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Abstract—This paper presents the design and experimen-
tal characterization of a power transfer system performing a
dc–dc conversion with on-chip galvanic isolation. The converter is
operated in the VHF band, which enables fully integration of all
the required components in silicon technology. It consists of only
two silicon dice, i.e., a power oscillator with an on-chip isolation
transformer and a full-bridge rectifier, which are fabricated in
0.35–μm BCD and 0.13–μm CMOS technology, respectively. A
thick SiO2 layer was used, which guarantees galvanic isolation
between the transformer windings. A co-design procedure for the
system building blocks is proposed, which aims at optimizing the
dc–dc converter performance in terms of power efficiency at a given
power density. Thanks to the adopted approach, a maximum out-
put power up to 980 mW is demonstrated with a power efficiency
of 29.6%. This paper outperforms previously reported integrated
inductive step-up converters in terms of power per silicon area
(up to 105 mW/mm2), while providing on-chip galvanic isolation
without any discrete devices or post-processing steps.

Index Terms—Full-bridge rectifier, galvanic isolation, integrated
transformer, LDMOS, lumped scalable modeling, power oscillator,
Schottky diodes, silicon technology.

I. INTRODUCTION

GALVANIC isolation is becoming increasingly important
in a wide field of applications, whenever high-power

equipment is operated by human beings or to guarantee bet-
ter reliability in harsh industrial environments. However, there
are lots of applications where galvanic isolation is also required
for relatively low-power levels. This is the case for serial link
transceivers, sensor interfaces, low-power medical devices, and
housekeeping power, such as gate-drivers or controllers for
power converters. For these applications, a general block di-
agram is depicted in Fig. 1. Two domains, A and B, are gal-
vanically isolated since one of them is subject to hazardous
voltages and/or requires a different ground reference. Data sig-
nals are transferred across the galvanic isolation barrier to en-
able bidirectional communication between the two domains,
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Fig. 1. Block diagram of a galvanically isolated system.

while an isolated power supply for domain B is provided from
domain A by a power transfer technique. For low-power appli-
cations, isolated power levels between 100 mW and 1 W are
required. Traditionally, optocouplers and discrete transformers
are used for galvanic isolation, but they are bulky and expen-
sive. In recent years, different solutions have been proposed for
galvanic-isolated silicon-integrated data transmission using RF
links [1], capacitive coupling [2], or integrated coreless trans-
formers [3]–[5]. As far as power transfer is concerned, many
implementations have been addressed to the reduction of size
in galvanically isolated systems by exploiting smaller HF/very
high frequency discrete transformers [6], [7] either on-board or
with system-in-package (SiP) approaches. However, the com-
plexity of these solutions is not compatible with large-scale and
low-cost production. At present, the most advanced approach
for a galvanically isolated power supply exploits post-processed
micro-transformers with Au thick metals and a 20–μm poly-
imide layer [8], [9], thus requiring three dice to implement the
overall dc–dc converter.

This paper presents a highly integrated watt-level power trans-
fer system performing a dc–dc power conversion and providing
on-chip galvanic isolation. Differently from previous works,
this system does not require post-processing steps or external
components and is fully integrated on silicon, since it relies on
a standard silicon technology with a thick SiO2 layer for iso-
lation. Only two dice are used and hence the highest level of
integration is achieved for a silicon technology with a standard
substrate. The paper proposes a co-design procedure for the sys-
tem building blocks to achieve the highest power efficiency for
given power and silicon area constraints, thus maximizing the
performance of this integrated approach.

The paper is organized as follows. Section II describes the
architecture of the dc–dc converter. The co-design procedure is
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Fig. 2. Architecture of the proposed galvanically isolated dc–dc converter.

presented in Section III. Experimental characterization of the
dc–dc converter along with a comparison with the state of the
art is carried out in Section IV. Finally, main conclusions are
drawn in Section V.

II. SYSTEM DESCRIPTION

The architecture of the proposed galvanically isolated dc–dc
converter is depicted in Fig. 2. It includes a transformer-based
power oscillator and a full-bridge rectifier, which perform dc–ac
and ac–dc conversion, respectively. The core of the system is the
integrated transformer, TISO , which provides on-chip galvanic
isolation. It is integrated into the oscillator chip, whereas the
second die houses the rectifier. The converter was designed to
produce around 1 W with a 20-V output voltage (VOUT ) from
a 5-V power supply (VDD ) to address gate driver applications.
Voltage multiplication is achieved by exploiting the turns’ ratio
of the transformer.

The power oscillator chip was fabricated in a 0.35–μm BCD
technology, which provides a galvanic isolation rating as high
as 5 kV by means of a thick oxide layer between the top metal
layers. The galvanic isolation performance was previously as-
sessed by the technology provider using several transformer test
structures [5], [10]. This technology also features laterally dif-
fused MOS (LDMOS) power devices [11]. The rectifier chip
was instead fabricated in a 0.13–μm standard CMOS process,
by taking advantage of the available high-voltage Schottky diode
with high-frequency operation capability. The whole technology
platform was supplied by STMicroelectronics.

