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Overview

The GSPS ADCs are dual-channel devices (as denoted by the D in the product name) and can also be
interleaved in order to achieve 2-times the sample rate (see Figure 1). In the interleaved mode, the I-
channel and Q-channel sample the same analog input signal. There are a number of options for driving
the ADC in the interleaved mode; however, this flexibility also presents a design challenge. This reference
design addresses what the recommended topology, layout, and balun type is to effectively drive each

mode.

The scope of the study was limited to baluns in order to show general best practices of design and layout.
However, these principles can be applied to an amplifier design as well.
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Figure 1. GSPS ADC Block Diagram

Dual-edge sampling mode (DES) is descriptive of how the interleaved mode is clocked. One channel
samples on the rising edge of the clock while the other channel samples on the falling edge of the clock.
Both channels sample the same analog input (see Figure 2).

-
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Figure 2. DES Mode sampling
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Table 1 lists the five possible input-driving modes as well as which input is driven for that mode and
whether the mode is interleaved.

Table 1. DES and Non-DES Modes®

Mode Input Driven Interleaved
Non-DES | and Q separately No
DESI | only Yes
DESQ Q only Yes
DESIQ | and Q together Yes
DESCLKIQ | and Q together Yes

@ Not every mode is available on every product, see Table 2. Specifically, the DESCLKIQ Mode is only available on the RF-
sampling ADCs.

Table 2. Available Mode by Product

Product Non-DES DESI, DESQ DESIQ DESCLKIQ
ADC12D1800RF, ADC12D1600RF, ADC12D1000RF \ v v d
ADC12D800RF, ADC12D500RF \ R v d
ADC12D1800, ADC12D1600, ADC12D1000 \ R v
ADC10D1500, ADC10D1000 \ R v
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Depending on which mode is selected, an input mux configures the analog input signal, and distributes the
signal to one or both cores for sampling. In Figure 3, Figure 4, Figure 5, Figure 6, and Figure 7, the
dashed grey line shows what connections can be made in the mux. However, the red lines show which
connections are actually made for that particular mode. The inputs are actually differential (such as I+ and
Q1) but are shown as single-ended for simplicity in the figures.

Figure 3 shows the Non-DES Mode. In this dual-channel mode, each I-input and Q-input is independently
driven and sampled. The bandwidth is maximized because one input is driving one channel with the
minimum routing.

Non-DES Mode

| o
e

Figure 3. Non-DES Mode Input-Mux Configuration

Figure 4 and Figure 5 show the DESI and DESQ Modes, respectively. For DESI Mode, only the I-input is
driven and the mux distributes the input signal to both cores for sampling. For DESQ Mode, the same is
true, except that only the Q-input is driven. The bandwidth is reduced as compared to Non-DES Mode
because one input is driving two channels with additional routing.

DESI Mode DESQ Mode
Figure 4. DESI Mode Input-Mux Configuration Figure 5. DESQ Mode Input-Mux Configuration

Figure 6 and Figure 7 show the DESIQ and DESCLKIQ Modes, respectively. For both of these modes, the
I-channel and Q-channel must be driven externally. Internally, however, the configurations are different
which affects the input bandwidth and spurious performance. For both DESIQ Mode and DESCLKIQ
Mode, the bandwidth is increased as compared to DESI (DESQ) Mode because both inputs are driving
the two channels with better optimized routing. For DESCLKIQ Mode, the bandwidth is better than DESIQ
Mode, but the spurious performance is worse.

Driving the GSPS ADC:s in Single-Channel or Dual-Channel Mode for High TIDU175A—November 2013—-Revised July 2015

Bandwidth Applications Submit Documentation Feedback
Copyright © 2013-2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU175A

13 TEXAS
INSTRUMENTS

www.ti.com

N\ N\

Figure 6. DESIQ Mode Input-Mux Configuration Figure 7. DESCLKIQ Mode Input-Mux Configuration

Solutions Evaluation Criteria

In order to effectively evaluate each solution, some criteria is required. These designs are evaluated
based on dynamic performance, insertion loss, the ability to minimize the interleaving timing spur, and the
ability to handle multi-mode applications.

Dynamic performance includes SNR, SFDR, THD, and ENOB from a CW full-scale input signal.

