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Abstract  

In general, magnetic components can be considered as the bulkiest components required for power converters. In order 

to pursue with the miniaturization as one of the key factors in power electronics, a novel concept shows a transformer that 

represents embedding (integration) of the magnetic material into the inner layers of the PCB. By having magnetic com-

ponent(s) integrated in the PCB, it is possible to further decrease the size of the footprint as well as the height of the total 

converter. This paper presents the design, simulation, manufacturing and the test results gained from a DC-DC converter 

module with a PCB embedded transformer. 

 

 

1 Introduction 

In electronics industry, the trend of miniaturization is 

growing rapidly. Every year manufacturers show new, 

smaller and more efficient modules in order to compete 

with the existing solutions. For isolated DC-DC converters, 

the transformer is known as the largest component of the 

power supply because of the magnetic core size and the 

isolation requirement. By embedding the magnetic mate-

rial used for the transformer into the PCB, it is possible to 

achieve significant volume reduction of the converter. Dur-

ing manufacturing several thousands of the magnetic inlays 

can be assembled automatically on one production lot, 

which also lowers the overall cost and reduces additional 

process steps to create the windings. In comparison to man-

ually wound magnetic components, the transformer’s turns 

are a standard PCB technology. 

 

 

2 Concepts 

2.1 General Design Aspects 

The basis of a miniaturized transformer is a part of a mag-

netic material, surrounded by a primary and a secondary 

winding. Beneficial is the use of a PCB to combine the el-

ements (magnetic core and copper windings) and keep 

them in place. The electrical parameters of a transformer 

strongly depend on the mechanical construction and  

manufacturing design rules. One predefined requirement is 

the size limit of maximal 10 x10 mm. As the magnetic el-

ement is placed as an inlay in the PCB, the core shapes are 

limited in size and geometry. Figure 1 shows feasible mag-

netic core geometries: 

 

 

 

 

 

 

 

Figure 1 Possible core shapes 

 

Both primary and secondary windings are a construction of 

copper layer in combination with mechanically drilled 

vias. Depending on the concept, the drill holes are the lim-

iting factor of a design. This is why the core shape C (EE-

core) does not fit to the size requirement, as the vias can 

not be placed within the winding areas. EE-cores are typi-

cally used for planar transformer constructions. Well-con-

structed transformers rely on minimized stray inductance 

as well as low capacitance between the windings. A con-

cept based on a rectangular inlay would be perfect in terms 

of size and via arrangement. The ease of design results in 

reduced self-inductance, high stray elements and low EMI 

(electromagnetic interference) performance. 

Toroidal core shapes without any dedicated air gap enable 

highest magnetic properties as well as minimized EMI in-

terference. For this solution, via arrangement in the center 

of the ring can become problematic as the PCB manufac-

turing requests minimum drill to drill distances. In addi-

tion, a design related issue is the control of the stray induct-

ance in the inner ring, as a certain creepage distance is 

needed to guarantee DC (direct current) isolation. Shield-

ing by additional copper layers can help to better control 

the H-field, but results in increased stray capacitance.  

2.2 Theoretical Considerations 

The magnetizing inductance Lm, which represents the flux 

in the core, and resistor Rc which is responsible for the core 

loss, are present in the excitation shunt branch of the equiv-

alent model of a transformer shown in Figure 2. Those pa-

rameters can normally be measured during an open circuit 

test. The components of current through these circuit ele-

ments combine to form the magnetizing current. During the 

short-circuit test, the core loss is negligible, so the equiva-

lent impedance comprising of the resistances of the wind-

ings and the leakage inductances can be found. 



 
Figure 2  Transformer equivalent circuit  

 

Prior to calculation of the magnetizing inductance, it is nec-

essary to introduce the effective area and the effective 

length of the magnetic path. Both parameters are taking 

into account that the majority of the flux is running next to 

the inner circumference (also verified by simulation) of the 

ring shaped magnetic core, as shown below: 
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In the formulas above, the R1 is the inner radius and R2 is 

the outer radius of the ring shaped magnetic inlay. The 

magnetizing inductance of the transformer can be predicted 

by the following expression: 
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𝑙𝑒

 (3) 

 

where the relative permeability of the magnetic material is 

500 and results in a magnetizing inductance of 3.45 µH. 

 

The rms value of the square waved input voltage is depend-

ing on the frequency, number of turns on the primary wind-

ing, the maximum flux density and the effective cross-sec-

tional area of the magnetic core and can be given as: 

 

𝑉𝑟𝑚𝑠 = 4𝑓𝑁𝐵𝑚𝑎𝑥𝐴𝑒 (4) 

 

For this demonstrator, the switching frequency was set to 

420 kHz, with 10 turn for the primary winding. The flux 

density of magnetic material is 0.4 T and the core has an 

effective area of 0.96 mm2, which gives as a result the pri-

mary rms voltage of  6.45 V. Since the switching frequency 

of the chosen IC can vary from 420 kHz up to 1.6 MHz, 

several voltage conversions are possible with this configu-

ration. The used magnetic material is optimized for power 

applications and can handle frequencies up to 5 MHz. 

