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(7) ABSTRACT

Novel designs for printed circuit board transformers, and in
particular for coreless printed circuit board transformers
designed for operation in power transfer applications, are
disclosed in which shielding is provided by a combination of
ferrite plates and thin conductive sheets.
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PLANAR PRINTED CIRCUIT-BOARD
TRANSFORMERS WITH EFFECTIVE
ELECTROMAGNETIC INTERFERENCE (EMI)
SHIELDING

FIELD OF THE INVENTION

[0001] This invention relates to a novel planar printed-
circuit-board (PCB) transformer structure with effective
(EMI) shielding effects.

BACKGROUND OF THE INVENTION

[0002] Planar magnetic components are attractive in por-
table electronic equipment applications such as the power
supplies and distributed power modules for notebook and
handheld computers. As the switching frequency of power
converter increases, the size of magnetic core can be
reduced. When the switching frequency is high enough (e.g.
a few Megahertz), the magnetic core can be eliminated.
Low-cost coreless PCB transformers for signal and low-
power (a few Watts) applications have been proposed by the
present inventors in U.S. patent applications Ser. No.
08/018,871 and U.S. Ser. No. 09/316,735 the contents of
which are incorporated herein by reference.

[0003] It has been shown that the use of coreless PCB
transformer in signal and low-power applications does not
cause a serious EMC problem. In power transfer applica-
tions however, the PCB transformers have to be shielded to
comply with EMC regulations. Investigations of planar
transformer shielded with ferrite sheets have been reported
and the energy efficiency of a PCB transformer shielded with
ferrite sheets can be higher than 90% in Megahertz operating
frequency range. However, as will be discussed below, the
present inventors have found that using only thin ferrite
materials for EMI shielding is not effective and the EM
fields can penetrate the thin ferrite sheets easily.

PRIOR ART

[0004] FIGS. 1 and 2 show respectively an exploded
perspective and cross-sectional view of a PCB transformer
shielded with ferrite plates in accordance with the prior art.
The dimensions of the PCB transformer under test are
detailed in Table I. The primary and secondary windings are
printed on the opposite sides of a PCB. The PCB laminate
is made of FR4 material. The dielectric breakdown voltage
of typical FR4 laminates range from 15 kV to 40 kV.
Insulating layers between the copper windings and the
ferrite plates should have high thermal conductivity in order
to facilitate heat transfer from the transformer windings to
the ferrite plates and the ambient. The insulating layer
should also be a good electrical insulator to isolate the ferrite
plates from the printed transformer windings. A thermally
conductive silicone rubber compound coated onto a layer of
woven glass fibre, which has breakdown voltage of 4.5 kV
and thermal conductivity of 0.79 Wm™'K™, is used to
provide high dielectric strength and facilitate heat transfer.
The ferrite plates placed on the insulating layers are made of
4F1 material from Philips. The relative permeability, u,, and
resistivity, p, of the 4F1 ferrite material are about 80 and 10°
Qm, respectively.

SUMMARY OF THE INVENTION

[0005] According to the present invention there is pro-
vided a planar printed circuit board transformer comprising
at least one copper sheet for electromagnetic shielding.
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[0006] Viewed from another aspect the invention provides
a planar printed circuit board transformer comprising,

[0007] (a) a printed circuit board,

[0008] (b) primary and secondary windings formed
by coils deposited on opposed sides of said printed
circuit board,

[0009] (o) first and second ferrite plates located over
said primary and secondary windings respectively,
and

[0010] (d) first and second conductive sheets located
over said first and second ferrite plates respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] An embodiment of the invention will now be
described by way of example and with reference to the
accompanying drawings, in which:

[0012] FIG. 1 is an exploded perspective view of a PCB
transformer in accordance with the prior art,

[0013] FIG. 2 is a cross-sectional view of the prior art
transformer of FIG. 1,

[0014] FIGS. 3(a) and (b) are exploded perspective and
cross-sectional views respectively of a PCB transformer in
accordance with an embodiment of the present invention,

[0015] FIG. 4 shows the R-Z plane of a prior art PCB
transformer,

[0016] FIG. 5 is a plot of the field intensity vector of a
conventional PCB transformer,

