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Abstract— The design and fabrication of high-Q air-core
toroidal inductors are described. Designs are optimized for
maximum Q for a given size and inductance, independent any
particular fabrication process. A fabrication process using a
combination of thin-film processes and conventional machining
has been used to make prototypes. Measurements performed on
the first prototypes confirm the predicted Q of 115 at 50 MHz.
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I. INTRODUCTION

Advances in both semiconductor devices and circuit designs
are enabling some experimental power conversion circuits to
operate efficiently with switching frequencies in the range of
10s of MHz [1], [2], [3], [4]. Most such circuits use resonant
circuits for soft switching, impedance matching, and absorbing
parasitics. This requires low-loss high-frequency inductors;
often several are required for a single power stage. In this
frequency range, low-loss magnetic materials are difficult to
find, but, because the inductances needed are small, they can
be readily achieved using air-core inductors. This is attractive
for many reasons: The cost and weight of a core are avoided,
and problems with magnetic saturation, nonlinearity, and per-
meability variation with temperature and time are eliminated
[5], [6], [7].

However, skin-effect and proximity-effect losses can make
it difficult to design a low-loss inductor at these frequencies.
In addition, most air-core inductors have a large external
field, which can cause electromagnetic interference (EMI) and
electromagnetic compatibility (EMC) problems. And nearby
conductors or semiconductors, often including the substrate
on which the inductor is formed, can have eddy currents
induced in them, incurring losses and causing variation of the
inductance.

A toroidal configuration solves many of these problems [8].
Wire-wound toroids are widely used and readily available, but
the wire winding process is expensive and results in a sub-
optimal configuration. Improved toroidal inductors have been
constructed by microfabrication [8] or by wire winding with
specially shaped wire [9]. This paper describes optimization,
fabrication, and testing of toroidal inductors that better ap-
proach the ideal best possible performance for a given size.

Section II describes the designs which are optimized inde-
pendent of the limitations of any particular fabrication process.
The performance metric used is quality factor Q rather than
power handling or power loss because of the linearity of air-
core inductors. An effective Q also considering the effect of
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Fig. 1. Schematic of the cross-section of a toroidal air-core inductor.
Dimensions and capacitances associated with the device are also included.

dc resistance [10] is also considered. The design optimization
results are useful not only for achieving the maximum possible
performance with toroidal air-core inductors, but also for
providing information on what is achievable, information that
is essential for use in designing circuits and systems that use
the such inductors.

In Section III, a fabrication process using a combination
of thin-film processes and conventional machining is used
to make prototypes which closely approximate the ideal.
Measurements (Section IV) confirm predicted Q performance.

II. DESIGN OF AIR-CORE TOROIDAL INDUCTORS

At high frequency, skin effect constrains current to flow only
on the inside surface of a toroidal winding, facing the interior
high-field region. Achieving the minimum ac resistance for
a given size and number of turns requires making maximal
use of that surface. A flat conductor surface, for example
as achieved in [8], will have less current crowding than the
ridged surface of a wire-wound toroid [11], [12], [13]. Thus,
we consider designs similar to those in [8], with a foil-like
conductor conforming to the shape of the toroid, which we
fabricate as shown Fig. 6 and discussed in Section III. In this
section we discuss the design process for maximizing Q in
such an inductor.

Fig. 1 is a schematic of the cross-section of an air-core
toroid. A rectangular cross-section was initially chosen for
convenience in fabrication, and because it provides a larger
flux path in a given volume than the circular cross section
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used in [8]. Other possible cross sections are discussed in
Section II-A.

The rectangular cross-section geometry is described by the
inner diameter di, outer diameter do, height h, conductor
thickness t, slit width wc between adjacent turns, and number
of turns N . The inductance of the structure may be calculated
as the sum of the inductance due to the field inside the toroid
[14] plus the inductance of a single-turn loop around the center
hole of the toroid:

L =
N2hµ0

2π
ln

(
do

di

)
+

di + do

4
µ0

[
ln

(
8
do + di

do − di

)
− 2

]

(1)
where µ0 is the permeability of free space.

Ac current flows in a skin-depth on the inner surface of
the winding. Stray magnetic field in the region containing the
slits lead to current crowding at the edges of windings that face
the slits and affects the ac resistance, as shown in the finite-
element simulation in Fig. 2. To account for this effect, we first
considered a hypothetical single-turn design, and calculated
the ac conductance, G0. We postulated that the conductance
decreases for each slit that is added. Hence for N slits,

Gsingle−turn =
1

Rsingle−turn
= G0 − N · Gslit (2)

where Gsingle−turn is the ac conductance of a single turn with
N slits and Rsingle−turn is the corresponding ac resistance.
For an N -turn design (with N slits), the total ac resistance
Rac is calculated as

Rac = N2Rsingle−turn =
N2

G0 − N · Gslit
(3)

A model for Gslit was determined as a function of slit width
by curve fitting to results of finite element analysis.

