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Abstract—Seven different miniaturized low-power isolation
transformer topologies are analyzed using FEA simulation. Per-
formance optimizations of fixed-area transformers with different
operation frequencies and heights, with and without magnetic
cores, are performed. The comparison of optimization results
reveals performance potential and trade-offs of the different
topologies under different restrictions. More than 1 W of power
transfer is possible at more than 85% efficiency in 1 mm2 of
footprint area for several different topologies.

I. INTRODUCTION

This paper is developing high performance miniaturized
high frequency transformers with kV level isolation, delivering
power in the range of 1 W. Such transformers can be applied to
low power applications like IoT devices and can also be used in
gate driving applications [1]–[5]. Seven different transformer
topologies have been analyzed by FEA simulations. Optimiza-
tions were created using simulation-based performance results
to compare the topologies. The results allow comparisons
between the topologies at different operating frequencies and
structural heights in the same packaging area to demonstrate
the performance potential and unique characteristics of the
topologies. The optimization tools developed in the process
can also be used to design miniaturized high-performance
high-isolation transformers. The seven transformer topologies
(shown in Fig. 1) come from 3 different types of inductors,
which are toroid, solenoid, and spiral inductors. Different in-
ductor placements lead to the different transformer topologies.
The end-to-end toroid is also a reasonable topology but was
not analyzed. Based on results from other analyses, we do not
expect it to perform well.

II. TRANSFORMER PERFORMANCE ANALYSIS

Because many of these air-core transformers have low
coupling, their operation can be similar to that of a wireless
power transfer system and we analyze them with the wireless
power transfer framework presented in [6]. The maximum
efficiency is:

ηmax =
κ2Q1Q2

(1 +
√
1 + κ2Q1Q2)2

(1)

where κ is the coupling coefficient, Q1, and Q2 are the
quality factors of the primary and secondary coils. But this

Fig. 1: Topologies based on 3 different inductor types catego-
rized into 5 placement methods.

model simplifies the situation by ignoring the mutual resistance
in a transformer. To test the accuracy of this model in different
cases, a more comprehensive model developed based on the
optimum operation analysis in [7] is used in comparison. The
impedance matching techniques in [7] enable us to find the
optimum efficiency of a transformer in a circuit simulator.
Table. I shows the comparisons between the simplified model
without mutual effect and the circuit simulator SIMPLIS on
an optimized spiral sandwich (stacked spiral) design. When
mutual resistance is low, the simplified model behaves identical
to simulations. With additional tests on different designs with
more mutual resistance, we conclude that when the mutual
resistance is less than 20% of the coil resistance, ignoring
it and using the simple model can estimate the transformer
efficiency accurately enough while keeping the calculations
simple.

TABLE I: Comparison of the efficiency results from simplified
efficiency model and circuit simulator SIMPLIS.

Frequency Impedance Matrix Model Simplis

30 MHz

[
0.32 Ω, 21.8 nH 0.002 Ω, 10.9 nH
0.002 Ω, 10.9 nH 0.32 Ω, 21.8 nH

]
72.9 % 72.9 %

119.4 MHz

[
0.66 Ω, 21.2 nH 0.078 Ω, 10.8 nH
0.078 Ω, 10.8 nH 0.66 Ω, 21.2 nH

]
85.0 % 85.1 %

300 MHz

[
1.09 Ω, 20.8 nH 0.188 Ω, 10.7 nH
0.188 Ω, 10.7 nH 1.09 Ω, 20.8 nH

]
89.8% 89.9 %



Fig. 2: Schematic for FEA simulation. For toroid and spiral, the area is defined by the radius. For solenoid, the area is the
product of length into the page and total width.

III. TRANSFORMER DESIGN OPTIMIZATION

Ansys Maxwell is used to run FEA simulations to analyze
the performance of the transformers. 3D FEA simulation
is used for the concentric toroid transformer; axisymmetric
2D simulation is used for the spiral sandwich, and the rest
of the topologies are analyzed with planar 2D simulations.
Ansys Maxwell’s built-in optimization tool is used to find the
theoretical maximum performance of a topology under area,
frequency, and height restrictions.

