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Introduction

When designing a mixed-signal system, many designers
have a tendency to examine and optimize each component
separately. This myopic approach can go only so far if the
goal is to have a working design at the end of the day.
Given the array of different components in a system,
designers must have a complete understanding of not only
the individual components but also their impact on the
overall system performance. When a design has an analog-
to-digital converter (ADC), it is critical to understand how
this device interacts with the voltage reference and voltage-
reference buffer.

This article is the first of a three-part series. Parts 2 and
3 will appear in future issues of the Analog Applications
Journal. Part 1 looks at the fundamental operation of an
ADC independently, exactly as many designers do, and then
at the performance characteristics that have an impact on
the accuracy and repeatability of the system. Part 2 will
delve into the voltage-reference device, once again examin-
ing its fundamental operation and then the details of its
impact on the performance of the ADC. Part 3 will investi-
gate the impact of the voltage-reference buffer and the
capacitors that follow it, and will discuss how to ensure
that the amplifier is stable. Assumptions and conclusions
will be compared to measurement results. The interplay
between the driving amplifier, voltage reference, and con-
verter will be briefly analyzed, followed by an investigation
of the sources of error in the ADC’s conversion results.

The fundamentals of ADCs

Figure 1 shows the voltage-reference system for the
successive-approximation-register (SAR) ADC that will be
examined in this three-part series. As the name suggests,
the ADC converts an analog voltage to a digital code. The
overall system accuracy and repeatability depend on how
effectively the converter executes this process. The accu-
racy of this conversion can be defined with static specifica-
tions, and the repeatability with dynamic specifications.
Generally, the ADC static specifications are offset-voltage
error, gain error, and transition noise. The ADC dynamic
specifications are signal-to-noise ratio (SNR), total
harmonic distortion (THD), and spurious-free dynamic
range (SFDR).

Static performance

Figure 2 shows an ideal and an actual (or non-ideal) trans-
fer function of a 3-bit ADC. The actual transfer function
has an offset-voltage error and a gain error. In the example
application circuit, only the ADC gain error, transition
noise, and SNR are of concern.
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Figure 1. Voltage-reference system for SAR ADC
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Figure 2. Ideal and actual ADC transfer functions
with offset and gain errors
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Figure 3. Transition noise with a 3-bit ADC
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Equation 1 describes the typical transfer function of the
ideal (error-free) ADC:
2I1
COde = VIN X , (1)
VREF

where “Code” is the ADC output code in decimal form, Viy
is the analog input voltage (in volts), n is the resolution of
the ADC (or number of output-code bits), and Vygp is the
analog value of the voltage reference (in volts). This equa-
tion demonstrates that the ADC output code is directly
proportional to the analog input voltage and inversely
proportional to the voltage reference. Equation 1 also
shows that the output code depends on the number of
bits (the converter resolution).

The DC errors of non-ideal ADCs are offset-voltage error
and gain error. If the offset-voltage error is introduced into
the transfer function, Equation 1 can be rewritten as

211
COdez(VIN _VOS_ADC)XV ) (2)
REF

where Vog apc is the input offset voltage of the ADC. Gain
error is eql_lal to the difference between the ideal slope from
zero to full scale and the actual slope from zero to full scale.
The notation for gain error is a decimal or percentage. If
the impact of only the gain error (no offset-voltage error)
on an ADC is considered, Equation 1 can be rewritten as

211
T o 3)
Vier (1-GExpc)
where GE,p is the gain error in decimal form,
expressed as

Code =V x
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Actual Gain — Ideal Gain
Actual Gain '

GEADC =

From Equation 3 it can be seen that the gain-error factor
adds to the initial accuracy of Vygp. The output code is
inversely proportional to the combination of the voltage
reference plus the gain error. The DC error caused by
noise from the voltage-reference chip inversely impacts the
gain accuracy of the ADC. Part 2 of this series will specifi-
cally show the impact of the voltage reference’s errors.

Equations 2 and 3 can be combined to show the final
transfer function:

21‘[

Vrer (1-GExpc)

To analyze ADC transition noise, the code transition
points in the ADC’s transfer curve can be examined. These
are the points where the digital output switches from one
code to the next as a result of a changing analog input
voltage. The transition point from code to code is not a
single threshold but a small region of uncertainty. Figure 3
shows the uncertainty at these transitions that results
from internal converter noise. The region of uncertainty is
defined by measuring repetitive code transitions from
code to code.

