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Characterizing and Troubleshooting Jitter with Your Oscilloscope

Introduction

Clocks are the heartbeats of embedded systems, providing
timing references and synchronization between components,
subsystems, and entire systems. Disruptions and distortions
of clock signals can cause degraded or intermittent system
operation, so thorough characterization of clock signals is a

critical step in reliable embedded system design.

Jitter is a common way to express the performance of a
clock circuit. Put simply, jitter is the deviation of the timing of
a signal edge from where it should be. There are a variety of

measurements to characterize jitter.

This application note provides several examples of jitter
measurements using the standard and optional measurement

capabilities available in the 5 and 6 Series MSOs.
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APPLICATION NOTE

THIS APPLICATION NOTE

e Gives a brief orientation of simple
timing analysis measurements on
clock signals

e Explains how to interpret timing and
jitter measurements

e Gives examples of measurements
on non-modulated clocks, spread-
spectrum clocks, serial data with
embedded clock, and clocked data

e Explains how advanced jitter
measurements can improve timing
characterization and troubleshooting

This application note uses the 5 Series
MSO mixed signal oscilloscope to
illustrate jitter measurements. The 6
Series MSO operates identically, but

is available with higher bandwidth

and offers lower input noise. Many

of the measurements shown can be
performed with other oscilloscopes,
although specific setups will vary. Some
of the measurements in this application
note take advantage of the optional
Advanced Jitter Analysis application for
the 5 and 6 Series MSOs.


http://tek.com/innovative-scopes

Characterizing and Troubleshooting Jitter with Your Oscilloscope APPLICATION NOTE

File Edit Utility Help

Measurement Results Add New...

A Cursors| | Note
Meas 1 Frequency Ch1 40 MHz 30.802 MHz  40.247 MHz 58.535 kHz 7999 40 MHz 39.678 MHz 40.389 MHz 62.814 kHz 5.04733e+06
Meas 2 TIE ch1 -5.6722 as  -153.6 ps 125.38 ps. 34.15 ps 8000 81.4562s -217.59ps  175.92 ps 35.509 ps  5.04796e+06 Measure | Search
Meas 3 Frequency Ch1 40 MHz 30.722 MHz  40.284 MHz 80.117 kHz 7999 40 MHz 39.673 MHz 40.398 MHz 79.85kHz  5.04733e+06 Results | ()
Meas 4 TIE ch1 4.3632as -172.8lps 125.26ps  38.471ps 8000 -142.182s -214.17ps 171.75ps  38.561ps  5.04796e+06 ALIS
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FIGURE 1. The 5 Series MSO Frequency and Time Interval Error characterization of a 40 MHz clock signal, measured on rising and falling edges of
the signal, showing results of over five million unit intervals.

Clock Jitter Characterization The Frequency and Time Interval Error (TIE) measurements, shown in

Figure 1, are made on the rising and falling edges of every cycle of every
USING STANDARD AUTOMATED acquisition of the 40 MHz clock signal. These timing measurements
MEASUREMENTS are made relative to the average clock frequency in the acquisition. The
Standard automated measurements provide statistics in the measurement badges at the right side of the display and in
a good starting point for jitter analysis, the results table at the top of the display help to characterize the variations
verifying that the clock frequency is meeting of these measurements over time. The statistics at the left side of the results
specifications. Adding measurement statistics, table represent the current acquisition, while the statistics at the right side
such as minimum and maximum frequency, represent the accumulation of all acquisitions made over time.

provides confidence that the clock pulses are

continuous. The standard deviation (o) provides The two histograms on the left represent the frequency and TIE

a quantitative measure of the frequency stability. measurement values on the rising edges of the clock, helping you to

However, these statistics give little insight into understand the timing variations. In this case, the distributions appear to be

the manner of frequency variation. Graphical fairly Gaussian, suggesting that the jitter is predominantly random.
tools such as measurement histograms give However, the two histograms on the right represent the frequency and

more information about the characteristics of the TIE measurement values on the falling edges of the clock. Interestingly,

measurement vanations. the shape of the histogram of the frequency measurements appears to be

significantly different, suggesting that further investigation is warranted.

