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ABSTRACT

The advent of modern-day wireless communications systems as well as other high speed applications imposes exceedingly
challenging demands on state-of-the-art Analog-to-Digital Converters (ADCs). The evolution of receiver architectures
necessitates very high Signal-to-Noise Ratio (SNR) at intermediate frequencies that up until recently were impossible to
achieve. Recent breakthroughsin converter architectures and silicon processes have however enabled the attainment of the
required signal purity at input frequencies in excess of 100MHz The predominant mechanism limiting high SNR at very
high input frequenciesin sampled systemsisthe timing (aperture) uncertainty of the sampling instant, commonly referred to
as jitter. In order to achieve the required performance, today's best ADCs must feature jitter significantly below 1ps RMS.
The ADS5420, a 14-bit 65MSps ADC from Texas I nstruments, is specifically designed for high-IF sampling application
and featuresindustry-leading levels of jitter.

This application note proposes an innovative, reliable characterization technique that allows to measure ultra-low jitter
levels while also discriminating noise contributions due to jitter from other phenomena (voltage reference and substrate
noise, high-amplitude distortion) in ADCs. The jitter estimated with this method closely matches the one inferred from the
SNR at high input frequencies, where noise is dominated by the aperture uncertainty. The document outlines therefore a
standardized way for measuring and specifying jitter in ADCs, i.e. it proposes the unified test procedure that is notoriously
absent in industry today.

Moreover, at the sub-picosecond resolution level required by the 14-bit high-IF ADC under test, any off-chip disturbances
substantially affect the accuracy of the measurement also. In order to characterize the uncertainty, we show how the phase
noise spectrum of the external clock source can be measured and converted into jitter by way of a rigorous formula.

INTRODUCTION

As the demand for high fidelity sampling of input frequencies in excess of 10MHz continues to increase, the aperture
uncertainty (jitter) of the ADC itself is becoming the limiting factor of the achievable SNR of the whole signal-conditioning
chain. Numerous methodol ogies have been proposed and discussed, sincejitter performance still isone of the most challenging
issues in state-of-the-art sampled systems [1-3]. The simplest and most widely adopted one infers the jitter value from the SNR
measurements at high input frequency, where the random deviation st of the occurrence of the sampling edge translatesinto a
random voltage error sy that dominates the noise deviation sy. The retro-fitting is usually accomplished according to the
formula[4]:
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as applied to asinusoidal input of amplitude Ay and angular frequency wiy (= 2pfiy):
Vi (t)= Ay sinw,t) )

Previous methods of estimating the jitter from the ADC’s SNR were hampered by the imperfect knowledge of the real values of
thermal noise, random non-linearity contributions [5], and any additional noise effects entering Eq. (1). Determining a fiy high
enough for the formula to be applied was somewhat of an arbitrary process. At very high input frequencies lots of dynamic
effects such as substrate noise, signal leakage, complex device behavior, and many more, affect the noise term of the equation
thus making the jitter estimation harder.

This application note describes a precise yet easy method of measuring the jitter of an ADC, and of any sampled-signal system.
The description of an innovative technique for the determination of the jitter in sampled-input systems is first provided. The
extraction of the period jitter from the SNR data collected on a 14b 65M Sps ADC is then presented. Finally, the application note
outlines the operative procedure to determine thejitter of the clock source.

CALCULATING JITTER THROUGH INPUT COHERENT SAMPLING

Coherent sampling (or locked-histogram) techniques have been successfully employed in the past [1,3,6,7] in order to estimate
an ADC's jitter. However, this note presents a parametric analysis of the correlation between the jitter and the phase of the
input at which noise is measured. The main advantage of the proposed technique is that the measurements obtained from the
ADC under test are parametrically fitted to the true profile of the jitter in such a system, thus providing for the first time a true
numerical solution to the problem. In addition, since the experimental results are fitted to the expected shape of the jitter vs.
phase theoretical dependence, the ADC jitter can be measured down to levelslower than the ones allowed by the noise floor of
the converter. Moreover, the technique eliminates the need to guessing what frequency is to be used for the analog input, in
order to applying equations like the (1).

