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Description
The reference design is built keeping an electronic
imaging system in mind. Image sensors today force
heavy demands on ADCs in terms of: excellent
linearity (DNL < 0.5 LSB and INL < 4 LSB), high
resolution (12- to 18-bit), high speed (up to 20 MSPS),
and high SNR (> 74-dB SNR) to assure superior
image quality and freedom from distortion over time.
Enabled by the low-noise, high-speed amplifier, fully
differential amplifier (FDA), high-speed ADC, and lownoise LDO from TI, this reference design
demonstrates how to design a high-performance
analog signal chain for digitizing the pixel-output signal
in thermal imaging cameras.

Applications
• Security and Surveillance: Thermal Imaging
Camera
• Medical Imaging
• Test and Measurement
• Automotive Night Vision
• Aerospace and Defense

Resources
TIDA-01403
TINA-TI
ADS4142
OPA2626
THS4551
TPS717

Features
• Sampling Speed: Front-End Circuit Optimized for
10 MSPS or Lesser
• Analog Input Type: Unipolar Single-Ended Signal
• ADC Resolution and Full Scale Range (FSR): 14bit and 2 VPP differential
• Output Data Interface: 1.8-V Parallel CMOS or
DDR LVDS
• Integral Non-Linearity (INL) < 1 LSB (typical) and
Differential Non-Linearity (DNL) < 0.5 LSB (typical)
• SNR, ENOB and THD: > 74 dB, 12-bit and < -84dB
• Overall Power Consumption: < 80 mW
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System Description
Virtually every imaging system includes an image sensor, AFE circuit, and digital signal processor (DSP).
Every electronic imaging system starts with an image sensor. The AFE conditions the pixel-output signal
from the image sensor in the analog domain and converts it to digital by employing an ADC. The digitizedpixel data is easily interfaced to a broad range of DSPs, including the DaVinci™ and Sitara™ processors
from TI, with an integrated image pipe for enhanced video and image processing. As the interface
between the analog core and DSP, ADCs are the second most performance-critical component in the
complete-image signal-processing chain, after the image sensor. Image sensors of today force heavy
demands on ADCs, in terms of excellent linearity (DNL < 0.5 LSBs and INL < 4 LSBs), high resolution (12
to 18 bits), high speed (up to 20 MSPS), and high SNR (> 74-dB SNR) to assure superior image quality
and freedom from distortion over time.
The rich product portfolio of TI covers a broad spectrum of image-capture applications with diverse
requirements. Portfolio offerings, reference-design support, product quality, and manufacturing excellence
lets system designers customize imaging systems for specific applications with confidence. The imaging
products from TI are optimized to work together, yet also let designers mix-and-match with third-party
components when required. As modern imaging systems become more portable and compact, TI is
committed to solving challenges that manufacturers face when designing these increasingly complex
systems.
Enabled by the low-noise, high-speed amplifier, fully differential amplifier (FDA), high-speed ADC, and
low-noise LDO from TI, this reference design demonstrates how to design a high-performance, analogsignal chain for thermal imaging cameras. This design guide was written to describe key systemperformance requirements that are translated into the specifications of the signal-chain components, to
achieve optimal performance by making correct choices. The scope of this TI reference-design subsystem
is to give system designers a head start in designing the complete-image signal-processing chain
responsible for digitizing the pixel-output signal from the sensor, using low-noise amplifiers and a highspeed sampling ADC with excellent linearity (DNL and INL), high SNR, and low distortion, giving superior
imaging performance. This reference design provides a complete set of downloadable documents such as
the comprehensive design guide, schematic, Altium PCB layout files, bill of materials (BOM), test results,
and Gerber files, which aid system designers in the design and development of their end-equipment
systems.
System performance requirements must be translated into the specifications of the key signal-path
components, to achieve the best tradeoffs between performance, power consumption, size, and ease of
use (see Table 1). The following subsections describe the various blocks within the TI reference-design
system and what characteristics are most critical to best implementing the corresponding function.
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1.1

Key System Specifications
Table 1. Key System Specifications
PARAMETER

SPECIFICATION

Number of analog inputs

One

Input range and type

Unipolar, single-ended

ADC full-scale input range

2 VPP differential

ADC architecture

Pipeline

Resolution

14 bit

SNR

> 74 dB using the DC-input histogram method

ENOB

> 12 bit

THD

< -84 dB

INL

< 1 LSB

DNL

< 0.5 LSB

Sampling frequency

ADC can sample frequencies up to 65 MSPS, however, the AFE has been optimized for
10 MSPS or less

Operating voltage

External supplies: 5.5-V DC and 3.3-V DC

Power consumption

Approximately 80 mW

Connector

One SMA connector for the analog input signal
One SMA connector for the common-mode input voltage
Two SMA connectors for the single-ended or differential clock
One 40 × 2, Samtec connector for the data capture card
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System Overview

2.1

Block Diagram
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2.2

Highlighted Products
At a high level, this reference-design subsystem consists of high-speed, low-noise, front-end amplifiers, a
high-speed, 14-bit pipeline ADC, and power management devices. The high-speed ADC digitizes the
conditioned analog-image signal to the digital domain, allowing for additional processing by a FPGA or
DSP. The ADS4142 is a 14-bit, fully-differential, pipeline ADC (low-speed variant of the ADS41xx family),
offering the advantages of good common-mode rejection and low-distortion products. In any imaging
system, the AFE electronics must not be the limiting factor in performance, so for high-end imaging
applications, a 14-bit ADC is necessary. One of the most common ways to drive a differential-input ADC is
with a transformer. However, there are applications such as imaging systems, where the ADC cannot be
driven with transformers, because the frequency response to the DC is also expected. Although an ADC
can be driven single-ended, a fully-differential driver usually optimizes overall performance. The signal
from the image sensor must be conditioned before being sent to the ADC. The front-end, ADC driver
circuitry is basically a single-ended-to-differential conversion stage. In the front end there is the OPA2626,
a high-speed, high-precision, low-noise amplifier presenting high-input impedance to the output of the
sensor, followed by the THS4551, a high-speed, precision, low-noise FDA, providing low impedance and
fast-signal settling when differentially driving ADC inputs. The TIDA-01403 design features the following
devices.

