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Abstract—Substrate-embedded inductors enable the miniatur-
ization of power modules and Integrated Voltage Regulators
(IVRs) with higher power efficiencies and performance. However,
embedded inductors for single-stage 12 V or 48 V to 1 V high-
conversion-ratio IVRs present new performance challenges due to
limitations in magnetic materials, limited space, high frequency,
and low duty cycle. In this work, we analyze 7 embedded inductor
designs fabricated with four metal-polymer composites magnetic
materials. These inductors have inductances ranging from 20
nH to 500 nH, DC resistances between 14 mΩ and 40 mΩ, and
saturation currents from 100 mA to over 5 A. Each inductor is
characterized for its small-signal spectra with and without DC
bias current and for its large signal response. With all these
measurements, a relation between the small and large signal
losses is made, showing that using the new Racx metric they
are related by a factor κ. The measurements show that, in
the MHz range, the large signal losses can be over 4 times
larger than the small-signal ones. These analyses allow us to
understand the material properties and modeling new magnetic
materials targeted for high-conversion-ratio IVRs with input
voltages greater than 5 V.

I. INTRODUCTION

Increased functionalities and computational capacity of to-
day’s electronic systems have resulted in the need for higher
power density and miniaturized voltage regulator modules.
Power Delivery Network (PDN) and Voltage Regulators (VR)
play an integral role in High Performance Computing (HPC)
platforms. Typical Central Processing Unit (CPU) and System-
of-Chip (SoC) in servers and data centers are grouped in racks
that are powered by rails of 48 V which are then down-
converted to 0.6-1.2 V to supply the SoCs. As shown in
[1], this down conversion is typically achieved by several
down conversion stages including 48 V to 12 V, 12 V to
1.7 V, and finally 1.7 V to 1 V with overall PDN system
efficiencies of 75% or less. New technologies, based on Silicon
and Gallium-Nitride MOSFET, allows for 99% efficiency fix
ratio conversion of 48 V to 12 V using resonant switched
capacitors [2] and >90% efficiency for conversion of 12 V
to 0.6-1.2 V using discrete on-board switched inductor buck
converters. However, on-board voltage regulator modules need
to operate at a few 100’s of kHz to achieve high system
efficiency, but limiting the regulation bandwidth required by

the SoCs. With an SoC’s operating voltage of 1 V, the current
can be of the order of 100’s of amperes requiring power planes
with very low impedance and a large amount of package power
connections, otherwise, the routing resistance will significantly
affect the overall efficiency. As shown in [3], the regulation
bandwidth and efficiency can be increased by using het-
erogeneous integration of single-stage high-conversion-ratio
Integrated Voltage Regulators (IVR) mounted in the same
SoC package, and as close as possible to the CPU, as shown
in Figure 1. In [3] it is shown that when compared to an
IVR with an input voltage of 1.8 V, an IVR with 5 V input
voltage reduces the routing losses by over 7 times whereas
the reduction in routing losses is over 40 times for an input
voltage of 12 V
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Fig. 1: Heterogeneous integration of package IVR.

IVRs require highly integrated components including power
MOSFET and inductors. Embedding of passives components
is key to obtain a smaller system size allowing them to
be closer to the integrated circuits (IC), thus reducing the
interconnection lengths and associated parasitics, and improv-
ing the power density. In particular, inductor embedding has
been limiting the miniaturization and performance of IVRs
[4]. This has been attributed to the limited performance of
the commonly used magnetic materials such as ferrites and
nanocomposite thin films with respect to the permeability,
thickness, frequency stability, and loss properties of the ma-
terials. These factors affect the inductance and current den-
sity of the inductors. So far, an optimal trade-off between
these performance parameters has been primarily achieved
by surface-mount inductors. Novel inductor structures with
high inductance density can make use of materials with lower
permeability relaxing the constraints on saturation field and
ferromagnetic resonance, according to Snoek’s law.