Gslit = (0.515wc − 1 µm)δ�t (4)

where wc is the width of the slit cut between turns, δ is the
electromagnetic skin depth, and �t is the length of a turn (twice
the height plus the difference between inside and outside
diameter).

The model does not capture the effect of curvature (de-
termined by do or di), interaction between slits (determined
by the spacing between them), or conductor thickness t. The
model is based on simulations of slit widths wc up to 150 µm
at 50 MHz. Our optimization results indicate that optimized
designs fall within the range analyzed, and so our model is
useful in this range. Note that the incremental decrease in
conductance due to the slit is less than a simple model, based
only on subtracting a fraction of the surface, would predict.
This is because, as can been seen in Fig. 2, some current flows
on the inside edges of the slit, in addition to flowing on the
main surface of the conductor.

Fig. 1 also shows the various capacitances in the device.
We consider three regions that contribute the most significant
capacitance; the capacitance formed across a slit between

Fig. 2. Current density (indicated by shading) calculated by finite-element
analysis near the slit between two turns on the inside perimeter of a toroidal
inductor. Current flows along the surface facing the interior high-field region;
slight current crowding is apparent at the corners.

adjacent turns Cat, the capacitance formed between the top
and bottom of horizontal sections of a single turn Ctb, and
the capacitance formed between the inner and outer vertical
sections of a single turn Ccoax (Fig. 1). Cat includes the
sum of the parallel plate capacitance inside the slit and the
fringing capacitances in the dielectric on the inside of the
toroid and that in the air on the outside. The calculation of the
fringing capacitance was performed by determining a fringing
coefficient based on wc, t and do as developed in [15] for
magnetic fields in the same geometry. Ccoax and Ctb are
derived from standard formulas for capacitance for a coaxial
configuration and a parallel plate configuration, respectively.

The effective total capacitance between the terminals of
the inductor C includes the series and parallel combinations
these capacitances. For example, consider the effective total
capacitance due to the the turn-to-turn capacitances Cat. This
includes a series string of N − 1 capacitors of value Cat, in
parallel with with a single capacitor also of value Cat between
the first and last turns. A similar calculation is used for Ccoax

and Ctb. The total capacitance (C) is the sum of the effective
contributions due to Cat, Ccoax and Ctb. The equivalent circuit
for the inductor is then modelled as a series LRac circuit in
parallel with C in order to calculate Q.

For a given inductance specification L at a given frequency
f (e.g., 50 MHz) and with a size constraint placed on do

(20 mm) and h (5 mm), the design goal was to find the
combination of di, wc and N that would exhibit the maximum
Q. The remaining parameters have conflicting requirements
with respect to maximizing Q. For example, a large wc favors
lower capacitance but results in higher Rac. Hence the choice
of these parameters was achieved through an optimization
process that maximized Q by assessing such tradeoffs. For
a given L, f , do, h a numerical optimization (the Nelder-
Mead simplex algorithm as implemented in MATLAB [16])
was used to determine designs with maximized Q. Fig. 3
shows the calculated Q of the optimized designs for a range
of inductances for do = 20 mm and h = 5 mm at 50 MHz
with a copper conductor at room temperature.

Fig. 4 shows the calculated Q of the optimized designs
over a range of frequencies for several sizes. Since smaller
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Fig. 3. Q of the optimized designs for a range of inductances for do = 20 mm and h = 5 mm at 50 MHz.
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Fig. 4. Q of the optimized designs over a range of frequencies for several diameters, all for h = 5 mm and 50 Ω inductive reactance.

inductance values are typically needed at higher frequencies,
this plot is based on an inductive impedance of magnitude
50 Ω rather than a single inductance value for the whole
frequency range.

A. Shape Optimization

Although the overall optimization assumes a rectangular
cross section for the toroid, this is not necessarily the opti-
mum shape. Optimal shapes of low-frequency air-core toroidal
inductors are addressed thoroughly in [12]. However these
shapes do not apply here directly because of the skin effect
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Fig. 5. Optimized cross section shape.

and because we are applying a height constraint. To investigate
the potential improvement from other shapes, we numeri-
cally optimized cross-sectional shapes based on maximizing
Q considering only the ac resistance and the inductance,
assuming that the shape would not have an important effect
on capacitance.

