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Abstract— Isolated DC-DC converters in data centers have a
high step-down ratio. This causes large high-frequency currents
on the secondary side. But strong proximity effect occurs in the
wires between the transformer and the rectifier. These effects
cause large losses. To address this issue, an approach has been
proposed to suppress proximity effect by designing the
transformer windings on a PCB and directly attaching the
rectifier elements to the windings. In this approach, it was
assumed that PCBs would be connected in parallel in the vertical
direction to compensate for the small cross-sectional area of the
PCB windings. However, when connecting PCBs using vias, there
is a concern that unexpected losses may occur due to proximity
effects near the vias, magnetic coupling between PCBs, or other
proximity effects. In this paper, after measuring the AC resistance
of prototype devices with different via placements and PCB
spacings, we analyze the mechanisms of loss increase using
electromagnetic field analysis and provide multiple strategies for
designing PCB layering.

Keywords—Transformer, PCB, Proximity effect, Via, High
Power

[. INTRODUCTION

In recent years, the development of information and
communication technology has led to a steady increase in the
power consumption of information and communication
equipment, including data centers [1]-[3]. The power supply
system of data centers supplies high DC voltage such as 400 V
to reduce the current flow in cables as a result of the increase in
power consumption. On the other hand, servers require low
voltage such as 12 V. Therefore, isolated DC-DC converters
with high step-down ratios are used. To achieve high step-down
ratios, the secondary winding of the transformer is often
constructed with a single turn, resulting in very large currents
flowing. Especially, as shown in Fig. 1, large currents flow in
opposite directions in the wires between the secondary winding
and the rectifier. This causes strong
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Fig. 1 Proximity effect in lead winding

proximity effect, which make the converter less efficient
[4].Regarding this issue, [5] and [6] proposed the approach to
suppress the proximity effect by implementing the rectifier
circuit on the secondary winding directly. In this method, the
transformer winding is designed on a printed circuit board
(PCB). This makes it easy to mount synchronous rectification
elements such as switches and gate drivers on the winding.

However, PCB windings are thin films with small cross-
sectional areas, so in order to carry large currents, it is necessary
to increase the cross-sectional area of the windings. There are
two main approaches to increasing the cross-sectional area of
windings. The first is a method of connecting PCBs horizontally
and connecting the windings in parallel [7]-[11]. This method
rectifies the secondary-side AC current and then combines the
DC currents. So, it is not affected by proximity or skin effects.
However, since the cores are arranged horizontally, the
magnetic device tends to become larger in size. Furthermore,
when the center tap method is applied, it has been pointed out
that parasitic resonance may occur due to the inductance of the
wiring connecting the smoothing capacitor and the PCB at high
frequency [7]. The resonance frequency decreases as the
parasitic inductance increases. Therefore, the approach of
connecting PCBs horizontally may cause a particularly



significant issue, because the wiring connecting smoothing
capacitors tends to become long.

The second method is to connect the PCBs vertically and
configure the windings in parallel [6]. This method shares a
single magnetic core and stacks PCBs, making it less likely for
the magnetic device to become bulky. Additionally, even when
the center tap method is applied, parasitic resonance can be
suppressed by minimizing the path connecting the smoothing
capacitors [6]. Furthermore, with the recent commercialization
of wide bandgap semiconductors and their expected application
in high-power systems [ 12]-[15], an approach has been proposed
to improve spatial efficiency by consolidating multiple
secondary-side AC currents into a single rectifying device [6].
Thus, the method of stacking PCBs vertically may be a
promising approach for suppressing parasitic resonance while
improving space utilization in the future as frequencies increase.
However, to realize this approach, secondary-side AC currents
must flow between PCBs through vias, which may result in
increased losses due to skin effects and proximity effects.

Therefore, this paper aims to analyze the loss mechanisms
that arise when vertically stacking multiple PCBs and to provide
design strategies for PCB stacking. Experiments and simulations
were conducted focusing on two main items: the proximity
effect that occurs in the substrate around the via located
immediately before the rectifier element, and the magnetic
coupling and proximity effect between PCBs. To verify these
effects experimentally, prototypes with different via placements
and different PCB spacing were fabricated, and the AC
resistance was measured. This paper analyzes the loss
mechanisms from both experimental and simulation
perspectives and provides multiple strategies for PCB stacking
design.

