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1 Design Summary
The design requirements are as follows:
e  Supply Voltage: 5V
. Input: 0 — 1A
. Output: 0-4.9V
. Maximum Shunt Voltage: 100 mV

The design goals and measured performance are summarized in Table 1. The plot in Figure 1 contains
1,000 calibrated operating points of the circuit's measured dc transfer function. As shown in Figure 2, the
circuit is accurate to within £0.003% full-scale error after applying a 2-point calibration. A description of the
circuit’s uncalibrated performance is included in Appendix A.

Table 1. Comparison of Design Goals, Simulation, and Measured Performance

Goal Simulated Uncalibrated | Calibrated
Full Scale Range Error (0-1A) | +0.1% +0.108% +0.055% +0.003%
Zero-Current Error +0.1% -0.034% -0.052% -0.0002%

5 . I .

Current Sensing from 0-50mA /
0.25 —
0.2 I #t /
0.5 /
04 L
.‘.‘ o
0.05 /

0.01 0.02 0.03 0.04 0.05

/

-
wn
I

\

w
3]

Output Voltage {V)
(%] : (%)
Il
=
=
'

—
(4]

.

S
tn

0 0.1 02 03 04 05 06 07 0.8 09 1
Input Current (A)

Figure 1. Calibrated DC Transfer Function (Vout VS. In)
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Figure 2. Calibrated Full-Scale Range Error vs. Input Current
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2 Theory of Operation
This low-side current sensing solution uses the LM7705 with a rail-to-rail op-amp (U1) to accurately sense
load-current between 0-1A. A simplified schematic for the circuit is shown below in Figure 3. The transfer
function detailing the relationship between Voyt and I oap is shown in Equation 1.
VBus
I Z
LOAD LOAD 5V
\Y
+ ouT
VSHUNT R
shunt
_ LM7705
Re
Figure 3. Simplified Schematic of Low-Side Current Sensing Solution
Re
Vour =lioap X Rshunt X[:H' = (1)
Rs
2.1  Sources of Output Error
The physical construction of the circuit and the component tolerances will introduce error in the transfer
function. A schematic, with several practical sources of error, is shown in Figure 4.
2.1.1 Gain Error
The largest source of gain error comes from the tolerance of Rspyunt, Rr and Rg. Small trace impedance in
a poorly placed Kelvin connection, Rxg vin, Will also add additional gain error. Any potential, Vgnp, between
GND and the low-side of R¢ will introduce gain error in the output. The effect of gain error appears as a
change in the slope of the transfer function as shown in Figure 5 (left).
2.1.2 Offset Error
The amplifier’s offset voltage (Vos) is the dominant source of offset error in this design. The magnitude of
offset error at the output will equal the product of the amplifier's gain and offset voltage. Ideally, the offset
error is linear across the entire input range and appears as a vertical shift (up or down) in the transfer
function as shown in Figure 5 (right).
TIDUO040B-December 2013-Revised December 2015 0-1A, Single-Supply, Low-Side Current Sensing Solution 3
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Figure 5. Gain Error (Left) and Offset Error (Right)

2.1.3 Removing Error with Calibration

A 2-point calibration is used in this design to remove linear sources of gain and offset error in the dc
transfer function. A description of the calibration procedure is included in Appendix A.

4 0-1A, Single-Supply, Low-Side Current Sensing Solution TIDUO40B-December 2013-Revised December 2015
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2.1.4 Full-Scale Error

The full-scale error (%FSR) of the output is calculated using Equation 2.

Vs S -V,
Full-Scale Error (%FSR) = 100x UT _MEASURED " OUT _IDEAL )