2.2.1

ADS4142
The ADS412x and ADS414x devices are lower-sampling, speed variants in the ADS41xx family of ADCs
(see Figure 1). These devices use innovative design techniques to achieve high-dynamic performance,
while consuming extremely low power at 1.8-V supply. The devices are well suited for multicarrier, widebandwidth, communication applications.
The ADS412x and ADS414x devices have fine-gain options that can be used to improve SFDR
performance at lower full-scale input ranges, especially at high-input frequencies. They include a DCoffset correction loop that can be used to cancel the ADC offset. At lower sampling rates, the ADC
automatically operates at scaled-down power with no loss in performance.
The ADS412x and ADS414x devices are available in a compact, VQFN-48 package and are specified
over the industrial temperature range (–40°C to +85°C). The ADS412x and ADS414x devices have the
following features:
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Ultra-low power with 1.8-V single supply:
– 103-mW total power at 65 MSPS
– 153-mW total power at 125 MSPS
High-dynamic performance:
– SNR: 72.2 dBFS at 170 MHz
– SFDR: 81 dBc at 170 MHz
Dynamic power scaling with sample rate
Idle channel SNR: 74.8 dBFS (ADS414x)
Output interface:
– Double data rate (DDR), LVDS with programmable swing and strength:
• Standard swing: 350 mV
• Low swing: 200 mV
• Default strength: 100-Ω termination
• 2× strength: 50-Ω termination
– 1.8-V parallel CMOS interface also supported
Programmable gain up to 6 dB for SNR, SFDR trade-off
DC offset correction
Supports low-input clock amplitude, down to 200 mVPP
ADS41xx
VCM

LVDS/CMOS
buffers

Reference

D0_D1P (LVDS) / D0 (CMOS)
INP
D0_D1M (LVDS) / D1 (CMOS)
Sampling
Circuit

14-bit
ADC
D12_D13P (LVDS) / D12 (CMOS)

INM
D12_D13M (LVDS) / D13 (CMOS)
CLKP
CLKM

CLK
Gen

CLKOUTP
CLKOUTM (LVDS) / NC (CMOS)

Figure 1. ADS41xx Block Diagram

2.2.2

OPA2626
The OPAx626 family of operational amplifiers (op amps) are 16-bit and 18-bit, high-precision, successiveapproximation register (SAR), ADC drivers, with low total harmonic distortion (THD) and noise (see
Figure 2). This family of precision op amps is fully characterized and specified with a 16-bit settling time of
280 ns that enables a true 16-bit effective number of bits (ENOB). With a high-DC precision of only 100µV offset voltage, a wide gain-bandwidth product of 120 MHz, and a low-wideband noise of 2.5 nV/√Hz,
this family of devices is optimized for driving high-throughput, high resolution, SAR ADCs, in applications
such as the ADS88xx family of SAR ADCs.
The OPAx626 family is available in 5-pin SOT and 8-pin VSSOP packages and is specified for operation
from –40°C to +125°C. The OPAx626 family has the following features:
• Excellent dynamic performance:
– Low distortion: –122 dBc for HD2 and –140 dBc for HD3 at 100 kHz
– Gain bandwidth (G = 100): 120 MHz
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– Slew rate: 115 V/µs
– 16-bit settling at 4-V step: 280 ns
– Low-voltage noise: 2.5 nV/√Hz at 10 kHz
– Low-output impedance: 1 Ω at 1 MHz
Excellent DC precision:
– Offset voltage: ±100 µV (maximum)
– Offset voltage drift: ±3 µV/ºC (maximum)
– Low-quiescent current: 2 mA (typical)
Input common-mode range includes negative rail
Rail-to-rail output
Wide temperature range: fully specified from –40°C to +125°C
V+

Bias

+IN

Low
Noise
Input
Stage

Common
Mode
Feedback

Slew
Boost

Rail-to-Rail
Output
Stage

OUT

-IN

Frequency
Compensation
Network

V-

Figure 2. OPAx262 Functional Block Diagram

2.2.3

THS4551
The THS4551 fully-differential amplifier (see Figure 3) offers an easy interface, from single-ended sources
to the differential output required by high-precision ADCs. Designed for exceptional DC accuracy, low
noise, and robust capacitive-load driving, this device is well suited for data-acquisition systems where high
precision is required, along with the best SNR and spurious-free dynamic range (SFDR), through the
amplifier and ADC combination.
The THS4551 device features the negative-rail input required when interfacing a DC-coupled, groundcentered, source signal to a single-supply, differential-input ADC. Low DC error and drift terms support the
emerging 16- to 20-bit SAR input requirements. A wide-range, output common-mode control supports the
ADC running from 1.8-V to 5-V supplies, with ADC common-mode input requirements from 0.7 V to
greater than 3.0 V.
The THS4551 device is characterized for operation over the wide temperature range of –40°C to +125°C,
and is available in 8-pin VSSOP, 16-pin VQFN, and 10-pin WQFN packages. The THS4551 device has
the following features:
• Bandwidth: 150 MHz (G = 1 V/V)
• Differential output slew rate: 220 V/µs
• Gain bandwidth product: 135 MHz
• Negative rail input (NRI), rail-to-rail output (RRO)
• Wide-output common-mode control range
• Single-supply operating range: 2.7 V to 5.4 V
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Trimmed-supply current: 1.37 mA at 5 V
25°C input offset: ±175 µV (maximum)
Input offset voltage Drift: ±1.8 µV/°C (maximum)
Differential input voltage noise: 3.3 nV/√Hz
HD2: –128 dBc at 2 VPP, 100 kHz
HD3: –139 dBc at 2 VPP, 100 kHz
< 50-ns settling time: 4-V step to 0.01%
18-bit settling time: 4-V step, < 500 ns
VS+