To overcome the challenges of magnetic materials at high
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frequency, IVRs have been using switching frequencies around
100 MHz, as shown in [5]–[12], where the required induc-
tances is less than 10 nH. For high power SoC applications,
air-core package embedded inductors were shown in [13] with
implemented inductances in the range of 1 to 7 nH, with
DC resistance in the range of 6 to 36 mΩ. Other magnetic
thin-film technologies, as presented in [7], can achieve higher
inductances close to 20 nH with high DC resistance of 92
mΩ. Even though these technologies can achieve very high
inductance density, they cannot be scaled to obtain 100’s of
nH with DC resistances lower than 15 mΩ as required for
single-stage high-conversion-ratio converters.

Recently, there has been a shift towards newer classes
of materials such as metal-powders and metal-polymer com-
posites (MPC) for inductors cores [14], [15]. In these ma-
terials, metal fillers coated with an insulating metal-oxide
layer are embedded in epoxy polymers. The epoxy behaves
as a distributed air gap reducing the core hysteresis losses
and increasing the saturation magnetic field, while the small
coated particle reduces the intra-particle eddy current losses.
In [16] two magnetic composites material, Ni-Zn and CIP
(cabonil-iron powder), were presented and compared using
fabricated solenoid inductors. These materials use spherical
fillers suporting over 8 A of saturation current, however, with
a low relative permeability of less than 10. The inductors
presented in [16] have an inductance of 24.5 nH and DC
resistance of 22.4 mΩ using CIP, and inductance of 22.5 nH
and DC resistance of 14.7 mΩ using Ni-Zn. In [17] a coaxial
magnetic inductor was presented for the Integrated Voltage
Regulators used on Intel CPUs, where vias are sorrounded by
an MPC magnetic material with spherical fillers. These coaxial
inductor shows an inductance of 2.5 nH up to 500 MHz with
a DC resistance of 12 mΩ.

In this work, we leverage the advancement in composite
magnetic materials, in the form of magnetic sheets, to fabricate
several embedded inductors and characterize them. However
in this work, the MPC materials are targeted for frequencies
between 2 to 10 MHz and high relative permeability, as
requried for high-conversion-ratio IVRs.

In this paper, we expand the work presented in [18] and
[19]. Using a metal polymer composite (MPC) magnetic
material with spherical fillers, in [18] we have presented a
novel inductor power loss method and we have demonstrated
it with small and large signal measurements. In [19] we
have presented an array of embedded inductors using three
different MPC magnetic materials with flake fillers, however,
only the small signal measurments were performed. In this
work, we have performed the small signal measurements with
and without DC bias and the large signal measurements in a
buck converter for all the inductors and materials presented
previouly. We have completed the material analysis related
to the work presented in [18] and the set of measurements
for the work presented in [19]. This comprehensive set the
fabrications and measurements cover a large range of results.
These inductors have inductances ranging from 20 nH to 500
nH, DC resistances between 14 mΩ and 40 mΩ, and saturation
currents from 100 mA to over 5 A, with measurements starting
at 100 kHz up to 1 GHz. With these results we explore the

capabilities of these materials and determine what are the
material properties to make an inductor for 12 V and 48 V to
1 V IVR.

This work is structured as follows. Section II presents a
review of the basic magnetic properties for metal-polymer
composites. Section III shows the magnetic properties of the
materials used in this work. Section IV shows the inductor
models and fabrication results. Sections V and VI show the
small signal spectra measurements with and without DC bias
current, along with the racx metric. Section VII shows the
large signal response and correlate the small and large signal
losses. Finally, Section VIII shows a method to identify the
possible conversion space (input to output voltage ratio) using
a particular magnetic material, and determine what should be
the magnetic properties required for a 12 V to 1 V IVR.

II. REVIEW OF MAGNETIC PROPERTIES FOR COMPOSITE
MATERIALS

As shown in [19], the required inductance for single-stage
high-conversion-ratio IVRs (Vin > 5 V, Vout = 1 V) is in the
order of 100’s of nH with very low DC resistance of 15 mΩ
and Effective AC Resistance per unit inductance Racx less than
3 mΩ/nH. This last factor Racx is a new metric introduced in
[1] that allows to evaluate the small-signal inductor technology
efficiency regardless of the amount of implemented inductance
and inductor size. It considers the inductor current ripple
harmonics as a function of frequency and duty cycle and is
normalized to the inductance. This corresponds to an energy
loss factor with units 1/s or Ω/H of the AC energy stored and
transferred to the load. The inductor power loss PL is related
to the Racx = κ racx by (1)

PL = I2LRDC +∆i2LL(fs)κ racx(D, fs) (1)

where κ is the small to large signal loss ratio (which is
experimentally determined) and racx can be calculated by the
next formula [1],

racx =
2

D2(1−D)2

M∑
m=1

sin2(mπD)

(mπ)4
RAC(mfs)

L(fs)
(2)

where D is the buck converter duty cycle, RAC and L are the
small-signal AC resistance and inductance spectra, and fs is
the converter switching frequency.

