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Abstract—Magnetic components for power conversion (induc-
tors and transformers) are often designed with magnetic cores,
which add core loss but reduce the required number of turns,
copper loss, and usually total loss. At very high frequencies, poor
core materials make this tradeoff less advantageous and air-core
magnetic components are often preferred. The boundary between
the magnetic-core-preferred and air-core-preferred regimes has
not yet been theoretically identified, and intermediate frequency
ranges (e.g., 5 to 30 MHz) see both cored and air-core examples.
In this work, we calculate various expressions that suggest that
cored inductors can outperform their air-core counterparts up
to many tens of MHz on a volumetric basis and about 10
MHz on a mass basis, based on the properties of currently
available magnetic materials. We experimentally demonstrate
the boundary frequencies by comparing the quality factors of
optimized magnetic-core and air-core toroidal inductors. For-
mally demonstrating the advantage of magnetic-core over air-
core inductors suggests more advantageous design strategies at
tens of MHz, with significant impact on applications at industrial,
scientific, and medical (ISM) frequency bands (6.78, 13.56, 27.12
MHz) and other rf frequencies.

Index Terms—High Frequency (HF), Magnetics, Performance
Factor, Core Loss, Copper Loss, Power Conversion

I. INTRODUCTION

As power converters are more often being designed to oper-
ate using switching frequencies in the megahertz range, careful
design of magnetic components is necessary to minimize
losses, size, and/or weight. Typically, magnetic components
are designed to have magnetic cores to reduce the number
of turns required to achieve a target inductance and energy
storage. The core does introduce core loss, but the tradeoff
is usually advantageous at conventional power conversion
frequencies (approximately 10 kHz to 1 MHz).

Both core and copper losses scale with frequency: the
former due to micro- and macro-scopic eddy currents in the
core, and the latter due to eddy currents in the windings. While
skin depth decreases proportional to f 3 (and thus copper loss
scales up at that rate), core loss is often modeled as propor-
tional to f* [1]-[3], where « is a material parameter with
typical values between 1 and 2. Optimizing for loss at higher
frequencies therefore requires more turns and larger gaps. For
very high frequencies, it is both theoretically advantageous and
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practically convenient to design magnetic components with no
core at all.

Air-core structures predominate in the 5 to 50 MHz space,
across a variety of applications [4]-[8]. Converters are regu-
larly designed to implement wireless power transfer for medi-
cal devices at the 6.78 MHz, 13.56 MHz, and occasionally
27.12 MHz. While this application space requires a core-
less separation between the transmit and receive coils, many
implementations at low frequency use magnetic back-plates
while at MHz frequencies they often do not. In addition,
matching networks are often necessary which usually rely
on air-core inductors at MHz frequencies [9]-[13]. Moreover,
high-frequency power inverters and their associated matching
networks are used for plasma generation (necessary for semi-
conductor manufacturing), RF heating for food applications,
and particle acceleration [14]-[16]. Such converters operate
well into the tens of MHz and again predominantly use air-
core magnetic components. Less application-oriented research
has developed high-frequency resonant inverters that operate
at 27.12 MHz [17], [18], 30 MHz [19], and up to 40.68MHz
[20]. These examples all use air-core magnetics.

Designers may also have motivating factors besides total
loss and volume when choosing between a magnetic or air
core. Where EMI is a strong concern, magnetic-core induc-
tors may be chosen to contain stray flux. In mass-sensitive
applications, such as aerospace, air cores may be preferred.

A quantitative way to express the suitability of magnetic
cores for operation at a particular frequency is with the
performance factor F = Bf, with units of mT-MHz. The per-
formance factor is a material figure of merit that expresses the
maximum B field B that can be imposed on a given material
at a given frequency f before reaching a predefined core loss
density (typically chosen between 200 and 500 mW/cm?). It
has been shown that the achievable power handling capability
of a magnetic component is proportional to the performance
factor or minor modifications to it [21]. Nevertheless, while
the performance factor may be useful in comparing the relative
suitability of core materials for operation across frequency, it
does not directly provide a way to compare these materials
to air. Nevertheless, it has been shown that several NiZn
materials have good performance factors at tens of MHz [21],
[22], suggesting that cored inductors may still be suitable for
use at higher frequencies where air-core magnetics currently
dominate.



Some relatively recent examples of cored magnetics in the
HF regime signal the potential for cored magnetics in this
frequency domain. [23] uses a magnetic core for a 13.56
MHz ac inductor and achieves much higher quality factor (Q)
than its air-core counterparts. [24] develops very high @ self-
resonant magnetics for wireless power transfer at 6.78 MHz.
These exceptions anecdotally suggest what this paper intends
to formally demonstrate: that cored magnetics may be superior
in many applications where air-core components are currently
favored, depending on the main design constraints.

In this work, we calculate several expressions that repre-
sent the crossover point where air-core inductors theoretically
outperform their cored counterparts in various situations. This
work builds on the material presented in [25] adding perfor-
mance factor data for additional materials to its survey, an
analysis based on maintaining constant mass, and an analysis
based on the necessary relative permeability. We conclude
that components with magnetic cores maintain a volumetric
advantage to many tens of MHz and a weight advantage to
several MHz, with important implications for many of the
applications listed above which today rely primarily on air-
core components.

