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Abstract—This paper presents the design of miniaturized bond
wire transformers assembled with standard IC bonding wires and
NiZn and MnZn ferrite toroidal cores. Several prototypes are fab-
ricated on a printed circuit board substrate with various layouts in
a4.95 mm X 4.95 mm area. The devices are modeled by analyt-
ical means and characterized with impedance measurements over
a wide frequency range. Experimental results on 1:38 device show
that the secondary self-inductance increases from 0.3 1H with air-
core to 315 pH with ferrite core; the coupling coefficient improves
from 0.1 with air-core to 0.9 with ferrite core; the effective turns
ratio enhances from 0.5 with air-core to 34 with ferrite core. This
approach is cost effective and enables a flexible design of efficient
micromagnetics on top of ICs with dc inductance to resistance ra-
tio of 70 «H/Q and an inductance per unit area of 12.8 H/mm?
up to 0.3 MHz. The design targets the development of bootstrap
circuits for ultralow voltage energy harvesting. In this context, a
low-voltage step-up oscillator suitable for thermoelectric generator
sources is realized with a commercial IC and the proposed micro-
transformers. Experimental measurements on a discrete prototype
report that the circuit bootstraps from voltages down to 260 mV
and outputs a dc voltage of 2 V.

Index Terms—Bonding processes, converters, energy harvesting
(EH), ferrites, magnetic cores, oscillators, permeability, power sup-
ply in package (PwrSiP), power supply on chip (PwrSoC), printed
circuits, thermoelectric, transformers.

I. INTRODUCTION

HE research community is currently devoting significant
T efforts in developing high-performance miniaturized mag-
netic components compatible with integrated circuit (IC) pro-
cesses. In general, air-core inductors and planar transformers
shaped as spirals are directly implementable in standard IC tech-
nologies, although with common difficulties in attaining good
efficiencies and high inductance values.
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In fact, the overall size reduction of magnetic components
is a strategic issue, as well as the minimization of the re-
lated power losses. The ultimate market drivers are pushing the
growth of new miniaturized technologies referred to as power
supply in package (PwrSiP) and power supply on chip (Pwr-
SoC). In PwrSiP, magnetics are copackaged with the converter
circuitry, whereas in PwrSoC, magnetics are integrated and, pos-
sibly, lead to the realization of monolithically integrated power
supplies. However, on-chip magnetics usually require complex
and expensive deposition techniques which currently limit their
market use [1]. Another application area of miniaturized mag-
netics is the development of energy harvesting (EH) systems. In
this field, silicon integration allows us to design advanced power
conversion and management circuits in a very small footprint
area of few square millimeters [2], [3]. In this type of applica-
tions, besides for power conversion, miniaturized magnetics are
used as building blocks of low-voltage bootstrap circuits. How-
ever, external inductors or transformers are not usually shrinked
correspondingly to silicon. Package level or on-chip integration
of suitable magnetic components would ease the deployment of
highly miniaturized autonomous systems.

In general, the main goals in the design of power convert-
ers are high efficiency and reduced power losses [1], [4]. In
order to design highly efficient dc/dc converters, active semi-
conductor devices (i.e., MOSFETS) are used as switches, while
reactive components (i.e., capacitors, inductors, and transform-
ers) are required for temporarily storing energy and for filtering
the periodic waveforms of the switching power converters, thus
extracting the desired dc component. As a matter of fact, the
quality factor of reactive elements significantly affects power
dissipation losses. A present challenge for the miniaturization
of switching power converters is the integration of passive com-
ponents achieving similar performance of external discretes with
a comparable footprint area in a frequency range between 0.5
and 10 MHz [1]. Recent advances in increasing the switching
frequency in commercial step-up converters [5] have enabled
the use of smaller passive components with lower inductances.
However, such improvement is restricted by structural limita-
tions of magnetic materials related to magnetic saturation and
internal power losses [4], [5].

Power inductors and transformers are normally fabricated by
winding a coil around a planar core as in solenoidal and toroidal
structures, or by enclosing the coils within a multilevel magnetic
core as in spirals [1]. The design of such devices must consider
the current flowing in the coil which produces the magnetic field
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in which energy is stored. A good microinductor should achieve
a high inductance along with a low series resistance in a small
area. In case a magnetic core is used, the inductance increases
proportionally to the relative permeability of the core. However,
a high permeability can lead to core saturation even for low
values of the applied magnetic field, and to high ac core losses
[1], [4]. In order to pursue miniaturization, various examples of
devices with a magnetic core have recently been developed with
microelectromechanical system (MEMS)-oriented fabrication
processes compatible with silicon technology for PwrSoC and
PwrSiP with toroidal or solenoid and spiral structures [6]-[11].
At very high frequencies, i.e., >40 MHz, small-sized air-core
inductors with low inductances are generally an acceptable solu-
tion [4]; however, they present higher power losses in coils due
to Joule effect with respect to magnetic core inductors, as many
more turns are required to achieve a sufficient inductance. These
aspects are clarified in [12], where a comparison between 36 nH
magnetic- and air-core spiral inductors designed to operate up
to 100 MHz is reported, with the conclusion that the perfor-
mance of the magnetic core inductor is superior up to S0 MHz.
However, for higher frequencies, additional fabrication steps,
e.g., core lamination, are required to limit eddy-current power
losses. Hence, in order to limit losses and increase efficiency,
on-chip magnetic components require a magnetic core with ac-
curate tuning in terms of geometries and materials.

