy effi-
ciency of 86.5%. This study provides a considerable step by
employing the switching frequencies of megahertz in isolated
dc/dc converters using multilayered coreless PCB signal and
step-down power transformers. This enables smaller and more
compact design of SMPS in near future. From loss estimation,
the losses of converter elements are determined and with further
improvement of the transformer design and with synchronous
rectification and latest GaN MOSFETs that give promising re-
sults at higher switching frequencies, the energy efficiency of
the converter can be improved.
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Abstract 
 
The authors report the feasibility of low profile, high power density and energy efficient iso-
lated DC/DC converter in 3 – 4 MHz frequency region corresponding to low line input voltage 
of 90 – 110 Vac suitable for 45W laptop adapter application. Using novel planar power trans-
former and GaN HEMTs, the simulation and experimental results of LLC resonant converter 
for DC input voltage range of 127 – 155Vdc with a regulated output voltage of 22Vdc was pre-
sented. The maximum energy efficiency of converter at the full load condition is reported to 
be approximately 91%, whereas light load efficiency was improved by using pulse skip 
modulation (PSM) technique. 
 

1. Introduction  

With the ever increasing demand for low profile, high power density converters for the port-
able appliances such as palm top computers, laptop adapters and iPads, it is required to in-
crease the switching frequency of converters. However, due to increased switching frequen-
cies there exist several challenges in terms of magnetic devices, switching losses/gate drive 
power consumption in converter along with the EMI issues. On the other hand by increasing 
switching frequency of converters, there exists a huge reduction in passive element size 
such as transformers/inductors and EMI filters [1], [2] and also fast dynamic response can 
be achieved. Due to the theoretical limitations on the existing ‘Si’ devices in MHz frequency 
region of operation, advanced semiconductor devices such as GaN HEMTs were introduced 
in to the market which makes it feasible to operate the converters in MHz frequency region 
[3], [4] and [5]. In order to reduce the switching losses and EMI emissions from the convert-
er, usually soft switching techniques such as zero voltage switching (ZVS) / zero current 
switching (ZCS) are employed in the switching converter topologies. Also, the soft switching 
topologies such as LLC resonant converters are gaining importance for high frequency ap-
plications to reduce switching losses and EMI in the converters. The current switching fre-
quency of the AC/DC converters has been limited to 132 kHz due to several factors such as 
EMI issues, magnetic elements, high frequency high side gate drive circuitry etc., However, 
in this paper an attempt has been made to realize the feasibility of the high frequency iso-
lated AC/DC converter with the following specifications of input voltage 90 - 110Vac, output 
voltage 22Vdc with ±5% tolerance, load power of 45W in the switching frequency range of 3 – 
4MHz. In this regard, an integrated planar power transformer suitable for operating in the 
MHz frequency region was designed by considering the above mentioned specifications and 
thereby the simulation and experimental results of the LLC resonant converter in MHz fre-
quency region has been presented. 

2. Design of high frequency transformer 

Since, one of the limitations for operating the converter in MHz frequency region is the core 
and copper losses of the transformer, a novel high frequency planar power transformer suit-
able for the given application has been designed. The center tapped planar power trans-
former was designed on a six layered PCB where a single turn auxiliary winding is on the top 
layer and the remaining layers are distributed for primary and secondary windings forming a 
primary-secondary-secondary-primary (PSSP) structure. The thickness of PCB is of 1.82mm 
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with a separation of 0.4mm between primary and secondary windings in order to meet the 
isolation requirements. Each layer of transformer consists of 4 number of turns with track 
width/separation of 0.42/0.18mm respectively. For a given power transfer application, the 
primaries of two layers are connected in series resulting in 8 number of turns to achieve the 
desired amount of inductance. Here, on the secondary side of the transformer, two conduc-
tors out of four are paralleled in each layer of secondary winding leading to 2 number of 
turns/layer resulting in 4:1:1 center tapped power transformer. The prototype of the designed 
integrated planar power transformer is illustrated in fig.1. In order to avoid the external induc-
tor requirement in an LLC resonant converter operation, an air gap is introduced at the cen-
ter post so that the desired ratio of magnetizing inductance to that of the resonant induc-
tance can be maintained.  
 
 

 

 

 

 
 

 

The electrical parameters of the transformer measured at 3MHz using sine phase imped-
ance analyzer are listed in table.1. The designed transformer possesses the coupling coeffi-
cient of 0.96. 

