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Abstract—Despite promising figure of merits, as emerging wide
bandgap devices, gallium nitride (GaN) power devices face signif-
icant reliability challenges. This article presents an on-chip con-
dition monitoring (CM) approach addressing these challenges by
seamlessly integrating device aging prognosis and dielectric failure
detection into a unified circuit platform. Specifically, leveraging
the device turn-ON transient time (ton) as a reliable aging pre-
cursor, we propose a closed-loop ton sensing scheme with self-
regulated sampling to enhance precursor readout accuracy while
mitigating sensing delays. Furthermore, we improve CM accuracy
through junction temperature (TJ) calibration, effectively eliminat-
ing temperature-induced effects on precursor measurements. Con-
currently, we develop a gate leakage current (IGSS) based sensing
scheme for dielectric failure detection, sharing the same circuitry
of TJ calibration. Leveraging a proposed reconfigurable tri-mode
gate driver, this CM approach minimizes impact on normal system
operation. A power IC prototype was implemented on a 180-nm
BCD process. Demonstrated on a GaN half-bridge power converter,
the proposed CM exhibits the precise detection of both device aging
and dielectric failure.

Index Terms—Aging precursor, device reliability, dielectric
failure, gallium nitride (GaN), gate leakage current, power device
condition monitoring (CM), turn-ON transient delay.

I. INTRODUCTION

A S THE power electronics industry advances rapidly, re-
liability emerges as a critical imperative in face of esca-

lating demands for high power density and high performance.
Power semiconductor devices, tasked with handling substantial
voltage and current stress during energy conversion and power
delivery, encounter formidable challenges in terms of reliability.
These challenges are underscored by the significant aging and
wear-out effects experienced by these devices, accounting for
approximately 40% of power system failures [1]. Meanwhile,
GaN high electron mobility transistors have garnered recogni-
tion for their exceptional switching characteristics, facilitating
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superior performance in modern power electronics [2]. However,
their high-frequency operations in switching power circuits pose
additional reliability concerns due to significantly elevated dv/dt
and di/dt [3], [4], [5].

To enhance device reliability, condition monitoring (CM) has
emerged as a cost-effective solution in modern power electronics
[6]. This approach often involves evaluating aging precursors—
measurable characteristics that consistently change as devices
degrade, thereby indicating their health conditions. Notably, in
situ CM approaches [7], [8] have been developed to perform
precursor measurements during system start-up to assess de-
vice health. However, the test conditions of in situ CM may
significantly differ from actual operating conditions, leading
to discrepancies in precursor readouts that could misrepresent
the device’s health status, thereby reducing monitoring accu-
racy. Moreover, this approach fails to address potential failures
during regular system operation since evaluations are limited
to system start-up. To overcome these challenges, online CM
approaches [9], [10] are increasingly favored, offering real-time
precursor measurements without interrupting system operation
and thus providing higher precision in health assessment. How-
ever, implementing such systems introduces significant design
overheads to enable accurate precursor detection. Furthermore,
design complexity increases when considering multiple fail-
ure mechanisms such as device aging and dielectric failure,
necessitating the integration of multiple precursors for health
assessment.

Among the various approaches to monitoring device aging,
the threshold voltage (VTH) exhibits a gradual increase dur-
ing gate oxidate degradation [11], [12], rendering it a viable
aging precursor. However, VTH measurements in [12] require
the gate driver to be disabled. Therefore, the power converter
must be shut down for precursor measurements, leading to
system interruption. Conversely, the ON-resistance (rDS(ON)) of
power devices emerges as a favorable precursor for online CM.
Unfortunately, the unique dynamic rDS(ON) phenomenon [13],
[14] in GaN devices necessitates highly sophisticated circuits for
precise measurement. Chen and Ma [10] employs synchronized
voltage and current sensors to detect the device’s VDS and IDS

simultaneously, followed by a division operation to compute
rDS(ON). However, both sensing and computational operations
are susceptible to signal processing errors.

Recently, the turn-ON transient delay (ton) in silicon carbide
MOSFETs has been reported as a promising aging precursor [8].
However, the accuracy of switching transient measurements is
highly susceptible to any delay effects in the detection circuits.
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Fig. 1. (a) Conventional turn-ON transient delay ton sensing approach, and
(b) illustration of large ton readout error due to circuit propagation delays.

Such delays can be comparable to changes in ton over aging,
resulting in significant errors in device health evaluation, as
depicted in Fig. 1. Furthermore, these inherent delay errors
vary significantly due to process variations and temperature
fluctuations. Subtracting the actual sensing delays from the
measured ton during post-data processing can be quite challeng-
ing. If applied to GaN devices, the high-frequency operation
would make ton detection even more challenging due to the fast
dv/dt switching. Furthermore, GaN power transistors often have
tighter gate voltage margins compared to silicon counterparts,
thus facing a higher risk of dielectric breakdown [2]. Therefore,
an online dielectric failure detection scheme is highly preferable
to prevent short circuit faults.