1.JITTER FORMULA DERIVATION

The theoreticall RMS voltage error sy;ie induced by the clock cycle jitter (defined as the standard deviation of the Gaussian
distribution of the periods, s+) is calculated through the input slope viathe formula:

v, (t
SVjitter =S T ;]:( ) =S T ><AINWIN >1C04WINtX (3)

Equation (3) quantifies the well-known concept that when an ADC is sampling a sinusoidal input, the contribution of itsjitter is
much more pronounced when the sampling instant coincides with the zero crossing of the input, and has very little impact on
the output noise when the sampling instant coincides with the top or bottom of the input sinewave. Fig.1l illustrates this
concept: the Gaussian distributions shown on the right represent the histogram of the captured output samples of the ADC
under test, in the two cases described.
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Fig. 1. Sinusoid sampling at different phases: sampling at the top of the input sinewave yields a much tighter output code distribution than sampling
the input at its maximum slope (zero-crossing).

2. LOCKED-HISTOGRAM SAMPLING BASICS

Ideally, in order to remove any dynamic and non-linear effects and isolate the random contribution of the jitter, the best possible
condition is to feed the quantizer of the ADC with dc input. Obviously, no real information could be derived from providing a
signal to the input of the ADC at 0 Hz, other than the theoretical maximum attainable SNR and the converter’s noise floor.

However, a careful choice of input and clock frequencies and their relative phase makes the input of the ADC appear as dc.
Experimentally this can be accomplished by coherently sampling the input; i.e., adopting a sampling rate fs=f;/N (N integer) to
sample the same voltage in every period, or every few periods [6]. For a sinusoidal input, the sampling instant can be set to
occur always at the V,y peak (90° phase of the input waveform), always at the zero crossing (0° phase), or so forth at any
intermediate point. After the SHA the signal to be quantized isindeed adc, at different levels. Thisway, it is possible to obtain a
distribution of the noise for each ADC code, as shown in Figure 2 where the differential input to the ADC V,yequals OV. Inthis
case, the ADC output should be at itsmidscale value, 2** = 8192 for the 14-bit ADC under test. Fig.2 exemplifies the experimental

outcome of the procedure used to collect the code histograms at every dc level. If jitter is present, the Gaussian curve will be
wider for samples taken close to the zero-crossings, and narrower when sampling near the peaks. In this latter case, the standard
deviation of the noise represents only the thermal noise contribution, plus injections from substrate and any other terms not
related to jitter. The adoption of "locked histogram” methods [6,7] guarantees a distinctive advantage over time-beat techniques
[5] where the samples still change with time during the measurement, since dynamic non-idealities in the quantizer (reference
bounce, hysteresis effects in the stages, etc.) are completely removed.
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Fig. 2. Histogram of ADC under test with DC input applied (common-mode). The x-axis represents the ADC output code in LSBs, and the height
of the barrels the percent hit count for each code in a run of 16384 sample points. The mean of the distribution is 8180 LSBs, indicating
an offset of approximately 12 LSBs.
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Fig. 3. Typical experimental setup used in order to apply the jitter measurement technique to an ADC. The two synthesizers are connected to the
same 10MHz reference for coherency, and through GPIB synchronization commands the relative phase of one synthesizer's output can
be incremented in 1° steps.

3. EXPERIMENTAL RESULTS

The setup used in the lab to implement the proposed technique isillustrated in Fig.3. Two synthesizers are referenced to the
same 10MHz reference, ensuring coherency. These two instruments are used to provide the analog input and clock signals for
the ADC under test. The two instruments are controlled remotely through a GPIB interface, and a PC running LabVIEW ™ is
used to control the test bed and automate the test process. Contrary to the typical implementations of such techniques, the
relative phase of the clock and the analog input is controlled through the Phase-Frequency-Detector (PFD) of the synthesizer's
PLL. This allows the two waveforms to be skewed from each other in phase by step increments as granular as permitted by the
instrumentation - in this case, 1°. Itisnoteworthy to mention that thisis a standard option offered by high-end instrumentation,
hence no extra hardware is required. Through this technique, the main issue raised in [5] is then aleviated. Alternate
methodologies employing tunable delay lines are much less convenient, do not offer the same level of automation, and can
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introduce extra uncertainty. In order to prevent any high frequency effects from inhibiting the validation of our methodology, a

sampling rate f;= 30M Sps was chosen for the following tests.
2.6 1

P LY f i /
20— % TN /

e xﬁ. ;"’ “‘:. fr
i

;
1.4 5 |/

o 4
1.2 o e
1.0 . . . <
20 40 60 80 100 120

D step #

Sy [LSB]

Fig. 4. Total sv vs. number of Df steps at 30MSps dock rate, 30MHz coherent input: the sv due to jitter amounts to 2.08LSB. The step between
each phase sample is 3°, for a total of 360°.