3.3 Ÿ
(RGT Package) FB+
0.6 pF

OUT+
IN-

-

5.2 NŸ

High-AOL
Differential I/O
Amplifier

1.2 pF
IN+

5.2 NŸ

+

OUT-

0.6 pF

VS+

3.3 Ÿ

300 NŸ

(RGT Package) FBVS-

VCM Error
Amplifier
+

PD

VOCM

CMOS
Buffer
300 NŸ

VS-

Figure 3. THS4551 Functional Block Diagram

2.2.4

TPS717xx
The TPS717 family of low-dropout (LDO), low-power, linear regulators offers high power-supply rejection
(PSRR), while maintaining low, 45-μA ground current in an ultra-small, five-pin, SOT package (see
Figure 4). The family uses an advanced BiCMOS process and a PMOS pass device to achieve fast startup, low noise, excellent transient response, and excellent PSRR performance. The TPS717 device is
stable with a 1-μF ceramic output capacitor and uses a precision voltage reference and feedback loop to
achieve a worst-case accuracy of 3% over all load, line, process, and temperature variations. The device
family is fully specified from TJ = –40°C to 125°C and is offered in a small SOT (SC70-5) package, a 2mm × 2-mm WSON-6 package with a thermal pad, and a 1.5-mm × 1.5-mm WSON-6 package, which are
ideal for small form factor portable equipment (such as wireless handsets and PDAs). The TPS717xx
device has the following features:
• Input voltage: 2.5 V to 6.5 V
• Available in multiple output versions:
– Fixed output with voltages from 0.9 V to 5 V
– Adjustable output voltage from 0.9 V to 6.2 V
• Ultra-high PSRR:
– 70 dB at 1 kHz, 67 dB at 100 kHz, and 45 dB at 1 MHz
• Excellent load and line transient response
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Low dropout: 170 mV at 150 mA (typical)
Low noise: 30 μVRMS (typical), 100 Hz to 100 kHz
Small 5-pin SC-70, 2-mm × 2-mm WSON-6, and 1.5-mm × 1.5-mm WSON-6 packages
IN

OUT
Current
Limit

2.5 µA

EN
+

±

Thermal
Shutdown

UVLO
1.20-V
Band Gap

VOUT < 1.6 V

Quick-Start

NR
360 NŸ

250 NŸ

0.8 V
VOUT ” 1.6 V
640 NŸ

GND

Figure 4. TPS717xx Functional Block Diagram

3

System Design Theory
Usually, image-sensor manufacturers may not be experts in designing ADCs. Consequently, sometimes
ADC manufacturers are not aware of the critical requirements that ADCs must satisfy for pixel output
digitization. Improving the speed and resolution of ADCs sometimes requires performance tradeoffs, and
these tradeoffs must be made in favor of the imaging applications. Typically, any ADC is used in one of
three modes of operation: DC conversion, multiplexing (time domain), and signal reconstruction (frequency
domain). Before proceeding further, it is important to understand how an electronic-imaging system differs
from signal-reconstruction applications. Focal plane arrays (FPA) used in IR-imaging applications typically
output single-ended, ground-referenced, signal-containing pixel information that is read pixel-by-pixel by
the read out integrated circuit (ROIC). Therefore, analog-video output of an image sensor is not a
continuous, periodic waveform. The output is actually a pseudo-DC waveform that resembles a series of
steps with different amplitudes. The characteristics of such a video waveform dictate time rather than
frequency. The ADC samples the analog-video signal only during the relatively slow-moving portion of the
waveform, preferably in the end when the pixel is most settled. Therefore, electronic imaging differs from
signal reconstruction applications, because it is strictly a multiplexed-input time-domain data-acquisition
application. That characteristic means a designer should not focus more on optimizing the THD, which is a
frequency-domain specification. A high-THD specification is irrelevant for most of the imaging applications.
In time-domain applications, spectral purity is not that important. The AFE circuit is the crucial link for
establishing and maintaining good system performance. The design of an AFE circuit, for an imaging
application, depends on many factors, like the type of sensor being used, dynamic range, image
resolution, speed, noise performance, power consumption, and form-factor requirements. Figure 5 shows
the basic architecture of the electronics of a camera.
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Figure 5. Basic Architecture of Camera Electronics
The linearity of the AFE can impact the imaging system performance. The nonlinearities of a real ADC can
cause artifacts in the digitized image, which are easily noticeable to human eyes. The human-vision
system has excellent edge, or discontinuity-detection capability, and therefore can pick-up different
geometric shapes quite comfortably. In imaging applications, the AFE must be designed while keeping in
mind the capabilities of the human-vision system. Improper selection of the ADC and the driver amplifiers
in imaging applications may create edges or discontinuities that do not exist or eliminate edges that do
exist, and our eyes can spot such artifacts instantly. Therefore, an imaging system must do the following:
• Not introduce discontinuities where they do not exist in the scene – more related to selection of the
ADC
• Preserve discontinuities wherever they exist in the scene – more related to selection of driver amplifier
circuitry

3.1

Selecting an ADC
An imaging system must not introduce discontinuities where they do not exist in the scene – This
requirement is more related to the nonlinearity of the ADC. ADCs, by nature, add discontinuities (DNL and
INL). It is difficult to predict how ADC nonlinearity impacts final imagery, due to the strong dependence on
scene details. Therefore, to surface any impact due to ADC imperfections, electronic-imaging systems are
tested or calibrated with a continuous-tone wedge, which is a gradual linear excursion of gray tones from
white to black or black to white (see Figure 6). The DNL of the ADC is the most critical specification for
imaging, because a DNL error results in edge distortion. In an ideal converter, the step width or analog
increment of each conversion value is the same, and the DNL is zero. Such an ideal converter would
translate increasing light intensity into digital values that an ideal D/A converter could reconvert to
resemble perfectly stepped wedges of increasing intensity. If the DNL is not zero, then each step has a
different width. This imperfection affects intensity fidelity and causes improper gradation of the image
scale with local imperfections. A large, positive DNL error would look like a flat spot, where color stays the
same for many stepped wedges. A large, negative DNL error would look like a sudden color jump. A DNL
error greater than 0.5 LSB usually creates objectionable artifacts.

