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Abstract— As power demands of processors in portable elec-
tronics continuously grow, the voltage regulator (VR) for the
processor is expected to be efficient and miniaturized. Compared
with a discrete VR solution, the integrated voltage regula-tor
(IVR) can be placed very close to the processor to support
dynamic voltage and frequency scaling, which helps significantly
reduce the power consumption of the processor. One of the major
challenges for IVRs is the high-frequency inductor development.
This article proposes a novel, negative-coupled inductor structure
with a simple core structure. The coupling coefficient of the
proposed structure can be adjusted by changing the inductor
winding pattern without modifying the magnetic core structure.
The method for adjusting the coupling and the flux distribution in
the magnetic core are analyzed in detail. A multiphase
integrated inductor is proposed to further enhance the inductor
performance by flux cancellation. A printed circuit board (PCB)-
embedded four-phase inductor is designed, manufactured, and
tested at 20 MHz. The device integrates four inductors into a
single-piece magnetic core, featuring an inductance density of
9.7 nH/mm?, a dc resistance (DCR) of 3.1 me per phase, and a
thickness of 0.54 mm with high current-handling ability.

Index Terms—Integrated voltage regulator (IVR), magnetic
integration, multiphase coupled inductor, printed circuit board
(PCB) embedding.

I. INTRODUCTION

Eo its high efficiency and simple structure, multi-phase
ck topology has been widely used in voltage regulator
(VR) design for use in powering the processors of
portable devices. However, passive components, such as
inductors and capacitors, occupy considerable space on the
motherboard because of the relatively low switching frequency
of VRs in today’s commercial products (e.g., below 5 MHz in
smartphones). An integrated voltage regulator (IVR) [1]-[4]
is proposed to shrink the size of passive components and save
space significantly by operating the switching frequency in
tens of megahertz. Furthermore, fine-grained dynamic voltage
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and frequency scaling (DVFS) [S]-[7] becomes possible by
locating the IVR closer to the processor because of a smaller
size of the IVR, thus dramatically reducing the energy con-
sumption of processors.

One of the key bottlenecks for IVR development is the
high-frequency inductor design and integration. Various high-
frequency inductor structures are demonstrated in [11]-[38];
the single-phase, non-coupled inductor is the most popular
structure. A 3-D IVR with a five-phase integrated inductor was
proposed in [14], as shown in Fig. 1. The inductor and power
management integrated circuit (PMIC) are placed right beneath
the processor to deliver the power in a shorter distance and to
save a considerable footprint occupied by discrete inductors on
the motherboard. This inductor structure not only integrates five
inductors into one magnetic core, but also achieves an
ultralow dc resistance (DCR) due to a very simple winding
structure. Meanwhile, most of the high-frequency magnetic
flux is well-confined in the magnetic core, due to the non-air-
gap design. However, the core loss of this inductor is relatively
large due to its one-turn structure. The coupling between any
two phases is very weak, and it is still a non-coupled inductor
structure.

In comparison with non-coupled inductors, a small steady-
state current ripple and fast transient response as well as
a smaller inductor size can be achieved by using a
negative-coupled inductor [8]. A two-phase negative-coupled
inductor with a stripline core structure was proposed in [16]
and [17]. The dc flux in the core is decreased, and a higher
saturation current can be realized due to negative coupling;
however, its single-turn structure makes it challenging to
design a large inductance in a small form factor. Addition-
ally, the coupling coefficient of this structure may not be
flexibly adjusted since the leakage flux flows through the air.
A five- or eight-phase coupled inductor structure was
proposed in [3] and [23]. In this structure, each inductor is
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coupled with the other two adjacent inductors, resulting in a
better performance as compared with the two-phase coupled
inductor; however, the long winding path of each inductor
causes a large DCR. A discrete magnetic core is needed
for each inductor which increases the fabrication burden and
complexity. A four-phase coupled inductor with a single-piece
magnetic core was presented in [28]. Although four inductors
are integrated into one magnetic core in this structure, the
inherent reluctance difference in the magnetic paths results
in asymmetrical coupling, which will create a phase current
ripple variation and a larger output voltage ripple [9], [10].
Therefore, a multiphase coupled inductor structure featuring
symmetrical coupling, a small DCR, and low profile with
integrated magnetics needs to be developed for the IVR design.