All of the analysis shown in Figure 1 is based on the standard capabilities of
the 5 Series MSO. For deeper analysis of the timing variations, the optional
Advanced Jitter and Timing Measurements can be used.
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TJ@BER
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DJ DJ-oo

RJ RJ-oo
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of (F/2, F/4, F/8) PJ DDJ DCD

FIGURE 2. Jitter Decomposition diagram.

USING ADVANCED JITTER ANALYSIS

As shown in Figure 2, timing jitter can be decomposed into a number

of components, providing insight into the root cause of the timing
variations. For the rest of this application note, we’ll look at some practical
examples using the Advanced Jitter Measurements in the 5 Series MSO to
demonstrate jitter decomposition and interpretation of the results.
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File Edit Utility

Measurement Results X Add New...

A Cursors| | Note

Meas 1 JS: TIE(0) -6.168as -23125ps 172.66ps 65.189 ps 15999 2779525 -273.58ps 233.64ps 67.007 ps  5.03968e+06
JS: RJ-66 27.34ps  2734ps  27.34ps  Os 25.816ps 20281ps 30.062ps 1.6863ps 315 Measure | Search
Js: @ 560.53ps 560.53ps  560.53 ps 553.01ps 475.88ps  608.44 ps  25.993 ps
J5: DJ-66 177.77ps  177.77ps 177.77ps 192.49 ps . 224.56 ps  11.082 ps Results
Js: PJ 126.59ps  126.59ps  126.59 ps 128.65 ps 64.28ps 12577 ps Table
J5: DD) 0s 0s 0s
JS: DCD 11019 ps 110.19ps 110.19 ps
Js: EW@ 11.94ns  11.94ns  11.94ns

Plot

1
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FIGURE 3. The 5 Series MSO Jitter Summary analysis of a 40 MHz clock.

40 MHZ NON-MODULATED CLOCK REVISITED The Periodic Jitter (PJ) is about a quarter of the
jitter. There are clear spectral components in
the TIE Spectrum plot, indicating strong peaks
at 7,17, and 32 MHz, which suggests that the
jitter has significant uncorrelated deterministic

Applying the Jitter Summary measurement group in the 5 Series MSO’s
optional Advanced Jitter Measurements to the 40 MHz clock example shown
in Figure 1 reveals some new clues. The Jitter Summary measurement

in Figure 3 renders an eye diagram of the signal, measures TIE, plots the

histogram and spectrum of the TIE measurement, and decomposes the jitter fitter, perhaps caused by signal crosstalk on the

. T circuit board or within the FPGA. Since this is a
into its individual components.

clock signal rather than a data signal, the Data

At first glance, the open eye in the eye diagram in Figure 3 suggests that Dependent Jitter (DDJ) is zero. The Duty Cycle
the clock signal has fairly low jitter. Indeed, the Total Jitter (TJ@BER) Distortion (DCD) also makes up about a fifth of
measurement value of about 554 ps is about 2.2% of the 40 MHz clock the total jitter, suggesting that the clock shaping
period. The jitter decomposition shows that the Random Jitter component circuit deserves further analysis and optimization.

(RJ-89) is a very small part of the total jitter.

Therefore, the Deterministic Jitter (DJ-88) must be the dominant component.
The bi-modal nature of the TIE histogram also suggests a strong
deterministic jitter component. The DJ is further decomposed into Periodic
Jitter, Data Dependent Jitter, and Duty Cycle Distortion.
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File Edit Utility
Measurement Results Add New...