On the other hand, aging precursors are highly affected by the
device junction temperature (TJ). If precursor measurements are
conducted at different TJ without compensation, they will yield
inaccurate assessments of device health. Therefore, an effective
TJ calibration mechanism must be developed to mitigate the
temperature effect and reveal the actual device aging condition.
Shi et al. [15] adopts the delay time of impulse signal as a TJ

sensing parameter. However, similar to ton detection, the propa-
gation delays resulting from analog circuits lead to large sensing
errors. Shi et al. [16] employs the device transconductance (gm)
to estimate TJ. However, gm measurement is converted into
a digital pulse with analog buffers, introducing delay errors.
Chen and Ma [10] utilizes the gate leakage current (IGSS) to
conduct TJ calibration. To fulfill the IGSS sensing, an additional
switch must be inserted between the gate driver and the GaN
power device. This switch is exposed to high di/dt stress and
requires bootstrapping driving technique, degrading the system
reliability.

To address the aforementioned design concerns, this article
presents an online CM approach that seamlessly integrates de-
vice aging monitoring and dielectric failure detection on a single
chip. For device degradation, a closed-loop ton sensing scheme
is developed to achieve precise precursor readout. Furthermore,
a TJ calibration process is implemented to mitigate temperature
effects on the precursor ton, thereby enhancing the accuracy
of device health assessment. Concurrently, to address potential
dielectric breakdown, a gate leakage current (IGSS) based CM
approach is proposed for dielectric failure detection. Notably,
IGSS also serves as a temperature-sensitive electrical parame-
ter for TJ calibration, enabling both TJ sensing and dielectric

failure detection to utilize the same circuitry and reducing design
overheads.

The rest of this article is organized as follows. Following
this introduction, Section II discusses the TJ-independent device
aging monitoring scheme. Section III introduces the dielectric
failure monitoring scheme. Then, the system architecture and
detailed circuit implementations are presented in Section IV.
To validate the proposed on-chip CM approach, a power IC
prototype is implemented with experimental results presented
in Section V. Finally, Section VI concludes this article.

II. TJ-INDEPENDENT Ton-BASED DEVICE AGING MONITORING

For GaN device degradation, the turn-ON transient time ton is
selected as an aging precursor. To understand the ton behavior
over device aging, we first review the analytical model of ton
based on the device’s electrical characteristics. In a typical
switching transition, the turn-ON behavior of a power switch
can be divided into four phases. First, as the gate driver circuit
starts charging the gate capacitance, the device gate-to-source
voltage VGS increases. Second, once VGS reaches the threshold
voltage VTH, the drain-to-source current IDS will be conducted
in the device channel. So far, the time duration for the first two
phases can be expressed as [17]

t1&2 = RG CISS ln [VDD/ (VDD − VMP)] (1)

where RG and CISS are the total gate resistance and gate capac-
itance, respectively. VDD is the supply voltage of the gate driver
circuit and VMP is the Miller Plateau voltage. Third, when VGS

reaches the Miller Plateau region, it remains almost constant.
The gate driving current will flow through the gate-to-drain
capacitance CGD, causing the drain-to-source voltage VDS to
decrease from the input voltage VIN. Therefore, the falling time
of VDS can be estimated as [17]

t3 = RG CGDVIN/ (VDD − VMP) . (2)

As the device becomes aged, the gate capacitance including
CGS and CGD remains almost unchanged [11]. However, a
significant shift over aging is observed on the threshold voltage
VTH and transconductance gm. Due to the traps under the device
gate over aging process [18], VTH increases while gm decreases,
resulting in an elevation of VMP. In fact, the Miller Plateau
voltage has been employed as the aging precursor for power
MOSFETs [9]. Accordingly, the turn-ON transients t1&2 and t3
both increase due to the rise in VMP over aging process, which
validates the effectiveness of ton as an aging precursor.

Contrary to static characteristics such as VTH and rDS(ON),
the dynamic switching transient cannot be directly measured
using voltage or current sensors. Prior works [7], [8] propose a
method to detect the turn-ON transient delay by comparing the
filtered VGS or VDS with a reference to generate the pulse signal.
However, the inherent bandwidth limitations in the analog buffer
and comparator circuits cause significant propagation delays and
response times, leading to substantial errors in ton readout. Even
nanosecond-level delays can result in considerable inaccuracy
in precursor measurements.
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Fig. 2. (a) Block diagram of proposed TJ-independent ton-based device aging
monitoring scheme and (b) key operation waveforms.

To overcome this challenge, this article proposes a closed-
loop ton sensing approach to eliminate propagation delays for
improved precursor readout accuracy. This method predicts the
VDS trailing edge through an on-chip delay modulation process
to capture the precise turn-ON transition. Fig. 2(a) shows the
block diagram of the proposed ton-based device aging monitor-
ing scheme. Before enabling the ton sensing, the aging evaluator
first sends the commands VEVA to the gate driver. The turn-ON

transition is thus extended for device health evaluation phase.
The voltage VDS is scaled down by a factor of β to fit into the
operation voltage region of the on-chip sensor. Such voltage
scaling is realized by a frequency-compensated voltage divider
to capture the high-frequency characteristics of VDS. The scaled
VDS is then sampled by a sample/hold (S/H) circuit with an
initial delay time defined by tSPL. By comparing the sampled
result VSPL with the predefined reference VREF, the delay
error is evaluated as a voltage signal VERR, which is further
amplified to a control voltage VCTRL with a voltage gain of
A0. To compensate for the delay error, the trailing edge of the
initial sampling control signal VINIT is modulated adaptively.
By modulating the supply current ID of the downstream logic
circuit via VCTRL, VINIT’s trailing edge is adjusted accordingly
as Vton, which controls the S/H circuit to shift the sampling
window until the ultimate sampled value VSPL equals VREF, as
shown in Fig. 2(b).