For a kV level isolation target and a polymer dielectric
such as polyimide, we choose an isolation gap of 0.1 mm
for all designs, based on a conservative estimate of 250V/µm
practical dielectric withstand capability [4], [5], [8], [9].
All the conductor thicknesses are chosen to be 35 µm (1
oz copper). The important design parameters related to the
optimization setups for all the topologies are shown in Fig. 2.

For all the solenoid topologies, the analysis assumes that
the length into the page (as marked in Fig. 2) is much larger
than the height, which turns out to be a category most of
the optimization results belong to. If a design has its height
larger than the length into the page, our analysis becomes
an underestimate of the real performance. Since in normal
integrated applications, the height is usually less than the
length and width, we think the limitation in the analysis is a
good trade-off to the speed of optimization. Our optimization
results also show a similar level of per-area performance as the
miniaturized transformers in [1]–[5]. It should be noted that
the stacked and side-by-side solenoid share the same 2D FEA
simulation setup. It is the relationship between length into the
page and height defined the topology. The optimization results

all fall into the stacked category, which indicates that stacked
solenoid is inherently a better performing topology than the
side-by-side solenoid.

IV. AIR-CORE TOPOLOGY COMPARISON

Fig. 3a compares all the analyzed topologies over 30 to 300
MHz at a fixed height. The performance increases as frequency
increases. End-to-end and stacked solenoids do not show good
performance compared to others. Among the other topologies,
concentric toroid has the advantage of low leakage inductance,
the spiral is the easiest to fabricate due needing fewer metal
layers, and the concentric and interleaved solenoids have the
best performance. Using the figure can guide some design
choices related to choosing the circuit operation frequency. If
85% efficiency is desired as well as low operating frequency,
concentric solenoid will be a good choice. If high operating
frequency is tolerable but fabrication cost is important, a spiral
sandwich at 120 MHz may be a suitable option.

TABLE II: Leakage inductance and coupling factor for differ-
ent topologies

Topology Leakage Inductance Magnetizing
Inductance

Coupling
FactorPrimary Secondary

Concentric Solenoid 7.67 nH 3.19 nH 17.11 nH 0.750
Interleaved Solenoid 1.56 nH 4.81 nH 0.755
Spiral Sandwich 10.68 nH 12.28 nH 0.535
End-to-end Solenoid 13.78 nH 8.85 nH 0.391
Concentric Toroid 12.94 nH 0.15 nH 4.18 nH 0.485
Stacked Solenoid 14.00 nH 2.81 nH 0.167

The designs shown in this table are at 100 MHz with 1 mm height. The
designs we analyzed have a 1:1 conversion ratio, thus some of them has
identical primary and secondary windings.



(a) Comparison of different operating frequency at 1 mm height.

(b) Comparison of different structural height at 100 MHz.

Fig. 3: Topology comparison in 1 mm2 area. The y-axis is the
theoretical maximum efficiency of the topologies. The spiral
sandwich has two ground planes to make them the same height
as other topologies.

Table. II shows the leakage inductance and the coupling
factor of the optimized designs at 100 MHz and 1 mm height
for all the topologies shown in Fig. 3a. The concentric solenoid
and the interleaved solenoid perform the best, while also
having the best coupling and low leakage.

Fig. 3b shows a comparison between different topologies
over 0.3 to 2 mm height at a fixed frequency for a selection of
the best performing topologies. Due to multiple layers of metal
and isolation needed in some topologies, not all topologies are
viable at 0.3 mm height. If height is the primary concern, an
interleaved solenoid is a very good option with above 70%
efficiency. Choosing a higher operation frequency can also
increase the performance. If the performance target is 85%,
a concentric solenoid at 0.6 mm or a spiral sandwich at 1.5

mm are both valid options. This figure helps to demonstrate
the trade-offs in height and efficiency between different topolo-
gies.

V. MAGNETIC MATERIAL

Among the best air-core topologies, the height of the topol-
ogy has a large impact in performance. The usage of magnetic
material can make it possible to have both low height and good
performance. The interleaved solenoid is a promising candidate
due to high performance and small height requirement.