II. ISSUES OF PARALLELIZATION OF VERTICALLY STACKED
PCBS TRANSFORMER

In this section, we discuss the issues of vertically stacked
PCBs with vias, using the structure in [6] as an example. PCB
makes it easy to attach components to the windings. As shown
in Fig. 2, a rectifier circuit is mounted on the secondary winding,
and the secondary winding and rectifier circuit are integrated to
suppress the large proximity effect that occurs in the lead wires.

PCB windings have a small cross-sectional area due to their
thin film structure, which limits the amount of current they can
carry. Therefore, to achieve high current capacity, it is necessary
to increase the cross-sectional area of the windings. In particular,
since very large currents flow on the secondary side, as shown
in Fig. 3(a), multiple PCBs are stacked vertically to parallelize
the secondary windings. In this structure, large smoothing
capacitors are mounted only on the top and bottom layers.
Additionally, mounting rectifier elements on each PCB would
result in a large magnetic device. Therefore, two PCBs are
stacked into one stack and the rectifier elements are shared to
collectively rectify the secondary-side AC current. Fig. 3(b)
shows the circuit diagram.

However, there is a concern that the current around the via
may cause proximity effects and increase losses. For example,
as shown in Fig. 4, the secondary AC current near via 2 may
cause large eddy current. Furthermore, the secondary current

flowing out of the via 2 follows the current path shown in Fig.
5, so opposing current components may generate a large
proximity effect. In synchronous rectification, it is necessary to
implement gate drive circuits and snubber circuits to suppress
surges, so there are strong restrictions on via placement. As a
result, as shown in Fig. 5, vias may be arranged in a concentrated
configuration. In this case, AC current may concentrate in the
via, potentially increasing proximity effect. On the other hand,
dispersing the vias to the left and right, as shown in Fig. 6, may
suppress the concentration of AC current and reduce eddy
current. Furthermore, even within a dispersed configuration,
placing the vias farther away from the rectifier elements may
result in a more gradual change in the current vector, potentially
further suppressing eddy current.

In vertically stacked PCB transformers, changes in PCB
spacing may affect magnetic coupling of windings and eddy
current in Fig.4.
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III. VERTICAL STACKED PCBS TRANSFORMER UNDER
CONSIDERATION

This section explains the details of the prototype compared
in the experiment and simulation.

In order to avoid complicating the experiment, this study
describes a structure consisting of two stacked PCBs, which is
the minimum configuration required for a transformer. Fig. 7(a)
shows a schematic diagram. In this structure, the rectifier
circuits are also arranged on the top and bottom layers.
Additionally, since the PCB spacing varies depending on the
experiment, it is assumed to be d [mm)]. Fig. 7(b) shows a circuit
diagram. To achieve a high step-down ratio, the primary
windings P1 and P2 are connected in series with 12 turns, while
the secondary windings Al, A2, and B1, B2 are connected in
parallel at the vias immediately before the rectifier diodes to
increase the cross-sectional area. Fig.8 shows a cross-sectional
view.

Fig. 9 shows a single PCB transformer before lamination.
The rectifier circuit is located on the top and bottom layers. In
this study, diodes (V30K202HM3/H) are used to simplify the
rectifier elements, and smoothing capacitors are
UMK325B7475KMHP. Additionally, this PCB transformer is

composed of four layers, with 70 pm thick copper wiring. The
primary winding is connected in series to increase the step-down
ratio, while the secondary winding is connected in parallel to
form a center tap [16]-[18] with low conduction loss. The
winding width is 1.7 mm for the primary winding and 5.6 mm
for the secondary winding. Fig. 10 shows the dimension of a
single PCB transformer.

Fig.11 shows placements of via 2 and they were defined as
placements 1 to 4, respectively. To verify the effects of
proximity effect near the via 2 shown in Fig. 5, we fabricated
prototypes 1 to 4 with different via 2 placements, as shown in
Fig. 12. In addition, to verify the effects of magnetic coupling
and eddy current near via 2, we fabricated prototypes 5 to 8, as
shown in Fig. 13. Prototypes 1 to 4 and 5 to 8 differ only in PCB
spacing. The PCB spacing for prototypes 1 to 4 is 0.125 mm,
managed by spacers. Additionally, since the thickness of the
rectifier diode (V30K202HM3/H) is 1.0 mm, the PCB spacing
for prototypes 5 to 8 was designed to be 1.0 mm.
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IV. EXPERIMENT AND ELECTROMAGNETIC FIELD ANALYSIS OF
VIAS PLACEMENT

In this section, we compare four prototypes | to 4 with
different via placements through experiments and simulations.

