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1. Introduction

With the rapid progress of information and communication technologies, the volume of information
processed every day has been increasing at an explosive rate in recent years. In response to this
trend, many data centers have been constructed and expanded, however, due to increasing the total
amount of power by all the data center’s activities, we have to reduce those power consumption.
Today we consider one of the way to reduce data center’s power consumption using 48V bus voltage
for server racks to improve its power supply efficiency, which is recommended by the Open Compute
Project (OCP). The OCP called "open rack architecture" uses 48V bus lines from the AC voltage to
be converted to 48VDC while conventional server uses 12V bus lines from AC voltage to be converted
to 12VDC.

The power loss caused by a power line is calculated as I°R, where R is power line resistance and
I is its current so the lower the current, the lower the power loss. Now, let's consider the power
consumption when the same amount of power is supplied to server racks through 12V bus lines and
48V ones. The current that passes through a 48V bus line is one-fourth the current that passes
through a 12V bus line. If the 48V bus lines and 12V ones have the same resistance of the bus lines,
the 48V bus line solution has 1/16th lower power consumption than the 12V one. Although
increasing the voltage of a bus line reduces its current and thus power loss, a bus line voltage
exceeding 60VDC is considered dangerous by safety standards. Such a high bus line voltage would
require safety measures different from those used for 12VDC bus lines that fall under extra-low-
voltage (ELV) or safety extra-low voltage (SELV) so the OCP specifies that the input voltage range
for the 48V bus line is from 40VDC to 59.5VDC so that the same safety measures as for 12V bus
lines can be used.

However, the 48V bus line architecture has its own problems. A rack runs power at 48V all the
way to the motherboard and we have to generate around 1V from 48V in order to operate digital
electronics such as CPUs, GPUs, and memories. In general, as the input voltage gets higher, step-
down DC-DC converters generally become less efficient so converting 48V to 1V causes a potential
big power loss. Even if the 48V bus line architecture reduces a loss caused by a power line, its total
loss could be equal to or greater than the 12V bus line architecture because of the loss by this DC-
DC conversion.

To solve this problem, Toshiba offers a reference design for a DC-DC converter that is high
efficiently steps down the 48V bus line voltage to 1.2V to improve total system power consumption.
This reference design provides electrical isolation with transformers to achieve high-efficiency
conversion with a big input/output voltage difference from 48V to 1.2V.

This design guide describes guidelines for the circuit design and layout of a DC-DC converter. Refer
to the reference guide for the specifications, operating method, and electrical performance data of
this converter.

Components marked “Not Mounted” in the Bill of Materials (BOM) are not mounted on the PCB
even if components are shown in the circuit diagram. The PCB reserves mounting space for them
necessary to modify circuit constants when designing a circuit.
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1.1. Power MOSFETSs Lineup

Toshiba offers the U-MOSVIII and U-MOSIX low-voltage MOSFET series which suits primary (main
switch) and secondary (synchronous rectification) sides of DC-DC converters. Toshiba provides
MOSFETs with wide range of Vpss from 30V to 250V and various on-resistance types in each Vpss
class so you can find proper MOSFETs when designing a DC-DC converter, according to its circuit
topology, input and output voltages, output specification, and the locations of MOSFETs on circuit
(primary or secondary side). Figure 1.1 shows the lineup of the U-MOSVIII and U-MOSIX MOSFET
series.
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Figure 1.1 Product lineup of the U-MOSVIII and U-MOSIX MOSFET series
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The following shows the MOSFETs used in this DC-DC converter. Because this converter has an
input voltage range of 40 to 59.5V, an output voltage of 1.2V, and a half-bridge topology, MOSFETs
with 100V of Vpss for the primary side and 30V of Vpss for the secondary side are selected. The
primary side uses the TPN1200APL with an excellent balanced drive and conduction losses, whereas
the secondary side uses the TPHR6503PL with low on-resistance, prioritizing a reduction in
conduction loss.

TPN1200APL
For the main switch on the primary side
Vpbss = 100V, Rpsiony = 11.5mQ (max.) at Ves=10V, TSON Advance package
Balanced conduction and drive loss are achieved by applying the latest U-MOSIX-H process.

TPHR6503PL
For the synchronous rectifier on the secondary side
Vbss = 30V, Rpsony = 0.65mQ (max.) at Ves=10V, SOP Advance package
Low power loss in synchronous rectification is achieved by applying the latest U-MOSIX-H

process.
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2. Circuit design

This section shows major considerations for the circuit design of this DC-DC converter.