For embedded inductors using a low-loss and high-
permeability magnetic material as the core is imperative.
Considering the drawback of ferrites and nanocomposite thin
films as discussed earlier, the favorable class of materials for
power inductors are the Metal-Polymer Composites (MPC).
The permeability of particles in a MPC is different along
different directions due to shape anisotropy [20]. If the mag-
netizing field M⃗ lies along with one of the principal axis of
an ellipsoidal particle, the demagnetizing field H⃗M is given
by H⃗M = −NM⃗ with N being the demagnetizing factor. The
value of N depends on the principal ellipsoid axis (a,b, or c)
the field is directed to and it must obey the next relation,

Na +Nb +Nc = 1
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Three cases can be identified: Prolate spheroid (long rod),
Oblate spheroid (disc or flake), and a Sphere. Figure 2 shows
the values of N for the three cases. Depending on the inductor
structure, composite fillers of one shape are preferable to
others. It must be noted that the anisotropic shape factor does
not depend on the specimen size.

Sphere Prolate Spheroid
(long rod)

Oblate Spheroid
(disc or flake)

Nz=0
Nx=0Ny=1

Nz=1/3
Nx=1/3Ny=1/3

Nz=0
Nx=1/2Ny=1/2

Fig. 2: Shape factor for different types of filler.

In a composite material, the effective permeability can be
first approximated using [14],

µe = 1 +
p

N0(1− p) + 1/(µi − 1)
(3)

where p is the volume loading factor, N0 is the demagnetiza-
tion shape factor of magnetic fillers, and µi is the permeability
of the magnetic fillers. Therefore, by increasing the loading
factor and choosing the right filler shape the permeability can
be increased. In MPC the effective relative permeability will
be smaller than its bulk counterpart due to volume loading
ratio and shape anisotropy [21].

The permeability spectra can be modeled using the Lorentz
and Landau-Lifshitz-Gilbert equation shown in [14]. The equa-
tion is given by

µe = 1 +
ω2
dχd0

ω2
d − ω2 + jβω

+
(ωs + jαω)ωsχs0

(ωs + jαω)2 − ω2
(4)

where χd0 and χs0 are the domain wall and spin magnetic
susceptibilities, ωd and ωs are the resonant frequencies of each
magnetic contribution, and α, β are damping factors. Since
the permeability spectra is a complex value, it accounts for
the inductance and the eddy currents losses in the magnetic
material and windings. The core or hysteresis losses need to
be calculated from the BH curve for the magnetic material.
Therefore, a low coercivity is required for low hysteresis loss,
and using a proper filler size in composite material is key
because the size of the fillers has a direct impact on the
coercivity H⃗c [22].

The ferromagnetic resonance limits the frequency stability
of the inductor and is related to the shape factor, permeability,
and magnetic saturation and there is a trade-off between
permeability and ferromagnetic resonance where a high value
for both cannot be obtained at the same time, this is called
the Snoek’s limit [15]. The FMR is defined by the Kittel
expression shown in (5) [21].

fFMR =
µ0

2π
γ
√

[Hk + (Ax −Az)Ms][Hk + (Ay −Az)Ms]

(5)

where Ms is the maximum attainable magnetization, Hk is the
applied magnetic field, γ is the gyromagnetic ratio and is equal
to 1.760859 × 1011 rad s−1 T−1, and A⃗ is a demagnetizing
factor that depends on the shape factor and volume loading
fraction. For metal composite material with very low volume
fraction A⃗ ≈ N⃗ , and for a very high volume fraction (bulk
limit) A⃗ ≈ 0.

