
1528 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

Characterization Method of SiC-JFET Interelectrode
Capacitances in Linear Region

Ke Li, Member, IEEE, Arnaud Videt, Member, IEEE, and Nadir Idir, Member, IEEE

Abstract—In order to study switching waveforms of a SiC-JFET,
its interelectrode capacitances evolution is necessary when the
power device is in linear region. In this paper, the reverse transfer
capacitance Cgd is at first characterized by the multiple-current-
probe method and afterwards validated by the measurement with
an impedance analyzer. The output capacitance Coss is measured
by the same method and compared with the single-pulse character-
ization, which shows a huge increase of the apparent capacitance
values in linear region. The influence of the power transistor in-
ternal gate resistor is thus studied, revealing the interelectrode
capacitances measurement difficulties when the power device is
in linear region. The characterization results are allowed to finely
model the power transistor of which the switching behaviors are
validated with the measurement in a buck converter.

Index Terms—Gate resistance Rg , interelectrode capacitances,
linear region, multicurrent-probe method, SiC-JFET, single-pulse
characterization.

I. INTRODUCTION

W IDE bandgap power semiconductor devices are playing
an important role in the future energy conversion sys-

tem development [1]–[4], thus it is necessary to know well their
characteristics to optimize their use for high-temperature, high-
efficiency, and high-frequency power converters design [5]–[8].
Power semiconductor devices characteristics can be divided on
static characteristics and dynamic characteristics, of which the
latter is mainly represented by their interelectrode capacitances
nonlinear evolution on different power device electrical param-
eters. When the power transistor is in OFF state, the influence
of both VDSand VGSvoltages on interelectrode capacitances is
presented by authors in [9]–[11] for the case of a Si-MOSFET, a
SiC-MOSFET, and a SiC-JFET, respectively. The determination
of these capacitances values in high blocking VDS voltage plays
an important role to determine the resonance frequency at the
end of the transistor turn-off switching, thus to determine the
electromagnetic interference (EMI) level induced by the power
converter [12].

It is presented in Fig. 1 a power transistor switching mesh and
the ideal ID switching current, VDS and VGS switching voltage
waveforms, in which it is shown that during VDS switching, VGS
is superior to the threshold voltage Vth and there is current in
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Fig. 1. Power transistor switching mesh and ideal switching waveforms.

TABLE I
BASIC TECHNICAL DATA OF “NORMALLY-OFF” SIC-JFET (SJEP120R063)

Nominal voltage 1200 V
Nominal current 40 A (T j = 100◦C)
Maximal junction temperature (T j ) 150◦C
Threshold voltage 1 V (T j = 25◦C)
Packaging TO-247

Fig. 2. “Normally-off” SiC-JFET structure and equivalent circuit.

the power transistor channel. In order to propose a fine power
transistor model, it is necessary to know well the influence of
ID or VGS and VDS voltages on interelectrode capacitances
values. The influence of the switching current on interelectrode
capacitances evolution is presented by authors in [13] and [14]
in the case of a Si-MOSFET.

In this paper, a “Normally-off” SiC-JFET (SJEP120R063) is
studied, of which some basic technical data are listed in Table I.
As shown in its structure in Fig. 2, Cds can be neglected when
the power transistor is in OFF state [15], so interelectrode ca-
pacitance Coss=Crss . When this power device is in OFF state,
its interelectrode capacitances evolution on both VDS and VGS
voltages have been studied by authors in [11]. In this paper,
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their evolution when the power transistor is in linear region will
be presented, with the purpose to accurately express the power
transistor switching behaviors.

In this paper, first, interelectrode capacitance Cgd in lin-
ear region is characterized by a multiple-current-probe (MCP)
method. The obtained results are validated by comparing with
another measurement using an impedance analyzer (IA). After-
wards, the output capacitance Coss is characterized by the MCP
method. Different from the OFF state where Coss values equal to
Crss values (confirming the absence of Cds for this transistor), a
huge increase of its apparent values is observed in linear region.
This result is further verified by a second measurement based on
single-pulse characterization. The power transistor internal gate
resistance Rg is then taken into consideration during the char-
acterization. Its influence on obtained results by both MCP and
single-pulse method will be detailed. Afterwards, a SiC-JFET
behavioral model based on these characterization results is pro-
posed, of which the switching waveforms are compared with the
experimental results. This paper is terminated by a conclusion
that presents the principle results.

II. INTERELECTRODE CAPACITANCES MEASUREMENT

BY MCP METHOD

In this section, the MCP method used to measure interelec-
trode capacitances of a power transistor in OFF state is reviewed.
Then, an improved measurement circuit by using this method
to measure interelectrode capacitances of a power transistor in
ON state is proposed.

A. Transistor in OFF State

The MCP method, which is based on the use of a vector net-
work analyzer (VNA) and several current probes, has been re-
ported by authors in [16] to measure interelectrode capacitances
of a power transistor in OFF state. Depending on the number of
current probes, the MCP method can be divided in two-current-
probe method [one current injection probe (CIP), one current
receiving probe (CRP), see Fig. 3(a)] and three-current-probe
method [one CIP, two CRPs, see Fig. 3(b)].

The principle of the MCP method is that the VNA injects an
ac current in the measurement circuit through the CIP, and when
this current passes through an unknown impedance, it is mea-
sured by a CRP. Unknown impedance can be finally obtained
by knowing the relation between the voltage of each port of the
VNA, which is defined in the form of S-parameter, during the
measurement.