An ADC’s transition noise has a direct effect on the
signal-to-noise ratio (SNR) of the converter. Since it is
important to understand this phenomenon, Part 2 of this
series will look more closely at voltage-reference noise
characteristics.

Code =(Viy =Vos _apc)X C))
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Dynamic performance

The total system noise from the circuit in
Figure 1 is a combination of the inherent
ADC noise, the noise from the analog input-
buffer circuitry, and the reference input-
voltage noise. Figure 4 shows a simplified
internal circuit of a SAR ADC.

To determine the dynamic performance of
an ADC, a fast Fourier transform (FFT) plot
of the converter’s output data can be used.
An FFT plot can be calculated from a con-
sistent clocked series of converter outputs.
The FFT plot provides the SNR, the noise-
floor level, and the spurious-free dynamic
range (SFDR). In the example application
circuit, only the SNR specification is of
interest. Figure 5 provides an FFT plot of
these specifications.

A useful way of determining noise in an
ADC circuit is to examine the SNR (see
Figure 5). The SNR is the ratio of the root
mean square (RMS) of the signal power to
the RMS of the noise power. The SNR of the

Figure 4. Simplified topology of a SAR ADC
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FF'T calculation is a combination of several noise sources,
which may include the ADC quantization error and the
ADC internal noise. Externally, the voltage reference and
the reference driving amplifier contribute to the overall
system noise. The theoretical limit of the SNR is equal to
6.02n + 1.76 dB, where n is the number of ADC bits.

The total harmonic distortion (THD) quantifies the
amount of distortion in the system. THD is the ratio of the
root sum square (RSS) of the powers of the harmonic com-
ponents (spurs) to the input-signal power. For example, in
Figure 5, the harmonic components are labeled “2nd”
through “6th.” An RSS calculation is also known as the

Figure 5. FFT plot with 8192 data samples from a 16-bit converter
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square root of the sum of the squares of several values.
Spurs resulting from the nonlinearity of the ADC appear
at whole-number multiples of the input signal’s frequency
(the fundamental frequency). Most manufacturers use
the first six to nine harmonic components in their THD
calculations.

If the ADC creates spikes in the FFT plot, it is probable
that the converter has some integral nonlinearity errors.
Additionally, spurs can come from the input signal through
the signal source or from the reference driving amplifier. If
the driving amplifier is the culprit, the amplifier may have
crossover distortion; or it may be marginally stable, slew-
rate-limited, bandwidth-limited, or unable to drive the
ADC. Injected noise from other places in the circuit, such
as digital-clock sources or the frequency of the mains, can
also contribute spurs to the FF'T result.

The combination of the converter’s SNR and THD can
be used to determine the signal to noise and distortion
(SINAD) of the device. Many engineers refer to SINAD as
“THD plus noise” or “total distortion.” SINAD is an RSS
calculation of the SNR and THD; i.e., it is the ratio of the
fundamental input signal’'s RMS amplitude to the RMS sum
of all other spectral components below half the sampling
frequency (excluding DC). While the SAR converter’s theo-
retical minimum for SINAD is equal to the ideal SNR, or
6.02n + 1.76 dB, the working SINAD is

SINAD (dB) = —2010g 10~ SNR/10  1gTHD/I0 5y

SINAD is an important figure of merit because it provides
the effective number of bits (ENOB) with a simple
calculation:

ENOB:SINAD—I.’?G dB (6)
6.02
In an FF'T representation of converter data, the average

noise floor (see Figure 5) is an RSS combination of all the
bins within the FF'T plot, excluding the input signal and
signal harmonics. The number of samples versus the num-
ber of ADC bits can be chosen so that the noise floor is
below any spurs of interest. With these considerations, the
theoretical average FFT noise floor (in decibels) is

FFT Noise Floor = 6.02n +10 log(3—M),

nx ENBW
where M is the number of data points in the FFT, and
ENBW is the equivalent noise bandwidth of the FF'T
window function. A reasonable number of samples for the
FFT of a 12-bit converter is 4096, which will result in a
theoretical noise floor of —107 dB.