Figure 6. Smooth Gradient Scene With Increasing DNL Error
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In addition, small DNL values can add to a significant error in INL. Erroneous INL corrupts the entire
image scale with a gradual nonlinearity. The human eyes are generally less sensitive to this type of error
than to DNL-induced edge problems. However, more INL errors results in color artifacts that may cause
deceptive results. The detector was placed in front of a black body with uniform temperature, and images
were captured with different ADCs with INL specifications from 1 LSB to 5 LSB. An INL error greater than
3 LSB creates noticeable color artifacts.
Not all ADCs are created equal. There are different architectures to accomplish the task. Different
architectures bring different strengths and weaknesses and lend themselves to the optimization of different
applications. With ADCs, as with any circuit, designers face many tradeoffs. The ADC is a performancecritical component in the image-signal processing chain. To establish accurate and detailed images of
scanned objects, these applications employ larger arrays with more pixels and longer frame-update times.
The ADC must provide high resolution with excellent linearity, low noise, low drift, and low offset. All this
performance is necessary to assure image quality, color purity, and freedom from distortion over time. The
pipelined ADC is the architecture of choice for imaging applications, because pipeline ADCs provide an
optimum balance of noise, linearity, speed, resolution, power dissipation, and size.
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Figure 7. Noise-Free Resolution Versus Bandwidth

Figure 8. Converter Resolution Versus Conversion Rate
With the system specifications provided, designers can begin working on the center of the input-signal
path — the ADC. Key specifications and properties identified for a high-speed ADC follow:
• ADC channels: Number of channels must be equal to the number of video outputs in the image
sensor. Generally, image sensors up to QVGA resolution come with only one video output.
• Need for speed: Sampling rate must be greater than the sensor resolution (M × N) times the frame
rate (frames per second). For a QVGA-resolution (320 × 240 pixels) sensor with a 100-Hz frame rate,
10
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the sampling rate is greater than 320 × 240 × 100 = 7.68 MSPS.
SNR: Noise generated within the AFE circuitry directly affects the dynamic range of the imaging
system. Therefore, the SNR of the ADC must be 6 to 10 dB greater than the SNR of the image sensor.
If the SNR of an image sensor is unknown, the SNR of the ADC must be 10 dB higher than the
dynamic range (DR) of the image sensor. For an image sensor with a DR of 1.25 mVPP to 2 VPP or 64
dB, the minimum SNR of the ADC must be 74 dB (64 dB + 10 dB).
Resolution of ADC: Most of the image-processing algorithms output 8 to 10 bits for the display.
Therefore, the resolution of the ADC must be 2 to 4 bits greater than the number of bits in the final
image after digital image processing. Advanced, digital, image-processing algorithms require more bits
from the ADC, allowing extra headroom in image manipulation and editing, ensuring minimal loss of
image integrity. The more bits in a camera, the smoother the digitization process. More bits also mean
higher accuracy and more information. With enough bits, the human eye can no longer determine the
difference between a continuous grayscale and its digital representation. Continuing deeper, the
effective resolution (ENOB) of the ADC should be such that it digitizes the entire DR (see Equation 1).
DR 10
ENOB

•
•
•

•

DR dB
20

10

log2 DR

64 dB
20

1585

log2 1585

10.6 bit

(1)

In this case, the resolution of the ADC must be higher than the ENOB (10.6 bits), considering the noise
introduced by the analog signal-processing circuitry and digitization process. Designers may also want
to keep the maximum signal from the sensor smaller than the ADC full scale range (FSR), to avoid
clipping anywhere is the signal path. This step helps in eliminating the risk of overdrive. A 12-bit ADC
cannot meet the SNR requirement. With all of this considered, a 14-bit ADC with 74-dB SNR or greater
is a good choice for high-end imaging applications.
DNL: DNL of the ADC must be less than 0.5 LSBs
INL: INL of the ADC must be less than 3 LSBs
Low-power consumption: In general, AFE circuitry is placed close to the image sensor, inside a
closed camera housing. Heat generated by the AFE may interfere with IR energy coming in through
the lens from the scene. Therefore, power consumption of the design must be minimized.
Small package: Security cameras are compact. Space is always a challenge. Sometimes, it is
possible that an ADC with the best specifications cannot be used, simply because it has a bigger
package.

Go to www.ti.com to see ADC options.
TI Home → Data Converters → Analog-to-Digital Converters (ADCs) → High Speed ADCs (> 10 MSPS)

Figure 9. ADC Selection
The ADS4142 device meets all the necessary requirements – linearity, speed, and accuracy. The
ADS4142 device is a 14-bit, 65-MSPS, pipeline ADC, which operates from 1.8-V analog and 1.8-V digital
power supplies with low-power consumption of 65 mW at 10 MSPS. The ADS4142 device is a singlechannel ADC that has the same, excellent, 14-bit performance and low power, with parallel outputs that
can simplify the FPGA code required to collect data. The ADS4142 device gives users the flexibility to
include the choice of CMOS or DDR LVDS outputs, with programmable digital-output timing and LVDS
drive strength. The ADS4142 device is available in a RoHS compliant, 7 mm × 7 mm, QFN48 package.
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The ADS4142 device has additional specifications that are important to note as the rest of the signal path
is designed. First, the input characteristics of the ADC. Its full-scale differential-input range is 2 VPP,
common-mode voltage (VCM) is 0.95 V, and differential-input capacitance is 4 pF. The ADS4142 device
uses differential inputs to reject common-mode noise and interference, increase DR, and improve overall
performance due to balanced signaling.