Section II begins by calculating the theoretical crossover
point based on maintaining constant current density J and flux
density B in air-core and magnetic-core inductors of equal
volume. The result indicates the crossover point where air-
core inductors outperform magnetic-core inductors occurs in
the hundreds of MHz. Section III furthers this analysis by
restricting the comparison to constant fotal power loss. This
analysis suggests a crossover frequency of around 40 to 50
MHz compared to commercially-available materials. Section
IV presents another independent analysis where total mass is
held constant, finding a crossover point around 10 MHz. Sec-
tion V presents an alternative derivation based on the mini-
mum necessary permeability required for a magnetic material
to outperform air.

In Section VI, we validate these expressions by designing
magnetic-core and air-core inductors optimized for a certain
volume/mass, target impedance, and frequency. Section VII
presents a discussion of various non-idealities and limitations
in our theoretical analysis. In Section VIII, we summarize
our findings and note that there is significant potential for
increased adoption of components with magnetic cores in the
multi-MHz domain.

II. THEORETICAL DERIVATION BASED ON
CONSTANT J & B

In this section and the next, we analyze a toroidal inductor
with circular cross-section, whose labeled geometry is shown
in Fig. 1. This structure is chosen as it effectively contains the
flux whether a core is present or not, which makes for a more
fair comparison. Nevertheless, the derivation is roughly valid
for most classes of high-frequency inductors and transformers
for power conversion, and the numerical results are strong
enough that changing the geometry would most likely not
suggest a different conclusion (see Section VII).

A. Derivation 1: Comparing Power Processing Capability

One potential method for identifying the threshold where
air-core structures outperform cored structures is by comparing
each of their power processing capabilities. We specifically
consider sinusoidally-excited inductors with toroidal geome-
tries and single-layer windings where the available conduction
area is limited by the skin depth, shown in Fig. 1. Further
assume that there are certain limitations on maximum loss
densities, as has been done elsewhere [21], [26]. For an in-
ductor with a magnetic core, these limits manifest themselves
as a maximum peak AC flux density B based on a core loss
density limit Peoe~ and a maximum current density J based
on a copper loss density limit, Pcy . The maximum voltage
that can be applied to the component is given by Faraday’s law
and the flux density limit: V = N ‘Zl—f = NA.Bw cos wt. Using
the current density limit, J , we calculate a peak current in the
cored inductor, 1,4, = jélc/N . This produces a maximum
power handling capability for a cored inductor:
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The above expression is calculated in [21] in the derivation of
both the standard performance factor (F = B f) and modified
performance factors. Note that a size-optimized component
will always operate at its performance limit - i.e., if a compo-
nent is not operating at B, it can either be made smaller or it
could process more power while staying within its budget.
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In the case of an air-core inductor, voltage is not constrained
by B field (because there is no core loss), but by inductance,
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The peak current for the air-core inductor is the same as in
the magnetic-core case. We can therefore extract a maximum
power handling capability for an air-core inductor:
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where o represents the conductivity of copper and § = MQ#O

represents the skin depth. Comparing the power processing
capability of both inductors yields:
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where F = Bf is the conventional performance factor. When
the above expression is equal to 1, the power processing
capabilities of two equivalently-sized magnetic-core & air-core
inductors are equal, given the same loss density constraints.
Thus, (4) can be used to identify a threshold to distinguish



Fig. 1: Labeled geometry of a toroid with a circular cross-
section, showing its cross-sectional radius, r, and its radius of
revolution, R.

when it is more advantageous to use a core:
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Evaluating whether (6) is true is easily done on a graph
of performance factor versus frequency. When (6) is true,
this calculation suggests that magnetic-core components will
be volumetrically superior to air-core components. Further
analysis is provided in Section II-C.

B. Derivation 2: When Required 1, Equals .

This same expression can be calculated through an alternate
method. Consider the design of a magnetic-core inductor
with an air gap. When using a core with sufficiently high
permeability, inductance will be almost entirely determined by
the length of the air gap (as opposed to the length of the core).
As frequency increases, the required gap length to maintain
constant core loss density in the core increases as well (since
the allowed B field, B, decreases with frequency). The cross-
over point where air-core components are more advantageous
(for a given volume) occurs when the calculated gap length,
ly, reaches total core length, I.. We begin by establishing a
target inductance:
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where we have set [, = I, which is true at the boundary where
air-core magnetics become more volumetrically advantageous.
Just as before, the inductor has limits on maximum B field
and current density, set by loss density requirements. These
limitations will constrain the turn count and current: N =
lgB /ol (which again holds when ly = I.). Then we substitute
this requirement into the expression for inductance:
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After moving the inductance over to the right hand side of
the expression, it can be further simplified by noting that N2
is proportional to inductance, and eliminating the remaining
geometric quantities. Converting to an inequality and isolating
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performance factor produces the same result as the derivation
presented in Section II-A.
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C. Analysis

Equation (6) expresses the performance factor threshold
which distinguishes whether a cored component will outper-
form an air-core component. That threshold is a function of a
maximum allowable copper loss density Py, v. If we assume
the allowable copper loss density for the air-core structure is
the same as that of a magnetic-core inductor, e.g. P,y = 200
mW/cm?, the expression yields F = .282y/f, where f is in
MHz and J is in mT-MHz. For frequencies at which data
is available, material performance factors sit well above this
constraint (see the black dashed curve plotted in Fig. 2).
Projecting out a trend line based on the existing envelope of
performance factors suggests an intersection in the hundreds
of MHz.