2.3 Push-pull topology 

The chosen topology for this work is a push-pull converter. 

Both, the primary as well as the secondary winding have a 

center tap connection. Figure 3 shows the principle sche-

matic. 

 Figure 3 Push-pull transformer stage 

 

In the push-pull converter, the switches M1 and M2 are 

turned on alternately with equal duty cycles. For this appli-

cation, the duty cycle is nearly 50% on both switches. 

When M1 is on, the input voltage V1 is coupled to the sec-

ondary side (with the winding turns ratio N2 to N1) in that 

way that diode D2 becomes reverse biased whereas the cur-

rent will run through the forward biased diode D1 charging 

the output capacitor and powering the load.  

In this work, both transistors (M1, M2) are implemented in 

the IC SN6505B from Texas Instruments. The chip also has 

a build-in oscillator to generate the switching frequency of 

420 kHz and provide the gate drive signals for the internal 

MOSFETs. To avoid a short circuit, there is a necessary 

interlock delay time between M1 turn of and M2 turn on. 

The chip itself generates this time as it has a built-in break-

before-make circuit. During this time, the supply for the 

load is the output capacitor only. An additional inductor 

can help to further stabilize the output power. For this 

work, the inductor is not used.  

 

 

3 Simulation results 

A thermal simulation based on a DC-current of 300 mA 

results in a maximum temperature increase of about 7 °C  

as shown in Figure 4. Due to the relatively low current and 

a copper thickness of 40 µm, the temperature will not be 

considered as critical factor for this prototype.  

 

 
Figure 4 Thermal simulation of transformer  

 



Table 1 shows the mechanical dimensions of the designed 

prototype: 

 

Table 1 Mechanical dimensions 

Symbol Parameter Value 

APCB Total PCB area 10 x 10 mm2 

Amag Magnetic material area Dout = 8 mm; 

Din = 4 mm 

hmag Magnetic material height 0.5 mm 

hPCB Total PCB height 0.92 mm  

hCu Copper layer height 40 µm 

 

Table 2 shows the simulated values of the constructed pro-

totype. 

 

Table 2 Results from simulation 

Symbol Parameter Value 

a Turn ratio 10:11 

Vin Input voltage 3 V 

fsw Switching frequency 420 kHz 

L1 Primary self-inductance 3.2 µH 

L2 Secondary self-inductance 3.85 µH 

Iprim Primary (rms) current 300 mA 

Isec Secondary (rms) current 300 mA 

RDC,1 Primary DC resistance 57 mΩ 

RDC,2 Secondary DC resistance 68 mΩ 

CS Stray capacitance 6 pF 

 
Evaluation of the magnetic properties has been done by 

CST Studio suite using the low-frequency solver. The dis-

tribution of the magnetic flux density inside the ring core 

at 300 mA can be seen in Figure 5. 

Figure 5  Distribution of magnetic flux density  

 

 

4 Manufacturing 

As mentioned in chapter two, a ring shaped magnetic ma-

terial embedded in the PCB helps to minimize the dimen-

sions of the converter. By the ECP® (embedded compo-

nent packaging) technology passive and active components 

as well as mechanical parts can be installed in PCB core 

materials during manufacturing. This extra process uses 

standard assembly machines placing the part in a pre- 

cut opening of the PCB core material as shown in Figure 6. 

After a lamination process the part is fixed inside the core. 

For active components a laser connection can transfer cur-

rent to the components as well. For this demonstrator the 

round inlay is installed only. Neither electrical connections 

nor mechanical drills through the ring are performed. The 

isolation distance between primary and secondary winding 

of the transformer is gained from the PCB design, which 

uses FR4 material as the main electrical insulator. The di-

electric strength of the used material is according to the 

manufacturers’ datasheet with about 50 kV/mm. 
 

 

 

 

Figure 6 ECP® build up 

Automatic assembly of the magnetic inlays requires special 

pick-up tools (nozzles) to control the contrast for the cam-

era during alignment. This ensures an accurate placement 

of the inlay. In order to install all necessary parts in a single 

module, a four-layer PCB concept is used. As depicted in 

Figure 7, the primary winding as well as the secondary side 

is routed within the inner PCB layers (L2 and L3) while the 

outer layers are necessary to route the electrical signals. 

Figure 7 Cross section of the printed wiring board 

 

Copper areas above and below the windings act as shield-

ing layers. Simulation was used to optimize these areas as 

they add stray capacitance between the windings. All com-

ponents responsible for the electrical functionality (like the 

IC, capacitors and the Schottky diodes) are mounted on the 

top side of the module. They are populated after the PCB 

manufacturing by standard SMD soldering process. As the 

size of the transformer module is with 10 by 10 mm com-

parably small, an array ensures a reliable soldering process. 