[0017] FIG. 6 plots the tangential and normal components
of magnetic field intensity near the boundary between the
ferrite plate and free space in a PCB transformer of the prior
art,

[0018] FIG. 7 is a plot of the field intensity vector of a
PCB transformer according to the embodiment of FIG. 3(a)
and (b),

[0019] FIG. 8 plots the tangential and normal components
of magnetic field intensity near the copper sheet in a PCB
transformer according to the embodiment of FIGS. 3(@) and

®),
[0020] FIG. 9 is shows the simulated field intensity or a
PCB transformer without shielding and in no load condition,

[0021] FIG. 10 shows measured magnetic field intensity
of a PCB transformer without shielding and in no load
condition,

[0022] FIG. 11 shows simulated magnetic field intensity
of a PCB transformer with ferrite shielding in accordance
with the prior art and in no load condition,

[0023] FIG. 12 shows measured magnetic field intensity
of a PCB transformer with ferrite shielding and in no load
condition,

[0024] FIG. 13 shows simulated magnetic field intensity
of a PCB transformer in accordance with an embodiment of
the invention and in no load condition,

[0025] FIG. 14 shows measured magnetic field intensity
of a PCB transformer in accordance with an embodiment of
the present invention and in no load condition,
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[0026] FIG. 15 shows simulated magnetic field intensity
of a PCB transformer in accordance with an embodiment of
the present invention and in 20€2 load condition,

[0027] FIG. 16 shows measured magnetic field intensity
of a PCB transformer in accordance with an embodiment of
the present invention and in 20€2 load condition,

[0028] FIG. 17 plots the energy efficiency of various PCB
transformers in 100€2 load condition, and

[0029] FIG. 18 plots the energy efficiency of various PCB
transformers in 100€2/100 pF load condition.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0030] In accordance with the present invention, the ferrite
shielded transformer of the prior art shown in FIGS. 1 and
2 can be modified to improve the magnetic field shielding
effectiveness by providing a conductive sheet (for example
of copper or aluminum) on the surface of each ferrite plate
as shown in FIGS. 3(@) and (b). As an example, the modified
transformer and the ferrite-shielded transformer are of the
same dimensions as shown in Table I. The area and thickness
of the conductive sheets in the example arc 25 mmx25 mm
and 70 um, respectively.

[0031] The magnetic field intensity generated from the
shielded PCB transformers is simulated with a 2D field
simulator using a finite-element-method (FEM). A cylindri-
cal coordinates system is chosen in the magnetic field
simulation. The drawing model, in R-Z plane, of the PCB
transformer shown in FIG. 4 is applied in the field simulator.
The z-axis is the axis of symmetry, which passes through the
center of the transformer windings. In the 2D simulation, the
spiral circular conductive tracks are approximated as con-
centric circular track connected in series. The ferrite plates
and the insulating layers adopted in the simulation model are
in a circular shape, instead of in a square shape in the
transformer prototype. The ferrite plates and the insulating
layers may be made of any conventional materials.

[0032] A. Transformer Shielded with Ferrite Plates

[0033] The use of the ferrite plates helps to confine the
magnetic field generated from the transformer windings.
The high relative permeability, u,, of the ferrite material
guides the magnetic field along and inside the ferrite plates.
In the transformer prototype, 4F1 ferrite material is used
though any other conventional ferrite material cold also be
used. The relative permeability of the 4F1 material is about
80.

[0034] Based on the integral form of the Maxwell equa-
tion,

fdff-dﬁzo L

[0035] the normal component of the magnetic flux density
is continuous across the boundary between the ferrite plate
and free space. Thus, at the boundary,

B1n=Bay (2)
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[0036] where B,, and B,, are the normal component (in
z-direction) of the magnetic flux density in the ferrite plate
and free space, respectively.

