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System Description

A Controller Area Network (CAN) bus is an interface for automotive and vehicle applications developed in
1986 by Bosch GmbH. Due to its low cost, the CAN bus is used in factory and process automation to
control the production lines. Newly developed products still support the CAN interface to support legacy
and factory deployed remote input/output devices, motor drives, sensors, and actuators.

High noise levels on a network bus have the potential to destroy bus transceivers. This noise comes
primarily from two sources, ground loops and electrical line surges.

Ground loops occur when bus node circuits at remote locations use their local ground as reference
potential. In this case, signal return currents cannot flow back to the ground potential of the sourcing driver
on a direct path. Instead they are forced to return through the complex ground network of the electrical
installation and, thus, become susceptible to directly coupled, large switching currents of electric
machinery. Connecting multiple local grounds directly through a ground wire makes matters worse.
Because these grounds often possess significant differences in voltage levels, a low-impedance ground
wire causes high, unintended compensation currents to flow, which can damage or destroy components.

Electrical surges are usually the result of inductive-coupled currents into the network cable. In particular,
long cable runs are highly susceptible to these surges as the cable might pass electrical equipment
switching large currents or might run close to high-current carrying conductors. Other surges include
electrostatic discharges (ESD) caused by humans during installation and maintenance work or by direct or
indirect lightning strikes. Protecting a network against this destructive energy requires the galvanic
isolation of the bus system from the local node circuitry. Modern digital isolators accomplish this goal by
incorporating capacitive isolation barriers with up to 5 kV of peak isolation and a transient immunity of up
to 50 kV/ps.

Adding bus isolation inside the CAN device protects against dangerous electrical transients and eliminates
ground loops. When there is no internal CAN bus isolation, then the device is exposed to the electrical
challenges described in this guide. However, isolation still can be added between non-isolated CAN
devices by adding an isolated CAN repeater into the CAN bus line.

This TI reference design describes a two-port CAN FD repeater with bus speed up to 2Mbps. This isolated
CAN FD repeater reference design adds isolation between the two CAN interfaces and is supplied by a
single 24-V industrial voltage supply. The device protects the input power supply from high power
transients or lightning strikes with a flat-clamp surge protection device.

Key System Specifications

Table 1. Key System Specifications

PARAMETER SPECIFICATIONS
Input voltage 5t033V
CAN bus speed Up to 2 Mbps
Isolation barrier 3000 Vgys isolation rating
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System Overview

Block Diagram
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Figure 1. TIDA-01487 Block Diagram
Highlighted Products
TCAN1042H
* Meets the ISO 11898-2:2016 and ISO 11898-5:2007 physical layer standards
*  '"Turbo' CAN:
— All devices support classic CAN and 2Mbps CAN FD (flexible data rate) and "G" options support 5
Mbps

— Short and symmetrical propagation delay times and fast loop times for enhanced timing margin
— Higher data rates in loaded CAN networks
» 1/O voltage range supports 3.3-V and 5-V MCUs
* Ideal passive behavior when unpowered:
— Bus and logic terminals are high impedance (no load)
— Power up or down with glitch free operation on bus and RXD output
» Protection Features:
— HBM ESD protection: £16 kV
— |EC ESD protection: up to +15 kV
— Bus fault protection: £58 V (non-H variants) and £70 V (H variants)
— Undervoltage protection on VCC and VIO (V variants only) supply terminals
— Driver dominant time out (TXD DTO), data rates down to 10 kbps
— Thermal shutdown protection (TSD)
* Receiver common-mode input voltage: +30 V
» Typical loop delay: 110 ns
e Junction temperatures from —55°C to 150°C

* Available in SOIC(8) package and leadless VSON(8) package (3.0 mm x 3.0 mm) with improved
automated optical inspection (AOI) capability
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2.2.3

ISO7721

Signaling rate: Up to 100 Mbps

Wide supply range: 2.25t0 5.5V

2.25- to 5.5-V level translation

Default output high and low options

Wide temperature range: -55°C to 125°C

Low power consumption, typical 1.7 mA per channel at 1 Mbps
Low propagation delay: 11 ns typical (5-V supplies)