Fig. 4: Simulated flux line result with magnetic core.

For the magnetic material, we choose Co-Zr-O as the core
material. Co-Zr-O is one of the lowest loss material available
with higher saturation flux density than ferrite. Nano-granular
Co-Zr-O thin-film material can have a saturation flux density
of 1 T, resistivity of 300 µΩ/cm, and a relative permeability
of 100 [10]. Models on its hysteresis effect and in-plane eddy-
current effect are developed in [10], [11]. The simulation result
in Fig. 4 shows that there are flux lines perpendicular to the
magnetic core, which causes out-of-plane eddy-current losses.
Comparing it to the hysteresis and in-plane eddy-current
effects, the simulation shows that the out-of-plane effect is
significant. Thus, FEA simulation is essential for accurate
analysis of the core loss. In analyzing the eddy-current effect
in the magnetic core, we noticed that adding segmentation
in either the width or the length into the page directions
(as defined in Fig. 2) can reduce the magnetic loss. Because
of the 2D FEA simulation setup for this analysis, we added
segmentation as in the width direction as shown in Fig. 5a to
improve the design’s performance. Fig. 5b demonstrates the
impact of segmentation to the overall core eddy-current loss.
With six segments, the eddy-current loss can be reduced by
60% compared to designs without segmentation.

VI. MAGNETIC-CORE TOPOLOGY COMPARISON

Fig. 6a shows a comparison between different topologies
over 30 to 300 MHz for a selection of the best performing
topologies. Magnetic core and different heights are included.
Unlike the air-core designs, the magnetic-core design has a
best performing frequency. For this specific set of restrictions
demonstrated by the brown curve in the figure, 60 MHz
has the best performance. At 50 MHz, the magnetic-core
design almost matches the performance of the best air-core
design with 1/3 of the height. To achieve minimal height, the
magnetic-core can be an option at up to 100 MHz.



(a) Segmentation demonstration.

(b) Segmentation vs core eddy-current loss.

Fig. 5: Demonstration and performance impact of core seg-
mentation.

Fig. 6b shows a similar performance comparison to Fig. 6a,
but with magnetic core segmentation included, to demon-
strate its potential at high frequencies. The usage of core
segmentation increases the frequency for the best perfor-
mance with a magnetic core. The 3-segmentation interleaved
solenoid topology has identical performance as the air-core
interleaved solenoid with only 1/3 the height at 100 MHz. If
6-segmentation is tolerable in fabrication, the magnetic core
design can have 90% efficiency at 300 MHz.

VII. CORE SEGMENTATION DESIGN

Demonstrated by the simulation results in previous sections,
core segmentation is an effective approach for reducing the
eddy-current loss in magnetic cores. Combining proper seg-
mentation and lamination, the eddy-current loss in magnetic
core can be minimized. The lamination is effective mostly on
the in-plane eddy-effect [10], [11], while the segmentation is
effective mostly on the out-of-plane eddy-effect. Due to the
unevenness of the out-of-plane field, the induced eddy-current
is also uneven in the width direction (as defined in Fig.2). From
simulation result in Fig. 4, little out-of-plane field is present in
the middle of the design, which also explains why having two
segments evenly distributed is not improving the performance.
As the out-of-plane flux is stronger to the edge than the middle,
it is intuitive to have more segments on the edges than in the
middle. Quantitative optimizations were performed to find out
the best segmentation distribution.

Fig. 7 shows the optimization results of 5 and 7 segments
of the core. Comparing each segment to the total width of
the design, the 5-segment design has segment lengths of: 7%,
13%, 60%; the 7-segment design has segment lengths of:
3.7%, 6.8%, 11.6%, 55.6%. If regard the largest segment as
two segments, the lengths of the 5-segments are: 7%, 13%,
30%; the lengths of the 7-segments are: 3.7%, 6.8%, 11.6%,
27.8%. Each design has a segment length that is approximately
following a pattern of 2i

2n−1−2 in comparison to the total width,

(a) Comparison with height difference, dashed lines are 0.5 mm, solid lines
are 1 mm.