While the calculated result is dependent on the choice of
Pcu,v, the square-root dependence is weak and the resulting
performance factor value is very small. As a result, the qualita-
tive conclusion and the estimate of crossover frequency remain
strong regardless of the particular value of Py, chosen.

III. THEORETICAL DERIVATION BASED ON
CONSTANT TOTAL LOSS

A. Derivation

The previous section’s analysis followed from assumptions
that core and copper loss densities should be held constant. It
may be more advantageous to consider alternative constraints,
as using a constant value for copper loss density may unfairly
penalize air-core structures. It could reasonably be argued that,
since air-core structures have no core loss, their allowable
copper loss density could be higher than in their magnetic-core
counterparts. As such, we consider an alternative derivation
based on constant fotal loss.

Let us begin by assuming equal distribution of total loss be-
tween core and copper in the cored case. This is often roughly
true - it is well understood that optimized designs will not be
dominated by core nor copper loss [29], but the exact balance
may vary depending on the particular design. To make the
analysis tractable, we will assume that core loss and copper
loss are equal for magnetic-core inductors.

Pdiss = PCuA,cored + PCore,cored =

2}DCOI'e,cored = 2AAclcPcore,V (11)

With this restriction in mind, we calculate the power process-
ing capability of the magnetic-core inductor, just as was done
in Section II. The restriction on B and thus voltage still applies
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Fig. 2: Survey of F [21]. Dashed lines show the envelope of performance factor as frequency increases (in blue) and the
calculated crossover point for Py, = 200 mW/cm?® and cross-sectional radius of 5mm for the various derived expressions:
Constant Pcy, - in black, constant P, in red, constant mass in orange, and u, = 1 in purple.

Vaz = N AcBw). However, the current is now restricted by
a limit on maximum copper loss:
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Note that we consider a toroid with a circular cross-section,
as shown in Fig. 1, with with cross-sectional radius r and
radius of revolution R. Thus, A. = 7r? and [, = 2rR. The
maximum allowed current is therefore:

I o \/5UICPCu,corcd o \/6UAclchorc,V
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We can combine the maximum voltage and current expressions
to find the total power processing capability of the magnetic-
core inductor:
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We would like to compare (14) to the power handling capa-
bility of an air-core component. In this analysis, we choose to
hold the toral loss budget constant — the air-core component
is therefore allowed to have higher copper loss. Since total
power dissipation is held constant and we previously assumed
that core loss and copper loss should be equal for a magnetic-
core component, we can conclude for an air-core component

that Poy air = 2Pcu,cored, and thus:
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The maximum voltage can be related to the maximum current
(V = Llw), and an expression for the total power processing
capability of the air-core structure can be produced:
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The ratio of power processing capability under the constant-
total-loss constraint can then be derived:
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Which can be translated into a new performance factor thresh-
old:
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Again, material performance factors above this threshold
suggest that a magnetic-core component will volumetrically
out-perform an air-core component at that frequency.

B. Analysis

For a P, of 200 mW/cm? and a 7 of 5 mm, the core/air-core
threshold comes out to: F = 4.9 f 1 (where f is in MHz and
JF is in mT-MHz). This threshold is plotted on Fig. 2 in red.

Figure 2 shows a selection of performance factors of mag-
netic materials designed for high-frequency operation. Note
that while the envelope of the commercially available perfor-
mance factor decays with frequency, many materials sit higher
than both of the thresholds calculated so far — one assuming
fixed loss densities and the other assuming a fixed total loss
budget. This is true well into the tens of MHz. Based on
the envelope of best performing materials, the crossover point
where air-cores begin to out-perform magnetic-core inductors
appears to be approximately 40 to 50 MHz when total loss is
constrained, as opposed to the estimate of hundreds of MHz
when B and .J were individually constrained. Many published
designs in the 5-50 MHz space use air-core components, but
this analysis suggests that cored structures would reduce loss
further in the same volume, as in [23], [30]. Cored structures
may also reduce the fields exterior to the magnetic structure,
reducing EMI, loss, and the need for shielding [31].

IV. THEORETICAL DERIVATION BASED ON
CONSTANT MASS

A. Derivation

In many applications (biomedical, aerospace, etc.) compo-
nent weight is a critical concern [32]. As such, it may be of
interest to identify the crossover point given a constant mass
requirement. We proceed by putting the power processing
limits derived in Section II-A in terms of a constant mass, M,
and core and copper mass densities, p.ore and p., respectively
(note that p is reserved for mass densities in this paper and
we therefore refer only to the conductivity o of copper rather
than its resistivity).