Conclusion

The ADC specifications that impact the application circuit
in Figure 1 are gain error, transition noise, and SNR. Part 2
will examine the voltage reference’s DC accuracy and noise
contribution to the system performance.

High-Performance Analog Products

Www.ti.com/aa

Texas Instruments Incorporated

References

For more information related to this article, you can down-
load an Acrobat® Reader® file at www-s.ti.com/sc/techlit/
litnumber and replace “litnumber” with the TI Lit. # for
the materials listed below.

Document Title TI Lit. #

1. Bonnie Baker, “A Glossary of Analog-to-
Digital Specifications and Performance
Characteristics,” Application Report . ........ shaal4d7
2. Miroslav Oljaca and Justin McEldowney, “Using
a SAR Analog-to-Digital Converter for Current
Measurement in Motor Control Applications,”
Application Report. ............. ... . . éﬁia?_)éi_-
3. Rick Downs and Miro Oljaca. Designing SAR
ADC drive circuitry, Parts I — III. EN-Genius
Network: analogZONE: acquisitionZONE
[Online]. Available: http://www.analogzone.com/
acqt0000.pdf (Replace “0000” with “0221" for

4. Tim Green. Operational amplifier stability,
Parts 3, 6, and 7. EN-Genius Network:
analogZONE: acquisitionZ ONE [Online].
Available: http://www.analogzone.com/

5. Bonnie C. Baker and Miro Oljaca. (2007,
June 7). External components improve
SAR-ADC accuracy. EDN [Online]. Available:
http://www.edn.com/contents/images/

6. Wm. P. (Bill) Klein, Miro Oljaca, and Pete
Goad. (2007). Improved voltage reference
circuits maximize converter performance.
Analog e-Lab™ Webinar [Online]. Available:

“Videos” under “Analog eLab™ Design

Support” and select webinar title.) —
7. Art Kay. Analysis and measurement of

intrinsic noise in op amp circuits, Part 1.

EN-Genius Network: analogZONE:

audiovideoZ ONE [Online]. Available:

http://www.en-genius.net/includes/files/

20 2009 Analog Applications Journal


http://www.ti.com/aaj
http://www-s.ti.com/sc/techlit/sbaa147
http://www-s.ti.com/sc/techlit/sbaa081
http://www.analogzone.com/acqt0221.pdf
http://www.analogzone.com/acqt1003.pdf
http://www.analogzone.com/acqt0312.pdf
http://www.analogzone.com/acqt0307.pdf
http://www.analogzone.com/acqt0704.pdf
http://www.analogzone.com/acqt0529.pdf
http://www.edn.com/contents/images/6447231.pdf
http://dataconverter.ti.com
http://www.en-genius.net/includes/files/avt_090406.pdf
http://dataconverter.ti.com

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (Tl) reserve the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All products are sold subject to Tl's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with Tl's standard
warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except
where mandated by government requirements, testing of all parameters of each product is not necessarily performed.

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

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask
work right, or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services
are used. Information published by Tl regarding third-party products or services does not constitute a license from Tl 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 Tl.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and
deceptive business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject
to additional restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that product or service
voids all express and any implied warranties for the associated Tl product or service and is an unfair and deceptive business practice.
Tlis not responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would
reasonably be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement
specifically governing such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of
their applications, and acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements
concerning their products and any use of Tl products in such safety-critical applications, notwithstanding any applications-related
information or support that may be provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any
damages arising out of the use of Tl products in such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or “enhanced plastic.” Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is
solely at the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection
with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, Tl will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers amplifier.ti.con Audio www.ti.corm/audio

Data Converters ﬂa_l-téédn_;/érfe:r.fi._ég-)r_:d Automotive M/\_/-\/y-v_.-ti_.-qbfu-/_égté[ﬁ_(-)ﬂ\[d
DLP® Products www.dip.com Broadband Www.ti.com/broadband
DSP dsp-ti.com Digital Control Wwww.ti-cony/digitalconro
Clocks and Timers \.;\-/y-\/_Jv_.-ti_.-c_B_Fu-/_c-l_c;g:-lgé Medical _Gvgvz/v:tfc:cfnj/fn:e@@él
Interface interface.ti.com Military www . cor/military
Logic logic.ti.con Optical Networking ~ www.ti.com/opticalnetwori
Power Mgmt powerfi.cont Security www.ti.comy/security
Microcontrollers b-w_i-c_r-q-c_a_ﬁtf(_)-ll_é[.-t_i-.c_;-o_-rﬁ Telephony Wy\?yv_.t-i_.-c_é_ﬁj&é_lé_ﬁ_ﬁg-r_&
RFID . ti-rfidl.con Video & Imaging www.t.com/videg