High CMTI: £100 kV/us typical

Robust electromagnetic compatibility (EMC):

— System-level ESD, EFT, and surge immunity

— Low emissions

Isolation barrier life: > 40 years

Wide-SOIC (DW-16) and narrow-SOIC (D-8) package options
Safety-related certifications:

— VDE reinforced insulation according to DIN V VDE V 0884-10 (VDE V 0884-10):2006-12

— 5000 Vgys (DW) and 3000 Vgys (D) isolation rating per UL 1577

— CSA component acceptance notice 5A, IEC 60950-1 and IEC 60601-1 end equipment standards

— CQC certification per GB4943.1-2011
— TUV certification according to EN 60950-1 and EN 61010-1

— VDE, UL, CSA, and TUV certifications for DW package complete; all other certifications planned

LM5166

Wide input voltage range: 3 to 65 V

9.7-uA no-load quiescent current

Junction temperature range: —40°C to 150°C
Fixed (3.3-V, 5-V) or adjustable V,,; options
Meets EN55022 and CISPR 22 EMI standards
Integrated 1-Q PFET buck switch:

— Supports 100% duty cycle for low dropout
Integrated 0.5-Q NFET synchronous rectifier:

— Eliminates external Schottky diode
Programmable peak current limit supports:

— 500-mA, 300-mA, or 200-mA loads
Selectable PFM or constant on-time (COT) mode operation
1.223-V £1.2% internal voltage reference
Switching frequency up to 600 kHz

900-us internal or externally-adjustable soft start
Diode emulation and pulse skipping for ultra-high, light-load efficiency
No loop compensation or bootstrap components
Precision enable and input UVLO with hysteresis
Open-drain power good indicator

Thermal shutdown protection with hysteresis
Pin-to-pin compatible with the LM5165

10-pin, 3-mmx3-mm VSON package
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SN6501
e Push-pull driver for small transformers
* Single 3.3- or 5-V supply
» High primary-side current drive:
— 5-V supply: 350 mA (max)
— 3.3-V supply: 150 mA (max)
» Low ripple on rectified output permits small output capacitors
* Small 5-pin SOT-23 package

TVS3300
» 33-V, flat-clamp, surge-protection device
» Protects against 1 kV, 42 Q IEC 61000-4-5 surge test for industrial signal lines
» Max clamping voltage of 40 V at 35 A of 8/20-us surge current
» Standoff voltage: 33 V
» Survives over 4,000 repetitive strikes of 30-A 8/20-ps surge current at 125°C
* Robust surge protection
— |EC61000-4-5 (8/20 ps): 35 A
— |IEC61643-321 (10/1000 ps): 4 A
+  Small, 1.1-mm? WCSP and 4-mm? SON footprints

Design Considerations

The isolated CAN FD repeater design consists of two CAN bus transceivers. Between the two CAN bus
transceivers is an isolation barrier and an arbitration logic. The arbitration logic detects which of the two
CAN transceivers enter the dominant state first and prevents the loopback of the secondary CAN
transceiver side, which would stall the CAN bus into dominant state otherwise.

System Design Theory

The isolated CAN FD repeater reference design consists of a power supply section, two CAN transceivers
devices, CAN bus arbitration logic, and CAN bus isolation device. Each of these subsystems are
discussed in the following subsections.

Power Supply

The first stage in the power supply subsystem is the input protection stage.

