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How Does an Oscilloscope Work?

» Signal Processing on the oscilloscope
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0 Scope bandwidth and Probe bandwidth
0 Sample rate '

0 Record length

0 Trigger and Signal processing
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Oscilloscope structure
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http://news.tektronix.com/2018-01-04-Tektronix-5-Series-MSO-Named-
Product-of-the-Year-by-Electronic-Products-Magazine
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Brand New Scope Platform
KEY ADVANTAGES OF 5 SERIES MSO

NEW ASIC combines traditional ADC, Demux, Trigger, and logic analysis:

o More channels per instrument
o Tighter integration between analog and digital channels . NEW ASIC

o Flexible configurations to meet any debug challenge

 NEW 12-bit technology (16-bit with High-Res)
« NEW Lower-noise front-end amplifier

« NEW FlexChannel™ input

« NEW software architecture

 NEW industrial design

 NEW user interface

The 5 Series MSO offers FastAcq, with over 500,000 wfms/sec




Real Time Oscilloscope Products

o Basic Scopes
THS, TPS, TBS, TDS Series

Mixed Signal Scopes(MSO Series)
= New MSO5 Series

Mixed Domain Scopes(MDO Series)

High Performance Scopes (DPO70KC/DX/SX series High Performance Scope)

~ 2GHz ~ 3.5GHz

4GHz ~ 70GHz
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Oscilloscope

1. Observe.
O.S.C observe the change of an electrical signal over time.

2. Display.
0.S.C can display the observed waveform.
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What is the Oscilloscope?

Draws a graph of an electrical signal over time

Vertical (Y) axis is voltage or Current

[e]

o Horizontal (X) axis is time

Amplitude |
(power)

R \ s :;';; III',II. III."II .:'.I:I . il.'::l II'-II ;I." "._III: |
< Time
Frequency Domain

Time Domain
Measurements Measurements .
Oscilloscope

Voltage ==l

/




Oscilloscope Capabilities

Discover

= Accurate signal
representation

= Multi-channel

acquisition without

compromises

= Highly visible
waveform content

Capture

Complex signal
event capture

Connectivity to
DUT with high
signal fidelity

Access to decoded
serial bus traffic

Search

Easy verification
through millions of
sample points
Long record length
for timing analysis
across clock cycles

Advanced jitter
separation methods

Accurate Serial Data
compliance tests

Fast data access for
deeper analysis




Hands-on Lab:#1

Basic Operation and Ul
 Front panel button and knob
« Windows and menus

Vertical , Horizontal , Trigger

SAVE and Recall(wfm,screen, setup, measurement)
Measurement

Usability of Scope

Badge
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Bandwidth




Bandwidth

— Defined with Sine wave

Frequency Response Comparison

55 -3dB (Oscilloscope BW)

70.7

Iagnitude Response (dB)

8 10
Frequency (GHz)

| — Tek DPOTO000B -3 dB Ref Agilent DS0O913044 GOmV/dv |

| __ Z Bdidt Scope

<

€ Input Signal
- Freq. : 2GHz
- Amp. : 1Vpk-pk
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Bandwidth

= Must have sufficient bandwidth to capture high frequency components

— Bandwidth specified at -3 dB point

100 .
— 035 = i 30% amplitude
BW_ t 9}? - = degradation!
rise % \\\
\
g & NG
_ 0.35 2 N
trise_ B \
BW 70.7 =<dB
0.1 0.5 1.0
Frequency (GHz)

0 At the 3dB bandwidth frequency, the vertical amplitude error will be approximately
30%.

0 Vertical amplitude error specification is typically 3% maximum for the oscilloscope.

0 When you depend on the specified maximum vertical amplitude error, divide the
specified bandwidth by 3 to 5 as a rule of thumb, unless otherwise stated.




Signal Fidelity — Rise Time

 Insufficient rise time also affects the signal

« To accurately characterize your signal, follow the 1/5t Rule
T > T

r,signal

S}

r, system

 Measured rise time depends on the signal and scope rise times

Tr,Measured = \l (Tr,signal)2 + (Tr, system)2

Actual ‘ Measured




Rise Time Concern

0 If accurate timing measurements are
required, such as ...

— Rise or fall times
— Time interval
— Propagation delay

Remember that scoperisetimetr= 035 = 035 = 111ps
BW 3x10°6

and

Scope Displayed tr = / trcope)’ t troun’




Rise Time Concern

* Device Under Test (DUT) rise time = 500ps

3GHz (111ps) Scope Displayed tr = 512ps
Scope Measurement Resulting in a|2.4% error
1GHz (350ps) Scope Displayed tr = 610ps
Scope Measurement Resulting in a 22% error