[0037] From (2),

HedtoHy=ptoH
[0038] =

Hop=ptHyy ©)

[0039] 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 relative permeability of the ferrite
material is very high. Therefore, when the normal compo-
nent of the H-field inside the ferrite plate is not sufficiently
suppressed (e.g. when the ferrite plate is not thick enough),
the H-field emitted from the surface of the ferrite plates can
be enormous. FIG. 5 shows the magnetic field intensity
vector plot of the transformer shielded with ferrite plates.
The primary is excited with a 3A 3 MHz current source and
the secondary is left open. The size of the arrows indicates
the magnitude of the magnetic field intensity in dB A/m.
FIG. 5 shows that the normal component of the H-field
inside the ferrite plate is not suppressed adequately and so
the H-field emitted from the ferrite plate to the free space is
very high.

[0040] The tangential (H,) and normal (H,) components of
magnetic field intensity near the boundary between the
ferrite plate and free space, at R=1 mm, are plotted in FIG.
6. The tangential H-field (H,) is about 23.2 dB and is
continuous at the boundary. The normal component of the
H-field (H,) in the free space is about 31.5 dB and that inside
the ferrite plate is about 12.5 dB at the boundary. The normal
component of the H-field is, therefore, about 8% of the
resultant H-field inside the ferrite plate at the boundary.
Thus, the ferrite plate alone cannot completely guide the
H-field in the tangential direction. As described in (3), the
normal component of the H-field in the free space is 80 times
larger than that in the ferrite plate at the boundary. From the
simulated results in FIG. 6, the normal component of the
magnetic field intensity in the free space is about 19 dB, i.e.
79.4 times, higher than that inside the ferrite plate. Thus,
both simulated results and theory described in (3) show that
the using ferrite plates only is not an effective way to shield
the magnetic field generated from the planar transformer.

TABLE 1

Geometric Parameters of the PCB Transformer

Geometric Parameter Dimension
Copper Track Width 0.25 mm
Copper Track Separation 1 mm
Copper Track Thickness 70 um (2 Oz/ft?)
Number of Primary Turns 10
Number of Secondary 10
Turns

Dimensions of Ferrite 25 mm x 25 mm x 0.4 mm
Plates

PCB Laminate Thickness 0.4 mm
Insulating Layer Thickness 0.228 mm
Transformer Radius 23.5 mm
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[0041] B. Transformer Shielded with Ferrite Plates and
Copper Sheets

[0042] A PCB transformer using ferrite plates coated with
conductive sheets formed of copper as a shielding (FIG.
3(a) and (b)) has been fabricated. The size of the copper
sheets is the same as that of the ferrite plate but its thickness
is merely 70 um. Thin copper sheets are required to mini-
mize the eddy current flowing in the z-direction, which may
diminish the tangential component of the H-field.

[0043] Based on the integral form of the Maxwell equa-
tion,

£ @

[0044] and assuming that the displacement current is zero
and the current on the ferrite-copper boundary is very small
and negligible, the tangential component of the magnetic
field intensity is continuous across the boundary between the
ferrite plate and free space. Thus, at the boundary,

H,=H,, (5)

[0045] where H,, and H,, are the tangential component (in
r-direction) of the magnetic field intensity in the ferrite plate
and copper, respectively. Because the tangential H-field on
the surfaces of the copper sheet and the ferrite plates are the
same at the boundary, thin copper sheets have to be adopted
to minimize eddy current loss.

[0046] Consider the differential form of the Maxwell
equation at the ferrite-copper boundary,

o Bg ©
VXE=- i
[0047] the magnetic field intensity can be expressed as
sf= L oxi @
Jopo

[0048] where w, 4 and o are the angular frequency,
permeability and conductivity of the medium, respectively.
Because copper is a good conductor (0=5.80x107 S/m) and
the operating frequency of the PCB transformer is very high
(a few megahertz), from (7), the magnetic field intensity, H,
inside the copper sheet is extremely small. Accordingly, the
normal component of the H-field inside the copper sheet is
also small. Furthermore, from (3), at the ferrite-copper
boundary, the normal component of the H-field inside the
ferrite plate is 80 times less than that inside the copper sheet.
As a result, the normal component of the H-field inside the
ferrite plate can be suppressed drastically.