A two-phase coupled inductor structure for high-current
point-of-load applications was proposed in [40] and [41]. This
structure can realize a large inductance density, regardless of
the magnetic core thickness due to the lateral flux pattern [39],
making it suitable for a low-profile design. Negative coupling
helps reduce the dc flux in the core and shrink the core volume.
To realize a reasonable coupling coefficient under different
load currents, the slots in the magnetic core have to be filled
with a different magnetic material. Adding additional magnetic
material into the slots increases the fabrication cost and may
not be practical when the inductor is embedded into a printed
circuit board (PCB).

In this study, a novel multiphase coupled inductor structure
with integrated magnetics for a 3-D IVR is proposed, based on
the concept of a lateral flux inductor [39]. By changing the
inductor winding distribution, the coupling coefficient of the
proposed structure is controlled in a desirable region without
sacrificing inductor footprint or increasing fabrication cost, as
compared with the structures in [40] and [41]. At the same time,
this structure still carries the traditional benefits of neg-ative
coupling, including dc flux cancellation in the magnetic core,
good circuit performance due to a small phase current ripple,
and fast transient speed. Furthermore, the proposed structure
integrates multiple inductors into one magnetic core to further
improve the inductor performance by utilizing flux cancellation
and to reduce the fabrication cost.

This article is organized as follows. The working principles
and limitations of the multiturn coupled inductor structure with a
lateral flux pattern are reviewed in Section II. Then, the
coupling coefficient and the flux distribution of the proposed
two-phase coupled inductor structure are analyzed in detail in
Section III. To further enhance the inductor performance, a
multiphase integrated inductor structure is proposed in
Section IV. Then, a design example of a PCB-embedded
inductor with the proposed inductor structure is presented to
demonstrate the benefits of this structure. Finally, experimental
results are presented in Section V.

II. REVIEW OF MULTITURN COUPLED INDUCTOR
STRUCTURE WITH A LATERAL FLUX PATTERN

The two-phase coupled inductor structures with a lateral flux
pattern [40], [41] are shown in Fig. 2. In this example, each
inductor has four vias and three surface windings. The cross
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Fig. 2. Multiturn coupled inductor structures: (a) inductor without slots in the
magnetic core; (b) inductor with slots; and (c) inductor with slots filled by
low-permeability magnetic material (purple) (orange: top surface windings;
faded orange: bottom surface windings).

on the via exhibits the current flowing into the paper, and the
current flowing out of the paper is depicted by the dot. The
white and blues lines represent the flux paths of two inductors,
respectively. For the structure in Fig. 2(a), the mutual flux path
and leakage flux path of each inductor are represented by
solid lines and dashed lines, respectively. Negative coupling is
formed due to the opposite direction of mutual fluxes from
two inductors. It is seen that the leakage fluxes of two
inductors have the same direction in the core area between
two inductors. Therefore, the dc flux density in this area
will be much lower at light load than at heavy load. Due to
the non-air-gap design, the permeability of this structure
varies with load currents. Consequently, the permeability in
the core area between two inductors will become larger at
light load, resulting in more leakage flux flowing through this
area. Thus, the coupling coefficient of this structure decreases
from heavy load to light load as shown in Fig. 3(a). In addition to
the coupling coefficient change, the self-inductance of this
structure increases from the heavy load to the light load,
due to the permeability variation, as shown in Fig. 3(b). The
steady-state inductance and transient inductance of the coupled
inductor are calculated as follows:

1- o
Lss = Lse]f—D (1)
1+ am
Ly = Lself(1 + 0[) (2)

where a is the coupling coefficient, Lsir is the self-inductance,
Ls is the steady-state inductance, and L is the transient
inductance. The Ls and Ly of the structure in Fig. 2(a)
are shown in Fig. 3(c) and (d), respectively. As shown, the
large self-inductance and the small coupling coefficient at light
load result in a large Ls; thus, higher light-load efficiency is
achieved. However, the large L at light load causes a large
voltage spike during the load transient [40].

To improve the transient performance, a modified structure
is proposed in [40], as shown in Fig. 2(b). By adding two
slots in the magnetic core, the reluctance of the leakage
flux path barely varies with load currents due to the air
gap created by the slots; hence, a large, constant coupling
coefficient is achieved, as shown in Fig. 3(a). Meanwhile,
a constant self-inductance is realized as a result of the strong
dc flux cancellation effect. Therefore, the Ly of this structure
is controlled at a small value under different load currents, as
shown in Fig. 3(d). However, the strong coupling coefficient
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Fig. 3.  Coupling and inductance comparison between different inductor

structures with a given inductor volume: (a) coupling coefficient; (b) self-
inductance; (c) steady-state inductance; and (d) transient inductance [black:
inductor without slots in Fig. 2(a); red: inductor with slots in Fig. 2(b); and
green: inductor with slots filled by low-permeability magnetic material in Fig.