For the measurement circuit shown in Fig. 3(a), the injected
current flows through the parallel association of both interelec-
trode capacitances Cgd and Cds . Thus, the measured impedance
Zmeas at one measurement equals to

Zmeas = Zsetup + Zx (1)

where Zsetup represents the total impedance of the measurement
circuit (e.g., current-probe insertion impedance, connecting
wires parasitic impedance, and LISN 100-Ω impedance), of
which the value can be determined by preliminary measure-
ments. In a two-current-probe method, as shown in Fig. 3(a),

Fig. 3. Power transistor interelectrode capacitance measurement by the MCP
method. (a) Using two current probes; (b) using three current probes.

Zsetup can be obtained by connecting two different precision
standard resistors between point A and B to replace the power
transistor. Contrary to that, in the three-current-probe method
shown in Fig. 3(b), Zsetup can be obtained by replacing the
power transistor with two precision standard resistors connect-
ing A to B1 and A to B2 separately. Then, it is necessary to
repeat the aforementioned step twice and in each step, two pre-
cision standard resistors of different values can be used [16].
Once its value is determined, the unknown impedance Zx can be
obtained. In this case, Zx is the impedance of the output capac-
itance Coss = Cds + Cgd . Thus, the Coss evolution on different
VDS voltages can be determined in this measurement when the
power transistor is in OFF state.

Likewise, for the measurement circuit shown in Fig. 3(b),
the injected current flowing through Cgd is measured by one
CRP and that flowing through Cds is measured by another CRP.
After determining Zsetup value by preliminary measurement,
both Cgd and Cds evolution on different VDS voltages can be
obtained in this case.

As shown in Fig. 3, VGS is zero volt, but it could also be
polarized negatively by a battery. The results of a SiC-JFET
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Fig. 4. Commercialized current probes and those used in the paper.

interelectrode capacitance evolution for different VDS and VGS
voltages can be found in [11] when the transistor is in OFF
state.

B. Extension to Transistor in ON State

As shown in (1), Zx is obtained by a subtraction. When the
power transistor is in OFF state, Zx value is much bigger than
Zsetup value around 1 MHz, which corresponds to the frequency
in which the interelectrode capacitance values are determined.
However, when the power transistor is in ON state, Zx value can
be smaller than Zsetup value because of the channel conduction.
In order to avoid measurement error by subtracting two big
values to get a small one, it is necessary to decrease Zsetup
value.

For this reason, at first, current probes used in this paper are
those developed in the laboratory [17]. It is shown in Fig. 4
the comparison between the commercialized current probes and
those used in this paper. The use of those small current probes
can help to decrease the measurement loop dimension, thus de-
crease the current probes insertion impedance in the circuit as
well as the connecting wire parasitic impedance. Thus, mea-
surement sensibility can be increased. However, those smaller
current probes are easily saturated by dc current. This drawback
makes the measurement configuration in Fig. 3(a) inapplicable
to ON-state characterization where the channel may conduct
high dc current.

For this reason, a new measurement circuit to characterize
Coss value is proposed in Fig. 5(a). In this test configuration, a
first 2.2-μF capacitor is used to block the dc voltage between D
and S in order to avoid the saturation of those smaller current
probes by the dc current. Meanwhile, a second capacitor of the
same value is connected between G and S, in order to make G and
S in short circuit around 1 MHz, because its impedance at this
frequency is much smaller than that of Cgs . A high impedance
circuit is constituted by a 43-μH inductor together with the LISN
to guarantee that all the injected ac current flows through the
power transistor.

In Fig. 5(a), Zsetup is constituted by smaller current-probe
insertion impedance, connection wire parasitic impedance in the

Fig. 5. (a) Coss measurement configuration and (b) small-signal equivalent
circuit by the MCP method.

Fig. 6. Cgd measurement configuration when power transistor is in ON state.

measurement loop and the impedance of the 2.2-μF capacitor,
which is much smaller than the Zsetup value in the measurement
configuration shown in Fig. 3(a).

An equivalent circuit of the power transistor in this character-
ization is represented in Fig. 5(b), where R represents dynamic
resistance value of the channel, L represents bonding wire par-
asitic inductance inside the power transistor packaging. Thus,
Coss evolution when the power transistor is in ON state can be
obtained in this measurement configuration.

Similar to the aforementioned explanations, the three-current-
probe method presented in Fig. 3(b) is not applicable to charac-
terize the device capacitances when the channel is in conduction.
For this reason, another measurement configuration is proposed
in Fig. 6 to measure Cgd value when power transistor is in ON
state. Two external 2.2-μF capacitors are used to block the dc
voltage between D and G, and between G and S in order to avoid
the saturation of those smaller current probes by the dc current.
In the current loop represented by the red dotted line in Fig. 6,
part of the injected current by CIP passes through Cgd and is
then measured by the CRP, so Cgd values can be measured di-
rectly. The next section will present the result of such ON-state
characterizations.
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Fig. 7. Cgd measurement results for different VDS values (VGS = 1.4V) by
the MCP method.

III. SIC-JFET INTERELECTRODE CAPACITANCES

CHARACTERIZATION

A. CgdCharacterization

1) MCP Method: When the SiC-JFET is in linear region,
Cgd is first characterized by the MCP method, of which the
measurement circuit is illustrated in Fig. 6. In the measurement,
junction temperature Tj is controlled to be constant at 25 ◦C
by using the relation Tj = Tm + Rth(tot)P , where Tm is the
measured temperature, Rth(tot) is the total thermal resistance
between the power transistor junction to the measurement point
(including the device junction-case thermal resistance, case-sink
thermal resistance, and the isolation material thermal resistance
between the device and the heat sink), and P is power tran-
sistor dissipated power. When P increases, it is necessary to
decrease Tm in order to maintain Tj constant, which is realized
by controlling the rotation speed of a fan in the measurement.

When VGS = 1.4 V, the measured Cgd impedance and phase
at different VDS voltages is shown in Fig. 7. It can be seen
that the measured phase is almost −90◦ around 1 MHz, which
indeed corresponds to a capacitance behavior. Thus, Cgd values
can be obtained directly.

