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Abstract— High-density package-embedded inductors enable
the miniaturization of high conversion ratio integrated voltage
regulators (IVRs). In this work, we present a new embedded
inductor structure along with a new performance metric called
effective ac resistance per unit inductance and how the inductor
sets constraints to the power stage topology. The proposed perfor-
mance metric depends on the converter duty cycle and frequency
and uses the inductor current harmonics, its inductance and
resistance spectra, and the large-signal response to compute the
inductor losses. No information of the inductor volume or its mag-
netic field distribution is used. The proposed embedded inductor
structure shows a toroidal field distribution using a combination
of slots through a magnetic sheet and vias through these slots.
The new structure enables the fabrication of several inductors in
the same magnetic substrate for multiphase IVR. The proposed
inductors are fabricated and the metric is demonstrated with
measurements using a high saturation magnetic material, where
an interesting relation between the small- and large-signal losses
was observed.

Index Terms—3-D inductors, buck converter, efficiency,
embedded inductors, high-density integration, integrated voltage
regulator (IVR), magnetic core inductors (MCIs), magnetic
materials, package, power supply in package (PSiP), solenoid,
toroid.

I. INTRODUCTION

RADITIONAL architectures for power delivery networks
in servers and data centers, as shown in [l], require
several downconversion stages to convert the grid voltage
to usually 1-V dc required by processors (CPU). Fig. 1
shows a typical downconversion system that, when assuming
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Fig. 2. Different power distribution networks. (a) Two-stage 48—12 V with
12-1.0-V IVR downconverter. (b) Single-stage 48—1.0-V IVR.

an system on chip (SoC) power consumption of 90 W, shows
a combined efficiency of 75%.

The losses can be reduced and the regulation bandwidth
increased if a single-stage integrated voltage regulator (IVR)
with input voltage greater than 5 V is integrated into the
package, as shown in Fig. 2. In [5], an extensive analysis
of the advantages that IVRs have for the next generation of
microprocessors is presented. However, as the input voltage
increases, the switching frequency must be reduced. As result,
more inductance is required and the inductor design becomes
challenging due to space constraints.

To reduce the losses and increase the switching frequency
in a conventional hard switched buck converter, switched
capacitors are combined with inductors to form a hybrid buck
converter. In [6], several hybrid converters for 48—1 V are
surveyed explaining their frequency, duty cycle, and efficiency
limitation. What the hybrid topologies have in common is
that they use switched capacitors along with the inductors
to reduce the voltage stress and losses over the MOSFET
and additionally extend the duty cycle. As shown in the
survey, a switching frequency of 5 MHz can be achieved for
48-1 and 12-1 V.

Extensive research has been done for embedded inductors
and I'VRs, but mostly for low input voltage (Vi <5 V) with
a typical conversion ratio of 1.7:1 V. With low input voltages,
it is possible to use higher switching frequencies because
low-voltage MOSFETSs have lower parasitic capacitance and
losses. With a conversion ratio of 1.7:1 V at frequencies
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TABLE I

SUMMARY OF SE-BASED FORMULAS FOR POWER
Loss DENSITY (Wm™3) CALCULATION [17]

Method [ Square Exitation
SE k feBE
ga—lpa—1(j_pyl-a
MSE R =
IGSE ki f*BR,28 D1~ 4 (1 — D)1=9]
WcSE Tk f*Bp,

above 10 MHz, the required inductance can be lower
than 35 nH. Air core inductors, as shown in [3], have been used
at very high frequencies above 100 MHz with the advantage
of the elimination of the magnetic losses. Thin-film inductors,
as shown in [7]-[13], have been used for frequencies above
10 MHz with inductance in the range of 10-50 nH and
dc resistance in the range of 20-300 m€2. For an input voltage
of 12 V or above, the switching losses prevent the converter
to operate above a few megahertz, with a typical frequency
range of 250 kHz-2 MHz. At 2 MHz and a current ripple
of 0.5 A, the required inductance would be 450 nH. For point-
of-load regulators that operate at 2 MHz or below, printed
circuit board (PCB) embedded inductors have been proposed
in [14] and [15] with inductance over 600 nH and inductance
density between 3 and 7 nH/mm?. In the review paper [16],
several other types of inductors and magnetic materials are
surveyed and compared using dc and ac performance metrics,
exposing their advantages and weaknesses.

Typically, the amount of inductance is driven by a max-
imum inductor current ripple and frequency. However, for
high-performance voltage regulators, the design must be based
on the inductor efficiency with the maximum current ripple,
maximum frequency, and minimum duty cycle as a constraint.
In [17], a comparison of inductor cores loss calculation
methods is presented, including the Steinmetz equation (SE),
modified SE (MSE), the improved generalized SE (IGSE),
and the waveform coefficient SE (WcSE). These analyses
are conducted for nonsinusoidal excitations in switched-mode
power supplies at a frequency of 10 kHz. Only the methods
MSE and IGSE can predict the core loss increment when the
switching duty cycle moves away from 50%. This increase of
losses is the result of the inductor current harmonics. However,
as shown in [17] through measurements, the MSE and IGSE
methods can show an error of +10% at 0.5 duty cycle and
—25% at 0.1 duty cycle. In Table I, it has shown the summary
of formulas for the most common methods.