2(c)].

(close to one) of this structure together with a smaller self-
inductance makes the Ls drop to a much smaller value,
especially at light load, as compared with that of the structure
without slots.

To achieve a larger Lss and a constant Ly over a wide
load current range without increasing the inductor volume,
Hou et al. [41] proposed applying a different magnetic mate-
rial into the slots, as shown in Fig. 2(c). The low-permeability
magnetic material creates more leakage flux and ensures
the coupling coefficient not too strong. Due to the constant
permeability property of this additional material, a constant
and reasonable coupling coefficient is realized, as shown in
Fig. 3(a). Then, a larger L is obtained, as compared with that of
the inductor with slots. At the same time, the Ly is still kept
at a small value under different load currents, as shown in Fig.
3(d). However, the fabrication complexity and cost are
increased by the extra low-permeability material in the slots.
For IVR applications, the required width and length of the
slots could be very small in order to achieve a compact
design, and it may not be practical to add additional magnetic
materials into the slots. To resolve this issue, Section III
proposes a novel coupled inductor structure to achieve a good
performance without adding any additional magnetic material.

III. PROPOSED TWO-PHASE COUPLED
INDUCTOR STRUCTURE

A. Proposed Coupled Inductor Structure

The proposed series asymmetrical coupled inductor (SACL)
is shown in Fig. 4(a). In this example, each inductor is seen
as a three-turn inductor. Instead of making all three windings
from each inductor be located in the same pair of slots [such as
the winding arrangement in Fig. 2(b)], the number of windings
in each core of each inductor is different. For example, there
are two windings in the left core and one winding in the other
core for inductor L. The equivalent circuit model of SACL
is shown in Fig. 4(b). Each inductor consists of two separate

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 6, DECEMBER 2022

inductors in each core, as follows:

L
)

Lla + le
Log + Loy

(32)
(3b)

where L1, is the inductance of L in the left core, L1 is the
inductance of L in the right core, Ly, is the inductance of L in
the left core, and Lo, is the inductance of L» in the right core.
In each core, there is

diy
vie  _ Lia M12a % F@ (43.)
V2a Mg Ly 2 dip
a‘fi’l
vie _  Lw Moy B di g (4b)
Vb Moy Lo dis
dt

where Viq, Vib, V24, and vy, are voltages across Lia, Lib, Laa,
and Ljp, and i1, and i are inductor currents of L; and L.
Also, we have

Vi = Viat Vip

(5a)
(5b)

V2 = Vag + Vop.

It is assumed that a strong coupling is formed between the
two inductors from L and L in each core by ignoring the
fluxes flowing through the air slots. Then,

4
Lis= Ly = (6a)
Rcore
1
Lip = Loy = (6b)
Rcore
Miza = Mizp = - (6¢)

core
where Reore is the equivalent reluctance in each core. Sub-

stituting (4) and (6) into (5) yields the following inductance
matrix:

Reor "R " d

Vi _ [ ‘teore core [5] t

= 2 Bl 7

V2 4 5 diy )
Reore Reore dt

Therefore, the inductances and coupling coefficient of this
coupled inductor are expressed as follows:

5
Lseir = Reors (83)
4
M= - (8b)
Reore
M
Omax = = _0.8 (80)
Lselt

where Lgseir, M, and amax are the self-inductance, mutual
inductance, and the maximum coupling coefficient of this
coupled inductor. Due to the special winding placement, the
maximum coupling coefficient of SACL is always less than
0.8 even with air slots. The simulated flux density in the core
and coupling coefficient are shown in Fig. 5. As expected, the
coupling coefficient is controlled to be less than 0.8 without
adding additional magnetic materials into the slots.

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on May 04,2023 at 19:37:39 UTC from IEEE Xplore. Restrictions apply.



ZHU AND LI: NOVEL PCB-EMBEDDED COUPLED INDUCTOR STRUCTURE FOR A 20-MHz IVR

Fig. 4. SACL: (a) inductor structure and flux paths in the core and (b)
equivalent circuit model (blue lines: flux paths of inductor L and white lines:

flux paths of inductor of L»).
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Fig. 5. Simulated flux density and coupling of SACL: (a) simulated flux
density in the core and (b) simulated coupling coefficient.

