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Constructing the Real-Time Eye
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Non-ideal Real-Time Eye

Real Time Eye
21685620 UI
5204 Wfm

What happened to our eye opening?
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Pause for definitions

A dictionary definition of the verb “jitter”:
To make small, quick, jJumpy movements.
In the digital design world, jitter is defined as:

The deviation of the significant instances of a signal
from their ideal locations in time.

The significant instances for data signals are the
transitions (edges)

The ideal locations for the transitions are determined by
the time reference (clock)



Single Transition Jitter

Ideal Location in Time (Reference)
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Peak-to-peak jitter = Jpp = Atz pr + At gte pi
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Jitter and the Real-Time Eye

Single
Transition
G |deal Transition Time
. Unit Interval
Many Overlaid Transitions +
(Oto 1 and 1to 0) ‘ ’\
— Jpp _’| \ _ _
ldeal Sampling Point

Probability Density Function Histogram (PDF)
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It’s all about Bit Error Ratio

When data rates were low, designers were mainly concerned with
functionality (1s and 0s)

With rates > 1 Gbps, the analog nature of signals becomes
significant

Noise and jitter affect system BER and the quality of a datailink
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Measuring Jitter: Bit Error Ratio (BER) Testing

103
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BER
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Tails

Eye Opening at
BER=101?
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Requires specialized equipment

and very slow
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¢ The only way to directly

measure Total Jitter is
with a Bit Error Ratio
(BER) test.

s Sample at various points
along unit interval,
directly measure BER at
each point. Plot “bathtub”
curve.

TJ(BER) = Ul =W



Advanced Jitter Analysis with Real-time Oscilloscopes

JITTER AND TIME INTERVAL ERROR (TIE)

(a) Clock Reference

T T T T T T I. I. T On an oscillos.cppe we monitor thf,-

! ! ! ! | | - - =  waveform transitions and note the jitter at
each transition point. This is called the Time
Interval Error (TIE) record.

(b) Smlrce Wavefﬂrm

maasuremsnt
threshald

B T' T T ‘T - _“T_ —i T ‘T— ™ 7 = | Measures total jitter of the acquisition.
o | _ The more transitions you measure, the

greater TIE will become.

voltage

(c) Time Interval Error {TIE]

time anrar
[ ]
i

Waveform transitions deviate from expected transition time

Generate Time Interval Error (TIE) by measuring transitions versus reference clock




Engineers Never Stop Learning

ADVANCED JITTER ANALYSIS WITH REAL-TIME OSCILLOSCOPES

Agenda

* Review of Jitter Decomposition

« Assumptions and Limitations

« Spectral versus Fail Fit Method

« Advanced Jitter Analysis with Crosstalk Removal Tool
« Scope Random Jitter Removal from Jitter Analysis
 Other Tools to consider for Jitter Analysis

e Summary
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Jitter Components

Total Jitter (TJ)

Bounded Unbounded

Deterministic Random Jitter
Jitter (DJ) (Y
Correlated with Data Uncorrelated with
(DDJ) Data (BUJ)

.

efiectons
Non Flat Freq One-Time

Response Event
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Acronyms
- DDJ : Data Dependent Jitter

« BUJ : Bounded Uncorrelated
Jitter

ABUJ : Aperiodic Bounded
Uncorrected Jitter



Dual EDirac Model

© gD e | ' Total Jitter
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_Dua] Dirac Model — Total Jitter

ooo‘!oooo

| | < Total Jitter
' <~— D)~
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EZJIT Jitter Analysis Suite

For Infiniium Real-Time Oscilloscopes

Jitter Trend, Histogram, Advanced Jitter Vertical Noise
and Timing Decomposition: Analysis and
Measurements RJ/PJ/DDJ/DCD/ISI/ABUJ Decomposition

KEYSIGHT
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EZJIT Plus — Advanced Jitter Decomposition

File Control Setup Trigger Measure Analyze Utilities Demos Help
» Easy to use
wizard guides
you through Composite Jitter Histogram
Jltter _I 17 BN R3, 7 EEE DDJ
measurement
setup