In [23], an improved SE (ISE) method is presented where
the square excitation is separated into two pulses with their
frequencies related to the duty cycle. As shown with measure-
ments, this method shows excellent accuracy at 100 kHz, and
its accuracy is only slightly reduced at a frequency of 25 kHz.
This model has the next formula

T f ay T f an
P.=—k D(=—) B/"+ —ky(1 - D)| —"——) B
4! (Z-D) n + gk )(2(1—0)) m

In [23], it is also discussed the drawbacks of the different
methods, where they are mainly reviewed by its accuracy over
waveform, duty cycle, and frequency.
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Even though the ISE method presented in [23] can have
very good results, it shares the same complications as the other
methods when they need to be applied to embedded inductors.
We see two difficulties to apply these methods: 1) embedded
inductors usually have no defined volume, which is a problem
since these methods give a power loss density Wm™3, and
2) the magnetic field in the magnetic substrate is not uniform
making difficult to choose the value of B,,.

This article is an extension of the work published in [18],
where a novel embedded toroidal inductor and a new induc-
tor metric called effective ac resistance per unit inductance
or R,x were proposed. The objectives, of this power loss
calculation method, are: 1) relate the inductor core losses to
circuit quantities such as inductance L and inductor current
ripple Aiy, instead of magnetic quantities such as the magnetic
flux B; 2) include the effect of the duty cycle allowing the
codesign with the power stage topology; 3) characterize the
small- and large-signal losses in the megahertz regime; and
4) remove the dependency on the inductor volume. With
the proposed method, no acknowledgment on the inductor
volume and magnetic field is required, making its application
easier. In addition, in this work, we present several embedded
inductor structures that are analyzed with the proposed metric.

This work presents an in-depth analysis, including detailed
derivation of the small-signal effective ac resistance per unit
inductance r,x metric, inductor requirements for a target
inductor efficiency using the R,cx framework, detailed analysis
of the inductor structure model, small-signal measurements
and simulation for seven different inductors designs, saturation
current and large-signal measurements of the inductors, and
comparison of the small- and large-signal losses.

This article is structured as follows. Section II describes the
new inductor metric. Section III provides a design framework,
based on the R,.x metric, to obtain the inductor properties for
a given input to output voltage, frequency, duty cycle, and
inductor efficiency. Section IV describes the novel embed-
ded toroidal inductors. Section V shows the fabrication and
measurement setups. Sections VI-VIII show the small-signal
measurement results with and without dc bias current and
the large-signal response. Finally, Section IX concludes and
discusses the results.

II. PROPOSED INDUCTOR METRIC

The basic form of a buck converter’s topology is shown
in Fig. 3, along with the two circuit states and the induc-
tor current ripple waveform. There are two states: between
0 <t < DT, when the high-side switch is closed and the low-
side switch is open and between DT; <t < T; when the high-
side switch is open and the low-side switch is closed. Here,
0 < D < 1 is the duty cycle and 7; is the switching period.

The inductor introduces losses in the exchange of energy
between the source V, and the load R p. We can decompose
the inductor power loss into three parts, as shown in (1):
1) dc conduction losses Py 4c; 2) eddy current losses (in both
copper and magnetic material) P . ; and 3) magnetic core
losses Pp p (due to hysteresis)

Py = Prg+ Pra + PrH- (1)
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Fig. 3. Simple buck converter topology and its operation.

The hysteresis loss Py is given by the B—H hysteresis
loop where the density of energy lost per switching cycle
is U = [H-dB [Jm™]. The power loss is found by
multiplying U by the effective inductor volume and switching
frequency. However, as shown in [17] and [19], the hysteresis
losses are also affected by the duty cycle D. Several methods,
including the MSE, generalized SE (GSE), ISE, IGSE, and
wave-coefficient SE, have been used to model the induc-
tor core losses when a nonsinusoidal excitation is applied.
These models require knowing the magnetic flux B, and
however, the value of B can be nonuniform inside the inductor
and therefore difficult to quantify. In addition, the effective
magnetic volume is required, which for embedded inductors
may not be defined. In this work, we study the relation of
more circuit-friendly quantities, such as inductance L and
inductor current ripple Ai;, to model the inductor losses with
nonsinusoidal currents. The inductance L already lumped the
effective inductor volume and energy-storing capacity in its
volume, and the current ripple Ai, is related to the span of
magnetic field. Both L and Ai; are easier to measure.

We start by deriving an expression to quantify the
small-signal losses P, gc and Pp 5. and to then compare it with
the large-signal losses Pr. To compute Pr; = Pr ac + Prac,
we start by considering the inductor current Fourier sine
expansion given by

) al 2Ai;, sin(nzw D) | t
ir(t) =1, + Z DU =D) (un) sm(th T ) 2)

n=1 $

where Ai; is the inductor current ripple, /; is the inductor
dc current, and D and 7y are the switching duty cycle and
period, respectively. The current ripple is given by the next
expression

14
Aip = 5 (1= DT.. 3)

The average dc and small-signal power loss in the inductor
due to an equivalent resistance R, is

I
PL\s = 7/0 lL(l)l)RL(t)dt
s

where i; (¢) is the instantaneous inductor current and vgy (¢) is
the instantaneous voltage drop over the inductor’s equivalent
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resistance R,. . However, the inductor resistance is a function

of frequency. Therefore, we will have a dc power loss, due

to the copper dc resistance, and an ac power loss, due to the

magnetic and copper losses at every frequency harmonics.
The dc power loss is

Ppac = I} Ryc. )

To calculate the small-signal ac power loss, first, we need
to consider the next expression for vrp (1) = iy () Ry

M .
2Ai;  sin(mz D) . t m
t) = 2 — R —
orL(f) m; DA—D) (mr) sin{ 2mn T )R\ T,
(5)
and then, Py , is
2Ai? s1n2(n7rD) n
= — . 6
L,ac D2(1 — 2 Z_; (nn_) ac Ts ( )

The variable r,x(D, f) is defined here as the small-signal
effective ac resistance per unit inductance with units
of QH™! = s~ ! and is given as follows:

)

Facx =

2 i sin?(mm D) Ry (mfy)
D2(1 — D)* 4 (mx)*  L(fy)

and corresponds to a loss ratio normalized to the inductance
and current ripple squared at the switching frequency f;. This
normalization makes it independent of the volume used by the
inductor, but it is also independent of the current ripple.