By performing such self-regulated sampling mechanism, the
proposed ton sensing calibrates out the delay effect. For example,
if VSPL is lower than VREF, VCTRL will increase due to the
positive delay error, leading to a large driving current ID. This
elevation in ID reduces the charging duration for the capacitor,
resulting in an earlier activation of the logic circuit. Therefore,
VSPL’s trailing edge is modulated backward and the sampled
result will be lower in the next switching cycle. Such adaptive
error correction will continue until the sampling window is
aligned with the predefined reference. If the control-to-delay
coefficient DV is defined as the delay time change of Vton’s
trialing edge relative to variations in VCTRL, and the slew rate of
VDS is represented as VSR, the loop dc gain LG0 of this feedback
system can be expressed as

LG0 =
A0DV VSR

β
. (3)

Therefore, the feedback error voltage VERR in Fig. 2(a) can be
computed using the loop gain as

VERR =
VREF

1 + LG0
≈ VREF

LG0
. (4)

With a scaled slew rate of VSR/β in VDS, this error voltage can
be converted into the time domain. Correspondingly, the closed-
loop delay error is described as

ton,err =
VERR

VSR/β
≈ β2VREF

A0DV V 2
SR

. (5)

Therefore, by selecting the parameters within the feedback
system, delay errors can be significantly reduced. Furthermore,
we apply two closed-loop schemes that operate simultaneously
with different sampling references. The phase difference signal
Vton is analyzed by a phase detector. Any delay mismatches due
to circuit layouts are avoided, further improving the precursor
readout accuracy.

On the other hand, the turn-ON transient delay ton exhibits
dependency on the junction temperature TJ, as VMP is deter-
mined by VTH and gm, both of which are highly influenced by
temperature variations. If ton is measured at different TJ without
compensating for the temperature effects, the precursor readout
might result in false monitoring of the device health. Therefore,
a temperature calibration mechanism is employed to remove ton
readout error caused by TJ variation. The TJ-dependent Δ ton
is calculated using a ton -TJ lookup table, which is built based
on the corresponding ton and TJ data. The temperature-induced
Δton will be then subtracted from the measured ton, resulting
in a TJ-independent precursor ton’. The junction temperature is
obtained by a gate leakage current sensor, which also plays a
role in the dielectric failure detection discussed in Section III.

III. IGSS-BASED DIELECTRIC FAILURE MONITORING

For the dielectric failure in GaN device, the gate leakage
current IGSS is chosen as the failure indicator. IGSS shows little
variation during accelerated aging tests [11], [19], [20], as shown
in Fig. 3(a). However, as the device is near dielectric breakdown,
a considerable increase in IGSS can be observed [11], [21].
Meanwhile, IGSS demonstrates a significant dependency on the
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Fig. 3. Illustrations of (a) IGSS characteristics with device aging/failure and
(b) IGSS temperature dependence.

junction temperature TJ in GaN devices, as shown in Fig. 3(b).
This characteristic enables the utilization of IGSS as an indirect
indicator of TJ, thereby obviating the necessity for an on-die
temperature sensor.

Conventional methods for IGSS sensing require a large gate
resistance to increase sensing resolution. As IGSS flows when
the switch is fully turned ON, the voltage drop across the gate
resistance can be measured with a differential amplifier. Even
though IGSS in a GaN device is much higher than that of a
Si MOSFET, the gate resistance RG must still be elevated to a
level where the amplifier can reliably detect the voltage drop
[21]. However, introducing such significant RG inevitably leads
to increased switching loss. Note that the proposed ton sensor
in Section II also requires slow switching transition for high
sensing resolution. However, such operation is only activated in
the device evaluation phase for a few switching cycles. Further-
more, the gate driver can be reconfigured into the fast-switching
mode once the evaluation process is completed, which will be
discussed in Section IV.

To detect the dielectric failure and junction temperature simul-
taneously, the IGSS-based failure monitoring with gate leakage
current sensing is proposed as shown in Fig. 4(a). During the
device evaluation phase, as VPMM goes high, the power switch
will be turned ON. After a blanking time of tBLK, the voltage VGS

reaches the gate driving supply voltage VDD. The gate driver is
then disabled temporarily for a short period of tSNS. Therefore,
the output impedance of gate driver is high, allowing IGSS to
slightly discharge the gate capacitance CISS. VGS decreases dur-
ing the discharge period. According to the charge conservation,
the gate leakage current IGSS can be computed as