2.1. Half-bridge circuit

This 1.2V/100A DC-DC converter generates a 1.2V output with a half-bridge circuit. A half-bridge
circuit is basically configured as a push-pull circuit, which alternately turns on and off with two
switching devices to alternately activate two transformers. Although a half-bridge circuit operates in
the same way as a push-pull circuit, the half-bridge circuit applies only one-half of Vi across the
transformers, making it possible to use low-voltage transistors. Although this increases the efficiency
of the transformers, we should take care of heat generated by the switching current that flows
through the capacitors on the primary side of the transformers.
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Figure 2.1 Push-pull circuit
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Figure 2.2 Half-bridge circuit
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2.2. Designing a half-bridge circuit

The 1.2V/100A DC-DC converter uses the LM5035 half-bridge PWM controller from Texas
Instruments to form a half-bridge circuit. This subsection describes the basic design of the half-
bridge circuit in the 1.2V/100A DC-DC converter. For the detailed design around the half-bridge PWM
controller, see the LM5035 datasheet and other related documents from Texas Instruments. See the
Reference Guide (RD040-RGUIDE-02) for the detailed specifications of the 1.2V/100A DC-DC
converter, RD040-SCHEMATIC-01 for circuit drawings, and RD040-BOM-01 and Table 2.1 for a bill
of materials.

Figure 2.3 shows a block diagram of this circuit, which consists of the following sections.
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: Around the controller (Figure 2.4)

: Around the MOSFETs on the input side (Figure 2.5)
: Around the synchronous rectification MOSFETs on the output side (Figure 2.6)
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: Output smoothing filter (Figure 2.15)
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Figure 2.3 Block diagram of a half-bridge circuit
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Figure 2.4 Half-bridge circuit 1 (around the controller)
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Figure 2.5 Half-bridge circuit 2 (around the MOSFETs on the input side)
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Figure 2.6 Half-bridge circuit 3 (around the synchronous rectification MOSFETs on the
output side)
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Setting the minimum input operating voltages

The input operating voltage range of this converter can be set with external resistors (R24, and
R25) shown in Figure 2.7. The input voltage (Vin) is divided by R24, and R25, and the divided voltage
is fed to the UVLO pin of the half-bridge PWM controller to set the minimum input operating voltages
(Vin_min_on @and Vin_min_off).
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Figure 2.7 Setting the UVLO input voltage range

The UVLO pin voltage is generated by this divided voltage and voltage generated by an internal
hysteresis current (23pA). The half-bridge PWM controller enters the active mode when the UVLO
pin voltage reaches 1.25V. The internal hysteresis current is disabled once the half-bridge PWM
controller enters the active mode. The half-bridge PWM controller shuts down when the UVLO pin
voltage drops below the 1.25V threshold. The minimum input operating voltages (Vin_min_on and
Vin_min_off) are calculated by the following equations:

(R24 + R25)

Vinminon(V) = 1.25(V) x (R25)

+ 23(uA) X R24
(R24 + R25)
Vinmin_off(V) = 1.25(V) X T R25)

Vin_min_on IS to be set to 16.05V whereas Vin_min_off iS to be set to 13.75V. In this case, R24 and R25
are calculated to be 100kQ2 and 10 kQ respectively. Figure 2.8 shows the operating modes of the
half-bridge PWM controller, depending on the relationship between the input power source voltage
(Vin) and the UVLO pin voltage.
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Figure 2.8 Operating modes according to the input power source
and UVLO pin voltages

Setting the maximum input operating voltages

The input operating voltage range of this converter can be set with external resistors (R26 and
R27) shown in Figure 2.9. The input voltage (Vin) is divided by R26, and R27, and the divided voltage
is fed to the OVP pin of the half-bridge PWM controller to set the maximum input operating voltages
(Vin_max_on @nd Vin_max_off).
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Figure 2.9 Setting the OVP input voltage range
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The OVP pin voltage is generated by this divided voltage. The half-bridge PWM controller shuts
down when the OVP pin voltage reaches 1.25V. Then, the hysteresis current is enabled, and the
half-bridge PWM controller enters active mode when the OVP pin voltage drops below 1.25V. The
maximum input operating voltages (Vin_max_on and Vin_max_off) are calculated by the following
equations:

(R26 + R27)

Vin_max_off(v) =1.25(V) X (R27)

(R26 + R27)

Vin-max.on (V) = 1.25(V) X (R27)

— 23(uA) x (R26)

Vin_max_off IS to be set to 63.75V whereas Vin_max on iS to be set to 61.45V. In this case, R26 and
R27 are calculated to be 100kQ and 2.0kQ, respectively. Figure 2.10 shows the operating modes of
the half-bridge PWM controller, depending on the relationship between the input power source
voltage (Vin) and the OVP pin voltage.
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Figure 2.10 Operating modes according to the input power source and OVP pin
voltages
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Setting the output voltage