A Cursors| | Note
Meas 1 JS: TIE(o) -166.39 as -2.4161ns 2.2445ns 1.9878 ns 417.19 zs -3.5467 ns 3.799 ns 1.3712ns  3.38966e+06
J 68.415ps 68.415ps  68.415 ps 80.794 ps 52.549ps 164.6ps  17.508 ps Measure| | Search
6.091 ns 6.091 ns 6.091 ns 4.3992ns  2.18 ns 8.1228 ns  1.5276 ns
5.1332ns 5.1332ns 5.1332ns i 1.0571ns 7.2319ns  1.5351ns Results
1.3352ns 1.3352ns  1.3352ns . 67559 ps 2.0321ns  205.83 ps Table Plot
0s 0s 0s 0s 0s 0s
3.9933ns 3.9933ns  3.9933ns 3 60.356 ps  6.0791ns 1.6057 ns Meas 1
39391ns 39391ns 39391ns 395.6 ns 391.88ns 397.82ns 1.5276 ns "
Jitter Summary
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Plot 3 - TIE Histogram (Meas1) x Plot 1 - Eye Diagram (Meas1) X TJ@:6.091 ns
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FIGURE 4. The 5 Series MSO Jitter Summary analysis of a 1.25 MHz clock.

Figure 4 shows the analysis of another clock signal in the system, and it exhibits some different
jitter characteristics. From the open eye in the eye diagram, you can conclude that the jitter on the
clock signal is small. This is verified by the Total Jitter measurement value of about 4.4 ns which

is less than 0.55% of the clock period. The jitter decomposition shows that the Random Jitter
component is a very small part of the total jitter. The Periodic Jitter is also relatively small, and there
are no clear spectral components in the TIE Spectrum plot, indicating that the jitter on the signal is
not significantly related to uncorrelated components of the deterministic jitter. And, since this is a
clock signal rather than a data signal, the Data Dependent Jitter is zero. However, the Duty Cycle
Distortion makes up a significant part of the total jitter.
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Waveform View

Th Horizontal
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Add New...
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FIGURE 5. Duty Cycle variations are visible on the falling edges of the 1.25 MHz clock.

Armed with this clue, Figure 5 shows a persistence display of the clock
signal, where the wide falling edges of the signal clearly show that the
duty cycle is varying significantly. If the embedded system uses the rising
edge of the clock throughout, this duty cycle variation may not present

a problem. However, if some of the circuits depend upon the rising edge
and others use the falling edge, this jitter may cause the system to behave
incorrectly or unreliably.
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Waveform View Add New...

Cursors | Note

Measure | Search

Results
bl

Table Plot

Meas 1
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FIGURE 6. Infinite persistence time-domain display of a 98 MHz clock.

Spread Spectrum Clock Characterization Again, the Jitter Summary provides a wealth

of information. As expected and desired, the

The final example of clock analysis in this design is shown in Figure 6. frequency variations (jitter) are dominated by

The frequency measurement varies over time from about 97 MHz to about Periodic Jitter, reflected in the measurement

100 MHz, and the clock period is varying, as indicated by the horizontal results table at the top of the display and in the

smearing in the waveform away from the trigger point. saddle-shaped TIE histogram.

Adding measurement statistics could help quantify how much the frequency
is varying, and could help verify that the clock’s frequency is within design
specifications, but it would not help in understanding how frequency is
varying. In this case, the signal is a spread-spectrum clock where the
frequency is intentionally modulated. But is the design working as expected?
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File Edit Utility Help
Measurement Results Add New...
Cursors | | Note

Meas 1 JS: TIE(o) Ch1l -22.06 as -51.499 ns 49.639 ns 35.501ns 39394 -21.366 as  -54.034ns 54.26 ns 35.566 ns 5.28741e+407
JS:RI-86  Ch1 489.4ps  489.4ps  489.4ps 1 789.74ps  49.736ps 15714ns 2709 ps Measure | Search
1S: Tj@ Ch1l 104.27 ns 104.27 ns 104.27 ns 108.03 ns 3.3809 ns 118.47ns  4.517 ns