For thin films or large magnetic sheets where large
anisotropy is introduced, (5) is reduced to (6) [15],

fFMR =
µ0γ

2π

√
Hk(Hk +Ms) =

µ0γ

2π

Ms

µr − 1

√
Hk +Ms

Hk
(6)

Reducing the particle size and volume loading ratio can
also help to increase the FMR, since the polymer acts as a
distributed air-gap which increases Hk. Regarding the eddy
current losses, smaller particles exhibit lower induced current
and therefore lower losses. However, when the volume loading
is increased, particles start to touch each other increasing the
effective particle size. To prevent this last issue particles can
be coated with an oxide layer.

III. MAGNETIC MATERIAL ANALYSIS

Three MPC materials HPE1, HPE2, and HBS1 were stud-
ied, along with RM4A [23] that is commercially available.
These four materials are characterized for their permeability,
loss tangent, resistivity, and magnetic saturation in order to
analyze their efficiency for different IVR conversion ratios and
frequencies. The permeability and loss tangent were measured
using an impedance analyzer. Figure 3 shows the measured
permeability for all four materials. The magnetization curve
was measured using a vibrating sample magnetometer (VSM).
Figure 4 shows the intrinsic magnetization Bi vs magnetic
field intensity H , with B = µ0H +Bi.

Fig. 3: Permeability Spectra of Magnetic Materials - HPE1, HPE2, HBS1 and
RM4A.

From Figure 3, we observed that as the permeability de-
creases, the FMR increases (FMR is found close to where
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Fig. 4: Bi-H curves.

µ′ start to decrease). From Figure 4, we can observe that as
the permeability decreases the saturation field H⃗s, where H
start to flatten, increases. We can also see that three of the
materials behave almost hysteresis-less. However, in the MHz
regime, the hysteresis losses become important despite this
observation.

IV. INDUCTOR FABRICATION RESULTS

In this work, seven inductor designs were fabricated. These
inductors were initially introduced in [24] and [19]. Figure 5
shows the top view of all the inductors along with their di-
mensions, and Figure 6 shows the fabrication results. Inductor
IND034-IND037, IND046, and IND047 were fabricated on the
same substrate (magnetic sheet), while IND048 was fabricated
as an inductor array of 16 elements.

IND034

IND046

IND035 IND036

IND047

IND037

Incomplete Interleaved Winding Toroidal Inductors

Incomplete Normal Winding Toroidal Inductors

0.8 mm 1 mm

51
5 

um

1.84 mm

1.
06

 m
m

2.91 mm
275 um 0.8 mm

150 um100 um

1.75 mm

0.
86

5 
m

m

1.75 mm

0.
5 

m
m

IND048

1.75 mm

0.
86

5 
m

m

Fig. 5: Inductor models with their dimensions.

In the samples of Figure 6(a), the four vias at the center were
drilled directly on the magnetic material making contact with
the metallic fillers. This allows us to measure the resistance
between the vias that are 1 mm apart. Table I shows the mea-
sured resistance. With the small-signal spectra measurements

10 mm

IND034

IND046

IND035

IND037

IND047

IND036

Connection pads

Top View
after soldermask

Top View
before soldermask

Top View
First Metal Layer

Top View
Second metal layer
before soldermask

IND048 IND048

a)

b)

Fig. 6: Fabricated inductors.

TABLE I: Magnetic material resistance between 1 mm apart vias.

HPE1 HPE2 RM4A HBS1
5.5 Ω 27 kΩ 50 MΩ Hi-Z

and the racx metric, it will be clear the relation of high material
conductivity and high small-signal losses.

The DC resistance was measured and averaged for all
the inductors. Table II shows measured DC resistance. The
simulated DC resistance was fitted to the measurements to
estimate an electroplated copper conductance of 4.2 S/m.

TABLE II: Inductors DC resistance in mΩ with 25 µm electroplated copper
thickness.

IND034 IND046 IND035 IND036 IND047 IND048 IND037
14.3 13.6 21.3 24.9 29.0 22.8 39.3

V. SMALL SIGNAL SPECTRA

Figure 7 shows the small-signal inductance and resistance
spectra of all the inductors. The figure shows in blue the
measurements and in red the simulations. Both simulation and
measurement, show excellent correlation.