IGSS = CISSΔVGS/tSNS (6)

where ΔVGS is the voltage drop for VGS. Since tSNS is constant
and CISS does not change over aging, IGSS can be sensed by
ΔVGS linearly as shown in Fig. 4(b). The voltage drop ΔVGS

is capacitively coupled to a differential amplifier for voltage
sensing. Once the output of amplifier VGSS exceeds the failure
threshold voltage VGSS(TH), it indicates that the GaN device
is near dielectric breakdown. A failure detection signal VFD

will be generated to warn the user that the device is facing
potential failure and needs to be replaced. Meanwhile, it gen-
erates a reset signal VRST to enable the gate driver, preventing
VGS over-discharge. As we have discussed, IGSS is also highly

Fig. 4. (a) Circuit block diagram of proposed IGSS-based dielectric failure
monitoring scheme and (b) key operation waveforms.

associated with TJ. Therefore, the peak value of VGSS is captured
as VTJ to estimate the device junction temperature. Similar to
dielectric failure detection, over-temperature protection can also
be implemented by setting a threshold voltage for VGSS. And
TJ information is further provided to ton sensor for temperature
calibration. It is noteworthy that both TJ increase and dielectric
failure can cause elevated IGSS. However, dielectric failure is
characterized by an exponential increase in IGSS, as shown in
Fig. 3(a). As a result, the failure threshold VGSS(TH) is set to be
much higher than VTJ at the maximum device operating tem-
perature. Therefore, by taking advantage of the sensed IGSS, the
dielectric failure monitoring and junction temperature sensing
can be performed simultaneously, reducing design overheads.

IV. SYSTEM ARCHITECTURE AND CIRCUIT IMPLEMENTATION

A. System Architecture

The proposed CM approach is demonstrated on a GaN-based
switching power converter, as shown in Fig. 5(a). The proposed
closed-loop ton sensing approach can enhance the precursor
readout accuracy by compensating for propagation delays in the
analog circuits. In addition, since the switching transients are
impacted by the device junction temperature, a TJ calibration
mechanism is developed to remove the temperature effect on
ton. Therefore, a TJ-independent precursor ton’ is measured with
high precision for device aging prognosis. On the other hand,
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Fig. 5. (a) System block diagram of proposed CM approach demonstrated on
a GaN power converter. (b) Key operation waveforms.

a gate leakage current IGSS-based sensing scheme is designed
to detect potential dielectric breakdown. Furthermore, IGSS is
also employed to estimate TJ simultaneously due to its highly
TJ-dependent characteristic. Only the health status of high-side
switch MH is monitored since it operates in hard-switching
condition and thus faces high voltage and current stresses. A
conventional PWM controller is adopted for output regulation.

In addition to the proposed CM approach, a reconfigurable
trimode gate driver is implemented to mitigate the system impact
associated with aging evaluations. As shown in Fig. 5(b), the
GaN device can be switched at different conditions for pre-
cursor readout. During the high-performance mode, the device
operates at high switching speed to ensure optimal efficiency.
Conversely, during the device health evaluation phase activated
by VEVA, the gate driver is adjusted to the slow-switching mode,
offering better ton sensing resolution. Simultaneously, VSNS

temporarily disables the gate driver for IGSS sensing scheme to
detect the dielectric breakdown and estimate the device junction
temperature. Because device aging and temperature variations
generally occur at a significantly slower pace compared to the

Fig. 6. Closed-loop ton sensing mechanism. (a) Circuit schematic. (b) Key
operation waveforms.

switching frequency, it is unnecessary to initiate device assess-
ments frequently. Therefore, by reconfiguring the gate driver, the
proposed CM method exhibits a minimal impact on the overall
normal operation of the power converter.

B. Closed-Loop ton Sensing Mechanism

Fig. 6(a) shows the detailed circuit schematic of the proposed
closed-loop ton sensor. Since the switching node voltage VSW

can be as high as the input voltage, it will be first scaled down
to a 5-V domain for the on-chip sensors. Due to the high dv/dt
nature of GaN power transistors, the frequency characteristic
of VSW waveform has a wide bandwidth, containing a large
number of harmonics. To prevent distortion after VSW scaling, a
frequency-compensated voltage divider formed by R1, C1, and
R2, C2 is adopted. By matching the impedances in RC network
[22], it achieves a wide frequency range of voltage attenuation.
The impedance matching can be described as

1

β
=

R2

R1 +R2
=

C1

C1 + C2
. (7)

During the turn-ON transient, VPWM goes high and triggers
an initial sampling control signal VSPL with a pulse width of
tSPL. With a nonoverlapping clock generator, the switch S1 is
turned ON and VSW is sampled at the capacitor C3. As S1 turns
OFF and S2 turns ON, the sampled result VSPL is further stored in
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the capacitor C4 for signal processing. By comparing VSPL with
a predefined reference voltage VREF through an error amplifier,
the delay error is captured as VCTRL. Such control voltage is
converted linearly into a current flowing into a resistor RF by a
V-to-I converter. Then, it is copied to a driving current ID by a
current mirror. As M1 and M2 form a basic inverter, the pull-up
driving strength is controlled by ID while the pull-down strength
is fixed. During the falling edge of the initial pulse VINIT, the
time spent to charge CD can be modulated by ID. Therefore, as
VINIT is fed to the gate of M1 and M2, its trailing edge can be
adaptively adjusted by VCTRL to generate Vton. The modulated
signal Vton controls the S/H circuit to shift the sampling window
until VSPL equals VREF, as shown in Fig. 6(b). For example,
if VSPL is higher than VREF after the S/H circuit, it indicates
that the sampling phase has been enabled earlier than desired
so that VSW hits β×VREF before Vton goes low. In this case,
VCTRL increases, and so does ID. As M1 turns ON during VINIT’s
falling edge, larger ID causes less delay to charge CD in order to
trigger the following logic. As a result, the pulse width of Vton