D}66 Ch1 97.416ns 97.416ns 97.416ns 96.97ns  2.6846ns 99.979ns  2.6002 ns Results
: ch1 98.058ns  98.058ns  98.058 ns 97.88ns  2.6473ns 100.37ns 2.61ns Table
DD) Ch1 0s Os Os Os Os 0s 0s
:DCD  Ch1l 150.98 ps 15098 ps  150.98 ps 143.53ps  122.57ps 310.57ps  7.3901 ps Meas 1
EW@ Ch1l 0s O0s 0s 1.2642 ps 0s 1.6953ns  46.296 ps

Plot

Jitter Summary
TIE(0): 35.50 ns
T)@:104.3 ns
EWe: 0.000 s
RJ-56: 489.4 ps
Plot 2 - TIE Spectrum (Meas1) DJ-66: 97.42 ns
"&e | ! Y PJ: 98.06 ns
DDJ: 0.000 s
DCD: 151.0 ps

Ax: 78.05 kHz
Ay: 30.69 ns

| ~ =
8.727 kHz \ x: 116.782 kHz
1.730 ns y: 1.041 ns

i 100 kHz
Plot 3 - TIE Histogram (Meas1)
[ e (.

==J=—J1= Horizontal Acquisition
Add | Add | Add i

20 ps/div 200 ps Auto, Analyze
New New New | DVM |AFG . 0 5 P
Math | Ref | Bus SR: 3.125 GSfs 320 psipt High Res: 12 bits

RL: 625 kpts 50% 1.828 kAcqs

FIGURE 7. The 5 Series MSO Jitter Summary characterization of a 98 MHz spread spectrum clock.

The Time Interval Error caused by the modulation The shape of the spectrum, dominated by odd harmonics with rapidly
can be viewed in the orange time trend in decreasing magnitudes, suggests that the modulation is likely a square or
the lower right corner of the display. From triangular waveform. But the TIE is the integral of the actual modulation
the TIE time trend waveform and the cursor signal, so we can conclude that the spread spectrum clock is likely
measurements on the peaks of the TIE Spectrum modulated with a 39 kHz triangle wave.

in the middle of the display, we can see that the
modulation rate is about 39 kHz.
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File Edit Utility

Measurement Results

: TIE(o)

Ax: 7713 kHz
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x: 38.999 kHz

y: 729774 kHz

Help
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0s
O0s

Os
0s
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787.75 ps
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247.11 ps
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91.404 ns
92.385 ns
0s
132.18 ps

54.901 ns
1.5789 ns
118.36 ns
100.46 ns
101.01 ns
0s

703.53 ps

35.607 ns
271.12 ps
3.4764 ns
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407.83 ps
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|
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Plot 6 - Histogram (Meas2)
R (.

Trend 4
750 mVv/div | Meas 1- ...
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Trend 5
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368.4925...
Frequency

0s 0s
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Os 0s 410
99.982 MHz 0.8637 MHz 7.91508e+06

Horizontal
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SR:3.125 GS/s 320 ps/pt
RL: 625 kpts 50%

APPLICATION NOTE

Add New...

Cursors | | Note

Measure | Search

Results
Table | | Plot
Jitter Summary
TIE(0): 35.74 ns
TJ@:109.2 ns
EWe: 0.000s
RJ-65: 0.875 ns
DJ-65: 97.00 ns
PJ:98.03 ns

Frequency
W 98,52 MHz
0':0.872 MHz
M: 99.98 MHz

Bl m:97.01 MHz

. : 7915075

Acquisition
Auto, Analyze
High Res: 12 bits
410 Acgs

FIGURE 8. Frequency measurement characterization of a 98 MHz spread spectrum clock.