OUT _IDEAL_ MAX _VOUT _IDEAL_MIN

2.1.5 Output Voltage Swing

For most single-supply applications, the negative power supply (Vs.) is fixed at GND or OV. Output stage
limitations of the amplifier will induce non-linear saturation as the output approaches the negative supply.
A depiction of this near-zero saturation is shown in Figure 6. A 2-point calibration will only remove linear
sources of gain and offset error and will not cancel the zero-current error. In order for the amplifier to
create a linear output down to 0V, the negative supply must be at least 100mV less than system GND. The
LM7705 inverting charge pump generates a -0.23V supply for this purpose.
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Figure 6. Output Saturation near the Negative Supply Rail
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3 Component Selection
3.1 Amplifier
This design requires an amplifier with a rail-to-rail input/output and a relatively low offset voltage. To sense
current within a wide frequency range, the OPA320 was chosen for its bandwidth and low offset voltage.
Datasheet specifications that benefit the design are listed in Table 2. As shown, the OPA320 has a
maximum offset voltage of 150 puV and a unity-gain bandwidth of 20MHz.
Table 2. OPA320 Datasheet Specifications
Max Supply | Max Quiescent Max Offset | Max Offset Bandwidth Output Swing
Amplifier Voltage Current Voltage Drift (MH2) (mV from
V) (LA) (uV) (uv/eC) Negative Rail)
OPA320 5.5 1750 150 5 20 20
3.2 LM7705
The LM7705 functions as an inverting charge pump and regulates its output to -0.23V when powered from
a single supply. By biasing the negative supply (Vs.) of the op-amp to -0.23V, the linear output range of the
device is extended below OV. A linear output at OV allows a calibrated measurement of zero-input current
as shown in Figure 7.
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Figure 7. Measured Output Saturation w/out the LM7705
3.3 Shunt Resistor

To keep the shunt voltage, Vsyunt, below 100mV at maximum load current, the largest shunt resistor value
was defined using Equation 3.

_ VSHUNT_MAX _ 100mV

RSHUNT _MAX —

=100mQ (3)

ILOAD_MAX

0-1A, Single-Supply, Low-Side Current Sensing Solution TIDU040B-December 2013-Revised December 2015
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3.4

3.5

To maximize Vsyynt fOr a given load current, a 100mQ (+0.1%) shunt resistor was selected for this design.
At max load current, the shunt will dissipate 100mW.

Gain-Setting Resistors

After selecting Rspunt to be 100mQ, the maximum Vsuynt IS limited to 100mV at 1A load current. The
resistors in the feedback network of the amplifier, Rr and Rg, were chosen to provide a fixed gain of 49
V/V which increases the output range to the desired 0-4.9V.

The closest ratio of manufactured resistor values that provides a non-inverting gain of 49 V/V was a 360kQ
(20.05%) resistor for Rg and a 7.5kQ (+0.05%) for Rg as shown in Equation 4.

Gain =14 16 1, 360K _ 45V (a)
R,  75kQ "V

Other Components

Other components included in the design were standard decoupling capacitors and the passives used in
the LM7705 circuitry. The values selected for the LM7705 circuit were standard components
recommended in the datasheet and product evaluation board documentation. Large 10uF tantalum bulk-
capacitors were placed directly at the board’s power supply connection as well as the input to the LM7705.
When possible, passives were selected in 0603 packages to minimize the footprint of the circuit.

TIDUO040B-December 2013-Revised December 2015 0-1A, Single-Supply, Low-Side Current Sensing Solution 7
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Simulation

A simulation of the circuit was performed using TINA-TI™ software. The schematic used in simulation is
shown in Figure 8. The LM7705 was simulated by placing a -230mV voltage reference (V2) at the negative
rail of the OPA320.

R1 7.5k R2 360k
L—fvv\—- AN
B LM7705
— = V2230m
U1 OPA320 Vout
Vin T

4 S
be . 3
=
— + n:
IG1 I@) g = =15 —
)
E —_—
Figure 8. TINA-TI™ Simulation Schematic
0-1A, Single-Supply, Low-Side Current Sensing Solution TIDU040B-December 2013-Revised December 2015
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4.1 Simulated DC Transfer Function

The simulated dc transfer function is shown in Figure 9. Using ideal component values, the simulation
shows uncalibrated performance of -1.655mV at zero-input current and 4.898V at 1A.
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_ 304 VOUT = 4.898Y
|
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O
2.0+ ‘ VOUT = -1.655mV
1.0
0.0 T ' 1 ’ ]
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Input current (A)

Figure 9. Simulated Transfer Function (Vout VS. Iin)

4.2 Monte Carlo Simulation

To analyze error due to the tolerance of Rsyunt, RF, @and Rg, a 1,000 point Monte-Carlo simulation was run
at OA and 1A input current. The results of the Monte-Carlo simulation are shown in Table 3.