Scope Displayed tr = / trcope)’ T troun’




Rise Time vs. Signal Frequency

Time
Domain
1GHz
Sinewave
Freq.
Domain

i i i i i i i
OHz 1GHz 2GHz 3GHz 4GHz 5GHz 6GHz 7GHz
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Rise Time vs. Signal Frequency
. M
Domain
F—— 1St Resultant
: Sinewave
Freq. . \
Domalin : 1GHz

Sinewave

i i | i i i i
OHz 1GHz 2GHz 3GHz 4GHz 5GHz 6GHz 7GHz

0 CONFIDENTIAL



Rise Time vs. Signal Frequency

Time ] 2nd Resultant
Domain Sinewave
1St Resultant
Sinewave
Freq.
Domain

i i i i | i i
OHz 1GHz 2GHz 3GHz 4GHz 5GHz 6GHz 7GHz

0 CONFIDENTIAL



Rise Time vs. Signal Frequency

Time
Domain

1GHz Square wave

_ _.K 1st Harmonic(1GHz Sine wave)
I /Srd Harmonic(3GHz Sine wave)

5th Harmonic(5GHz Sine wave)
~ 7th Harmonic(7GHz Sine wave)

Freq.
Domain

=

I

OHz

i | i | e | i
|
1GHz 2GHz 3GHz 4GHz '5GHz 6GHz  7GHz
</
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Hands-on Lab:#2
Understanding Bandwidth
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Sample Rate

Record Length




A-D-C

Input signal
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Sampling

Taking Samples of an input signal at specific points in time

7Sam ples
=ample Interval

// =~ Hold Time

M eeded for
L bbb T Digtizing

= Samples Equally Spaced in Time

= Sample Fate Measured in SamplefSecond (S's, kisfs, Mafs,
55s)
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Sampling process
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Sampling Technology

« &lAIZt MSEH(RTS)
- Single Shot Event0l CH8t & A2t sampling
- IF& Q| updatedt 2 Ct
- ADC2| Sampling Rate2 S&!

- 2l JHZ 01 dI ML

o SIIAIZE MEZ(ETS) : Random, Sequential
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- Sampling Rate= & &3l =Lt
- update &It =2|Ct

- R2 ADC & SRk =2 SRIIs




Real Time Sampling

. AIAIZH ME2I(RTS)
- Single Shot Eventd]| Ef'et A A|ZF sampling
- I} 9| update?} 2L}
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Equivalent Time Sampling

o« SIIAIZF MEZ(ETS) : Random, Sequential

- Sampling Ratee &2s| =C}
- update =7} =2|C}

e ADC 9| SREE =2 SR7IS
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Interpolation

e Linear Interpolation

- DXE MESS NHMOZ2 ¢
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e Sin(x)/x Interpolation
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Sampling Technique

Nyquist’s sampling theorem

U Nyquist’s sampling theorem states that for a limited bandwidth (band-limited) signal with maximum
frequency f, ., the equally spaced sampling frequency f. must be greater than twice of the maximum
frequency f, ., i-€.,

f > 2
in order to have the signal be uniquely reconstructed without aliasing.

L The frequency 2-fmax is called the Nyquist sampling rate (f;). Half of this value,

f . is Sometimes called the Nyquist frequency (fy).

Attenuation




.

Aliasing

[1 Nyquist's Sampling Theory
- Late 1920s Harry Nyquist, an AT&T scientist
- “For periodic functions, if you sampled at a rate that was
at least twice as fast as the signal of interest, then no
information (data) would be lost upon reconstruction.”
- Nyquist, Harry, "Certain topics in Telegraph Transmission
Theory," published in 1928




Aliasing
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Sample Rate

= Determines how frequently an

oscilloscope takes a sample
— Faster sample rate, greater resolution M

and waveform detalil

* Required Sample Rate

Sample > f

Rate 25 X Highest

Sine Wave Reproduced 100 T =~ L T . . 4
For Sin(X)/X interpolation using Sine x/x Interpolation / \ \ /
¥ /
- |

Sample > f Sine Wave Reproduced 4o [~ // -1

Rate 10 X Highest using Linear Interpolation  (

For linear interpolation

5X oversampling is recommended to avoid aliasing
and to capture signal details.