To verify this theory, we turn on the frequency measurement and plot

the measurement histogram, spectrum, and time trend. With cursor

measurements on the spectrum, we verify that the modulation indeed

is a 39 kHz triangle wave. The measurement histogram is flat from 97 to

100 MHz, as expected, and the time trend provides another view of the

same modulation.
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File Edit Utility
Measurement Results Add New...

Cursors | | Note

Meas 1 JS: TIE(0) -218.91ns -290.1ns  -104.17ns 41.93ns 38229 -198.63ns -366.71ns 55.312ns  60.506ns 497683
JS: RJ-68 17.078ns 17.078 ns  17.078 ns 1 9.9612ns 4.1683ns 17.078ns 4.1354ns Measure | Search
s @ 505.86ns 505.86ns  505.86 ns 479.94ns  300.71ns 0.8484ps 12247 ns
J5: DJ-66 266.77ns 266.77ns 266.77 ns 340.48ns 237.46ns 732.42ns 122.84ns Results
JS:P) 194.59ns 194.59ns 194.59ns 213.56ns 131.03ns 404.15ns 61.933ns Table Plot
Js: DDJ 283.64ns 283.64ns 283.64ns 284.75ns  232.53ns  374.84ns  30.99ns
JS: DCD 5.2183ns 5.2183ns 5.2183ns 5.1636ns 4.7903ns 5.2783ns  140.25 ps Meas 1
Js: Ew@ 1.4946 ps  1.4946 s 1.4946 s 1.5204 s 1.1516ps  1.6996 ps  122.56 ns Bt s iman
TIE(0): 41.93 ns
Plot 3 - TIE Histogram (Meas1) X Plot 1 - Eye Diagram (Meas1) TJ@:505.9ns
L L B B B A =) o e e B e s e s B s e st B st EW@: 1.495 s
RJ-86: 17.08 ns
DJ-66: 266.8 ns
PJ:194.6 ns
DDJ: 283.6 ns
DCD: 5.218 ns

FAv

350 ns 507 s et PRI o
Plot 4 - Bathtub (Meas1) Plot 2 - TIE Spectrum (Meas1)
L e I LI B e B

200 k2
Ch1 = =
h Add | Add Add 7
240 mv/div New||New/| | New! DVM | AFG 4D.m§/d\v 400 ms uto, -Analylze
50 Q Math | Ref || Bus SR: 31.25 MS/s 32 ns/pt High Res: 16 bits
10 MHz B RL: 12.5 Mpts 50% 14 Acgs

FIGURE 9. The 5 Series MSO Jitter Summary analysis of a differential CAN bus signal at the transmitter, showing wide eye opening.

Low—speed Serial Bus Jitter Measurements The jitter decomposition shows that the majority
of the total jitter at the transmitter is due to Data

Dependent Jitter, and the random and duty cycle
dependent components are very small. There is

Jitter also affects the performance of serial buses including self-clocking

buses. Figure 9 shows the Jitter Summary analysis of a 500 kb/s differential
CAN bus signal at the transmitter. Similar measurement techniques can be also a considerable Periodic Jitter component
used on other serial buses, at the transmitter and the receiver. . .

which appears to be related to the amplitude

modulation of the signal at the beginning of

each of the data bursts (but not related to the
individual data bits), which is visible in the eye

diagram and time-domain displays.

The first step in this analysis is to recover a clock signal from the serial data
signal. In this case, the software is performing a clock recovery using a
Phase Locked Loop (PLL) with a narrow loop bandwidth to remain locked
between data bursts. This recovered clock is then used as the reference for
the jitter analysis.
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Measurement Results Add New...
Cursors | | Note