The two separate magnetic cores in SACL can be further
integrated into one single-piece core, and it becomes integrated
series asymmetrical coupled inductor (ISACL) as shown in
Fig. 6(a). In this structure, the dc fluxes from the two inductors
are fully canceled in the middle of the core and result in a
smaller dc flux density as shown in Fig. 6(b). Therefore, the
fluxes of each inductor will flow in each half part of the core
rather than flowing through the other half part of the core.
Then, the coupling coefficient of ISACL should be the same as
SACL. The simulated inductance and coupling coefficient of this
structure are shown in Table I. It proves that the integration has
no impact on the inductance and coupling of the proposed
coupled inductor.

Although the proposed ISACL is a feasible solution to
achieve a proper coupling coefficient, its inductor footprint is
relatively large with a long winding path. To shrink the
inductor size, the two sides of the core in ISACL are removed
and it becomes the modified series asymmetrical coupled
inductor (MSACL), as shown in Fig. 7. It is seen that the
inductances and the core size of MSACL are both reduced to
half of those in ISACL from Table 1.
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Fig. 6. ISACL: (a) inductor structure and (b) simulated flux density in the

core.
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Fig. 7. MSACL: (a) inductor structure and (b) simulated flux density in the
core.

b

TABLE 1

SIMULATED INDUCTANCE AND COUPLING COEFFICIENT OF DIFFERENT
COUPLED INDUCTOR STRUCTURES

Inductor structurcs LsclfinH) M{{uH) 1]
SACIL 253.8 158.2 0.74
1ISACL 253.6 135.6 0.73
MSACI 130.8 92.4 0.71
Proposed structure 128.2 92.8 0.72

For MSACL, since the fluxes induced by the vias outside the
core flow in the air, the inductance contributed by these vias is
relatively small compared with the inductance generated in the
core. Therefore, these vias can be removed to achieve a shorter
winding length. To validate the idea, two single-phase inductor
structures (only L in the core) are compared first. The single-
phase inductor of MSACL is shown in Fig. 8(a). The proposed
single-phase inductor structure with a short winding length is
shown in Fig. 8(b). Since the vias outside the core has little
impact on the fluxes in the core, the flux distribution of two
structures are almost the same. The simulated inductances of
two structures are 94 and 92 nH, respectively. Although the
proposed structure in Fig. 8(b) looks like a traditional inductor
with the winding on the middle leg of an EE-typed core (a pair of
E-shaped cores), it is indeed equivalent to the inductor in Fig.
8(a), where two windings on one side leg and the other
winding on the other side leg from the inductance and flux
distribution perspective.

Based on this understanding, the proposed coupled inductor
with a shorter winding length is shown in Fig. 9. It is
worth noting that this structure is equivalent to MSACL in

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on May 04,2023 at 19:37:39 UTC from IEEE Xplore. Restrictions apply.



7456

By (mT)

300
oL, M
200

Llu.

100

LI(l

(b)

Fig. 8. Different single-phase inductor structures: (a) single phase of MSACL
and its flux density distribution and (b) proposed single-phase inductor with a
shorter winding length and its flux density distribution.
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Fig. 9.  Proposed coupled inductor structure: (a) inductor structure and
(b) simulated flux density in the core.
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Fig. 10.  Coupling and inductance comparison between different inductor

structures with a given inductor volume: (a) coupling coefficient; (b) self-
inductance; (c) steady-state inductance; and (d) transient inductance.

Fig. 7 from the inductance, coupling, and flux distribution
perspective with a smaller DCR.

The coupling coefficient and inductance of different
coupled inductor structures are compared, as shown in
Fig. 10. The inductor volumes are kept the same for all
cases. The coupling coefficient and self-inductance are
obtained from Maxwell simulation by using the method in
[44]. Then, Ls and Ly are calculated based on (1) and (2).
From Fig. 10, it is seen that the proposed structure achieves
larger equivalent inductances with a given inductor volume, as
compared with the structure in Fig. 2(b). Therefore, with a
given L, the proposed structure will have a thinner core
thickness. Compared with the structure in Fig. 2(c), the
proposed structure achieves a similar coupling coefficient
and equivalent inductances with a shorter winding length and
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Fig. 11. Maximum coupling coefficient of different structures with different
via distribution patterns.
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Fig. 12. Two different coupled inductor structures suitable for point-of-load
applications and their coupling coefficients: (a) inductor with Ni: N = 3:1; (b)
inductor with Ni: Ny = 3:2; and (c) simulated coupling coefficients of two
structures (N1: number of vias in the left slot of L1; N>: number of vias in the
right slot of L).

a much simpler magnetic core structure without requiring
additional low-permeability magnetic material. Furthermore, a
small distance between the two inductors can be used in the
proposed structure to achieve a smaller inductor size.