We can now combine (1), (4), (6), and (7) to obtain the next
inductor power loss expression

P = I} Roc + Aij L(fs) raex(D, f;) + Pr.1. 8)

Since Ai7 L(f;) has units of joule and r,ex corresponds to
an energy loss factor and is a measure proportional to how
much energy is lost per cycle.

Using the inductor presented in the following, it was
observed from the measurements that Py oo and P,y can be
related by a factor x (f;) such that P g = (k—1) Pp o , giving
as results

PL = I?R g + Ai2 L(fy) k(f)rax (D, f5) )
PL = IZRdc +Aii L(fs) Racx(Da fs) (10)

=1

and it will be shown that r,x and R, (corresponding to
the small- and large-signal loss ratio, respectively) are indeed
independent of the amount of inductance and current ripple.
The factor x is the large-to-small-signal loss ratio and is
defined as follows:

Racx

(1)

K =
Tacx

with the values of ryx obtained from the small-signal induc-
tance and resistance spectra, and the values of R, obtained
from the large-signal excitation of the inductor using a buck
converter. Since this is a hybrid approach, where r, is derived
and x is completely determined by empirical methods, more
experimentation needs to be done to understand how x changes
with respect to f;, Aip, and D for other magnetic materials.
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In Section III, we show how to use this metric as a
design tool to find the required inductor properties for a target
inductor efficiency.

III. REQUIREMENTS OF INDUCTANCE AND Rycx

Every switching cycle the inductor is charged with addi-
tional energy A E;, which is then transferred to the load. This
amount of energy is given by (12), provided that the inductor
is not saturated and the inductance remains constant over the
integration limits

i (DTy)
AE; :/ Liydi, =2LI, Aip = LV — D)T,. (12)

L(0)
The inductor power loss expression can be rewritten using
the delta energy expression (12) as follows:

PL=1Va+2L(f)I AiLf B (13)

where a is the dc loss factor due to the parasitic dc resistance
and £ is the inductor ac loss factor and tells how much of
the energy stored in the inductor is lost when it is released to
the load. Both factors are unitless. The variables o and f are
defined as

I
o = VRdc (14)
Aip
= —— Rux- 15
B 37, 7, Rae (15)

From (10) (and as will be shown in Section VIII) with
0 A of dc current, Ryx can be given by Ryx = Pr/ Aii L,
and therefore, it is not limited to the small-signal losses,
but the total inductor ac losses. From (12), we note that
2LI Aip fy = ILV(1 — D), and then, we can simplify the
power loss formula (13) as follows:

Pr=1V(a+ (1 —D)p). (16)

The inductor efficiency 7, is defined as the ratio of the
power delivered to the load over the power delivered to the
inductor
v 1
L V+P, l4+a+(1-D)p’

ne A7)

The power-related equivalent series resistance R; of the
inductor is defined by

P v
R, L L

(a + (1 = D)p). (18)

) )
If rvs 17 rms

Let us denote I); as the output dc current at maximum
inductor efficiency, and then, the inductor power loss at
maximum efficiency is given by

1
P =1y V(— — 1).
nL

From the inductor efficiency expression (17), to maximize
the efficiency with respect to the load current /);, we need to

19)

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 11, NO. 11, NOVEMBER 2021

minimize the expression a + (1 — D). From the definition of
o and S, we have

d [IyR Ai
d | 1Iu R +(1—D)—LRacx -0
dIy 1% 21y fs
R Ai
= (1-D)=—E R =0
1% 212, f

—a—(1-D)B=0

and this result means that, to obtain the maximum efficiency
for a given output dc current I, the dc and ac losses must
be equal, hence a = (1 — D)p.
Expression (8) is rewritten by replacing the current ripple
using (3)
2

PL=1I4R 4 + m(1 — D)* Ruex (20
then R 4. is obtained by
Ra =22 L @
2 13

and this sets the upper bound for the dc resistance. Naturally,
any lower value will yield lower losses. For the ac loss Pp 4 ,
we obtain the next condition
V2(1 — D)?
4Lf?

aox = (22)

The two inductor parameters from (22) are L and R,x. The
values of duty cycle D and switching frequency f; are set
by the application conversion ratio and are decided as design
choices. Therefore, the previous expression can be written as

Rex  PL Af2 Q
L 2 Vv21-D)|H

(23)

where ﬁacx is the maximum required value, not the measured
one. Higher values of ﬁacx allow for less efficient magnetic
materials since the measured R,.x needs to be lower than ﬁacx.
Since R and its relation to L has an inverse quadratic
dependence on 1 — D, an accurate value for the duty cycle
is required.

As an application example, we consider a series capaci-
tor (SC) buck converter [20], and the GaN model presented
in [21] along with SPICE simulation, to calculate the duty
cycle. For 48-1-V conversion, we consider a four-phase
SC buck converter providing a four-times duty cycle extension
to obtain D = 0.0925. For 12—-1-V conversion, we consider a
two-phase SC buck converter providing two times duty cycle
extension to obtain D = 0.1834. Table II shows the conversion
parameters used in this analysis.

With accurate values of the duty cycle D, we can obtain
the R.cx to inductance L ratio. Figs. 4 and 5 show the values
of ﬁacx and Ai; versus inductance required for conversion
ratios of 48—1 and 12-1 V at different frequencies.