M 5 Bjw

pcore

Peorea = (19)
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where we have assumed that the magnetic-core component’s
weight is dominated by the core itself. For a toroid with a
circular cross-section, VO Ly = (77?)(2rR) and VOL,,, =
§(27r) (27 R), assuming that the entire surface area of the
toroid will be used for conduction. This produces a ratio of:
VOLcore/VOLe, = (r/25), which is utilized below.

Pair—core = pAclcj2 = p(i = pJ2
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Comparing the power processing capability of both inductors
yields:
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Which can be rewritten as an inequality in terms of F:
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Fig. 3: JF of materials with low permeability (4 < p, < 16),
plotted against several boundaries showing theoretical lim-
its for un-gapped inductor performance (for FPeore, = 200
mW/cm? and Q = 100

A performance factor higher than this threshold at a particular
frequency would indicate that a magnetic-core inductor would
process more power than its air-core counterpart for the same
mass and loss densities.

B. Analysis
_ When evaluated for typical values (pcore = 5 g/cm?;
J =500 A/em?; r = 5mm), (21) yields F = 8.73f (where f

is in MHz and J is in mT-MHz). This threshold is plotted on
Fig. 2 in orange. This expression predicts that air-core compo-
nents will be able to process more power per unit mass than
magnetic-core components beyond 10 MHz. For magnetic-
core inductors to compete at these elevated frequencies would
require materials with much lower density or with extremely
high performance factors (orders of magnitude better than
those of today’s commercially-available materials). However,
this analysis does indicate that there exist some materials
(Fair-Rite 67, National Magnetics Group M3) that can be
used to build magnetic-core inductors which outperform their
equivalent-mass air-core counterparts to about 10 MHz, and
that there are several more (the aforementioned, Fair-Rite 80,
Hitachi Metals ML91S, Ferroxcube 4F1) that can do so up to
about 5 MHz.

V. THEORETICAL DERIVATION BASED ON REQUIRED
PERMEABILITY

A. Derivation

Another approach to examine the suitability of materials for
high-frequency operation is through the lens of permeability.



We analyze a situation where permeability is a limiting factor
for performance, akin to what is presented in [33].

Consider an inductor with a peak B field, B =L

NA: set
by some loss density budget. For a given core, a target B
and L can be reached simultaneously by varying the number
of turns and the gap length. As the permeability of the core
material decreases (all else equal), L would be maintained
by decreasing [,. The component’s performance would be
unchanged. If permeability were decreased too far, however,
the required gap length [, would be less than O and it would
no longer be possible to meet the inductance and B-field
requirements simultaneously.

There is therefore a critical permeability i, ..;+ above which
the component’s theoretical performance is constant, but below
which the component will be sub-optimal. This critical perme-
ability will be a function of the material loss characteristics and
target application requirements. If the performance factor of
available materials is low enough to cause (i, ci; to fall below
1, this may be taken as an indication that air-core components
are preferable at the frequency of interest.

As such, consider the case where permeability is indeed
a limiting factor, and no gap is inserted into the structure.
The target inductance sets a specific value for N, which
can be substituted into the expression for B (to simplify the
expression, we begin with 32):

B2 . L2712 _ ,Ur/J/OLI2 _ //LT,UOEstore (23)
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where Eg;,-. represents the energy stored in the inductor
(%LI 2). Note that B can be related to performance factor,
¥, and that @ is related to ratio of energy stored to energy
lost in the structure, 27 Esiore/ Eioss:
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Finally, we can express core loss density in terms of the
remaining quantities. If core and copper loss are approxi-
mately equal (often true in many optimized designs), then
Bloss] The following expression is obtained:
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As long as performance factors larger than (25) exist, then this
derivation suggests that the use of a core with permeability
greater than u, will overall be advantageous. In particular, if
1 is set to 1, then (25) can be used to see if available magnetic
materials can outperform air.

F2 (24)

Pcore,v ~
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B. Analysis

We propose three potentially useful interpretations of
(25), which is plotted against experimental data from low-
permeability magnetic materials in Fig. 3. It is helpful to
recall that the energy stored in the core material is 2u3ur B2 x
VOlcore~

o A material falling above the threshold indicates that it

can be used in an un-gapped inductor that meets the
specified performance requirements. In other words, the

core material itself can store enough energy o B? x 32
to meet the application requirements. While inserting a
gap is trivial in many E- & pot-cores, it may be physically
difficult (as seen in Section VI) and add manufacturing
cost for toroidal structures. However, utilizing an un-
gapped structure means that a designer loses one of their
free parameters (along with V), and may not be able to
maximally utilize their loss budget while meeting a target
inductance.

o For even moderately high permeabilities, the expression
yields extremely high values for the performance factor
threshold, far above those of available materials in the
high-frequency regime. This simply means that gaps must
be inserted into these inductors to meet the design targets,
which grants a second degree of freedom in design.
This indicates that lower permeabilities could just as
easily meet design constraints. It makes sense that lower
permeability lowers the derived threshold, because low
permeability increases the energy that can be stored in
the core — o 1/, for a given limit on B field.

o As real performance factors approach the limit defined
by p, = 1, (25) yields yet another theoretical threshold
for the suitability of cored magnetics, plotted on Fig.
2 in purple. For a material at this limit, adding a gap
no longer enables any control over inductance or B, as
the permeability of the core is now equal to that of
air. As such, falling below this threshold indicates that
a magnetic material is too lossy to achieve the design
constraints, and an air core would be preferable.