2) Measurement by an IA: To validate the above Cgd mea-
surement results by the MCP method, another measurement
based on the IA (HP4294A, 40Hz–110MHz) is presented in
Fig. 8(a). The measurement principle is similar to that presented
in the previous section. The use of the Guard of the IA guar-
antees that the injected ac current flowing through Cds flows
directly to the Guard (the potential of Guard is the same as
Low) [18]. Cgd evolution is thereby directly measured, which
is illustrated by the red dotted line showing in the current flow
in Fig. 8(a). Its values are also obtained around 1 MHz.

When VGS is 1.2 and 1.4 V, Cgd characterization results of
the aforementioned two methods are compared in Fig. 8(b),
in which it is shown that Cgd measured by the MCP method
corresponds perfectly with that measured by an IA for the small
VDS voltage values. This result is able to validate the presented
MCP method to characterize Cgd values when the power device
is in linear region. With the advantage such as galvanic isolation
between the measurement equipment and the power source,
the MCP method is well adapted to characterize Cgd values
when the power device is in linear region. As what is shown

Fig. 8. Cgd measurement (a) configuration and (b) results at different VDS
and VGS voltages.

in Fig. 8(b), when the power device is in the linear region, Cgd
increases with the increase of the VGS voltage value. This result,
which is involved in the power transistor switching trajectory,
is important to model power device switching.

B. Coss Characterization

1) MCP Method: Coss capacitance is first characterized
by the MCP method with the measurement circuit shown in
Fig. 5(a), where G and S are in short circuit by an external 2.2-
μF capacitor. In the power transistor equivalent circuit shown
in Fig. 5(b), the impedance of the 2.2-μF capacitor between G
and S, which includes its parasitic bonding wire inductance L,
can be neglected in comparison with measured Cgd impedance
when the measurement frequency is inferior to 10 MHz. There-
fore, the measured admittance can be expressed by the following
equation:

Ymes =
1
R

+ jω(Coss). (2)

According to (2), output capacitance (Coss) values can be
finally determined by calculating the imaginary part of the mea-
sured admittance.

It is presented in Fig. 9(a) the measured Coss admittance and
phase when VGS = 1.4V and Tj = 25 ◦C. From those measure-
ment curves, Coss values can be determined around 1 MHz and
they are shown in Fig. 9(b).
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Fig. 9. (a) Coss measurement results and (b) values (VGS =1.4 V).

According to the internal structure of the power device pre-
sented in Fig. 2, Cds capacitance can be neglected. However,
with the measurement results shown in Fig. 9(b), it is shown
that Coss values seem to increase above 10 nF when the power
device is in linear region. It is surmised by this result that there is
a surge increase of the Cds values. In order to validate this result,
the same power device is characterized by another measurement
based on single-pulse switching.

2) Single-Pulse Characterization: The setup of the single-
pulse study is presented in Fig. 10(a), which is constituted
mainly from a buck converter. The device under test (DUT)
is connected in series with the inductor as the load. The pulse
duration t is regulated to keep Tj constant during the mea-
surement. Current ID is measured by an active current probe
CP030 (DC-50 MHz) while the voltage VDS is measured by
an active differential probe ADP305 (DC-100 MHz). A 12-bit
(600 MHz) oscilloscope is used to have more precision.

It is presented in Fig. 10(b) the waveforms of the current ID
and the voltage VDS when t is 50 μs. They are then combined
and presented in Fig. 10(c) in the form of ID–VDS plane. It is
shown in Fig. 10(c) that at one VDS voltage, the measured ID
during the pulse ON is different from that measured during the
pulse OFF. This current difference is supposed due to the charge
and discharge of Coss capacitances at pulse ON and pulse OFF.

Fig. 10. Single-pulse characterization. (a) Setup; (b) waveforms, and (c) VDS –
ID relation (VGS =1.4 V).

To verify this hypothesis, Coss capacitance values are then
calculated according to the RC equivalent circuit shown in
Fig. 11(a). The current ID slew rate during the measurement
shown in Fig. 10(b) is smaller than 1A/μs, so the bonding
wires inductance L inside the power device packaging can be
neglected. In Fig. 11(a), Rs represents static resistance values
of the SiC-JFET channel. Points A and B in Fig. 10(c) repre-
sent one VDS value at two different instants, thus the following
equation can be applied to calculate Coss values.

VDS

Rs
= I − Coss ×

(
dVDS

dt

)
. (3)
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Fig. 11. (a) Equivalent circuit and (b) Coss measurement results.

Equation (3) can be applied when voltage VDS rises and falls,
which corresponds to points A and B in Fig. 10(c). Then, by
varying VDS voltage values in the equation, Coss evolution with
VDS voltages can be determined when the power transistor is in
linear region.

It is presented in Fig. 11(b) the comparison of Coss values be-
tween this calculation and the measurement by the MCP method.
It is shown that the obtained Coss values by these two methods
are similar, which confirms the apparent increase of Coss values
when the power device is in linear region.

Finally, by using the obtained Rs and C values, the equivalent
circuit shown in Fig. 11(a) is simulated in PSpice in order to
validate VDS rising and falling dynamic effect. It is presented in
Fig. 12 the comparison between the measurement and the sim-
ulation results, which shows a good consistency. It is surmised
by this result that at one VGS voltage, the power transistor can
be represented by an RC circuit model shown in Fig. 11(a). It
can be noted that, compared to the MCP method, this calcula-
tion method based on the single-pulse measurement makes it
possible to control Tj more easily due to the short self-heating
duration and to determine Coss values on high VDS voltage val-
ues when the power device is in linear region.