The data collected at different relative phasesDf of input vs. clock are represented in Fig.4. The statistic population (i.e., number
of ADC samples collected) for every s, measured was 4096 points. Although it is virtually impossible to control the absolute
value of the phase of the input, the proposed technique does not require such control. In fact, the starting phaseisirrelevant to
the measurement, provided the entire cycle is covered. Once collected, the data can be fitted to the theoretical noise vs. phase
dependency (pulsed cosine, Eq.(3)) through an LMS algorithm that identifies the correct starting phase as well. This method
enables the extraction of the RMS jitter from the best-fit function found, providing an extremely accurate and robust
measurement.

The dashed curve in Fig.4 has been obtained from the fitting algorithm The anal og input was chosen to be 30MHz, exactly the
same frequency as the clock. Once a complete cycle of phase steps has been taken (corresponding to a complete cycle of
‘sliding’ the clock over the analog input), the data is parametrically fitted to the pulsed cosine shape as mentioned above. A
Levenberg-Marquardt agorithm in LabVIEW ™ environment has been used to optimize baseline level, cosine amplitude, and
starting phase of the experimental data. The striking resemblance of the theoretical behavior to the data across the whole phase
range in Fig.4 providesasignificantly enhanced level of precisionthan the traditional re-ordering of the measured points[1,6].
The same principle can be extended to undersampled inputs, yielding even stronger evidence. Figure 5 shows the measurement
results and parametric fit for the case where the analog input f,,=90MHz , with the ADC still sampling at 30 MSps. A key point
to note here is the difference in the minima between the measured data and the fitted curve. The solid line (measured data)
reaches a minimum higher than the theoretical one, since effects other than jitter contribute to the overall noise measured. The
ultimate limitation in the minimum measurement therefore is not given by jitter, but is rather the thermal noise floor of the ADC.
In this way, the fitted curve yields a very powerful point, which in the past was impossible to attain: it allows discriminating
between jitter and other noise contributors (such as thermal noise). Finally, the technique was applied once more in the case
where fy =150 MHz. Thismeans only 1 sample was taken out of every 5 input periods. Figure 6 showsthe resultsfor this case.
Obviously, the maxima observed are now significantly higher, as expected by the increased effect of jitter on higher analog
inputs. As a conseguence, the adherence of the experimental curvesto the theoretical, jitter-dominated ones becomes closer and
closer for higher values of the input frequency f;\.
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Fig. 5. Total sy vs. Df steps at 30MSps rate, 90MHz coherent input. The sv RMS difference is now 5.86LSB.
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Fig. 6. Total sy vs. Df steps at 30MSps rate, 150MHz coherent input. The jitter-related sy is 9.91LSB.

In order to extract the cycle jitter from the fitted curves above, it is now sufficient to reverse (3) where cos(wi\t) = 1. The value
extracted from the best fit of 2.08LSB noise observed at 30MHz input iss+= 1.51ps,; 5.86L.SB at 90MHz give st = 1.42ps; findly,
9.91LSB at 150MHz are fitted by sy = 1.44ps. It is important here to note the virtual congruence of the results between the
different cases. As stated earlier and as expressed by (3), Syjiue is directly proportional to fiy (for constant sy). Therefore an
added advantage of the technique is that noise contributors that do not scale with analog input frequency can beisolated. This
constitutes a notabl e advantage of the technique over the complexity of alternative approaches aimed at discriminating the jitter
from other noise sources ([5]). The above measured results, however, indicate a significant problem with jitter in the overall
system. Since this is a sampled system, jitter in any part of the external or internal to the ADC clock sources can adversely
impact overall performance.

JITTER ESTIMATION FROM SNR

In order to assess the internal clock jitter in a data converter without carrying out dedicated measurements, designers usually
resort to the classical derivation of the parameter by fitting the SNR at high input frequency. The series of SNR vs. f;y collected
at 30M Spsisrepresented in Fig.7, along with the theoretical SNR limitation set by thejitter, and calculated as per (1).

100
—&— As measured
s —&— Predicted - jitter
90 _\
g0 E

70

SNR [dBFS]

60

50 I A I A I A I A I A I A I A I
0 20 40 60 80 100 120 140 160
Input frequency [MHZz]

Fig. 7. SNR vs. fiy of a 14b switched-capacitor pipelined ADC, measured at 30MSps, -1dBFS. The SNR is thermal-noise-limited at low fiv, jitter-
limited at fiy >60MHz (external clock source jitter >1ps).
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Fig. 8. Measured and predicted SNR vs. A at fix = 150MHz. The high jitter level overwhelms any other effect, limiting SNR at high A.

