Measuring Digital Clock Stability
and Jitter with an Oscilloscope
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Measuring Digital Clock Stability and Jitter with an Oscilloscope APPLICATION NOTE

Introduction
This application note provides several

Clocks are the heartbeats of embedded systems, providing timing examples of amplitude and timing

references and synchronization between components, subsystems, measurements on digital clock signals
and entire systems. Incorrect clock signal amplitudes and timing including

can prevent reliable digital circuit operation. Noise and timing o Amplitude Measurements

aberrations on clock signals can cause degraded or intermittent
o . ) e Frequency Stability Measurements
system performance, so thorough characterization of clock signals is

a critical step in assuring reliable embedded system design. * EBasic Jitter Analysis

e Overview of Advanced Jitter Analysis

This document uses the 5 Series

MSO mixed signal oscilloscope to
illustrate the 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

the 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.
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Ch1 Horizontal Acquisition

340 mv/div y ! ol | arc 40 ns/div 400 ns Auto,  Analyze
502 el | A RERRIRE sk 3.125 GS/5 320 ps/pt High Res: 12 bits
1 GHz i RL: 1.25 kpts ¥ 50% 2.231 kAcas

This display shows a 40 MHz clock signal captured with 12-bit vertical resolution
on a 1 GHz bandwidth 5 Series MSO. To assure adequate signal fidelity, a 1 GHz
differential probe was attached to the test points near the clock driver. Since the
bandwidth of the measurement system is about 25 times the clock frequency,
measurement errors due to bandwidth are minimal.

The oscilloscope’s fine vertical scale was adjusted so the signal fills most of the
graticule (without going off the top or bottom) to optimize the vertical resolution.
and a high real-time sample rate is selected to optimize timing resolution.
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Note

160 ns

t.-12.622 ns At: 24.944 ns 1 12.322 ns
| 1/At: 40.09 MHz

Av: 1.621V
Av/At: 65.00 MV/s

3 C)

v: 778.934 mV

ch1 Horizontal Trigger Acquisition
340 mV/div ) . A . 40 nsidiv 400 ns Auto, Analyze
RUBERRIRN - 3125 GS/s 320 ps/pt High Res: 12 bits

RL: 1.25 kpts. 50% 32.393 kAcas

Amplitude Measurements

By visual inspection of the signal relative to the horizontal and vertical labels
inside the graticule, you can determine that the clock’s low level is about 750
mV and the high level is about 2.4 V. The clock period is about 25 ns, which
corresponds to 40 MHz. For some quick debug tasks, this measurement
precision may be sufficient.

More precise amplitude and timing measurements can be made by zooming
in on one cycle of the signal and using cursors. As you can see in the
display above, the measurement resolution is significantly improved, but
the measurements are based on a single cycle of the waveform and can be
difficult to make if the signal is varying over time.

4 1 TEK.COM/INNOVATIVE-SCOPES


http://tek.com/innovative-scopes

Measuring Digital Clock Stability and Jitter with an Oscilloscope

File  Edit  Utility  Help — 8 X
Waveform View 77 Add New...

Note

ck

Meas 1

Maximum
2721V

Meas 2

Minimum
1 385.5 mv

Meas 3

Peak-to-Peak
2336V

Meas 4

Top
p':2.420V

ch1 Horizontal Trigger Acquisition
340 mV/div / . 40 ns/div 400 ns Auto,  Analyze
50Q SR: 3.125 GS#s 320 psipt High Res: 12 bits.
1 GHz RL: 1.254pts " W 50% 1.018 kAcgs

Automated amplitude measurements, shown in the measurement

Maximum
results badges at the right side of the display, provide quick vertical p:2.721V
measurement results. In contrast to cursor measurements, these automated Meas 2
measurements update rapidly. In this example, the apostrophe (or “prime” Minimum
symbol) indicates that these p’ values represent the mean measurement W': 385.5 mV
values for the current acquisition. Meas 3
Peak-to-Peak
p':2336V

Meas 4
Top

p':2.420V
Meas 5
Base

p': 783.0 mv
Meas 6
Amplitude
p':1.637V
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Max
Top (Histogram) v’\A, ‘Mv

Peak-to-Peak Amplitude

Base (Histogram) ‘?M |\ A n _
Min

The automated measurement algorithms use digital signal processing on the
digitized waveforms. Notice that the Top and Base measurements are similar to the
ones previously made with the horizontal bar cursors, but with higher resolution.