The power oscillator adopts a transformer-loaded cross-
coupled topology as shown in Fig. 2, which is operated in
class D to improve power efficiency. RF class-D oscillators
have recently gained attention in highly scaled technologies, for

Fig. 3. 3-D view of the isolation transformer, TISO .

design approaches mainly focused on low-power applications
[12], [13]. However, the design for power transfer applications
with galvanic isolation is quite a different issue due to the low
Q-factor of the resonating tank and the levels of power involved.
LDMOS transistors are used for M1,2 to take advantage of their
high-frequency and high-voltage/current capability. Since the
maximum allowable gate-source voltage, VGS MAX , is smaller
than the maximum drain-gate voltage VDG MAX , a capacitive
coupling through CB is used to avoid gate-oxide breakdown. In-
deed, capacitors CB perform a voltage partition with the gate ca-
pacitance of M1,2 , which sets the peak of VGS . The transformer
is here represented as coupled inductors, LP1,2 and LS1,2 , which
are the primary and secondary coils, respectively. It is worth not-
ing that LP1,2 resonates with the large parasitic capacitance at
the transistor drains. Avoiding an additional tank capacitor max-
imizes inductance values and thus transformer efficiency. The
circuit requires a control loop, which stabilizes the output volt-
age for a given load power being the output current imposed by
the load itself. In this first implementation, the control circuit
was not included since the design effort was focused on the
power link that mainly sets the overall circuit performance such
as load power, power efficiency, and silicon area. However, a
turn-off circuitry was included that is driven by control terminal
VCTR and allows the cross-coupled pair to be ON/OFF switched.
This terminal is used to externally vary the output power of the
dc–dc converter by feeding a pulse width modulation (PWM)
signal, thus demonstrating that different output power levels
can be obtained without losing efficiency, as required when per-
forming the control. Finally, traditional approaches can be used
for the control circuit [7], [8].

A stacked configuration is used for the transformer, which
exploits standard metal 3 and metal 4 for the primary and sec-
ondary windings, respectively and the lowest two metals for un-
derpasses, as shown in Fig. 3. Despite the differential topology
adopted for the oscillator, a fully symmetric spiral configuration
is not a viable solution for the primary coil due to the higher
number of underpasses required by a multiturn geometry [14].
Two stacked transformers are instead adopted, thus requiring
only two underpasses. The coupling effects between right and
left sides are negligible for a distance greater than 70 μm [15]. A
high coupling factor, k, is mandatory for the transformer since a
low one along with the low Q-factor would greatly affect power
transfer efficiency. Maximizing the overlap area between the
primary and secondary windings is, therefore, crucial to avoid
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Fig. 4. (a) Schematic of the power oscillator with the equivalent input
impedance of the rectifier. (b) Simplified model with lumped RLC tank.

k-factor degradation [16]. Since a high transformer turns’ ratio
must be used to step-up the output voltage, both primary and
secondary geometrical parameters must be properly designed
to maximize the winding overlap. On the secondary side, two
bonding wires are used for the connection towards the rectifier
chip. The impact of these bonding wires on system performance
is negligible since they are connected in series with the high in-
ductance of LS1,2 .

III. SYSTEM CO-DESIGN

The design of the dc–dc converter poses several challenges
since nonlinear interactions exist between each building stage
involving system optimization. For an intuitive understanding of
the main design tradeoffs, the simple circuits shown in Fig. 4 can
be used. Specifically, the model in Fig. 4(a), where the rectifier
is represented by its equivalent input impedance (RRECT and
CRECT ), is further simplified with the model in Fig. 4(b). Here,
the resonant tank of the oscillator is represented by a lumped
RLC network that accounts for both transformer and rectifier
loading effects. In particular, inductance LEQ is the equivalent
inductive component at the primary side of the transformer, re-
sistance RP and capacitance CP account for the transformer
loss and parasitic capacitance, resistance RL and capacitance
CL take into account the reflected rectifier impedance. Finally,
capacitor CC models the equivalent parasitic capacitance of the
oscillator core, mainly due to the LDMOS pair. Maximizing
power transfer efficiency requires transformer loss resistance
RP to be much higher than reflected rectifier resistance RL .
Unfortunately, since RP is equal to ω·QP ·LEQ , high values
of RP are usually achieved by increasing both oscillation fre-
quency and equivalent inductance, which in turn need smaller
transistor sizes. On the other hand, the improvement in oscilla-
tor active core and rectifier efficiencies needs larger transistors
M1,2 and rectifier diodes, which increases their parasitic capac-
itances (i.e., CC , and CL ), thus reducing oscillation frequency
and hence RP . For example, the adopted LDMOS transistors
show small signal gate and drain capacitance around 2 and
2.3 pF/mm, whereas their on resistance is around 4.2 Ω×mm.
Moreover, larger diodes and hence better rectifier efficiency

Fig. 5. I–V characteristic of a Schottky-diode basic cell.

also means higher RL , thus requiring an even higher RP . These
simple considerations highlight the strong interactions between
the performance of active and passive stages and confirm that
no significant result can be achieved by designing each system
block as a standalone circuit. Optimum performance can then be
obtained by adopting an iterative co-design procedure between
the converter building blocks.

One of the most important design specifications for an in-
tegrated dc–dc converter is its power density, i.e., the ratio of
delivered output power to overall silicon area occupation, which
is a key figure of merit for fully integrated converters [17]–[19].
The main purpose of the proposed design procedure is to opti-
mize the dc–ac conversion efficiency at a given power density,
which means optimum co-design between power transistors and
isolation transformer in the oscillator. The starting point was the
design of the rectifier, since it defines the equivalent load of the
transformer at the secondary coil and sets the upper bound for
the oscillation frequency. Then, a lumped geometrically scal-
able model of the transformer was developed, thus enabling
parametric circuit simulations to efficiently explore the design
space. By taking advantage of this model, several designs for
the whole dc–dc converter were carried out, which were re-
fined by iterating the design procedure. Since optimal operating
conditions for the transformer and the active circuitry are con-
trasting, the iterative procedure may sometimes produce design
solutions, which do not comply with target specifications, as
will be shown. Finally, starting from the best solution, the sys-
tem design was completed for integration by taking into account
main on-chip and off-chip parasitic effects through an extensive
electromagnetic (EM) analysis.