Concerning the integration of inductors and transformers
at wafer, package and board level, several techniques are
available [13]. For package level integration, the magnetics
are usually copackaged side by side with the die and connected
within the package, whereas for wafer level integration, the
magnetics are directly built on-chip, or on-top of the chip, thus
decreasing the overall device area. The use of IC bonding wires
based on solid-phase welding to enclose a magnetic core is a
simple approach to form power devices, often called bond wire
magnetics. A few examples of solenoid bond wire components
have been reported in the literature [14]-[19], with permalloy
and ferrite cores for use in the megahertz range. An interesting
example of toroidal bond wire transformer has been reported in
[17] with inductance close to 29 H up to 1 MHz and above,
with ferromagnetic low-temperature cofired ceramic (LTCC) as
a magnetic core. Bond wire magnetics have several advantages
compared to MEMS technology as a postprocessing step to fab-
ricate the magnetics [14], [15]: above all the standard fabrication
process, then the low resistivity of bonding wires compared to
metallic thin films, and finally the high achievable quality fac-
tor which enables the realization of efficient switching power
converters. These structures are also suitable for integration into
the PwrSiP and PwrSoC platforms, with adjustable performance
by varying wire loop height and core thickness. Besides, bond
wire magnetics with toroidal core facilitate high inductance to
dc resistance ratios, which is a key parameter to evaluate the dc
performance of magnetics, as well as a small area [1], [4], [9].
In addition, a toroidal geometry produces a small external mag-
netic field over the active IC due to its planar closed magnetic
path [20]-[22], which leads to lower circuit noise.

This paper presents a cost-effective approach for realizing
bond wire transformers or inductors with multiple windings by
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using conventional gold IC bonding wires and soft ferrite cores.
The components are designed to be used in step-up oscilla-
tors starting autonomously from very low input voltages, e.g.,
bootstrap circuits, in EH applications where the main switching
converter starts to operate as soon as an overthreshold voltage
is achieved. More specifically, the paper shows a design method
and a fabrication technique for bond wire transformers with
NiZn and MnZn ferrite cores and demonstrates how this tech-
nique is suitable for integration of magnetics built on-top of the
active IC. With respect to the current state of the art for micro-
magnetics with toroidal and solenoid magnetic core, which is
summarized in Table I, this study develops devices suitable for
operation in the megahertz frequency range with the highest in-
ductance and the highest turns ratio in such a range of frequency.
Finally, in order to validate the proposed design, the paper also
reports, as a case study, the implementation of a low-voltage
step-up oscillator based on the LTC3108 IC for micropower
EH applications. This paper is structured as follows. Section II
shows the basic magnetic relationships used for analyzing and
modeling the toroidal microtransformers. The dc inductance
analysis is illustrated, and then, saturation, high-frequency ef-
fects, and power losses are described. Section III reports the
bonding wire tests together with the design and fabrication de-
tails of the devices integrated on a printed circuit board (PCB)
substrate. The assembly of different magnetic devices based on
standard IC bonding wires is illustrated and the modeling results
are presented. Section IV describes the measurement procedure
together with the experimental results. Section V illustrates the
implementation of a discrete low-voltage step-up oscillator with
the designed transformers. Finally, the conclusions in Section VI
are presented.

II. BASIC ANALYSIS

In this section, the basic magnetic relationships are discussed
in order to model analytically the two-winding bond wire trans-
former. Initially, the toroidal structure and the dc design are
presented. Then, the saturation and ac design with the series
complex permeability model are analyzed, together with the
evaluation of the power losses.

A. Toroidal Model and DC Design

The devices presented in this paper have a toroidal structure
with bonding wires as coils and a soft ferrite as magnetic core.
Fig. 1 depicts the two-winding transformer structure. Loops
around the magnetic core are performed with bonding wires and
completed on the underlying metallization layer. The toroidal
transformer can be represented as a finite length solenoid closed
on itself to form a toroidal shape with rectangular cross section
[23]. The dc self-inductances of both windings L ”¢ and L, ¢
are estimated by the reluctance method as follows:

LDC = /’LO,UT(;HZAC _ .U“O,U‘T(:’n?tc(Do - D7)
le (Do + D;)
where n is the number of turns of the side considered, iy =

47 x 1077 H/m is the free-space permeability, 1, is the low-
frequency core relative permeability, A. = t.(D, — D;)/2 is

ey
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TABLE I
COMPARISON OF DEVICES WITH TOROIDAL AND SOLENOID MAGNETIC CORE

Work Device Structure Winding Technology Magnetic Core Material ~ Max Inductance ~ Number of Turns ~ Max Q factor ~ Max Working Frequency
[14] Transformer Solenoid Wire bonding MnZn 70 nH 2:1 n.a. 300 MHz
[10] Inductor Solenoid Electroplating CoTaZr film 70.4 nH 17 6 10 MHz
[15] Inductor Solenoid Wire bonding MnZn 0.34 uH 10 28 5 MHz
[16] Inductor Solenoid Wire bonding Ferrite epoxy 0.45 pnH 3 n.a. 5 MHz
[9] Inductor Toroidal Electrochemical NiFe alloy 0.5 uH 12 20 10 MHz
deposition

[6] Inductor Toroidal Flip-chip bonding NiFe alloy 1.11 pH 33 8 1 MHz
[19] Inductor Toroidal Wire bonding Permalloy and ferrite 2.7 pH 35 n.a. 1 MHz
[17] Transformer Toroidal Wire bonding Magnetic LTCC} 29 nH 1:50 11.6 5-10 MHz
This work  Transformer Toroidal Wire bonding NiZn and MnZn 315 pH* 1:38 24.5* 1-2 MHz

n.a.: data not available. : low-temperature co-fired ceramic. *: at small-signals.

bonding wires

Primary
winding ¢

/

metal

Fig. 1.

the cross-sectional area of the core through which the magnetic
flux flows, I, = m(D, + D;)/2 represents the mean magnetic
path length (MPL) which is the average length of the closed
path followed by the magnetic flux within the core, D, and D;
are the outer and inner diameters of the toroidal core, and ¢, is
the core thickness.