3.2

Selecting the Amplifiers
An imaging system must preserve discontinuities wherever they exist in the scene – This
requirement is more related to the step response of ADC-input circuitry (including the front-end amplifier, if
any). As already discussed, the video output of the sensor is a pseudo-DC signal. Therefore, it is possible
to encounter a full-scale change between adjacent pixels (or two consecutive conversions). The frequency
content of the resulting waveform can greatly exceed the Nyquist frequency derived from the ADC
sampling rate. These high-frequency contents in the waveform do not contain any information of interest,
but must be processed by the front-end amplifier and input circuitry of the ADC. The insufficient BW and
slew rate of the amplifier and ADC input circuitry may result in degradation of the system performance.
The signal must settle within 0.5 LSB at the input of the ADC for the worst-case, full-scale change in the
given sampling period. This condition is critical to maintain the overall linearity performance of the ADC.
Typically, amplifier data sheets specify output-settling performance only from 0.1% to 0.01%, which may
not be sufficient for high-resolution converters (> 14 b). Therefore, the designer must verify the input-driver
settling behavior, with simulators such as TINA-TI, to assist in amplifier selection.
The ADC AFE circuitry must be designed to complement the performance of the ADC and mainly consists
of two parts: a driving amplifier and a flywheel RC filter, as shown in Figure 10. Important functions in this
key block include:
• Filtering to remove unwanted high-frequency signals
• Low-output impedance, which provides a buffer between the signal source and the ADC input
• Single-ended to differential conversion
• Amplification, to match signal levels to the ADC-input range
• Level shifting, to match the ADC common-mode input level
Select components which minimize the component count in this block. The next step is to look at one of
the more demanding requirements for the analog signal-processing block – optimizing the bandwidth of
the circuit. This design uses a simple, passive, single-pole, low-pass filter between the amplifier stage and
ADC. The filter bandwidth is primarily driven by the following requirements:
• The RC-filter bandwidth must be low enough to band-limit the noise fed into the input of the ADC,
thereby increasing the SNR of the system.
• The overall system bandwidth must be large enough to accommodate optimal settlings of the input
signal at the ADC input before the start of the conversion.
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Figure 10. Conceptual Schematic of AFE Circuit for IR Imaging Applications
The settling time available to the amplifier may not equal an entire clock cycle. The source may dictate
this, but there is a disturbance produced by the ADC on the opposite edge of the clock, and this event
gives the filter only a ½-clock cycle to settle, even if the amplifier is not otherwise disturbed. If the amplifier
is disturbed by this event, it does not leave as much time for the filter to settle. Theoretically, a simple RC
requires about 10.4 time constants to settle to 14 bits, and for 10 MSPS, it results in a bandwidth of about
33 MHz. Equation 2 gives the step response of the simple, first-order system for the worst-case full-scale
change (∆V).
Q ADC t

r 'V 1 e

2 SBWt

where
•

BW is the 3-dB bandwidth of the system.

(2)

The settling error at the end of the ½-clock cycle (t = Ts / 2) is ∆V – 0.5 LBS, see Equation 3.

In 2N

1

In 2N

BW t

STs
S
BW t ~ 33.112 MHz

1

In 214
u Fs

S

1

u 10 MHz

~ 33.112 MHz

where
•
•

Ts is the sampling period.
Fs is the sampling frequency.

(3)

Figure 11 shows the equivalent circuit for the analog input of the ADS4142 device, consisting of a
switched-capacitor-based, differential, sample-and-hold architecture. The INP and INM pins must be
externally biased around a common-mode voltage of 0.95 V, available on the VCM pin. For a full-scale
differential input, each input, the INP and INM pins, must swing symmetrically between (VCM + 0.5 V) and
(VCM – 0.5 V), resulting in a 2-VPP, differential-input swing. The input-sampling circuit has a full-power
bandwidth that extends up to 550 MHz (measured from the input pins to the sampled voltage). Although
the input structure of the ADS4142 device is completely differential, this ADC can be either single-ended
or differentially driven. Optimum performance can be achieved by using a fully-differential driver amplifier.
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Figure 11. ADS4142 Analog Equivalent Circuit
The two distinctive stages to ADC operation are the track and hold phases. In the track phase, the
sampling switches S1, S2, and S3 are closed and the sampling capacitors (CS1 and CS2) track the input
signal with a certain RC-time constant. During the next clock phase (or the hold phase), the sampling
switches S1, S2, and S3 are open and the sampling capacitors (CS1 and CS2) are held at the constant
value of the input signal, that ideally corresponds to the last value of the track instant. These sampling
switches (S1, S2, and S3) open or close at the sampling frequency (Fs), as shown in Figure 12.
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Figure 12. Sampling Switches S1 and S2
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The ADC takes the sample of the input signal at the rising edge of the sampling clock, also known as
track-to-hold mode transition. In Figure 14, all the pixel outputs are time-multiplexed to the input of a
global ADC to provide the digital output. The sensor output changes soon after the ADC takes a sample.
The input of the driver amplifier may see a full-scale change between adjacent pixels immediately after the
track-to-hold mode transition. When the ADC enters the hold phase, the sampling capacitor is not tracking
the input signal. During this time, it is a good opportunity for the output of the driver amplifier to quickly
settle and start acting like a DC source. Considering the correct sampling process, output of the driveramplifier stage must continue to act like a DC source throughout the track phase. At the hold-to-track
mode transition, the sampling switches reconnect to the source to recharge the sampling capacitors to a
new value, by the external filter capacitors. This results in charge kick-back transients at the input of the
ADC, as Figure 14 shows. This occurrence is the most critical moment that determines the accuracy of the
design, because the voltage across the sampling capacitors must settle to a ±0.5-LSB error band around
the final value before the sampling switches open (or, track-to-hold mode transition).
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Figure 13. ADS4142 Analog Equivalent Circuit
From Figure 13, assuming VCF10 > VCS10, users can see that at first the sampling capacitor (CS1) is
quickly charged by the energy of the external input capacitor (CF1) through RS1 at the start of the track
phase. The process of charging the sampling capacitance (CS1) causes a voltage drop across external
input capacitor (CF1). The subsequent process of charging the sampling capacitor (CS1) is much slower
due to this higher input impedance. Therefore, the external-RC filter component must be properly set,
considering the time constant of the sampling capacitor charging in a given time period. Equation 4 gives
the magnitude of the voltage drop across the input capacitor (CF1), at the time that the sampling switches
are closed.
'V

CS1
u VCF10
CF1 CS1

1
VCS10

CF1
CS1

u VCF10

VCS10

1
(4)

