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Time, Frequency, and Statistical Domains



� Jitter is the short-term variation of a signal with respect to its ideal 
position in time

What is Jitter ?



� Jitter includes instability in signal period, frequency, 
phase, duty cycle or other timing characteristic

� Jitter is of interest from pulse to pulse, over many 
consecutive pulses, or as a longer term variation

� Very long term variations (<10Hz) are a separate class of 
pathologies referred to as wander

What is Jitter?



Symbol Parameter Name Parameter Definition

Dp@lv delta period at level
Difference of adjacent 

periods at specified 
slope and level

freq@lv frequency at level
Cycle frequency at 

specified slope and 
level

duty@lv duty at level

Jitter & Timing Analysis Parameters



All-Instance Measurements 
The Key To Accurately Characterizing Jitter

All-Instance Measurements 
The Key To Accurately Characterizing Jitter

The waveform captured above contains 9 complete 
integer waveform cycles.  Statistics shows that the 
number of waveform periods measured using All-
Instance Measurements for this acquisition is 9. 



Note the number of measurements recorded 
for each of the timing parameters below. 



Parameter Track
• Invented by LeCroy in 1997

Parameter Track identifies the shape of modulation.



2.001 ns

2.001 ns

Cycle 1
Period

2.004 ns

2.004 ns

Cycle 2
Period

1.991 ns

1.991 ns

Cycle 3
Period

2.001 ns

2.001 ns

Cycle 4
Period

1.999 ns

1.999 ns

Cycle 5
Period

1.995 ns

1.995 ns

Cycle 6
Period

2.008 ns

2.008 ns

Cycle 7
Period

1.986 ns

1.986 ns

Cycle 8
Period

2.001 ns

2.001 ns

Cycle 9
Period

Time

Period

Time

Voltage



The Track waveform has all of the properties of an acquired 
waveform, and can be saved, measured, analyzed, be used 
in mathematical equations, as well as viewed and queried 
for example by cursors as shown above.



Jitter Spectrum
• Invented by LeCroy in 1997

Parameter Track identifies the frequency content of modulation.











Parameter Histograms
• Invented by LeCroy in 1984

Parameter Histograms provide statistical distribution



1.9999 ns

Cycle 1

2.0029 ns

Cycle 2

1.9933 ns

Cycle 3

1.9988 ns

Cycle 4

1.9977 ns

Cycle 5

1.9930 ns

Cycle 6

2.0027 ns

Cycle 7

2.0032 ns

Cycle 8

1.9774 ns

Cycle 9

Time

Voltage

1

Y-value of each 
trace at cursor 

X-value of cursor 

Period

Number of 
events

1.9774 ns 2.0032 ns



Histogram Shapes 
Provide Insight Into Signal Characteristics

Gaussian
(example: random jitter)

Multimodal
(example: deterministic jitter)

Uniform
(example: delay generator) 

Linear
(example: frequency sweep)

Notch
(example: digital filtering)



Deterministic JitterDeterministic JitterDeterministic Jitter
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Notice how statistical range value 
(which shows worst-case jitter) 
increases with histogram population



+/- 1 sigma

Statistically Significant?Statistically Significant?Statistically Significant?

Measurement Parameter
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Skew, Setup, and Hold Using 
Histograms and Tracks



Legacy Method:  Triggered Persistence

Advantages:
+ Traditional (circa 1960s)
+ Easy to set up

Disadvantages:
- Always introduces trigger jitter
- Measurement result is incorrect because  
instrument trigger jitter is added into 
the measurement 
- Jitter measurement is linearly distorted as a 
function of delay
- Source of jitter is not identified
- Jitter cause and effect information is lost

- Frequency of occurrence is lost
- Many types of jitter are invisible to this 
method



Jitter Analysis of Skew
Track and histogram jitter between two input signals

Jitter Analysis of SkewJitter Analysis of Skew
Track and histogram jitter between two input signalsTrack and histogram jitter between two input signals

Track of Skew

Signal 1

Signal 2

Histogram of Skew

Skew modulation of 39.9 kHz on 5 MHz signals



Jitter Analysis of Setup and Hold 
Track and histogramming complex parameters

Jitter Analysis of Setup and Hold Jitter Analysis of Setup and Hold 
Track and Track and histogramminghistogramming complex parameterscomplex parameters

Setup and hold time 50 us/div Setup and hold time 200 ns/div

Extreme values of Setup and Hold quickly identified and located in big-picture view. 
Detailed view shows specific waveform cycle with worst-case violator.