Memory - Record Length

e Step

1. Determine Required Resolution Between Samples =T
. 1/T, < Scope Sample Rate (Real Time Sampling Mode)

r

2. Determine Required Period of Time to Capture = Tp

3. Calculate Required Memory Depth
. Memory Depth =T, /T,




Memory - Record Length

= Determines how much “time” and detail can be captured in a single acquisition

= Longer record length, longer time window with high resolution

500ps/div 50.0G5/s 20.0psipt

73T acqgs RL:2350
Man March 18, 2009 16:34:04

< >

Time — Record Length

Sample Rate




Memory - Record Length

Trade off between Sample rate and Record Length

2G

@

 —
o
o
<

10M

Sample Rate (Sa/s)
|_\
<

100K

N - .y N\
(\%\6\ \fb\d\ \O Qg\ﬁ\é\




Hands-on Lab:#3

Sample rate vs. Record length
Aliasing

D ——




Trigger System




Trigger System and Controls

» Trigger controls allow you to stabilize repetitive waveforms and capture single-shot waveforms

VWV RN

Triggered Display Untriggered Display
(Normal Mode) (Auto Mode)

» Trigger Modes
— Normal mode: scope only sweeps if input signal reaches trigger point.
— Auto mode: scope sweeps, even without a trigger, based on a timer.

— Single-sequence mode: after trigger is detected, scope acquires and displays one record length of
the signal.

W Acquisition —> Micro- Display }
g A/D [Memory } [processor ‘ [ Memory Display

Trigger T




Trigger Level and Slope

» Slope control determines if the trigger point is the rising edge or falling
edge of the signal

» Level control determines where on the edge the trigger point occurs

AAAAAAAAAAAAS

AVAY/ER VAVARRVAVA TR AVAY

Threshold: + Threshold: + Threshold: = Threshold: =
Slope: + Slope: - Slope: - Slope: +
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Edge

Trigger on a rising or falling edge, as defined by the slope control. Coupling choices
are DC, AC, LF Reject, HF Reject, and Noise Reject.

Glitch

Trigger on a pulse narrower (or wider) than the specified width or ignore glitches
narrower (or wider) than the specified width.

Width

Trigger on pulses that are inside or outside a specified time range. Gan trigger on
positive or negative pulses.

Runt

Trigger on a pulse amplitude that crosses one threshold but fails to cross a second
threshold before recrossing the first. Can detect positive or negative runts, or only

those wider than a specified width. These pulses can also be qualified by the logical
state of other channels (four-channel models only).

Window

g2 SEBF S

Trigger when the input signal rises above an upper threshold level or falls below a
lower threshold level. Trigger the instrument as the signal is entering or leaving the

threshold window. Qualify the trigger event in terms of time by using the Trigger
When Wider option, or by the logical state of other channels using the Trigger When
Logic option (four-channel models only).

Timeout

T

Trigger when no pulse is detected within a specified time.

Transition

=T

Trigger on pulse edges that traverse between two thresholds at faster or slower
rates than the specified time. The pulse edges can be positive or negative.




AT EC|AZRF X 7S

Video ,,.I\-. Trigger on specified fields or lines of a composite video signal. Only composite
signal formats are supported.

Pattern > Trigger when logic inputs cause the selected function to become True or False. You
can also specify that the logic conditions must be satisfied for a specific amount of
time before triggering.

State c;.g Trigger when all of the logic inputs to the selected logic function cause the function
to be True or False when the clock input changes state.

Setup/ 3;& Trigger when a logic input changes state inside of the setup and hold times relative

Hold to the clock.

Comm X Trigger in conjunction with mask testing on communications codes and standards.

The controls work together to define the parameters for the trigger event.




Extended Pinpoint Trigger System

Dl ey
A Event =———-i B Ewvent
P
Delay Resat
A Event ——3» B Event Edgeﬁ_“’ —yEdge
Edge Edge G:!tah et Gi!lth
Glitch mmmi;ﬁ;%?wmm
Width Tirmeout ¢35 sy Timeout
- ¢ Typical Triggering Systems: Runt 5 = »Runt
'meou 17 combinations ransition . i STransition
Runt Window L2 Window
Transition SetiHold Set/Hold
Set/Hold Pattern£&== e Pattarn
Pattern stated———Astate
State

Pinpoint: 1445 combinations

= Use Pin-Point Trigger
- A Trigger and B Trigger

CHl_“ | o | ‘_PATr?gger

NN
c2 ML . il —B Trigger

A

* Pinpoint trigger is supported Windows OS based Oscilloscope models




Hands-on Lab:#4

Trigger System

1. Trigger Type : Runt

1. Trigger Type : Width

2. Trigger Setup 2. Trigger Setup
o Upper Level : 2.0V ° Level: 1.5V
> Lower Level : 800mV o Upper Limit : 250ns

[e]