11 Sep 2012 5:30 PM

> FU”y Compat|b|e 200 20.0 ps 15.0 ps 0.0s 15.0 ps
with Infiniium DDJ Histogram Jitter BER Bathtub

_ _ e Spectral BER Bathtub === TJ Data

Software such
as Equalization,

wamimisim | U] ilJHliiilliiil- |

[ [ |
-10.0 ps 0.0s 10.0 ps 0.0 UI 500 mUI 1.00 UI

S EUetETaEE "5l @/elo] oo Qg oos KON SHl

Jitter | Status | Scales

jitter views Clock Rec Constant Frequency  TJ(1E-12) 44.27 ps DJ(3-8) 19.21 ps
Data Rate 2.499990 Gb/s RJ(rms,narrow) 1.78 ps DDJ(p-p) 16.60 ps DCD 710 fs
Patn Length 127 (27-1) PJ(a-8) 7.49 ps ISI(p-p) 16.52 ps Trans 251.965 k

Source memory 1 PJ{(rms) 2.82 ps BUJ(rms) Not Available DDPWS 16.37 ps
Algorithm Spectral

KEYSIGHT

TECHNOLOGIES



Agenda

* Review of Jitter Decomposition

 Assumptions and Limitations

* Spectral vs. Tail Fit Method

 Advanced Jitter Analysis with Crosstalk Removal Tool
 Scope Random Jitter Removal from Jitter Analysis

» Other Tools to Consider for Jitter Analysis

* Summary
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Spectral vs. Tail Fit Jitter Decomposition

RJ Extraction | Rationale
Methods s W\\
WMMMWﬂ’v

Spectral » Speed/Consistency to Past Measurements

wﬂwww JW Mf NW

 Accuracy in low Crosstalk or Aperiodic
Bounded Uncorrelated Jitter (ABUJ) conditions

Tail Fit  General Purpose
 Accuracy in high Crosstalk or ABUJ conditions
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Spectral Method - PJ Threshold

Measurement Details

KEYSIGHT
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time error

likely to contain PJ

V w

Periodic Jitter (PJ)
threshold is chosen by
experimentation.

PJ threshold

time error

' 4

freq

Integrate PSD to derive RJgys
Sum the PJ components for Pdgys
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freq
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Spectral Method — PJ Threshold
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Is it RJ
or PJ?

Power Spectral Density (Log)

=
=]

Power Spectral [ ensity (Log)

RJ,P] Threshold (Periodic)
R1+P] Aliased Spectrum < R] Aliased Spectrum + Separation Threshold = R] Baseline

Separation occurs
as described...

4.700 MHz 9.500 MHz 14.20 MHz 18.90 MHz

RJ1,P] Threshold (Periodic)
RJ4+P] Aliased Spectrum = RJ Aliased Spectrum = Separation Threshold = RJ Baseline

What do you do in
this case?

4.700 MHz 9.500 MHz 14.20 MHz 18.90 MHz



Spectral Method — PJ Threshold

R1 Bandwidth
| Narrow (Pink)

Wide (White)
Narrow (Pink)

Wide RJ Bandwidth Analysis Narrow RJ Bandwidth Analysis

R1,P] Threshold (Periodic) RJ,P] Threshold (Periodic)
RJ+F] Aliased Spectrum = RJ Aliased Spectrum « Separation Threshold « RJ Baseline R1+P] Aliased Spectrum + RJ Aliased Spectrum ¢ Separation Threshold * R]1 Baseline

Power Spectral Density (Log)

T T T T b T T T
4700 MHz 9.500 MHz 14.20 MHz 18.90 MHz .0 Hz 1.250 MHz 1.880 MHz 2.510 MHz

Pdpp =93.17ps PJ,y =27.18ps

Which PJ Threshold or RJ bandwidth analysis do you choose?

