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Evaluation of the Shielding Effects on
Printed-Circuit-Board Transformers Using
Ferrite Plates and Copper Sheets
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Abstract—This paper presents an effective shielding technique
and a simple structure for printed-circuit-board (PCB) trans- , . :
formers. Performance of PCB transformers using the proposed . Ferrite Plate
shielding technique is evaluated using thin ferrite plates and o
copper sheets. Without affecting the transformer energy effi-
ciency, the shielding method under investigation can achieve 28
dB shielding effectiveness (SE), which is much higher than the
SE (about 4 dB) obtained by shielding the transformer windings
with only two ferrite plates. The proposed PCB transformer
structure is very simple and has high energy efficiency % 90%)
for Megahertz operation. | } Polyurethane-coated

Index Terms—EMC, printed-circuit-board transformers, <, InaulaieriCapperies
shielding techniques.
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I. INTRODUCTION Dielectric Laminate
LANAR magnetic components are attractive in portabl . Ferrite Plate
electronic equipment applications such as the power st

plies and distributed power modules for notebook and handhe

computers. As the switching frequency of power convertt
increases, the size of magnetic core can be reduced. When the ) ) ) ) )

s . . Rig.1. Three-dimensional structure of a PCB transformer shielded with ferrite
switching frequency is high enough (e.g., a few Megahertgates_

the magnetic core can be eliminated. Low-cost coreless PCB

transformers for signal and low-power (a few Watts) applica-

tions have been proposed [1]. It has been proved that the use of
coreless PCB transformer in signal and low-power applicationsThe three-dimensional (3-D) and cross-sectional structures of
does not cause serious EMC problem [2]. In power transfer apPCB transformer shielded with ferrite plates are illustrated in

plications, the PCB transformers have to be shielded to compligs. 1 and 2, respectively. The dimensions of the PCB trans-
with EMC regulations. Investigations of planar transformebrmer under test are detailed in Table 1. The primary and sec-
shielded with ferrite sheets have been reported [3], [4]. Frosmdary windings are printed on the opposite sides of a PCB. The

[4], the energy efficiency of PCB transformer shielded witlPCB laminate is made of FR4 material. The dielectric break-

ferrite sheets can be higher than 90% in Megahertz operatifgwn voltage of typical FR4 laminates range from 15 kV to

frequency range. 40 kV [5]. Insulating layers between the copper windings and
This paper describes a simple and effective technique of malge ferrite plates should have high thermal conductivity in order
netic field shielding for PCB transformers. PCB transformets facilitate heat transfer from the transformer windings to the
shielded with ferrite plates and copper sheets have been invelglirite plates and the ambient. The insulating layer should also
gated. Performance, such as shielding effectiveness and enérgy good electrical insulator to isolate the ferrite plates from
efficiency, of PCB transformers with different kinds of shieldinghe printed transformer windings. A thermally conductive sili-
techniques is illustrated. The patent-pending shielding metheehe rubber compound coated onto a layewoafenglass fiber,
proposed here is found to have very high shielding effectivenegghich has breakdown voltage of 4.5 kV and thermal conduc-
tivity of 0.79 Wm~1K~1! [6], is adopted to provide high dielec-

. . . . tric strength and facilitate heat transfer. The ferrite plates placed
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Fig. 2. Cross-sectional structure of a PCB transformer shielded with ferrite plates.
TABLE | 4F1 ferrite material is used. The relative permeability of the 4F1

GEOMETRIC PARAMETERS OF THEPCB TRANSFORMER material is about 80.