Low Limit : 150ns
Low polarity

Inside range

1. Trigger Type : etc

45



Hands-on Lab:#5

|12C validation

1. 12C probing
2. 12C Bus decoding
3. 12C trigger: Hex50

4. Result

46



Probes

47



A

Probes L '1 T

= Vital to your measurement

= Connects your DUT to your oscilloscope .
= Affects measurement quality
( Probe A
Compensation
Box .
‘\ Oscilloscope
1 Circuit
Under
Test
\‘ Probe
Cable
Test
. Point )




_ 4

Probes

Probe Types

AME 78
I
| | | |
e et =% 7|E}
M ==2H Hep=ge A Tgd EdlATA
| | | I
| | | | | |
oE|E Al = A2 ofE| = YE| = A=
| | | |
AC DC AC iE Het duto|H 2% E2|H 3% 25
a8E rii=dimile 2N A= ol4 &=
DefuHA DFEe} AE 23 74 B8 E




The Ideal Probe

Absolute Signal Fidelity

R, = o ) CABLE )—
C,=0

(<]
(<]

No affect on the —

/\
original signal |

Easy to connect

 No affect on the original signal — No signal source loading!
o Zero Input Capacitance
o Infinite Input Resistance

 Absolute Signal Fidelity
o Unlimited bandwidth
o Unlimited rise time
o Zero attenuation
o Linear phase across all frequencies

« A convenient and easy way to connect to the device-under-test
o Mechanically well suited to application




Probes Will Affect Your Measurement

 Signal Source Loading

o Measurement system’s impedance is critical
= Input Resistance

= Input Capacitance
= Inductance

« Signal Fidelity
o Measurement system parameters also crucial

= Bandwidth Good Signal Fidelity
= Rise Time

) CABLE — |/

Minimize affect on -
the original signal

Easy to connect —




Probe Loading Effect

DUT : Probe
__J\/\/\/ . Probe Tip
Rsource I
|
|
In

|
Esource I

I I—Ground Lead

1 the probe will always load the device that you are testing
- Resistive
- Capacitive

- Inductive




Source Loading — Input Resistance

* R, acts like a voltage divider
» Higher input resistance — less loading

* Lower source resistance — less loading

DUT Probe
Probe Trp Decreased Signal Amplitude

source
I I _ Rin
Rln Vmeas - Vsource
I In Rin + Rsource

source ‘I:Ground Lead ‘

N\

OII

100% 100%
90% 90%
10% 10% |
0% | 0%
Source Signal Effects of Input Resistance




Source Loading — Input Capacitance

« Smaller input capacitance - higher probe impedance, less loading

» As signal frequency increases, capacitance increases and loading increases

DUT I Probe

VIV *Probe Tip

Rsource I
©
I

Esource J[—Ground Lead

100%

90%

10%

0%

Source Signal

100%
90%

10%
0%

Effects of Input Capacitance

*Decreased Amplitude
Phase Change
*Slower Rise Time

tr = 2-2(Rsource X Cin)

Example:
C;, = 100 pF
t ~ 220 nsec

Ci, = 10pF
t. ~22nsec

If R =1 kQ

source




Source Loading - Inductance

« The longer the ground lead, the higher the probe inductance.

» Keep ground leads as short as possible to avoid ringing!

—\\A\—e
Reource Probe Tip
Resonance
I Rin ::C (Ringing)
In
Esource L(%round Lead

100%

100%
90%

90%

10%
0%

10%
0%

Source Signal Effects of Inductance




Passive Voltage Probes

* Most basic probe with no active
components

« Available in 1X, 2X, 10X, 100X and
switchable

« Advantages
o |nexpensive
> Mechanically Rugged
o Wide Dynamic Range

o High Input R
| P Tektronix TPP1000 Probe
« Disadvantages 1/10X, 1GHz
o High Input C
1 o0 Wy
Tip Cable
LG ead
Probe




Active Voltage Probes: Single-Ended

e Uses active components

« Advantages
o Low Input C
o Wide Bandwidth
o High Input R
o Better Signal Fidelity

 Disadvantages

> Higher Cost Te_ktronix TAP1500
. : Active Voltage Probe
o Limited Dynamic Range 10X. 1.5 GHz

o Mechanically Less Rugged

/ Probe

I—Ground Lead
NN\




Active Voltage Probes: Differential

 Differential Probes measure signals that are
referenced to each other instead of earth ground.