Insertion loss is the system insertion loss including loss from evaluation board traces, the balun
configuration, and the ADC front-end (see Figure 8).

Balun

configuration deal

Quantizer

|

Figure 8. System Insertion Loss

Gain mismatch and timing skew result in an interleaving spur, located at Fs/2-Fin (see Figure 9). Offset
mismatch results in a spur at Fs/2. The Fs/2-Fin spur is minimized by using the I- and Q-Channel FSR
Adjust and DES Timing Adjust features on the GSPS ADC. This criteria evaluates whether the design
allows for the magnitude of the Fs/2-Fin spur to be reduced such that the magnitude is not the SFDR-

limiting spur.
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Figure 9. 2x Interleaving Mismatch Spur

Some applications require the flexibility to configure the ADC into multiple interleaved modes. The multi-
mode application criteria tests whether the balun topology can accommodate that. For example, a digitizer
card application may accommodate both interleaved and non-interleaved modes.

Designs Considerations

When planning for the various designs, ADC input topology, input impedance, and balun properties must
be considered.

The ADC analog inputs, I+ and Q+ are mirrored in their placement in the 292-pin BGA package. Driving
the I-channel and Q-channel with the same signal becomes challenging because neither the I+ and Q+
nor the |- and Q- balls are adjacent to one another. For a solution which makes an electrical connection
at I- and Q—, and I+ and Q+, the challenge is to make a symmetrical layout with minimal series
impedance and inductance.

When driving one l-input or Q-input, such as in Non-DES, DESI, and DESQ Modes, the input impedance
is nominally 100-Q differential (see Figure 11). When driving both inputs, such as in DESIQ and
DESCLKIQ Modes, the parallel combination is 50-Q differential. Carefully considering which balun is
appropriate for the design is important. For example, some designs require a 1:1 impedance ratio balun
and others require a 1:2 balun. Ensuring that layout traces are the correct impedance is also important.
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Figure 11. ADC Input Impedance
P V_TC |GND_TC| V_TC V_TC
Figure 10. ADC Inputs Topology

Table 3 lists the several different baluns that were selected for use in these designs. Baluns were selected
for a convenient impedance ratio, wide frequency range to match the ADC input, and variety of

construction.
Table 3. Baluns Evaluated
Manufacturer Model Frequency Range Impedance Ratio Description
Anaren B0430J50100 400 MHz to 3000 MHz 12 Multi-layer: coupled strip-line with
softboard dielectric
. Multi-layer: coupled strip-line with
Anaren B0322J5050 300 MHz to 2200 MHz 1.1 softhoard dielectric
Mini-Circuits TC1-1-13MA+ 4.5 MHz to 3000 MHz 1.1 Wire-wound with ferrite core

Designs Tested

Five designs were tested: Board A, Board B, Board C, Board F, and Board G. The following sections
includes a schematic, layout clip, and brief description of each board.

NOTE: Board D and Board E are not included in the following sections. Board D was an attempt to
recreate the internal short for DESIQ Mode, externally. The performance was very poor, so
the design and results are not included because the design is not recommended to drive any
mode.

These boards were developed from a board known as the EVAL Board, which was
considered as Board E and therefore Board E was skipped over in the naming convention.
This board has independent inputs from SMA connector to each I+, |-, Q+, and Q- input on

the ADC.
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Board A — Multi-Layer Balun With Resistive Splitter to the I-Input and Q-Input

This board drives the DESIQ and DESCLKIQ Modes. A single multi-layer balun is used for the balun
configuration. Resistors are used to route the differential signal to each input and to maintain impedance
matching. A benefit of this design is that the signal can arrive at each input with a minimum of additional
timing skew because resistive splitter is used. This design, however, must be routed in multiple layers,
which adds extra series inductance and impedance. Another drawback of this design is that the resistors
also increase the insertion loss.
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Figure 12. Board A Schematic
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Figure 13. Board A Layout
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Board B — Multi-Layer Balun on the I-input and Wire-Wound Balun on the Q-input

This board drives the Non-DES, DESI, and DESQ Modes. Both a multi-layer and wire-wound balun is
used in this design. All routing for this design is accomplished in one layer. To achieve the best dynamic
performance results, TI recommends to place the baluns and AC-coupling caps as close as possible to
the ADC input. The TC1_1 13MA balun is a 1:1 impedance ratio, so an additional parallel 100-Q resistor
is placed in the design to match to the 50-Q impedance at the input of the balun.