From these figures, we can extract the required inductor
properties, which are summarized in Table III.

In comparison, Fig. 6 shows the required ﬁacx and induc-
tance for 1.7—1-V conversion ratio. At 5 MHz, this conversion
ratio only requires 70 nH with Racx = 2.8 mQ/nH. For a high
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TABLE II

PARAMETERS TO COMPUTE THE REQUIRED Rycx AND
INDUCTANCE L FOR TWO HIGH CONVERSION RATIOS

Parameter [ For48 Vio 1V [ For 12V to 1V
Target 7y, 95%
Target fs 5 MHz
Target V' 1V
Ips per-phase 1.875 A
Pr, 98.7 mW
RDC 14 mQ
D 9.25 % [ 18.34 %
2 Ryyconst.fy  ————o R, const. Aij
% 1.5F
S
g Ir
5
[~
& 05t
0

300 400 500 600 700
Inductance nH

100 200

Fig. 4. Ryex versus L for V, =48 V, D = 0.0925, and R4 = 14 mQ.
R, const. f‘ ******** R, const. A iL
2 4
= L5r
£
G
g Ir
»
&
& 05t
100 200 300 400 500 600 700
Inductance nH
Fig. 5. ﬁacx versus inductance for V, = 12V, D = 0.1834, and
R4 = 14 mQ.

TABLE III
INDUCTOR REQUIREMENTS WITH Ai; = 0.5 A AND Rpc = 14 mQ

Vg D fs MHz L nH Eacw mQ/nH
48 0.0925 5.0 183 1.079
48 0.0925 2.0 457 0.432
12 0.1834 5.0 163 1.208
12 0.1834 2.0 408 0.482

conversion ratio converter, more than twice the inductance
with less than half R, is required.

Given the very low required dc resistance, in Section IV,
we present the minimal implementation of an embedded
toroidal inductor with just two turns. This inductor structure
is further expanded to increase its inductance while at the
same time keeping its dc resistance at its minimum. r,cx for
the same magnetic material is compared for inductors with
different amounts of inductance and different structures.
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R, const. f(

,,,,,,,, R, const. Ai
acx L

150 200 250
Inductance nH

50 100 300

Fig. 6.  Ryex for Vo = 1.7V, D =0.646, and R4 = 14 mQ.
Complete normal Complete interleaved
winding winding
a)
= Input/Output current ports
---> Magnetic field H o Current in direction out of paper
Fig. 7. Types of toroidal inductor winding. (a) Complete normal winding.

(b) Complete interleaved winding.

Incomplete
normal winding

Incomplete
interleaved winding

a)

= Input/Output current ports

---> Magnetic field H o Current in direction out of paper

Fig. 8. Types of toroidal inductors with incomplete winding. (a) Incomplete
normal winding. (b) Incomplete interleaved winding.

IV. EMBEDDED TOROIDAL INDUCTOR DESIGN

As shown in [22], for an inductor to be effectively embedded
in a package, it needs to have a closed magnetic path,
which means that all the magnetic fields must go through
the magnetic material and not air. An example of a closed
magnetic path inductor is a toroidal inductor, as shown
in Fig. 7(a) and (b). Toroidal inductors with many vias and
windings are difficult to fabricate, limiting the smallest critical
dimensions of the inductor. They can be simplified consid-
erably if the windings are arranged longitudinally, as shown
in Fig. 8. They can be thought of as a single incomplete
toroidal inductor or two solenoid inductors. They are called
incomplete because the winding only covers part of the core.

When the inductor is built using a magnetic sheet as the
substrate, both solenoids and toroids show a closed magnetic
path. This allows the fabrication of one or more of the
inductors as shown in Fig. 8 on the same magnetic substrate
eliminating the need to cut discrete magnetic cores. In this
work, several configurations derived from the concept shown
in Fig. 8 were fabricated. Fig. 9 shows four interleaved
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Incomplete Interleaved Winding Toroidal Inductors
IND034 INDO35 INDO036 INDO037
2100 um ¢150 um -E ¢ ¢
Ayt SHE R
Be S 8
/) )
275 um 08mm Imm 0.8 mm k k 1
1.84 mm 2.91 mm
Incomplete Normal Winding Toroidal Inductors
INDO046 ﬂIND047 .
g - RT:E
g S 9
F o 3l S olE
— § 1=
1.75 mm 1.75 mm <
Fig. 9. Normal and interleaved toroidal inductor configurations.

Current Element
Magnetic sheet

Dielectric
Copper vias

Fig. 10. Details of inductor current elements distributed in vias.

windings (IND034, IND035, IND036, and IND037) and two
normal winding (IND046 and INDO047) toroidal inductors.

The interleaved windings allow chaining multiple structures
providing more degrees of freedom to customize the amount of
required inductance. However, the incomplete normal winding
inductor shows a higher inductance density due to the shorter
magnetic path length (in the central vias) when compared to
the interleaved version. As will be shown later, IND047 com-
pared to INDO36 has more inductance with a similar
dc resistance.