KEYSIGHT
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Spectral Method — Wide vs. Narrow

Wide RJ Bandwidth Narrow RJ Bandwidth

R3,P] Threshold (Periodic) RJ,P] Threshold (Periodic)
RJ+4P) Aliased Spectrum = RJ Aliased Spectrum + Separation Threshold « RJ Baseline RI+PJ Aliased Spectrum = RJ Aliased Spectrum + Separation Threshold = RJ Baseline

Power Spectral Density (Log)
Power Spectral Density (Log)
AT

T T T T T T T T
4,700 MHz 9.500 MHz 14.20 MHz 18.90 MHz 630.0 kHz 1.250 MHz 1.880 MHz 2.510 MHz

BER Bathtub (BER-Scale) BER Bathtub (BER-Scale)
» Spectral BER Bathtub - T1 Data * Spectral BER Bathtub -« T] Data

wun
‘e

.
.
.

g

*
an®

1.0E-12 4 1.0E-12 4
Wide RJ under Narrow RJ more
LOEI6 reports TJ 10E16 1 accurately reports TJ
: 0.5r0U] : l.i)[rlul . 0.:JUI 0.-2’5U] O.SIOUI O.'.l";U] 1.1]E|U]

TH1E-12) 10811 ps TJ1E-12) 163.05 ps
RJrms,wide 1.06 ps FJrms, narmow 9.66 ps
27.18 ps
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Spectral Method with Presence of Crosstalk or ABUJ

BER Bathtub (BER-Scale)
= Spectral BER Bathtub - T]1 Data

1EQ
1.0E-4 ' .
Something is wrong here...
1.0E-8

1.0E-12

L.0OE-16 5

Using the slope continuity concept we expect the
extrapolated curve to look like this.

The RJ/PJ spectral extraction does not deal with Crosstalk
or ABUJ well. The RJ is overestimated severely.
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ABUJ: Crosstalk or Ground Bounce

| Gaussian
Victim
No crosstalk
Bathtub and RJ,PJ Histogram
Aggressor AV
. ( | Non-Gaussian

Victim Out

AL At = Av/Slope,gim With crosstalk

Bathtub and RJ,PJ Histogram
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Tail Fit Method — Gaussian Extraction

MEASUREMENT DETAIL

. L L L L L / 1. Fit a Gaussian characteristic to
12} < the right and left extremes of the
% RJ/PJ histogram distribution.
1k O
0.8]-
0.6 - “‘5 % . -

A e 3. Find low probability
o4t -~ ~ event (crosstalk) at the
L Ny end of tail that does not

N, fit Gaussian
%0 0 30 06 characteristics.

jitter, ps

©
5

o
IN

2. Actual data is
never smooth

)
I

3
P
2

o
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What Makes Tail Fit Hard

1.2

Histogram Object

Fit Window 0.6 -

DJ end

r

High Precision
Low accuracy

-0.2

Low Precision
High accuracy

oF

Hard to detect Crosstalk events out in
the tail. Might take longer time for Tail Fit
results to converge.
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0.2
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-0.2

-0.4

-o.8

_0.6

)T Noisy data

Curve fit error
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RJ Extraction with Presence of Crosstalk (ABUJ)

SPECTRAL VS. TAIL FIT EXTRACTION

No Crosstalk With Crosstalk

T 20202020 e

-1000ps 00s 1000ps

Spectral Extraction Spectral Extraction )
Slope discontinuity.
Over reports RJ.

RJrms,narrow 1.70 ps

1.00U1

Tail Fit Extraction

1.0E-12 4

L0E-16 4




Agenda

* Review of Jitter Decomposition

» Assumptions and Limitations

* Spectral vs. Tail Fit Method

 Advanced Jitter Analysis with Crosstalk Removal Tool
 Scope Random Jitter Removal from Jitter Analysis

» Other Tools to Consider for Jitter Analysis

* Summary
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Jitter Analysis with Crosstalk Removal Tool

Crosstalk Identification

« Which signals are coupling onto your victim?
Crosstalk Quantification

« How much error and jitter do each aggressor add to your victim?
Crosstalk Removal for Jitter Analysis

 What would your signal look without crosstalk present on victim?

» How much jitter margin can be recovered without crosstalk?

« If the signal was failing the jitter spec, can it pass without crosstalk?