Table 3. DC Transfer Results from Calibrated Monte-Carlo Analysis

Average (1) | Std. Dev. (o) | Nominal
Vour (V) at 0A -1.655041m | 224.104785n | -1.655052m
Vour (V) at 1A 4.898204 1.175525m 4.898282

Using the mean () and standard deviation (o) from the Monte-Carlo simulation, a Six Sigma (-30 to 30)
prediction of full-scale error (%FSR) is calculated using Equation 5.

(:U * 30—) —Vour _EXPECTED
4.9

Percent Error (%FSR) = x100 (5)

With 99.7% confidence, the maximum simulated full-scale error at 1A (full-scale range) is +0.108%. The
maximum simulated zero-current error is -0.034%.

4.3 Simulated Results Summary

The simulation results are compared against the design goals in Table 4.

Table 4. Design Goals with Simulated Performance

Goal Simulated
Full Scale Error +0.1% +0.108%
Zero-Current Error +0.1% -0.034%
TIDUO040B-December 2013-Revised December 2015 0-1A, Single-Supply, Low-Side Current Sensing Solution 9
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5.1

5.2

PCB Design

The PCB schematic and bill of materials can be found in Appendix A.

PCB Layout

The two-layer printed circuit board (PCB) used in this design measures 2.45” x 1.35” as shown in Figure
10. The sensing circuitry occupies the top-copper layer. The bottom-copper layer contains a solid ground
plane which provides a low-impedance path for return currents.

indut
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TEYPG)
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n

Texas Instruments o

Precision Design
Single 5V Supply ©
0-1A Louw Side
Current Sensing

fHiddng
49Mod

Figure 10. PCB Layout

PCB Layout Considerations

The terminal blocks for the input current and power supply share a common ground connection at the left
side of the board. The shunt resistor, Rsyun, iS located very close to the input terminal block. This
shortens the path of load current on the PCB and minimizes the trace-impedance from Rgsyynt to GND.
The op-amp’s feedback network (Rr and Rg) is positioned such that ground-side of Rsyynt and Rg are
near each other. This results in an accurate measurement across Rsyynt USing a single Kelvin connection
and minimizes a potential source of gain error, The pad for Rsyynt €an fit any surface mount resistor
between 0805 and 2512; however the placement of the Kelvin connection is optimized for a 2512 package.
The output of the LM7705 is located near the negative supply pin of the op-amp, which minimizes the
length of the connecting trace. All decoupling capacitors are placed near their designated power pins on
the IC’s.

10

0-1A, Single-Supply, Low-Side Current Sensing Solution TIDU040B-December 2013-Revised December 2015
Copyright © 2013, Texas Instruments Incorporated



13 TEXAS
INSTRUMENTS

www.ti.com

6 Verification & Measured Performance

A LabVIEW VI allowed for automated control (GPIB) of a source meter and two multimeters to measure dc
transfer characteristics. A fixed 5V power supply provided power to the circuit. The automated testing
setup allowed fast and repeatable measurement and analysis of the circuit’s dc operating points across the
entire input range of 0-1A. The circuit’s uncalibrated performance is listed in Appendix A.

6.1 Measured DC Transfer Function

The output voltage was measured at 1,000 steps across the full range of current sensing (LmA/step). After
post-processing with a 2-point calibration, the measured dc transfer function is shown in Figure 11.
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Figure 11. Calibrated DC Transfer Function (Vout VS. Iin)