» Advantages
o Wide bandwidth

o Large Common Mode Rejection Ratio (CMRR)

o Minimal skew between inputs

o Small input capacitance

Scope
Channel
Amplifier

Tektronix P7700 Series TriMode

Scope Differential Probe




TriMode™ P7500/P7700 Series Probe

TriMode® access points

With TriMode® probing you can
work in traditional differential mode or

. choose to include ground{+) for single
(m +E = —L— ended and commeon mode measurementis




Current Probes

» Measures the electromagnetic flux field around
a conductor to determine the current flow

 Two Major Types:
o AC current probes (passive)

o AD/DC current probes (active)

 Features to Consider:

o Automatic scaling and units

o Split-core vs. fixed-core connection

tn the Adavira

Tektronix TCP0150

( g AC/DC Current Probe
150 A, DC to 20 MHz

o
K




Tektronix Probe Connectors and
Adapters

+ TEKPROBE Level 1 » TEKPROBE Lewvel 2 r TekVPIl Probes  TekConnect Probes
BNC Probes BNC Probes Tex WA probe connedtionis FAobes with our TakCormect




How bandwidth affects the waveform

Chil: 1GHz full Bandwidth
Refl: 20MHz Cutoff




Voltage Window, Dynamic Range & Offset

e Operating Voltage Window ,r

Nonoperating range {+30 V maximum non-destructive input voltage )

o Maximum voltage applied without P I S _
Saturation ] ﬂvai 3;}
By ———— 5 ————— — ¥ —— — |- — — — — —
> Incorrect Voltage Window Produces ovl Z\L Mﬁ Signal Ampliude  Maximum Offset Range
Measurement Errors AR A e e ﬂ ———— l —————
El __-;a.sﬂ_{h
S/

 Dynamic Range

Nonoperating range (-30 V maximum non-destructive input voltage )

}

> Newer active probes designed around
lower voltage level

o Multiple D.R Select with trade off noise

e DC Offset

o Positioning Of The Signal to the
Center Of The D.R

Q@



Hands-on Lab:#6

Understanding Probe loading effect
 Probe Calibration

—

64



FastAcq(DPX)
FastFrame
Vertical Resolution (Noise)

Spectrum View




Going Beyond Basic Signal Visualization

» Oscilloscope Dead time related to
Fast waveform capture rate

> How fast a scope can acquire and
display data

o Faster capture rate means you'll find
elusive glitches and other transient
events faster

e Digital phosphor display with
intensity-grading
o Shows frequency of occurrence for
better characterizing failures




FastAcg. — DPX Technology

JLIL L L L A FL L L

Digital Storage
|| || || || || N || || (Normal)

JLPL L L LA L

Normal

S

FastAcq




FastAcq. — DPX Technology
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Fast Frame Mode

Effective memory utilization for debugging

50 Framas
A Frame: 1
0.000 000 D0 0005

ACCUISITION

SETTINGS

Harizontal L ulsition Sty
200 nsfdiv 2 s 1 5 Auto, Analyze
SR: B.Z5 G55 160 pafpt

Sample: & bits 10 Jun 2016 [
RL: 12.5 kpts = & 23.3% Simgle: 14 2:45:20 PM




12 bit Resolution and HighRes mode
Advantage of 12 bit (Max 16bit) Vertical Resolution

Auto, Analyze
Sample: 8 bits
511 Acgs

@ 70



Hori/Acqg - Acquisition Setup

ACQUISITION

SETTINGS

| Run{ 5top Single f Seg Clear

Acqisition Mode
- Smmple

: Peak Dietect smmmm

! L Configure [#

Enuelape

‘e Source
External |
{10 MHz)

FAST FRAME »

— |—| ——| |Herzontal :
Add Add Add  ERREEEL 25 (11 173V Fasticg

Ml Rl <5: .25 Gss 160 papt sample: 8 bits 10 Jun 2016

RL: 12.5 kpis W 23.3% L8503 MACGE 3:31:25 PM




Mode

ISITION

Hori/Acq - Aqu
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Hori/Acq

- Horizontal Setup

HORIZONTAL

Foct Rocord

Harlzontal Aogulsition ; et
200 nardiv 2us 7 Auto,  Fasthog

25 G%s 160 pafpt LSample: 8 bits

Ak 6 23.3%

10 Jun 2016
B.435 Macgs 3:38:12 PM B




Measurement — Time measurement

The first cycle in a waveform or gated region. Frequency is the reciprocal of the period; it

Frequency
Is measured in hertz (Hz) where one Hz is one cycle per second.

Period The time required to complete the first cycle in a waveform or gated region. Period is
the reciprocal of frequency and i1s measured in seconds.

Rise Time The time required for the leading edge of the first pulse in the waveform or gated region
to nse from the low reference value (default = 10%) to the high reference value (default =
90%) of the final value.

Fall Time The time required for the falling edge of the first pulse in the waveform or gated region to
fall from the high reference value (default = 90%) to the low reference value (default =
10%) of the final value.