Let us consider the inductor IND036, which is shown in
more detail in Fig. 10. Several vias are arranged in slots drilled
through a magnetic sheet substrate to couple their magnetic
field and provide electrical isolation. It has N current elements
in the center and N/2 current elements on each side. The
magnetic field H is built around the central vias with an
elongated toroidal field distribution, and the magnetic field
is confined to the inductor structure even if the magnetic
sheet is much larger. Considering a large enough magnetic
substrate, we can find a path [ such that it is tangent to the
magnetic field H, and then, Ampere s law ¢ H-dl =
can be simplified to f H dl = Ni, where N is the number of
enclosed vias, i is the current through a via, and H is constant
along the integration path /.. We can write the next expressions

2H.l. + 2/ H,dl =4i and H. +/ H.dl =2i
I le

and solving for [, H.dl, we obtain

/Hedl :/Hrdl
le I

and _given @at the path length [, > [,, then the average values
of H, < H, outside of the inductor. Far from the inductor,
H, becomes very small. To see this, let us write the limit form

(24)

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 11, NO. 11, NOVEMBER 2021

Panasonic HBS1

30
.Vik 1
+os M 1
W
ot
2
S st
o
£
g I0f
o
2
s 5T
°
«

0

1 10 100 1000
Frequency MHz
Fig. 11. Permeability spectra of Panasonic HBS1.

we =2.5 mm
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Fig. 12.  Comparison of solenoid and toroid using HBS1 magnetic sheets.

of (24) as follows:
N M
Allflr,?lo Heln Aleln = Al{‘lr?lo Z(:] HrlmAlr|m~
n=| m=

(25)

If we consider Al,, =1I,/N for every n and Al., =1,/M
for every m, then we have

N
i Sl g Sl o
and finally,
lim Zn ()He\n .
N—o00 N H, L
llm m=0 11r|m r ¢
M— o0 M

To demonstrate and verify the inductors and the metric
presented in this work, a high-saturation metal-composite
magnetic material (courtesy of Panasonic) in the form of
a magnetic sheet with a thickness of 400 um is used.
Fig. 11 shows the measured permeability of the material
HBSI1, obtained using a 1-MHz-to-3-GHz impedance analyzer
Keysight E4991A. The inductor INDO36 is first simulated
and compared to a solenoid inductor, and then, in Section V,
the fabrication results for all the inductors are presented.

Fig. 12 shows the top view of the magnetic field H of a
solenoid (right) and the toroidal inductor of this work (left) in a
magnetic sheet size of 2.5 x 2.5 x 0.4 mm, both with the same
amount of inductance. Here, we can see the complications to
determine inductor volume and the magnetic field B, over
this volume. The magnetic field is not uniform and the volume
is not well defined. This makes difficult to use the different
methods based on the SE.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on December 09,2021 at 23:18:16 UTC from IEEE Xplore. Restrictions apply.



ALVAREZ BARROS et al.: PROPOSED INDUCTOR POWER LOSS METRIC AND NOVEL EMBEDDED TOROIDAL INDUCTOR

40 = IND036

— — — Solenoid

v
v
N

INDO036
— — — Solenoid

2 3 4 5 2 3 4 5
Inductor width we [mm] Inductor width we [mm]

Inductance [nH]
A\
Density [nH/mmz]
[

©w
=1
=)

Fig. 13. Inductance (left) and Inductance density (right) at 10 MHz of the
simulated solenoid and INDO36 as a function of the substrate width.

Fig. 14.  Test structure for direct via drilling evaluation.

The dc resistance for the solenoid is 23 m€, and for the
toroid, it is 24.7 mQ. Fig. 13 shows the inductance as a
function of the substrate width wc. Even though the solenoid
seems smaller, its size must be defined according to the space
required to build up its inductance, not just its geometrical
bounding box. From Fig. 13, it is observed that the solenoid
inductor requires the same space as the IND036, and however,
the inductor IND036 has more control over the space it will
use.

The coupling between inductors in a magnetic sheet can be
controlled by the use of slots cut in the magnetic substrate.
When the vias of two inductors share the same slot, their
coupling is maximized. When the two inductors do not share
the same slot, their coupling is minimized. In this way, the cou-
pling between inductors can be controlled. When the coupling
is not required, the slots can be omitted and the vias can be
drilled directly on the magnetic substrate. However, there are
two requirements to avoid the use of slots: the material must be
compatible with electroless copper deposition (as it is part of
the fabrication process as described in [18]), and the magnetic
material must be nonconductive. Fig. 14 shows a test structure
with vias directly drilled in the magnetic material. With the
material HBS1, it was measured an open-circuit across any
of the vias. Therefore, with this material, the slots could be
omitted, provided that the metallic filler size is smaller than
the via separation. A different high-permeability (x«, = 180)
metal composite magnetic material, though not used in this
work, showed a resistance of 5.5 Q between vias B and C
and 8 Q between vias A and D. Coupled inductors are not
discussed in this work.

With this inductor design, several inductors can be fabri-
cated in the same magnetic substrate for multiphase package
IVR modules, increasing the level of power delivery granular-
ity. The integration between the embedded inductors and the
power stage circuitry, to form the package IVR, is shown in
the cross section in Fig. 15.

In Sections V-VIII, it is shown the fabrication and mea-
surement of these embedded inductors. We have compared the
results of rycx using the small-signal inductance and resistance

1941

Si Control NGaN i Control
%, MOSFETs Gate Driver C,,,

NGaN Si Control NGaN
Ci,  MOSFETs Gate Driver C,.e  Ciy

MOSFETs Gate Driver C,,

rx

O s —— O €

Package

Fig. 15. Multiphase IVR integration.
Fig. 16. Fabrication result before the solder mask is applied.
TABLE IV
INDUCTORS DC RESISTANCE IN mQ WITH 25-um
ELECTROPLATED COPPER THICKNESS
INDO034 INDO046 INDO35 INDO36 INDO47 INDO37
14.3 13.6 21.3 24.9 29.0 39.3

spectra, with the measurement of R,. using the large-signal
response in a buck converter. We use a high saturation mag-
netic material to make sure that the current ripple only traces
a minor loop in the B—H curve and the inductor does not
saturate.