The dc series resistances of both windings RD{ and RDY
are obtained by summing the dc resistances of a single round
bonding wire R}? € and of a single PCB rectangular metallization
RRC multiplied by the number of turns as

Pblb Pm lm
2
(db/2)2 + wmtnz,) @

where p, and p,, are the bonding wire and metallization re-
sistivities, d; is the wire diameter, [, and [,, are the one-turn
mean wire and metallization lengths, whereas w,, and t,, are
the conductor width and thickness. It is also worth to recall
that generally the flux produced by the primary winding is not
entirely coupled to the secondary coil. Hence, in order to deal
with this leakage, we define the mutual inductance L, for any
frequency by

R = (R + 1) = n (-

L1y = k/L11 Lo 3)

® Secondary

winding

Structure of the bond wire transformer with toroidal ferrite core and round bonding wires. Dimensions and design parameters are included.

where k (0 < k < 1) is the coupling coefficient, which mea-
sures the magnetic coupling between the coils, whereas L;; and
Lys are the self-inductances. For the two-winding transformer
sharing a common flux path, the turns ratio n;5 is defined by
n2

ni = —
ny

“

where n; and nsy are the number of turns of primary and sec-
ondary side, respectively. In order to get the voltages over the
windings, the effective turns ratio n, is expressed as

Lo
ne =k I

With a perfectly coupled transformer (k = 1), the effective
turns ratio would become n, ~ nio, while (1) gives more ex-
actly the self-inductances of the coils [23].

&)

B. Saturation and AC Design

The relationship between the magnetic flux density B and
the magnetic field intensity H is given by B = puH. The over-
all permeability ;& = o p,. describes how easily a material is
magnetized. In order to prevent core saturation, the ampere-turn
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limit for a transformer [23] should be taken into account

(nily +naly) < Lyax = Bile (6)
I

where B; is the saturation flux density corresponding to a com-
plete alignment of the magnetic moments, I, .« is the equivalent
saturation current, while /; and I, are the amplitudes of the cur-
rents flowing in the primary and secondary coil, respectively.
Additionally, /; and I, are recommended to comply with the
current-carrying capability of a bonding wire according to the
modified Preece equation [24]. From the saturation point of
view, by considering a sinusoidal waveform applied to the pri-
mary winding with a peak amplitude V;,,x and the secondary
open, the minimum frequency f,;, which prevents core satura-
tion is given by

‘/vl max
27T?11 ACBS '

At higher frequencies, the current flowing in a coil induces
a magnetic field thus producing the well-known skin effect in
the conductor. Hence, the current tends to circulate near the
surface causing the current density to decrease from the top
to the center of the conductor. In this analysis, the proximity
effect produced by magnetic field induced by currents flowing
in nearby conductors is neglected. The frequency behavior of the
windings is analyzed through the skin depth in bonding wires
Op defined as

fmin = (7)

o = [ —— (®)
o fhrt |

where (.}, is the bonding wire relative permeability. The skin
effect in the bonding wire is negligible only if 6, >> d;. Simi-
larly, a time-varying magnetic field in a magnetic core induces
a voltage which produces circulating currents in the same core.
These currents follow circular paths normal to the direction
of the magnetic flux and produce a secondary magnetic field
which opposes the original applied magnetic field. Hence, the
frequency behavior of a conductive core depends also on the

core skin depth 6. as
5, = [ Pe 9)
ﬂ-IU’OMTCf

where p. is the core resistivity. The skin effect in the core
is negligible only if §, >> t.. Usually, soft ferrites satisfy this
condition due to the high resistivity. Considering the above equa-
tions, the ac resistances of the windings R,,; and R, 9 are then
obtained by summing the ac resistances of a single round bond-
ing wire R, and of a single rectangular metallization R,,, mul-
tiplied by the number of turns as

Pblb Pm lm
10
db - 61)) + 26771 wm) ( )

where d,, is the metallization skin depth obtained from (8) by
considering the PCB metal characteristics.

Since the permeability at high frequencies becomes a complex
quantity, it can be used to represent all types of core losses,
specifically for soft ferrites [23]. This will be applied herein

R, = n(Rb + Rm,) =n (
7T5b(
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Fig. 2. Equivalent circuit model of the transformer referred at the primary
side with nonperfect coupling and losses.

for deriving a small-signal model useful for comparison with
small-signal measurements performed in Section IV. The series
complex permeability 15 of a magnetic core is given by

(11

where 11, is the inductive permeability, 1/ is the resistive perme-
ability, p , is the inductive relative permeability, and p!’; is the
resistive relative permeability. Based on the above concerns, the
small-signal ac self-inductances L1, and Lo are approximated
with the series complex permeability model as

fhs = py — gy = puo(pys — ity

Ho ,U"rch Ac
len/1+(f/ fr)?

where LUDC is the dc self-inductance obtained from (1) with
tre =1, and fp is the —3-dB frequency of the p., character-
istic provided by the producer of core material (or estimated
from measurements). In order to characterize the ac core losses,
the small-signal core equivalent series resistance 2, is approx-
imated by

L=Lg %, ~ (12)

_ DC, 1/ . zﬂfﬂo,urchAn
e =2 b S T Q2 T in = T 1T

where @ = fr /Af is the quality factor with Af as the —3-dB
bandwidth of the p, characteristic provided by the manufac-
turer (or estimated). Finally, the small-signal ac series resis-
tances of both sides Ry, and Ry are modeled by

13)

Ry =
Ryy =

Rwl + Rc

Rw? + RCH%Q. (14)

Fig. 2 shows the equivalent transformer circuit referred at
the primary side with Lj; = L11(1 — k) and Ljs = Lo (1 — k)
as the leakage inductances and L,, = kL;; as the magnetizing
inductance.