* Overvoltage protection > 36 V: TVS diode

* Reverse polarity protection: inline diode

« Transient voltage suppression: TVS3300 diode with current limiting resistor

The first stage protects against miss-wiring and high voltage surges of up to 1 kV peak amplitude. High
voltage surges can come from source impedance of 42 Ohms to 2 Ohms. Without the high voltage surge
protection of the first stage any sensitive electronics can get damaged. A typical protection scheme
consists of a bi-directional and miss-wiring safe TVS Diode (D2 in the schematics), which is strong enough
to handle the peak current of the voltage surge. With 42 Ohms the peak current is 24 A and with 2 Ohms
the peak current is 500 A. Under these circumstances classical TVS diodes still produce a significant
overshoot which can reach up to 90 V. After the first TVS diode (D2) there is an in-line diode (D1) for
miss-wiring protection and to prevent reverse current during the surge undershoot. A series resistor (R5)
limits the peak current and the TVS3300 flat-clamp diode (U10) protects the circuit from the remaining
surge overshoot. The filtered voltage at the output of the first stage is guaranteed to never exceed 40V.
The LM6166 DC/DC converter (U9) inside the second stage has low current requirements and therefore
the series resistor (R5) can have a value of 10 Ohm. If the second stage requires higher current, series
resistor (R5) can be reduced to 2 Ohm because high voltage surges can be handled by the limiting
resistor inside the TVS3300 flat-clamp diode.
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The second stage in the power supply subsystem converts the input voltage of 5 to 33 V to a 5-V supply
voltage using the LM5166 DC/DC converter. The circuit is based on the COT reference design of the
LM5166. One advantage of the LM5166 is the wide input voltage range from 5 to 33 V for this reference
design. The LM5166 also has an ultra-high power conversion efficiency of 93.5% with a 12-V input supply
and 250-mA current consumption. The non-isolated voltage supplies one TCAN1042H, the CAN bus
arbitration logic, and the primary side of the ISO7721 isolator device.

The isolated voltage supply is generated by the SN6501 transformer driver. An LDO is generating the
isolated 5-V supply from the transformer voltage. The isolated 5 V is supplied to the TCAN1042H device
and the secondary side of the ISO7721 isolator device on the secondary side.

CAN Transceiver

Two TCAN1042H transceivers are used in this reference design. The TCAN1042H support classic CAN
data rates and CAN FD data rates of up to 2Mbps. The RX and TX pins of the two TCAN1042H are going
into the arbitration logic.

CAN Bus Arbitration Logic

The CAN bus arbitration logic is needed to prevent both CAN buses to get stuck in dominant state due to
the loopback function inside the CAN transceiver devices.

The arbitration logic detects which of the two CAN bus sides is entering the dominant state first. Based on
the detection of the first CAN bus side, the arbitration logic blocks the secondary CAN bus side from also
asserting dominant state due to the loopback. Once the first CAN bus releases the dominant state the
arbitration logic starts a time delay unit. After the time delay unit expires, the block of the secondary side is
removed. The arbitration logic works in both CAN bus directions.

The delay line unit has an asymmetric delay of the CAN bus line transition. This unit has only a delay of
210 ns from dominant state to resistive state and no delay from resistive state to dominant state. The
asymmetric delay of 210 ns is needed to support higher CAN data rates as 2Mbps.

The CAN bus arbitration logic has been simulated as seen in Figure 2. The simulation shows when both
sides of the CAN bus interface get into a dominant state. Then the side that stays longer in the dominant
state wins the bus arbitration, and the device that enters resistive state goes back to receive mode.

VF2
U2 SN74HC32 | — RX2
g :

A2 VR

)11 SNT4HC04
U3 SNTAHG22 | LH:‘JHT/H:CG
3 |2 -
U5 SN74HCO08 T Delay Line
U7 SNT4HCO04 1 U5 SNT4HCO8 -
[z ZHB 210ns
L

™1

U15 SN74HC04
21
|

U8 SN74HCO04 U14 SN74HCO8
3
2

U4 2MEG 1 2
—{=

Delay Line 4 U13 SNT4HC32

210ns { 3

24 )—L
U10 SN74HC32
L U10 X2
RX1 2] 2 ! )
TX2_

Figure 2. CAN Bus Arbitration Logic Circuit

The stimulus on the left side is a 2-Mbps square wave signal and on the right side a slower 500-kHz
square wave signal. Note that the stimulus are not CAN signals because they do not detect dominant
state and switch off driving the bus. The two stimulus are mainly used to test the initial arbitration of the
CAN bus arbitration logic.
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Figure 3. Arbitration Logic Simulation Results

The secondary side (RX2) stays longer in the dominant state and therefore is in favor of the arbitration

detection logic.