Based on the Maxwell equation that the net magnetic flux

Geometric Parameter Dimension

Copper Track Width 025mm density flowing out of a closed surface is zero

Copper Track Separation 1mm L

Copper Track Thickness 70pm (2 Oz/ft?) j{ B-dS=0 (2)
Number of Primary Turns 10 S

Number of Secondary Turns 10

Dimensions of Ferrite Plates 25Smm X 25mm the normal component of the magnetic flux density is contin-

0.4mm uous across the boundary between the ferrite plate and free
PCB Laminate Thickness ~ 0.4mm space. Thus, at the boundary
Insulating Layer Thickness  0.228mm
Transformer Radius 23.5mm Bi, = Bo, (2)

_ whereBy,, and Bz, are the normal component (iadirection)
coating a layer of copper sheet on the surface of each ferigiethe magnetic flux density in the ferrite plate and free space,
plate as shown in Fig. 3. The modified transformer and the f%spectively.

rite-shielded transformer are of the same dimensions as showgrom (2)
in Table I. The area and thickness of the copper sheets are 25
mm x 25 mm and 7Qum, respectively. pirpioHun = poHzn = Hap = pir Hip. 3)

From (3), at the boundary between the ferrite plate and free
space, the normal component of the magnetic field intensity in
free space can be much higher than that in the ferrite plate when

The magnetic field intensity generated from the shielded PGRe relative permeability of the ferrite material is very high.
transformers is simulated with a 2-D field simulator [8] using fiTherefore, when the normal component of the H-field inside the
nite-element-method (FEM). Cylindrical coordinates system fgrrite plate is not sufficiently suppressed (e.g., when the ferrite
chosen in the magnetic field simulation. The structur&#¥  plate is not thick enough), the H-field emitted from the surface
plane, of the PCB transformer shown in Fig. 4 is applied in ths the ferrite plates can be enormous. Fig. 5 shows the magnetic
field simulator. The:-axis is the axis of symmetry, which passesield intensity vector plot of the transformer shielded with ferrite
through the center of the transformer windings. In the 2-D simgtates. The primary is excited with a 3 MHz 3 A current source
lation, the spiral circular copper tracks are approximated as c@fihd the secondary is left open. The size of the arrows indicates
centric circular track connected in series [9]. Besides, the ferriige magnitude of the magnetic field intensity in dB A/m. Fig. 5
plates and the insulating layers adopted in the simulation mod@bws that the normal component of the H-field inside the fer-
are in circular shape, instead of in square shape in the trapge plate is not suppressed adequately and so the H-field emitted
former prototype. from the ferrite plate to the free space is very high.

] ] ) The tangentia( H,.) and normal(H,) components of mag-
A. Transformer Shielded With Ferrite Plates netic field intensity near the boundary between the ferrite plate

The use of the ferrite plates helps to confine the magnetiad free space, @& = 1 mm, are plotted in Fig. 6. The tan-
field generated from the transformer windings. The high relatigential H-field (H,.) is about 23.2 dB and is continuous at the
permeabilityu,., of the ferrite material guides the magnetic fieldoundary. The normal component of the H-fig¢lH ) in free
along and inside the ferrite plates. In the transformer prototymmace is about 31.5 dB and that inside the ferrite plate is about

I1l. M AGNETIC FIELD ANALYSIS OF PCB TRANSFORMERWITH
VARIOUS KINDS OF SHIELDING TECHNIQUES
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Fig. 3. Proposed cross-sectional structure of a PCB transformer shielded with ferrite plates and copper sheets.
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Fig. 4 R-Z plane of the PCB transformer shielded with ferrite plates.
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Fig. 5. Magnetic field intensity vector plot of the PCB transformer shielded with ferrite plates.

12.5 dB at the boundary. The normal component of the H-fiempletely guide the H-field in the tangential direction. As de-
is, therefore, about 8% of the resultant H-field inside the ferriteribed in (3), the normal component of the H-field in free space
plate at the boundary. Thus, using thin ferrite plate alone canim®80 times larger than that in the ferrite plate at the boundary.
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intensity near the boundary between the ferrite plate and free space.