is reduced to sample VSW in the next switching cycle. When it
reaches the steady state, the trailing edge of Vton is aligned with
the instant where VSW crosses β×VREF. By performing such a
negative feedback loop, the turn-ON transient delay is captured
with high precision, eliminating any propagation delays. Note
that the input polarity of the error amplifier in Fig. 6(a) is
flipped compared to that in Fig. 2(a), as VSW is sensed in real
implementation to represent VDS.

To estimate the accuracy of the proposed ton sensing method,
the pulse width of Vton can be described as

ton = tSPL +
RFCDVTP

VCTRL
(8)

where VTP is the trip point voltage of the inverter followed by
transistors M1 and M2 in Fig. 6(a). The simulated results indicate
a control-to-delay coefficient DV of 8 ns/V. The error amplifier
is designed with a voltage gain A0 of 60 dB. With a β of 5, VSR

of 0.4 V/ns, and VREF of 2 V, the delay error of this close-loop
ton sensing is computed as 39 ps according to (5).

C. Gate-Leakage IGSS Sensing Mechanism

Fig. 7 shows the circuit schematic of IGSS sensor. The sensing
period is enabled after a blanking time once MH turns ON. The
gate driver is first disabled to provide high impedance, causing
VGS drop due to IGSS. When VSNS is high, both switches S3 and
S4 are ON, which connect the differential input of the amplifier to
the common mode voltage VCM. This will make the transistors
in the amplifier operate in saturation region, ensuring the correct
function of amplification in the next phase. Meanwhile,ΔVGS is
sampled on the capacitors C5 and C6. Once VSNS becomes low,
the bottom plates of capacitors are switched to the amplifier’s
input. ΔVGS is then ac coupled through the capacitors for
amplification. With a fixed pulse width generator, VSNS has a
fixed sensing period of tSNS. To reduce the ON-resistance and
prevent false turn-OFF of the GaN device, ΔVGS must be much
lower than the gate driver supply voltage VDD. Furthermore,
tSNS must be designed to allow sufficient ΔVGS to meet the

Fig. 7. Circuit schematic of IGSS-based failure detection module.

minimum differential input voltage Vin,min requirement of the
following sensing amplifier ASNS in Fig. 7. Therefore, the tSNS

should satisfy

Vin,min <
IGSStSNS

CISS
� VDD. (9)

To enhance the readout resolution, the sensing amplifier ASNS

magnifies the ΔVGS into VGSS. The ASNS is designed with a
programmable voltage gain, which is set by the on-chip re-
sistor ratio [10]. Hence, the value of the voltage gain can be
well controlled by layout techniques to minimize the impact
of process variations. The sensing amplifier has a Vin,min of
10 mV. After the voltage amplification, a peak detector is used
to extract the peak value of VGSS as VTJ, which is given to
the ton readout for temperature calibration. Meanwhile, VGSS

is compared to a failure threshold voltage VGSS(TH). Once it
exceeds this threshold, the comparator output becomes high,
which triggers the D flip-flop to generate a warning signal VFD.
It also resets the sensing control signal VSNS, re-enabling the
gate driver to prevent over-discharge of VGS.

D. Tri-Mode Gate Driving and Circuitry

Fig. 8(a) shows the circuit schematic of the reconfigurable
trimode gate driver. Two pull-up transistors and one pull-down
transistor are adopted in the buffer stage. By splitting the control
signal for each transistor, the gate driver can be reconfigured
into three modes to fulfill the needs for device health evaluation,
as shown in Fig. 8(b). Specifically, when VEVA is low, the gate
driver exhibits strong driving strength for switch MH. The large
pull-up transistor MP1 and pull-down transistor MN1 will be
turned ON alternatively with a small dead time to prevent the
shoot-through. This will ensure high-performance operation for
the GaN power converter, which is applied for normal system
operations. Conversely, as VEVA goes high, MP1 is disabled.
Instead, the smaller transistor MP2 is enabled in the pull-up
path, which achieves a weak gate driving strength for low
dv/dt operation. This mode is designed to improve the readout
resolution for closed-loop ton sensing. Third, as VSNS becomes
high for a short period, all three driving paths comprising MP1,
MP2 and MN1 are OFF, allowing the gate leakage current to
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Fig. 8. Reconfigurable trimode gate driving. (a) Circuit implementation.
(b) Operation modes.

Fig. 9. Photographs of IC die and test PCB.

discharge the gate capacitance for IGSS sensing. As a result,
the three gate driving modes will be reconfigured based on
the demands of system operation and device health evaluation.
Note that the level shifters for signal isolations of VPWM and
VEVA are omitted in the schematic.