A. Rectifier Design

The adopted high-voltage Schottky diode has an elementary
active area of 100 μm2 and a breakdown voltage of 25 V. Its
series resistance and junction capacitance are 160 Ω and 17 pF,
respectively, while its I–V characteristic is shown in Fig. 5.
At a given power and voltage level, the rectifier efficiency,
ηRECT , is highly affected by the number of elementary diode
cells, M, which defines the overall diode size. Table I shows
simulated ηRECT and input impedance for different values of
M. It is apparent that at increasing values of M the percentage
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TABLE I
SIMULATED RECTIFIER PERFORMANCE, VOUT = 20 V, POUT = 1 W

M ηR E C T [%] RR E C T [Ω] CR E C T [pF]

Schematic 10 56 173 0.35
20 69 192 0.69
30 80 211 1.04
40 87 222 1.37
50 90 226 1.73

Post-layout 40 82 219 3.58

of improvement in ηRECT reduces. Similar considerations can
be drawn for RRECT , while CRECT grows almost linearly with
M. The rectifier was evaluated at the nominal output voltage
of 20 V and an output power of 1 W. The input impedance
is a linearized first-harmonic extrapolation calculated by
large-signal periodic steady state simulations.

We set M to 40 to tradeoff ηRECT with CRECT . This choice
also takes into account the increasing complexity of the rectifier
layout when a high number of elementary cells have to be con-
nected. Indeed, parasitics due to metal connections highly affect
efficiency performance and mainly input capacitance, as high-
lighted by the post-layout performance for M= 40 reported
in Table I. Moreover, parasitic effects due to metal connec-
tions also impact the rectifier bandwidth that could in turn
further reduce rectifier efficiency if high oscillation frequen-
cies are used. However, simulations showed that for operating
frequencies lower than 400 MHz the rectifier characteristics
are quite constant and therefore it was modeled by an input
impedance of 220 Ω//3.6 pF when the oscillator output power,
POUT AC , is fixed at 1.25 W. The efficiency degradation due
to parasitic resistances was minimized by exploiting all the
available metal layers (i.e., metal 1 to metal 4 plus alucap)
and optimizing the number of vias. Finally, a 200-pF metal-
oxide-metal (MoM) capacitor was integrated into the rectifier
chip as a part of the output filter. It exploits the four avail-
able metal layers and the inter-metal dioxide of the standard
CMOS process.

B. Transformer Modeling

A customized design of the transformer is mandatory to max-
imize system efficiency and hence the availability of an accurate
geometrically scalable model is of utmost importance. Unfor-
tunately, there is no easy way to estimate the key electrical
parameters of the transformer from its geometrical parameters
to provide the required accuracy for evaluating power efficiency
in a wide range of the design parameters. Best accuracy can
be obtained by using parametric EM simulations, which imply
high computational effort and long design time. In the proposed
design procedure, the transformer (see Fig. 3) was modeled by
means of the geometrically scalable lumped model shown in
Fig. 6, which models half its structure, i.e., the single-ended
configuration. This approach provides a higher level of accu-
racy compared to simpler models [20]. Indeed, widely adopted
formulae developed for discrete transformers are not useful due

Fig. 6. Geometrically scalable lumped model of TISO (half structure).

Fig. 7. Error distributions of the geometrically scalable lumped model calcu-
lated with respect to EM simulations of the transformer.

to both complex loss and EM coupling mechanisms on silicon.
The model in Fig. 6 exploits a π-like configuration with scalable
expressions for both reactive and resistive components. In par-
ticular, for the inductances LP1/2 and LS1/2 simple analytical
expressions are not applicable due to the large width and area
required by the transformer compared to RF inductors for low
power applications. Therefore, a monomial fitting expression
was used for both primary and secondary coil low-frequency



1988 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 3, MARCH 2017

Fig. 8. Comparisons between model and EM simulations for the Q-factor (nP = 2.5, nS = 8, DIN = 600 μm).

inductances in the model shown in Fig. 5 [21]:

L = A × nb × wc × Dd
OUT × De

AVG (1)

where n,w,DOUT , and DAVG are the number of turns, the metal
width, the outer diameter, and the average diameter of each trans-
former winding, respectively, while coefficients A, b, c, d, and
e are fitting parameters. Model capacitances (i.e., the fringing
contributions modeled by CFP1/2 and CFS1/2 , the underpass
capacitance, CUP , and the isolation oxide capacitance, COX )
were calculated with the simplified expression for parallel-plate
capacitance, while a typical RC network was adopted to model
the silicon substrate [14].

Series resistances RP1/2 and RS1/2 are the most important
model parameters to accurately estimate transformer losses,
mainly due to current crowding phenomenon in the winding
metals. Such phenomenon is due to both skin effect and mag-
netically induced eddy currents, especially in the inner spirals.
It leads to a nonuniform distribution of the current density
within the metal tracks of the coils, which can be modeled
with a frequency-dependent resistance [14]. For this reason, the
following expression was exploited:

R = RDC ×

⎛
⎜⎝1 +

α
(

f
fC R I

)2

1 + β
(

f
SRF

)2

⎞
⎟⎠ × t

tEQ
. (2)

Here, RDC is the dc resistance of the coil, α and β are fitting fac-
tors, fCRI is the critical frequency [22], which takes into account
the crowding effects with respect to the geometrical parameters
of the coil, while t and tEQ are the physical and equivalent
thicknesses of the metal layers, respectively, the latter being
used to model skin effect phenomena [23]. The equation is fur-
ther improved by a correction term based on the Self-Resonance
Frequency (SRF), which accounts for the equivalent resistance
reduction taking place nearby the self-resonance region [15].