Table.1. Measured electrical parameters of the planar transformer at 3MHz  

Parameters Rp[Ω] Rs[Ω] Lp[µH] Ls[µH] Llk[µH] Lm [µH] Cps [pF] K 

Values 0.68 0.1 4.8 0.327 0.400 4.4 22.2 0.96 

 
The measured primary and secondary winding AC resistance of the transformer using sine 
phase impedance analyzer in the frequency range of 1 – 5 MHz is as shown in fig.2. From 
fig.2, we can observe that the AC winding resistance is increasing in nature due to both skin 
and proximity effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              
 
Fig.1. TOP and BOTTOM view of integrated planar power transformer (22x18x5) in mm 
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 Fig.2. Primary/secondary AC winding resistances of integrated planar power transformer  
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3. LLC resonant converter with designed high frequency trans-
former 

 
For the given specifications, the DC gain characteristics of the LLC resonant converter for 
quality factors corresponding to full load and light load conditions are illustrated in fig.3 since 
it is necessary to understand the operation of the converter. In LLC resonant converter, in 
order to reduce the magnetizing current, the ratio of magnetizing inductance ‘Lm’ to resonant 
inductance ‘Lr’ i.e., ‘m’ is considered as large [6]. Therefore, here with the help of an air gap 
without any external inductor, ‘m’ is considered as 11 where ‘Lm/Lr’ are 4.4/0.4µH respec-
tively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. DC gain characteristics of LLC resonant converter with m=11 

 
The frequency of the series resonant circuit (Lr and Cr) ‘fr’ is obtained as 6.8MHz by consid-
ering an external series capacitor of 1.36nF. The frequency corresponding to all the resonant 
elements ie., (Lm+Lr+Cr) ‘fp’ is 1.96MHz whereas the calculated minimum ‘fmin’ and maximum 
‘fmax’ switching frequency of converter corresponding to given specifications resulted in 
2.8/6.8MHz respectively. The frequencies ‘fp’, ‘fr’ and the quality factor ‘Qe’ in the figure are 
obtained as follows 
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Where,  
n – Effective turn’s ratio obtained from measured self inductances  
RL – Load resistance (Ω) 
However, the converter has been operated in the frequency range of 3.3MHz to 4MHz which 
is within the maximum and minimum gain/frequency limits as shown in fig.3 for achieving the 
output voltage within the tolerance band of ±5%. From fig.3, it can also be observed that it is 
possible to obtain the regulated output voltage for the wide input voltage range.  



3.1. Simulation and experimental results of LLC resonant converter 

 
The schematic diagram of the LLC resonant converter circuit with the high frequency model 
of integrated planar power transformer is shown in fig.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The designed center tapped integrated planar power transformer having a turn’s ratio of 
4:1:1 is placed in the LLC resonant  converter and evaluated. Since, ‘GaN’ HEMTs pos 
sesses better high frequency switching characteristics compared to it’s counterpart ‘Si’ 
MOSFET as discussed earlier, EPC 2012 GaN HEMTs from the efficient power conversion 
have been selected as both low side ‘Q1’ and high side ‘Q2’ switches of LLC resonant conver-
ter according to the converter specifications. These HEMTs posseses the  breakdown vol-
tage ‘Vds_max’ of 200V with continuous drain current ‘Id’ of 3A and ‘Rds-on’ of 100mΩ. The typi-
cal gate charge ‘Qg’ and output capacitance ‘Coss’ of this device under specified conditions 
are 1.5nC and 73pF respectively. The gate drive signals for these HEMTs are provided by 
using 16 bit digital signal controller (dsPIC33f16gs502). It consists of high speed PWM mo-
dule with 1.04ns resolution for frequency, duty cycle, dead time and phase shift which is ad-
vantageous for high frequency SMPS. The gate driver for driving the HEMTs of LLC reso-
nant converter is of LM5112 with typical rise/fall times of 14/12ns respectively for a 2nF load 
with the peak current capability of 7A. Here, the low side switch ‘Q1’ was directly fed from the 
driver LM5112 with an external series gate resistance ‘R1’ of 10Ω. Since, there exists no 
commercially available high side gate drivers for voltages greater than 105V and the fre-
quencies greater than 1MHz, a high speed digital optocoupler ‘TLP117’ with a propagation 
delay of maximum 20ns is used. It provides the isolation between the signal from the PWM 
channel of the controller and the gate driver of the MOSFET and thereby the isolated streng-
thened signal is fed to the high side switch ‘Q2’. The minimum isolation voltage of the selec-
ted optocoupler is approximately 3.7kVrms. The series resonant capacitor ‘Cr’ placed in the 
converter is of C0G ceramic capacitor whose value is 1.36 nF (±5% tolerance) with a voltage 
rating of 200V. The diodes ‘D3’ and ‘D4’ utilized on secondary side of the LLC resonant con-
verter are SR1660 schottky diodes whose reverse blocking voltage is of 60V with maximum 
average forward current rating of 16A. Initially the LLC resonant converter is simulated using 
Simetrix software by considering the high frequency model of the integrated planar power 
transformer and the spice model of the GaN HEMTs and the schottky diode rectifier. 
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Fig.4.Schematic diagram of LLC resonant converter with high frequency model of planar transformer 
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Fig.5.Simulated waveforms of LLC converter at 
RL=11Ω and at a frequency of 3.3MHz 
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Fig.7.Measured/simulated efficiency of regulated 