s ces
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Mini-Circuits TC1_1_13MA

Figure 14. Board B Schematic

J1

Figure 15. Board B Layout
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Board C — Multi-Layer Balun on the I-input and Wire-Wound Balun on the Q-Input

This board drives the DESIQ and DESCLKIQ Modes. The cascaded multi-layer

balun topology allows for

each input to be driven with the correct phase, while accomplishing the routing in one layer. However, this
design can also incur additional insertion loss. This design also has the added benefit of allowing multiple
modes to be driven with a small addition to the design. If a switch is added at the input of T2 and T3, the

switched inputs drive the ADC in Non-DES Mode.
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Figure 16. Board C Schematic
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Figure 17. Board C Layout
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Board F — Wire-Wound Balun to the I-Input and Q-Input

This board is used to test the DESIQ and DESCLKIQ Modes. The single wire-wound balun requires
routing in multiple layers. Note that the differing trace widths which accommodate for a 50-Q impedance to
the balun input and to the signal split at the output. After the split, the traces are 25-Q (single-ended). This
design is similar to using the TC1-DESIQ-SBB to drive GSPS ADC reference boards, except that in this
design the balun is integrated onto the board. Placing the balun close to the ADC inputs is best because
longer traces at the input accommodate standing waves which cause gain ripple and degrade the dynamic
performance.
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T2

ﬁb

[ VIN 4 3 C71 | |0.22uF VINI-
\AANAS S
6 av~—~e_1 l C72 | |0.22uF VINQ-
sma-3 < Mini-Circuits TC1_1_13MA c73 | |0.22uF VINQ+

Figure 18. Board F Schematic

J1 %
3

Figure 19. Board F Layout
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Board G — Wire-Wound Balun to the I-Input and Q-Input

This board drives the DESIQ and DESCLKIQ Modes. The single multi-layer balun requires routing in
multiple layers. The board is very similar in design to Board F, except that Board G uses a multi-layer
balun instead of a wire-wound balun.
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J1

4 C70 | |4.70F VINK
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Figure 20. Board G Schematic
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Figure 21. Board G Layout
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Non-DES Mode Results Summary

Results are shown for insertion loss and dynamic performance. Only Board B was designed to drive Non-
DES Mode, but for this board, there is a multi-layer and wire-wound option.

For the Non-DES Mode insertion loss, shown in Figure 22, the insertion loss for the wire-wound design is
+3 dB from the multi-layer design because the 100-Q resistor consumed half the signal power. Both
designs have relatively little gain ripple over frequency.

12 _
Multi-layer
— Wire-wound
9 /]
%)
2
2 /
3 6 /
9
3 e~ /
\/\_~/
—/
0
0 500 1000 1500 2000 2500 3000
Analog Input Frequency (MHz)
Figure 22. Non-DES Mode Insertion Loss (Board B)
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Non-DES Mode Dynamic Performance (Board B) shows the dynamic performance. Note that the better
SNR performance of the multi-layer design translates to better overall effective number of bits (ENOB).
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Non-DES Mode Dynamic Performance (Board B)

Table 4 lists the results for Non-DES Mode. The multi-layer balun is the better solution for driving the Non-
DES Mode, except for applications which require a large input frequency range, especially at low
frequencies.

Table 4. Non-DES Mode Summary

Criteria Multi-Layer Wire-Wound
Dynamic Performance Excellent Average
Insertion Loss Excellent Average
Frequency Range Good Excellent
Multi-mode Application Average Average
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DESI and DESQ Mode Results Summary

Results are shown for insertion loss and dynamic performance. As with the Non-DES Mode, only Board B
was designed to drive DESI and DESQ Mode.

For the DESI and DESQ Mode insertion loss, shown in Figure 27, the insertion loss for the wire-wound
design is approximately +3 dB greater than the multi-layer design because the 100-Q resistor consumed

half the signal power. Both designs have relatively little gain ripple over frequency, but the wire-wound
design has a slightly smoother profile.