The proposed model was properly customized for the adopted
transformer configuration (see Fig. 3), which was chosen to

minimize the length of the bonding wires between the oscillator
and rectifier dice, simplify the routing to the power supply and
the LDMOS transistors and maximize the overlap between pri-
mary and secondary windings. These design choices maximize
the coupling factor for a given oxide thickness. To this aim,
the internal and external diameters were set equal for primary
and secondary coils and the number of turns was limited to
an integer and half-integer number for secondary and primary
coils, respectively. The metal spacing for the primary, sP , and
secondary, sS , windings was set to minimum allowable value
for metal 3 and metal 4, respectively. As a result, we have only
three free design parameters for the transformer, i.e., the primary
coil outer diameter, DOUT P , width, wP , and number of turns,
nP , being secondary coil parameters linked by the following
constraints:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

DOUT S = DOUT P = DOUT

wS =
2wP + (2nP − 1) · (wP + sP ) − sS (2nS − 1)

(2nS + 1)

nS = �G · nP + 0.5� , where G=
π

2
· VOUT

2VDD

. (3)

To set the turns ratio, G, an ideal full-bridge rectifier was as-
sumed (i.e., VOUT/VOUT AC= 2/π) along with the considera-
tion that the differential voltage at the primary winding is about
twice VDD . It is worth mentioning that, thanks to (3) and the rel-
atively high overlap between primary and secondary windings
compared to the oxide thickness (i.e., about 20 times larger), the
coupling factor, k, for typical transformers for power transfer is
very high and almost constant in the adopted technology (e.g.,
0.9).

The soundness of the developed model is well demonstrated
by the error distributions between calculated electrical param-
eters and EM data for 30 geometrically scaled transformers
(DOUT from 650 to 1900 μm, nP from 1.5 to 3.5, wP from 60
to 300 μm), as reported in Fig. 7. The x-axis reports the magni-
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Fig. 9. Graphic representation of the proposed co-design procedure.

tude of the error, which is defined as the difference between EM
simulation and model data. The y-axis reports the percentage
of transformers that exceed the error value at the correspond-
ing x-axis intercept. Maximum errors for inductance, Q-factor
peak, SRF, and k are mostly smaller than 10%, which confirm
that the model can be used as a reliable tool within the iterative
co-design procedure described below. Fig. 8 shows three typ-
ical comparisons between model and EM simulations for the
Q-factor.

C. Co-design Procedure

As discussed at the beginning of this section, the induc-
tance value should be maximized to improve the transformer
performance (ω·QP ·LEQ ). However, maximizing the induc-
tance leads to sub-optimal system efficiency due to the reduc-
tion of the oscillating frequency. Moreover, for a given area
constraint, maximizing the inductance also means that the in-
ductor width must be reduced and hence also the peak quality
factor decreases. The following co-design procedure is aimed
at optimizing the transformer but taking into account the per-
formance of the oscillator core for the given constraints, so that
the optimal inductance values are found.

We first recall the main design parameters for each building
block of the dc–dc converter to summarize the free design vari-
ables. The parameter that defines the rectifier is the multiplicity,
M, and only three geometrical parameters define the transformer
(i.e., DOUT , nP , and wP ) thanks to the constraints in (3), which
link the inductance ratio LS /LP to the step-up ratio required
while maximizing the coupling factor. The design parameters
of the oscillator core are the size of the power transistors, WA ,
the size of the coupling capacitors, CB , and the biasing voltage,
VB . However, DOUT is constrained by the chip area and VB ,

which sets the transistor bias current for the oscillation startup,

can be set when the final design is refined. Indeed, the oscillator
performance is only slightly dependent on the value of VB . The
proposed co-design procedure is represented in Fig. 9.

In the first step, the constraint on POUT and VOUT is used
to determine the number of diode cells, M, as a tradeoff be-
tween ηRECT with CRECT , as discussed in Section II. The
diode area imposes the rectifier efficiency, ηRECT , and its
input impedance, RRECT//CRECT , and hence the required
value of POUT AC(POUT AC∗) at the output of the power
oscillator.

In the second step, the chip area determines the transformer
output diameter, DOUT , the transformer size being the main
contribution to the overall area. The transformer model in Fig. 6
is used to explore the geometrical design space by sweeping
wP for a given nP . Since DOUT is fixed, the variation of wP
leads to a variation of the transformer DINT and hence of the
transformer fill-factor ρ, as defined in Fig. 9 [24].

In the third step, WA and CB are set to allow the power
oscillator to deliver the desired ac power for each transformer
geometry. In this step, the voltage partition ratio between CB and
the gate capacitance of M1,2 was kept constant, which means a
capacitor CB proportional to the transistor size, WA . Therefore,
an elementary cell can be defined for the oscillator active core
that is set by the ratio CB/WA , thus reducing the active core
design parameters to the cell multiplicity N. To build the active
core, N elementary cells are connected together, as shown in
Fig. 9. At increasing N, the power at the transformer primary
coils and hence output power POUT AC increase. On the other
hand, the oscillation frequency fOSC decreases due to the higher
equivalent capacitance of the active devices (CC in Fig. 4), thus
reducing the transformer loss resistance RP . The reduction of
RP at some value of N can be so high that POUT AC starts
decreasing and the target power is never reached.
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Fig. 10. Typical results of the co-design procedure (a) output ac power, POUT AC , (b) dc/ac efficiency, ηDC AC , (c) oscillator frequency, fOSC .