KEYSIGHT
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Remove Crosstalk from Victim Signal

File Control Setup Display Trigger Measure Math Analyze Utilities Demos Help Dec 2 1.5

Power supply aggressor signal

Original serial data victim signal

Serial data victim signal with crosstalk
removed

245" mV

)
E

-240 mV

-160 ps -128 ps - - 32, 160 ps

-160 ps -128 ps -96.0 ps -64. 32 96.0 ps

|@|200 ps/  [1.44223ns
|_-F_| Results (Measure All Edges)
Measurements | Crosstalk

d AmD-XSI (V low)(%rms)|Jit-Skew (s)[JitXSI (%rms} ]

c1 21399 %
4209 ns 91.500 %

KEYSIGHT
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Features of the N8833A Crosstalk Analysis Application

1. Analyze up to four signals (victim or aggressor) at once.

2. Remove Near-End Crosstalk (NEXT), Far-End Crosstalk
(FEXT) and Power Supply Crosstalk from Victim signal.

3. Plot waveform without crosstalk on the scope which can be:

« Used for eye diagram, jitter decomposition, de-
embedding, equalization and mask test

« Saved as a waveform file

KEYSIGHT

TECHNOLOGIES

CrossTalk

|Setup Wizard... ; \_,||Advanced Configuration...|

Enable
©victim X | ®Agar1 X

Name:Snurce: (Channel 1 [V

This signal is a Victim
. This signal is an Aggressor
Signal Type

Serial Data
Pattern

O Periodic ' Arbitrary

Auto Length
RavS

Clock Recovery...
Thresholds...

Vertical
O Automatic . Manual

OX

Contributors

Select signals to remove their crosstalk

| [Name  [signalType ||
1]
B o sen ]|
8o o 3|




Crosstalk Analysis Setup

1. Probe up to 4 signals (Aggressors or victims). No
simulation models or inputs are required.

4. The app reports the amount of crosstalk from each
aggressors and return a waveform without
crosstalk for analysis.

Sea [EIMIDA | SEIM

M Real-Time Eye
307.866 kUT
1 Wims

8 Resuits_(Measure Al Edges).
Measurements | Crosstalk

1d_[AmD-Skew (s)] Amp-XSI (%rms)|Amp-XST (V hiah) (%rms)[Amp-XSI (V low)(%rn it-XST (%rms]
aa %6299 % E

aa L1399 % 20699%

KEYSIGHT
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Cross Talk Wizard
The victim signal is the one you suspect is being impacted by other signals
(or perhaps even itself).
Victim s
- Victim

Aggressor Count

Source
‘ Channel 1 \7'

Aggressor 1
Aggressor 2
Aggressor 3 Name

Signal Type
|Serial Data \—V-i
- Pattern
© periodic @@ Arbitrary
Auto Length

2. Setup the victim signal.

Cross Talk Wizard

An aggressor signal is one that is causing crosstaly

Victim Number of aggressor signals
Aggressor Count 3
Aggressor 1
Aggressor 2

Aggressor 3




Power Supply Crosstalk on Victim

No Power Supply Aggressor With Power Supply Aggressor on the
Transmitter PLL

Keysight Infiniium : Monday, April 04, 2016 1:32:41 PM

[Victim
40.754 - mV|

Supply:

| 1 Nk [} il
SR e I R T

TIE Trend

100 s 150 ps 200 s

TIE Trend

100 s 150 s

\II Results_(Measure All Edges) "% | Results_(Measure All Edges)

KEYSIGHT
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Removing Power Supply Crosstalk from Victim

With Power Supply Crosstalk on the Power Supply Crosstalk Removed with
Transmitter PLL Improvement on Data TIE Trend

TIE Trend with glitch removed

Noise Power

Supply

_TIE Trend

KEYSIGHT
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Removing Power Supply Crosstalk from Victim

Measured Victim Without Crosstalk

150 mv

Measured Victim with Power

onday, April 04, 2016 11:46:17 PM
jager Measure Math Analyze Utilities Demos Help Apr 4, 2016

@ | f o

Results _(Measure All Edges)

Victim after Power Supply
Crosstalk removed

KEYSIGHT
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Jitter Improvement Without Power Supply Crosstalk

Measure Math s Demos Help

|0

240 mV
180 mv

120 mv
60.0 mv

274ns
240 mv
180 mv
120 mv
60.0 mV
0.ov
-60.0 mV

Jitter with ' | omy
Crosstalk .