Delay The time between the mid reference (default 50%) amphtude point of two different
waveforms. See also Phase.

Phase The amount of time that one waveform leads or lags another waveform, expressed in

" degrees where 360° makes up one waveform cycle See also Delay

Positive Pulse
Width

The distance (time) between the mid refprence (default 50%) amplitude points of a
positive pulse. The measurement is made on the first pulse in the waveform or gated
region.

Negative Pulse
Width

The distance (ime) between the mid reference (default 50%) amplitude points of a
negative pulse. The measurement is made on the first pulse in the waveform or gated
region.

Positive Duty
Cycle

The ratio of the positive pulse width to the signal period expressed as a percentage. The
duty cycle 1s measured on the first cycle in the waveform or gated region.

Negative Duty
Cycle

SEnemlE {1 e e

The ratio of the negative pulse width to the signal period expressed as a percentage.
The duty cycle is measured on the first cycle in the waveform or gated region.
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Measurement — Amplitude measurement

Peak-to-peak

I

The absolute difference between the maximum and minimum amplitude in the entire
waveform or gated region.

Amplitude -L The high value less the low value measured over the entire waveform or gated region.
Max ez e The most positive peak voltage. Max 1s measured over the entire waveform or gated
m region.
Min ~— The most negative peak voltage. Min is measured over the entire waveform or gated
J j/J - region.
High e This value 1s used as 100% whenever high reference, mid reference, or low reference
I_LJ values are needed, such as in fall time or rise time measurements. Calculate using either
' the min/max or histogram method. The min/max method uses the maximum value found.
The histogram method uses the most common value found above the midpoint. This
value is measured over the entire waveform or gated region.
Low This value 1s used as 0% whenever high reference, mid reference, or low reference
m values are needed, such as in fall ime or nse time measurements. Calculate using either
the min/max or histogram method. The min/max method uses the minimum value found.
The histogram method uses the most common value found below the midpoint. This
value is measured over the entire waveform or gated region.
Positive g This is measured over the entire waveform or gated region and is expressed as:
Overshoot -/ Positive Overshoot = (Maximum — High) / Amplitude x 100%.
Negative This 13 measured over the entire waveform or gated region and 1s expressed as:
Overshoot Negative Overshoot = (Low — Minimum) / Amplitude x 100%.
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Measurement — Amplitude measurement

Measurement Description
Mean N The arnthmetic mean over the entire waveform or gated region.
Cycle Mean £od The arithmetic mean over the first cycle in the waveform or the first cycle in the gated
S region.
RMS P, The true Root Mean Square voltage over the entire waveform or gated region.
VAVA
Cycle RMS - The true Root Mean Square voltage over the first cycle in the waveform or the first
an cycle in the gated region.
RMS voltage ——= ;'ﬁ‘\ Jfﬁ \ f
L] A Voltage
rd peak-to-peak
/ / \_/
TN AN
Zero volts
S
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Measurement

MEASUREMENT AND RESULTS BAR

* Single tap to Add New..

o

o

o

o

o

o

 Double tap badges to access

Plots

Search
Measurements
Notes

Cursors
Results Table

measurement configure

o Easily add measurement plots

o Turn on statistics

o

o Local or Global gating parameters

Local or Global reference levels

MEAS 1

M: 40.55 MHz
m: 39.46 MHz
N: 152895

Meas 1 (1]

Positive Pulse Wi...
:5.247 ps

Vieas 1 (1 ]
Positive Pulse Wi...
H':5.247 ps

g': 27.56 ps

M: 405.5 ps

m: 2.345 ps

N: 3056

Meas 1 (1]

Positive Pulse Wi...
' 5.247 ps

a': 27.56 ps

M: 405.5 ps

m: 2.345 ps

N: 3056

Value: 2.3550 u

(<>
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Other Features
MEASUREMENT BADGES, STATS AND NAVIGATION

 New way of displaying measurements has been
Implemented for better visibility

o An apostrophe symbol = * € means the value is
calculated over the current acquisition

> No apostrophe symbol means calculated over all
acquisitions until a stop or clear occurs

o All current, and total measurements can be seen in a
Results table
o User can choose to display statistics in the badge

 When stopped, single tap the badge to expand and
reveal navigation controls
o Just like front panel «— and — buttons

o Min” and Max’ buttons go to Min and Max values in
the current record

Meas 1

Positive Pulse Wi...
W' 5.247 ps

Meas 1

Positive Pulse Wi...
K 5.247 ps

g': 27.56 s

M: 405.5 ps

m: 2.345 ps

N: 3056

Meas 1

Positive Pulse Wi...
H': 5.247 ps

g': 27.56 s

M: 405.5 ps

m: 2.345 ps

N: 3056

‘f’alue: 2.3550u
<)

s
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Spectrum View

THE ULTIMATE IN FREQUENCY DOMAIN ANALY SIS
ON A SCOPE

« Patented acquisition technology
provides independent controls in
each domain

o Far easier to setup frequency
domain view than any regular FFT

o Enables you to achieve the desired
view in each domain

e Spectrum Time makes it easy to:

> Observe how the frequency domain il
view changes over time.

o Correlate frequency domain events
with time domain signals/events of
interest.