Finally, once the best oscillator core is sized for the selected
transformer, a new geometry (i.e., higher wP or higher nP ) is
investigated by restarting the design procedure from step two.

This procedure guarantees best performance is achieved
within the allowable geometrical design space. Typical re-
sults of the proposed co-design procedure are described by
the charts in Fig. 10 showing a design space search con-
strained by POUT AC∗ = 1.25 W and DOUT= 1.3 mm. An
elementary cell with WA= 330 μm and CB= 3 pF was used.
Fig. 10(a)–(c) show output power POUT AC ,dc/ac efficiency
ηDC AC , and oscillator frequency fOSC , respectively, for
three increasing values of nP . These charts show six curves,
each one corresponding to a different transformer implemen-
tation, parameterized here by the fill-factor, ρ, which is the
geometrical parameter better related to the ac spiral losses [24].
The curves are drawn as a function of multiplicity N and pos-
sible design solutions (i.e., the ones that reach the required
POUT AC ) are highlighted by markers. They are also listed in
Table II for better clarity. The displayed results well demon-
strate the inherent complexity of an optimum design when the
transformer is a free design component as it happens in this
case of integrated implementation. The required output power
is obtained for all the selected nP . Although valid solutions are
achieved for nP= 1.5, primary coil inductances LP are quite
low and the optimum design cannot be achieved. Indeed, due to
the area-constrained design procedure, the use of larger wP to
reduce series losses along with low nP leads to too low LP val-

TABLE II
SUMMARY OF OPTIMIZED DESIGNS FROM FIG. 10

nP ρ wP [μm] LP [nH] N PO U T A C [W] ηD C A C [%] fO S C [MHz]

0.3 154 3.2 13 1.26 34.8 275
0.4 190 2.7 14 1.34 34.5 301
0.5 222 2.3 14 1.26 32.1 331

1.5 0.6 250 2.0 15 1.30 30.9 356
0.7 275 1.7 16 1.32 29.5 380
0.8 296 1.5 17 1.32 27.9 403

0.4 127 6.9 25 1.25 32.2 144
0.5 148 5.8 16 1.27 36.0 194

2.5 0.6 166 5.0 14 1.28 36.7 217
0.7 183 4.3 13 1.26 36.4 240
0.8 197 3.8 13 1.26 35.9 258

3.5 0.8 148 7.1 22 1.26 34.0 151

ues, whereas increasing the oscillation frequency is not enough
to achieve a high ω · Q · L product (i.e., high RP in Fig. 4). On
the other hand, for nP= 3.5 only one solution is found, which
achieves an ηDC−AC of 34%, due to the higher dc losses. The
most promising solutions are instead obtained with nP= 2.5
that allows a range of wP in which the best trade-off between
dc and ac series losses of primary windings is achieved and
efficiency reaches maximum values better than 36%. This wP
range, which is highlighted in bold in Table II, also corresponds
to optimum values of ρ around 0.6.
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TABLE III
DESIGN PARAMETERS FOR THE PROPOSED CONVERTER

Block Parameter Value Unit

Oscillator Core (N = 16) WA 5.28 [mm]
CB 16.6 [pF]
VB 1.1 [V]

Isolation transformer wP |wS 146 | 55 [μm]
sP |sS 1 | 5 [μm]
DO U T 1330 [μm]
nP |nS 2.5 | 8 turns
LP |LS 6| 52 @ fO S C [nH]
QP |QS 2.9 | 8.1 @ fO S C

k 0.884

Rectifier M 40 diodes

TABLE IV
EXPECTED PERFORMANCE

Output Power Oscillation
Converters power efficiency frequency

dc - ac
RR E C T = 220 Ω
CR E C T = 3.6 pF

1.12 W 35.5% 198 MHz

dc - dc
VO U T = 20 V

0.93 W 30.6% 194 MHz

Fig. 11. Simulated single-ended voltage/current waveforms for the final
design referred to Fig. 2. (a) LDMOS drain terminal. (b) Rectifier input
terminal.

Starting from these solutions, the design flow was iterated by
increasing the sampling points closer to the optimal points. For
each design cycle, the best solutions were further checked with
EM simulations. Finally, the design was completed including
the rectifier and parasitic effects due to bonding wires and both

TABLE V
SIMULATED BREAKDOWN OF POWER LOSSES

Block Power losses

[mW] [%]

Active Core 744 35.3
Transformer 1089 56.4
Rectifier 176 8.3

Fig. 12. Micrographs of (a) power oscillator and (b) rectifier.

Fig. 13. Micrograph of the overall dc–dc converter assembled on board.
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Fig. 14. Output power POUT AC , power efficiency ηDC−AC , and oscillation
frequency fOSC , measured at the power oscillator output as a function of load
capacitance CL for RL = 220 Ω.

the ground and power supply planes. In the final design, the
ratio CB/WA was adjusted to guarantee operating conditions
with maximum allowable gate peak voltage for safe operation
and best efficiency. Final values of the design parameters for the
proposed dc–dc converter are summarized in Table III and the
main expected results in Table IV, whereas Fig. 11(a) and (b)
show simulated single-ended voltage/current waveforms at the
LDMOS drain and rectifier input, respectively.

The resonant operation minimizes power losses and hot-
carrier degradation in the active devices [25], thus increasing
their efficiency and reliability, whereas the transformer involves
most of the power losses. Actually, the transformer accounts
for more than 56% of the overall losses as shown in Table V,
where simulated breakdown of power losses is reported. The
large transformer area, its round shape, and the large metal
width adopted work together to prevent temperature hotspots
and avoid reliability issues.