LLC resonant converter as a function of load power 

The simulated waveforms of the converter 
for the minimum input voltage of 127Vdc 
and at a full load power of 45W are de-
picted in fig.5. The switching frequency of 
the converter under these conditions is 
considered as 3.3MHz. From top to bot-
tom, the figure shows the gate/drain sig-
nals of low/high side HEMTs, voltage 
across the primary winding of transformer 
‘Vpri’, voltage across the series capacitor 
‘Vcap’, output voltage/current of the con-
verter ‘Vout’/‘Iout’ and the current flowing 
through the primary winding of the trans-
former ‘Ipri’.  
From fig.5, with the considered circuit pa-
rameters, it can be observed that both the 
switches are operating in zero voltage 
switching (ZVS) condition leading to lower 
switching losses of the converter. Under 
the same conditions, the measured wave-
forms of the converter are illustrated in 
fig.6. The figure shows the gate signal of 
the low side switch (yellow), drain signal of 
the low side switch (blue) and the voltage 
across the series capacitor (green). It can 
be observed from the figure, that the low 
side GaN HEMT is operating in the ZVS 
condition.  The converter has been simu-
lated from full load to 10% of the full load 
for the input voltage of 127Vdc and the en-
ergy efficiency is recorded. Similarly, the 
measurements have been taken for the converter circuit under the same operating condi-
tions with the help of Agilent 6811B AC power source/analyzer. The corresponding simulated 
and measured energy efficiency of the converter as a function of load power is illustrated in 
fig.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The measured energy efficiency of the converter under the full load condition is 90.48% with 
the input/output power levels of 49.7/44.97W respectively. Here, the measured regulated 

 
 
Fig.6. Measured switching waveforms of regu-
lated LLC resonant converter 
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Fig.9.Measured energy efficiency of regulated 
LLC resonant converter as a function of input 
voltage  

 
 
Fig.10. Thermal profile of LLC DC-DC converter at fsw of 3.3MHz and Pload of 45W at Vin 
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Fig.8.Measured efficiency of regulated AC/DC and 

DC/DC LLC resonant converter as a function of 

load power 

output voltage of the converter is 22.11Vdc. It can be observed from fig.7, that the simulated 
and measured energy efficiency are in good agreement with each other. The measured en-
ergy efficiency of the converter with the 10% load condition is 64.26%. Since, under the light 
load conditions, the energy efficiency gets degraded due to the increased switching losses, 
conduction losses and other circuit losses, efficiency of LLC resonant converter is improved 
with the help of Pulse Skip Modulation (PSM). The simulated energy efficiency of the con-
verter with PSM is also illustrated in the same fig.7 for comparison. With this technique, the 
energy efficiency of the converter is improved by around 10% under the light load condition.  
The measured energy efficiency of the AC/DC converter for an input voltage of 90Vac to-
gether with the measured DC-DC converter efficiency as a function of load power is depicted 
in fig.8. It can be observed that approximately 1% efficiency is lost due to the diode bridge 
rectifier compared to the DC-DC converter efficiency under the full load condition. Here, the 
output voltage of the converter is regulated to 22Vdc within ±5% tolerance band.  
The measured energy efficiency of regulated converter with input voltage variation from 
127Vdc – 155Vdc using constant off time frequency modulation is shown in fig.9. It can be ob-

served from the figure, for the considered input voltage variation, the switching frequency of 
the converter is varied from 3.3MHz to 3.96MHz which is within the limits calculated from the 
DC gain characteristics shown in fig.3. The maximum energy efficiency of 90.56% of the 
converter is obtained at the input voltage of 139Vdc. When the input voltage is increased be-
yond the nominal voltage of 141Vdc, the converter efficiency is decreasing in nature due to 



the distortion in the high side gate signal, which can be increased by improving the gate 
drive circuitry.  
 