The output voltage (Vout) Of the half-bridge circuit can be set by external resistors (R54, R55, R56,
R57, R59, R61, and R65) and a voltage reference (IC8). The LM5035 regulates the photocoupler
(IC4) current so that the voltage divided by resistors (R59, R61, and R65) equals the reference

voltage (VreF).
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Figure 2.11 Setting the output voltage

The half-bridge PWM controller maintains the output voltage (Vout) at a constant level according
to the feedback current from the photocoupler (IC4) by controlling the MOSFETs (Q1, Q2, Q5, Q6,
Q7, and Q8). If that R54, R55, R56, and R57 are the same resistor with 22kQ, then the output
voltage (Vout) is calculated as follows:

Vegr (V) X R59
(R61 + R65)

Vour (V) =

In this case, the output voltage (Vout) is 1.2V, and the reference voltage (Vrer) is 1.2V, so R59 is
22kQ, R61 is 20k, and R65 is 2k resistors.
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Setting the switching frequency

The switching frequency (fpwm) Of the half-bridge circuit can be set with external resistors (R28).
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Figure 2.12 Setting the switching frequency

It is calculated by the following equation:

1
(R28(02)) + (6.25 x 10%) + 110 x 10~°

frwm(Hz) =

In this case, the switching frequency (fpwm) is to be set to 302kHz, so R28 is calculated to be 20kQ.
The half-bridge PWM controller switches the MOSFETs on the input side (Q1 and Q2) at half the
frequency of fpwm. As a result, a ripple voltage at a frequency of fpwm appears at the output.
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Current limiter

If the voltage of the CS pin of the half-bridge PWM controller exceeds the current limit threshold
of 0.25V, the half-bridge PWM controller controls the MOSFET bridge on the input side to limit the
current. Figure 2.5 shows the half-bridge circuit peripheral area of the MOSFET bridge on the input
side. The current limiting level (I_limit) is determined by the current limit threshold (0.25V), the
value of the current-sensing resistor (R33), the value of the divided resistor (R30 and R31) and the
turns ratio of the current transformer (T2).
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1 | |
A2 3 el R33
1 =
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e e o

Figure 2.13 Current limiter

The current limiting level is calculated by the following equation:

0.25 o R30
R33 X (transformer turns ratio) (R30 + R31)

[ limit =

In this case, the current limiting level is 22.7A, so R33 is 2.2Q, R30 and R31 are 1kQ, and a
current-sense transformer (T2) turn’s ratio is 1:100. Actually, it is necessary to adjust the current
limiting level using an actual board.
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Gate drive circuit

The gate drive circuit affects power efficiency and electromagnetic interference (EMI). In general,
there is a trade-off between power efficiency and EMI. Designing a gate drive circuit is a balancing
act between power efficiency and EMI. If EMI is considered to be caused by switching noise,
determine whether increasing the values of series gate resistors for the Q1 and Q2 MOSFETs (R5,
R6, R8, and R9) helps reduce EMI (see Figure 2.14).
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Figure 2.14 Gate drive circuit

The MOSFET turn-on and turn-off times can be adjusted separately. If it is unnecessary to
separately adjust the MOSFET turn-on and turn-off times, delete D1, D2, R5, R6, R8, and R9 and
use R4 and R7 to adjust the MOSFET switching speeds. The reference design initially sets R4 and R7
to 0Q and does not have D1, D2, R5, R6, R8, and RO.

Transformer

When the “on” duty cycle on the synchronous rectifier side of a transformer is set to 35% in the
static state of the half-bridge circuit, the output voltage is 1.2V and a rectangular wave with an
amplitude of 3.4V or so is required on the secondary side. Since one-half of the typical 54.5V input
voltage (i.e., 27.25V) is applied across the primary winding, a transformer with a turns ratio of 8:1
should be selected for T1 to generate a 3.4V rectangular wave on the secondary side. To generate
supply voltages for the controller on the input side (I_10V), the driver on the output side (O_10V),
and the photocoupler (O_5V), a center-tapped transformer having auxiliary windings with a turns
ratio of 8:1:1:3:3 should be used for T1. In addition, the isolation voltage between the primary and
secondary sides, an increase in the winding temperature, flux saturation, core loss, and other factors
should be fully considered. See the bill of materials (RD040-BOM-01) for the specifications of the
transformer used in the 1.2V/100A DC-DC converter.
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Output smoothing filter