VI. EXPERIMENTAL VERIFICATION
A. Constant Volume Tests

To validate (6) and (18), several pairs of cored and air-core
high-frequency inductors were built. Each pair was designed
to have the same volume, operating frequency, average power
loss density, and target impedance. We used toroidal cores as
outlined in our analysis above. Each inductor was optimized
for high performance in order to make the comparison fair. The
optimization process is described in greater detail in Appendix
A.

Based on the performance factors shown in Figure 2, a
magnetic material best suited for each operating frequency
was chosen (i.e. the materials with the highest performance
factors at each frequency): Fair-Rite 67 for 10 MHz; National

o0

Fig. 4: Unwound toroidal cores showing implementation of
quasi-distributed gaps for 10, 30, and 60 MHz.
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Fig. 5: Experimental () measurements from the constant volume test plotted against peak sinusoidal drive current at various
frequencies, showing substantially higher performance from cored inductors at 10 and 30 MHz compared to their constant
volume air-core counterparts. Each dataset is labeled with its impedance and part number (or part number of its equivalently
sized core, in the case of the air-core data). The filled in data points correspond to approximately P, = 200 mW/cm?.

Magnetics Group M2 for 30 MHz; and NMG N40 for 60 MHz
(note that NMG M3 has a slightly higher performance factor
than Fair-Rite 67 at 10 MHz, but the latter material was used
because it was readily available). Single frequency operation
and full utilization of core surface area using foil windings
(or standard magnet wire, depending on the turn count and
toroid size) were assumed. By calculating copper and core
loss for each case, optimized core designs were produced for
an average total loss density of 200 mW/cm?®. This process
produced optimized designs specifying how much of each
core should be removed (i.e., how much of the toroid should
be magnetic material, versus air), ensuring constant volume
between core and air-core tests.

While the percentage of core to total volume was high in
the 10 MHz case (91% to 98%, depending on the core), it
was significantly smaller in the 30 MHz (75% to 86%) and
60 MHz (45% to 56%) cases. This required the use of quasi-
distributed gaps [34] to minimize fringing flux and ensure the
accuracy of the optimization. Intact toroids were sliced into
smaller pieces using a 3400 RPM diamond lapidary saw, then
taped or glued together with appropriately sized gaps. Figure
4 shows a selection of cores across different frequencies: the
67 core has two gaps, the M2 core has four, and the N40
core is constructed from eight pieces of a core sliced into
16ths, then assembled using a 3D printed jig. Using the volume
of the magnetic-core toroid as a fixed target in each case,
a similar optimization script for air-core structures was run.
These air-core toroids were built as toroids with circular cross-
sections, as opposed to the rectangular cross-sections of the
cores shown in Fig. 4. Unconstrained by core dimensions, we
varied both the toroid’s cross-sectional radius and its axial
radius while keeping total cylindrical volume constant, varying
turn count to achieve target impedance. This again led us to an
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Fig. 6: Schematic of the inductor quality factor measurement
setup.

optimized design for a particular power loss density in each
case. These specifications were used to create 3D print non-
magnetic “cores” for the air-core toroids. The experimental
impedances for both the core and air-core inductors are shown
in Table I, which shows strong matching between each pair.

The quality factor of the inductors was then measured using
a series resonant testing setup, shown in Fig. 6. Such an
approach has been used to characterize magnetic materials
and high quality factor inductors [21]-[23], [35]. The method
works by resonating the inductor under test with a capacitance.
At the resonant frequency, the ratio between V,,; and V;,, is
ideally directly proportional to the quality factor of the tested
inductor. For high quality factor structures or high frequency
measurements, it may be necessary to use a capacitor divider
as shown to mitigate the effect of probe capacitance and
otherwise account for losses not in the DUT (this was done
for the tests described here). A full derivation of the quality



factor expression is performed in [35].
wkL

Vi 2 12
Vour \| Be2 t 5oz, — Bo1— Rez

Each inductor was tested at its operating frequency and
a variety of drive currents, corresponding to various power
loss densities. Small-signal quality factors for the air-core
inductors were also collected using an E5061B impedance
analyzer (with 3 GHz bandwidth) to validate the testing rig;
the results match well with our experimental measurements,
which indicates that the series resonant approach was valid.

Q=

(26)

The results are shown in Figure 5. In both the 10 and
30 MHz cases, core materials significantly outperform their
air-core counterparts, by factors of roughly 3.5 and 1.7 re-
spectively for the 100 €2 inductors. At 60 MHz, where (18)
indicates that an air-core inductor should outperform an N40
toroidal inductor, experimental data indicates the air-core
structure had roughly 20% larger () than the cored inductor.
These results show strong agreement with the predicted total
loss based threshold, (18).