The thermal profile of the LLC DC-DC resonant converter at a full load condition with mini-
mum input voltage of 127Vdc including high side and low side HEMTs (Sp1 and Sp2), series 
capacitor (Sp3), integrated planar power transformer (Ar1),filter inductor (Ar2) and schottky 
diode (Ar3) is shown in fig.10 with an ambient temperature of 25

o
C.   

4. Conclusion 

An energy efficient LLC resonant DC/DC converter for the input voltage range of 127 - 
155Vdc with an output voltage of 22Vdc in the switching frequency range of 3 - 4MHz using 
GaN HEMTs has been demonstrated. The peak energy efficiency of the LLC resonant con-
verter is reported to be approximately 91% at the load power of 45W. With these results of 
DC/DC converter, an energy efficient low profile AC/DC converter circuit in MHz frequency 
region for the low line input voltage of 90 - 110Vac (due to the limitation of high speed high 
voltage GaN HEMT) with 50/60Hz supply frequency can be realized. The energy efficiency of 
the converter with the bridge rectifier is found to be reduced by approximately 1% than that 
of the achieved energy efficiency of the DC/DC converter at the minimum input voltage. 
From this, we can conclude that the low profile energy efficient AC/DC converter operating in 
MHz switching frequency region can be realized in near future for laptop adapter application 
with the help of GaN HEMTs and the high frequency energy efficient planar power trans-
formers. 
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Abstract—The authors report the utilization of the core based 
transformer for power transfer applications with high power 
density and high energy efficiency in the MHz frequency region. 
A custom made POT core center tapped transformer of 4:1:1 
turn’s ratio using novel winding strategy with the core diameter 
of 16mm is designed and evaluated. The designed transformer 
has been characterized using sinusoidal excitation for a given 
output power in the frequency range of 1 – 10MHz and 
determined the operating frequency region of the transformer. 
The power tests of the transformer has been carried out up to 
the power level of 62W at an operating frequency of 6.78MHz 
with a peak energy efficiency of 98.5% resulting in the record 
power density of ~1100W/in3. The designed transformer has 
been characterized using class E isolated DC-DC converter 
topology at an output power of approximately 18W. The 
simulated energy efficiency of the converter is 88.5% under the 
full load condition. This work provides the significant step for 
the development of next generation high power density isolated 
converters (both AC/DC and DC/DC) in MHz frequency region. 

I. INTRODUCTION  

The trend towards the low profile, high power density and 
highly energy efficient converters for portable appliances such 
as laptop adapters, iPads, mobile chargers, LCD monitors etc., 
is pushing the switching frequency of converters from several 
hundred kHz to MHz. In this regard, tremendous progress is 
achieved in semiconductor field such as introduction of wide 
band gap material devices in to the market such as SiC and 
GaN MOSFETs. GaN devices possesses several advantages 
compared to their ‘Si’ counterparts such as low 
switching/conduction losses and gate drive power 
consumption, capable to withstand high break down voltages 
in small die area [1] and can be switched effectively in MHz 
frequency region [2], [3]. Apart from the high frequency 
switching devices, in order to achieve high power density 
converters, it is required to possesses the highly energy 
efficient, high power density transformers/inductors preferably 
integrated power transformers suitable for operating in the 
high frequency region. However, with respect to magnetic 

point of view, increasing the switching frequency of converter 
results in increased core and copper losses in the windings, 
unbalanced magnetic flux distribution, dielectric losses [4], 
etc., Therefore, it is required to design an optimal transformer 
for the given power transfer application by minimizing the 
core and copper losses in order to realize the high power 
density converters. Lot of research is progressing in order to 
improve the performance of transformer such as introduction 
of hollow winding factor [5], [6] different winding strategies 
[7] in order to reduce the copper losses and stray capacitances 
respectively. For high frequency operation of transformers, it 
is also required to investigate suitable magnetic [2] and 
dielectric materials [8] for the given power transfer 
applications and frequency range. In [9], it has been reported 
that the hybrid core power transformer which can be operated 
in 3 – 5MHz region for a power transfer application of 50W 
has the power density of 47W/cm3 with the transformer peak 
energy efficiency of 98%. In this paper, an attempt has been 
made to custom design the core in order to increase the power 
density and operating frequency of transformer preferably in 5 
– 10 MHz which can be suitable for power transfer 
applications is designed and investigated. 