The aforementioned SiC-JFET interelectrode capacitances
characterization results reveal that, when the power device is
in linear region, Cgd capacitance increases slightly with VGS
voltage and Coss capacitance seems to increase from around
1 nF to more than 10 nF. Furthermore, it is presented by authors
in [19] that the channel current might increase Cds capacitance
values by a factor of 10 for a Si-MOSFET. Thus, it may seem
consistent that for this SiC-JFET, the increase of the measured

Fig. 12. Comparison between the simulation and the measurement waveforms
when VGS =1.4 V. (a) VDS rising; (b) VDS falling; (c) VDS –ID .

Coss apparent values is similarly due to a surge increase of the
Cds capacitance values.

However, it is observed that there is a nonneglected internal
gate resistor Rg inside the power device packaging in the tech-
nical datasheet of the SiC-JFET. According to Kang et al. [20],
the origin of one part of the Rg is due to the gate electrode. The
influence of the Rg on characterization results is presented in
the next section.

IV. INTERNAL GATE RESISTANCE Rg INFLUENCE

In order to present the influence of Rg on SiC-JFET char-
acterization results when the power device is in linear region,
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Fig. 13. Small-signal model of the characterization circuit by the MCP method
when power transistor in linear region.

it is necessary to model the characterization circuit with a de-
tailed power device model. Therefore, internal gate resistor Rg

and parasitic resistor of drain Rd and that of source Rs are in-
cluded in the power device model in order to obtain an analytical
expression of the measured impedance.

A. SiC-JFET Characterization with Internal Rg

1) MCP Method Characterization Circuit Modeling: It is
presented in Fig. 13 the small-signal model to represent power
device (with Cds and internal parasitic resistances) interelec-
trode capacitances characterization by the MCP method when
the power device is in linear region. The power device physi-
cal accessible electrodes are G’, D’, and S’. The influence of
the parasitic inductances inside the packaging on measurement
results can be neglected when the measurement frequency is
inferior to 10 MHz. The bias voltages of VGS and VDS are
dc voltages, so they are not represented in the circuit. The ac
signal is represented by a voltage generator V1 . The gate volt-
age VGS variation can induce a channel current Ich = g · VGS ,
where g represents the power transistor dynamic transconduc-
tance. When power transistor is in linear region, g is supposed
to be independent of VDS voltage.

For Cgd characterization presented in Section III-A, the imag-
inary part of the measured impedance ZCg d , which can be ex-

pressed by Im(V1

Ig
), is calculated.

From the circuit shown in Fig. 13, the following six equations
can be obtained:

VDS = V1 − ID · Rd − IS · Rs (4)

VDG = V1 − ID · Rd − IG · Rg (5)

VGS = IG · Rg − IS · Rs (6)

ID = IS + IG (7)

IG =
VDG

ZCg d

−
VGS

ZCg s

(8)

ID =
VDG

ZCg d

+ g · VGS +
VDS

ZCd s

. (9)

By substituting (5)–(7) into (8), following equations can be
obtained:

IG =
V1 − ID · Rd − IG · Rg

ZCg d

−
IG · Rg − IS · Rs

ZCg s

(10)

IG =
V1

ZCg d

−
(

Rg

ZCg d

+
Rg

ZCg s

+
Rs

ZCg s

)
· IG

+

(
Rs

ZCg s

− Rd

ZCg d

)
· ID . (11)

Similarly, by substituting (4)–(7) into (9), following equation
is obtained:

ID =
V1 − ID · Rd − IG · Rg

ZCg d

+ g · IG · Rg

−g · IS · Rs +
V1 − ID · Rd − IS · Rs

ZCd s

. (12)

By using s = jω in (11) et (12), following equations can be
obtained:

sCgdV1 =
(
1 + sCgdRg + sCgsRg + sCgsRs

)
· IG

−
(
RssCgs − RdsCgd

)
· ID (13)(

sCgd + sCds
)
· V1 =

(
RgsCgd−RssCds−gRg −gRs

)
· IG

+
(
1 + sCgdRd + sCdsRd

+ sCdsRs + gRs

)
· ID . (14)

In the SiC-JFET technical datasheet, the value of the resistor
Rg may equal to several ohms, while that of Rs is inferior to
several tens of milliohms. Thus, with the hypothesis Rg � Rs ,
(13) and (14) can be simplified into the following forms:

sCgdV1 = (1 + sCgdRg + sCgsRg ) · IG

− (RssCgs − RdsCgd) · ID (15)

(sCgd + sCds) · V1 = (RgsCgd − RssCds − gRg ) · IG

+
(
1 + sCgdRd + sCdsRd

+ sCdsRs + gRs

)
· ID . (16)

Multiplying (15) by (1 + sCgdRd + sCdsRd + sCdsRs

+gRs) and multiplying (16) by (RssCgs − RdsCgd), and then,
adding the two equations, the current ID can be canceled in (15)
and (16), so the following equation is thus obtained:

A1 · IG = B1 · V1 . (17)

Rd is supposed to be the same magnitude to Rs , so the fol-
lowing hypothesis can be validated:

Rg � Rs, Rg � Rd

and until 10 MHz 1 � ω2CX Y CX Y RX RY (18)

where X ,Y are index that indicate either d, g, or s.
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By applying this hypothesis, A1 and B1 in (17) can be ex-
pressed in the following forms:

A1 = 1 + gRs

+s (CgdRg + 2CdsRs + CgsRg + 2gCgdRgRs) (19)

B1 = −Rsω
2 (CgdCgs + CgdCds + CdsCgs)

+s (1 + gRs) Cgd . (20)

For Cgd measurement, the imaginary part of the measured

impedance Im
(

V1

IG

)
can be expressed by

Im

(
V1

IG

)
=

E

F
(21)

where

E = −Rsω
3 (CgdCgs + CgdCds + CdsCgs)

× (CgdRg + 2CdsRs + CgsRg + 2gCgdRgRs)

−ω (1 + gRs)
2 Cgd (22)

and

F =
(
Rsω

2 (CgdCgs + CgdCds + CdsCgs)
)2

+ω2 (1 + gRs)
2 Cgd

2 . (23)

By using the same hypothesis (18), (21)–(23) can be simpli-
fied into

Im

(
V1

IG

)
=

1
ωCgd

. (24)

It is shown in the aforementioned equation that when the
power device is in linear region, Cgd measurement in the circuits
presented in Figs. 6 and Fig. 8(a) is valid to characterize its
values. In other words, the internal resistor Rg does not interfere
with the Cgd measurement.