With the extended frequency range from 100 kHz to 1 GHz
it is possible to obtain the close-to-DC, AC, and RF responses.
At 100 kHz we observe how the AC resistance converges to
the DC resistance. We start to see a discrepancy at frequencies
greater than 500 MHz for high inductance inductors, such
as IND037, IND047, and IND048 with the low frequency
materials and for inductor IND037 with material HBS1. This
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Fig. 7: Small signal spectra.

can be attributed to higher parasitic capacitances, however, it
is not very relevant the inductor behavior above 500 MHz.

Using the measured spectra, we can use the expression
(2) to compute the small-signal effective AC resistance per
unit inductance racx. Figure 8 shows the extracted racx,
material-wise. For each material, the racx is shown at different
frequencies, and at each frequency each line corresponds to
one of the inductor model shown in Figure 5. As it can be
observed, this metric is not very sensitive to the amount of
inductance or inductor structure, allowing its use, not only for
power loss calculation but as a magnetic material performance
metric.

The materials HPE1, HPE2, and RM4A have flake fillers.
The racx of HPE1 is the larger as it is the one with the
highest permeability, but also a higher bulk conductivity. The
material HPE2 has a lower bulk conductivity showing lower
losses. In the case of RM4A, it has no bulk conductivity and
therefore the small-signal losses, due to eddy currents, are
extremely low. The small signal performance of HBS1, which
has spherical fillers, is comparable to HPE2 but with higher
frequency stability.

Fig. 8: Small signal racx.

From the racx curves, it can be observed that the resistance
per unit inductance increases considerably with duty cycles
below 20%. This shows how difficult it is to fabricate highly
efficient inductors for high-conversion-ratio converter. In some
12 V to 1 V converter topologies the duty cycle can be around
19%, and in some 48 V to 1 V converter topologies the duty
cycle can be less than 10%.

VI. SMALL SIGNAL SPECTRA WITH DC BIAS CURRENT

Magnetic materials are highly non-linear with respect to
both magnetic flux and frequency. By biasing the inductor
with a DC current, the dependency of racx to the magnetic flux
can be studied. Figure 9 shows the small-signal spectra with
an applied DC bias current of some of the inductor structures.
We observe that the low frequency materials start to saturate
as soon as a small current of 100 mA is applied.

Figure 10 shows their inductance and racx variation as a
function of the DC bias current. Since racx is a measure of
the eddy current losses, in materials HPE1 and HPE2 the
small-signal losses starts to decrease as the material becomes
saturated as a consequence of a lower dϕ(t)/dt. In the case of
RM4A, were the eddy current losses are already very small,
the small-signal losses increase at higher currents. The low
saturation point prevents any of these materials to be used in
a buck converter, because only the inductor current ripple can
be up to 500 mA. It is well known that air-gaps can increase
the saturation current, but for embedded inductors, are required
magnetic materials with engineered distributed air-gaps. The
HBS1 material with spherical fillers have this property.

For material HBS1, the saturation current is above 5 A. The
apparent increase of inductance is due to the error introduced
by the current source’s filter inductors that start to saturate
at a current close to 5 A. We observe that at currents higher
than 2 A, the DC resistance starts to increase due to Joule
heating contributing to an increment in the racx. This material
is fabricated using spherical fillers in a polymer matrix. As
a result, between each spherical particle, there are small
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Fig. 9: Small signal spectra with DC bias current.

gaps that act as distributed “air-gaps” decreasing the effective
permeability and increasing the saturation current.

VII. LARGE SIGNAL RESPONSE

To measure the large-signal AC response, the inductor is
placed in a buck converter with no load (to force a zero
DC current). The inductor voltage and current waveforms are
obtained by a pair of 400 MHz bandwidth differential am-
plifiers. Figure 11 shows an example of recorded waveforms
for the inductor voltage and current using an oscilloscope.
The multiplication of these two gives the instantaneous power.
Using the waveforms, the inductance is calculated as,

L =
vL∆t

∆i
(7)

and the current ripple is just the half peak-to-peak current.
The inductor power loss is obtained with the average of the
inductor power waveform.

PL =
1

t1 − t0

∫ t1

t0

vL(t)iL(t) dt (8)
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Fig. 10: Saturation current and small signal racx with DC bias current. Solid
lines are from measurements, cross marks are from simulation.