5 Electrical Measurement 

Before applying electrical signals on the board, the parts 

are inspected by the internal laboratory. An X-ray picture 

given in Figure 8 shows the alignment of the inlay.  

  

Figure 8 X-Ray of Produced demonstrator  



The magnetic inlay appears as a ring in dark gray colour. 

Inside and outside of the ring the X-Ray shows mechanical 

drill holes. To avoid low isolation performance, it is neces-

sary to keep a certain distance between the inlay and the 

copper as the inlay is electrically conductive. The gap in 

between is filled by the surrounding FR4 material. Smaller 

drill holes (150um diameter) connect layer L2 with L3. 

Others are standard plated through holes. They contact sig-

nals between all layers. At the bottom of Figure 8 the pre-

defined breaking point is visible. For this prototype, the 

cards are manually separated from the production array. 

After inspection and verification, all parts are tested in the 

electric laboratory to verify electrical functionality. The 

promising simulation results need to be verified by meas-

urement. A PDA (power device analyser) from Keysight 

(B1506A) is used to evaluate the inductances for both 

windings. In addition, the DC resistance is measured. This 

device uses a 4-wire test setup to evaluate the results. The 

measurement current is set to 10 mA. Table 3 shows the 

results and as a comparison to the simulation the deviation 

is given in percentage. 

 

Table 3 Results from measurement 

Symbol Parameter Value Deviation 

L1 
Primary 

self-inductance 
3.33 µH 3.9 % 

L2 
Secondary  

self-inductance 
3.53 µH 9 % 

RDC,1 
Primary  

DC resistance 
56 mΩ 1.8 % 

RDC,2 
Secondary  

DC resistance 
72 mΩ 5.6 % 

 
Figure 9 shows the hand assembled module ready for elec-

trical test. The red marked device is the push-pull stage IC, 

while the orange components rectify the secondary side 

voltage. Yellow surrounded parts stabilize the power sup-

ply on primary and secondary. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 Assembled demonstrator  

Common for modules is that all electrical input and output 

connections are arranged on the backside. This is necessary 

to have as the modules are normally mounted on a mother-

board. On the left side (primary) three connections are 

available: Input voltage, ground and an oscillator input to 

control the switching frequency if necessary. The second-

ary side (right edge of the board) only offers output voltage 

and an isolated ground. 

Measurement in the laboratory is performed by a Tektronix 

PWS4305 power supply with an output voltage of 2.7V and 

a current limit of 1A. The output current is observed by a 

standard handheld multimeter (Fluke 189). An oscillo-

scope (Teledyne LeCroy waveSurfer 10) is connected to 

measure the input voltage, the output voltage (differential 

measurement with math function) as well as the voltage on 

the secondary side between transformer winding L3 and 

diode D1. Figure 10 shows the setup in detail. 

Figure 10 Laboratory measurement setup  

 

With the oscilloscope the device voltages where analysed 

and a detailed result can be seen in Figure 11. 

Figure 11 Oscilloscope measurement  

The load resistance is a 33 Ω resistor, the output current is 

70 mA and the output voltage is measured by the oscillo-

scope to 2.4 V while the input voltage is 2.7 V. 

The transmitted load can be calculated and is around  

160 mW. Due to automatic frequency adaption and break-

before-make circuit in the logic of the chip, the trigger of 

the oscilloscope is not able to take a better picture. Duty 

cycle measurement is identified to be wrong because of 

trigger artefacts. 

LT-Spice simulation has been carried out and shows simi-

lar behaviour compared to the measurement in Figure 11. 



One drawback of the system is the low self-inductance of 

the transformer. The IC needs to run higher currents in 

comparison to of-the-shelf transformers with 400µH mag-

netizing inductance. Since the internal switch of the chip is 

not optimized for such high current peaks, it gets hotter 

than expected. The thermal simulation performed and de-

scribed in Figure 4 only covers the copper structure. The 

IC is not taken into account. Thermal measurement of the 

running circuit was performed with a thermal camera 

(VarioCAM HD) and it can be seen in Figure 12. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 12 Thermal camera measurement  

The IC is identified as the hotspot on the module. The tem-

perature rises up to 100°C. The copper structure (especially 

the winding on the primary side) heats up too. 

 

6 Conclusion & Outlook 

In this paper a prototype of a PCB integrated transformer 

is shown. By using standard PCB technology for the wind-

ing structures, it is possible to further decrease and control 

the parasitic capacitance as well as the inductance in com-

parison to manually wound components. The first PCB 

prototype with embedded transformer was successfully 

manufactured and a new production lot is planned in order 

to have a larger amount of samples for the reliability tests 

according to automotive standards. The basic electrical pa-

rameters were compared to simulation, which shows a 

good match when taking into account the variation of the 

permeability values (±20%).  

Within further work packages it is planned to optimize the 

electrical circuit, to reduce the thermal impact and to im-

prove the self-inductance value by changing the inlay ma-

terial and the number of turns accordingly. 
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