Notice that the Peak-to-Peak measurement is equal to the difference between the
Maximum and Minimum measurements, and the Amplitude measurement is equal
to the difference between the Top and Base measurements.

These readings provide a good snapshot, but how are the measurement values
varying over time?
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Measurement Results Add New...

Meas 1 Maximum Maximum 273V 273V 273V 27285V 26992V 27651V 9.8053 mV
Meas 2 Minimum Minimum 39334 mv 39334 mv 39334 mv 38241 mv 33936 mV 41331 mv 9.7791 mv/
Meas 3 Peak-to-Peak  Peak-to-Peak 23367V 23367V 23367V 2346V 23063V 23879V 1251 mv/

Meas 4 Top Top 24002V 24002V 2.4002 vV 24147V 23916V 24374V 6.7937 mv/
Meas 5 Base Base 78395 mvy 78395 mv 78395 mV 78742 mV 77067 mV 81221 mv 6.0998 mv/
Meas 6 Amplitude Amplitude 16162V 16162V 16162V 16273V 1.5993V 16536V 79277 mv

u
Meas 4

! \
Top
s 2.405

Measurement Resuks

A

Ch1

siomvay | Meas 1 Maximum Maxamum Ch1 2.73V 2.73V 2.73V +AY 1 Triggered
To  Meas2 Minimum Minimum ch 1 39334mV  39334mv  39334mV OV i

Meas 3 Peak-to-Peak  Peak-to-Peak Ch 1 23367V 2.3367V 23367V oV 1

Meas 4 Top Top Ch1 2.4002 V 2.4002 V 2.4002 V ov 1

Meas 5 Base Base Ch1 78395mV  78395mV  78395mV OV 1

Meas 6 Amplitude Amplitude Ch1 16162V 16162V 16162V oV 1

RESULTS TABLES OFFER STATISTICS — ]

TO SHOW CHANGE OVER TIME

The Results Table, shown at the top of display above, 27285V 2,695 2.7651V 3479
provides two displays of measurement values and 38241 mv 33936mV  41331mV 97791 mV 3479
measurement statistics. The columns on the left show 2346V 23063V 23879V 1251 mv 3479
the statistics (mean, minimum, maximum, standard 24147V 23916V 24374V 6.7937 mV 3479
deviation, and population) for the measurements on 787.42 mV 77067 mVv 81221 mV 60898 mV 3479
the current acquisition. These short-term statistics 16273V 1.5993V 16536V 79277 mV 3479

are signified by a prime symbol (apostrophe).

The columns on the right show the accumulated
statistics on all measurements made over all
acquisitions.
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Mean value for current acquisition (u’)
N=1

A
v

Y

Mean value over all acquisitions (u)

N=3

Measurement statistics over all acquisitions are calculated from the time the

first acquisition is started through the current acquisition. This is useful for
gaining insight into stability over longer time periods.

Based on the accumulated statistics of the amplitude measurements, you

can compare the measurement values to the data sheets of the clock driver

and the components being driven by the clock signal to verify that the
amplitude characteristics are within the specifications. For example:

e The Max value of the Maximum measurement and the Min value of the
Minimum measurement are within the receiver’s absolute input voltage
range spec.

e The Min value of the Top measurement is greater than the driver's V
and the receiver’s V spec.

IHmin

¢ The Max value of the Base measurement is less than the driver's V
and the receiver’s V spec.

ILmax
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Measurement Results X Add New...