In contrast, the determination of Coss is not so straightfor-
ward, as will be shown in the following.

For the Coss measurement presented in Section III-B, the
imaginary part of the measured admittance YCo s s , which can be

expressed by Im( ID

V1
), is calculated.

Multiplying (15) by (RgsCgd − RssCds − gRg ) and multi-
plying (16) by (1 + sCgdRg + sCgsRg ), and then, subtracting
the two equations, the current IG in (15) and (16) can be can-
celed, the following equation can thus be obtained

A2 · ID = B2 · V1 . (25)

By applying the same hypothesis (18), A2 and B2 in (25) can
be expressed in the following form:

A2 = 1 + gRs

+s (CgdRg + 2CdsRs + CgsRg + 2gCgdRgRs) (26)

B2 = −Rgω
2 (CgdCgs + CgdCds + CdsCgs)

+s (Cds + Cgd + gCgdRg ) . (27)

For Coss measurement, by using the same hypothesis (18),

the imaginary part of the measured admittance Im
(

ID

V1

)
can be

Fig. 14. SiC-JFET characterization by single-pulse method with Rg , Rd , and
Rs .

expressed in the following relation:

Im

(
ID

V1

)
= ω

Cds + Cgd + gRgCgd

1 + gRs
. (28)

Unlike Cgd measurement, it is shown in the aforementioned
relation that when the power device is in linear region, the mea-
sured Coss values by the circuit shown in Fig. 5(a) no longer
equals to Coss = Cds + Cgd . In fact, power transistor dynamic
transconductance g and its internal gate resistance Rg will in-
crease the apparent capacitance values by a term g · Rg · Cgd ,
which reveals the influence of the internal gate resistance on
measurement results.

2) Single-Pulse Characterization Circuit Modeling: It is
presented in Section III-B that the difference of the current ID

values at one VDS voltage [see Fig. 10(c)] is possibly due to the
charge and discharge of the Coss capacitance at pulse ON and
pulse OFF. It is presented in Fig. 14 the SiC-JFET characteri-
zation circuit by single-pulse method, in which Rg , Rd , and Rs

are included in the power device model. It is illustrated by red
lines the direction of each electrical variable during the pulse
ON, which corresponds to dVDS/dt > 0 with the indicated tra-
jectory in Fig. 10(c). It is illustrated by blue lines the direction of
each electrical variable during the pulse OFF, which corresponds
to dVDS/dt < 0 with the indicated trajectory in Fig. 10(c).

It is shown in Fig. 14 that during pulse ON, Cgd charge current
ICg d passes through Rg , which induces a drop voltage VRg

across Rg ; also the source current IS passes through Rs , which
induces a voltage VRs

across Rs . Thus, during the pulse-ON,
the voltage VGS1 can be calculated by the following equation:

VGS1 = Vg + IG1Rg − IS1Rs. (29)

The similar analysis can be applied in pulse-OFF process,
thus during the pulse OFF, the voltage VGS2 can be calculated
by

VGS2 = VG − IG2Rg − IS2Rs. (30)
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Fig. 15. Determination of Rg value. (a) Measurement circuit; (b) equivalent
circuit when SiC-JFET is blocked; (c) measurement result.

It is shown in (29) and (30) that because of the Rg and
Rs resistances, VGS is no longer the imposed voltage VG dur-
ing the characterization. By applying the measurement data in
Fig. 10(c), it can be verified that VGS1 > VGS2 during the charac-
terization. Thus, the difference of the drain current in Fig. 10(c)
is partly due to this VGS voltage difference and not due to a
surge increase of Cds capacitance values.

It is shown in this part and the previous one that both Rg

and Rs resistances have influence on the obtained capacitance
values, thus it is necessary to estimate their values, which will
be presented in the next part.

3) Internal Resistances Rg and Rs Estimation: The Rg re-
sistance can be estimated with the measurement circuit shown
in Fig. 15(a) using the MCP method [16]. When the SiC-JFET
is blocked, it can be represented by the equivalent circuit shown
in Fig. 15(b), in which the 2.2-μF external capacitor is modeled
by its capacitance in series with the equivalent series resistance
Rc and the equivalent series inductance Lc . As Rg is the biggest
resistance and it is much bigger than Rs , its value is obtained
from the results shown in Fig. 15(c), in which it is given by
the resonance frequency. Thus, its value can be estimated about
1.3 Ω.

There is also a term 1 + gRs in the denominator of (28), so
it is necessary to estimate Rs value to quantify its influence on
the measurement results. For this reason, its superior boundary
is calculated by the following method. First, according to the
power device model presented in Fig. 14, the obtained ID –VG

Fig. 16. Method to estimate Rs resistance.

curve in the measurement is an apparent transconductance, in
which VG is altered by the term ID · Rs that is illustrated in
Fig. 16.

Nevertheless, as shown in Fig. 16, Rs cannot be supe-
rior to reverse apparent dynamic transconductance: 1

g ′ = dVG

dID
.