C. Power Losses

In order to evaluate the large-signal performance in a power
application, the ac power losses in the core P. (mW), due to
both eddy-current and hysteresis losses, are estimated by the
classical Steinmetz equation [4], [5]

P.=k.f'BV, (15)

where k., a, and b are the core loss constants, f (kHz) is the op-
erating frequency, B,,, (G) is the amplitude of the ac component
of the magnetic flux density, and V. = A, . (cm?®) is the core
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volume. Besides, the ac power losses in the windings P, (W)
are estimated by

Ru - R11;1I12rms + Ru;2I22rms (16)

where 1,1, and I5,,,s are the rms values of I; and I5.

III. DESIGN AND FABRICATION

This section describes the bonding wire tests and the fabri-
cation details of the layout designed on a PCB substrate. The
assembly of the prototypes is also discussed together with the
modeling results.

A. Bonding Wire Tests

A Kulicke & Soffa (K&S) 4524 gold wire bonder with ther-
mosonic ball-wedge bonding is used to enable closer wire place-
ment [25], [26] thus leading to the realization of high turns ratio
devices. Crucial design parameters in terms of bonding wires
include wire diameter, material, and minimum spacing [15],
[27]. Gold round wires are chosen for the low resistivity of gold
(pp = 2.44 x 107 Q- cm) which minimizes the resistance of
the wires. Furthermore, a small spacing between wires, thanks to
the ball-wedge bonding, enhances the self-inductances and the
coupling coefficient. In order to analyze the wire bonder capa-
bility, several bond tests are performed with two different gold
wire diameters and bond pad pitches BPP on a blank silicon
substrate coated with gold with an epoxy mold mounted on
top. The above quantities are depicted in Fig. 1. The performed
bonds suggest that thick round wires (d, = 32 pum) are more
robust and have smaller resistance (=80 m{2/bond) with BPP =
130 pm. Meanwhile, thin round wires (d, = 25 um) are less
robust and more resistive (=130 m£2/bond) due to their smaller
diameter, even if allowing lower BPP = 112 um. As a result,
gold thick round wires are chosen as the best choice to design
robust devices.

B. Design on PCB Substrate

The prototypes are designed on a single-layer PCB (370HR
material, 0.33 mm thick) with thin and ultranarrow copper con-
ductor (t,,, ~ 15 pm, p,, = 1.68 x 1075 Q- cm) plus a nickel-
gold finish fabricated by Litho-Circuits. The transformer design
is based on several parameters that can in perspective be op-
timized jointly. However, the requirements of our application
impose some characteristics: the largest turns ratio n;» and self-
inductances L;;, Loy are highly desirable in order to get the
bootstrap oscillator started with the minimum supply voltage.
Therefore, although a full optimization of parameters is not
performed, following these targets, four layouts are designed
in a footprint area of A, = 4.95 mm x 4.95 mm (fixed by the
adopted ferrite cores), with different configurations of the PCB
parameters such as conductor width w,, and minimum spacing
Smin, and wire bonder constraints such as BPP and outer-inner
dext, dint pad distances from the magnetic core.

The first layout, indicated as 77, is designed with the smallest
and narrowest metallizations allowed by the used technology,
thus maximizing ni,. The second layout, indicated as 7T, is
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TABLE II
SUMMARY OF THE TRANSFORMER LAYOUTS CHARACTERISTICS ON PCB
SUBSTRATE
Layout  ny:iny  wy (um)  Swin (um)  BPP(um)  dexi, ding (pm)
T 1:38 80 50 130 450, 225
Ty 1:33 90 60 150 450, 225
Ts 1:28 90 70 160 450, 300
Ty 2:35 80 50 130 450, 225
1 1
1 1
toroidal core : ;
: i
core thinned | E E | Itc
core coated | E E |
Fig. 3. Thinning and coating steps of the toroidal ferrite cores.

designed with larger and wider metallizations in order to pro-
vide a higher yield in the wire bonding process. The third layout,
indicated as T3, is designed with a wider dj;, therefore admit-
ting more space for the capillary insertion and permitting the
assembly of thicker cores, however reducing ny. The last lay-
out, indicated as 7}, is similar to 77 but with ny = 2 in order to
improve k and Li;. Fig. 1 on the top right shows the geomet-
rical parameters and constraints for the design of the toroidal
devices. Table II reports a summary of the transformer layouts
characteristics designed on the PCB substrate. A full design op-
timization, according also to the properties of external circuits,
should include the choice of combining series and parallel con-
nections of bonding wires to increase the inductance and reduce
the resistance.

C. Magnetic Ferrite Cores

The main design parameters related to the magnetic core in-
clude core thickness and permeability [15]. Several miniaturized
high-permeability toroidal ferrites are investigated as magnetic
core to increase the inductance and improve the coupling of the
micromagnetics. The first part is Fair-Rite 5943000801 which
is a NiZn (43 material) toroid with high resistivity. The second
part is Fair-Rite 5975000801 which is a MnZn (75 material)
toroid with high relative permeability. The third part is Ep-
cos B64290P36X830 which is a MnZn (N30 material) toroid
with high relative permeability. Finally, an epoxy mold core
(pr = 1) with the same dimension is used to evaluate the im-
provements obtained by the insertion of a magnetic core. The
use of a dummy core provides also mechanical support for the
wires instead of just air.