A)

Meas 1 Positive Pulse Width  Positive Pulse Width — Ch 1 1233208 12.273 ns 12371 ns 31.953 ps 15 12331 ns 12.236ns 12.43ns 30.994 ps 35435
Meas 2 Negative Pulse Width ~ Negative Pulse Width  Ch 1 12.666 s 12.623 ns 12711 ns 21.88 ps 15 12.669 ns 1257 ns. 12.747 ns 18.996 ps 35287
Meas 3 period period ch1 24.999 ns 24913 ns 25.081 ns 50.981 ps 15 25ns 24.844 ns 2514 ns 43.44ps 35280
Meas 4 Frequency Frequency ch1 40002 MHz  39.871 MHz 40.14MHz ~ 81595kHz 15 40 MHz 39.777 MHz 40251 MHz 69512 kHz 35280

Waveform View
! i Positive Pulse Width

s 12.33 ns

Meas 2

Negative Pulse Width
12,67 ns
Meas 3
Period

" 0 ns

n

p':12.33 ns

Negative Pulse Width
""""""""""""""""""" N 't 12.67 ns

Meas 3
MW Feriod
p': 25.00 ns
Meas 4
Frequency

Ch1
340 mV/div

p': 40.00 MHz
Frequency Stability Measurements
Similarly, automatic timing measurements can be From here, you can compare the measurements to the component data
used to provide quick horizontal measurements. sheets of the receiver components that are driven by the clock signal
The p’ values shown in the measurement results to verify that the timing characteristics are within the specifications. For

badges at the right side of the display represent example:

the mean timing measurement values for the . o
9 e Max and Min values of the Frequency measurement are within the

current acquisition.

specified clock frequency (f ) range.
Notice that the Period measurement provides e The Min value of the Positive Pulse Width measurement is greater than
similar results to the measurement made with the the minimum pulse duration spec t, (CLK high).

V Bars cursors earlier in this application note, but ) ) ) )
e The Min value of the Negative Pulse Width measurement is greater than

with higher resolution and updating much more the minimum pulse duration spec t_ (CLK low).

rapidly.

Standard automated timing measurements provide a good starting point for

As expected, the Period measurement is equal to jitter analysis, by verifying that the clock frequency is meeting specifications.

the sum of the Positive Pulse Width and Negative Adding measurement statistics, such as minimum and maximum frequency,

Pulse Width measurements, and the Frequency provides confidence that the clock pulses are continuous. And standard

measurement is the reciprocal of the Period deviation (o) provides a quantitative measure of the frequency stability over
measurement. time. However, these statistics give little insight into the manner of frequency

variation.
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Waveform View o Add New...
i Cursors | | Note
rch
adic
Meas 1
Positive Pulse Width
u:12.33ns
Meas 2
Negative Pulse Width
p'12.67 ns
Meas 3

Period
J': 25.00 ns

ikl
Frequency
': 40,00 MHz

Horizontal

1 ps/div 10 ps Auto, Analyze
SR: 3.125 GS/s 320 psipt High Res: 12 bits
RL: 31.25 kpts_ ¥ 50% 2.511 kAcas

TIME TRENDS SHOW FREQUENCY VARIATION

In the screen above the acquisition time window has been increased to 10 ps to increase the
number of cycles in the acquisition and thus the number of available cycle measurements.
The time-correlated Time Trend display in the lower half of shows the variation of frequency
measurements across the acquisition. This time trend display provides a better understanding
of the frequency variation than the measurement statistics, but it is still difficult to determine if
the variations are random or caused by systematic factors such as other nearby signals.
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File Edit Utility Help

Plot 2 - Histogram (Meas 4) ‘Waveform View
L e L e B I L L e

Positive Pulse Width
u':12.33ns

Meas 2
Negative Pulse Width
p':12.67 ns.

Meas 3
Period

W' 25.00 ns

M

30.5 MHz 29.6 MHz
Plot 3 - Spectrum (Meas 4
T T

Ch1 Horizontal g
340 mV/div / d IR 400 ng/div - 4 ps Auto, Analyze
Y SR: 3.125 GS/s 320 ps/pt High Res: 12 bits
RL 12.5kpts ¥ 50% 2.174 kAcas

HISTOGRAMS AND SPECTRUM PLOTS PROVIDE MORE CLUES

The histogram of the frequency measurement values, in the upper left corner, suggests that the
variations in the frequency are not completely random (not a classic Gaussian or bell curve).
The shape would suggest that there may be other signals cross-talking into the clock signal.