Fig. 7. Magnetic field intensity vector plot of the PCB transformer shielded

. . . with ferrite plates and copper sheets.
From the simulated results in Fig. 6, the normal component of

the magnetic field intensity in free space is about 19 dB, i.e.,
79.4 times, higher than that inside the ferrite plate. Thus, bdite magnetic field intensity can be expressed as
simulated results and theory described in (3) show that using

ferrite plates only is not an effective way to shield the magnetic .

field generated from the planar transformer. H=—-

VxJ 7)

B. Transformer Shielded With Ferrite Plates and Copper  wherew, 1 ando are the angular frequency, permeability and
Sheets conductivity of the medium, respectively. Because copper is a

The PCB transformer using ferrite plates coated with copp@p0d conductord = 5.80 x 107_S/m) and the operating fre-
sheets as a EM shield(Fig. 3) has been fabricated. The siz&lgncy of the PCB transformer is very high (a few megahertz),
the copper sheets is the same as that of the ferrite plates 5 (7). the magnetic field intensity/,, inside the copper sheet
its thickness is merely 7@m. Thin copper sheets are required €xtremely small. Accordingly, the normal component of the
to minimize the eddy current flowing in thedirection, which H-field inside the copper sheet is also small. Furthermore, from

may diminish the tangential component of the H-field. (3), at the ferrite—copper boundary, the normal component of the
Based on Maxwell equation that the net current flowing odi-field inside the ferrite plate is 80 times less than that inside the
of a closed surface is zero copper sheet. As a result, the normal component of the H-field
inside the ferrite plate can be suppressed drastically.
L (. 8D - By using FEM [8], the magnetic field intensity vector
jéH -dl = 745 J+ ot -dS (4) plot of the PCB transformer shielded with ferrite plates and

copper sheets has been simulated and is shown in Fig. 7. The

and assuming that the displacement current is zero and the &grgential &) and normal f.) components of magnetic field
rent on the ferrite—copper boundary is very small and negligib#8€nsity near the copper sheet,fat= 1 mm, are plotted in
the tangential component of the magnetic field intensity is cofi9- 8- From Fig. 8, the tangential H-fieldd() is about 23 dB
tinuous across the boundary between the ferrite plate and &%l @pproximately continuous at the boundary. The normal

copper sheet. Thus, at the boundary component of the H-field#. ) in copper sheet is suppressed to
about 8 dB and that inside the ferrite plate is abeit5 dB at
Hy; = Hy, (5) the boundary. Therefore, the normal component of the H-field

is, merely about 0.09% of the resultant H-field inside the

where H,, and H,, are the tangential component (irdirec- ferrite plate at the boundary. Accordingly, at the ferrite—copper
tion) of the magnetic field intensity in the ferrite plate andoundary, the H-field is nearly tangential and confined inside in
copper, respectively. Because the tangential H-field on tHe ferrite plate. Besides, the normal component of the H-field
surfaces of the copper sheets and the ferrite plates are @haitted into the copper sheet and free space can be neglected
same at the boundary, thin copper sheets have to be adopte@{@gtically. Since the normal component of the H-field emitted

minimize eddy current loss. into the copper is very small, the eddy current loss due to the
Consider the differential form of the Maxwell equation at th&!-field is also very small. This phenomenon is verified by the
ferrite—copper boundary energy efficiency measurements of the ferrite-shielded PCB
transformers with and without copper sheets in Section IV. As

OB a result, the use ferrite plates coated with thin copper sheets is

VX E=-—- (6) an effective way to shield the magnetic field generated from
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the transformer windings without diminishing the transforme 2s : : (

energy efficiency. 2 s i
Since the displacement current inside the copper sheetis n [ Femite Plate — N Free Space
ligible, the differential form of the Maxwell equation in (4) be- 15 "”w"?f,; : \
comes ~10 -/ N Copper ::j»- 1
g H =Y Sheet == ==
Vxﬁ:f:VxVxﬁ:Vx(oE). (8) '§5mwil N
g/ 0+ Ferriie—Copper = -7
Substituting (6) andv - A = 0 into (8), a second order ™ Boundary \f /C];’PP"';'A“
Maxwell equation describing the magnetic field inside th Sk ; e Oun ;ary :
copper sheet is =10 )
08 0.85 09 095 1 1.05 1.1
V2H = j27rfauﬁ. 9) 2 (mm)

By solving (9) the attenuation factar of the magnitude of Fig. 8. Tangential( H,.) and normal(H.) components of magnetic field
! intensity near the copper sheetfat= 1 mm.

the tangential magnetic field intensity inside a good conductor
is given by A/m (dB)

a=/rfop. (10) 8 .