The value of the output capacitor (Cout) is selected so that the resulting output voltage ripple
(Vripple) Meets the required specification. The rectangular waveform that appears at the output side
of the transformer (T1) is smoothed by the LC filter comprised of the synchronous rectification coils
(L2 and L3) and the output capacitor (Cout).
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Figure 2.15 Output smoothing filter

The maximum voltage of the rectangular waveform (Vnode) that appears at the output side of the
transformer (T1) is 3.7V when the input voltage is at the maximum value of 59.5V. If the total
capacitance of the output capacitor (Cout) is 1900uF, then the 302kHz switching frequency is
attenuated by roughly -70dB so the output ripple voltage becomes 1.1mV. Actually, the output
waveform of the transformer has ripples caused by various factors such as the capacitor’s equivalent
series resistance (ESR) and equivalent series inductance (ESL). In addition, please be sure to confirm
below items:

1. Determine that undershoot and overshoot at the output terminal do not exceed the
specified voltage when the load rappidly fluctuates.

2. Determine that the ripple current through the output capacitor does not exceed the
permissible limit.

3. Take the tolerance and aging degradation of the output capacitor into consideration.
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Reducing the surge voltage on synchronous rectification MOSFETs

If the surge voltage that appears across the output terminals of the transformer (T1) that transfers
electrical energy from input to output is excessive, add a snubber circuit as shown in Figure 2.16 to
reduce the surge voltage.
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004

Figure 2.16 Snubber

The snubber circuit is configured of R48 and C51. The RC snubber suppresses the surge voltage
(Vsrg) that occurs across Pin 7 and Pin 10 of T1. At this time, the power loss (P4 rsnb) by resistor R48
is calculated as:

2 _ (h
Pd_Rsnb = (51 X (V:srg) X ( P;/M)

The reference design does not have a snubber circuit as a default. Add a snubber circuit to your
application if necessary.

© 2019 17 /23 2019-05-13

Toshiba Electronic Devices & Storage Corporation Rev. 3



TOSHIBA

RD040-DGUIDE-03

3. PCB design

This section shows considerations for the PCB design for the 1.2V/100A DC-DC converter.

3.1. PCB layout
Creepage distance

Ensure appropriate spatial distance and creepage distances according to the safety standards
specified in the required specification. Table 3.1 shows the creepage distances ensured in this
converter. The required spatial and creepage distances vary depending on the operating environment,
materials, material contamination levels, humidity, altitude (i.e., air pressure), and other factors.

Table 3.1 Minimum creepage distances (design values)

Line 1 Line 2 Creepage distance between Line 1 and Line 2
Input (photocoupler) Output (photocoupler) 1.4mm
Input (transformer) Output (transformer) 1.4mm

_TOSHIBA

Current capacity
Each trace on PCB must be wide enough not to cause a temperature rise or IR drop when the

maximum current flows through each trace.
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3.2. PCB layout for the half-bridge circuit

This subsection shows the considerations for PCB design peripheral area of the half-bridge circuit.

Figure 3.1 shows the half-bridge circuit (around the controller). Figure 3.4 and Figure 3.5 show the

PCB traces that require special attention in the half-bridge circuit. Refer to the datasheet of the half-

bridge PWM controller and the related documents for the guidelines on the layout of peripheral area

of the controller.

3.2.1. Considerations for the layout around the controller

1. Place the half-bridge PWM controller (IC1) away from the high-current switching circuit on the

secondary side, the transformer, and the reactor.

2. Place the components surrounded by the blue dotted box in Figure 3.1 in the near of the half-

bridge PWM controller as shown in Figure 3.2.

3. Provide a single ground plane (PN in Figure 3.1) and connect it to the AGND pin of the half-bridge

PWM controller as shown in Figure 3.3.

l_-_---- -----1
1_10v
:1.- j‘c_zz:
os ||| T |, |
| Bt I 1 Il 1 TV 1 E—l 3
] I : D4 L D3
: —c21 I PN
1 |
R21 | i
i l Eu L----—----—--------.
1 R2 11 ' 1
w1 L eos M l R33 H
r=T==== ZpEgygeeee & c29 ) 1
| - 3R31|
IC1 1
1 ) 1 lree . ¥ R30 1
[ R233 R243 3 — 23885 Gun b 1
PN of 14 - - —__—
I PN PN PN I
: i
1
i |
i |
=C24 L 1Y% 5o, 26 '
i cs t T P28 L —c27 L ol
R29 1
i |
L- N 8 3 B N N 8 B | -_— --------_-------------J

qu [ ]
-
=
-
=

PN PNPN PN PN

PN

Figure 3.1 Half-bridge circuit (around the controller)
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Figure 3.3. Board layout 2
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3.2.2. Considerations for the layout around the MOSFETs on the input side

1. Place components in such a manner as to minimize the areas around the switching nodes that
are exposed to considerable voltage changes (Line “a” and lines with a voltage change equal to
that of Line “a@”).