The spectrum plot shows significant frequency components at about 7 MHz and 20 MHz.
These measurements and knowledge of the rest of the design may be helpful in determining the
root cause of the clock frequency variations, but it is difficult to know which of several potential
causes is dominant. For that, we need to decompose the timing jitter into its components.
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Plot 4 - Bathtub (Meas 1) Plot 3 - TIE Histogram (Meas 1) 2 || Plot1 - Eye Diagram (Meas 1) Add New...
L R | L B B B T I A i

Jlitter Summary
TIE(o): 84.77 ps

PJ: 87.56 ps
DDJ: 0.000's
DCD: 162.5 ps

- TIE Spectrum (Meas 1)
T

Horizontal Trigger Acquisition

1 ps/div 10 ps

SR: 3.125 Gs/é 320 psipt High Res: 12 bits
RL: 31.25(kpts ¥ 50% 257 Acas

Meas 1
JITTER ANALYSIS TOOLS Jitter Summary
The base 5 Series measurement system includes Time Interval Error IEUESE?;? -
. 9ps

(TIE) and phase noise measurements. TIE quantifies the time variation EWw@: 12.12 ns

of a clock signal from an ideal signal. An optional Advanced Jitter RJ-55: 10.79 ps
Analysis application provides a one-button analysis of the 40 MHz clock Eﬁg? éﬁgiﬁg ps

signal, shown above, including TIE analysis and an eye diagram. The DDJ: 0.000 5
measurement results badge at the right side of the screen above shows DCD: 162.5 ps '

the automated measurement of Time Interval Error (TIE), a measure

of timing relative to an ideal signal. Other measurements show the
decomposition of the timing jitter into Total Jitter (TJ), Random Jitter (RJ),
Deterministic Jitter (DJ), Periodic Jitter (PJ), Data-Dependent Jitter (DDJ),
and Duty Cycle Distortion (DCD).

As predicted from the histogram of the frequency measurements, there is
a systematic distortion of the clock. The deterministic jitter is much higher
than random jitter, and the deterministic jitter is dominated by duty cycle
distortion. The spectrum display in the bottom center of the screen above
shows significant jitter components at 7.1 MHz, 20 MHz, and 30.3 MHz. In
this case, a nearby 7.1 MHz clock proved to be the aggressor, interfering
with the 40 MHz clock signal.
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File Edit Application Utility Help — B X

Waveform View Add New...

4.00 nsfdiv

Ch1 - Horizontal Trigger Acquisition

340 mv/div y IR 40 ns/div 400 ns Auto, FastAcg
© SRR <r: 3125 Gss 320 ps/pt High Res: 12 bits
1 GHz ] G | s RL1.25kpts W 50% 2.993 MAcgs

USING INFINITE PERSISTENCE TO FIND INTERMITTENT FAILURES

While examining the same circuit on a different prototype board, we noticed
an occasional circuit malfunction. However, there wasn’t any obvious problem
when viewing the clock signal on the display.

The 5 Series MSO offers an acquisition mode to quickly capture millions of the
40 MHz clock signals and overlay them on the display. This is called FastAcq
mode and once it is activated we can quickly see that there are some very
significant frequency variations on the clock signal on this defective board.