A. Experiment

Loss is calculated as the product of AC resistance and the
square of current. Therefore, evaluating AC resistance means
evaluating loss. In the experiment, AC resistance of prototypes
1 to 4 was compared to verify the extent of the effect of via
placements on loss. Fig.14 shows experimental circuit diagram.
To reproduce the AC current path in the center-tapped
transformer, diode D1, smoothing capacitors C1, and C2 are
shorted using copper foil with dimensions equivalent to the
component sizes. Meanwhile, diode D2 is left open. LCR meter
(nf circuit diagram block ZM2376) was connected to the
primary side of the prototypes. AC resistance was measured six
times at 1 MHz and the average value was calculated. The two
sample t-test confirmed the validity of the measurements. A
two-tailed test with a significance level of 5% was performed on
the measured values of prototypes 2 and 3.

Fig. 15 shows a comparison of the increase in AC resistance
due to PCB lamination in each prototype. These values are
calculated by subtracting the AC resistance of an ideal
transformer with no connection loss from the total AC resistance
of the transformer measured with LCR meter. The resistance of
the ideal transformer should be half of the resistance of the
single PCB transformer. But the turn ratio of the single PCB
transformer is 6:1. On the other hand, that of an ideal
transformer is 12:1. Thus, the following equation holds true for
the resistance R; of the ideal transformer and the resistance Ry
of the single PCB transformer.

4R,

r is the resistance ratio between R; and 4R, ,which is 0.5.
The result measured with LCR meter was Ry = 251 mQ. As
shown in Fig. 15, even prototype 4, which has the smallest loss
via placement, showed a 20% increase in loss compared to the
AC resistance of the ideal transformer. This is a significant
increase that cannot be ignored, suggesting the importance of
discussing the losses generated by via connections. Next, we
compare the AC resistance between prototypes 1 and 4. The
increase in loss for prototype 1 is approximately 1.4 times that
of prototype 4, indicating a significant increase in loss.
Therefore, it is clear that the vias placement significantly affects
the loss caused by PCB lamination.

r

B. Electromagnetic field analysis
In this subsection, we analyze the mechanism of loss



differences due to vias placement using electromagnetic field
analysis. As shown in Fig.16, we created analysis models of
prototypes 1 to 4 using JMAG and applied 1Arms sinusoidal
current to the primary winding. For simplicity of analysis, the
model of wiring through which no current flows was omitted.

Fig. 17 shows the breakdown of losses for each layer of
prototypes 1 to 4. As expected, the first layer, which has a
rectifier circuit, showed a large loss difference due to the via
placement. Fig. 18(a) shows the current vector density of
prototype 1, and Fig. 18(b) shows that of prototype 3. Prototype
1 has a concentrated current due to the concentrated via
placement. On the other hand, prototype 3 suppresses current
concentration by dispersing the vias. Although the proximity
effect assumed in Fig. 5 occurred, no clear differences were
observed due to the via configuration.

Fig. 19(a) shows the current vector density of prototype 3,
and Fig. 19(b) shows that of prototype 4. By dispersing the vias
away from the rectifier elements, the changes in the current
vectors flowing from the vias become more gradual, further
suppressing the proximity effect.

Furthermore, it was found that the loss of connection pins
passing through vias accounted for only about 2% of the total
loss in all prototypes, so it is not necessary to place vias
unnecessarily.
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V. EXPERIMENT AND ELECTROMAGNETIC FIELD ANALYSIS OF
PCB SPACING

In this section, prototypes 1 to 4 with d = 0.125 mm and
prototypes 5 to 8 with d = 1.0 mm are compared through
experiments and simulations.

A. Experiment

In the experiment, the AC resistance of prototypes 5 to 8 was
measured to verify the effect of PCB spacing on loss. As shown
in Fig.14, LCR meter (nf circuit diagram block ZM2376) was
connected to the primary side of the prototypes, and the AC
resistance was measured five times at | MHz with the secondary
side short-circuited, and the average value was calculated.