V. EXPERIMENTAL VERIFICATION

To validate the on-chip CM approach, an IC prototype is
implemented by a 180-nm high-voltage BCD process [23].
The closed-loop ton sensor, IGSS sensor, gate driver, and PWM
controller are integrated on chip with an active area of 1.3 mm2,
as shown in Fig. 9. Adopting two enhancement-mode GaN
power transistors as the power switches, the half-bridge power
converter is used to evaluate the effectiveness of the proposed
CM method. The GaN converter operates in an input voltage
ranging from 5 to 24 V with a switching frequency of 1 MHz
while delivering a maximum power of 5 W.

To verify the closed-loop ton sensing method, Fig. 10 shows
the measured VSW and Vton waveforms at 1 MHz. The voltage
scaling factor of β is set to 5 for the 12-V input voltage.
During the rising edge of switching node VSW, the S/H circuit is

Fig. 10. Closed-loop ton sensing real-time measurement results with (a) 10-V
VSW reference and (b) 2-V VSW reference.

enabled to sample the moment when VSW crosses the predefined
reference voltage through a self-regulated sampling mechanism.
For example, as shown in Fig. 10(a), when the reference with
respect to VSW is set to 10 V, the falling edge of sampling control
signal Vton is aligned to the point where VSW hits 10 V. And
Vton in this case is measured as 39.3 ns without any propagation
delay. Similarly, Vton for a reference of 2 V is measured as
21.2 ns, as shown in Fig. 10(b).

To validate the proposed IGSS-based failure monitoring,
Fig. 11 shows the measured VGS and VGSS waveforms. During
the on-time of the high-side power switch, the gate driver is
disabled for a short duration, allowing the gate leakage current to
slightly discharge the gate capacitance. As shown in Fig. 11(a),
for a fresh health device, the voltage drop on VGS is negligi-
ble and only causes a 160 mV increase on amplifier’s output
VGSS. However, as device is near dielectric failure, a significant
increase in IGSS leads to a noticeable voltage drop in VGS. As
shown in Fig. 11(b), VGSS in this condition quickly increases
to 860 mV, which triggers the failure detection signal VFD in
the dielectric failure monitoring. Meanwhile, the gate driver is
re-enabled to ensure that VGS will not be discharged below the
device threshold voltage.

Fig. 12(a) shows the measured VGS and VSW waveform
under the high-performance mode. The proposed gate driver
can accommodate a common mode transient immunity (CMTI)
of 10 V/ns. During the aging evaluation phase, the gate driver is
reconfigured to achieve a lower dv/dt of 0.4 V/ns, as shown in
Fig. 12(b).
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Fig. 11. IGSS sensing measurement waveforms of (a) fresh device and
(b) device near dielectric failure.

Fig. 12. Power converter measured key operation waveforms in (a) fast
switching mode and (b) slow switching mode.

Fig. 13. Measured precursor ton at different junction temperatures over ac-
celerated aging test.

Fig. 14. Measured VTJ for IGSS sensing at different junction temperatures
over accelerated aging test.

To validate the effectiveness of ton as an aging precursor, the
measured ton over accelerated aging test is shown in Fig. 13. The
high-temperature gate bias (HTGB) test is performed to accel-
erate the device gate oxide degradation due to high electric field
and high temperature simultaneously [18], [20]. The measured
precursor ton is normalized at different junction temperatures
for comparison. A positive shift of 10.3% of ton after HTGB
test has been observed, which is consistent to the theoretical
analysis in Section II. Meanwhile, as temperature increases, ton
decreases as shown in Fig. 13. Therefore, the temperature effect
on precursor ton must be decoupled from aging effect to avoid
false alarms.

To detect the device junction temperature, VTJ is read from the
peak value of VGSS. Fig. 14 shows the measured VTJ from 20 °C
to 100 °C based on the IGSS sensor. VTJ is highly dependent
on junction temperature but has negligible change over HTGB
test, which validates the effectiveness of IGSS as a temperature
sensing parameter.

Finally, TJ data is correlated to precursor ton to remove the
temperature effect, leading to TJ-independent ton’. As shown
in Fig. 15, the temperature dependency of aging precursor is
reduced from 13% to 2.3% thanks to the TJ calibration effort.
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Fig. 15. Measured temperature independence of precursor ton’ by TJ calibra-
tion.

VI. CONCLUSION

In this article, an on-chip CM approach for concurrent GaN
device aging prognosis and dielectric failure detection is pre-
sented. The approach utilizes a closed-loop sensing scheme to
measure the turn-ON transient delay ton, effectively mitigating
precursor readout inaccuracy attributed to propagation delays.
To further enhance monitoring precision, a junction temperature
TJ calibration mechanism is implemented to remove the tem-
perature dependence of precursor ton, achieving temperature-
independent aging prognosis. Meanwhile, dielectric failure de-
tection is facilitated through a gate leakage current IGSS sensing
scheme, efficiently sharing the same circuitry with the TJ sensor,
thus reducing design overheads significantly. Additionally, a re-
configurable tri-mode gate driver is developed to enable flexible
switching conditions, accommodating both device aging evalu-
ation and standard system operation. Validated successfully by
experimental results on a GaN half-bridge power converter, the
design ideas and circuits demonstrate their effectiveness.