We note that the 60 MHz core had an extremely large air
gap which required repeated core slicing to produce many still-
large air gaps. These cuts needed to be sanded down, and the
resulting structure is not exactly 43% core, as our optimization
process specified. Moreover, both the 60 MHz cored and air-
core inductors utilized 17 AWG round magnet wire, not foil.
Repeated experimentation with foil and round windings found
that round wire designs routinely outperformed foil-wound de-
signs, despite the ostensibly smaller conduction area. This is
due to current crowding at the thin edges of foil windings, for
which we present a more thorough justification in Appendix
B. Considering that the presented analysis assumes even distri-
bution of current over the toroid surface, this could have been
a significant factor in lowering the measured quality factors.
Further discussion of the practical limitations of the analysis
are presented in Section VII.

The cored inductor’s superiority at 10 and 30 MHz and
its competitiveness with the air-core version at 60 MHz, a
frequency at which cored magnetics are rarely used, further
indicates the potential of cored structures in high frequency

Fig. 7: Mass equivalent cored and air-core inductor pairs
optimized for 1, 5, and 10 MHz (from left to right).

applications.

B. Constant Mass Tests

A second set of tests were conducted to validate (21). Cored
inductors were optimized and built in the same process de-
scribed in Section VI-A. Fair-Rite 80 was used at 1 MHz,
and Fair-Rite 67 at 5 and 10 MHz. The theoretical mass of
these designs was calculated by weighing the core and adding
the theoretical copper volume, based on full coverage of core
surface area and skin depth thickness. Air-core counterparts
were again designed, this time holding their mass constant
(again, assuming full coverage of surface area with one skin
depth thickness). The optimized designs had their cores 3-D
printed and wound. Fig. 7 shows the constant-mass inductor
pairs - note the substantially larger volume (~100x) of the air-
core structures over the cored structures. The experimentally
achieved impedances and masses are shown in Table I.

The quality factor of the inductors was measured using the
same series-resonant testing rig as used in the constant volume
tests. The experimental () measurements are shown in Fig.
8. For all three cases, the cored structures outperform their
air-core counterparts by significant margins. The filled-in data
points on Fig. 8 correspond to a loss density of 200 mW/cm?3.
In each case, the cored inductor is able to process more power
(higher current) for the same loss density, indicating the va-
lidity of Equation (21).

Fig. 7 shows that the air-core toroids were wound with foil
windings, not wire, despite the potentially higher performance
of wire-wound designs (see Appendix B). For this particular
test, it was critical for our prototypes to have constant mass.
That constant mass value was calculated based on an assump-
tion of utilizing the full surface area of the toroid for conduc-
tion. As such, foil was used to wind the air-core designs (foil
narrow enough to wind the cored designs was not available,
and copper composed a much smaller portion of their total
mass). To verify that this was not a significant contributor to
the final results, a wire version of the 25 5 MHz inductor
was wound: It had approximately 20% higher () than its foil
version, but weighed 9.53 g instead of 2.29 g (~3x the cored
mass). It was still outperformed by the cored design. Building
toroids that do match the full assumptions about conductor
distribution would likely require unconventional strategies like
3D printing or deposition [36].

VII. LIMITATIONS & DISCUSSION

The derivations presented in sections II, II-A, IV, and V
rely on a variety of simplifications and assumptions, primarily
to make the analysis tractable. There are several factors which
may lead to deviations from the crossover points predicted in
this work.

1) Toroid Cross-sectional Geometry: As shown in Fig.
1, the presented analysis assumes toroids have circular
cross-sections. While this was the case for the air-core
toroids manufactured for Section VI, most commercially
available toroidal magnetic cores, including those used in this
work, have rectangular cross-sections. While we only present
analysis for the circular case, one can calculate corresponding
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Fig. 8: Experimental () measurements from the constant mass experiment plotted against peak sinusoidal drive current at
various frequencies, showing substantially higher performance from cored inductors at 1, 5, and 10 MHz. Each dataset is
labeled with its impedance and part number (or part number of the core in its equivalent mass counterpart, in the case of the
air-core data). The filled in data points correspond to approximately P, = 200 mW/cm? for the magnetic-core inductors and
Pcu,v = 200 mW/cm?® for the air-core inductors.

Constant Volume Tests

Target Z [)] F [MHz] Material Volume [cm®] Core Z [Q] (L [nH]) Air-Core Z [Q] (L [nH])

10 10 67 49 13.2 (211) 13.1 (210)

100 10 67 .99 103.6 (1650) 101.6 (1617)

20 30 M2 1.31 20.3 (108) 20.1 (107)

100 30 M2 1.31 113.7 (603) 114.8 (609)

100 60 N40 4.83 110.8 (294) 103.3 (274)

Constant Mass Tests
Target Z [2] F [MHz] Material Target Mass [g] Core Z [2] (L [nH]) Core Mass [g] Air Z [Q2] (L [nH]) Air Mass [g]

15 1 80 7.23 15.6 (2480) 9.79 13.7 (2180) 4.3
25 5 67 2.11 25.7 (817) 2.89 26.1 (830.5) 2.29
100 10 67 4.06 103.7 (1650) 5.01 105.9 (1686) 3.44