As the thickness of the copper sheet is/id and the op- 6
erating frequency is 3 MHz, the magnitude of the tangenti 4
magnetic field intensity attenuates to about 16% of its valt
at the ferrite—copper boundary. As a result, the attenuation
the tangential magnetic field attributed to the copper sheet
20log,((0.16) = 16 dB. From the simulated magnetic field =
intensity in Fig. 8, the tangential H-field in the ferrite—coppe
and copper—air boundaries are about 23 dB and 5.5 dB resg.
tively. The attenuation of the tangential magnetic field due ' -6
the copper sheet is therefore about 17.5 dB, which is close
the computed result.

35

30

Z (mm)

0 5 10 15 20 25 30

IV. SHIELDING EFFECTIVENESS OFPCB TRANSFORMERWITH S

VARIOUS KINDS OF SHIELDING TECHNIQUES Fi_g. 9. Si_mu!ate_d magnetic field_ i‘ntensity magnitude of the PCB transformer
The shielding effectiveness (SE) of a barrier for magnetféthout shielding in no load condition.

field is defined as [10
[10] detecting vertical magnetic field is located at 5 mm below the

PCB transformer.

—

i

=

SE = 20logy,

t

A. PCB Transformer Without Shielding

Magnetic field intensity of the PCB transformer without
S S shielding and loading has been simulated andi#tg’ plane is

=2x (‘Hl (in dB)’_ ‘Ht (in dB)D shown in Fig. 9. From the simulated result, the magnetic field
(11) intensity, atR = 0 mm andZ = 5 mm, is about 30 dBA/m.
whereH; is the incident magnetic field intensity arf} is the The measured magnetic intensity, Ardirection, is shown in
magnetic field intensity transmits through the barrier. Alterndsig. 10. The white square and the white parallel lines in Fig. 10
tively, the incident field can be replaced with the magnetic fielddicate the positions of transformer and the current carrying
when the barrier is removed. leads of the transformer primary terminals, respectively. The

Magpnetic field intensity generated from the PCB transformegditput of the magnetic field transducer, at 5 mm beneath the
with and without shielding has been simulated with FEM 2Denter of the transformer, is about 130,08
simulator [8] and measured with a precision EMC scanner. In , ) i
the field simulation, the primary side of the transformer is eB- PCB Transformer Shielded With Ferrite Plates
cited with a 3 MHz 3 A current source. However, the output of The simulated magnetic field intensity of the PCB trans-
the magnetic field transducer in the EMC scanner will be clippédrmer shielded with ferrite plates, under no load condition, is
when the amplitude of the high-frequency field intensity is toshown in Fig. 11. The simulated result shows that the magnetic
large. Thus, the 3 MHz 3 A current source is approximated adield intensity, atR = 0 mm andZ = 5 mm, is about 28
small signal (0.1 A) 3 MHz source superimposed into a 3 A dtBA/m. The measured magnetic intensity, drdirection, is
source because the field transducer cannot sense the dc corshown in Fig. 12. The output of the magnetic field transducer, at
nent. In the measurement setup, a magnetic field transducer3aonm beneath the center of the transformer, is about 128/dB

or

i
-

t

SE=2x10logy,
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Fig. 10. Measured magnetic field intensity, indirection, of the PCB

transformer without shielding in no load condition. Fig. 13. Simulated magnetic field intensity magnitude of the PCB transformer

shielded with ferrite plates and copper sheets in no load condition.
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Fig. 14. Measured magnetic field intensity, idirection, of the PCB
Fig. 11. Simulated magnetic field intensity magnitude of the PCB transforméansformer shielded with ferrite plates and copper sheets in no load condition.
shielded with ferrite plates in no load condition.