REFERENCES

[1] J. Falck, C. Felgemacher, A. Rojko, M. Liserre, and P. Zacharias, “Reli-
ability of power electronic systems: An industry perspective,” IEEE Ind.
Electron. Mag., vol. 12, no. 2, pp. 24–35, Jun. 2018.

[2] H. Amano et al., “The 2018 GaN power electronics roadmap,” J. Phys. D,
Appl. Phys., vol. 51, no. 16, pp. 1–48, 2018.

[3] S. R. Bahl, J. Joh, L. Fu, A. Sasikumar, T. Chatterjee, and S. Pendharkar,
“Application reliability validation of GaN power devices,” in Proc. IEEE
Int. Electron Devices Meeting, 2016, pp. 20.5.1–20.5.4.

[4] D. B. Ma, D. Yan, and L. Du, “Active conducted EMI suppression in GaN
switching power circuits,” in Proc. IEEE BiCMOS Compound Semicond.
Integr. Circuits Technol. Symp., 2021, pp. 1–6.

[5] L. Du, D. Yan, and D. B. Ma, “On-chip condition-adaptiveΔf3 EMI control
for switching power ICs,” IEEE J. Solid-State Circuits, vol. 58, no. 12,
pp. 3481–3491, Dec. 2023.

[6] S. Yang, D. Xiang, A. Bryant, P. Mawby, L. Ran, and P. Tavner, “Con-
dition monitoring for device reliability in power electronic converters: A
review,” IEEE Trans. Power Electron., vol. 25, no. 11, pp. 2734–2752, Nov.
2010.

[7] J. Liu, G. Zhang, Q. Chen, L. Qi, Y. Geng, and J. Wang, “In situ condition
monitoring of IGBTs based on the miller plateau duration,” IEEE Trans.
Power Electron., vol. 34, no. 1, pp. 769–782, Jan. 2019.

[8] S. Pu, E. Ugur, F. Yang, and B. Akin, “In situ degradation monitoring of
SiC MOSFET based on switching transient measurement,” IEEE Trans.
Ind. Electron., vol. 67, no. 6, pp. 5092–5100, Jun. 2020.

[9] X. Ye, C. Chen, Y. Wang, G. Zhai, and G. J. Vachtsevanos, “Online
condition monitoring of power MOSFET gate oxide degradation based
on miller platform voltage,” IEEE Trans. Power Electron., vol. 32, no. 6,
pp. 4776–4784, Jun. 2017.

[10] Y. Chen and D. B. Ma, “Self-aging-prognostic GaN-based switching power
converter using TJ-independent online condition monitoring and proactive
temperature frequency scaling,” IEEE Trans. Power Electron., vol. 36,
no. 5, pp. 5022–5031, May 2021.

[11] C. Xu, F. Yang, E. Ugur, S. Pu, and B. Akin, “Performance degradation of
GaN HEMTs under accelerated power cycling tests,” CPSS Trans. Power
Electron. Appl., vol. 3, no. 4, pp. 269–277, Dec. 2018.

[12] S. H. Ali, X. Li, A. S. Kamath, and B. Akin, “A simple plug-in circuit for
IGBT gate drivers to monitor device aging: Toward smart gate drivers,”
IEEE Power Electron. Mag., vol. 5, no. 3, pp. 45–55, Sep. 2018.

[13] Y. Li et al., “Evaluation and analysis of temperature-dependent dynamic
RDS,ON of GaN power devices considering high-frequency operation,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 111–123,
Mar. 2020.

[14] Y. Huang, Y. Chen, and D. B. Ma, “A self-health-learning GaN power
converter using on-die logarithm-based analog SGD supervised learning
and online TJ-independent precursor measurement,” in Proc. IEEE Int.
Solid-State Circuits Conf., 2020, pp. 286–288.

[15] B. Shi, S. Feng, L. Shi, D. Shi, Y. Zhang, and H. Zhu, “Junction temperature
measurement method for power MOSFETs using turn-on delay of impulse
signal,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 5274–5282,
Jun. 2018.

[16] M. Farhadi, B. T. Vankayalapati, R. Sajadi, and B. Akin, “Gate-oxide
degradation monitoring of SiC MOSFETs based on transfer characteristic
with temperature compensation,” IEEE Trans. Transp. Electrific., vol. 10,
no. 1, pp. 1837–1849, Mar. 2024.

[17] V. Siliconix, “Power MOSFET basics: Understanding gate charge and
using it to assess switching performance,” Device Application Note, 2016.
[Online]. Available: https://www.vishay.com/docs/73217/an608a.pdf

[18] A. Lidow, R. Strittmatter, S. Zhang, and A. Pozo, “Intrinsic failure mecha-
nisms in GaN-on-Si power transistors,” IEEE Power Electron. Mag., vol. 7,
no. 4, pp. 28–35, Dec. 2020.

[19] H. Sayed, G. S. Kulothungan, and H. S. Krishnamoorthy, “Characterization
of GaN HEMTs’ aging precursors and activation energy under a wide
range of thermal cycling tests,” IEEE Open J. Ind. Electron. Soc., vol. 4,
pp. 123–134, Apr. 2023.