6.2 Full-Scale Error Analysis

After calibration, the circuit’s full-scale range error (%FSR) was calculated using Equation 2 and plotted
over the input range in Figure 12. As shown, the calibrated circuit is capable of sensing load current within
+0.003% error across the entire input range.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Input Current (A)
Figure 12. Calibrated Full-Scale Range Error vs. Input Current
TIDU040B-December 2013-Revised December 2015 0-1A, Single-Supply, Low-Side Current Sensing Solution 11
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6.3 Measured Results Summary
The measured results are compared against the design goals in Table 5.
Table 5. Measured Performance Summary
Goal | Uncalibrated | Calibrated
Full Scale Range Error (0-1A) | £0.1% +0.055% +0.003%
Zero-Current Error +0.1% -0.052% +0.0002%
7 Modifications
7.1 Alternative Components
Although the PCB pad for Rsyynt Can fit a variety of shunt resistors, the Kelvin connection is optimized for
a 2512 package. Alternative shunt resistors can be selected to meet different application needs (i.e. power
dissipation, current range, size, cost, precision, etc.). The tolerance of Rg and Rg can also be adjusted to
increase uncalibrated accuracy or to minimize cost.
An optional capacitor Copt can be placed in parallel with Rrto introduce a pole in the circuit transfer
function and reduce high frequency noise/bandwidth. The frequency of the pole is determined using
Equation 6.
1
= (6)
PO 27 xR, x Copr
A variety of precision amplifiers meet the rail-to-rail and low offset requirements for this design. Table 6
shows a comparison of several alternative amplifiers and their relevant specifications. Alternative
amplifiers may be selected to meet the needs for many different applications (i.e. bandwidth, operating
temperature, battery life, etc.) If wide bandwidth is not a concern and higher uncalibrated performance is
desired, the OPA333 is an excellent alternative for this design.
If wide bandwidth is needed and a calibration is performed, the OPA322 is another option to decrease
design costs while maintaining higher frequency performance.
The OPA191 is another option for applications requiring high voltage, low power, and low drift with
excellent dc specifications. The measured transfer function and full-scale error of the circuit shown in
Figure 3 using the OPA191 can be found in Appendix B.
Table 6. Alternative Op-Amps
Max Max Output Swing
- Supply Quiescent Max Offset | Max C_)ffset Bandwidth (mV from
Amplifier Voltage Drift .
Voltage Current wv) (LV/°C) (MHz) Negative
(V) (1A) " " Rail)
OPA170 36 145 1800 2 1.2 8
OPA191 36 200 25 0.8 2.2 15
OPA322 5.5 1900 2000 6 20 20
OPA376 55 950 25 1 55 20
OPA365 5.5 5000 200 1 50 20
OPA378 5.5 150 50 0.25 0.9 8
OPA320 55 1750 150 5 20 20
OPA333 5.5 25 10 0.05 0.35 50
12 0-1A, Single-Supply, Low-Side Current Sensing Solution TIDUO40B-December 2013-Revised December 2015
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7.2

10

Dual Power Supply

A dual supply enables an amplifier to easily output OV without the LM7705. Using a dual power supply
could be beneficial for bi-directional current sensing applications. Typically external components and
increased cost are incurred when implementing a dual power supply in a design. For singe supply
applications, the LM7705 biasing scheme improves the near-zero performance as shown in this design.
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Appendix A.

A.1 Uncalibrated Performance

The circuit’'s uncalibrated dc transfer function is shown in Figure 13. The output voltage at zero-load
current was measured at -2.54mV which results in -0.052% full-scale error. At full-load current (1.00022A)
the output measured was 4.90194V with approximately 0.02% full-scale error.
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Figure 13. Uncalibrated DC Transfer Function (Voyr VS. Iin)

A plot of full-scale error vs. input current is shown in Figure 14. As shown, the gain error and offset error
are linear across the input range which allows them to be removed with a 2-point calibration.
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Figure 14. Uncalibrated Full-Scale Range Error vs. Input Current

A.2 Uncalibrated Results Summary

The uncalibrated results are compared against the design goals in Table 7.

Table 7. Uncalibrated Performance Error Summary

Goal | Uncalibrated | Calibrated
Full Scale Range Error (0-1A) | £0.1% +0.055% +0.003%
Zero-Current Error +0.1% -0.052% +0.0002%

14 0-1A, Single-Supply, Low-Side Current Sensing Solution TIDU040B-December 2013-Revised December 2015
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A.3 2-Point Calibration

A 2-point calibration applied in post-processing can essentially remove linear sources of gain and offset
error. Only two measured points of the circuit’s dc transfer function (B, and B,) are needed. For this circuit,
the calibration measurements are taken at OA and 750mA load current. With input current as the
independent variable (X) and output voltage as the dependent variable (Y), the two measurements B, and
B, are defined below and shown in Figure 15.