Therefore, with the use of 4F1 ferrite plates, the shielding
effectiveness (SE), from the simulated result, is

SE=2x(30—28)=4dB.
r 1120
The shielding effectiveness obtained from measurements is

r 1110

SE =2 x (130 — 128) = 4 dB.

' Both simulation and experimental results shows that the use
of the 4F1 ferrite plates can reduce the magnetic field emitted
© %0 from the transformer by 4 dB (about 2.5 times).

C. PCB Transformer Shielded With Ferrite Plates and Copper
Sheets

Fig. 13 shows the simulated magnetic field intensity of the
PCB transformer shielded with ferrite plates and copper sheets
under no load condition. From the simulated result, the magnetic
Fig. 12. Measured magnetic field intensity, indirection, of the PCB f'(_'l'ld intensity, atR = 0mmandzZ =5 m_m’_ IS abQUt ;SdBNm'
transformer shielded with ferrite plates in no load condition. Fig. 14 shows the measured magnetic intensity-tfirection.

X (mm)
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Fig.15. Simulated magnetic field intensity magnitude of the PCB transformer
shielded with ferrite plates and copper sheets if226ad condition. the magnetic field generated from the transformer. Therefore,
the magnetic field transducer beneath the center of the trans-
] former also picks up the magnetic field generated from the lead
Fooqus :
wires.

1110
1ios  D. PCB Transformer in Loaded Condition

1100 When a load resistor is connected across the secondary of
the PCB transformer, the opposite magnetic field generated
from secondary current cancels out part of the magnetic field
setup from the primary. As a result, the resultant magnetic field
185 emitted from the PCB transformer in loaded condition is less
Hoo than that in no load condition. Fig. 15 shows the simulated
magnetic field intensity of the PCB transformer shielded with
ferrite plates and copper sheets in 2doad condition. From
the simulated result, the magnetic field intensity,fat= 0
mm andZ = 5 mm, is about 4.8 dBA/m, which is much less

. than that in no load condition (13 dBA/m). Fig. 16 shows the
Fig. 16. Measured magnetic field intensity, indirection, of the PCB measur_ed .magnetlc intensity indirection. The output of the
transformer shielded with ferrite plates and copper sheets iMf22bad magnetic field transducer, at 5 mm beneath the center of the
condition. transformer, is about 104 B/ and that in no load condition

is 116 dBuV.

The output of the magnetic field transducer, at 5 mm beneath
the center of the transformer, is about 116:4BWith the use of V. EFFICIENCY COMPARISON OFPCB TRANSFORMERWITH
4F1 ferrite plates and copper sheets, the shielding effectiveness VARIOUS KINDS OF SHIELDING TECHNIQUES
(SE), from the simulated result, is

195

Y (mm)

190

Energy efficiency of the PCB transformers shielded with
SE =2 x (30— 13) = 34 dB. i) ferrite plates only, ii) copper sheets only, and iii) ferrite
plates covered with copper sheets has been measured and is
The shielding effectiveness obtained from measurements gompared with that of the PCB transformer with no shielding.
Fig. 17 shows the measured energy efficiency of the four PCB
SE =2 x (130 — 116) = 28 dB. transformers with 100 resistive load. In the PCB transformer
shielded with only copper sheets, a layer of insulating sheet of
As a result, the use of ferrite plates coated with copper she8t684 mm thickness is used to isolate the transformer winding
is an effective way to shield magnetic field generated from PCiBd the copper sheets. From Fig. 17, energy efficiency of
transformer. The reduction of magnetic field is 34 dB (251the transformers increases with increasing frequency. The
times) from simulation result and 28 dB (631 times) from medransformer shielded with copper sheets only has the lowest
surement. The SE obtained from the measurement is less thaprgy efficiency among the four transformers. The energy
that obtained from the simulated result. The difference mainllgss in the copper-shielded transformer mainly comes from the
comes from the magnetic field emitted from the leads of thexldy current, which is induced by the normal component of the
transformer. From Fig. 14, the magnetic field intensity gene-field generated from the transformer windings, circulating
ated from the leads is about 118 dB, which is comparable withthe copper sheets.
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TABLE I
INDUCTIVE PARAMETERS OF THEPCB TRANSFORMERS