The first optimization used as independent variables the
inner radius and the z coordinates of a set of points equally
spaced from the inner radius to the outer radius. The optimiza-
tion did not consistently converge to a clear global minimum.
However, the convergence was sufficient to show the general
characteristics of the best shapes: close to a rectangle but with
rounded corners, more rounded at the inside and closer to
square at the outside. An improvement in Q of 6.6% over the
rectangular cross section was obtained for 20 mm diameter
with height of 5 mm.

In order to make the optimization problem more tractable,
a less general set of shapes with rounded corners, described
by fewer parameters, was used next: elliptical corners parame-
terized by the major and minor axes of the ellipse. With the
inner radius, the total number of parameters is five. The Q was
optimized numerically, using the same numerical evaluation of
resistance and inductance used for the unconstrained optimiza-
tion. This improved the convergence of the optimization, and
led to the shape shown in Fig. 5, which provides an 8.3%
improvement over the rectangular cross section.

In practice, we used a rectangular cross section for ease
of fabrication, knowing that we gave up less than 10% in Q
compared to an optimized cross section.

B. Performance Evaluation and Comparison

A conventional wire-wound solenoidal air-core RF inductor
can achieve slightly higher Q in the same volume compared
to the inductors considered here, if only the volume of the
component itself is considered. However, such an inductor
requires a large space free of conductors in order to avoid
having the Q degraded or the inductance value disturbed:

the main advantage of the present designs compared to a
solenoid is the nearly complete absence of an external field.
The conventional solution that comes closes to approximating
that advantage is a wire-wound air-core toroid. Compared to
a wire-wound air-core toroid, the present designs offer three
advantages:

• The external field is much smaller than the external field
of a wire-wound toroid, which can be significant near the
outer wires, which are spaced further apart than the inside
diameter. This effect is most severe for smaller numbers
of turns.

• The capacitance between turns is smaller because of the
plated copper can be thin compared to round wires.

• The ac resistance is lower because of the smooth copper
surface facing the high-field interior of the inductor,
which avoids the current crowding effects in a wire
winding.

To quantitatively asses this last effect for one representative
example, a two-dimensional finite-element simulation of an
8-turn wire-wound toroid was compared to a simulation of
one of our designs, using the same diameter and height. Q
was calculated considering only ac resistance and inductance,
ignoring capacitive effects. The Q value for our design was
60% higher than that of the wire-wound component.

At frequencies in the range of tens of MHz, resonant
circuit designs are almost always used. In such circuits, most
inductors are required to handle current waveforms with large
ac components, often larger than the dc component. In this
case, the dc loss is often negligible; hence our design approach
based on ac only. However, in some applications, dc resistance
may be more important. For these cases, we note that the dc
resistance of our designs is typically much lower than the ac
resistance. For example, at 50 MHz, the skin depth is 10 µm;
if the copper is 50 µm thick, the dc resistance is one fifth the
ac resistance. For typical PWM applications, an effective Q
equal to

Qeff =
ωL

1
4Rac + 3

4Rdc

(5)

has been proposed [10]. In the case of 50 MHz operation
with copper 50 µm thick, the result is a Qeff 2.5 times
higher than Q. This shows that relatively small, low-Q designs
would be adequate for situations in which ac loss is relatively
unimportant.

III. FABRICATION

The initial prototypes were fabricated using a combination
of conventional machining and thin-film deposition processes
in order to allow rapid development of prototypes; various
variations on the process are under consideration to make
larger-scale manufacturing more cost-effective and to achieve
higher-resolution patterning. The first set of prototypes was
fabricated using a polycarbonate substrate machined in a
toroidal shape, 10 mm in diameter and 2 mm thick. A
thin copper seed layer (about 1 µm-thick) was deposited on
all surfaces of the substrate by performing several sputter
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Fig. 6. Steps involved in the fabrication process.

Fig. 7. Fabricated inductors: 6, 8, and 12 turns; 0.25 mm and 0.5 mm slit
widths.

depositions. The copper thickness was then supplemented
by electroplating additional copper for a total thickness of
approximately 50 µm, more than is necessary for the 10-µm
skin depth in copper at 50 MHz. The steps described above
effectively completed an inductor with one shorted turn. The
copper was then cut to make multiple turns, using conventional
machining with a 0.010” (0.254 mm) end mill, leaving a
0.010” space between the turns. These steps are shown in
Fig. 6. Fig. 7 is a photograph of four different inductors we
have fabricated.