The period jitter used to fit the ADC performance at high IF projects a one-cycle s+ = 1.48ps, invery good accordance with the
value previously obtained, which validates the method proposed. Fig.8 shows the SNR matching against Ay when the same s
is used, and the thermal noise - dominant at low amplitudes, per (3) - isassumed to fit the plateau observed on the experimental
data. However, it isimportant to remark that this happens for high jitter values only. In our case, once the noise of the external
clock isfiltered out the total jitter estimated through this technique decreases to 580fs, whereas the SNR only improves by 1.3dB
at fiy = 150MHz and A\ = -1dBFS, which would still project a pessimistic st = 1.27ps. This uncovers the presence of additional
limitations to the ADC noise other than sheer jitter. The amplitude-dependent nature of this effect actually constitutes a
preciousinput for the designer, pointing to the need for improvement of the SHA behavior at the signal peaks.

EXTERNAL CLOCK SOURCEJITTER

Final target of the designer’s analysis is to improve the clock circuit in order to reduce the jitter figure. This entails the
discrimination of the jitter components due to the external clock source, and to the internal clock conditioning and distribution
integrated circuitry. The first task has been accomplished through a phase noise measurement system operated in phaselock
configuration, and fed with the clock source at frequency fs. The phase noise vs. offset frequency f, function, L(fn), detected by
the instrument, is a.k.a. Single-Sideband to Carrier Ratio or SSCR. The SSCR profile of a high-end time reference source istypical
of a stahilized quartz precision source, with extremely reduced levels of closein phase noise and a low white frequency noise
component as low as-150dBc/Hz. The phase noiseis then processed by means of the formula[8]:

2 N
Sy == dsz xSSCR( , )>sinc? e S, @
fs 1 fs %]

In practice, the expression converts the phase- into frequency-noise spectrum (according to the Laplace transformrule §= jwS)
and weighs it through the sinc function, to account for the uniform jitter accumulation in the time span O® T[8]. Theintegral of
the noise spectral density is extended from the reciprocal of the total observation time f,=1/T,,s (about 4kHz) to the maximum
frequency dlowed by the instrument f, (40MHz in our setup). By applying (4) to the SSCR spectrum as observed from a phase
noise analyzer available from Agilent, or Aeroflex Comstron, the jitter of the external 30MHz source is calculated to be about
1.36ps, dramatically decreasing to 25fs after bandpass-filtering the source. These state-of-the-art nhumbers emphasize the
accuracy of the measurement, together with the impervious difficulty of it. The contribution just figured out is to be discounted
from the aperture jitter determined previously in this document, to isolate the additional jitter introduced by the on-chip
regeneration/distribution circuitry. The RMS subtraction returns 580fs, to be minimized in the design of the integrated
preamplifier/tapered buffer chain. Utilizing the new, ultra-low jitter external clock signal available and this jitter measurement
technique, the designer is able to accurately measure the magnitude of the jitter improvement needed, fine-tune the simulation
tools to match simulated and experimental data, and accordingly redesign the circuit with heightened degree of confidence. The
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application of the same technique to the enhanced clock design yielded the profile of Figure 9, where the overall jitter measured
was in the order of 250fs RMS. This state-of-the-art figure enables the attainment of very high SNR readings over input
frequency, as can be seen in Figure 10. An SNR of 70.5dBFS was measured at avery high 150MHz input frequency, which fully
validates the efficacy of this measurement technique for design optimization.
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Fig. 9.

Final jitter test run on the optimized clock decoupling ADS5420 version, with external filtered clock. The measured value for the jitter is

250fs RMS. This dramatically reduced jitter value exposes statistical effects of many noise sources which were hidden in Fig. 3, but are effectively
averaged out by the coherent sampling algorithm proposed.
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Fig. 10.

fin sweep at 65MSps sampling rate on TI's ADS5420 14 bit 65MSps A-to-D converter for wireless infrastructure applications. The

design changes implemented as a result of the application of the jitter measurement technique enabled a dramatic improvement in the ADC's IF

performance.
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The measured value of 250fs RMS synthesized in the new silicon was then used to construct a theoretical SNR vsf;, curve as
shown in Figure 11. The theoretical line is of course unbounded as the input frequency to the ADC approaches DC, but
converges to the measured numbers as the frequency increases. Since the SNR contribution yielded by jitter is so much lower
than before, other noise effects manage to limit the SNR plot before jitter becomes the ultimate performance-setting
phenomenon, right until 200MHz. This circumstance points to further margins of improvement to be pursued in the circuit
before the best possible performanceis reached for this pipeline architecture.
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Figure 11 . Theoretical and measured SNR readings for a given aperture jitter of 250fs.