Meas 1 JS:TIE(6) Ch2,Ch1l -1.0345ns -6.9207ns 5.2845ns 5.6556 ns -0.8746 ns  -10.123ns 7.9794ns  4.1804ns  2.01291e+07
JS:RI-66 Ch2,Ch1l 222.79ps 222.79ps 222.79 ps 271.68ps 4832ps  615.19ps 104.44ps 40337 Measure| | Search
Js: Tj@ Ch2,Ch1l 14.5592ns 14.592ns 14592 ns 10.88ns  1.1743ns  23.824ns 4.989lns 40337
D}66 Ch2 Ch1l 11.473ns 11.473ns 11.473ns 7.0765ns 41.357ps 15.291ns 4.6219ns 40337 Results
: Ch2,Ch1l 20537ps 20537ps 205.37ps 343.34ps 38.876ps 1.4117ns 14933 ps 40337 Table
DDJ Ch2,Chl 0s Os Os Os Os 0s 0s 40337
: DCD Ch2,Ch1 11.517ns 11.517ns 11.517ns 6.9981ns Os 15.447ns  4.665ns 40337 Meas 1 s
EW@ Ch2,Ch1l 3854lns 38541ns 385.41ns 389.12ns 376.18ns 398.83ns 4989 ns 40337 -
Jitter Summary
Plot 3 - TIE Histogram (Meas1) Plot 1 - Eye Diagram (Measl) X T‘E(_U)‘ 263005
T T T T T T LN N O N N I B D I D ) S I D O S B W § Ti@: 14.59 ns
vel EWe: 385.4 ns
RJ-56: 222.8 ps
DJ-66: 11.47 ns
PJ: 205.4 ps
DDJ: 0.000 s
DCD: 11.52 ns
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Horizontal i ‘Acquisition
Add || Add || Add ;

20psidiv. 200 X Auto, Analyze
L SRR <r:3.125 Gs/s 320 psipt High Res: 12 bits

RL: 625 kpts 50% 40.337 kAcqs

FIGURE 10. Jitter analysis of a synchronous logic circuit.

Clocked Da'ta Ji't'ter Measuremen‘ts In this case, the Jltter seems to be dominated

by duty cycle distortion. Further analysis of the

The final example of jitter analysis is on a synchronous logic circuit. Unlike circuit shows that the clock for this circuit was

the previous examples, this circuit has an explicit clock signal, so the jitter derived from the clock that was shown in Figure

measurements are made on the cyan data signal on channel 2 relative to 5. Not coincidentally, a significant portion of

the yellow clock signal on channel 1 (shown in the lower right corner of
Figure 10).

this circuit’s total jitter is due to the duty cycle
distortion of the clock signal.

The clock rate is just 1.25 MHz and the circuit board traces are short,

so the signals are fairly clean, as indicated by the low random jitter and
wide eye pattern. Because this circuit is using a separate clock signal, we
would not expect that the jitter would be data-dependent.
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Central Europe / Greece +41 52 675 3777
Denmark +45 80 88 1401

Finland +41 52 675 3777

France* 00800 2255 4835

Germany* 00800 2255 4835

Hong Kong 400 820 5835

India 000 800 650 1835

Indonesia 007 803 601 5249

Italy 00800 2255 4835

Japan 81 (3) 6714 3086

Luxembourg +41 52 675 3777

Malaysia 1 800 22 55835

Mexico, Central/South America and Caribbean 52 (55) 56 04 50 90
Middle East, Asia, and North Africa +41 52 675 3777
The Netherlands* 00800 2255 4835

New Zealand 0800 800 238

Norway 800 16098

People’s Republic of China 400 820 5835
Philippines 1 800 1601 0077

Poland +41 52 675 3777

Portugal 80 08 12370

Republic of Korea +82 2 6917 5000

Russia / CIS +7 (495) 6647564

Singapore 800 6011 473

South Africa +41 52 675 3777

Spain* 00800 2255 4835

Sweden* 00800 2255 4835

Switzerland* 00800 2255 4835

Taiwan 886 (2) 2656 6688

Thailand 1 800 011 931

United Kingdom / Ireland* 00800 2255 4835
USA 1 800 833 9200

Vietnam 12060128

* European toll-free number. If not
accessible, call: +41 52 675 3777
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