Figure 4 is the simulation of the asymmetric time delay unit.
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Figure 4. Delay Logic Circuit
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The time delay unit simulation results are shown in Figure 5. The capacitor is charged (VF4) when the
CAN bus transitions from dominant state to resistive state (V_in). When the voltage VF4 reached the
threshold, the time delay unit set V_out to high. As the time delay unit is asymmetric, there is no delay
when V_in goes to low and V_out goes immediately low, too.
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0.00—
4.00 —
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T ]
0.00 1.00u
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3.00u

/L
T
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Figure 5. Delay Logic Simulation Results

2.4.4 CAN Bus Isolation Logic

The 1ISO7721 device has been chosen for this reference design as it supports two data lines, one in each
direction. The 1SO7721 device isolates the two CAN transceiver signals RX and TX between the two CAN
busses. The 1ISO7721 device supports 3000 V of isolation with the SOIC (D) package. Note that if a higher
isolation voltage is required, then the SOIC (DW) package has to be used.
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3 Hardware, Testing Requirements, and Test Results

3.1 Required Hardware
Connect a 24-V power supply to J5 of the isolated CAN FD repeater board. Switch the power supply.

:

q
i
L
8

* PRJ_Number. D v-

ew
For evaluation only; not FCC approved for resaks.

Figure 6. TIDA-01487 Board

Place the isolated CAN FD repeater board in between a CAN bus, which must get isolated. Connect the
9-pin Sub-D connector J1 to the primary side and J2 to the secondary side.
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3.2 Testing and Results

The isolated CAN FD repeater has been validated with two TIDA-01406 CAN open reference designs,
which operate on BeagleBone Black.

TIDA-01406 CAN Bus CAN Bus TIDA-01406
BeagleBone Elzs[gé Efgiﬁrg Z':]d P #1 w~ TIDA-01487 P #2 N E|2§|r3é Efgiﬁrg :':]d BeagleBone
Black p Isolated CAN FD Repeater Reference Design P Black
Interface Reference Interface Reference
Design Design

Copyright © 2017, Texas Instruments Incorporated

Figure 7. TIDA-01487 Test Setup

321 CAN Communication
Figure 8 shows CAN bus communication between CAN1 to CAN2 at 1 Mbps.
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AT 3.0Vidiv 25600 1acqs RLi100k

@TH 3.0v/div 39.063kHz Auto  July 03,2017 16:48:02
Value Mean Min Max St Dev Count Info I

@B aAmplt 48V [a.8 Ja.8 48 [o.0 [10 [ I

Figure 8. Communication CAN1 to CAN2 at 1 Mbps

Scope channel legend:

* Channel 1: RX1 at TP6
e Channel 2: TX2_at TP4
e Channel 3: RX2_at TP1
* Channel 4: TX1 at TP3

The arbitration logic detects that Channel 1 (RX1) gets into a dominant state first. The CAN frame is
routed from CAN bus 1 to CAN bus 2. At the end of the CAN frame, the CAN bus 2 acknowledges the
reception by pulling the bus 2 to dominant state—this can be seen on Channel 4. The bus acknowledge
pulse can be observed on Channel 1 and Channel 2.
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Figure 9 shows CAN bus communication between CAN bus 2 to CAN bus 1 at 1 Mbps.

Mo ahgy i P
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@D 3.0Vidiv 39.063kHz Auto  July 03, 2017 16:48:46
Value Mean Min Max StDev  Count Info W
Ampl*  [4.68V [4.68 Ja.88 [a.68 Jo.0 [1.0 | I

Figure 9. Communication CAN Bus 2 to CAN Bus 1 at 1 Mbps

Scope channel legend:

* Channel 1: RX1 at TP6
e Channel 2: TX2_at TP4
e Channel 3: RX2_at TP1
* Channel 4: TX1 at TP3