II. HIGH FREQUENCY PLANAR POWER TRANSFORMER 

From magnetic point of view, the operating frequency of the 
converters is in few hundreds of kHz, due to the nonexistence 
of the low profile, highly energy efficient and high power 
density planar power transformers. In this regard, an attempt 
has been made to design a highly energy efficient planar 
transformer suitable for power transfer applications in MHz 
frequency region.  

A. Magnetic materials  

Regarding magnetic materials, MnZn and NiZn ferrite cores 
possess the desirable characteristics to operate them in the 
MHz frequency region compared to other existing materials. 
However, MnZn (3F35, 3F4, 3F45, 3F5) core material 
possesses minimal amount of core loss in the frequency  
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region of 1-4MHz compared to NiZn core material and when 
the frequency of operation is greater than 4MHz, NiZn ferrite 
core exhibit low magnetic losses [2]. Hence, in this regard 
high frequency NiZn (4F1) material which is optimized for 
the frequency range of 4 – 10MHz has been considered for 
designing the planar power transformer. The initial 
permeability and the resistivity of the considered material are 
of 80 and 105

Ωm respectively whereas the curie temperature 
is ≥ 260oC. 
 

B. Shape of the core  

In order to meet the stringent EMC requirements in MHz 
frequency region, POT core is considered as it possesses 
excellent shielding characteristics compared to other cores. 
Further these cores are suitable for the high frequency DC-
DC converters up to the power levels of 125W [10]. In order 
to increase the power density of the transformer, the custom 
made POT core has been designed which is shown in fig.1. 

 
 

Fig.1 Dimensions (in mm) of the custom made POT core design 
 
The overall diameter/height of the designed POT core half is 
16/2.5 mm respectively. The effective length/area of cross 
section (le/Ae) of the core is 15.3mm and 30.3mm2 
respectively resulting in the core volume (Ve) of 464mm3. 
 

C. Transformer windings 

The primary/secondary windings of the transformer along 
with the auxiliary winding were designed on the six layered 
printed circuit board. The printed circuit board considered is 
of FR4 laminate whose dielectric strength is 50kV/mm [11]. 
The shape of the winding is considered as circular spiral in 
order to obtain the higher amount of inductance and lower 
interwinding capacitance for achieving the high bandwidth of 
the transformer. PSSP structure of transformer provides the 
benefit of meeting isolation requirements without having the 
penalty of increasing distance between the layers, compared 
to that of the interleaved structure PSPS which is highly 
beneficial for the stringent height applications [6]. Therefore, 
here the PSSP structure of the transformer is considered. The 
3D view of the transformer is illustrated in fig.2. The 
primary/secondary number of turns on each layer of PCB is 4, 

while single turn auxiliary winding is placed on the top layer 
of PCB. The primaries of the second and sixth layer are 
connected in series resulting in total number of turns as 8. 
 

 
 

Fig.2 3D view of the planar power transformer 
Two turns of each secondary winding are connected in 
parallel in order to carry large amount of secondary currents 
compared to that of the primary, forming a 4:1:1 center 
tapped transformer. Here, the windings are paralleled in a 
layer instead of a single solid wide conductor due to the 
increased rate of rise of eddy current phenomena in MHz 
frequency region resulting in the increased leakage 
inductance/AC resistance of the transformer [12]. The 
width/separation of the primary/secondary winding is 
considered as 0.43/0.19mm respectively according to design 
rules specified in [6]. The height of the copper track in all the 
layers of transformer is considered as 70µm. The distance 
between various layers of the PCB ie., auxiliary-primary1-
secondary1-midpoint-secondary2-primary2 is 0.2-0.4-0.2-0.2-
0.4 resulting in the total thickness of transformer as 
1.82mm.The inner radius/outermost radius of the designed 
transformer windings is 3.7/6mm respectively. The prototype 
of the designed planar power transformer is illustrated in 
fig.3. 