Finally, the measured large signal Racx is simply,

Racx =
PL

∆i2LL
(9)

To study the large signal response, The inductors IND036
with HPE2 and IND037 with HBS1 were analyzed. Three
different measurement sweeps were performed: current ripple,
duty cycle, and frequency. These three measurements sweep
allows us to determine up to what extent the κ factor, shown
in the expression (1), remains constant or how it changes ac-
cording to the parameter sweep. Figure 12 shows the recorded
waveforms for the current ripple sweep for both inductors, and
Tables III and IV show the extracted parameters.

For HPE2 we observe that, with as little as 80 mA, the
extracted inductance is already different from what is expected
due to saturation and losses with the average inductance
being apparently larger (as the current increases, the hysteresis
losses increases faster than the reduction of inductance due
to saturation). With a saturated magnetic core, the relation
between the small and large signal Racx is not valid.

In the case of HBS1, the inductance values are correct
over the entire current ripple sweep (the connection wires add
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Fig. 11: Inductor waveform, parameter extraction.
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Fig. 12: Large-signal current ripple sweep.

around 10 nH of inductance). The large to small losses ratio κ
is almost constant with an average value of 5.1 over a current
ripple span of 600 mA. This seems to indicate that the small
and large signal losses are related by a constant, at least in a
narrow frequency band and with the magnetic core not close
to saturation.

TABLE III: Inductor IND036 - HPE2 parameters from large-signal current
ripple ∆iL sweep at fs = 2 MHz. Lsm corresponds to the small-signal
inductance.

Lsm nH 130.4 130.4 130.4 130.4 130.4 130.4 130.4 130.4
racx

mΩ
nH 0.146 0.146 0.146 0.146 0.146 0.146 0.146 0.146

L nH 171.2 197.0 199.3 221.5 232.7 244.8 255.6 273.3
∆iL mA 81.30 111.8 140.2 191.1 250.0 302.8 351.6 457.3
PAC mW 1.312 3.024 5.513 12.59 23.66 37.30 53.85 96.86
Racx

mΩ
nH 1.160 1.294 1.406 1.558 1.626 1.661 1.704 1.694

κ Racx
racx

7.930 8.851 9.618 10.652 11.123 11.360 11.655 11.587

Figure 13 shows the recorded duty cycle sweep waveforms
at a particular frequency for both inductors. For HPE2 the

TABLE IV: Inductor IND037 - HBS1 parameters from large-signal current
ripple ∆iL sweep at fs = 5 MHz. Lsm corresponds to the small-signal
inductance.

Lsm nH 69.8 69.8 69.8 69.8 69.8 69.8 69.8 69.8
racx

mΩ
nH 0.753 0.753 0.753 0.753 0.753 0.753 0.753 0.753

L nH 77.06 76.98 75.62 75.84 75.65 76.28 76.48 76.22
∆iL mA 77.24 149.4 227.6 300.8 373.9 447.2 513.2 584.4
PAC mW 1.656 6.609 14.95 26.55 41.63 59.87 80.09 105.2
Racx

mΩ
nH 3.602 3.847 3.814 3.869 3.934 3.925 3.976 4.043

κ Racx
racx

4.786 5.112 5.068 5.141 5.227 5.215 5.283 5.372

current ripple was limited to 40 mA to avoid saturation, and
for HBS1 to 256 mA. The duty cycle sweep was recorded,
for both materials, at frequencies 2, 3, 4, and 5 MHz. After
extracting the large signal Racx, the ratio κ was computed
as shown in Table V. For frequencies above 4 MHz, in both
materials the ratio κ seems to converge to a constant value.
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Fig. 13: Large-signal duty cycle sweep.

TABLE V: Large to small loss ratio κ as a function of frequency at D = 0.5.

fs [MHz] 2 3 4 5

HPE2 κ 5.900 7.344 7.464 7.011
HBS1 κ 3.074 4.134 4.806 5.069

Using the ratios shown in Table V, Figures 14 and 15 show
the relation between κ racx (indicated by solid lines) and Racx

(indicated by the cross marks).
With HBS1, we observe that the large signal losses follow

the same behavior of the small-signal ones. However, for
HPE2 and frequencies above 4 MHz, the large signal losses
do not follow the same trend at low duty cycles. We think this
can be due to the proximity of the switching frequency fs to
the fFMR of the material, which is around 10 MHz for HPE2.