Otherwise, the real power device dynamic transconductance
g = dID

dVG S
obtained from

1
g

=
dVGS

dID
=

dVG

dID
− Rs =

1
g′

− Rs (31)

would be inferior to 0, which means an impossible negative
dynamic transconductance is obtained. Therefore, it is necessary

that Rs is inferior to
(

dVG

dID

)
min

, which is about 14 milliohms

in this case. As a consequence, it can be stated that Rg >> Rs .
The estimated Rg and Rs values are used in the following

paragraphs to validate the characterization results.

B. Validation

The characterization results, by the MCP and single-pulse
methods, are validated by including the influence of the SiC-
JFET internal Rg .

1) MCP Method Characterization: As what is shown in
(24), Cgd capacitance measurement results are not influenced
by the Rg resistance when the SiC-JFET is in linear region.

With the measured Cgd capacitance values, the apparent
“Coss” capacitance values can be calculated according to (28),
and then, compared to the measurement. The Rs value in (28)
can be varied from its minimal value 0 Ω to its estimated max-
imal value 14 mΩ in Section IV-A3, by which the calculation
result of (28) can reach its maximal value and minimal value
correspondingly. Because of the SiC-JFET internal structure,
Cds = 0 is imposed in (28). The calculation results are com-
pared with the measured apparent “Coss” capacitance values in
Fig. 17.

It is shown in Fig. 17 that the measured apparent “Coss”
capacitance values are between the minimal and maximal cal-
culation result of (28). Therefore, when the power device is in
linear region, the surge increase of the “Coss” capacitance val-
ues is certainly due to the influence of gRg on the measurement
and not due to an increase of the Cds capacitance values.
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Fig. 17. Apparent “Coss” capacitance measurement results when the SiC-
JFET in linear region (VGS = 1.4 V).

2) Single-Pulse Characterization: To validate the influence
of Rg on the current ID difference observed in Fig. 10(c), a SiC-
JFET behavioral model presented in Fig. 18(a) is used in the
simulation circuit shown in Fig. 10(a), in which the SiC-JFET
is polarized with VGS = 1.4V. The comparison between the
simulation and the measurement of static characteristic has been
presented in Fig. 18(b). The following equation (32) is used to
express Cgd capacitance values when the SiC-JFET is in linear
region with 0V≤ VGS ≤ 2V. The parameters are obtained by
the fitting method: a = 8.24 × 103 , b = 0.7625, c = 1.12, d =
1.5 × 102 , and e = 0.0021 (various units to satisfy the equation
where VGS , VDS voltages are expressed in volts and Crss in
picofarads). The comparison between the chosen function and
the measurement is shown in Fig. 18(c).

Crss =
a

1 +
(

VD S −VG S +2
b

)c

+d · exp (−e · (VDS − VGS + 2)) . (32)

It is presented in Fig. 19 that the presented power device
model reproduces almost the same current difference ΔID at
one VDS voltage during the current rising and falling. Actually,
some difference can be noticed between the measurement and
model depending on VDS (up to about 30%). As ΔID directly
depends on g, it is principally due to their difference on dynamic
transconductance. Indeed, small differences are likely to occur
between the static characterization dataset and the fitting func-
tions, because I–V curves are first fitted for each VGS , and then,
the obtained parameters are fitted as functions of VGS . Still, it
is shown in Fig. 19 that ΔID is principally due to the ΔVGS
variation during the characterization.

Thus, it is presented in the aforementioned results the influ-
ence of the Rg resistance on characterization results by both the
MCP and the single-pulse methods. The results in this section
reveal that the increase of the apparent Coss capacitance values
when the power device is in linear region is due to the inter-
nal gate Rg resistance. This resistance can vary VGS voltage
during the characterization, thus increase the measured Coss
capacitance values. The SiC-JFET model when including the
measured Cgdvalues variation and when considering Cds = 0 is

Fig. 18. Comparison between the model and the measurement of SiC-JFET
characteristics (Tj = 25◦C). (a) SiC-JFET model; (b) Static characteristics, (c)
Cgd capacitance values.

then compared with the measurement on switching in the next
section.

V. SIC-JFET MODEL VALIDATION

A buck converter with the studied SiC-JFET and one SiC-
diode (CSD20060D) in the circuit shown in Fig. 20(a) is used to
measure switching waveforms. The transistor is controlled by a
driver based on the similar circuit presented in [21]. The power
converter realization is shown in Fig. 20(b).

The measurement conditions are: V = 120 V and Iout =
10 A. Voltage VDS is measured by a voltage passive probe (VP)
PPE4kV (4 kV, 400 MHz), while current ID is measured by
a current surface probe (CSP) FCC F-96 (1–450 MHz). The
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Fig. 19. Comparison of ID –VDS between the model and the measurement
(VGS = 1.4 V, Tj = 25◦C).

Fig. 20. SiC-JFET (a) switching circuit including parasitic inductances and
(b) its realization.

Fig. 21. SiC diode modeling. (a) Static characteristic; (b) dynamic character-
istic.

transfer impedance of the CSP is obtained at first on a printed
circuit board with the same geometry to that used in the power
converter. CSP transfer impedance can then be used to correct
the measured current. More details on how to use the CSP are
presented in [22].