Fig. 20 shows the comparison results for prototypes 1 to 8.
The AC resistance of the prototypes with d = 1.0 mm was
smaller than that of the prototypes with d = 0.125 mm. In
placement 1 with the largest difference, the AC resistance
decreased by approximately 6% from 642 mQ to 602 mQ, while
in placement 4 with the smallest difference, the AC resistance
decreased by approximately 2% from 602 mQ to 589 mQ.
Despite widening the PCB spacing, the AC resistance decreased.
Therefore, it is expected that factors other than the losses
generated by the vias themselves have caused this difference.

B. Electromagnetic field analysis

In this section, we analyze the mechanism of loss differences
due to PCB spacing using analysis model (d=0.125mm,1.0mm
both) in Fig.16. [19] discusses how the current distribution of
parallel windings changes depending on the spacing between
winding layers. Therefore, we used JMAG to calculate the
current distribution of the secondary winding when a 1Arms
sinusoidal current was applied to the primary winding.

Fig. 21(a) shows the current distribution in the secondary
windings of prototypes 1 to 4, and Fig. 21(b) shows that of
prototypes 5 to 8. From Fig. 21, it can be seen that widening the
PCB spacing improves the current distribution. Furthermore,
Fig. 22 shows the current density in the secondary windings of
prototypes 1 and 5. As the current distribution changed, the
overall current level of the windings also changed. However, the
concentration of current at the edges remained almost the same.
In other words, the eddy current assumed in Fig. 4 did not occur
significantly. Therefore, the primary cause of the reduced AC
resistance by widening the PCB spacing is likely due to the
improved current distribution in the secondary windings. From
the above, it was found that there is a trade-off relationship
between the size of the transformer and its losses.
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VI. CONCLUSION

This study provided several strategies for vertically stacked
PCBs transformer. First, dispersing the vias near the rectifier
elements can significantly reduce losses. Second, there is a
trade-off between PCB spacing and losses. Finally, it is not
necessary to place more vias than necessary since the losses of
the vias themselves account for only a small portion of the total
losses. The analyzed loss difference in this study accounts for
only about 2~6 percent of the total loss. However, as power
levels increase further, the width of the windings will increase,
and these issues are expected to become more remarkable.

Acknowledgment

This research is granted by the Institute of Electrical
Engineers of Japan for the IEEJ International Conference Travel
Grant.

REFERENCES

[1] A. Pratt, P. Kumar and T. V. Aldridge, "Evaluation of 400V DC
distribution in telco and data centers to improve energy efficiency,"
INTELEC 07 - 29th International Telecommunications Energy
Conference, Rome, Italy, 2007, pp. 32-39

[2] J. Popovi¢-Gerber et al., "Power Electronics Enabling Efficient Energy
Usage: Energy Savings Potential and Technological Challenges," in [IEEE
Transactions on Power Electronics, vol. 27, no. 5, pp. 2338-2353, May
2012

[3] H. Goudarzi and M. Pedram, "Hierarchical SLA-Driven Resource
Management for Peak Power-Aware and Energy-Efficient Operation of a
Cloud Datacenter," in IEEE Transactions on Cloud Computing, vol. 4, no.
2, pp. 222-236, 1 April-June 2016

[4] T. Shirakawa, K. Umetani, E. Hiraki and W. Martinez, "Secondary-Side
Center-Tapped Transformer Structure with One-Turn Secondary Coils
Integrating Rectifier for Reducing Copper Loss of Forward Converter,"
2020 IEEE 29th International Symposium on Industrial Electronics
(ISIE), Delft, Netherlands, 2020, pp. 1459-1465.

[5] G. C. Knabben, J. Schéfer, L. Peluso, J. W. Kolar, M. J. Kasper and G.
Deboy, "New PCB Winding ”Snake-Core” Matrix Transformer for Ultra-
Compact Wide DC Input Voltage Range Hybrid B+DCM Resonant
Server Power Supply," 2018 IEEE International Power Electronics and
Application Conference and Exposition (PEAC), Shenzhen, China, 2018,
pp. 1-6

[6] Hiromu Saeki, Kazuhiro Umetani, Tomohide Shirakawa, Masataka
Ishihara and Eiji Hiraki, "Rectifier-Integrated Printed-Circuit-Board
Winding Structure of Secondary-Side Center-Tapped Transformer for
Suppressing Parasitic Resonance between Decoupling Capacitors," 2023
11th International Conference on Power Electronics and ECCE Asia
(ICPE 2023 - ECCE Asia), Jeju Island, Korea, Republic of, 2023, pp.
1731-1737