RF Timing Measurements
Using Histograms



Top of burst steady state at 247 mV

Burst centered at 0 mV

Cursor readout shows burst range from 0 mV to 247 mV



Delta-time-at-level parameter threshold 
set to 90% level on clock signal



Delta-time-at-level parameter 
threshold set to 50% level 
(between top and center) of burst



Delta-time-at-level parameter 
measures 37.023 ns delay 
between clock and data



Statistics show range, mean, 
and standard deviation of 
over 565 measurements



Statistics show after 1,429 measurements 
that the average timing between clock 
and data was 37.502 ns.  The delay can 
be as fast as 35.732 ns or as slow as 
39.240 ns, with greater than 3-sigma 
confidence.



Analysis of 
Pulse Width Modulation (PWM)
Using Histograms and Tracks

















LANE-TO-LANE SKEW

PCI EXPRESS
APPLICATION EXAMPLE



SERDES

Clk

SERDES

Embedded Clock and Serial Data with 
periodically transmitted K28.5 sync word

Lane 1

Lane 2

K28.5 sync word is 
transmitted with the 
datastream and is 
used to measure 
skew between lanes

PCI Express Lane-to-Lane Output Skew

Embedded Clock and Serial Data with 
periodically transmitted K28.5 sync word



PCI Express Lane-to-Lane Output Skew
Step 1: Set Serial Pattern Trigger Conditions to K28.5 and 2.5 Gb/s

Lane 1

K28.5 pattern

Lane 2

2.5 Gb/s serial 
trigger locked



PCI Express Lane-to-Lane Output Skew
Step 2: Time delay measurement from trigger to event 

event timing difference forms 
lane-lane single skew 
measurement



PCI Express Lane-to-Lane Output Skew
Step 3: Unique Lane-to-Lane Skew Statistical Insight

With serial trigger locked to K28.5, continuous 
capture of lane-lane skew allows for statistically 
significant distribution of lane-lane skew.  
This unique capability allows for worst-case peak-to-
peak and rare anomalies to be easily detected.



PCI Express Lane-to-Lane Output Skew
Step 4: Locating Lane-to-Lane Skew Anomalies

Distribution of lane-to-lane skew measurements 

smallest skew values largest skew values



Mask Testing
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Examples of Mask Tests
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Examples of Mask Tests



Mask hits 
are correlated 

with data stream

Mask test failure was 
caused by this glitch

Mask Failure Locator

Simple edge trigger
No frame sync required
Captures all bits in a single record
Zooms specific bits where violation occurred



Mask Test with Failure Locator
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Troubleshooting Eye Diagram FailuresTroubleshooting Eye Diagram Failures



Time Interval Error



Time Interval Error:  How It WorksTime Interval Error:  How It Works



How Time Interval Error Histogram is FormedHow Time Interval Error Histogram is Formed



Wizard choices reflect feature setWizard choices reflect feature setWizard choices reflect feature set



Starts with TIE histogram (clock reference 
edge to data bit edge measurements)

– Tj is measured for the particular distribution
– DDj (ISI and DCD) is directly measured
– Pj is measured from the spectrum of the TIE 

trend
– Dj is the sum of DDJ and Pj
– Rj is solved via formula at the BER of 

interest:   Tj = � Rj + Dj

SDA Jitter measurement methodology



“ MJSQ” Method 
Assumption that the underlying distribution of jitt er is caused by a 

Dual Dirac (deterministic) and Gaussian (Random)

“ MJSQ” Method 
Assumption that the underlying distribution of jitt er is caused by a 

Dual Dirac (deterministic) and Gaussian (Random)

MJSQ Model:  
Jitter has two Gaussian curves

Distance between peaks 
is Determinisitic Jitter (Dj)