V. FABRICATED INDUCTORS AND MEASUREMENT SETUP

The six inductor designs shown in Fig. 9 were fabricated
using the HBS1 material with a thickness of 400 xm. In this
substrate, slots are first drilled to make sure that no magnetic
material is between the vias, so they are not electrically
connected. The slots are then filled with ABF GX92 dielectric
and the vias are drilled in the slots to form the inductor. This
results in a via-in-slot through magnetic substrate embedded
inductor. The complete fabrication process was previously
presented in [18]. The top view of the fabricated inductors is
shown in Fig. 16. Table IV shows the measured dc resistance.
The simulated dc resistance was fit to the measurements to
estimate an electroplated copper conductance of 4.2 S/m.
A solder mask layer was applied to protect the inductor and
expose only the circular pad.

A test board for measurements was designed and fabricated.
The board allows to measure the small signal with and without
dc bias current using a vector network analyzer (VNA) and
the large-signal response using a buck converter (with GaN
MOSFET) that allows an independent control of input voltage,
frequency, and duty cycle. Fig. 17 shows the measurement
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Fig. 18.

board. To measure the dc resistance, a four-wire method and
multimeter from Hewlett Packard model 34401A were used.
To measure in the range of 10 MHz—-1 GHz, a VNA from
Agilent Technologies model E8363B was used, and in the
range of 100 kHz—100 MHz, an open-source low-frequency
VNA, called nanoVNA V1, was used.

To cover a broad frequency range from 100 kHz to 1 GHz,
two measurement setups as shown in Fig. 18 are needed.
Below 100 MHz, a shunt-thru method is used because the
inductor impedance below 10 MHz is lower than 50 Q.
Above 10 MHz, a series-thru method is used as the inductor
impedance above 100 MHz is greater than 50 Q. As a
sanity check, both methods must give the same result between
10 and 100 MHz. In addition, a two-level calibration is needed.
A short, open, load, and thru (SOLT) calibration is performed
at the end of the VNA SMA connection ports 1 and 2, and
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a short, open, and load (SOL) calibration structure fabricated
in the same inductor sample, as shown in Fig. 17, is used to
find the error box shown in Fig. 18.

Fig. 19 shows the dc bias measurement setup, where an
isolated current source from Siglent model SPD3303X-E
applies a bias current to the inductor, and two filter inductors
(Murata MPXV1D0624L6RS) of 6.8 uH with a self-resonance
frequency of 18 MHz and saturation current of 4.5 A are
used to provide a much larger impedance seen toward the
current source in comparison to the inductor to be measured.
An SOL calibration is used to find the error box and remove
the effect of the bias setup in the inductor measurement.
Only a shunt-thru measurement is performed in the range
of 100 kHz—100 MHz.

The large-signal measurement setup is shown in Fig. 20. For
the large-signal measurements, a dual isolated power supply
from Siglent model SPD3303X-E was used to power the board
and the MOSFETs. A signal generator from Siglent model
SDG2042X was used to generate the MOSFET switching
signal and oscilloscope trigger. An oscilloscope from Siglent
model SDS1202X-E with 1 Gs/s was used to record the
inductor voltage and current waveform. The oscilloscope is
externally triggered to make sure that both waveforms are
captured at the same time event reducing any phase shift
between them. In addition, the waveforms are captured in
averaged mode.

The inductor current and voltage waveforms are obtained by
a pair of 300-MHz bandwidth differential amplifiers OPA2673,
which were calibrated to obtain its gain and dc offset. The
multiplication of these two waveforms gives the instantaneous
inductor power. The inductance is calculated as

VLA
L= LA
Al L

where V is the average inductor voltage during the selected

interval A;. The inductor power loss is obtained with the
average of the inductor power waveform

(28)

P, = /IZ)L([)iL([)dt. (29)

I —1o Jy
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Fig. 21.  Simulation and measurement results.

TABLE V
MEASURED INDUCTOR PARAMETERS AT f; = 3 MHz

Inductor L [nH] | Rac [mQ] \RDC [mQ]
IND034 18.8 27.4 143
IND046 19.6 30.5 13.6
INDO35 29.6 415 21.3
IND036 43.0 51.6 24.9
IND047 51.9 61.9 29.0
IND037 70.3 86.8 39.3

HBSI1, 400 um thickness
ID: 3 mm, OD: 8§ mm
Turns = 10

Rpc =21 mQ
L=300nH @ 3 MHz

Fig. 22. Discrete toroidal inductor for rycx comparison.

With the large-signal inductance, power loss, and current
ripple, it is possible to obtain the R, value.

VI. SMALL-SIGNAL MEASUREMENTS

The inductors were simulated with ANSYS Maxwell using
the measured material properties shown in Fig. 11 and then
compared to the measurements. The simulated (in red) and
measured (in blue) inductance and resistance are shown
in Fig. 21. Table V shows the inductance and resistance values
at 3 MHz.

To study how the r,x metric behaves when the inductor
geometry is changed, a complete discrete toroidal inductor was
fabricated and measured, as shown in Fig. 22. Fig. 23 shows
racx computed from the inductance and resistance spectra. The
racx curves for all the embedded inductors (there are six black
lines at each frequency, one for each embedded inductor) are
very close to each other. This shows that this metric is not
very sensitive to geometric changes and inductance values.

We note that the toroid of Fig. 22 has a lower r,.x at lower
frequencies. To understand this, in the expression (7), the term
R, /L needs to be separated between the air core contribution
of the inductance L,; and resistance R, and the increment,
due to the inclusion of the magnetic material, of the inductance
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Fig. 23.  raex for material HBSI1.