[0049] By using finite element methods, the magnetic field
intensity vector plot of the PCB transformer shielded with
ferrite plates and conductive sheets has been simulated and
is shown in FIG. 7. The tangential (H,) and normal (H,)
components of magnetic field intensity near the conductive
sheet, at R=1 mm, are plotted in FIG. 8. From FIG. 8§, the
tangential H-field (H,) is about 23 dB and approximately
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continuous at the boundary. The normal component of the
H-field (H,) in conductive sheet is suppressed to about 8 dB
and that inside the ferrite plate is about -7.5 dB at the
boundary. Therefore, the normal component of the H-field
is, merely about 0.09% of the resultant H-field inside the
ferrite plate at the boundary. Accordingly, at the ferrite-
conductive sheet boundary, the H-field is nearly tangential
and confined inside in the ferrite plate. Besides, the normal
component of the H-field emitted into the conductive sheet
and the free space can be neglected in practical terms. Since
the normal component of the H-field emitted into the con-
ductive sheet is very small, the eddy current loss due to the
H-field is also very small. This phenomenon is verified by
the energy efficiency measurements of the ferrite-shielded
PCB transformers with and without conductive sheets
described below. As a result, the use of ferrite plates covered
with conductive sheets is an effective way to shield the
magnetic field generated from the transformer windings
without diminishing the transformer energy efficiency.

[0050] The shielding effectiveness (SE) of barrier for
magnetic field is defined as [10]

®

T

i

SE = 20log,

T

or

rel
H;

o

SE =2x101ogy, =2x(|1§;(1n d,8)|—|1'?1;(1n d,8)|)

[0051] where Hi is the incident magnetic field intensity
and H; is the magnetic field intensity transmits through the
barrier. Alternatively, the incident field ban be replaced with
the magnetic field when the barrier is removed.

[0052] Magnetic field intensity generated from the PCB
transformers with and without shielding has been simulated
with FEM 2D simulator and measured with a precision EMC
scanner. In the field simulation, the primary side of the
transformer is excited with a 3 MHz 3A current source.
However, the output of the magnetic field transducer in the
EMC scanner will be clipped when the amplitude of the
high-frequency field intensity is too large. Thus, the 3 MHz
3A current source is approximated as a small signal (0.1A)
3 MHz source superimposed into a 3A DC source because
the field transducer cannot sense DC source. In the mea-
surement setup, a magnetic field transducer for detecting
vertical magnetic field is located at 5 mm below the PCB
transformer.

[0053] A. PCB Transformer Without Shielding

[0054] The magnetic field intensity of the PCB trans-
former without any form of shielding and loading has been
simulated and its R-Z plane is shown in FIG. 9. From the
simulated result, the magnetic field intensity, at R=0 mm and
Z=5 mm, is about 30 dBA/m. The measured magnetic
intensity, in z-direction, is shown in FIG. 10. The white
square and the white parallel lines in FIG. 10 indicate the
positions of transformer and the current carrying leads of the
transformer primary terminals, respectively. The output of
the magnetic field transducer, at 5 mm beneath the centre of
the transformer, is about 130 dBuV.
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[0055] B. PCB Transformer Shielded With Ferrite Plates

[0056] The simulated magnetic field intensity of a PCB
transformer shielded with ferrite plates alone, under no load
condition, is shown in FIG. 11. The simulated result shows
that the magnetic field intensity, at R=0 mm and Z=5 mm,
is about 28 dBA/m. The measured magnetic intensity, in
z-direction, is shown in FIG. 12. The output of the magnetic
field transducer, at 5 mm beneath the centre of the trans-
former, is about 128 dBuV. Therefore, with the use of 4F1
ferrite plates, the shielding effectiveness (SE), from the
simulated result, is

SE=2x(30-28)=4 dB

[0057] The shielding effectiveness obtained from mea-
surements is

SE=2x(130-128)=4 dB

[0058] Both simulation and experimental results shows
that the use of the 4F1 ferrite plates can reduce the magnetic
field emitted from the transformer by 4 dB (about 2.5 times).