SUMMARY AND CONCLUSIONS

This application note presented a convenient and accurate method for measuring sub-picosecond RMS jitter of sampled
systems using an application of the locked histogram coherent sampling method. The technique presented enables a direct,
parametric measurement of the sampling instant uncertainty, and has found full confirmation in the SNR performance of the
converter under test. Applied to the ADS5420, a state-of-the-art high speed 14-bit ADC by Texas Instruments, this technique
measured an RM S jitter value of 250fs. Thisultra-low jitter value of the ADC alows a dynamic performance in excess of 70dBFS
SNR at 150MHz input frequency. The application of the proposed technique can lead to a standardized way of measuring the
aperture uncertainty of high-speed ADCs, and can be a valuable tool in the design of such devices for high input frequency
applications. The technique presented was also used to discriminate the timing uncertainty caused by the internal ADC clock
circuitry from the one caused by the external synthesizer used as an input clock to the ADC. This methodology can easily be
extended to any sampled system, allowing the system designer the flexibility to directly measure the system'sjitter performance
and accordingly improve the system design.

TO PROBE FURTHER

[1] R. Tangelder, H. de Vries, R. Rosing, H. Kerkhoff, and M. Sachdev, "Jitter and decision level noise separation in A/D
converters', in Proceedings of the IEEE IMTC, Venice, Italy, 1999, pp. 1558-1562.




(2

(3]
(4]

(3]

(6]
(7]

(8]

SLWAQ36 — JUNE 2004

N. Da Dalt, M. Harteneck, C. Sandner, and A. Wiesbauer, "On the jitter requirements of the sampling clock for Analog-to-
Digital converters', IEEE Transactions on Circuits and Systems-1, vol. 49, no. 9, Sep. 2002, pp. 1354-1360.

T. Kuyd, “ Method and System For Measuring Jitter” , U.S. Patent 6,640,193.

A. Zanchi, |. Papantonopoulos and F. Tsay, “Measurement and Spice prediction of sub-picosecond clock jitter in A-to-D
converters’, in Proceedings of the |EEE | SCAS, Bangkok, Thailand, 2003, pp. 557-560.

Y. Langard, J-L. Balat, and J. Durand, "An improved method of ADC jitter measurement”, Proceedings of the IEEE ITC,
Washington, DC, 1994, pp. 763-770.

M. Mahoney, DSP-based testing of analog and mixed-signal circuits: IEEE Computer Society Press, Piscataway, NJ, 1987.
G. Chiorboli, M. Fontanili, and C. Morandi, “A new method for estimating the aperture uncertainty of A/D converters’, in
Proceedings of the IEEE IMTC, Ottawa, Canada, 1997, pp. 632-635.

A. Zanchi, A. Bonfanti, S. Levantino, and C. Samori, "General SSCR vs. cycle-to-cyclejitter relationship with application to
the phase noisein PLL", in Proceedings of the IEEE SSMSD, Austin, TX, 2001, pp. 32-37.



IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) 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 TI'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 TI'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.

TI 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.

TI 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 TI 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 TI.

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.

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

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

Products Applications

Amplifiers amplifier.ti.com Audio www.ti.com/audio

Data Converters dataconverter.ti.com Automotive www.ti.com/automotive

DSP dsp.ti.com Broadband www.ti.com/broadband

Interface interface.ti.com Digital Control www.ti.com/digitalcontrol

Logic logic.ti.com Military www.ti.com/military

Power Mgmt power.ti.com Optical Networking www.ti.com/opticalnetwork

Microcontrollers microcontroller.ti.com Security www.ti.com/security
Telephony www.ti.com/telephony
Video & Imaging www.ti.com/video
Wireless www.ti.com/wireless

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

Copyright © 2004, Texas Instruments Incorporated


http://amplifier.ti.com
http://dataconverter.ti.com
http://dsp.ti.com
http://interface.ti.com
http://logic.ti.com
http://power.ti.com
http://microcontroller.ti.com
http://www.ti.com/audio
http://www.ti.com/automotive
http://www.ti.com/broadband
http://www.ti.com/digitalcontrol
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