The bus capacitor Cbus and the load are characterized with the
IA. An equivalent circuit valid until 100 MHz of each compo-
nent is proposed in the simulation circuit in PSpice. The parasitic
inductances of the switching loop are indicated in Fig. 20(a),
in which the measured LCb u s = 4nH, Lpara1 = 25nH (lumped
value), Lpara2 = 15nH, Ldiode = 4nH, and Ldriver = 36nH
(lumped value) represent parasitic inductances in the bus ca-
pacitor, power converter, diode packaging, and the driver cir-
cuit. The Ld = 2nH and Ls = 6nH represent parasitic induc-
tances inside the power transistor packaging. The gate parasitic
inductance can be neglected in comparison with Ldriver , thus
only internal gate resistor Rg with its measured value is added
in the simulation circuit. The SiC-diode static characteristic is
modeled by a current generator and its dynamic characteristic
is modeled by its junction capacitor Cj evolution, which are
shown in Fig. 21. The SiC-JFET is modeled by its equivalent
circuit shown in Fig. 18(a).

The switching waveforms comparison between the model
and the measurement when the gate resistance of the driver
Rdriver = 1Ω is shown in Fig. 22. It is shown that turn-on and
turn-off transitions are about 20 ns. The model of the SiC-JFET
represents correctly both the di/dt, dv/dt during the switchings
and the resonance behavior, which is mainly due to the resonance
between the switching loop parasitic inductances with the diode
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Fig. 22. Comparison between the model and the measurement when
Rdriver = 1 Ω. (a) Turn-on waveforms; (b) Turn-off waveforms.

Cj during SiC-JFET turn-on and with the transistor equivalent
capacitance between D and S during SiC-JFET turn-off, at the
end of the switching.

In order to study the robustness of the proposed model, the cir-
cuit is simulated in another switching condition when Rdriver is
10 Ω. The comparison of switching waveforms given in Fig. 23
show a good agreement between the measurement and the simu-
lation. The results confirm the robustness of the proposed model.
However, one reason of the mismatch between the simulation
and the measurement is supposed to be the lack of the mutual in-
ductance in the simulation circuit. The mutual inductance might
be obtained according to some numerical simulation software
such as InCa3D, COMSOL.

VI. CONCLUSION

In this paper, in order to finely model power semiconductor
devices, the interelectrode capacitances of a “normally-off” SiC-
JFET are characterized when the power device is in linear re-
gion. The characterization of the Cgdbased on the MCP method
is validated by the measurement in an IA. The determination
of Cossbased on the same method is compared with another
characterization in single pulse. It is shown in the measurement
results that when the SiC-JFET is in OFF state, Cossequals to
Crss value, which confirms the absence of the capacitance Cds .

Fig. 23. Comparison between the model and the measurement when
Rdriver = 10 Ω. (a) Turn-on waveforms; (b) Turn-off waveforms.

However, when the power device is in linear region, it is shown
in the Cossmeasurement that its values can increase a tenfold.

It is shown by this study that the existence of a gate resistance
(Rg ) inside the SiC-JFET packaging influence the characteriza-
tion results. Indeed, voltage VGSduring the characterization is
varied by the current flowing through Rg , thus apparent inter-
electrode capacitances are varied.

A transistor model based on the characterization results is
proposed. The switching waveforms in the simulation are com-
pared with the measurement. It is shown that the behavioral
model can represent correctly the di/dt and dv/dt switching
waveforms.

The SiC-JFET interelectrode capacitances characterization
results are validated by the presence of this power transistor
internal gate resistance Rg . The proposed methods in this pa-
per can be applied to power semiconductor devices of different
technologies. Special caution is necessary when the charac-
terization in linear region of a power transistor in which the
Cdscapacitance cannot be neglected.

The comparison of the SiC-JFET behavioral models with and
without its inter-electrode capacitances characterization when
the power device is in the linear region will be reported in
future work. The proposed model will be used to estimate the
power loss and to study the EMI aspects induced by the power
converters.



1540 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

REFERENCES

[1] A. Escobar-Mejia, C. Stewart, J. Hayes, S. Ang, J. Balda, and S.
Talakokkula, “Realization of a modular indirect matrix converter sys-
tem using normally off SiC JFETs,” IEEE Trans. Power Electron., vol. 29,
no. 5, pp. 2574–2583, May 2014.

[2] F. Filsecker, R. Alvarez, and S. Bernet, “The investigation of a 6.5-kV, 1-
kA SiC diode module for medium voltage converters,” IEEE Trans. Power
Electron., vol. 29, no. 5, pp. 2272–2280, May 2014.

[3] Z. Liang, P. Ning, and F. Wang, “Development of advanced all-SiC power
modules,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2289–2295,
May 2014.

[4] N. X. Bac, D. M. Vilathgamuwa, and U. K. Madawala, “A SiC-based
matrix converter topology for inductive power transfer system,” IEEE
Trans. Power Electron., vol. 29, no. 8, pp. 4029–4038, Aug. 2014.

[5] Z. Wang, X. Shi, L. M. Tolbert, F. F. Wang, Z. Liang, D. Costinett, and B.
J. Blalock, “A high temperature silicon carbide MOSFET power module
with integrated silicon-on-insulator-based gate drive,” IEEE Trans. Power
Electron., vol. 30, no. 3, pp. 1432–1445, Mar. 2015.

[6] Z. Chen, Y. Yao, D. Boroyevich, K. Ngo, P. Mattavelli, and K. Rajashekara,
“A 1200 V, 60 A SiC MOSFET multichip phase-leg module for high-
temperature, high-frequency applications,” IEEE Trans. Power Electron.,
vol. 29, no. 5, pp. 2307–2320, May 2014.

[7] R. Mitova, R. Ghosh, U. Mhaskar, D. Klikic, M.-X. Wang, and A. Dentella,
“Investigations of 600-V GaN HEMT and GaN diode for oower converter
applications,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2441–2452,
May 2014.

[8] J. Rabkowski, D. Peftitsis, and H.-P. Nee, “Parallel-operation of discrete
SiC BJTs in a 6-kW/250-kHz DC/DC boost converter,” IEEE Trans. Power
Electron., vol. 29, no. 5, pp. 2482–2491, May 2014.