[0059] C. PCB Transformer Shielded With Ferrite Plates
and Conductive Sheets

[0060] FIG. 13 Shows the simulated magnetic field inten-
sity of a PCB transformer in accordance with an embodi-
ment of the invention shielded with ferrite plates and con-
ductive sheets under no load condition. From the simulated
result, the magnetic field intensity, at R=0 mm and Z=5 mm,
is about 13 dBA/m. FIG. 14 shows the measured magnetic
intensity in z-direction. The output of the magnetic field
transducer, at 5 mm beneath the center of the transformer, is
about 116 dBuV. With the use of 4F1 ferrite plates and
conductive sheets, the shielding effectiveness (SE), from the
simulated result, is

SE=2x(30-13)=34 dB

[0061] The shielding effectiveness obtained from mea-
surements is

SE=2x(130-116)=28 dB

[0062] As a result, the use of ferrite plates covered with
conductive sheets is an effective way to shield magnetic field
generated from PCB transformer. The reduction of magnetic
field is 34 dB (2512 times) from simulation result and 28 dB
(631 times) from measurement. The SE obtained from the
measurement is less than that obtained from the simulated
result. The difference mainly comes from the magnetic field
emitted from the current carrying leads of the transformer.
From FIG. 14, the magnetic field intensity generated from
the leads is about 118 dB, which is comparable with the
magnetic field generated from the transformer. Therefore,
the magnetic field transducer beneath the centre of the
transformer also picks up the magnetic field generated from
the lead wires.

[0063] D. PCB Transformer in Loaded Condition

[0064] When a load resistor is connected across the sec-
ondary of the PCB transformer, the opposite magnetic held
generated from secondary current cancels out part of the
magnetic field setup from the primary. As a result, the
resultant magnetic field emitted from the PCB transformer in
loaded condition is less than that in no load condition. FIG.
15 shows the simulated magnetic field intensity of the PCB
transformer shielded with ferrite plates and conductive
sheets in 202 load condition. From the simulated result, the
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magnetic field intensity, at R=0 mm and Z=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 measured magnetic inten-
sity in z-direction. The output of the magnetic field trans-
ducer, at 5 mm beneath the centre of the transformer, is about
104 dBuV and that in no load condition is 116 dBuV.

[0065] Energy efficiency of PCB transformers shielded
with (i) ferrite plates only, (ii) conductive sheets only and
(iii) ferrite plates covered with conductive sheets may be
measured and compared with that of a PCB transformer with
no shielding. FIG. 17 shows the measured energy efficiency
of the four PCB transformers with 100Q resistive load. In
the PCB transformer shielded with only conductive sheets,
a layer of insulating sheet of 0.684 mm thickness is used to
isolate the transformer winding and the conductive sheets.
From FIG. 17, energy efficiency of the transformers
increases with increasing frequency. The transformer
shielded with copper sheets only has the lowest energy
efficiency among the four transformers. The energy loss in
the conductive-shielded transformer mainly comes from the
eddy current, which is induced from the normal component
of the H-field generated from the transformer windings,
circulating in the conductive sheets.

[0066] The energy efficiency of the transformer with no
shielding is lower than that of the transformers shielded with
ferrite plates. Without ferrite shielding, the input impedance
of coreless PCB transformer is relatively low. The energy
loss of the coreless transformer is mainly due to its relatively
high i*R loss (because of its relatively high input current
compared with the PCB transformer covered with ferrite
plates). The inductive parameters of the transformers with
and without ferrite shields are shown in Table II. However
this shortcoming of the coreless PCB transformer can be
overcome by connecting a resonant capacitor across the
secondary of the transformer. The energy efficiency of the 4
PCB transformers with 100Q//1000 pF capacitive load is
shown in FIG. 18. The energy efficiency of the coreless PCB
transformer is comparable to that of the ferrite-shielded
transformers at the maximum efficiency frequency (MEF) of
the coreless PCB transformer.