2. Place Q1 and Q2 close to IC1 to minimize the lengths of the driver output lines (“a” and “b” in
Figure 3.4) and make them wide enough to be able to conduct the maximum drive current.

3. Decouple the return path of the drive current for Q1 at a position close to its source pin.

4. Decouple the return path of the drive current for Q2 from the GND (PN) plane at a position close
to the source pin of Q2, if decoupling is necessary.

b d
1_10v
6~ j_ C22
D5
ol o 002
o o
J=C21
a b
002 E
—

L.
;

Figure 3.4 PCB layout of the half-bridge circuit requiring special attention
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3.2.3. Considerations for the layout around the synchronous rectification
MOSFETs on the output side

1. Place Q5, Q6, Q7, and Q8 close to IC5 to minimize the length of the driver output line (“c” in
Figure 3.5) and make it wide enough to be able to conduct the maximum drive current.

2. When the GND (O_GND) plane is not used as a return path of the drive current, decouple the
drive current at a position close to the source pins of Q5, Q6, Q7, and Q8.

3. Place C51 and R48 that comprise a snubber circuit close to the drain and source pins of Q5, Q6,
Q7, and Q8.

4. Place Q5, Q6, Q7, and Q8 close to T1 to minimize the lengths of the loops between the
transformer and the synchronous rectification MOSFETSs.
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Figure 3.5 PCB layout of the half-bridge circuit requiring special attention
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Terms of Use

This terms of use is made between Toshiba Electronic Devices and Storage Corporation (“We"”) and customers who
use documents and data that are consulted to design electronics applications on which our semiconductor devices
are mounted (“this Reference Design”). Customers shall comply with this terms of use. Please note that it is assumed
that customers agree to any and all this terms of use if customers download this Reference Design. We may, at its
sole and exclusive discretion, change, alter, modify, add, and/or remove any part of this terms of use at any time
without any prior notice. We may terminate this terms of use at any time and for any reason. Upon termination of
this terms of use, customers shall destroy this Reference Design. In the event of any breach thereof by customers,
customers shall destroy this Reference Design, and furnish us a written confirmation to prove such destruction.

1. Restrictions on usage

1. This Reference Design is provided solely as reference data for designing electronics applications. Customers
shall not use this Reference Design for any other purpose, including without limitation, verification of reliability.

2. This Reference Design is for customer's own use and not for sale, lease or other transfer.

3. Customers shall not use this Reference Design for evaluation in high or low temperature, high humidity, or high
electromagnetic environments.

4. This Reference Design shall not be used for or incorporated into any products or systems whose manufacture,
use, or sale is prohibited under any applicable laws or regulations.

2. Limitations

1. We reserve the right to make changes to this Reference Design without notice.

2. This Reference Design should be treated as a reference only. We are not responsible for any incorrect or
incomplete data and information.

3. Semiconductor devices can malfunction or fail. When designing electronics applications by referring to this
Reference Design, customers are responsible for complying with safety standards and for providing adequate
designs and safeguards for their hardware, software and systems which minimize risk and avoid situations in
which a malfunction or failure of semiconductor devices could cause loss of human life, bodily injury or damage
to property, including data loss or corruption. Customers must also refer to and comply with the latest versions
of all relevant our information, including without limitation, specifications, data sheets and application notes for
semiconductor devices, as well as the precautions and conditions set forth in the "Semiconductor Reliability
Handbook".

4. When designing electronics applications by referring to this Reference Design, customers must evaluate the
whole system adequately. Customers are solely responsible for all aspects of their own product design or
applications. WE ASSUME NO LIABILITY FOR CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

5. No responsibility is assumed by us for any infringement of patents or any other intellectual property rights of
third parties that may result from the use of this Reference Design. No license to any intellectual property right is
granted by this terms of use, whether express or implied, by estoppel or otherwise.

6. THIS REFERENCE DESIGN IS PROVIDED "AS IS". WE (a) ASSUME NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF
DATA, AND (b) DISCLAIM ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO
THIS REFERENCE DESIGN, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

3. Export Control

Customers shall not use or otherwise make available this Reference Design for any military purposes, including
without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological
weapons or missile technology products (mass destruction weapons). This Reference Design may be controlled under
the applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and Foreign
Trade Law and the U.S. Export Administration Regulations. Export and re-export of this Reference Design are strictly
prohibited except in compliance with all applicable export laws and regulations.

4. Governing Laws
This terms of use shall be governed and construed by laws of Japan.
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