MJSQ Jitter Definition



Tj

Rj Dj

Pj DDj

ISI *DCD

*  Some DCD included in ISI

Deriving the Components of Jitter



Tj

Dj

DDj

Pj

Rj

BUj

BRj

BRj = Bounded Random Jitter
Values in bold are measured by Wave Expert jitter software

DCD ISI

Measurable on 
random data 
(first order)

Requires a 
repeating 
data pattern

Jitter Breakdown



How Rj and Dj are DeterminedHow Rj and Dj are Determined

Deterministic Jitter (Dj) is computed as the sum of Pj and ISI. 
DCD is already included as a component of ISI.

Dj = Pj + DDj

Dj and Tj are measured 
waveform parameters.  

Lookup table for �  

Tj = � Rj + Dj

The following equation is given by the Fibrechannel 
Methodologies for Jitter and Signal Quality (MJSQ):

Tj, Dj, and �  are known.  Rj can be solved for:   

Rj =
Tj - Dj

�



� MJSQ method (from fibrechannel
document)

� Fit 2 gaussian distributions to 
measured histogram (left and right)

� Rj = (s - + s+)/2
� Dj = (m+ – m-)

Additional Alternate Rj/Dj Display

( ) 0.5 (2 ) 0.5 (2 )left rightTj BER Dj BER Rj BER Rja a= + × + ×Q-Scale -> 



Serial Data Analysis Jitter MenuSerial Data Analysis Jitter Menu







Interpretating Q-Scale PlotsInterpretating Q-Scale Plots

Case 1: Linear Fit Case 2: Convex Fit Case 3: Concave Fit

A linear fit is due to a gaussian
distribution.  

The Q-scale plot (fit of histogram) shows real system-affecting jitter that is invisible using other methods.  The Q-
scale plot is closely related to the bathtub curve, and plots an integration of the histogram on a logarithmic scale, 
allowing the user to better see what is happening in the histogram tails. (Histogram tails have the greatest affect 
on bit error rate).  For best results, use at least 20 -40 million sample point population in the histogram

A convex fit is often due to BRj
sources, such as a PLL that is 
wandering within a fixed frequency 
range, or crosstalk from an amplifier 
that is clipping (a noise source with a 
limited range). The superposition of a 
gaussian with another histogram 
which has truncated tails, results in 
the convex fit.  

A concave fit is often due to low-
probability random jitter. Examples 
include periodic jitter caused by the 
reference clock, or large groupings of 
1's or 0's that occur infrequently in 
long patterns that result in severe but 
intermittent ISI. Two or more 
superimposed histograms with tails, 
but varied amplitudes, would result in 
this concave shape. 





Jitter Selections for Repeating PatternsJitter Selections for Repeating Patterns



Correlation with BERTCorrelation with BERT

Correlation of SDA6000 measurements with an Agilent BERT
Note the measurements are close – the BERT sees slightly more jitter in 
the signal.  A BERT will see jitter at all frequencies.  Oscilloscopes see jitter 
down to the lowest frequency that can be observed using long memory at 
high sampling rate.  Your actual receiver may not see the lowest
frequencies of jitter due to action of its PLL.



How Time Interval Error Histogram is FormedHow Time Interval Error Histogram is Formed



Periodic Jitter (Pj) is calculated from the spectral components of the time trend of time 
interval error (FFT of TIE).

How Pj (Periodic Jitter) Is CalculatedHow Pj (Periodic Jitter) Is Calculated

Trend of Time Interval Error (TIE)

Spectrum of TIE Trend

Serial Data Acquisition

Frequency component of modulation

Pj is computed as the peak-to-peak vector summation of magnitude and phase 
of the TIE spectral components of TIE for all values of time in the acquisition





How DCD (Duty Cycle Distortion) Is CalculatedHow DCD (Duty Cycle Distortion) Is Calculated

Duty Cycle Distortion (DCD) is the mean difference between the width of positive-going 
pulses and negative-going pulses measured over all pulses in the acquired waveform