IV. EXPERIMENTAL RESULTS

The micrographs of the power oscillator and the full-bridge
diode rectifier are shown in Fig. 12(a) and (b), respectively.
The oscillator die size is 3.3 mm × 2.6 mm, mainly due to
the isolation transformer. The LDMOS active core is placed
at the bottom of the die along with the ground plane. A large

Fig. 15. Output voltage measured at the power oscillator output for
RL = 220 Ω,CL = 5 pF.

metal plane provides the power supply connection to the primary
coil center tap. Off-chip parasitics were minimized by using
multiple bonding wires for both VDD and ground. The rectifier
has an actual size of 950 μm × 725 μm. As can be seen, the
highlighted MoM capacitors account for almost 50% of the
rectifier area. The overall silicon area of the two dice is about
9.3 mm2.

Experimental characterization was carried out in two phases.
First, the performance of the dc–ac conversion was evaluated by
mounting the power oscillator die on a testing board along with
a discrete passive network as an equivalent output load (i.e., a
resistance RL in parallel to a capacitance CL ). The output volt-
age, VOUT AC , at the secondary winding of the transformer was
captured by means of a high impedance active probing system.
Afterwards, the complete system was assembled on the evalu-
ation board, as shown in Fig. 13. Two bonding wires directly
connect the secondary coil of the transformer to the rectifier
input pads. The dc–dc converter was characterized at increasing
dc output voltage, VOUT , by means of a semiconductor param-
eter analyzer. It was also tested at different output power levels
by using the on-chip ON–OFF power control. All measurements
were performed at 5-V power supply and room temperature.

A. Measurements of the dc–ac converter

Fig. 14 shows power POUT AC , power efficiency ηDC−AC ,
and fOSC , measured at the power oscillator output as a func-
tion of load capacitance CL for the nominal value of RRECT
of 220 Ω. The curves of POUT AC and ηDC−AC show a peak
value greater than 1 W and 31%, respectively, with CL around
5 pF. The power oscillator exhibits high robustness with respect
to CL with an efficiency higher than 30% in a range of ±2 pF
around the optimum value of CL . However, compared with the
expected values in Table IV, which were found for RL= 220 Ω
and CL= 3.6 pF (i.e., the simulated equivalent input impedance
of the rectifier), a reduction of both output power and efficiency
of about 6.5% and four percentage points results, respectively.
This is ascribed to a 15% reduction in fOSC due to inaccu-
rate evaluations of LDMOS parasitic capacitances. Indeed, the
evaluation of these effects is a well-known problem that requires
large-signal RF characterization and proper modeling, not avail-
able at the time of design [26]. Finally, Fig. 15 shows a measured
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TABLE VI
COMPARISON WITH STATE-OF-THE-ART INTEGRATED STEP-UP CONVERTERS

Ref. [26] [27] [28] [8] [9] THIS PAPER THIS PAPER

(STANDARD METALS) (IMPROVED METALS)

Topology Fly-back Boost Boost Resonant Resonant Resonant Resonant
Operating frequency, [MHz] 1400 120 100 170 160 165 168
Voltage gain 4.44 3.75 1.83 1 3 4 4
Maximum power, [mW] 6.4 3.6 150 500b 275 780 980
Efficiency 19% 28% 63% 33%b 25% 28% 29.6%
Power density, [mW/mm2] 50 2.1 67 – – 83 105
Galvanic isolation no no no 5 kV 5 kV 5 kVd 5 kVd

VO U T , [V] 8 6 3.3 5 15 20 20
Technology 0.18–μm 0.18–μm 0.18–μm 0.6–μm 0.6–μm 0.35–μm 0.35–μm

CMOS CMOS CMOSa HV-CMOS, Schottkyc HV-CMOS, Schottkyc BCD, Schottky BCD, Schottky
Silicon area, [mm2] 0.127 1.69 2.25 – – 9.3 9.3

a.Bond-wire inductor. b.Including closed-loop control circuitry. c.Post-processed micro-transformer, thick Au metals, thick gate oxide. d.Transformer isolation rating guaranteed
by technology.

Fig. 16. Output power POUT and power efficiency η versus VOUT .

voltage waveform at the power oscillator output for RL= 220 Ω
and CL= 5 pF.

B. Measurements of the dc–dc converter

The full characterization of the system was carried out for
two versions of the dc–dc converter, which differ for the metal
back-end of the transformer. In particular, the standard back-end
(i.e., 0.9–μm Al metal 3 and 3.7μm Cu metal 4) was enhanced
by thickening the primary coil metallization by about 50%,
thus improving transformer efficiency. Measurements of both
standard and thicker metal converters are presented.

Fig. 16 shows dc output power POUT and dc–dc power effi-
ciency η, as a function of output voltage VOUT , for both standard
and thicker metal back-end. Efficiency increases with VOUT ,
thanks to a better performance of both the oscillator and the
rectifier at higher oscillating voltages. The exploitation of a
thicker primary coil allows both POUT and η to be improved by
about 200 mW and almost two percentage points, respectively,

Fig. 17. Power efficiency η versus output power POUT (VOUT = 20 V).

in nominal conditions (i.e., VOUT= 20V), approaching values
of 980 mW and 29.6%.

The efficiency of both converters was tested at different POUT
by using the on-chip turn-OFF power control driven by an exter-
nal 200-kHz PWM signal with duty cycle from 10 to 100%. The
curves in Fig. 17 show that η is quite constant with respect to
POUT , thus confirming that output regulation can be achieved
without affecting the power transfer efficiency of the converter.
Moreover, there is enough unused silicon area in the oscillator
chip [see Fig. 12(a)] to include the control circuitry without
further increasing overall area occupation.