Although miniaturized ferrites are available in commerce,
IC packages and wire bonder capillaries impose restrictions on
the maximum core thickness 7. practicable [4], [27]. Hence,
the ferrites are first thinned and then coated in laboratory.
During thinning, ¢. is reduced with a polishing machine
to allow the wire bonder capillary to reach the inner pads
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TABLE III
ELECTRICAL AND MAGNETIC PROPERTIES OF THE TOROIDAL FERRITES AND DUMMY CORE
Supplier Part Number Material D, x D; xt, (mm) Ire pe (Q -em) H.(A/m) Bg; (mT) B, (mT) k.,a, b @100°C fu, Af
f=0.1 MHz (MHz)

Fair-Rite 5943000801 NiZn 43 3.95 x 2.15 x 0.47 800 10° 35.8 290 130 n.a. 15,23
Fair-Rite 5975000801 MnZn 75 3.95 x 2.15 x 0.42 5000 3 x 10% 12.7 430 140 6.6 x 107%,1.52,2.19  08,1.7
Epcos B64290P36X830  MnZn N30 4.00 x 2.40 x 0.50 4300 0.5 x 107 12.0 380 n.a. n.a. 0.9,2.0
n.a. Dummy mold Epoxy 3.92 x 2.12 x 0.50 1 n.a. n.a. n.a. n.a. n.a. n.a.

n.a.: data not available.

of the device. However, t. can be further reduced if necessary
for an IC implementation, hence decreasing the self-inductances
and reducing the core losses. During coating (performed only
on the MnZn 75 core), the thinned core is coated with an in-
sulation film to prevent any conductive paths between core and
coils. Fig. 3 shows the thinning and coating steps of the ferrites.
The electrical and magnetic properties of the isotropic magnetic
cores are summarized in Table III, with B, as the residual flux
density (or remanence) which represents the remnant magne-
tization for H = 0 A/m, and H, as the core coercivity which
denotes the magnetic field intensity required for reducing the
flux densityto B =0T.

D. Assembly of Devices

The ferrite cores are assembled to the PCB substrate and
bonded with a K&S 4524 gold wire bonder from inner to outer
pads in a clean room environment, thus obtaining sixteen dif-
ferent prototypes: four cores x four layouts. The devices are
realized with the bonder in manual mode with a full control
of the bonding head and a work-holder temperature of about
100 °C. However, automatic bonding can also be used to assem-
bly the devices [25]. Fig. 4 illustrates four pictures of each core
assembled with thick gold bonding wires and various layouts:
T1 layout (1:38) with NiZn 43 core (top left), 7 layout (1:33)
with MnZn 75 core (top right), 75 layout (1:28) with MnZn N30
core (bottom left), and 7}, layout (2:35) with epoxy core (bot-
tom right). Since our target is the development of a low-voltage
battery-less startup circuit for micropower harvesting applica-
tions, we choose 1 : ns or 2 : ny turns in order to achieve a high
voltage ratio for testing purposes and for giving the possibility
of fabricating inductors, i.e., with the only secondary coil, with
the highest inductance value.

Since the chosen turn ratios are specific for the targeted ap-
plication, this configuration is not optimal for typical power
conversion applications. For future designs, the turns ratio and
the winding resistances should be adapted for the desired power
application, for instance, by using more bonding wires in par-
allel for the primary and in series for the secondary, in or-
der to account for different levels of current. After the assem-
bly, the devices present approximately: reduced core thickness
t. 22 0.45 mm, core cross section A, = 0.41 mm?, core mean
MPL [, = 9.6 mm, one-turn mean metallization length/,, = 1.6
mm, and one-turn mean wire length [;, = 2.6 mm.

Fig. 4. Microphotographs of the devices assembled with thick gold bonding
wires: T layout (1:38) with NiZn 43 core (top left), T layout (1:33) with
MnZn 75 core (top right), T3 layout (1:28) with MnZn N30 core (bottom left),
and T layout (2:35) with epoxy core (bottom right).

E. Modeling Results

The analytical performances of the transformers are analyzed
by using the equations presented in Section II. The dc self-
inductances LY and LY are estimated by (1), while the dc
winding resistances RP{ and RDS are obtained by (2). Table IV
shows the modeling results of the dc self-inductances and wind-
ing resistances of the bond wire devices. L]ﬂC of T . 3 layouts
increases from 2.6 nH with epoxy core to 0.051 pH with NiZn
43 core. The other ferrites enable further increases from 0.051
to 0.255 pH with MnZn 75 core. LS of the T; layout in-
creases from 0.21 p©H with epoxy core to 60.8 pH with NiZn 43
core. The other ferrites enable further increments from 60.8 to
339 yH with MnZn 75 core. R2$ of T' 3 layouts for all cores is
0.20 2, whereas for the T} layout is equal to 0.40 €2 for all cores
due to the higher n; . R,BZC ranges from 3.8 €2 for the 77 layout
to 2.7 Q for the T3 layout for all ferrites.

Besides this, the equivalent saturation current [y, .y is esti-
mated by (6), while the minimum frequency to avoid saturation
fmin 18 evaluated by (7). Finally, the large-signal ac power losses
in the core P. and windings P,, are estimated by (15) and (16).
Table V shows the modeling results of the saturation, ac anal-
ysis, and power losses of the bond wire devices. I, ranges
from 2.76 A for the NiZn 43 core to 0.656 A for MnZn 75
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TABLE IV
MODELING RESULTS OF THE DC SELF-INDUCTANCES AND WINDING
RESISTANCES OF THE BOND WIRE DEVICES
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TABLE V
MODELING RESULTS OF SATURATION, AC ANALYSIS, AND POWER LOSSES OF
THE BOND WIRE DEVICES