15
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/ _ /_/ Multi-layer
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Insertion Loss (dB)

0 500 1000 1500 2000 2500 3000
Analog Input Frequency (MHz)

Figure 27. DESI and DESQ Mode Insertion Loss (Board B)

Figure 28 shows the adjusting of the DES timing spur. The DES Timing Adjust feature allows the user to
delay or advance the sample instant of the I-channel relative to the Q-channel from the nominal setting.
This feature becomes increasingly effective on input signals greater than 1 GHz. For this test, an input
signal of 1.3 GHz at —1 dBFS was used and the full range of the Timing Adjust was exercised. Note that
the multi-layer design achieves a nice null while the wire-wound design struggles to provide the same.
Although the gain mismatch also affects the magnitude of the Fs/2-Fin interleaving spur, the gain
mismatch of both designs is low — 0.14% for the multi-layer design and 0.33% for the wire-wound design.
The percent mismatch was calculated by using the highest and lowest code at each I- and Q-converter.

-30

I
C Multilayer

© Wire-wound

Interleaving Spur Magnitude [dBF 3]

@ | ! | | ! !
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Figure 28. DESI and DESQ Mode Timing Adjust (Board B)
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SNR (dB)

—THD (dBFS)

The graphs in DESI and DESQ Mode Dynamic Performance (Board B) show the dynamic performance for
the DESI and DESQ Modes. The SFDR for the multi-layer balun is better because the Fs/2-Fin
interleaving spur can be adjusted below other spurs whereas the interleaving spur can not be adjusted for
the wire-wound balun. This larger spur also contributed to the noise floor and degraded the SNR and
ENOB for the wire-wound case. At high frequencies (greater than 2.5 GHz), the SNR for the multi-layer
balun performed much better than the wire-wound balun design which is seen directly reflected in the
ENOB.
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DESI and DESQ Mode Dynamic Performance (Board B)

Table 5 lists the results for the DESI and DESQ Modes. The multi-layer balun is a good all-round choice
for multiple criteria. The wire-wound balun is excellent for frequency range, especially at low Fin, but is
poor for adjusting the DES timing spur.

Table 5. DESI and DESQ Mode Summary

Criteria Multi-Layer Wire-Wound
Dynamic Performance Excellent Average
Insertion Loss Excellent Average
Frequency Range Good Excellent
Multi-Mode Application Average Average
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1 DESIQ and DESCLKIQ Mode Results Summary

The insertion loss for DESIQ Mode and DESCLKIQ Mode is shown side-by-side for easy comparison (see
DESIQ and DESCLKIQ Mode Insertion Loss (Board A, Board C, Board F, and Board G)). Externally, both
modes are driven by the same balun configuration, so the results can be tested for Board A, Board C,
Board F, and Board G. Board A has a higher insertion loss than the other boards because of the power
lost in the resistive split. The other three boards (Board C, Board F, and Board G) perform similarly
between DESIQ Mode and DESCLKIQ Mode except that DESCLKIQ Mode maintains a slightly-lower
insertion loss above 2 GHz. The DESCLKIQ Mode of the ADC has a higher 3-dB bandwidth than DESIQ

Mode, but the advantage of the ADC (such as higher 3-dB full-power bandwidth) when observing system
insertion loss is not as attractive.
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Figure 35 shows the adjusting of the DES timing spur for DESIQ Mode. All of the boards (A, C, F, and G)
allow for a relative null to be achieved regardless of balun construction (wire-wound or multi-layer), or
balun topology (cascaded, single-balun, or resistive splitter). A relative null is achieved because the
DESIQ Mode effectively shorts the I-input and Q-input internally to the chip which minimizes any gain
mismatch or timing skew incurred by the individual inputs in the circuit that drives the inputs. This
achievement is an important benefit of the DESIQ Mode. Note that the wire-wound balun design (Board F)
shows an imperfect null.
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Figure 35. DESIQ Mode Timing Adjust (Board A, Board C, Board F, and Board G)