]

[W|eraphs|1 [ ¥ | A J1|
RJ,PJ Histogram

|T\ Results (Measure All Edges) u
Z| Source Channel 1 Rimsnarow 646 ps DDlpp 1998 ps Clock Recovery ~ Constant Freq J Itte r

7 | RIMethod Spectral DI&S 67.99 ps Dco 289 ps Edge Direction  Both .
Data Rate 6.247552 Gb/s Tra: s 155401 k ISIpp 1998 ps Measurement  TIE (Phase) W I t h o ut

Pattern Length 127 (27-1) Pirms 2106 ps DDPWS 1427 ps
| Crosstalk

THIE-12) 15891 ps PSS 5842 ps F/2 (Even/Odd)  910fs
-45.00 ps g ! 2250 ps

-60.00 ps ! 30,00 ps

TJ = 158ps)—

‘5\ Results (Measure All Edges)
-
PJ dd - 58 ps Source Memory 1 Rlms,namow 649 ps DDJpp Clock Recovery  Constant Freq

RJ Method Spectral DI&& 3332ps DCD Edge Direction  Both
DJ d d = 68 ps Data Rate 6.247351 Gb/s Transitio 155142 k ISlpp Measurement TIE {Phase)
Pattern Length 127 (27-1) Plrms 717 ps DDPWS

TH{1E-12) 124.60 ps P58 2746 ps F/2 (Even/Qdd)

An Improvement of 20% to Total

ps
33ps

KEYSIGHT
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Analyze Crosstalk & Noise that Contributes to Jitter

* The crosstalk application can remove the ideal, ISI and return “Unknown Crosstalk + Noise” (residual) content.

* Perform further analysis on this residual waveform with measurements such as FFT, markers, etc. to root
cause the source of aggressor.

Remove: Ideal + |SI of Victim
Show: Only “Unknown Crosstalk + Noise”

Contributors Offline = R T P\

=
File Control Setup Display Irigger Measure Math Analyze Utiliies Demos Help

7@ s00mv [[o.0v

Select signals to remove their contributicns

Signal Type

|Vit.tim 5Ghps

i IdeaI+ISI.~+ UnknownXT+N0|se " :
e OO T
=) wnn h"m‘w” Y m N.‘wﬁ
Serlal — I G I \ "\ il I \l | R I

0.0V
-50.0 mV

|
"l H v |.,, ,‘u“\| | mlu (AN

-100 mV

-150 mV
-200 mV
-9.96ns -7.96ns -5.96 ns -3.96 ns -1.96ns 40 ps 2.04 ns 4.04 ns 6.04 ns 8.04 ns 10.0ns 1

into the serial data -

< signal inside the 3™ """ Simulated waveform = Unknown XT + Noise
paCkage i f : -9.96 -7.96 -5.96 3.96 -1.96 44'!‘ 2.04 4.04 6.04 8.04 10.0
""‘““"‘h’p*’ iy Wy M ‘WT""\TM,""“\ i \W|

|‘§‘| Results (Measure All Edges)

5 Mz

& FFT on “Unknown
Crosstalk + Noise”

.............................
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Agenda

* Review of Jitter Decomposition

« Assumptions and Limitations

* Spectral vs. Tail Fit Method

« Advanced Jitter Analysis with Crosstalk Removal Tool
 Scope Random Jitter Removal from Jitter Analysis

» Other Tools to Consider for Jitter Analysis

* Summary
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Influence of Scope Noise to Jitter Performance

TIE:

[ 2
[ Moise ;
f z
ﬁUI [ Sk ] + SampleClock Jiter sec rms

Periodic Jitter:

| - 2
”‘fl?'wu'l[&rﬂbﬁ] + Samplefock ftter ©  sec rms
1=

Cycle-Cycle:
[

. 2
— |
w"3-\||[$%] + Samplellock ftter *  sec ms

1. Every scope has intrinsic vertical noise floor. This vertical noise can translate into horizontal jitter.
2. As signal slew rate decreases, vertical noise increases the random jitter.
3. Measured random jitter is a function of signal slew rate, scope noise and scope sample clock jitter.