Positive pulse

Negative pulse

Fast 
rising
edge

Slow
falling
edge

45.69% positive duty cycle 54.31% negative duty cycle

This difference results in 
Duty Cycle Distortion



Data Dependent Jitter / Intersymbol Interference (DDj/ISI) is jitter caused by systematic 
effects related to the order  in which logical values in the waveform occur

How DDj (Data-Dependent Jitter/Intersymbol Interferen ce) Is 
Calculated

How DDj (Data-Dependent Jitter/Intersymbol Interferen ce) Is 
Calculated

DDj measurement is the 
ISI plot width at the 
threshold crossing
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Direct Measurement of ISI
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ISI Plot of PCI Express Signal



ISI Plot Comparison with Eye Diagram 

(compare random and ISI)



Distorted eye pattern indicates 
Data-Dependent Jitter

Transmission Line ReflectionTransmission Line Reflection



LeCroy ISI plot reveals pattern-dependency.  This unique analysis 
shows causality not available from traditional eye diagrams.

Transmission Line Reflection Analyzed With ISI PlotTransmission Line Reflection Analyzed With ISI Plot

Individually selected patterns 
10011 and 10111

10111 

10011 

10111 

10011 

10111 

10011 

Average of all 10111 data pattern occurrences in data stream

Average of all 10011 data pattern occurrences in data stream



Intersymbol Interference From Effective Frequency

1. The pattern 10101010 transitions more rapidly than 11001100 
(twice the bitrate), resulting in higher effective frequency. 

2. Lowpass characteristics of the transmission medium can result in 
lowpass filtering of the higher frequency (10101010) data pattern. 

3. This can result in amplitude attenuation and/or phase shift of 
those bits contained within the higher frequency data pattern, and 
can be verified by superimposing both patterns.

4. System resonances can also cause similar frequency effects.

Eye Pattern Distortion From Impedance Mismatch

1. An impedance mismatch can result in capacitive transmission 
line reflection of a recently-transmitted edge.

2. As the high-frequency energy content of the rising edge 
(zero to one bit transition) is reflected , this reflection will "pull 
down" the voltage level (and vice-versa).  

3. This droop can be quantified using the ISI plot, and verified using 
the mask violation locator.  Each droop due to an impedance 
mismatch will occur at a fixed distance from the transition edge.

ISI Plot Reveals Effects



� Make a track of TIE 
(using reference to 
edge measurement)

� Perform an FFT of 
that Track

� The FFT “grass” is 
due to wideband 
random noise

� Spikes that are not 
related to pattern 
repetition are jitter 
from deterministic 
sources

Frequency Domain Method of Rj/Dj Computation



Interpreting Intersymbol Interference 
Plots

Interpreting Intersymbol Interference 
Plots

Edge displacement value

Position in pattern
X

Y

Number of occurrences

Edge displacement 

valueX

Y

Synchronous N-cycle plot shows the Track (tan) of averaged edge 

displacement value as a function of bit position in the repeating pattern (blue)

DDj Histogram (green) shows the distribution of averaged edge 

displacement values

PRBS7 pattern

Range of measured edge displacements

Graph axes of tan plot

Graph axes of green plot



Tj Total jitter at a specific BER. The value is determined by the width of the curve expressing the confidence limits 
of the extrapolated TIE histogram. The value represents the expected range of values observed for a number of observed 
measurements equal to 1/BER. The Tj parameter is accumulated over all acquisitions since the start of the measurement or the last 
clear sweeps operation. The total population of the TIE histogram is indicated in the waveform descriptor box for the bathtub curve 
and Htie (the TIE histogram).

Rj Random jitter is obtained indirectly by first determining deterministic jitter through various direct analyses of the 
TIE trend. Once all of Dj is found, the Rj value is deduced from the equation Rj = (Tj(BER) - Dj)/ Tj(1-sigma)(BER), where the 
value for BER is typically 10e-12 (i.e., Rj is not a function, but a single value). The bit error rate is selected in the @BER (pow 10) 
control in the jitter menu. Rj is expressed in terms of an rms value, whereas Tj and Dj are expressed as peak-to-peak values.