The FastAcq display is “temperature-graded”. The wide frequency variations
are shown in blue color, indicating that they are relatively rare.
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File Edit Application Utility Help

Mea Results

Frequency Frequency Ch1 40 MHz 39.762 MHz  40.242 MHz  69.674 kHz 798 40001 MHz 35191 MHz  54642MHz  158.81 kHz 1.00158e+07
Positive Puls... Positive Puls... Ch 1 12.337 ns 12.18 ns. 12.466 ns 40.302 ps 799 12.337ns 8.8946ns 14176 ns 57.224ps 1.00292e+07

Plot 1 - Histogram (Meas 1)
] T

Meas 1

Frequency

W'z 40.00 MHz

0 67.10 kHz

M: 54.64 MHz

m: 35.19 MHz

N: 10016638

Meas 2
Positive Pulse Width
w:1234ns

' 40.30 ps

M: 14.18 ns

m: 8.895 ns

N: 10029188

Horizontal Trigger Acquisition
340 mV/div Y . . 2 ps/div 20 ps 15V Auto,  Analyze
© oY BN k- 3125 GS/s 320 ps/ipt High Res: 12 bits
1 GHz vl ) RL:62.5 kpts ¥ 50% 12.554 kAcgs

Now that we know these variations are there, we can plot the frequency measurements
on a histogram with a logarithmic Y-axis to better understand the variations. (Using the
logarithmic scale lets us see more detail at the low end of the scale.)

After allowing over 10 million frequency measurements to accumulate, the truly infrequent
nature of the frequency variation appears. The average frequency is very accurate, but
occasionally drifts as low as 35 MHz and as high as almost 55 MHz.

Without such statistical measurement techniques, infrequent anomalies such as these can
easily go undetected.
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File Edit Application Utility Help

Measurement Resuls

Meas 1 Frequency Frequency Ch1 41149 MHz  35605MHz 54399 MHz 39973 MHz 40 41149 MHz  35605MHz  54399MHz 39973 MHz 40
Meas 2 Positive Puls... Positive Puls... Ch 1 12.089 ns 8.9465 ns 14.042 ns 1.0366 ns 40 12.089 ns 8.9465ns 14.042 ns 1.0366 ns. 40

Waveform View

Frequency

o \)‘ W'z 41.15 MHz

0': 3.997 MHz

‘|\‘\““H\“‘H‘H‘\‘“\““‘ ‘\l‘l M: 54.40 Mz

‘ m: 35.60 MHz

“ “H‘ ‘ N: 40
Hw H‘\l \
4 \

B ﬂ Il ‘r' ™ M m‘
A
N|'. m'

\
\ u\ Vh \,., N

— Horizontal ig Acquisition Stopped

340 mv/div | 2.3493 M... / c . A 100 ns/div 1ps - Pulse Width Auto,  Analyze
@ Frequency o = SR: 3.125 GS/s 320 ps/pt A >13.44ns High Res: 12 bits
1 GHz Meas 1 i RL: 3.125kpts ¥ 50% 15V Single: 1/1

Now that we know that the frequency occasionally decreases, we can use pulse width
triggering to capture abnormally wide pulses and capture the errors. In this example, the
scope is set to trigger on a pulse width greater than 14 ns, which is more than the nominal
12.5 ns. The frequency trend at the bottom of the display shows graphically the frequency
excursion above and below the 40 MHz ideal.

Further analysis of this clock circuit showed that the phase-locked loop controller was
occasionally being reset. When this happened, the voltage-controlled oscillator circuit lost
lock and momentarily shifted from the proper frequency.

TEK.COM/INNOVATIVE-SCOPES | 15


https://www.tek.com/innovative-scopes

Find more valuable resources at TEK.COM

Contact Information:

Australia* 1 800 709 465

Austria 00800 2255 4835

Balkans, Israel, South Africa and other ISE Countries +41 52 675 3777
Belgium* 00800 2255 4835

Brazil +55 (11) 3759 7627

Canada 1 800 833 9200

Central East Europe / Baltics +41 52 675 3777
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

Copyright © Tektronix. All rights reserved. Tektronix products are coverwed by U.S. and foreign patents, issued and pending. Information in this publication supersedes that

names referenced are the service marks, trademarks or registered trademarks of their respective companies.

07/18 EA 48W-61379-1

in all previously published material. Specification and price change privileges reserved. TEKTRONIX and TEK are registered trademarks of Tektronix, Inc. All other trade e


http://www.tek.com
http://www.tek.com