Core NiZn 43 MnZn75  MnZn N30 Epoxy Core NiZn43  MnZn75 MnZn N30  Epoxy
L °C(uH)1) Ty 3 0.051 0.255 0.222 2.6 x 1073* LInax (A) (6) Ty, .4 2.76 0.656 0.707 -
Ty 0.185 0.998 0.867 5.2 x 1073 Jmin (kHz) (7) T 3 130 98 105 -
Lo C (nH)(1) Ty 60.8 339 294 0.21% Vimax = 0.1V Ty 65 49 52 -
Ty 454 254 220 0.163% P, (mW) (15)
T3 324 181 157 0.11% B, =10°G Ti.. .4 n.a. 1.04 n.a. -
Ty 513 287 249 0.17% f=100kHz
R, P ()2 T3 0.20 0.20 0.20 0.20 P, (mW) (16) T 0.26 0.26 0.26 0.26
Ty 0.40 0.40 0.40 0.40 Iiims = 50 mA Ty.. 3 0.25 0.25 0.25 0.25
R,2"C(Q) (2 T 3.8 3.8 3.8 3.8 Iyms = hirms/nie
Ty 32 32 32 32 f=100kHz T, 0.53 0.53 0.53 0.53
T3 2.7 2.7 2.7 2.7
Ty 3.5 3.5 3.5 3.5 n.a.: data not available.

*

: inductance of a semi-circular loop of round wire as described in [23].

: inductance of two semi-circular loops of round wires in series [23].

1: estimated through (1) by considering A. ~ ,2/(2-7) = 1.07 mm?.

I: comprises ~0.1 © of resistance from device’s terminals to PCB contacts.

core for all layouts. In addition, the modified Preece equation
provides a range of recommended maximum current in each
coil from 0.665 to 0.970 A for gold wires with d, = 32 um and
lp = 2.6 mm [24]. fiin on the primary side with Vi, = 0.1
V (which is the typical target for bootstrap circuits in our appli-
cation) ranges from 130 kHz for the NiZn 43 core to 98 kHz for
the MnZn 75 ferrite for T} 3 layouts, while for 7T}, layouts, the
values are half of those previous due to the double n;. Besides,
by considering a sinusoidal waveform applied on the secondary
side of the 7 layout with NiZn 43 core with peak amplitude
Vomax = 2 V (which is a sufficient output voltage for starting a
conventional dc/dc converter in micropower EH applications),
we obtain f,,i, = 68 kHz. Finally, P. with B,, = 10> G = 0.1
T at f = 100 kHz is equal to 1.04 mW for the MnZn 75 core
and all layouts, whereas P,, by assuming for instance /1,15 =
50 mA and thus Io,5 = I /n12 at f = 100 kHz is equal to
=(0.25 mW for all devices except for T} layouts for which is
=0.53 mW.

IV. IMPEDANCE MEASUREMENTS

This section describes the impedance characterization pro-
cedure performed on the devices and the measurement results
obtained.

A. Measurement Procedure

The main parameters of the transformers are extracted from
the two-port network by performing standard open and short
circuit (SOS) tests as suggested in [23], [28], [29]. In SOS
tests, the secondary coil is left open (Ix = 0 A) while apply-
ing an ac voltage with frequency f,. to the primary winding.
Measurements at the primary terminals give the primary
impedance Zy; = Ry1 + 1 27 facL11. Similarly, for the sec-
ondary coil, measurements provide the secondary impedance
Zag = Ryy +1 2m-facLoo.

In order to assess the coupling between the coils, the mu-
tual inductance L5 is measured with series-coupling tests [29].

First, the two windings are connected in series-aiding mode
with the two minus terminals short-circuited. Measurements at
the two plus terminals give the series-aiding inductance L, =
Ly1 + Los + 2-Ly5. Second, the two windings are connected in
series-opposing mode with plus and minus terminals of different
coils short-circuited. Measurements at the other terminals pro-
vide the series-opposing inductance Ly = Lj; + Los — 2:Ly5.
Hence, the mutual inductance L1 is extracted as follows:
(La - Lb)

The series-coupling tests combined with SOS tests can be
used to compute the transformer parameters only if the magne-
tizing flux density is common for all tests. However, the differen-
tial impedance varies little with excitation current thus providing
results with negligible errors [29]. Hence, k and n. are extracted
by (3) and (5), respectively. Finally, the quality factors (Q1; and
Q29 of both sides are given by the following expressions [4],
[30]:

a7

ZWfa(:Lll
= — 18
Qn Rur (18)
27 fac L
Qa2 = 7?{" 2. (19)
22

The polarity of the mutual induced voltage depends on the
way the coils are encircled in relation to the reference direction
of coil currents, which are indicated by the dot convention [23]
as shown in Fig. 1 on the left. Since the current I; flowing
into the terminal of the primary produces a magnetic flux, the
dotted terminal in the remaining coil is the one whose current
I, generates a magnetic flux in the same direction. If both ac
voltages V; and V5 have the same polarity at the dotted terminal,
the transformer is noninverting and its transfer function A, is
given by

Vo I

A, = 2L
D R

(20)

B. Measurement Results

Impedance measurements are performed by using precision
E4980A and 4285A LCR Meters calibrated with open and short
circuit tests (1 m cable length, single mode) to compensate the
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parasitic reactance of cables, with an applied small ac voltage
level set to 10-mV rms without bias, unless otherwise noted.

Fig. 5 on the left shows the comparisons between the cal-
culated by small-signal model (12) and measured Li; and Loo
of the device with NiZn 43 core for 7} layout. The calculated
Ly, and Ly, agree with measurements in the whole examined
frequency range, with a maximum measured Loy of 63 pH.
Fig. 5 on the right displays the comparisons between the cal-
culated by small-signal model (14) and measured R;; and Rao
of the device with NiZn 43 core for 7T layout. Similarly, the
calculated R;; and Ry, adequately agree with measurements,
whereas high-frequency effects (core losses) start to affect the
device above =1-2 MHz. Fig. 6 on the left shows the measured
k and n., whereas Fig. 6 on the right reports the measured (01,
and Q9o with (18) and (19), both of the devices with NiZn 43
core for all layouts. The results show that k is improved from
=0.7 with T3 to =0.9 with T}, n. is increased from =15.5 with
T, to =27 with 77, while maximum ()2 ranges from =12.5 at
0.5 MHz for T5 to =19.5 at 0.5 MHz for 77 .