A higher ratio between the input capacitor and sampling capacitor produces a smaller voltage drop. The
input capacitor, CF, helps to reduce the kickback noise at the ADC input and provides a charge bucket to
quickly charge the sampling capacitor during the track phase. The value of CF must be chosen such that
the voltage droop (∆V) on the external filter capacitor is less than 10% of the input voltage. Therefore, the
generalization given in Equation 4 can be used to estimate the necessary size of the external capacitor,
CF.
• CF ≥ 15 CS
• CF1 and CF2 ≥ 33 pF
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For low distortion, the external filter capacitors (CF1 and CF2) must be a C0G or NP0 type. C0G-type
capacitors exhibit minimal change in capacitance over input voltage, frequency, temperature, and so on,
and are typically available in values of 10 nF or less. Thus, a C0G-type capacitor with a value of CF1 and
CF2 = 33 pF is selected for this TI reference design. At this point, it is important to understand the
tradeoffs involved in selecting the values of CF and RF. If the value of CF is high, it provides better
attenuation against kickback noise when the sampling switches are closed. However, CF cannot be made
arbitrarily high, because it degrades the phase margin of the driving amplifier, thus making it unstable. The
series resistor, RF, acts as an isolation resistor, which helps to stabilize the driving amplifier. A higher
value of RF is helpful from the amplifier stability perspective, but it degrades AC performance and must be
balanced with the amplifier stability, to ensure that the distortion does not exceed the required
specifications. Distortion happens due to the nonlinear input impedance of the ADC, and it increases with
source impedance, input signal frequency, and amplitude. The maximum value of RF depends upon the
fact that by the end of the track phase (TS/2), the sampling capacitor (CS) must be charged to an
acceptable level of the measured input voltage. That statement means the signal must settle within 0.5
LSB at the input of the ADC for the worst-case, full-scale change at the end of acquisition time. Equation 5
gives the value of the required external-filter resistance.

RF

RSH u CF

CS d

t TRACK
k1

where
•
•

k1 is number of time constants for the kick-back transient to settle, as defined in Equation 7.
RSH represents the total series resistance from the ADC input pin to the sampling capacitor.

§
¨
V
VCSH0
N
k1 ln ¨ IN
u2
¨§
CF ·
¨ 1
¸ VFSR
¨¨
C
S¹
©©

1

·
¸
¸
¸
¸
¸
¹

(5)

(6)

For this design, the values of the parameters used in Equation 6 follow:
• tTRACK = 50 ns
• CF = 27 pF
• CS = 2 pF
• VINP = VCM + 0.5 V
• VCSH0 = VCM – 0.5 V
• VFSR = 1 V
• N = 14
• RSH = 10 Ω + 15 Ω + 7.5 Ω = 32.5 Ω
After inserting these values in Equation 6, RF should be less than 200 Ω. The minimum value for RF
depends on the output impedance of the amplifier, based on stability considerations. First select the driver
amplifiers and then use the TINA simulations to further refine the values of the filter components.
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The process of selecting suitable amplifiers for driving the high-speed ADC with differential inputs may be
a challenging task. Multiplexed applications, such as pixel-by-pixel reading in imaging systems, exercise
the slewing capability and bandwidth capability of the driving amplifier. Bandwidth and slew rate
requirements are significantly increased by operating in a multiplexed mode, and care must be taken in
selecting a component for this application. The settling time of an amplifier mainly consists of dead time,
slew time, recovery time, and linear settling time, as shown in Figure 15.

Final
Value

Settling Time, Output

Initial Value

Dead Time

Slew Time

Recovery Time

Linear
Settling
Time

Settling Time, Input-to-output

Figure 15. Settling Time
In Figure 15, the high-speed amplifier (HS-AMP), FDA, and filter must settle to 0.5 LSB for a worst-case,
full-step change (VFSR) within a given sampling period. Assuming each stage is a simple, first-order
system, then Equation 7 can give the number of time constants (k2) required for N-bit settling.

k2

N 1 In2

where
•

N is the resolution of the ADC.

(7)

When the amplifier is out of slew, and if the input is not changing significantly, then the amplifier perceives
the input as small signal. Therefore, Equation 8 and Equation 9 give the individual settling times of the
HS-AMP, FDA, and filter.
tHS

AMP

'V
SRHS AMP

k
2S u SSBWHS

AMP

where
•
•
•

tHS-AMP is settling time of the HS-AMP.
SRHS-AMP is slew rate of the HS-AMP.
SSBWHS-AMP is small-signal bandwidth of the HS-AMP.
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k
2S u SSBWFDA

where
•
•
•

tFDAis settling time of the HS-AMP.
SRFDAis slew rate of the HS-AMP.
SSBWFDA is small-signal bandwidth of the FDA.

(9)

For a cascaded configuration, Equation 10 gives a close approximation of the overall settling time.

Settling Time of Driver Amplifier

t Settling

2t

2
HS

AMP

tFDA 2

(10)

The settling time of the driver amplifier should be smaller than the duration of the hold phase (TS/2), as
given in Equation 11.
t Settling

TS
2

100 ns
2

50 ns
(11)

Now, select the HS-AMP and FDA such that Equation 11 is satisfied.
Go to www.ti.com to find a FDA (see Figure 16).
TI Home → Amplifiers → Operational Amplifiers (Op Amps) → Fully Differential Amplifiers

Figure 16. High-Speed, Fully-Differential Amplifier Comparison
Go to www.ti.com to find a HS-AMP (see Figure 17).
TI Home → Amplifiers → Operational Amplifiers (Op Amps) → High-Speed Op Amps (GBW ≥ 50MHz)
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Figure 17. High-Speed Amplifier Comparison
For this design, the OPA2626 and THS4551 devices seem to be better choices in terms of bandwidth,
slew rate, noise, IQ, distortion, and device package. Other FDAs also satisfy the settling-time requirement
and available in smaller packages, for example, the THS4541 device, with low noise (2.2 nV/√Hz), high
bandwidth (approximately 620 MHz) and high-slew rate (approximately 1500V/µs), but at the cost of a
higher operating current (approximately 10.1 mA). With a high DC precision of only 100-µV offset voltage,
a wide gain-bandwidth product of 120 MHz, and a low wideband noise of 2.5 nV/√Hz, the OPAx626 family
of devices is optimized for driving high-throughput, high-resolution ADCs. The OPA2626 device is
available in an 8-pin VSSOP package. In cascaded configuration, the OPA2626 and THS4551 devices
settle to 0.5 LSB for a worst-case, full-step change (VFSR) within 38 ns. That occurrence means the
output of the driver-amplifier circuitry starts acting like a constant DC source, even before the ADC enters
into the track phase.