The electrical parameters such as primary/secondary 
resistances ‘Rp/Rs’, self ‘Lp/Ls’, leakage ‘Llk’ and mutual 
inductances ‘Lm’ along with the interwinding capacitance 
‘Cps’ of the custom designed planar power transformer are 
measured using sine phase impedance analyzer at 5MHz and 
is given in table.1.  

TABLE I.  MEASURED ELECTRICAL PARAMETERS @ 5MHZ 

 
Where 
Rp/Rs - primary/secondary resistances in Ω 

Parameters 
Electrical parameters 

Rp Rs Lp Ls Lm Cps K Llk 

Values 1.05 0.12 6.79 0.42 1.66 18.5 0.98 0.21 

 
Fig. 3 Prototype of planar POT Core power transformer (20x16x5mm) 

All dimensions ‘mm’ 
 
d1  = 16.0 
d2   = 14.0 
d3   =   6.0 
l    =   4.0 
h1   =   2.5 
h2   =   1.2 
c   =    3.0 

Primary1 

Secondary1 

Midpoint 

Secondary2 

Primary2 

Auxiliary 

2140



Lp/Ls - primary/secondary self inductances in µH  
Cps - interwinding capacitance (Cps) in pF  
 
From the measured parameters, the coupling coefficient ‘K’ 
and the turn’s ratio ‘n’ of the transformer were computed. 
The intrawinding/self capacitance of the designed transformer 
is very small and hence can be ignored. The DC resistance of 
primary/secondary windings of transformer measured using 
agilent 34405A digital multimeter is 0.23/0.08Ω respectively.  
Due to skin and proximity effects, the AC resistance of the 
multilayer transformer increases as the frequency of operation 
is increased. Therefore, the measured AC resistance of the 
primary/secondary windings of the transformer in the 
frequency range of 1 – 10MHz using sine phase impedance 
analyzer is depicted in fig.4. The measured AC resistance of 
primary/secondary windings of the transformer at a frequency 
of 6.78MHz is 1.16/0.11Ω respectively. The experimental 
results of the designed transformer are discussed in the 

coming sections. 

III. EXPERIMENTAL RESULTS OF PLANAR POWER 

TRANSFORMER 

In order to determine the performance of designed planar POT 
core power transformer, the experiments were carried out with 
the sinusoidal excitations in the frequency range of 1 – 
10MHz. For the entire frequency range, the load power ‘Pout’ 
of the transformer is maintained to be constant of 10W, at a 
load resistance of 10Ω. The measured energy efficiency along 
with the transformer temperatures is illustrated in fig.5. The 
efficiency of the transformer is found to be in the range of 82 
– 98.5% and the peak energy efficiency of 98.5% is observed 
to be at the frequency of 8.5MHz. Under these conditions, the 
temperature of the transformer is also recorded for the entire 
frequency region.  

From fig.5, it can be observed that the energy efficiency of 
transformer at lower operating frequencies is reduced due to 
the increased core losses (NiZn ferrite material) of the 
transformer as discussed earlier. Since, the transformer’s 
energy efficiency is found to be greater than 96% in the 
frequency range of 5 – 10 MHz; it has been characterized at a 

frequency of 6.78MHz up to load power of approximately 
62W. The experiments were carried with the help of radio 
frequency power amplifier BBM0A3FKO whose load power 
capacity is of 100W. The measured energy efficiency as a 
function of load power is illustrated in fig.6. With the total 
transformer core volume of 0.0566 in3, the power density of 
the transformer at the maximum tested output power of 62W 
is ~1100W/in3.  

 

The measured primary/secondary voltage/current waveforms 
of transformer are illustrated in fig.7. With the input voltage of 
106V (RMS) across the primary winding, at a frequency of 
6.78MHz, and when the secondary winding is loaded with the 
resistor of 10Ω, the obtained secondary voltage is found to be 
24.8V(RMS) as shown in fig.7. Under these conditions, the 
output power is found to be 58W approximately with the 
energy efficiency of ~96%.  

The corresponding thermal profile of power transformer 
recorded with FLIR IR thermal imaging camera is depicted in 
fig. 8. The recorded temperature of the transformer at an 
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Fig. 4 Measured AC resistance of primary/secondary windings of planar 
power transformer 
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Fig. 5 Measured Energy efficiency and transformer temperature  

at RL=10Ω, Pout=10W 
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ambient temperature of 25oC is found to be 79.7oC with a 
power loss of 2.52W. 