(71

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

P. R. Prakash, A. Nabih and Q. Li, "Termination Design Optimization of
High-Current PCB-Winding Matrix Transformers," in /EEE Transactions
on Power Electronics, vol. 38, no. 4, pp. 4957-4971, April 2023

B. Li, Q. Liand F. C. Lee, "High-Frequency PCB Winding Transformer
With Integrated Inductors for a Bi-Directional Resonant Converter,"
in I[EEE Transactions on Power Electronics, vol. 34, no. 7, pp. 6123-
6135, July 2019

S. Wang, H. Wu, F. C. Lee and Q. Li, "Integrated Matrix Transformer
with Optimized PCB Winding for High-Efficiency High-Power-Density
LLC Resonant Converter," 2019 IEEE Energy Conversion Congress and
Exposition (ECCE), Baltimore, MD, USA, 2019, pp. 6621-6627

M. Ngo, Y. Cao, D. Dong, R. Burgos, J. Noon and H. Kouns, "Design of
a High Current, | MHz, 5 kW Partial Power Processing Converter with
Hybrid Flex PCB for 80 C Ambient Automotive Conditions," 2024 [EEE
Applied Power Electronics Conference and Exposition (APEC), Long
Beach, CA, USA, 2024, pp. 75-82

Y. Cai, M. H. Ahmed, Q. Li and F. C. Lee, "Optimized Design of
Integrated PCB-Winding Transformer for MHz LLC Converter," 20/9
IEEE Applied Power Electronics Conference and Exposition (APEC),
Anaheim, CA, USA, 2019, pp. 1452-1458

A. 1. Emon, Mustafeez-ul-Hassan, A. B. Mirza, J. Kaplun, S. S. Vala, and
F. Luo, ‘A Review of High-Speed GaN Power Modules: State of the Art,
Challenges, and Solutions’, /EEE J. Emerg. Sel. Top. Power Electron.,
vol.11,n0.3,pp.2707-2729,Jun.2023

T. Kimoto and H. Niwa, ‘Progress and future challenges of SiC power
devices and process technology’, in 2017 IEEE International Electron
DevicesMeeting(IEDM),SanFrancisco,CA,USA:IEEE,Dec.2017,p.9.5.1-
9.54.

J. Bicla, M. Schweizer, S. Waffler, and J. W. Kolar, ‘SiC versus Si—
Evaluation of Potentials for Performance Improvement of Inverter and
DC-DC Converter Systems by SiC Power Semiconductors’, IEEE Trans.
Ind. Electron., vol. 58, no. 7, pp. 2872-2882, Jul. 2011

X. Wang et al., "Multiple P-Type SiC Micro-Island with Multi-Step as
Termination for 4H-SiC Schottky Barrier Diode," 2024 21st China
International Forum on Solid State Lighting & 2024 10th International
Forum on Wide Bandgap Semiconductors (SSLCHINA: IFWS), Suzhou,
China, 2024, pp. 99-102

G. J. Maass, A. Ferrari de Souza, 1. Barbi : “Analysis and experimentation
of a forward converter with active clamping and output rectifier using a
center tapped transformer”, in Proc. IEEE Power Electron. Specialis
Conf., pp.1767-1772, 2001.

J.-H. Jung : “Bifilar winding of a center-tapped transformer including
integrated resonant inductance for LLC resonant converters”, IEEE Trans.
Power Electron., Vol.28, No.2, pp.615-620, 2013.

Roland Unruh, Joachim Bocker, Frank Schafmeister, "Experimentally
Verified 22 kW, 40 kHz LLC Resonant Converter Design with new
Control for a 1 MW Cascaded H-Bridge Converter", 2024 Energy
Conversion Congress & Expo Europe (ECCE Europe), pp.1-8, 2024.

R. Murata et al., "Homogenization of Current Distribution in Parallel
Connection of Interleaved Winding Layers of High-Frequency
Transformers by Optimizing Distance between Winding Layers," 2020
22nd European Conference on Power Electronics and Applications
(EPE'20 ECCE Europe), Lyon, France, 2020, pp. 1-10