(b) Comparison with core segmentation.

Fig. 6: Topology comparison with magnetic corea and core
segmentation design. All the designs analyzed are in 1 mm2

area. The height of all magnetic-core designs is 0.29 mm. The
y-axis is the theoretical maximum efficiency of the topologies.
The spiral sandwich without ground plane can also be regard
as two ground planes with infinite height.

(a) Optimized 5 segments.

(b) Optimized 7 segments.

Fig. 7: Optimized segmentation designs.



where n is the number of segments and i goes from 0 to n−1
2 .

This pattern can be used to find a good core segmentation
in magnetic designs like the interleaved solenoid transformer
without computationally intensive optimization. Designs utiliz-
ing this core segmentation pattern have significant performance
improvements compared to evenly distributed segments. Fig. 8
compares the optimized 5-segment design and an evenly dis-
tributed 6-segment design. The optimized 5-segment designs
have about a 20% advantage in eddy-loss in the magnetic
core compared to the evenly distributed 6-segment designs.
Comparing the optimized 5-segment design with an ideal
infinite-segment design, the performance is almost identical
at low frequency. But at high frequencies where the eddy-
effect becomes stronger, having more segments can still be
beneficial.

Fig. 8: Topology comparison with magnetic core. All the
designs analyzed are in 1 mm2 area. The height of all
magnetic-core designs is 0.29 mm. The y-axis is the theoretical
maximum efficiency of the topologies. The magnetic core with
no out-of-plane effect is demonstrating the potential of infinite
number of segments.

TABLE III: Leakage inductance and coupling factor compar-
ison for air-core and magnetic-core designs

Topology Leakage
Inductance

Magnetizing
Inductance

Coupling
Factor

Air-core 1.56 nH 4.81 nH 0.755
Magnetic-core, no segmentation 1.51 nH 6.54 nH 0.817
Magnetic-core, 5 designed segment 1.46 nH 6.55 nH 0.818

The designs shown in this table are interleaved solenoid at 100 MHz . The
air-core design is 1 mm in height, the magnetic-core designs are 0.29 mm.

Table. III shows the leakage inductance and the coupling
factor of the interleaved solenoid transformer with air-core and
magnetic-core. The addition of the core increases the coupling
and magnetizing inductance, while reducing the leakage. It
should be noted that the magnetic-core with 5 segments fol-
lows the segmentation method proposed in section VII. And all
the segmentation analysis is based on an ideal case where there

Fig. 9: Two air-core interleaved solenoid and a spiral fabricated
on PCB. The solenoids are 2.55 mm in height, the spiral is
0.90 mm in height.

is no gap between core segments. With fabrication constraints,
having more segments will mean less core material, which
means more segments can lead to worse performance when
little core material is left.

VIII. MEASUREMENT RESULTS

Fig. 9 illustrates three PCB transformers fabricated on a
printed circuit board. For measurement purposes, five differ-
ent connection methods of the transformer (demonstrated in
Fig. 10) as well as calibration for the connection fixture are
included on the boards. An Agilent 4294A impedance analyzer
was used for the measurement. The designs chosen to be
fabricated are the two best-performing topologies which only
need two layers of metal structure, the interleaved solenoid
and spiral. Due to limitations in fabrication and measurement,
the fabricated design are based on the optimized designs at
64 MHz and all dimensions scaled up 4 times. Using analysis
methods for scaling magnetic components proposed in [12],
the inductance can be expressed as:

L =
N2µ0Am

lm
(2)

where N is the number of turns, µ0 is vacuum permeability,
Am is the area of the flux path, and lm is the length of the
flux path. When all the dimensions are scaled up by by 4×,
Am will be scaled up by 16×, and lm will be scaled up by
4×. Thus, the inductance of the scaled-up transformer winding
will be increased by 4×. The ac resistance, on the other hand,
can be expressed as:

Rac =
ρNlturn
δww

(3)

where ρ is the resistivity, lturn is the length of winding per
turn, δ is the skin depth, and ww is the width of the winding.



(a) Measuring one winding with the
other open.

(b) Measuring one winding with the
other short.