A comparison with most representative works is carried out
in Table VI. Specifically, papers in [27]–[29] are CMOS-based
fully integrated step-up converters, while [8] and [9] are the
sole examples of SiP integrated step-up converters providing
galvanic isolation. The work in [29] achieves the highest effi-
ciency by using bonding wire inductances, but the power density
is lower and mainly the integration approach is not compatible
with galvanic isolation. Refs. [8] and [9] achieve galvanic iso-
lation but the power transformer is made up of very thick Au
metals thanks to a post-processed back-end. Both works exhibit
comparable efficiency but at much lower output power. The pro-
posed solution advances the state of the art of fully integrated
inductive step-up converters for both peak power and power
density.
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V. CONCLUSION

A galvanically isolated dc–dc converter in silicon technol-
ogy has been presented. The highest level of integration was
achieved since only two dice were used without any post-
processing step. A co-design procedure is proposed to fully
exploit the integrated approach by taking into account the inter-
actions between building blocks. For the first time, this paper
shows the feasibility of galvanically isolated power conversion
up to 1 W with a power efficiency of about 30% in a fully
integrated implementation in silicon technology. Indeed, this
performance greatly advances state-of-the-art integrated induc-
tive step-up dc–dc converters in terms of both output power and
power efficiency with outstanding power density, while also
providing on-chip galvanic isolation. Experimental characteri-
zation also demonstrates that significant improvements in terms
of power density and power efficiency can be achieved by im-
proving the metal back-end, thus enabling a new class of highly
integrated devices.
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imento più efficace, Trieste, Italy, Sep. 2014.

[6] O. Deleage, J.-C. Crebier, M. Brunet, Y. Lembeye, Y. H. T. Manh,
“Design and realization of highly integrated isolated DC/DC microcon-
verter,” IEEE Trans. Ind. Appl., vol. 47, no. 2, pp. 930–938, Mar./Apr.
2011.

[7] D. J. Perreault et al., “Opportunities and challenges in very high frequency
power conversion,” in Proc. IEEE 24th Annu. Appl. Power Electron. Conf.
Expo., Feb. 2009, pp. 1–14.

[8] B. Chen, “Fully integrated isolated dc-dc converter using micro-
transformers,” in Proc. IEEE 23rd Annu. Appl. Power Electron. Conf.
Expo., Feb. 2008, pp. 335–338.

[9] B. Chen, “Isolated half-bridge gate driver with integrated high-side sup-
ply,” in Proc. IEEE Power Electron. Spec. Conf., Jun. 2008, pp. 3615–
3618.

[10] V. Palumbo, G. Ghidini, E. Carollo, and F. Toia, “Integrated transformer,”
U.S. Patent App. 14/733009, 2015.

[11] A. Moscatelli, A. Merlini, G. Croce, P. Galbiati, and C. Contiero, “LDMOS
implementation in a 0.35 μm BCD technology (BCD6),” in Proc. IEEE
Int. Symp. Power Semicond. Devices ICs, May 2000, pp. 323–326.

[12] L. Fanori and P. Andreani, “Class-D CMOS oscillators,” IEEE J. Solid-
State Circuits, vol. 48, no. 12, pp. 3105–3119, Dec. 2013.

[13] M. Shahmohammadi, M. Babaie, and R. B. Staszewski, “A 1/f noise
upconversion reduction technique applied to Class-D and Class-F oscil-
lators,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers,
Feb. 2015, pp. 444–445.

[14] A. Scuderi, E. Ragonese, T. Biondi, and G. Palmisano, Integrated In-
ductors and Transformers: Characterization, Design and Modeling for
RF and MM-Wave Applications. Boca Raton, FL, USA: CRC Press,
Nov. 2010.

[15] A. Scuderi, T. Biondi, E. Ragonese, and G. Palmisano, “A lumped scalable
model for silicon integrated spiral inductors,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 51, no. 6, pp. 1203–1209, Jun. 2004.

[16] T. Biondi, A. Scuderi, E. Ragonese, and G. Palmisano, “Analysis and
modeling of layout scaling in silicon integrated stacked transformers,”
IEEE Trans. Microw. Theory Techn., vol. 54, no. 5, pp. 2203–2210, May
2006.

[17] M. Steyaert, T. Van Breussegem, H. Meyvaert, P. Callemeyn, and
M. Wens, “DC-DC converters: From discrete towards fully inte-
grated CMOS,” in Proc. IEEE Eur. Solid-State Circuits Conf. Tech.
Dig., Sep. 2011, pp. 42–49.

[18] S. R. Sanders, E. Alon, L. Hanh-Phuc, M. D. Seeman, M. John, and
V. W. Ng, “The road to fully integrated DC–DC conversion via the
switched-capacitor approach,” IEEE Trans. Power Electron., vol. 28, no.
9, pp. 4146–4155, Sep. 2013.

[19] G. Villar-Pique, H. J. Bergveld, and E. Alarcon, “Survey and
benchmark of fully integrated switching power converters: Switched-
capacitor versus inductive approach,” IEEE Trans. Power Electron.,
vol. 28, no. 9, pp. 4156–4167, Sep. 2013.

[20] M. Kiani and M. Ghovanloo, “A figure-of-merit for designing high per-
formance inductive power transmission links,” IEEE Trans. Ind. Eng.,
vol. 60, no. 11, pp. 5292–5305, Nov. 2013.

[21] S. S. Mohan et al., “Simple accurate expressions for planar spiral in-
ductances,” IEEE J. Solid-State Circuits, vol. 34, no. 10, pp. 1419–1424,
Oct. 1999.