RF/IF and ZigBee®  www.ti.com/iprt Wireless Www.ti.com/wireless

Solutions

Mailing Address:

Texas Instruments
Post Office Box 655303
Dallas, Texas 75265


http://amplifier.ti.com
http://dataconverter.ti.com
http://www.dlp.com
http://dsp.ti.com
http://www.ti.com/clocks
http://interface.ti.com
http://logic.ti.com
http://power.ti.com
http://microcontroller.ti.com
http://www.ti-rfid.com
http://www.ti.com/lprf
http://www.ti.com/audio
http://www.ti.com/automotive
http://www.ti.com/broadband
http://www.ti.com/digitalcontrol
http://www.ti.com/medical
http://www.ti.com/military
http://www.ti.com/opticalnetwork
http://www.ti.com/security
http://www.ti.com/telephony
http://www.ti.com/video
http://www.ti.com/wireless

TI Worldwide Technical Support

Internet

Tl Semiconductor Product Information Center Home

support.ti.com/sc/knowledgebase

Product Information Centers
Americas Phone +1(972) 644-5580

Brazil Phone 0800-891-2616
Mexico Phone 0800-670-7544

Fax +1(972) 927-6377
Internet/Email support.ti.com/sc/pic/americas.htm

Europe, Middle East, and Africa

Phone
European Free Call 00800-ASK-TEXAS
(00800 275 83927)
International +49 (0) 8161 80 2121
Russian Support +7 (4)9598 10 701

Note: The European Free Call (Toll Free) number is not active in all
countries. If you have technical difficulty calling the free call number,

please use the international number above.

Fax +(49) (0) 8161 80 2045

Internet Support.ti.com/sc/pic/euro.htrm

Japan

Fax International +81-3-3344-5317
Domestic 0120-81-0036

Internet/Email  International  support.ti.com/sc/pic/japan.htm
Domestic Wwww.fil.co jo/pio

Asia
Phone
International +91-80-41381665
Domestic Toll-Free Number
Australia 1-800-999-084
China 800-820-8682
Hong Kong 800-96-5941
India 1-800-425-7888
Indonesia 001-803-8861-1006
Korea 080-551-2804
Malaysia 1-800-80-3973
New Zealand 0800-446-934
Philippines 1-800-765-7404
Singapore 800-886-1028
Taiwan 0800-006800
Thailand 001-800-886-0010
Fax +886-2-2378-6808
Email tiasia@ti.com or ti-china@ti.com

Internet  support.ti.com/sc/pic/asia.htm

Safe Harbor Statement: This publication may contain forward-looking statements that
involve a number of risks and uncertainties. These “forward-looking statements” are
intended to qualify for the safe harbor from liability established by the Private Securities
Litigation Reform Act of 1995. These forward-looking statements generally can be identified
by phrases such as Tl or its management “believes,” “expects,” “anticipates,” “foresees,”
“forecasts,” “estimates” or other words or phrases of similar import. Similarly, such
statements herein that describe the company's products, business strategy, outlook,
objectives, plans, intentions or goals also are forward-looking statements. All such forward-
looking statements are subject to certain risks and uncertainties that could cause actual
results to differ materially from those in forward-looking statements. Please refer to Tl's
most recent Form 10-K for more information on the risks and uncertainties that could
materially affect future results of operations. We disclaim any intention or obligation to
update any forward-looking statements as a result of developments occurring after the date

of this publication.
E093008

Analog eLab is a trademark of Texas Instruments. Acrobat and Reader are registered trademarks
of Adobe Systems Incorporated. All other trademarks are the property of their respective owners.

© 2009 Texas Instruments Incorporated SLYT331


http://support.ti.com
http://support.ti.com/sc/knowledgebase
http://support.ti.com/sc/pic/americas.htm
http://support.ti.com/sc/pic/euro.htm
http://support.ti.com/sc/pic/japan.htm
http://www.tij.co.jp/pic
http://support.ti.com/sc/pic/asia.htm