[9] S. Rael and B. Davat, “A physics-based modeling of interelectrode MOS
capacitances of power MOSFET and IGBT,” IEEE Trans. Power Electron.,
vol. 23, no. 5, pp. 2585–2594, Sep. 2008.

[10] P. Ralston, T. Duong, N. Yang, D. Berning et al., “High-voltage capac-
itance measurement system for SiC power MOSFETs,” in Proc. Energy
Convers. Congr. Expo., Sep. 2009, pp. 1472–1479.

[11] K. Li, A. Videt, and N. Idir, “SiC/GaN power semiconductor devices inter-
electrode capacitances characterization based on multiple current probes,”
in Proc. 15th Eur. Conf. Power Electron. Appl., 2013, pp. 1–9.

[12] J.-S. Lai, X. Huang, E. Pepa, S. Chen et al., “Inverter EMI modeling and
simulation methodologies,” IEEE Trans. Ind. Electron., vol. 53, no. 3, pp.
736–744, Jun. 2006.

[13] L. Aubard, G. Verneau, J. Crebier, C. Schaeffer, and Y. Avenas, “Power
MOSFET switching waveforms: An empirical model based on a physical
analysis of charge locations,” in Proc. IEEE 33rd Annu. Power Electron.
Spec. Conf., 2002, vol. 3, pp. 1305–1310.

[14] V. Hoch, J. Petzoldt, H. Jacobs, A. Schlogl et al., “Determination of
transient transistor capacitances of high voltage MOSFETs from dynamic
measurements,” in Proc. 21st Int. Symp. Power Semiconductor Devices
IC’s, Jun. 2009, pp. 148–151.

[15] E. Platania, Z. Chen, F. Chimento, A. Grekov et al., “ Physics-based model
for a SiC JFET accounting for electric-field-dependent mobility,” IEEE
Trans. Ind. Appl., vol. 47, no. 1, pp. 199 –211, Jan./Feb. 2011.

[16] K. Li, A. Videt, and N. Idir, “Multiprobe measurement method for voltage-
dependent capacitances of power semiconductor devices in high voltage,”
IEEE Trans. Power Electron., vol. 28, no. 11, pp. 5414–5422, Nov. 2013.

[17] C. Cuellar, N. Idir, A. Benabou, and X. Margueron, “High frequency
current probes for common-mode impedance measurements of power
converters under operating conditions,” in Proc. 15th Eur. Conf. Power
Electron. Appl., 2013, pp. 1–8.

[18] Agilent Impedance Measurement Handbook. AGuide to Measurement
Technologyand Techniques, Agilent Technologies, Santa Clara, CA, USA,
2009.

[19] V. Hoch, J. Petzoldt, A. Schlogl, H. Jacobs, and G. Deboy, “Dynamic
characterization of high voltage power MOSFETs for behavior simulation
models,” in Proc. 13th Eur. Conf. Power Electron. Appl., Sep. 2009, pp.
1–10.

[20] M. Kang, I. M. Kang, Y. H. Jung, and H. Shin, “Separate extraction of gate
resistance components in RF MOSFETs,” IEEE Trans. Electron. Devices,
vol. 54, no. 6, pp. 1459–1463, Jun. 2007.

[21] R. Kelley, A. Ritenour, D. Sheridan, and J. Casady, “Improved two-stage
DC-coupled gate driver for enhancement-mode SiC JFET,” in Proc. IEEE
25th Annu. Appl. Power Electron. Conf. Expo., Feb. 2010, pp. 1838–1841.

[22] K. Li A. Videt, and N. Idir, “Using current surface probe to measure the
current of the fast power semiconductors,” IEEE Trans. Power Electron.,
vol. 30, no. 6, pp. 2911–2917, Jun. 2015.

Ke Li (M’14) was born in Hangzhou, China, in 1986.
He received the B.E and M.E degrees in electrical
engineering from the Southwest Jiaotong University,
Chengdu, China, in 2008 and 2011, respectively, the
Eng. degree from the Ecole Centrale de Marseille,
Marseille, France, in 2011, and the Ph.D. degree in
electrical engineering from the University of Lille 1,
Lille, France, in 2014.

Since 2015, he has been working as a Research
Fellow in the Power Electronics, Machines, and Con-
trol Group, University of Nottingham, Nottingham,

U.K. His current research interests include wide-bandgap (SiC/GaN) power
semiconductor devices characterization and modeling, as well as their applica-
tions in power converters.

Arnaud Videt (M’09) received the Ph.D. degree in
electrical engineering from Ecole Centrale de Lille,
Lille, France, in 2008.

From 2008 to 2010, he has been an R&D Power
Electronics Engineer with Schneider Toshiba In-
verter, Pacy-sur-Eure, France, where his research fo-
cused on multilevel inverter control, electromagnetic
compatibility, and input power quality for motor drive
applications. Since 2010, he has been working as an
Associate Professor in the Laboratory of Electrical
Engineering, Lille. His current research interests in-

clude power quality, electromagnetic compatibility, and wide-bandgap semi-
conductor devices for power conversion.

Nadir Idir (M’93) received the Ph.D. degree electri-
cal engineering from the University of Lille 1, Vil-
leneuve dAscq, France, in 1993.

He is a Full Professor with IUT A, University
of Lille 1, Lille, France, where he teaches power
electronics and electromagnetic compatibility. Since
1993, he has been with the Laboratory of Elec-
trical Engineering and Power Electronics,. His re-
search interests include design methodologies for
high-frequency (HF) switching converters, power de-
vices (SiC and GaN), electromagnetic compatibility

of the static converters, HF modeling of the passive components, and electro-
magnetic interference filter design methodologies.



<<
  /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