Based on the SACL concept, a coupled inductor family with
a wide range of coupling and inductance can be achieved by
changing the via distribution pattern in the slots. The number
of vias in the left slot and that in the right slot of inductor
L are defined as N and Na, respectively. By following the
previous analysis, the coupling coefficient is calculated as:

2NN,

Ni+ N3

Fig. 11 shows the maximum coupling coefficient of different
inductor structures with different via distribution patterns. A
wide range of coupling is achieved by different combina-tions
of N1 and N>. The coupling coefficient increases when the
difference between N; and N> becomes smaller. When N =
N>, the coupling coefficient is one and it becomes a traditional
multiturn coupled inductor. Fig. 12 shows two spe-cific inductor
structures suitable for point-of-load applications. The maximum
coupling coefficients of these two structures are -0.6 and
-0.92, respectively. The simulated coupling

©)

| Otmax | =
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Fig. 13. Design parameters of the proposed two-phase coupled inductor.
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Fig. 14. Impact of design parameters on coupling: (a) impact of g (r, = 0.15

mm, d = 0.1 mm, and # = 0.5 mm) and (b) impact of d (r, = 0.15 mm, g = 1
mm, and 2 = 0.5 mm).

coefficients of these two structures are shown in Fig. 12(c). It
is seen that their coupling coefficients are kept constant
under different load currents.

B. Impact of Inductor Dimension on Coupling

To handle a large load current, the proposed coupled induc-
tor structure in Fig. 9 is chosen for the inductor design due to
its short winding length and small DCR. The impact of
inductor parameters on the coupling will be discussed in this
section. Fig. 13 shows the design parameters of the two-phase
coupled inductor, which are via size ry, core size g, the
distance between the two inductors d, and core thickness /.
For the basic design philosophy, r, is determined by the
maximum dc current, and /4 is constrained by the thickness
requirement. Therefore, the remaining two variables, g and d,
are swept, and their impact on the coupling is shown in Fig.
14. As g decreases, the coupling between the two inductors
becomes weaker. The reason for this weakening is that the
cross-sectional area of the magnetic core decreases with
smaller values of g. Then, more flux will flow through the slots,
thus making the coupling weaker. However, the coupling
coefficient of this structure is always kept within a reasonable
range under a wide range of g. With a given g, the coupling
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Fig. 15.  Flux density distribution of the proposed structure: (a) dc flux
density and (b) ac flux density.
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Fig. 16. Impact of d; on the flux density distribution and inductor losses: (a)
dy = 2g; (b) di = 1.5g; (¢) di = g; and (d) impact of d; on inductor loss
and footprint.

coefficient can be adjusted by d, as shown in Fig. 14(b). As
expected, the coupling becomes stronger as the distance
between the two inductors decreases.

C. Flux Distribution and Optimization

Due to the unique winding structure, the flux distribution
in the magnetic core of the proposed structure needs further
analysis. It has been shown that the directions of dc fluxes
from two inductors are opposite due to negative coupling;
furthermore, the dc flux is fully canceled in the middle part of
the core, as shown in Fig. 9(a). Fig. 15 shows the simulated
flux density in the core, obtained by Maxwell software.
The metal-flake composite from TOKIN, Japan, [14] is used
as the magnetic material. The simulation conditions are as
follows: input voltage Vi, = 3.8 V, output voltage V, = 1V,
load current /, = 3.75 A per phase, and switching frequency
fs = 20 MHz. The inductor parameters are as follows: r, =
0.15 mm, d = 0.2 mm, g = 0.45 mm, and 2 = 0.5 mm.
It is seen that the middle area of the core has the lowest dc
flux density value. Due to the non-air-gap design, a larger
permeability and inductance can be realized by a smaller dc
flux in the core. Hence, the inductance density of this structure
is boosted by the help of negative coupling. The ac flux
density is also smaller in the middle part of the core due
to phase interleaving, as shown in Fig. 15(b). Then, we can
further optimize the core utilization for this structure. The
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(a)