Fig. 7 shows the comparisons between the calculated and
measured Li1, Loo (left) and Ri;, Reo (right) of the device
with MnZn 75 core for T} layout. The predicted L;; and Loo
adequately match with measurements, as well as the calculated
Ry, and Ry, with a maximum measured Los of 315 pH, greater
than the previous NiZn 43 core due to the higher y,.. We observe
that core losses start to influence the transformer from 0.5 MHz.
Fig. 8 on the left displays the measured k and n,., whereas Fig. 8
on the right reports the measured 117 and (D29, both of the
devices with MnZn 75 core for all layouts. The results show
that k is improved from =0.8 with 75 to =0.9 with T} 4, n. is
increased from =17 with T} to =34 with T3, while peak Q22
ranges from =10 at 70 kHz for 75 to =21.5 at 0.1 MHz for 7.

Fig. 9 shows the comparisons between the predicted and mea-
sured Ly, Loo (left) and Ry, Roo (right) of the device with
MnZn N30 core for T layout. The calculated L;; and Loy al-
most coincide with measurements with a maximum measured
Los of 250 uH lower than the MnZn 75 core due to the lower
trc. The calculated R;; and Ry, show an adequately match
with measurements. Fig. 10 on the left presents the measured
and n., whereas Fig. 10 on the right demonstrates the measured
Q11 and @12, both of the devices with MnZn N30 core for all
layouts. The results show that k is equal to ~0.95 for 17 4, ne
is increased from =17 with 7} to =32 with 7}, and maximum
(020 ranges from =15.5 at 0.1 MHz for T3 to =24.5 at 0.1 MHz
for T5.

In order to evaluate the benefits of a magnetic core, Fig. 11
reports the comparisons between calculated and measured L1,
Los (left) and Ry 1, Roo (right) of the device with epoxy core for
T layout. The predicted Ly, and L, underestimate the mea-
sured values due to the high leakage inductances, while there
are no ac effects in the examined frequency range. Besides,
the calculated R;; and Ryo almost coincide with measurements
(the discrepancy is due to the contact resistance between metals
and bonding wires). We remark that ferrite core devices provide
a maximum up to 1000 times in L, 9 times in k, and 34 times
in n, compared to air-core devices. By comparing the right pic-
tures of Figs. 5,7,9, and 11, we deduce that the increases of R
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and Ry in ferrite devices are attributed to both hysteresis and
eddy-current losses in the core. This means that parasitic capac-
itances in the windings are negligible in the observed frequency
range.

For a deeper characterization of the transformers at larger ac
voltages typical for EH circuits, Fig. 12 illustrates the measured
@11, Q2o (left) and Lyq, Loo (right) of the device with MnZn
75 core and T layout for different rms voltage levels: 10 mV,
0.1 V, and 1 V. The results show that for higher ac voltages,
the peak (2o decreases due to the growth of core losses, while
(11 does not vary appreciable. Besides, Lyo at low frequencies
increases for larger ac voltages, while L;; remains the same.
We conclude that the performance of the MnZn device in such
frequency range with signal amplitudes up to 1 V progressively
degrades. In power conversion, the performance of a converter
will be affected by the growth of core losses. A possible solution
would be to decrease t., thus reducing the losses at the cost of
lower inductances.

Finally, the transfer function A, in (20) is extracted by apply-
ing an ac sinusoidal voltage with f,. = 1 MHz and peak-to-peak
amplitude of 3.2 V at the primary coil by a function generator.
Fig. 13 depicts the measured primary V) and secondary V5 volt-
ages of the MnZn N30 with 75 (1: 33) layout achieved with a
MSO 2024 Oscilloscope (Z;, = 10 MS2). The primary peak-to-
peak voltage is reduced to 150 mV due to the voltage partition
between the internal resistance (50 €2) of the function gener-
ator and Z;;. The measurement results demonstrate that the
bond wire transformer does not exhibit distortion and boosts the
primary voltage up to A, =2 18 with a secondary peak-to-peak
voltage of about 2.7 V.

V. Low-VOLTAGE STEP-UP OSCILLATOR FOR EH
APPLICATIONS

This section describes the target application of our prelimi-
nary design investigation. EH systems extract energy from the
environment, store the energy, and supply it to low-power and
low-voltage circuits. Thermoelectric generators (TEGs) provide
a good solution for battery-less EH applications. TEGs with out-
put voltages up to hundreds mV/K have been developed with
microelectronic processes [31], which allow us to integrate high
numbers of miniaturized thermocouples with overall electrical
resistances in the order of hundreds 2. However, micropower
TEGs generally deliver low-voltage outputs in the range from
10 to 50 mV/K and present very low resistances usually lower
than 1 Q. Hence, for industrial or body applications with a
temperature gradient of 6 K between hot and cold side, the ex-
pected output voltage is lower than 300 mV, thus smaller than
the threshold voltage of diodes or transistors. As a consequence,
it would be difficult or impossible to directly supply a conven-
tional boost converter or a charge pump. Hence, in order to
design battery-less systems, specific low-voltage step-up con-
verters are required to take advantage of the low voltage avail-
able from TEGs. These circuits bootstrap the electronic system
from fully discharged states and produce functional higher out-
put voltages suitable to control semiconductor devices. Since
this type of circuits targets the lowest possible start-up voltage
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Fig. 7. Comparisons between predicted and measured L1, Loo (left) and Ry, Ra2 (right) of the device with MnZn 75 core for 77 layout.

rather than conversion efficiency, once this higher voltage is  solutions for low-voltage circuits are also present in the market
generated, a conventional power converter can be activated for such as the LTC3108 [34] IC from Linear Technology. This
transferring power from the TEG. converter uses a normally-ON MOSFET and a resonant oscilla-

Analog step-up converters have been proposed in the state of  tor scheme with an external step-up transformer (e.g., [35] and
the art using TEG sources [32], [33], with the startup circuitreal-  [36]) to convert from ultralow input voltage. Additionally, it can
ized separately from the main power conversion block. Several —operate with different types of voltage sources such as TEGs,
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thermopiles, and photovoltaic cells. In the following measure-
ments, we only focus on the step-up oscillator and deactivate all
the remaining subcircuits (such as LDO, etc.).