ALpy,e and resistance A Ry,s. Let us use the subscript 1 in
Lair,1, ALmag,1, and A Rpgg 1 to denote the values per turns N,
and then, we have

Rac _ Rair + ARmag _ N Rair,l + NzARmag,l
L Lair + ALmag N? Lair,l + N? ALmag,l )

(30)

Ruir is only proportional to the number of turns, as it is
due to the copper resistance and the skin depth. The previous
expression can be simplified to

Riir.1
Rac % + ARmag,l

= (31
L Lair,l + ALmag,l

and therefore, with a larger number of turns or magnetic losses,
the ratio R,. /L becomes
A Rmag

Rac
—_— = (32)
L Lair + ALmag
then, when copper losses are comparable to magnetic losses,
racx Will reduce slightly with an increase in the number of
turns.

From the rocx plot, it can be seen that for duty cycles less
than 20%, the inductor resistance increases rapidly. For duty
cycles around D = 1/48, the resistance per unit inductance is
prohibitively high and this shows the importance of extending
the duty cycle to be at least 10%. This result sets a constraint in
the possible power stage topologies for high conversion ratio
converters. For 48—1-V IVR topologies (as surveyed in [6])
that cannot provide at least four times duty cycle extension,
the inductor losses will be very high.

VII. SMALL-SIGNAL MEASUREMENTS
WITH DC BIAS CURRENT

Next, the measurement of the small signal with a dc bias
current is performed. Fig. 24 shows the measurement of the
small-signal inductance and resistance with dc current sweep
from 0 to 4.4 A, in steps of 0.4 A. With this high saturation
material, the inductance does not drop. However, we can
observe the increase in dc resistance at higher currents due
to Joule heating.

Using these measurements, we can plot the saturation cur-
rent and calculate the r,.x variation as a function of dc current,
as shown in Fig. 25. The apparent increase in inductance is
due to the error introduced by the 6.8-uH filter inductors that
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start to saturate close at 4.5 A. The -signal r,.x does not change
significantly with dc bias current, provided that the inductor
does not saturate. The slight increment in r, is due to the
increment of dc resistance due to Joule heating.

VIII. LARGE-SIGNAL MEASUREMENTS

The inductor IND037 and the discrete toroid were measured
for the large-signal response. The inductor INDO37 is only
measured at 5 MHz (it becomes difficult to adjust the current
ripple at lower frequencies because of its low inductance),
while the discrete toroid is a measure at 3 and 5 MHz.

Using the measurement board shown in Fig. 17, the induc-
tor voltage and current waveforms, with 0-A dc current,
were recorded with different inductor current ripples and
duty cycles. Fig. 26 shows some of the waveforms recorded
at 5 MHz. We observe that the overshot over the inductor
is accompanied with a high-slope step in the inductor cur-
rent during switching transitions. This is due to the over-
shoot in the switching node produced by parasitic inductance
(common source inductance (CSI) and gate inductance) but
also because, in a GaN MOSFET, the reverse conduction mode
occurs with voltages close to 2 V (as shown in its datasheet,
the GaN MOSFET EPC2040 has Vsp = 2.2 V at Is = 0.5 A).
Therefore, during the dead-time interval fz; when both

MOSFETsS are OFF, the inductor current must change such that
Vs — V + Vsp(i) = L(di/dt) or Vsp(i) + V = —L(di/dt),
depending on the transition. However, despite the distortion
in the inductor current ripple, we still observed an interesting
relation between the large- and small-signal losses.

The inductance L can be calculated from the average of
the inductor current slope and the average inductor voltage
in the interval where the inductor voltage becomes stable.
The inductor current ripple Aiy is just half the peak-to-peak
current. Also, the inductor power loss P, can be calculated as
the average of the product of the inductor voltage and current
waveforms. Then, with no dc current, R,.x can be calculated
as

Py

Ryoy = ———.
AL

(33)

Tables VI and VII show the extracted parameters of
INDO37 from the current ripple and duty cycle sweep with
a switching frequency of 5 MHz. From Table VI, we first
observe an additional 7 nH of inductance added by the wiring
that connect the inductor to the board. It is also observed that
the R..x value increases from 3.60 mQ/nH at Ai; = 77 mA
to 4.04 mQ/nH at Ai; = 584 mA. Over this range, we can
consider a constant value of R,.x = 3.8 mQ/nH and conclude
that the hysteresis losses are around four times larger than the
small-signal losses. This gives an average factor x = 5.1. It is
interesting that, with this magnetic material, the R,x metric
is fairly independent of Aiy.

From Table VII, we see that the large signal R,.x follows
the same behavior of the small signal r,x with respect to the
duty cycle. With this material, the x factor has an average
value of 5.1 at 5 MHz over the entire current ripple and
duty cycle sweep. This means that 20% of the ac losses are
due to the small signal or linear losses and 80% are due to
the magnetic hysteresis losses. This is consistent for metal
polymer composited with small filler particles and no bulk
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TABLE VI

INDUCTOR INDO37 PARAMETERS FROM LARGE-SIGNAL CURRENT
RIPPLE Ai; SWEEP AT f; =5 MHz. Ly, CORRESPONDS
TO THE SMALL-SIGNAL INDUCTANCE