The arbitration logic detects that Channel 1 (RX1) gets into a dominant state first. The CAN frame is
routed from CAN bus 1 to CAN bus 2. At the end of the CAN frame, the CAN bus 2 acknowledges the
reception by pulling the bus 2 to a dominant state—this can be seen on Channel 2. The bus acknowledge
pulse can be observed on Channel 1 and Channel 3.
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3.2.2 Delay Line Logic
Figure 10 and Figure 11 show the signal delay added by the delay line logic. This delay line logic operates
asynchronous, meaning it adds a 228-ns delay from the dominant state to resistive state, and a 2.8-ns
delay from the resistive state to dominant state.
e Channel 1: TP3
* Channel 2: U7, pin 7
— — — — —_— - — — — :
o ‘?‘?J‘“,\HL " - " e e n Jr:
]
v rw M ™ ' Ayl ' |
|.x1[|;1.|\|lx1||{1.|;i|\‘l.lelxjnluwlelni
AT 2.0Vidiv By:1.06 & 100.0ps QAee 2.36v 50.0ns/div 5.06S/s 200ps/pt
2.0Vidiv Byi1.06 B 217.9ns None Normal Single Seq
D 2180 1acqgs RL:2.5k
& 4587 MHz Auto  July 26, 2017 11:27:13
Figure 10. Delay From Resistive State to Dominant State
I L | | I L |
a| 0 ]
]
WMWMWWMW
o e e g
oy 4 B
FYRTTREN N I TN ST NN TR S N M | -.\\u.‘ll.”.ixwuwl..i
2.0Vidiv By 1.0G & [300ps aem o\ 236v 10.0ns/div 10.0GS/s 100ps/pt
D 2.0Vidiv By:1.0G 2.5ns None Normal Single Seq 1
D 2.80s 1acgs RL:1.0k
& 357.143MHz Auto  July 26,2017 11:25:50
Figure 11. Delay From Dominant State to Resistive State
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3.2.3 CAN Transceiver Loopback

Figure 12 and Figure 13 show the TCAN1042H loopback delay. The TX line gets dominant until the CAN
transceiver loops back the signal on the RX line. The delay measured is 86.6 ns for CAN 1 (U8) and 88.5
ns for CAN 2 (U7).

e Channel 1: TP3
e Channel 2: TP6

'\, NWMMWWMWWN

e I "
©® 20vidiv B1.06 20.0ns/div 5.0GSls 200ps/pt

el
L d

D 2.0viiv 81,06 B rozns single Seq 1
«»
Lad

86.8ns 1acas RL:1.0k
11.521MHz Auto July 26,2017 11:24:07

Figure 12. Loopback Delay CAN 1

e Channel 1: TP5
e Channel 2: TP2

T T
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-
PSRN PR PR
k " ™
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2.0Vidiv By 1.06 & 100055 QAE»\ 236v 50.0nsldiv 5.06Ss 200ps/pt
€ 2.0vidiv B)1.06 D aons None Normal Single Seq 1
& 5550 1acqs RL:2.5k
AT 11.299MHz Auto  July 26,2017 11:29:29

Figure 13. Loopback Delay CAN 2

3.24 CAN Isolation Delay

Figure 14 shows the ISO7721 and the CAN 2 loopback delay. This is a total of 108.5 ns. By subtracting
the CAN 2 loopback delay of 88.5 ns, the ISO7721 has a round-trip delay of 20 ns, or 10 ns for one
direction.
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e Channel 1: TP4
e Channel 2: TP1

Figure 14. ISO7721 and CAN 2 Delay
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-01487.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01487.

4.3 PCB Layout Recommendations

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01487.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01487.

4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01487 .

4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01487.

5 Software Files
To download the software files, see the design files at TIDA-01487.

6 Related Documentation

1. Texas Instruments, Energy Efficient and Isolated CANopen Interface Reference Design for PLC and
Communication Modules, TIDA-01406 design guide

2. Texas Instruments, LM5166EVM-C50A Evaluation Module, user's guide
3. Texas Instruments, TVS0500-3300 Adapter Board, TVS3300 Evaluation Module (TVS-00EVM)

6.1 Trademarks
All trademarks are the property of their respective owners.

7 About the Author

THOMAS MAUER is a system engineer in the Factory Automation and Control Team at Texas
Instruments Freising. He is responsible for developing reference design solutions for the industrial
segment. Thomas brings his extensive experience in industrial communications like Industrial Ethernet,
fieldbuses, and industrial applications to this role. Thomas earned his degree in electrical engineering
(Dipl. Ing. (FH)) at the University of Applied Sciences in Wiesbaden, Germany
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IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “Tl Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.

You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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