Transformers  Self-inductance  Self-inductance Mutual-inductance Leakage-inductance of

of Primary of Secondary  between Primary Primary Winding
Winding Winding and Secondary
Windings

No Shielding 1.22 pH 1.22 yH 1.04 pH 0.18 pH
Shielded with

Ferrite Plates 3.92 uH 3.92 uH 3.74 uH 0.18 pH

Only

Shielded with
f:g“e cl;r;i 3.80 uH 3.80 uH 3.62 uH 0.18 pH
Sheets

100%
90%
80%
70%
& 60%
.;‘50%
S 40%
E 30% No Shielding ‘\
20% Ferrite Plates Only |
. Copper Sheets Onl
10% i Fcr[::)tc F‘lnlcs + Co;pcr ,Shccls

0% I | ! | | —

0E+0 1E+6 2E+6 3E+6 4E+6 5E+6 6E+6 TE+6 8E+6 9E+6 1E+7
Frequency (Hz)

Fig. 18. Efficiency of planar transformers with various shielding techniques if22AM00 pF load condition.

The energy efficiency of the transformer with no shielding ithe ferrite plates. The use of thin copper sheets is to direct the
lower than that of the transformers shielded with ferrite platesagnetic field in parallel to the ferrite plates so that the normal
Without ferrite shielding, the input impedance of coreless PG&mponent of the magnetic field emitting into the copper can
transformer is relatively low. The energy loss of the coreleb® suppressed significantly. The energy efficiency measure-
transformer is mainly due to its relatively highR loss (be- ments of the ferrite-shielded transformers with and without
cause of its relatively high input current compared with the PC&pper sheets confirm that the addition of copper sheets on the
transformer covered with ferrite plates). The inductive pararferrite plates will not cause significant eddy current loss in the
eters of the transformers with and without ferrite shields aowpper sheets and diminish the transformer efficiency. From
shown in Table Il. However this shortcoming of the coreledsigs. 17 and 18, the energy efficiency of both ferrite-shielded
PCB transformer can be overcome by connecting a resonantttansformers, with and without copper sheets, can be higher
pacitor across the secondary of the transformer [11]. The g¢han 90% at a few megahertz operating frequency.
ergy efficiency of the 4 PCB transformers with 100/1000 pF
capacitive load is shown in Fig. 18. The energy efficiency of
the coreless PCB transformer is comparable to that of the fer-
rite-shielded transformers at the maximum efficiency frequencyA simple and effective technique of magnetic field shielding
(MEF) of the coreless PCB transformer. for PCB transformers is proposed. Performance comparison,

The ferrite-shielded PCB transformers have the highestluding shielding effectiveness and energy efficiency, of the
energy efficiency among the four transformers, especially PCB transformers shielded with the proposed method, copper
low frequency range. The high efficiency characteristic of th&heets and ferrite plates has been accomplished. Both simula-
ferrite-shielded transformers is attributed to their high inption and measurement results show that the use of ferrite plates
impedance. In the PCB transformer shielded with ferrite platesated with thin copper sheets has the greatest shielding effec-
and copper sheets, even though a layer of copper sheet is cotitethess (SE) of 34 dB (2512 times) and 28 dB (631 times) re-
on the surface of each ferrite plate, the eddy current lossdpectively, whereas the SE of using only ferrite plates is about
the copper sheets is negligible as discussed in Section lll. ThaB (2.5 times). Addition of thin copper sheets on the sur-
H-field generated from the transformer windings is confined ifaces the ferrite plates does not diminish the transformer en-

VI. CONCLUSION
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ergy efficiency. Unlike the “copper only” shielding approach
the “ferrite—copper” shielding method under investigation offel
a low-loss solution to planar PCB transformers. Experiment
results show that the energy efficiency of both ferrite-shielde
transformers can be higher than 90% at operating frequency
the Megahertz range.
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