Q@ 79




Spectrum View UL

 Spectrum Time shows where
time, the spectrum being
viewed came from

« Can navigate spectrum time
throughout the acquisition [l e e
> Front panel pan control

Spectrum Time

o Dragging the indicator

Acertm Veeitenbsl g

hew Porw




Hands-on Lab:#7

FastAcq
FastFrame
12bit Vertical Resolution

Horizontal/Acquisition Setting
Measurement

Spectrum View

D ——




Jitter Fundamentals
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What 1s Jitter?

e Definitions
o “The deviation of an edge from where it should be”

o |TU* Definition of Jitter: “Short-term variations of the significant
instants of a digital signal from their ideal positions in time”

‘ One Unit Interval

. | I
Reference edge . . I I
Sometimes ] |
Sometimes |

I| 1t's here u-l"
] H

It"s here
e

Sometimes
It’s here

::i: —

Edges should
Be here

* |TU : International Telecommunication Union




Jitter is caused by many things

» Causes of Random Jitter(RJ)

— Thermal noise
» Generally Gaussian
»  External radiation sources

» Like background conversations...random and
ever changing

» Causes of Periodic Jitter(PJ)

— Injected noise (EMI/RFI) & Circuit
instabilities
» Usually a fixed and identifiable source like
power supply and oscillators

»  Will often have harmonic content

» Transients on adjacent traces
» Cabling or wiring (crosstalk)
L

— PLL’s problems
»  Loop bandwidth (tracking & overshoot)
» Deadband (oscillation / hunting)

» Causes of Data Dependent Jitter(DDJ)

— Transmission Losses

» There is no such thing as a perfect
conductor
Circuit Bandwidth i | | M
Skin Effect Losses
Dielectric Absorption
Dispersion — esp. Optical Fiber
Reflections, Impedance mismatch
Path discontinuities (connectors)

sl ' il

\ A A A A A4




What is the Jitter ?

“Jitter is defined as the short-term variations of a digital signal’s significant instants from their

ideal positions in time.” (per SONET)

Ideal Edge Measured

/ Positions \ Waveform
I I 1 1
I I 1 ’/ 1
| I 1 1
[ I 1 1
I I 1 1
I I 1 I
I I 1 1
I I 1 1
P1 J [ !
- P2 ! !

> > P3
C2=P2-P1 C3=P3-P2
Period Jitter vs. Cycle-Cycle Jitter vs.

a_'IUlD nsec

|||||||||||||||||||||||||

1000 nsec : -

990 nsec K
- - - - . e
= 20 nsec
e e

-20 nsec L
Cycle-Cycle Jitter

T 40nsec

+ -40 nsec

» TIE(Time Interval Error)

- measure the Time Interval from it to an edge of an ref clock, or a PLL.

» Period Jitter
-P, = TIE, - TIE,; +K
» Cycle-to-Cycle Jitter

- plot just the changes from last period Derivative of Period Jitter

-Cn = Pn - Pn-1 +K




Types of Jitter (Visualization)

Mbdullateld Ciock

——1010 nsec ’ . . . : : . . / . . .
-—1000 nsec

990 nsec - Period Jitter /

.......

—+ 20 nsec /\ /\

Cycle-Cycle JitteW
— -20 nsec
—— 40 nsec /\\

Mme Interval Error \//
—+ -40 nsec




Jitter Measurements

0.0ns 0.990ns 2.000ns 2.980ns 4.000ns
_ L 1 || | B
- I I I I B
— P, e P, e P, e p, —
P 0.990ns 1.010ns 0.980ns 1.020ns
Cy-Cy 0.020ns -0.030ns 0.040ns
TIE -0.010ns 0.000ns -0.020ns 0.000ns

Period Jitter = 18.3ps StdDv
Cy-Cy Jitter = 36.1ps StdDv
TIE = 9.6ps StdDv

(0.990/1.010/0.980/1.020)
(0.020/-0.030/0.040)

(-0.010/0.000/-0.020/0.000)