[22] W. B. Kuhn and N. M. Ibrahim, “Analysis of current crowding effects in
multiturn spiral inductors,” IEEE Trans. Microw. Theory Techn., vol. 49,
no. 1, pp. 31–38, Jan. 2001.

[23] Eo Yungseon and W. R. Eisenstadt, “High-speed VLSI interconnect mod-
eling based on S-parameter measurements,” IEEE Trans. Compon. Hy-
brids Manuf. Technol., vol. 16, no. 5, pp. 555–562, Aug. 1993.

[24] J. Craninckx and M. S. J. Steyaert, “A 1.8-GHz low-phase-noise CMOS
VCO using optimized hollow spiral inductors,” IEEE J. Solid-State Cir-
cuits, vol. 32, no. 5, pp. 736–744, May 1997.

[25] A. D. Sagneri, D. I. Anderson, and D. J. Perreault, “Optimization of
integrated transistors for very high frequency DC-DC converters,” IEEE
Trans. Power Electron., vol. 28, no. 7, pp. 3614–3626, Jul. 2013.

[26] C. C. McAndrew et al., “Advances in LDMOS compact modeling for IC
design: The SP-HV model and its capabilities,” IEEE Solid-State Circuits
Mag., vol. 6, no. 2, pp. 35–46, Spring 2014.

[27] A. Savio, A. Richelli, L. Colalongo, and Z. M. Kowacs-Vajna, “A fully-
integrated self-tuned transformer based step-up converter,” in Proc. IEEE
Int. Symp. Circuit Syst., Feb. 2003, pp. 357–360.

[28] A. Richelli, L. Colalongo, M. Quarantelli, M. Caramina, and Z. M. K.
Vanja, “A fully integrated inductor-based 1.8V-6-V step-up converter,”
IEEE J. Solid-State Circuits, vol. 39, no. 1, pp. 242–245, Jan. 2004.

[29] M. Wens, K. Cornelissens, and M. Steyaert, “A fully-integrated 0.18μm
CMOS DC-DC step-up converter, using a bondwire spiral inductor,”
in Proc. IEEE Eur. Solid-State Circuits Conf. Tech. Dig., Sep. 2007,
pp. 268–271.

Vincenzo Fiore received the master’s degree in mi-
croelectronics and the Ph.D. degree in system’s en-
gineering from the University of Catania, Catania,
Italy, in 2012 and 2015, respectively.

From 2011 to 2015, he was with the Radio Fre-
quency Advanced Design Center, a joined research
center supported by the University of Catania and
STMicroelectronics, where he worked on several in-
novative ICs including the first fully integrated power
transfer systems with on-chip galvanic isolation in
silicon technology. He also worked in the field of

organic electronics, within the framework of COSMIC Project, and on ASK
receivers, for UHF RFID systems. Since 2015, he has been with DICE GmbH
& Co KG, Linz, Austria, where he is involved in the design of mm-wave and
baseband circuits for automotive radar transceivers. His research interests in-
clude design and optimization of analog circuits up to mm-wave frequencies.



FIORE et al.: FULLY INTEGRATED WATT-LEVEL POWER TRANSFER SYSTEM WITH ON-CHIP GALVANIC ISOLATION 1995

Egidio Ragonese (M’03–SM’12) received the Lau-
rea degree in electronic engineering and the Ph.D. de-
gree in electronics and automation engineering from
the University of Catania, Catania, Italy, in 1999 and
2003, respectively.

Since 1999, he has been with the Radio Frequency
Advanced Design Center, a joint research center sup-
ported by the University of Catania and STMicro-
electronics. In 2003 and 2008, he joined the Faculty
of Engineering at the University of Catania as a Re-
search Associate and Research Assistant Professor,

respectively. Since October 2011, he has been with STMicroelectronics, Cata-
nia, Italy. He was involved in the design and development of silicon-integrated
transceivers for wireless communications. His research interests also included
mm-wave integrated circuits for communications, and radar applications. Over
the last few years, he has been also active in the field of organic electronics
within the framework of two European Research Projects. His recent activity is
mainly focused on the design of integrated systems for data/power transfer with
galvanic isolation.

Dr. Ragonese is the co-author of more than 60 papers in international jour-
nals and conference proceedings, several patents, and two books on monolithic
RF/mm-wave inductive components and highly integrated radar, respectively.

Giuseppe Palmisano (M’08–SM’09) received the
Laurea degree in electronic engineering from the Uni-
versity of Pavia, Pavia, Italy, in 1982.

From 1983 to 1991, he was a Researcher with
the Department of Electronics, University of Pavia,
where he was involved in CMOS and BiCMOS ana-
log integrated circuit design. In 1992, he was a
Visiting Professor with Universidad Autonoma
Metropolitana, Mexico City, Mexico, where he taught
microelectronics to Ph.D. students. In 1993 and 2000,
he joined the Faculty of Engineering at the Univer-

sity of Catania, Catania, Italy, as an Associate Professor and Full Professor,
respectively, teaching microelectronics. Since 1999, he has been leading the
Radio Frequency Advanced Design Center, a joint research center supported by
University of Catania and STMicroelectronics, Catania, Italy. He has supervised
the design of several innovative analog integrated circuits and systems within
the framework of national and European research projects and in collaboration
with electronic industries.

He is the co-author of more than 250 papers in international journals and
conference proceedings, around 50 international patents, and 3 books. His re-
search interests include analog integrated circuit design with special emphasis
to RF applications. Recently, he has been facing remotely powered transceivers
with RF energy harvesting and power and data transfer systems with galvanic
isolation.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