From these measurements, we can expect the large-signal
loss to be proportional to the small-signal loss by a factor κ,

Racx = κ(fs) racx (10)

with κ constant with respect to the duty cycle and current
ripple (provided the magnetic core not close to saturation, and
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the switching frequency not close to the ferromagnetic reso-
nance frequency of the material). With respect to frequency, it
is needed to study it in a wider range to know its behavior at
higher and lower frequencies. Asumming a constant value for
κ in the frequency of interest fs > 2 MHz, it can be possible
to estimate the inductor power loss at some duty cycle D and
switching frequency fs with the next expression,

PL = I2DCRDC +∆i2LLκ racx(D, fs) (11)

VIII. CONVERSION RATIO SPACE

Using this comprehensive study of the four magnetic mate-
rials and the seven inductor designs, we are interested to know
what are the capabilities of the materials. From the results, we
see that only HBS1 can actually be used in power conversion
applications, due to the need for a high saturation current.
However, we need to know what are the possible conversion
ratios where this material can be used, based on the inductor
efficiency.

Using the AC power loss expression (1) and the expression
for the current ripple ∆iL = V (1−D)/2Lfs, we obtain

PL,AC =
V 2(1−D)2

4Lf2
s

κ racx(D, fs)

then, we can write the non-linear function F (D) as follows,

F (D) =
V 2(1−D)2

4Lf2
s

κ racx(D, fs)− PL,AC = 0 (12)

and solve for D for a given AC power loss PL,AC . This will
give us the allowed conversion ratios for a given inductor
efficiency, where the inductor efficiency is given by,

ηL =
ILV

PL,AC + I2LRDC + ILV
(13)

For example, Figure 16 shows the conversion ratio space
for material HBS1 considering an inductance of 65 nH (which
could be obtained with IND048).
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Fig. 16: Conversion space prediction for HBS1 material, using κ = 5.1

This inductor design framework, where the inductor prop-
erties are determined to satisfy a target inductor efficiency,
allows to understand the limitations of the magnetic materials
and inductor technology. Table VI shows the comparison of
inductor model IND048 with material HBS1 to published
embedded inductors with high inductance and low frequency.
Based on inductor technology, we observed a higher L/RDC

ratio and a higher maximum current compared to other
compact embedded inductors such as [26] and [27]. Thin-
film inductors such as [28] can achieve very high inductance
density but with very high DC resistance and very low current,
limiting their application to low power devices. Non space-
constrained inductors such as [25] and [29] can achieve a low
DC resistance and high Q but at expense of inductance density,
and therefore not suitable for IVRs.

We believe that combining our latest inductor model
IND048 with a better magnetic material, the requirements for
high voltage conversion ratio converter can be met. In the next
section, we use the inductor design framework to determine
the required magnetic properties.

IX. MAGNETIC MATERIAL ROADMAP

Based on the analysed materials, the ideal material may
need to have a combination of the properties of these two
different magnetic composites. The low-frequency materials
can achieve very low small-signal losses thanks to their flake
fillers, creating a micro lamination structure. The ultra-low
small-signal losses of RM4A indicate that the fillers must be
coated with an insulating layer to prevent bulk conductivity.
And, the distributed “air-gap” of the spherical fillers allows
for a very high saturation current. We believe that a hybrid
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TABLE VI: Comparison of properties of embedded inductor for integrated voltage regulators. † Small signal quality factor Q.

Property This work Spiral Spiral Toroid Solenoid Toroid
HBS1-IND048 APEC 2018 [25] APEC 2019 [26] TPE 2019 [27] APEC 2020 [28] CIPS 2020 [29]

Area 2.25×2.25 mm 15×15 mm 3.6×3.6 mm 2.4×2.4 mm 0.9 mm2 10.5×10.5 mm
Thickness 600 µ 1.1 mm 288 µm 280 µm <100 µm 500 µm

Material µr 24 180 – 3 800 34

Material Type MPC MPC Fe composite Ni-Zn composite Thin-Film
Co-Zr-Ta Fe composite