(c) Measuring two winding in series
in the same direction.

(d) Measuring two winding in se-
ries in the opposite direction.

(e) Measuring one winding while
exciting the other.

(f) Measuring one
winding with the
other open.

(g) Measuring one
winding with the
other short.

(h) Measuring two
winding in series in
the same direction.

(i) Measuring two
winding in series in
the opposite direction.

(j) Measuring one wind-
ing while exciting the
other.

Fig. 10: A close-up look at the connection details of the small
solenoid and spiral transformer on PCB. (a) to (e) are the small
solenoid, (f) to (j) are the spiral. The setups for the big solenoid
are similar to that shown here.

When all the dimensions are scaled up by 4×, lturn and
ww will both be scaled up by 4×. As the transformer shape
is unchanged in the scaling process, the coupling coefficient
will be unchanged. To keep the performance of the scaled up
transformer the same as before scaling, we find that when
operating at 4 MHz, the factor of 1/16 in frequency will
leave the quality factor Q = ωL

Rac
unchanged. As a result, the

measurement of the PCB transformers at 4 MHz will directly
reflect the performance of the optimized transformer operating
at 64 MHz.

Table. IV shows the geometrical parameters and the mea-
surement results of the fabricated PCB transformers. Fig. 11
shows a comparison of the measurement data and the the-
oretical analysis. The spiral transformer’s analysis and mea-
surement match very well. The analysis is based on a 2D
axisymmetric FEA simulation of a round spiral. The results
are converted for the square spiral using ways in [13]. The
interleaved solenoid transformers have a more significant in-

TABLE IV: PCB Transformer Measurement Results

Parameter Large Solenoid Small Solenoid Spiral
Number of Turns 5 5 5
Length into the page (mm) 2.2 1.5
Width (mm) 8.6 8.6 4
Trace Width (mm) 0.35 0.35 0.15
Trace Spacing (mm) 0.4 0.4 0.15
Height (mm) 2.55 2.55 0.9

Measurements
Lleakage (nH) 14.75 12.40 48.67
Lmagnetizing (nH) 17.75 13.06 31.15
ESR (mΩ) 64.74 48.42 170.51
Rmutual (mΩ) 9.42 7.95 28.00
Coupling Factor (%) 54.6 51.3 39.0

The geometrical parameters of the designs are marked in Fig. 2. Measure-
ment results are at 4 MHz.
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(a) Leakage inductance and magnetizing inductance comparison.
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(b) ESR and mutual resistance comparison.
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(c) Coupling factor and efficiency comparison.

Fig. 11: Measurement result vs theoretical data at 4 MHz.



ductance error, which is due to the transformers’ length into the
page being smaller than their height. Our analysis thus became
an underestimate of the solenoid’s real performance, which
will not impair the conclusions we have on the comparisons be-
tween topologies. The mutual resistance has large percentage
error, but the absolute error is less than 10 mΩ, which is close
to the resolution of our measurement setup. Seeing the other
resistance measurements showing valid results, we think the
resistance result is overall supporting our modeling method.
Furthermore, all the efficiency comparison between theoretical
and measurements are within a small margin of error. The
measurement results demonstrate the validity of the topology
comparisons based on the modeling method we used in this
paper. Fig. 12 demonstrates the ESR and Q measurements for
the three PCB transformers from 1 MHz to 10 MHz. The ESR
of the spiral ramps up faster than the solenoids due to more
eddy-current loss induced in the structure.
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Fig. 12: ESR and Q measurements from 1 MHz to 10 MHz.

IX. CONCLUSION

This paper analyzed seven different air and magnetic-core
transformer topologies. A tool was developed to find the best
designs under certain area, height, and frequency restrictions.
A selection of the optimized designs was fabricated and
tested to verify our analysis. Among the air-core designs, the
concentric and interleaved solenoid offer the best performance,
followed by the spiral sandwich. The concentric toroid has
acceptable performance with the advantage of low leakage
flux. The Co-Zr-O magnetic-core interleaved solenoid with
core segmentation can match good air-core designs at up to
100 MHz with much lower height.
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