Fig. 17. (a) Proposed four-phase integrated inductor structure. (b) DC flux
density in the core. (c¢) AC flux density in the core.

distance between the two slots is designated as d;. Fig. 16
shows the flux density distribution and inductor losses per
phase with different values of d. It is seen that a smaller d;
reduces the unutilized core area, inductor footprint, and the
length of surface windings with very little increased core loss.
However, if di is too small, a noticeably increased core loss
occurs due to a much larger ac flux density in the middle area
of the core. Therefore, the inductor structure in Fig. 16(b) can be
chosen as an optimal point where a smaller inductor footprint
is achieved with a negligible inductor loss increase. In this
example, the structure in Fig. 16(b) realizes a 10% inductor
footprint reduction compared with that of the original structure.

IV. PCB-EMBEDDED FOUR-PHASE INTEGRATED
INDUCTOR

A. Proposed Four-Phase Integrated Inductor

A multiphase buck converter with multiple inductors is a
necessity to handle the large power demand of processors in
portable devices. Integrated magnetics normally outperforms
discrete inductors because of a better core utilization and
simple fabrication process. By merging two proposed two-
phase coupled inductors into one magnetic core, a four-phase
integrated inductor is proposed, as shown in Fig. 17(a). With
the help of flux cancellation introduced by the integrated
magnetics, both dc and ac flux densities in the area between the
two inductor units are smaller, as compared with the discrete
version. The optimal distance between the two inductor units,
named d», is evaluated as shown in Fig. 18. The simulation
conditions and inductor parameters are the same as those in
the two-phase case. It is seen that the core loss increases little as
the unutilized core area and inductor footprint are reduced at
first. On the other hand, a much smaller d> value causes a
considerable increased ac flux density and core loss. The
design case in Fig. 18(b) is chosen considering the tradeoff
between loss and footprint, where a 5% inductor footprint
reduction is achieved with a slight increased inductor loss.

B. PCB-Embedded Integrated Inductor Design

For the inductor integration method, it can be classified
into two major categories: silicon-wafer-level integration or
package-level integration, such as the PCB embedding method.
To meet the large load current requirement, the proposed
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footprint.

inductor structure is designed and demonstrated with the
PCB-embedding technology. The design point of Vi, = 3.8 V
and 7, = 1 V is chosen according to the specifications in
smartphones. The switching frequency is chosen as 20 MHz.
The maximum load current of this four-phase integrated induc-
tor is designed as 15 A. For the magnetic material, several
studies [14], [42], [43] show that the metal-flake composite
from TOKIN outperforms other materials because of its large
permeability, small core loss density, and compatibility with
the PCB manufacturing process. Another promising candidate
is a new material from 3M, USA. Fig. 19 shows their
high-frequency properties measured by an accurate magnetic
characterization method targeted at tens of MHz [14], [45],
[46]. Compared with the metal-flake composite material, the
material from 3M has a lower core loss density but at the cost of
a smaller relative permeability. Next, the PCB-embedded
inductor performance based on these two materials is evalu-
ated.

First, the two-phase coupled inductor design based on the
metal-flake composite material is analyzed. The inductor loss is
calculated by importing the measured material properties into
Maxwell software. (A detailed description of this inductor loss
calculation method is presented in [46].) A two-layer PCB is
applied to embed the proposed inductor. The diameters of the
copper filled vias are 0.15 mm. The surface windings are
built by two copper layers. The thickness of the copper layers
is 50 um. The width of 0.65 mm is used for the slots. Fig. 20
shows the design curves with various inductances, core
thickness, footprint, and inductor loss. The design points on
each curve have the same Lg value. For a fixed L, a
larger core thickness reduces the inductor footprint with a
slight change of inductor loss. A larger core thickness helps
lower the core loss as well as the inductor loss with a given
footprint. To realize a small inductor loss and low profile, this
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two-phase coupled inductor is designed to have a footprint of 7
mm? and a core thickness of 0.3 mm. Table II shows the
design results of the four-phase integrated inductor at 15-A
load current after applying the previous design process of
four-phase integrated inductor. The steady-state inductance is
two times larger than the transient inductance to realize a small
steady-state current ripple and fast transient speed at the same
time. The total loss of this four-phase integrated inductor is
0.89 W with a footprint of 13.5 mm? and a core thickness of
0.3 mm. The DCR of each phase is only 2.8 m, due to a
very simple winding structure. With the same inductor
dimension, the design results using 3M material are listed in
Table III. It is seen that the design with 3M material has a
much smaller core loss since the 3M material has a lower
core loss density. Although the winding loss increases a little
due to a larger current ripple, the total inductor loss is reduced
by 33% by using the 3M material, but at the cost of a 30%
smaller steady-state inductance.