3.3

Refining Values of Filter Components: Parameter Stepping Technique in TINA-TI
Simulation
The resistor-capacitor combination can be optimized slightly for the circuit and input signal being
converted by simply varying the R-C combination; however, remember that having the incorrect
combination will limit the linearity performance of the ADC. Also, increasing the bandwidth as seen by the
ADC introduces more noise.
Figure 18 shows the TINA schematic of driver amplifier and analog input equivalent circuit for the
ADS4142 device. The analog input equivalent circuit in TINA schematic is slightly different from the one in
the ADS4142 data sheet. For example, in the TINA schematic, all the switches have been replaced by
voltage controlled switches, so that these switches can be controlled to model the track and hold process
of the ADC. On the left-hand side is the OPA2626 op amp, THS4551 FDA, and RC-charge bucket circuit.
VTRACK and VHOLD are signal sources used to control the timing of the switches. The timings of these
sources were configured for a 10-MSPS sampling rate.
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Figure 18. TINA Schematic for Parameter Stepping
The settling-error meter must be configured to read zero error when the voltage across the sample
capacitor has settled to the steady-state output of the amplifier. This reading is achieved by running DC
analysis and setting the voltage source, VIN_ADC_SS, to a DC voltage equal to the steady-state output of
the amplifier, VIN_ADC, as shown in Figure 19. The voltage-controlled voltage source VCVS1 translates
the voltage across the sample capacitors from differential to single-ended. This voltage is compared to a
steady-state voltage source to compute the settling error.

Figure 19. Run DC Analysis for Steady State ADC Input Voltage
The TINA-TI SPICE simulator was used to optimize the RC-charge bucket circuit and to verify that the
error target is achieved. As a reminder, we know the filter capacitor value is 33 pF and the maximum filter
resistance value is 200 Ω. Filter resistance cannot be too low; otherwise the stability of the THS4551 FDA
may become a concern. The parameter-stepping technique was used to find the best resistance for a
given fixed-filter capacitor. To start, the range of the filter-resistor values can be from 90 Ω to 200 Ω.
Parameter stepping sweeps the values of the filter resistor. However, parameter stepping does not allow
for two equal components to be simultaneously stepped. A way around this limitation is to use a voltagecontrolled resistor. Figure 20 shows two voltage-controlled resistors controlled by the source, Vcont. The
resistance is equal to the control source, so each resistor in this example is set to 1 kΩ, because Vcont is
1 kV. Vcont was configured to run 15 different simulations, with resistor values ranging from 90 to 200 Ω,
using either the linear sweep type or list of standard resistor values. Run the transient analysis for several
conversion cycles. Figure 20 shows a graph containing 15 sets of curves – one for each resistance value
in the parameter step. To make the simulation results easier to look at, adjust the vertical and horizontal
axis scaling. The main curves to look at here are the error curves – V_SS_ERR [1] through V_SS_ERR
[15]. The error curves should ideally settle to 0 V, so set the vertical range accordingly for zooming in on
the error. On the horizontal axis, always ignore the first cycle, because some start-up behavior invalidates
these results. After adjusting the curves, Figure 20 shows what the graphs look like. There is one error
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curve for each resistance value, for a total of 15 different curves. The legend lists the curve name,
parameter step value for that curve, time, and value of the curve at that time. So, for example, the curve
V_SS_ERR[10] is the error voltage source measured with a 145-Ω resistor, at 500 ns, with an error of
–28.748462 µV. Remember, the parameter being stepped is actually a voltage source that is used to set
resistance, so the 145-Ω resistor shows up as a voltage.

Figure 20. Parameter Stepping Simulation for Filter Resistors from 90 Ω to 200 Ω
Generally, there are three types of curves – one curve has overshoot, one curve is under-damped, and
one curve is in-between the other two curves. Based on a visual inspection and the errors listed in the
legend, look for the best curves from a settling perspective. Or, adjust the voltage scale to ±62 µV
,representing ±0.5 LSB of the ADS4142 ADC. As shown in Figure 21, all curves from V_SS_ERR[1]
through V_SS_ERR[11] settle to ±0.5 LSB in a given time period. Notice that the polarity of the settling
error transitions from 1.492422 µV to –40.204857 µV. The idea is that some curve within this range will
have an error near zero, for example, curve V_SS_ERR[2], with 100 Ω, settles to 455.77258 nV that is
closest to the final value. However for this design, 130 Ω is used with a settling error of about 8.700856
µV, which is not far from the final value but well within ±0.5 LSB error limits. Now, the low-pass filter
formed by 130 Ω and 33 pF reject more noise than the low-pass formed by 100 Ω and 33 pF. Therefore,
with 130 Ω and 33 pF, the system bandwidth (–3 dB) is 37.12 MHz.
The RKB series resistor on the ADC inputs to damp-out ringing caused by package parasitic. Increasing
this resistor also tends to reduce bandwidth peaking. However, increasing RKB increases signal
attenuation, and the amplifier must drive a larger signal to fill the ADC input range. Select a kickback
resistor (RKB1 and RKB2), based on experience and the ADC data sheet recommendations or both. The
ADS4142 data sheet recommends a value between 5-Ω to 15-Ω in series with each input pin.
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Figure 21. Parameter Stepping: Curves Settling Within ±0.5 LSB

3.4

Noise
Noise generated by the analog front-end electronics (AFE) must be minimized because it directly impacts
dynamic range of the system. Noise in the AFE consists of wideband noise from driver amplifier circuitry,
wideband noise from the ADC, and quantization noise from the ADC. The ac specifications of a standalone ADC like SNR and SINAD are usually tested with a sinusoidal input. Because imaging signals are
not pure sine waves, ADC’s ac specifications such as SNR and SINAD are not directly applicable to
imaging systems. ADCs SNR or SINAD is tested with a sine-wave input, and includes the effects of
distortion of the analog signal, converter distortion due to integral and differential nonlinearity (INL and
DNL), quantization noise, and thermal noise. The distortion numbers are not of interest in imaging
applications because image sensor’s output signal is not sinusoidal in nature, and the frontend of the ADC
samples the thermal image sensor’s signal only during a relatively slow-moving portion of the waveform.
Instead, SNR can be defined in a somewhat different manner, based on wideband noise. The wideband
noise of an AFE can be measured by using a “fixed-input histogram” test. In an ideal system, a fixed input
should produce a single output code. Noise in the system will produce a range of codes; from their
random distribution, the RMS noise value can be statistically calculated. The RMS wideband noise can
then be compared with imager noise, and the overall system SNR can be calculated. Noise will also be
introduced by the amplifier circuitry, though this can be minimized by amplifier choice and circuit
techniques.
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Figure 22. TINA Schematic for Noise Simulation
From TINA-TI simulation, the integrated output noise of the driver amplifier circuitry over the system
bandwidth is around 73.38 µVRMS. The amplitude of the noise is supposed to have a Gaussian distribution.
Therefore, the peak-to-peak output noise is calculated in Equation 12.