Bl_MEASURED@OA = (X1’Y3 )

BZ_MEASURED@?SOmA = (X21Y4)
In order to calculate the gain correction factor a and the offset correction 3, the ideal output voltage is

found for each input current using the ideal transfer function from Equation ( 1 ). This theoretical
calculation results in two additional points (A; and A,) that fit along the line of the ideal transfer function as

shown in Figure 15.
Al_IDEAL@OA = (Xlin)

A2_IDEAL@750mA = (xzin)

The gain correction factor a and offset correction factor § are then found using Equation 7.

Yz - Y1 J
g sXeTX) YooYy (7)
Y, - Y, Y,-Y, B:OLXY3—Y1
Xz - Xl
PN
Y2 ,’.Az
—_ Ya ‘B,
> |
(0]
o
8
S
3 . Ideal - -~
3Ys B ________________Me_as_ur_ed__:_?
X1 X2 ’
Input Current (A)

Figure 15. Calculated Points (A; and A,) and Measured Points (B, and B,)

To calibrate the load current, Equation 8 is applied in post-processing to the circuit’s output voltage.

_ (VOUT7UNCALIBRA'ED - B)X (&

ILOAD_CALIBRATED - R
R X [1+ RF] (8)

G
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A.4 Electrical Schematic

The Altium electrical schematic for this design can be seen in Figure 16.
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ez °F
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VCC [ ; VSS
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10uF 01pF U2
| I | LM7705MM
GND
Figure 16. Altium Schematic
16 0-1A, Single-Supply, Low-Side Current Sensing Solution TIDUO40B-December 2013-Revised December 2015
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A.5 Bill of Materials

The bill of materials for this design is listed in Table 8.
Table 8. Bill of Materials

ltem# | Qty | Value Designator Description Manufacturer Part Number Supplier Part Number
C1, C3, C5, CAP, CERM, 0.1uF,
1 6 0.1uF C6, C9, Copt | 16V, +/-5%, X7R, 0603 AVX 0603YC104JAT2A 478-3726-1-ND
CAP CER 4.7UF 16V TDK
2 1 4.7uF c2 20% X5R 0603 Corporation C1608X5R1C475M080AC 445-7479-1-ND
CAP, TANT, 10uF,
3 2 10uF C4,C8 20V, +/-20%, 1 ohm, AVX TPSB106M020R1000 478-4087-1-ND
3528-21 SMD
CAP, CERM, 22uF,
4 2 22uF C7,C10 10V, +/-20%, X5R, Samsung CL10A226MP8NUNE 1276-1274-1-ND
0603
RES 360K OHM 1/8W
5 1 360k RF 05% 0805 SMD Susumu RG2012N-364-W-T1 RG20N360KWCT-ND
RES 7.5K OHM 1/10W
6 1 7.5k RG 05% 0603 SMD Susumu RG1608N-752-W-T1 RG16N7.5KWCT-ND
RES 0.1 OHM 1W .1% Vishay Foil
7 1 0.1 Rshunt 2512 Resistors Y14870R10000BOW Y1487-.1-ND
8 2 TP1, TP2 Test Point, TH, Keystone 5009 5009K-ND
Compact, Yellow
Test Point, TH,
9 1 TP4 Compact, Red Keystone 5005 5005K-ND
Test Point, TH,
10 1 TP3 Compact, Black Keystone 5006 5006K-ND
Terminal Block, 6A,
. On-Shore
11 3 J1,J2,3J3 3.5mm Pitch, 2-Pos, ED555/2DS ED1514-ND
T™H Technology
OPA320_S0T23-5 Texas
15 1 Ul DBV Instruments OPA320 OPA320AIDBVR DBV
LM7705 Low Noise
16 1 U2 Negative Bias Ins;i’:g:nts LM7705 LM77053"2"KE/ NOPB
Generator
**Hardware**
STANDOFF HEX 4-
17 4 S1, S2, S3, S4 40THR ALUM 1L" Keystone 2205 2205K-ND
MACHINE SCREW B&F Fastener
18 4 S5, S6, S7, S8 PAN PHILLIPS 4-40 Supply PMSSS 440 0025 PH H703-ND
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http://www.digikey.com/product-detail/en/2205/2205K-ND/303779
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Appendix B.
B.1 OPAl191
Vout vs. lin
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Figure 17: OPA191 Output Voltage vs. Input Current
Uncalibrated Error vs. lin
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Figure 18: OPA191 Uncalibrated Total Full-Scale Error
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, 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 components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
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