Finally, the bare inductors with metal-flake composite mate-
rial and 3M material are embedded into a two-layer PCB.
Fig. 21 shows the fabricated inductor device with a dimension
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Fig. 20. Inductor size and loss evaluation of the two-phase coupled inductor
based on the metal-flake composite material at 7.5 A load current.

TABLE II

DESIGN RESULTS OF FOUR-PHASE INTEGRATED INDUCTOR WITH
METAL-FLAKE COMPOSITE MATERIAL

Paramcicrs Value
Steady-state inductance (L,,} 15 nH
Transient inductance (L,,) 7 nH
DC resistance (DCR) 2.8 m
Core loss 0.68 W
Winding loss 0.21 W
Inductor total loss 0.8 W
Corc thickness 0.3 mm

Core length 4.71 mm

Core width 2.86 mm

TABLE IIT

DESIGN RESULTS OF FOUR-PHASE INTEGRATED
INDUCTOR WITH 3M MATERIAL

Paramcicrs Value
Steady-state inductance (L,,} 10.5 nH
Transient inductance (L) 5nH

DC resistance (DCR) 2.8 mf)
Core loss 035 W
Winding loss 0.25 W
Inductor total loss 0.6 W

(The inductor dimensions are the same as listed in TABLE 1.)

of 521 x 3.36 x 0.54 mm?. The inductor performance is
tested experimentally in Section V.

V. EXPERIMENTAL RESULTS
A. Inductance Measurement

The inductance of the proposed inductor structure varies
with different load currents due to the permeability change in
the magnetic core. Hence, a specific inductance measurement
method is proposed to characterize the inductance property of
this coupled inductor under various load current conditions.

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on May 04,2023 at 19:37:39 UTC from IEEE Xplore. Restrictions apply.



7460

wwie's

! 3.36mm !

Fig. 21. Fabricated PCB-embedded four-phase inductor sample.
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Fig. 22. Simulated dc magnetic field intensity in the core: (a) each inductor is
applied with 3.75-A dc current and (b) only the upper two inductors are
applied with 3.75-A dc current.
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Fig. 23. Inductance measurement method for the proposed coupled inductor.

The simulated magnetic field intensity in the core under two
different test settings is shown in Fig. 22. In the first test
condition, all inductors are excited with a dc current; while the
dc current is only applied to top two inductors in the second
setting. Due to the weak coupling between top two inductors
and the bottom ones, the current excitations in the bottom two
inductors have little impact on the magnetic field intensity in
the top part of the core. Hence, we can excite only top two
inductor units with dc currents to measure its inductance.

The proposed inductance characterization method for this
coupled inductor is shown in Fig. 23. Each inductor is excited
with a dc current by a dc power supply. Only one inductor is
excited with an ac excitation generated by a function generator
together with a power amplifier. Due to the coupling, an ac
voltage shows up on the other inductor. From the measured ac
voltages and currents, the self-inductance and mutual inductor
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Fig. 24. Measured inductances of PCB-embedded inductor samples made by
metal-flake composite material and 3M material at 20 MHz: (a) measured
inductances with metal-flake composite material and (b) measured inductances
with 3M material (points: measurement results of three different inductor
samples; lines: simulation results).

of this coupled inductor can be obtained as

Lar= — 1 (10)
self = 27Tf[1

1 7
M= —— = 11
|M| i Ty (11)

where V1 and V> are the amplitudes of ac voltages on Ljand
L, respectively, /1 is the amplitude of the ac current through
Ly, and f is the test frequency of 20 MHz. The measured
inductances of fabricated PCB-embedded inductor devices
made by the metal-flake composite material and 3M material
are shown in Fig. 24. It shows the measurements match well
with the simulation. Hence, both magnetic materi-als are
suitable for PCB-embedding process, and the inductor
performance is not influenced by the PCB integration method.
By using the four-wire Kelvin resistance measurement method,
the measured DCR of each phase is 3.1 m, which is very
close to the simulation value.