Dj Deterministic jitter is the peak-to-peak non-random part of the total jitter. This parameter is the sum of the 
measured peak-to-peak values of periodic jitter (Pj) and data dependent jitter (DDj). The DDj includes the effects of both inter 
symbol interference and duty cycle distortion.

Pj Peak-to-peak magnitude of the periodic components of the TIE trend. It is measured by analyzing peaks in the 
Fourier transform of the trend of the time interval error. It is necessary to specify the pattern repetition length (if there is one) so that 
spectral lines harmonically related to this pattern rate do not contribute to the estimate of Pj, since the spectral energy associated 
with data pattern-related spectral components is included in the DDj measurement. The total periodic jitter is the complex sum of 
the spectral components listed in the table under the Pj breakdown tab.

DCD Duty Cycle Distortion is the mean difference between the width of positive going pulses (low to high to low) 
and negative going pulses (high to low to high) measured over all pulses in the acquired waveform. The widths are measured at the 
same amplitude as specified for TIE (i.e., not necessarily at 50% of the signal amplitude). This measurement is a component of DDJ 
and included in the DDj value.

DDj The peak-to-peak jitter caused by systematic effects related to the sequence of data transitions.

Total Jitter



Effective JitterEffective JitterEffective Jitter

Effective Jitter

The effective jitter mode is entered when Effective is selected in the Jitter Calc 
Method control. Effective jitter is determined from the measured total jitter by 
evaluating the total jitter at several bit error rate values and solving Tj = 
Tj(sigma=1)(BER)*Rje + Dje. The term Tj(sigma=1) is the total jitter of a 
Gaussian (normal) distribution of jitter with a standard deviation of 1 second. The 
two unknowns in this equation (Rje and Dje) are found by solving for several Tj
values at BER levels below 10-10. The jitter breakdown is the best-fit to the 
bathtub curve for very low BER values, but does not take into account the jitter 
contribution at the very top of the bathtub curve. The figure below shows the flow 
of the effective jitter measurement.



EffeRj Effective Random Jitter is one of the two constants 
used to estimate the function Tj(BER) for very low BER. 
Rje is obtained through the analysis of the growth of the 
extrapolated histogram of TIE as a function of BER, fitting 
the form: Tj(BER) = Dje + Tj(sigma=1)(BER)*Rje

EffeDj Effective Deterministic Jitter is one of the two 
constants used to estimate the function Tj(BER) for very 
low BER. Rje is obtained through the analysis of the 
growth of the extrapolated histogram of TIE as a function 
of BER, fitting the form: Tj(BER) = Dje + 
Tj(sigma=1)(BER)*Rje

Effective JitterEffective JitterEffective Jitter



Effective JitterEffective JitterEffective Jitter



MJSQ JitterMJSQ JitterMJSQ Jitter

1��
�����
������
��
�����������
���
�
����

��
���� ��������	

	���������
��
�
���
��
���
���	�����
���	�����
��
� ��

2����	�
����
3�'4
%3������
���
������

��
'���
�
4� 
����&

��	������
1���
������
��
�����
�
��
���
����	����
� �����

���	�����

����
�5	���
��
�
��
����
���
����	���
�� 
���
������

����
������
�������
���	����
%0�2&�
!
�
��
��
����
 �

�������������
%���
���
�
	�
����&
��
�����
��

���� ����
�����

��
��
��
����
�����
��
��
�
����
����
���
���
�
��� 
��
���

��
�����
0�2�
1��
��������	�
�������
�����
��
�
�
� ���
��
���

��

��
���

���
��
��
�����
��
��
��
����
�����
��
 ���
���
1���

������
��
�����
������



MJSQRj MJSQ Random Jitter is determined by 
finding the average of the two standard deviations of the 
best-fit Gaussian distributions to the left and right sides of 
the measured jitter probability density function.

MJSQDj MJSQ Deterministic Jitter is the difference 
between the mean values of the best-fit Gaussian 
distributions to the left and right sides of the measured jitter
probability density function.

MJSQ JitterMJSQ JitterMJSQ Jitter



MJSQ JitterMJSQ JitterMJSQ Jitter