The initial prototypes were designed for several tens of nH
at 50 MHz. For higher inductance with the same physical
size, more turns are needed and finer spacings between turns
(25 µm–100 µm) are desirable to maintain low resistance.
We have tested two methods of cutting finer slits between
turns after using the same sputtering and electroplating process
to deposit the copper. The first was similar in concept to
photolithography, in that we coated the copper to protect
it from etchant, and opened slits in this resist coating to
allow corresponding slits to be etched in the copper. However,
because photolithography would be difficult on the three-
dimensional surface, particularly in the interior surfaces of the
hole, we instead slit the resist coating with a scalpel blade,
held fixed while the inductor was moved with optical micro-

Fig. 8. Slits cut between turns by sawing, as discussed in the text. The
diameter of the center hole shown in 4 mm.

TABLE I

INDUCTOR PERFORMANCE

Inductance Q at ESR at
50 MHz 50 MHz

Calculation 16 nH 132 45 mΩ
Direct measurement 19 nH 144* 41 mΩ*

Indirect measurement∗∗ Not needed 115 52 mΩ

∗Not expected to be accurate
∗∗ Q based on scaling measured 10 MHz ESR (23.2 mΩ ) up by the square

root of 5

positioning equipment. After testing several resist materials,
we found that shellac performed best for this process. Al-
though we demonstrated clean slits about 50 µm in width
on flat substrates, achieving the necessary uniform coating
of shellac on three-dimensional toroids proved more difficult.
Although we successfully used this process to make the coil
on the magnetic-core inductor reported in [17], the final slit
widths were poorly controlled.

To more cleanly and reliably form small slits, we developed
a sawing process, using a small circular saw blade for most
surfaces and a scroll saw for slits in the interior hole. Typical
saw blades have the individual teeth splayed outwards (set)
in order to cut a kerf slightly wider than the thickness of the
blade itself, thus avoiding binding. However, the depth of the
cuts we need to make is only about 50 µm, much less than
the depth of the teeth themselves. Thus, no set is needed, and
in fact the teeth can be thinned near the tips to allow cutting
a slit thinner than the main body of the blade. Such blades
were made by grinding the teeth of conventional saw blades
to remove the set and narrow the tips of the teeth, similarly
to sharpening a knife blade. The inductor was positioned on a
scroll saw using optical micro-positioning equipment for the
interior cuts; for exterior cuts, the small circular saw blade was
used with a milling machine. Our initial tests of this method
have produced clean cuts about 100 µm wide, as shown in
Fig. 8. We expect that thinner cuts would be possible, although
that becomes important only for large numbers of turns.
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including projections to higher frequencies than those measured.

IV. MEASURED RESULTS

A precision impedance analyzer (Agilent 4294A) was used
to measure the inductance and Q of the 6-turn inductor with
0.25 mm slit width. A low-residual-inductance test fixture [18]
was used to connect the inductor. Since Q of the inductor is
high, the ESR is very small compared to the imaginary part
of the impedance. Thus even small phase error may result
in a large measurement error. For example, measuring a Q
of 100 with 10% accuracy requires a phase accuracy of 0.05
degrees. The impedance analyzer switches modes at 15 MHz,
and only gives sufficient phase accuracy below 15 MHz. Thus,
we do not have a valid direct measurement of Q at our design
frequency of 50 MHz. In the frequency range of interest, Q is
proportional to the square root of frequency, because loss is
dominated by simple skin-effect resistance (which is inversely
proportional to the square root of frequency). Results below
15 MHz confirm this scaling trend very well, as shown in
Fig. 9. Thus, at present, our best experimental assessment of
Q at 50 MHz comes from 10 MHz measurements, scaled
for the frequency difference. Comparing either the 10 MHz
measurement or the 50 MHz result derived from the 10 MHz
measurement shows that the loss is 15% higher than the loss
calculated by the methods discussed in Section II. Note that the
slits in the measured prototype were wider than the optimum
slit widths would be. Thus, we have not directly confirmed the
performance of designs chosen according to the optimization
process.

V. CONCLUSION

Air-core toroidal inductors have been fabricated using a
combination of thin-film processes and conventional machin-
ing. Measurements performed on the first prototypes confirm

the predicted Q of 115 at 50 MHz. Optimizations aimed
at maximizing Q of a given geometry and impedance have

been presented. The optimization process can be implemented
independent of the limits of any particular fabrication process.
It shows that inductors with Q over 200 are possible from 30
MHz to 2 GHz.
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