TABLE I: Target and realized impedance data for the core and air-core experimental inductors, showing good agreement with

target values and between inductor pairs.

expressions for the rectangular case. For example, for the
constant mass analysis, we utilize a ratio between core &
copper volumes (r/24): For a rectangular toroid with inner
diameter d, outer diameter D, and thickness 7T, this ratio is:
Voleore/Vole, = T(D? — d?)/(20(D? — d? + 2T D + 2Td)).
For a toroid with a square cross-section (i.e., T' = .5(D — D)),
this simplifies to Voleore/V0ley = T/45. This is almost
equivalent to the calculated expression, considering that the 7'
term in this expression is the width of the core cross-section,
i.e. 27 in the circular case. This suggests that while specific
geometries may have specific versions of (18) and (21)
that could improve the accuracy of our predictions, these
variations are unlikely to be large in magnitude.

2) Non-sinusoidal Waveforms & DC Bias: This work pri-
marily uses the standard Steinmetz equation (P, = k feBs,
or P, =kB" at a particular frequency). While generally ef-
fective for purely sinusoidal waveforms, there are several fac-
tors which limit the applicability of the Steinmetz equation.

Magnetics in power converters are often subject to non-sinu-
soidal current waveforms, such as square or triangular waves,
with significant high frequency harmonics. Due to the non-
linear nature of core loss, calculating loss in these cases is
not as simple as summing the loss for each component of
the frequency spectrum. Rather, alternative approaches have
been developed to accurately predict loss in these cases [1]—
[3], all of which are more complicated than the simple Stein-
metz equation used in this work. Moreover, a DC bias (again
regular in many power converter applications) can also cause
core losses to be higher than expected. This phenomenon is
neither well understood nor captured by theoretical core loss
modeling approaches. These factors may cause core losses to
be higher than our theoretical calculations predict, lowering
the real-world crossover frequency in these cases. Our exper-
imental data, collected using pure sinusoidal currents, does
match our theoretical predictions.

3) Flux Distribution: While the analysis assumed uniform



flux distribution throughout the core, this is a simplification.
Flux does not travel uniformly throughout core pieces, and
instead tends to crowd towards paths of lowest reluctance. In
toroidal core pieces, this effect manifests in flux concentrating
close to the inner radius of the toroid, while in E/I, pot, and
planar cores flux tends to concentrate near corners. This effect
can also cause theoretical underestimation of core losses, and
thus potentially an overestimation of the theoretical cross-over
frequency. This effect is likely to be greater in cores where
flux concentrates around sharp corners (like E/I cores) and less
significant in the toroids used in this work.

4) Current Crowding: It is well-understood that at high
frequencies, current tends to crowd toward regions of high
H-field. In toroidal inductors, that H-field is supposed to
be contained within the toroid itself, inevitably, flux leaks
from the main magnetic path and causes current crowding
on the sides of conductors. This leads to the experimentally
observed higher performance of round wires over foil windings
described in Section VI and examined in Appendix B. More
generally, this phenomenon does violate the outlined assump-
tions of the presented analysis, specifically the assumption
of even conduction over the surface area of the toroid. This
affects both cored and air-core magnetics, but since copper
loss is the only component of loss for air-core magnetics, this
would likely push real-world crossover frequencies higher.

5) Dimensional Scaling: ~While Fig. 2 shows calculated
boundaries for only one value of cross-sectional radius (5 mm),
equations (18) and (21) are somewhat sensitive to this param-
eter. Varying cross-sectional radius from 1 to 10 mm changes
the projected frequency at which commercially available ma-
terials fall below the boundary from approximately 80 MHz
(projecting out a trend-line for F) to around 35 MHz for the
constant total power loss expression and from 60 MHz to 6
MHz for the constant mass expression. Nevertheless, even the
lower bounds for the cross-over frequencies suggest that cored
inductors could be used at much higher frequencies than what
is typical. If the cored inductors tested in Section VI had cir-
cular cross-sections, their effective cross-sectional radii would
range from 2.2 to 4.4 mm (with the 60 MHz toroid being the
largest). This suggests that if smaller toroids made from high-
performing magnetic materials were to be tested, it may be
possible to have cored inductors outperform air-cores even in
the 60 to 80 MHz range.

6) Loss Density Scaling: Fig. 2 presents performance fac-
tors based on a loss density of 200 mW/cm3, corresponding
to the values for P, used in the derived expressions. It is
possible to use alternative values for the P, limit, but the
performance factor values must be scaled as well (this is not
entirely straightforward, and requires knowledge of 3 for each
material/frequency pair). Fig. 9 shows the envelope of highest
performance factors at 500 mW/cm?, along with the appro-
priately scaled thresholds. The two calculated thresholds that
do intersect the envelope do so at roughly similar frequencies
as in Fig. 2 (a few MHz higher for the constant mass and
constant total power loss boundaries).
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Fig. 9: The performance factor envelope of commercially
available materials plotted against the derived thresholds in this
paper: Constant P, v in black; constant P, in red; constant
mass in green; p, = 1 in purple (all for Py = 500mW/cm?
and r = 5 mm).