 
Fig. 7 Measured waveforms of transformer at RL=10Ω and at a frequency of 
6.78MHz. CH1 – Vpri (100V/div), CH2 – Ipri (1A/div), CH3 – Vsec (50V/div), 
CH4 – Isec (5A/div) 

 
Fig. 8 Thermal profile of power transformer at a frequency of 6.78MHz, Pout 
of 58W and at an ambient temperature of 25oC.  

By knowing the primary/secondary resistances of transformer 
at the operating frequency and the currents flowing through 
the transformer, the copper losses were approximately 
estimated and found to be 1.25W. The remaining loss of 
1.27W is contributed by the core of the transformer at this 
operating frequency. 

IV. APPLICATION POTENTIAL OF THE DESIGNED HIGH 

FREQUENCY PLANAR POWER TRANSFORMER 

The high frequency model of the designed planar power 
transformer has been placed in class E isolated converter 
topology and evaluated its performance by using SiMetrix 
simulation software. 
Class E isolated DC-DC Converter: Here, isolated class E 
converter topology is considered since it exhibits several 
advantages in high frequency operation. The advantages are 
zero turn on losses resulting in high energy efficiency of 
converter, the utilization of the output capacitance for 
achieving ZVS condition of the MOSFET [13]. For class E 
isolated converter topology, by following the design 
guidelines specified in [13], [14], the converter was designed 
for the following specifications. Nominal DC input voltage: 

Vnom of 60Vdc, Output voltage: Vout of 15Vdc, Switching 
frequency: fsw of 5MHz, Load power: Pout of 16W 
The schematic diagram of the class E isolated DC-DC 
converter using the high frequency model of the designed 
transformer is illustrated in fig.9. For the aforementioned 
design specifications, the calculated series inductance ‘Ls’ is 
of 15.5µH. The calculated series/parallel capacitances ‘Cs/Cp’ 
are 69.2/63pF respectively. Here the output capacitance of the 
MOSFET ‘Coss’ alone itself is 63pF. Hence, no external 
parallel capacitor has been added. The full load resistance of 
the converter is considered as 14.06Ω. Here the quality factor 
‘Q’ and the duty ratio ‘D’ of the transistor are considered as 5 
and 0.5 respectively. The primary/secondary AC resistances 
of the transformer at the corresponding switching frequency 
of 5MHz are considered in the high frequency model of the 
transformer.   
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Fig. 9 Schematic diagram of the Class E isolated DC-DC converter operated at 
5MHz using high frequency model of power transformer  

The switching waveforms of the class E isolated DC-DC 
converter for the considered design specifications are 
depicted in fig.10.  
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Fig. 10 Switching waveforms of the Class E isolated DC-DC converter at 
5MHz using designed high frequency power transformer 
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From top to bottom, fig.10 illustrates the gate source/drain 
voltage ‘Vgs/Vds’ of the MOSFET, input mean current ‘Iin’, 
output voltage ‘Vout’, and then followed by primary 
voltage/current of the transformer ‘Vpri’/ ‘Ipri’. Under these 
conditions, the input power/output power ‘Pin/Pout’ of the 
converter is 20.76/18.37W respectively resulting in the 
energy efficiency of 88.5%.  
 

V. CONCLUSION 

A highly energy efficient custom made POT core transformer 
suitable for power transfer applications in the frequency 
range of 5 – 10MHz has been designed and evaluated. The 
design guidelines of the transformer along with the 
dimensions of the custom made POT core have been 
presented. The energy efficiency of the transformer for the 
given power level of 10W is found to be greater than 97% in 
the frequency region of 5 – 10MHz. From the thermal profile 
of the transformer at a load power of 10W, it can be 
concluded that the designed core can be utilized for the 
frequency range of 5 – 10MHz. The maximum tested power 
density of the designed transformer is reported to be 
approximately 1100W/in3 with the tested power level of 62W 
at an operating frequency of 6.78MHz. From the evaluation 
of the transformer in the class E isolated DC-DC converter, it 
can be concluded that the highly energy efficient low profile 
isolated converters in MHz frequency can be realized. In near 
future, ultra flat low profile isolated power converters can be 
designed with the help of this highly energy efficient, high 
power density transformer along with the commercially 
available GaN MOSFETs. 
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