For validating the proposed micromagnetics, the bond wire
MnZn N30 device with T} (2:35) layout is chosen due to the
higher L;; as step-up transformer. Similarly, an LPR4012—

202LML [36] Coilcraft transformer (1:10) with comparable per-
formance is used for comparison purposes. Fig. 14 depicts the
circuit diagram of the step-up oscillator based on the LTC3108
IC with the microtransformer included. Specified pin functions
are indicated in the figure caption. A discrete prototype is re-
alized with a filter capacitor Cj, = 220 uF, a pump capacitor
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C7 = 100 nF, a coupling capacitor Cy, = 1.3 nF, and an output
capacitor Cy,x = 4.7 pF. The rectified output is measured on
the V4 node, while the low-voltage TEG source is emulated
with a dc voltage source V¢ and a series resistor Ry, = 0.4 €.
The parameters were chosen for matching the properties of a
commercial CP14 module from Laird Technologies [37].

Experimental measurements (see Fig. 15 on the left) on the
2:35 bond wire device with MnZn N30 core show that the circuit
starts oscillating from an input voltage down to Vpc = 260 mV
with an oscillation frequency of 0.58 MHz while providing a
steady-state rectified output up to 2 V. Besides, measurements
(see Fig. 15 on the right) on the 1:10 Coilcraft transformer show
that the circuit begins fluctuating from an input voltage down
to Vpc = 200 mV with an oscillation frequency of 0.53 MHz
while providing a rectified output up to 2 V. The startup voltage
difference is due to the higher L, /Ry, ratio of the Coilcraft
component with respect to the bond wire device; however, the
behavior is similar, thus confirming the bond wire transformer,
which can be potentially implemented directly on-top-of an IC
asin [17].

As a comparison, the proposed transformers have (at
0.1 MHz) a self-inductance up to Li; = 1 pH (see Table IV)
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Fig. 13. Measured primary V; and secondary V5 voltages of the MnZn N30

core with 75 layout (1:33).

and a Q92 -factor of =10 (at 0.1 V rms from Fig. 12 on the left)
in an area of =24 mm?, with on-chip integration and lower pro-
file achievable. Besides, commercial solutions (e.g., [35], [36])
provide similar or superior performance only with higher vol-
umes. For instance, the 1:10 transformer in [35] has (at 0.1 MHz
and 0.1 V rms) an L;; =2 25 pyH (25 times greater) and a (QQo2-
factor of =80 (eight times greater) in an area of =36 mm?
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Experimental waveforms: source Vp ¢, secondary winding V5, and rectified output V¢ voltages with 2:35 bond wire MnZn N30 core (left) and with

1:10 Coilcraft (right) transformers. Vo and V¢ are referred to the left y-axis and Vp ¢ to the right y-axis.

(1.5 times greater), whereas the 1:10 transformer in [36] has (at
0.1 MHz and 0.1 V rms) an L1; = 2 pyH (two times greater) and
nearly same (Q2o-factor of =11 in a lower area of =16 mm?.
However, the latter has a profile of 1.1 mm higher than the
~0.6 mm of the bond wire magnetics. In addition, the bond
wire transformers present a maximum dc inductance to resis-
tance ratio of =70 pH/C? and a maximum inductance per unit
area of =12.8 yH/mm? up to 0.3 MHz.

VI. CONCLUSION

This study has investigated the design of bond wire micro-
magnetics to be used in low input voltage step-up oscillators
as building blocks of EH systems. This technology is suitable
for package and die level integrations. Several prototypes of
bond wire transformers with gold IC bonding wires and high-
permeability ferrite cores have been modeled and designed in
order to get high inductance and high turns ratio in a fixed
footprint area. The devices have been fabricated on a PCB sub-
strate with different layouts and assembled based on manufac-
turable and repeatable wire bonding technology. However, the
proposed process is also suitable for integration on-top of sil-
icon ICs. Small-signal measurements demonstrate that the use
of the ferrites compared to air-core increases inductance up to
315 pH with low dc series resistance and improves the coupling

coefficient up to 0.9 with an effective turns ratio of 34. This
represents one of the highest values for state-of-the-art toroidal
magnetics. Small-signal measurements also report a peak sec-
ondary quality factor of 24.5 at 0.1 MHz. The presented design
is cost effective and enables the development of inductors and
transformers with adjustable performance. This makes in per-
spective the evolution of PwrSiP and PwrSoC possible with re-
liable efficient magnetics compatible with IC designs, provided
that a full optimization of design parameters is performed.

A resonant low-voltage step-up oscillator for TEG sources
has been realized based on a LTC3108 IC and the MnZn N30
device with 2:35 turns as step-up transformer. Experimental
measurements on a discrete prototype report that the circuit
starts oscillating from a voltage down to 260 mV with an os-
cillation frequency of 0.58 MHz and rectified output voltage
of 2 V. This startup performance is comparable with that ob-
tained with similar external components. Hence, the proposed
bond wire micromagnetics can find use as on-top-of-chip com-
ponents in bootstrap circuits for micropower EH applications
whenever great size reductions are necessary.
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