Figure 23. Total Output Noise of Front-End Amplifier

VNoise

AFE (P

P)

6.6 u 73.38 PVRMS

484.308 PVPP

(12)

Compare the output noise of the driver amplifier with 1 LSB (Equation 13) of the ADS4142 device, based
on 12-bit ENOB and 2-V full-scale input range.
2V
1 LSB
488 PV
(13)
212
The peak-to-peak output noise of the driver amplifier is comparable to the 1 LSB of the ADS4142 device
with respect to 12-bit ENOB. Therefore, this driver amplifier circuitry seems to be a good choice from the
noise perspective. However, the final decision must be made after testing the driver amplifier and ADC
together.
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Hardware Overview
Figure 24 shows the TIDA-01403 hardware and allows users to evaluate the performance of the TI Design
system. All of the components such as ICs (high speed amplifier, fully differential amplifier, ADC, and
LDOs), connectors, pin headers, and others are placed on the top side of the PCB. There are test points
located on the PCB for most of the power nodes. The size of the board is 105.41 mm × 87.63 mm that
was chosen for easy handling during the tests. However, the board size should be optimized as per
mechanical constraints of the end product.

Figure 24. TIDA-01403 TI Design Hardware
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TI Design hardware can be put in different configuration by changing jumper settings. Table 2 shows the
function and setting of jumpers and connectors used in this reference design.
Table 2. TIDA-01403 Connector and Jumper Details
CONNECTOR, JUMPER

FUNCTION, SETTINGS

S1

V_OFFSET: 2 V DC from lab power supply

S2

SIGNAL_IN: Single-ended 2-VPP sinusoidal input signal from function generator

S3

CLKIN_P: Differential input sampling clock positive

S4

CLKIN_N: Differential input sampling clock negative

BA1 and BA3

Circuit Ground

BA2

External power supply input: 5.5 V Nominal; 6.5 V Max

BA4

External power supply input: 2.5 V Nominal; 6.5 V Max

J1

Connect or disconnect 5-V LDO output with the 5-V supply of the system

J2

For SNR, INL and DNL testing:
• Jumper on J2-3 and J2-4
• Jumper on J2-5 and J2-6
For histogram testing
• Jumper on J2-1 and J2-2
• Jumper on J2-5 and J2-6

J3

Connect or disconnect 1.8-V LDO output with the 1.8-V supply of the system

J4

ADC data output format selection:
• Jumper on J4-1 and J4-2: Offset binary, LVDS
• Jumper on J4-3 and J5-4: Offset binary, CMOS
• Jumper on J4-5 and J4-6: 2’s complement, CMOS
• Jumper on J4-7 and J5-8: 2’s complement, LVDS

J5

For normal operation:
• Jumper on J5-3 and J5-4
• Jumper on J5-5 and J5-6
To disconnect amplifier stage and stand-alone ADC testing:
• Jumper on J5-1 and J5-2
• Jumper on J5-7 and J5-8

J6

SPI interface to configure the internal registers of the ADC using GUI
• J6-2: SEN
• J6-4: SDI
• J6-6: SCLK
• J6-1, J6-3, J6-5: GND

J7

Interface to FPGA high speed data capture card
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Test Setup
The test set-up for the TIDA-01403 is shown in Figure 25. The test set-up requires either two signal
generators that are externally locked through the 10-MHz reference or single function generator capable of
providing synchronized clock and signal. The clock source is commonly synchronized with the signal
generator of the input frequency to keep the clock and IF coherent for meaningful FFT analysis. A singleended clock is supplied to the SMA connecter, S3, directly. This clock is converted to differential and AC
coupled to the ADC by transformer coupling. The clock input must be from a clean, low-jitter source and is
commonly filtered external to the board by a narrow bandpass filter. Depending on filter attenuation, the
clock generator amplitude must be set to 10–13 dBm and the amplitude offset is not an issue due to the
AC coupling of the clock input. The GUI automatically calculates the input frequency based on the FFT
record length and the desired ADC sampling frequency. The function generator and lab power supplies
are controlled by the GUI over the GPIB interface bus. The amplitude of input signal is adjusted until
fundamental amplitude reaches approximately –1 dBFS.

Figure 25. TIDA-01403 Test Setup
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Test Results
The test data in the following sections were measured with the system at room temperature, unless
otherwise noted.
All of the measurements in this section were measured with calibrated lab equipment.

6.1

Histogram Test

Figure 26. DC Input Histogram Test of ADC With Driver Amplifier
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DNL and INL Test

Figure 27. ADC DNL Test With Driver Amplifier

Figure 28. ADC INL Test With Driver Amplifier
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Design Files

7.1

Schematics
To download the schematics, see the design files at TIDA-01403.

7.2

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01403.

7.3
7.3.1

PCB Layout Recommendations
Layout Prints
To download the layer plots, see the design files at TIDA-01403.

7.4

Altium Project
To download the Altium project files, see the design files at TIDA-01403.

7.5

Gerber Files
To download the Gerber files, see the design files at TIDA-01403.

7.6

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01403.
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Software Files
To download the software files, see the design files at TIDA-01403.
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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, “TI 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 TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI 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 TI products as used in such applications. TI 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 TI 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 TI 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 IS” 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 TI and its representatives against any damages, costs, losses, and/or liabilities arising out of your noncompliance 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, TI 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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