Figure 36 shows the adjusting of the DES timing spur for DESCLKIQ Mode. In this mode, the timing spur
becomes much more difficult, or impossible in some cases, to adjust. The timing skew and gain mismatch
at the inputs to the ADC, for Board C with the cascaded balun topology, prevent the DES timing spur from
going below —35 dBFS. Board A is shown with the gain unadjusted (green trace). For Board A, the gain
mismatch was 5.4%. After the gain is adjusted to 0.06%, the DES timing spur achieves a better controlled
null (red trace). Board F and Board G show similar trends, but did not perform as well. For example, these
designs did not achieve as low of a null as the DES timing spur. The DESCLKIQ Mode is generally not
recommended to use in this configuration because of the difficulty in adjusting the DES timing spur which
makes the DESCLKIQ Mode difficult to drive. Additionally, this adjustment takes the place for one
frequency at one temperature and further variation occurs as these parameters are swept over the full
operating range of the chip.
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Figure 36. DESCLKIQ Mode Timing Adjust (Board A, Board C, Board F, and Board G)
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DESIQ and DESCLKIQ Mode Results Summary

The graphs in DESIQ Mode Dynamic Performance (Board A, Board C, Board F, and Board G) show the
dynamic performance for DESIQ Mode. All of the designs show similar performance.
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The graphs in DESCLKIQ Mode Dynamic Performance (Board A) show the dynamic performance is for
DESCLKIQ Mode. Only the results for Board A are shown because adjusting the timing spur to the
necessary level to get reasonable performance results for the other designs (Board C, Board F, and Board
G) was not possible. Board A results are shown after the DES Timing Adjust and Gain Adjust features
were used to optimize the DES timing spur. Note that the SFDR degrades as the input frequency
decreases because the DES timing spur was optimized at a different frequency.
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Table 6 and Table 7 list a summary of the DESIQ Mode and the DESCLKIQ Mode, respectively. In
general, Tl recommends to use the DESIQ Mode instead of the DESCLKIQ Mode because the timing spur
is difficult to adjust in DESCLKIQ Mode. The insertion loss is slightly better in DESCLKIQ Mode, but the
DESIQ Mode insertion loss is comparable.

Table 6. DESIQ Mode Summary

DESIQ Criteria Board A Board C Board F Board G
Dynamic Performance Average Good Average Good
Insertion Loss Below Average Average Good Excellent
Frequency Range Average Good Average Average
Multi-Mode Application Average Excellent Average Average

Table 7. DESCLKIQ Mode Summary

DESCLKIQ Criteria Board A Board C Board F Board G
Dynamic Performance Below Average Not Recommended Average Average
Insertion Loss Below Average Good Excellent Excellent
Interleaving Spur Adjust Good Poor Average Average
Multi-Mode Application Average Excellent Average Average

Calibrating to Optimize Performance

In any of the DES Modes, follow these steps to optimize the performance in a specific mode.

1.

2.

Configure the ADC into the desired operating mode including DES Mode, FSR, or AC-DC coupled
mode, and allow the self-heating of the device to stabilize.

Use the calibration feature to calibrate the ADC. The calibration initiates through the CAL pin (Pin D6)
or the CAL bit (Addr: Oh, Bit 15).

Use the DES Timing Adjust feature (Addr: 7h) to optimize the DES timing spur. Place a CW input tone
near to full scale in the middle of the band of interest. For example, if the band of interest is 1 GHz or 2
GHz use a CW tone of Fin equal to 1.5 GHz at -1 dBFS.

Optimize the gain mismatch using the FSR Adjust feature (Addr: 2h, Bh). Use the same CW tone as
for the DES timing spur adjust. The minimum and maximum code from each |- and Q- converter
shows the difference in gain for each channel. Reduce or increase the FSR for one channel until the
FSR matches the other.

NOTE: The timing adjust and gain adjust can be performed independently of one another (for
example, step 3 and step 4 can be reversed).
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When to Use DESCLKIQ Mode

DESCLKIQ Mode was originally designed to accommodate applications with multiple interleaved GSPS
ADCs for maximum input bandwidth. Figure 45 shows an example application using DESCKLIQ mode
with system Fs = 7.2 Gsps. The DES clocking provides 180° clocking internally to each chip, and external
clock generation provides the required 0° and 90° clocks. A track-and-hold on the front-end increases the
analog input bandwidth.

Using DESIQ Mode reduces the analog input bandwidth, but DESCLKIQ Mode maintains separate analog
inputs to each I-input and Q-input, which results in the maximum possible bandwidth, the same as for
Non-DES Mode. The interleaving spurs can be addressed by the FSR Adjust, DES Timing Adjust, and
post-processing digital correction.
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Figure 45. Using DESCLKIQ Mode to Interleave ADCs With Maximum Bandwidth
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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.
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