[20] Y. Ma, “EPC GaN transistor application readiness: Phase two
testing,” EPC Reliability Report, 2019. [Online]. Available:
https://epc-co.com/epc/Portals/0/epc/documents/product-training/
EPC_Phase_Two_Rel_Report.pdf

[21] F. Erturk, E. Ugur, J. Olson, and B. Akin, “Real-time aging detection
of SiC MOSFETs,” IEEE Trans. Ind. Appl., vol. 55, no. 1, pp. 600–609,
Jan./Feb. 2019.

[22] J. Wittmann, A. Barner, T. Rosahl, and B. Wicht, “An 18 V input 10 MHz
buck converter with 125 ps mixed-signal dead time control,” IEEE J. Solid-
State Circuits, vol. 51, no. 7, pp. 1705–1715, Jul. 2016.

[23] L. Du, Y. Huang, and D. B. Ma, “On-chip condition monitoring of GaN
power devices using TJ-independent TON precursor for device aging and
gate leakage IGSS for dielectric failure,” in Proc. IEEE Int. Symp. Power
Semicond. Devices ICs, 2022, pp. 209–212.

Lixiong Du (Student Member, IEEE) received the
B.E. degree in electrical engineering and automation
from the Harbin Institute of Technology, Harbin,
China, in 2016, the M.S.E. degree in electrical
engineering from the University of Pennsylvania,
Philadelphia, PA, USA, in 2018, and the Ph.D. degree
in electrical engineering from The University of Texas
at Dallas, Richardson, TX, USA, in 2024.

His research interests include active EMI suppres-
sion and condition monitoring for GaN power con-
verters, and high step-down power converters.

Dr. Du was the recipient of the Analog Devices Outstanding Student Designer
Award in 2024. He was also the recipient of the Charitat Award at the IEEE
International Symposium on Power Semiconductor Devices and ICs in 2022,
and Best Poster Award at the Semiconductor Research Corporation and Texas
Analog Center of Excellence Annual Review in 2022.

https://www.vishay.com/docs/73217/an608a.pdf
https://epc-co.com/epc/Portals/0/epc/documents/product-training/EPC_Phase_Two_Rel_Report.pdf
https://epc-co.com/epc/Portals/0/epc/documents/product-training/EPC_Phase_Two_Rel_Report.pdf


11696 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

Yuanqing Huang (Member, IEEE) received the B.E.
degree in electronic science and technology from
Xidian University, Xi’an, China, the M.S. degree in
electrical and computer engineering from University
of Macau, Macau, China, in 2014 and 2018, respec-
tively, and the Ph.D. degree in electrical engineering
with The University of Texas at Dallas, Richardson,
TX, USA in 2023.

Since 2024, he has been a Senior Analog Design
Engineer Analog Devices, Durham, NC, USA, where
he develops high-performance power converters. His

research interests include high step-down dc–dc conversion, wide bandgap
(WBG) power device/circuit reliability and condition monitoring, artificial
intelligence driven smart power converters and ultralow-power linear regulators.
He was a receipt of UT Dallas GSA Student Travel Grant Award in 2022 and
the SRC and Texas Analog Center of Excellence Best Poster Award in 2023.

D. Brian Ma (Senior Member, IEEE) received the
B.S. and M.S. degrees in electronic science from
NanKai University, Tianjin, China, in 1995 and 1998,
respectively, and the Ph.D. degree in electrical and
electronic engineering from Hong Kong University
of Science and Technology, Hong Kong, in 2003.

He was an Assistant Professor with Louisiana State
University, Baton Rouge, LA, USA, in 2003. From
2004 to 2009, he was with the University of Arizona,
Tucson, AZ, USA, where he became an Associate
Professor with tenure in 2009. Since 2010, he has

been with the University of Texas at Dallas, Richardson, TX, USA, where
he is currently a Full Professor of Electrical and Computer Engineering, the
Distinguished Chair in Microelectronics, and the Director of Integrated Power
Electronics System Laboratory.

Dr. Ma was the founding director of TI Foundational Technology Research
Center on Power Density from 2018 to 2021. He has also served on the Executive
Committee of SRC Texas Analog Center of Excellence since 2010 and was
the Energy Efficiency Thrust Leader from 2010 to 2018. He has authored
or coauthored more than 200 peer-reviewed journal and conference papers,
five book and book chapters and over 140 invited talks and presentations on
these subjects. He has successfully led more than 60 major research projects as
principal investigator, sponsored by U.S. federal agencies and leading industry
companies. His research focuses on integrated power electronics, with primary
interests on wide bandgap power electronics, high performance power ICs,
power device reliability and aging, and power system EMI and security. He was
honored as an Analog Devices Professor (2004–2008), the TxACE Distinguished
Chair (2010–2012), Erik Jonsson Distinguished Chair (2012–2017) and the
Distinguished Chair in Microelectronics (since 2017). He was the recipient of
the AAFSAA Outstanding Faculty Award at the University of Arizona in 2006
and Fusion Innovation Award at UT Dallas in 2012. He was a recipient of U.S.
NSF CAREER Award in 2009. He also received 12 technical paper prize awards
from international journal and conferences.



<<
  /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 true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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