VIII. CONCLUSION

While high frequency power converters typically rely on air-
core magnetic components to avoid disproportionately large
core loss, the region of validity of this design choice is not
well understood, potentially leaving available performance on
the table in applications operating at frequencies of about 5-50
MHz. In this work, we derive several formal expressions that
indicate the frequency at which air-core magnetic components
supersede their cored counterparts for a given volume or for a
given mass. This boundary depends largely on the performance
factor of the magnetic cores in question. The envelope of
best-performing commercially available magnetic materials is
plotted against the derived thresholds in Fig. 9. Based on the
performance factors of commercially available magnetic cores,
air-core inductors only eclipse cored inductors well into the
VHF regime at around 50 MHz on a volumetric basis, and
around 10 MHz on a mass basis (depending on the exact size
of the magnetics used). We validate this conclusion by building
a series of cored and air-core inductors optimized at 10, 30,
and 60 MHz with identical impedance and volume. By measur-
ing the quality factor of these inductors, we show agreement
with our theoretical derivation and show higher performance
of cored structures in the 10s of MHz. We do the same for
several inductor pairs built with constant mass, and verify
higher performance up to 10 MHz. Importantly, magnetics
designed for these frequencies almost always feature air cores,
indicating significant potential for improved performance by
adopting magnetic materials in these applications.

APPENDIX A
INDUCTOR OPTIMIZATION STRATEGY

As described in Section VI, optimized inductors were built
to test the validity of the analysis. Magnetic materials were
chosen based on their performance factors at the frequencies



of interest (1, 5, 10, 30, and 60 MHz). Commercially available
toroidal cores were purchased and their dimensions were run
through an optimization script, as described below, and shown
in the presented flowchart.

Given the dimensions of a commercially available magnetic
core, the magnetic material’s properties, operating frequency,
and target inductance, an optimized inductor design was
created. Following the analysis presented in Section II-B, the
"percent core’ of the inductor was swept - this method of
changing the gap guaranteed constant volume. For each option,
turn count was calculated to reach target inductance. Turns
were assumed to be foil turns that fully utilized the surface
area of the toroid for conduction. A drive current was selected
arbitrarily, core & copper losses were then calculated for each
option. The option with minimum loss was then checked for
its estimated loss density. Our analysis used a figure of 200
mW/cm?, so we targeted this figure for the optimized loss
density. If the selected candidate design’s Py, was far from
200 mW/cm®, a new current was chosen and the process
was repeated until an optimized inductor with the correct loss
density was produced. Note, however, that the final result was
relatively insensitive to drive current, often only shifting by a
few percent (in core material composition ratio) depending on
what drive current was selected.

Once magnetic cored inductors were designed, the process
was repeated with air-core inductors. For each cored inductor,
an air-core counterpart with identical volume or mass (depend-
ing on the test), operating frequency, and inductance was built.
The optimization process was largely similar, except because
only volume (and not toroid dimensions) was fixed, the shape
of the toroid could be varied. A variety of target candidates
were generated by sweeping outer & inner diameters of a
cylindrical toroid while holding volume constant. Again, in
each case the number of turns was calculated to reach the
target inductance, and were treated as perfectly distributed
foil conductors. The same optimization point was ran from
this point on, and the optimized design was then 3D printed,
wound, and tested.

APPENDIX B
CHOICE OF FOIL vS. ROUND WINDINGS

The analysis presented in Appendix A assumes full uti-
lization of toroid surface area by the use of foil windings.
However, the final tested inductors used in this article utilized
traditional round wires (using either the largest wire gauge ge-
ometrically possible or readily available). This may seem like
a willful sacrifice of performance for winding convenience, but
that is not the case. When tested, inductors wound with round
wire regularly outperformed their foil wound counterparts with
the same core and number of turns. We aim to briefly explain
this phenomenon and justify this design choice.

It is well understood that the main issues of concern for
conduction at high frequencies are the skin and proximity
effects, which, if not planned for, can cause copper losses
to balloon. A foil winding aims to mitigate these effects by
presenting a long and flat cross-section (ostensibly with a
thickness greater than a skin depth at the target operating
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frequency) for current to conduct. However, if current does not
flow on the long axis of the foil winding, but instead crowds on
its edges, loss can be significantly greater than expected. We
posit that within a toroidal inductor, proximity effects cause
exactly this phenomenon to occur.

Figure 10 shows two finite element simulations of toroidal
inductors with identical cores and number of turns. Despite
lower utilization of core surface area, the wire wound case
has peak current density and total copper loss 59.1% and
30.3% lower than its foil wound counterpart, respectively.
This indicates that even in cases where proximity effects are
often ignored, like that of the foil winding around an inductor,
current crowding due to them can significantly increase loss.
As such, all of our inductors utilized round wire windings to
minimize loss and maximize Q).



Fig.

(a) FEA Simulation of foil wound inductor.

(b) FEA Simulation of traditional wire wound in-
ductor.

10: FEA Simulations of two identical inductors with

varying winding styles. Note the lower peak current density
in the round wire case.
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