[0067] The ferrite-shielded PCB transformers have the
highest energy efficiency among the four transformers, espe-
cially in low frequency range. The high efficiency charac-
teristic of the ferrite-shielded transformers is attributed to
their high input impedance. In the PCB transformer shielded
with ferrite plates and conductive sheets, even though a layer
of conductive sheet is provided on the surface of each ferrite
plate, the eddy current loss in the conductive sheets is
negligible as discussed above. The H-field generated from
the transformer windings is confined in the ferrite plates.
The use of thin conductive sheets is to direct the magnetic
field in parallel to the ferrite plates so that the normal
component of the magnetic field emitting into the conduc-
tive sheet can be suppressed significantly. The energy effi-
ciency measurements of the ferrite-shielded transformers
with and without conductive sheets confirm that the addition
of conductive sheets on the ferrite plates will not cause
significant eddy current loss in the conductive sheets and
diminish the transformer efficiency. From FIGS. 17 and 18,
the energy efficiency of both ferrite-shielded transformers,
with and without conductive sheets, can be higher than 90%
at a few megahertz operating frequency.
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[0068] 1t will thus be seen that the present invention
provides a simple and effective technique of magnetic field
shielding for PCB transformers. Performance comparison,
including shielding effectiveness and energy efficiency, of
the PCB transformers shielded in accordance with embodi-
ments of the invention, conductive sheets and ferrite plates
has been accomplished. Both simulation and measurement
results show that the use of ferrite plates covered with
conductive sheets has the greatest shielding effectiveness
(SE) of 34 dB (2512 times) and 28 dB (631 times) respec-
tively, whereas the SE of using only ferrite plates is about 4
dB (2.5 times). Addition of the conductive sheets on the
surfaces the ferrite plates does not significantly diminish the
transformer energy efficiency. Experimental results show
that the energy efficiency of both ferrite-shielded transform-
ers can be higher than 90% at megahertz operating fre-
quency. But the planar PCB transformer shielded with both
thin ferrite plates and thin copper sheets has a much better
electromagnetic compatibility (EMC) feature.

[0069] The conductive sheets may preferably be copper
sheets, but other conductive materials may be used such as
aluminum.

[0070] It should also be understood that while the printed
circuit board may be a single board with the two windings
formed on opposite sides, it is also possible that the two
windings may be formed on separate boards that are lami-
nated together to form a composite structure. It is also
possible that the two windings may be formed on separate
printed circuit boards that may be incorporated in different
devices. Another possibility is that the ferrite plus conduc-
tive material shielding could also be applied to a single
winding forming a PCB inductor.

TABLE II

Inductive Parameters of the PCB Transformers

Mutual-
inductance
Self- between
Self- inductance  Primary Leakage-
inductance  of and inductance
of Primary  Secondary  Secondary  of Primary
Transformers ~ Winding Winding Windings Winding
No Shielding  1.22 uH 1.22 uH 1.04 uH 0.18 uH
Shielded 3.92 yH 3.92 uH 3.74 yH 0.18 yH
with ferrite
Plates Only
Shielded 3.80 uH 3.80 uH 3.62 uH 0.18 yH
with Ferrite
Plates and
Copper
Sheets
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1. A planar printed circuit board transformer comprising
at least one conductive sheet located over a ferrite plate, said
plate being located over a winding, for electromagnetic
shielding.

2. A planar printed circuit board transformer comprising,

(a) a printed circuit board,

(b) primary and secondary windings formed by coils
deposited on opposed sides of said printed circuit
board,

(c) first and second ferrite plates located over said primary
and secondary windings respectively, and

(d) first and second conductive sheets located over said

first and second ferrite plates respectively.

3. A transformer as claimed in claim 2 wherein a ther-
mally conductive insulating layer is located between each
said winding and its associated said ferrite plate.

4. A transformer as claimed in claim 2 wherein said
printed circuit board is a laminate, comprising at least two
layers.

5. A planar printed circuit board transformer comprising:
primary and secondary windings,

first and second ferrite plates located over said primary
and secondary windings respectively, conductive
sheets located over said first and second ferrite plates
respectively for electromagnetic shielding.

6. A planar printed circuit board transformer comprising,
(a) a first printed circuit board,

(b) a primary winding formed by a coil deposited on said
first printed circuit board,

(c) a second printed circuit board,

(d) a secondary winding formed by a coil deposited on
said second printed circuit board,

(e) first and second ferrite plates located over said primary
and secondary windings respectively, and

(f) first and second conductive sheets located over said

first and second ferrite plates respectively.

7. A planar printed circuit board inductor comprising at
least one conductive sheet located over a ferrite plate, said
plate being located over a winding, for electromagnetic
shielding.