Lom] nH ] 698|698 | 698 | 698 | 69.8 | 69.8 | 69.8 | 69.8
race| ™2 0753|0753 07530753 | 0753 [0.753 | 0753 | 0.753
L | nH |77.1]769 756|758 | 756 | 763 | 765 | 76.2
Aip| mA | 772 |149.4|227.4|300.8|373.9 | 447.2| 513.2 | 584.4
Pac| mW | 1.65 [6.609 | 14.95|26.55|41.63 | 59.87 | 80.09 | 105.2
Race| ™2 |3.602|3.847|3.814|3.869|3.934|3.925|3.976 | 4.043
Ratio‘ Racx ‘ 4786 ‘ 5.112 ‘ 5.068 ‘ 5.141 ‘ 5207 ‘ 5215 ‘ 5283 ‘ 5372

Tacx

TABLE VII
INDUCTOR INDO37 PARAMETERS FROM LARGE-SIGNAL DUTY

THE SMALL-SIGNAL INDUCTANCE

CYCLE D SWEEP AT f; =5 MHz. Lg;,, CORRESPONDS TO

D | [ 015020 ]0.25]030]035]040 [ 045 [ 050
Lem| nH | 698 | 698 | 69.8 | 69.8 | 69.8 | 69.8 | 69.8 | 69.8
raco | ™2 |1.086|0.969 | 0.892 | 0.838|0.799 | 0.773 [ 0.758 | 0.753
L nH | 779 | 76.1 | 75.6 | 76.1 | 76.5 | 76.0 | 759 | 75.5
Air | mA  [256.1]256.1|256.1]256.1|258.1|252.0|254.1|252.0
Pac| mW |28.15|25.77|23.87|21.85|20.79 | 19.39 | 18.65 | 18.40
Raco| ™2 |5.072]5.161|4.819|4.381 | 4.081 | 4.016 | 3.808 | 3.835
Ratio‘ Raco ‘ 5072 ‘ 5326 ‘ 5.402 ‘ 5.229 ‘ 5.106 ‘ 5.195 ‘ 5.027 ‘ 5.096

Tacx
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Fig. 27. Large- and small-signal comparisons at 5 and 3 MHz.

conductivity (at 5 MHz, the material loss tangent is 0.05),
where it is expected to have low small-signal losses.

The discrete toroid was also analyzed and the results are
compared to the embedded inductor INDO37 and plotted,
as shown in Fig. 27. The large signal R, is the same for
both the discrete and embedded inductor in the duty cycle
range of 0.2-0.8 (due to symmetry with respect D = 0.5).
From these measurements, we observe that the large signal is
proportional to the small signal by a constant, at least in a
narrow frequency band, provided that the inductor is not close
to saturation

(34)

Racx = K Facx.

To determine #, it is then necessary to measure the large
signal R,cx at some duty cycle D and frequency f; and then
get the ratio to the small signal r,x at the same duty cycle
and frequency values.
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Based on these results and assuming that x is constant in a
narrow frequency band, it is possible to estimate the inductor
power loss at some duty cycle D and switching frequency f;
with the next expression

PL=1% Ra + Ai}Lkrux(D, f5) (35

with raex given by (7). For example, with ¥ = 5.1 and an
embedded inductor with inductance 100 nH (regardless of its
size) using HBS1, we can predict the ac power loss surface
of this material, as shown in Fig. 28. With L 100 nH,
Aip = 0.5 A, duty cycle of 0.2, and f; = 5 MHz, the
ac power loss would be 135 mW.

However, despite the surprising linear relation of R,x and
racx With respect to the current ripple and duty cycle, only one
material was analyzed, and therefore, it cannot be concluded
that this relation will be similar for other magnetic materials or
at higher frequencies. Even though the small signal r,.x was
derived, the factor x was found empirically, and thus, it is
not clear how x changes over a wide frequency range. More
magnetic materials need to be analyzed, and improvements to
the test vehicle are necessary to reduce the switching node
overshoot and parasitic capacitance and inductance.

The normalization of the ac power loss with respect to the
current ripple squared Ai; and inductance L seems to be
an effective and a good alternative to have to determine the
effective inductor volume and maximum magnetic field B,,.

IX. CONCLUSION

In this article, a new inductor metric for the inductor power
loss calculation in a buck converter with a triangular current
waveform, suitable up to the megahertz range, is proposed and
discussed in detail. In addition, a series of high-performance
embedded inductors are designed and demonstrated. These
inductors have a dc resistance between 14.3 and 39.3 mQ
with a copper thickness of 25 um and inductance between
18.8 and 70.3 nH with the Panasonic HBS1 magnetic material.
Using these inductors and a high saturation current magnetic
material, we have observed the surprising property that the
small signal r,cx is related to the total or large signal R,.x by
a constant, at least in a narrow frequency band, for a duty
cycle ranging from 0.15 to 0.85 and a large range of current
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ripple. Up to a factor x, the small signal r,.x can predict the
inductor losses with good accuracy. Comparing the results
of the embedded inductors with a simple discrete toroidal
inductor, it is shown that the proposed power loss calculation
method is highly insensitive to geometric and inductance
changes. With the fabrication and measurement of a simple
discrete toroidal inductor, it is possible to predict the losses of
complex embedded inductors, saving a considerable amount
of time and resources. The r,.x metric behaves as expected
capturing the small-signal properties of the materials despite
changing the inductor structure and amount of inductance.
What needs further investigation is how Rux and r,x are
related and how x changes with frequency, duty cycle, and
current for other materials.

We believe this simple method, where only circuit quan-
tities, such as inductance and resistance, current ripple, and
power loss, need to be measured, will allow to obtain improved
designs of inductors, magnetic materials, and IVRs to power
the next generation of high-performance computing (HPC)
platforms. However, more materials need to be analyzed to
know the limitation of this metric, for example, if it works
with other ferrite or thin-film magnetics.
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