KEYSIGHT
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Scope Random Jitter Removal

Remove, Specify Jitter, Noise

r Calibrate scope Jitter -

- Remove Scope Random Jitter -

© off - Specify Random Jitter
@ Automatic B Enable

@ Manual RIrms
Scope RIMmS 1200 fs | WCallbratlon Complete

200 fs -
‘*‘--’ s You may now reconnect your signal to Channel 1.

- Remove Scope Random Noise - - Specify Random Noise , ‘ [_.6.'2_.|
B Enable

Level 1 RNrms

» Scope RJ calibration is available to remove the contribution of scope noise to measured RJ.

« User is asked to disconnect the signal from Channel to measure the ACV,_. noise for the current Vertical setting.

KEYSIGHT
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Other Jitter Measurement Considerations

Signal with Fast Rise Time
TH1E-12)
Rlrm=,marmow
DIsS

With no Scope RJ removal
TJ(1E-12) 26.96 ps

RJrms, narrow 1.28 ps
Lossy L DJ&5 8.99 ps

Channel

After Scope RJ removal
TJ(1E-12) 1443 ps

RJrms,narrow

DI&S 9.70 ps

KEYSIGHT
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Agenda

* Review of Jitter Decomposition

» Assumptions and Limitations

* Spectral vs. Tail Fit Method

« Jitter Analysis with Crosstalk Removal Tool
 Scope Random Jitter Removal from Jitter Analysis
» Other Tools to Consider for Jitter Analysis

* Summary
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Jitter Analysis with BER Eye Contour

Eye Contour B ? X

e b =k — opecify the BER eye contours you want the
scope to plot.

Source
Channel 1

= — Specify which BER contour to highlight in red.
ms

le-12

le-15

le-18

le-21 BER Eye

Highlight Contour

Dem Contours

Eye Contour
at BER 10-'2

KEYSIGHT
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Analyze Jitter at Various Test Points

Tx Channel o]

J0J03UU0Y

4 y

After Scope De-embedding to the TX point After Scope Equalization

KEYSIGHT
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Agenda

* Review of Jitter Decomposition

» Assumptions and Limitations

* Spectral vs. Tail Fit Method

« Jitter Analysis with Crosstalk Removal Tool

* Scope Random Jitter Removal from Jitter Analysis
« Other Tools to Consider for Jitter Analysis

e Summary
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Keysight Real-Time Scope Jitter Analysis Tools

Composite Interference

TI *RN, PT » D[ﬁnes_\ eros ol

N5400A EZJIT Plus for ~ N8823A EZJIT Complete E2688A High-Speed N8827A PAM-4 Clock

Jitter Analysis and RJ for Vertical Noise SDA for Reference Recovery
Scope Removal Calibration Analysis Clock Recovery and
Eye Analysis

N8833A Crosstalk Analysis N5461A Serial Data N5465A InfiniiSim BER Eye Contour
and Removal Application Equalization Software De-embedding Comes standard with
Software E2688A and N8823A
KEYSIGHT
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Jitter Analysis Summary

) —

Dual Dirac Model for Jitter
Decomposition

Sealey W .. BERBathtub (BER-Scale)

oa2su1

Use Smoothness of Slop Continuity on the
Bathtub Curve

i
W,
¢

|

/.

| /
‘VWWMW “ﬁl+ M.NMM .

Scope Random Jitter Removal

-
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4 likely to contain PJ )
£
g —~ o \I\\\ :
L !_ PPPPPPPPP 02|
_________________
]

Spectral vs. Tail Fit for ABUJ
(Crosstalk) Jitter Analysis

Use Crosstalk Removal Tool to Recover
Jitter Margins

A\ AN
L R e A

BER Eye Contour, De-embedding and
Equalization for Jitter Analysis