Switching Frequency 10 MHz 2 MHz 16 MHz 12 MHz 10 MHz 2 MHz
Inductance L 60.7 nH 685 nH (Lself ) 150 nH 112 nH 75 nH 925 nH

Inductance Density 12.1 H/mm2 3 nH/mm2 11.5 nH/mm2 19.4 nH/mm2 83 nH/mm2 8.4 nH/mm2

DC Resistance RDC 22.8 mΩ 40.7 mΩ 205 mΩ 265 mΩ 270 mΩ 66 mΩ
Maximum current 5 A – 1 A 1.6 A 0.40 A 5 A
Current Density 1 A/mm2 – 0.08 A/mm2 0.270 A/mm2 0.61 A/mm2 0.05 A/mm2

L/RDC 2850 nH/mΩ 14574 nH/mΩ 731 nH/mΩ 422 nH/mΩ 277 nH/mΩ 14015 nH/mΩ
Peak Q† 15 (3.5 MHz) – 38 (15 MHz) 14.3 (12.5 MHz) 14.5 (15 MHz) 28 (2 MHz)

Duty cycle D 60% 60% 66% 27% 28% 9.5%
racx 1.9 mΩ/nH – – – – –
κ 5.1 (>5 MHz) – – ≈2.5 (12.5 MHz) – ≈2.4 (2 MHz)

flake-spherical coated filler metal composite can be the key to
achieve the required magnetic properties.

With the high inductance density of the inductor structure
IND048, a material with relative permeability 45 can achieve
120 nH. Therefore, a material with a permeability of around
65 can achieve an inductance of 170 nH as required for 12 V
to 1 V conversion ratio.

A theoretical material with the low loss characteristic of
RM4A but with high enough saturation current, a large to
small power loss ratio κ = Racx/racx = 4, and an inductance
of 170 nH, would give an inductor efficiency of 95% for 12
V to 1 V at 1.875 A, as shown in Figure 17. Note that in
a two-phase series capacitor buck converter for 12 V to 1 V
conversion [30], each phase is powered by 6 V, and Figure 17
shows 95% inductor efficiency with an input voltage of 6 V,
or equivalently, a duty cycle of 0.19.
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Fig. 17: Conversion space of the theoretical material required for 12 V to 1
V conversion at fs = 5 MHz.

In Table VII it is summarized the key properties of the
target magnetic materials to make 12 V to 1 V conversion
IVRs possible.

X. CONCLUSIONS

In this work, we have presented the fabrication and measure-
ment results for a large set of inductors. Seven inductor designs

TABLE VII: Key parameters for magnetic material for 12 V to 1 V conversion
ratio IVR, at fs = 5 MHz.

Parameters Symbol Units Value

FMR fFMR MHz 25
Switching Freq. fs MHz 5

Permeability µ′ - 65
Loss tangent tan δ - 0.012

Saturation Hsat kA/m >6
Small Signal racx mΩ/nH 0.257

Loss ratio κ - 4

fabricated with 4 magnetic materials. These inductors have
inductances ranging from 20 nH to 500 nH, DC resistances
between 14 mΩ and 40 mΩ, and saturation currents from 100
mA to over 5 A. Three magnetic materials use flake fillers
with high-permeability at low frequencies, and one material
uses spherical fillers with low permeability stable up to higher
frequencies.

With the measured small-signal spectra with and without
DC bias current, it was shown how the small-signal losses
behave with respect to the different material, frequency, and
bias current. It was observed that the materials with flake filler
do not exhibit an effective distributed air-gap, this is reflected
in a saturation current of less than 100 mA. In contrast, the
HBS1 with spherical fillers can achieve saturation current over
5 A, but with lower inductance. It is well known that air-
gaps can increase the saturation current, but for an embedded
inductor, it is required a magnetic material with engineered
distributed air-gaps like HBS1.

Using the large-signal measurements it was shown a relation
between the large and small-signal losses. Using the new
metric, it is shown that the relation Racx = κ(fs)racx with
κ constant with respect to duty cycle and current ripple is
valid. This metric allows an easy evaluation of an inductor
performance. It also allows us to determine the feasible voltage
conversion ratio space for a particular magnetic material, and
in a similar way, determine the required properties for a
particular conversion ratio.
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