B. Thermal Test

Fig. 25 shows a four-phase buck converter board for the
thermal test of the fabricated PCB-embedded inductor device.
The high-frequency switching device, EPC2040 together with
the gate driver PE29102 from pSemi, USA, is located on the
top side of the board. There are output capacitors on the other
side of the board. The inductor device is inserted into an open-
ing in the middle of the board and soldered to the switching
nodes and output capacitors by extra short wires. The thermal
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TABLE IV
INDUCTOR PERFORMANCE COMPARISON
[3] [21] [22] [23) [29] [30] [31] [32) [33] This work
Substrate Si Si Si Si PCB PCB PCB PCB PCB PCB
number of ¥, 5, 4,
phascs coupled ! ! coupled ! ! ! 1 ! coupled
T (M11z) 100 >10 12 20 10 100 20 >10 >10 20
 Footprint 45 0.9 5.6 0.98 2.5 13 10.2 7.25 25 44
‘phase(mm’)
Teight{mm) / / 0.28 0.09 / 0.56 23 1.46 0.35 0.54
LinH) 5 120 85 12 33 31 150 52 5 23
Re(mL2) 270 270 230 46 30 19 / 101 33 3.1
Tnductance
densiry / / 54.2 136 / 43 6.4 49 0.6 9.7
{(nH:imm*
Q / 14.5 143 / 8.5 8.1 38 233 15 6.3
{0L/Ry) GISMIz | @ 2.5M Iz IOMIz | @l00MIz | @G20MIlz G40MI 2 @20MI1z @20MI1z
LiRye
(llm) 0.02 0.44 0.37 0.26 1 1.63 / 051 15 74

4-phase buck test board

Fig. 25. Top view of the four-phase buck test board with a PCB-embedded
inductor in the middle of the board.

test conditions are: Vin = 3.8V, Vo = 1V, f = 20 MHz, and
12-A-load current with natural convection. The temperature
rises of the inductor with metal-flake composite material and
3M material are 55.4 °C and 49.4 °C, respectively, as shown in
Fig. 26. It proves that the proposed inductor device is capable of
delivering a large output current within a small form factor. Due
to a smaller core loss, the temperature rise of the inductor with
3M material is 6 °C—8 "C lower than that of the inductor with
metal-flake composite material over a wide load range, as
shown in Fig. 26(c).

The inductor performance of prior arts and this work is
compared in Table IV. Although the structures in [22] and [23]
have a larger inductance density value, this work can achieve a
much smaller DCR and a larger L/R4c value. The work in
[31] and [32] outperforms the proposed structure in terms of
quality factor (Q). However, the proposed structure has a
larger inductance density and a much smaller DCR value. As
the functionality of the processor in portable electronics (e.g.,
smartphones) advances continuously, the current drawn from
the processor is tens of amperes today and will be even
higher in the future. The proposed structure is more suitable
for this high-output current application due to its small DCR
and large current-handling capability. Compared

3.8Vi-1V,, £=20MHz, 1,=12A,
metal-flake composite material from TOKIN

(3.8Vy-1V,, £;=20MHz)
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Fig. 26.  Thermal test of PCB-embedded inductors: (a) thermal image of
the PCB inductor with metal-flake composite material; (b) thermal image of
the PCB inductor with 3M material (spot 1: inductor and spot 2: device); and
(c) inductor temperature rise versus load current (solid line: metal-flake
composite material and dashed line: 3M material).

with the work in [33], the proposed structure achieves a much
larger inductance density value with a similar DCR and Q
value. Furthermore, four inductors are integrated into one
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single magnetic piece in this work for better performance and
reducing the manufacture burden.

VI. CONCLUSION

In this article, a novel multiphase coupled inductor struc-
ture with integrated magnetics is proposed. By changing the
inductor winding distribution pattern, the coupling coefficient
of this structure is controlled in a desirable region with a
simple core structure. A coupled inductor family with a wide
range of coupling and inductance is proposed based on an
equivalent circuit model. Because of negative coupling, the
dc flux in the core is reduced. A small steady-state current
ripple and fast transient speed are also realized from the
perspective of circuit performance. The proposed structure
integrates multiple inductors into one magnetic core, and the
inductor performance is enhanced by flux cancellation. It is
then embedded into a PCB with a detailed design process.

The experimental test results verify that the inductor per-
formance is not influenced by the PCB integration method,
and the proposed inductor device can support a large output
current within a small form factor. In contrast to prior arts, the
proposed inductor structure features a large inductance density
and quality factor with a much smaller DCR, thus is seen as a
promising candidate for IVR applications.
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