Expressing Jitter : Eye diagram j—\

5 5
| ; |
\ ! n |
i, N o -
. ; -
P -
- ul -
~ ¥ & .
=
4 LS

Single
transition/ / /
Unit Interval
<
Overlaid
transitions { Y ‘ -t\ \
/ Total litter, J,p ‘ \
Left Crossing Point Right Crossing Point

ldeal Sampling Point




y
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Expressing Jitter : Bathtub curve

L . - .
2 8= -
il = | _ —
= 5| 3 = |2
R = T N7 I = I S P T I =
= ~ == = =
E E : 1 __5-:1: E
-12 + 8- & Timing Margin ——f- 5 =
.; o~ | L I.;::..' =

-156 ' :
N n2 N4 NG N8 1

Tume(UD

You can easlly see 101al Jitter at Specined BER level using Batntun curve




Jitter and Eye-diagram

» Without Clock Recovery

Bit Stream View Eye Diagram View

LT




Jitter Measurement: Cursor and Histogram

Ffok 1 - Eye Diagramm {Meas 1)
T T '

] Aol Mo ..
+ A B B -
S 170,298 ps -
L PR

Cursors Mote
5.87 GH=z n
¥l LFS1 666 pa

Keasure | Search
=

Fesuiles
Talke Flaot

TIE

[FREES & =1 - 3 £9

Sy TIE.313 v @': 7 .58 ps
FARTTT T SRR e L P Mz 1710.7 ps

Fiot 2 - Histogramn [Meas 1

Bz 170,208 ps 10 SRR GHz ®: 112,296 ps
: : i s
Ay i hits Siyffoe Q.00 hitss ¥: O hity

5

Horizontal Acouisition . &

;‘dd :d?_ 100 nsfci : W Ao, -

ke St 3125 G5 3 d Higih Bas: i A Jum Z0O16
Rl 3125 kpts 5 O Acgs 5:-51:49 PFA




Jitter Decomposition

Common Terms:

TJ(Total Jitter)

= Random Jitter (RJ)

= Deterministic Jitter (DJ)
— Periodic Jitter (PJ)
— Sinusoidal Jitter (SJ)
— Duty Cycle Distortion (DCD)
— Data-Dependent Jitter (DDJ)
— Inter-Symbol Interference (ISI)

Data-Dependent Bounded Uncorrelated

= Bit Error Rate (BER) Jitter (DDJ) Jitter (BUJ)

= Total Jitter (TJ or TJ@BER)

Inter-Symbol Duty Cycle

-Interference Distortion Periodic Non Periodic
(5))) (DCD) Jitter (PJ) itter (NP-BUJ

= Eye Width @BER

0 8/6/20
20



Deterministic Jitter (DJ)

» Deterministic jitter has a bounded
distribution: the observed peak-to-peak

value will not grow over time

» Histogram = pdf (close enough)

Peak-to-Peak




Random Jitter (RJ)

e Jitter of a random nature is assumed to have a
Gaussian distribution (Central Limit Theorem)

» Histogram (estimate) < pdf (mathematical model)

e Peak-to-Peak = ... unbounded!




Periodic Jitter (PJ, SJ)

o TIE vs. time is a repetitive waveform

 Assumed to be uncorrelated with the
data pattern (if any)

e SinusoIc

o Peak-to-Peak
Periodic

A

v




Data-Dependent Jitter

= DDJ or PDJ — used interchangeably
= |SI — usually considered to be the physical effect that causes DDJ

= Characterizes how the jitter on each transition is correlated with

specific patterns of prior bits
— Due to the step response of the system
— Due to transmission line effects (e.g. reflections)

% Plot 1 - Eye Diagram (Meas 1) | Plot 2 - Haogram [Measl_: D "
I I I ] I I i

| T I I T 1 1 __ 1 | [ | I I |
E 2 | ¢l | £ R B {4 p
L___,_..‘—ﬂ:':i 107.633 ps ‘ sopgtl [ x: -42.417 ps " Ax: 107.407 ps  1/Ax: 9.31 GHz x: 64.990 ps
-__,_-—wm: 9.29 GHz 48 2 Ay: 0 hits Ay/Bx: 0.00 hits/s y- 0 hits

L\ 30 % -793.717 ps x: -686.084 ps




Inter-Symbol Interference (ISl)

= |Sl or DDj or PDj — used interchangeably in the
past, today we lean towards DDJ and we reserve |ISI
to describe the mechanism, not the measurement

= How a pattern effects subsequent bits

— Due to transmission line effects,
reflections, etc.

L=

Transition line or cable

(LPF)




4
g y

Duty Cycle Distortion (DCD)

= DCD is the difference between the mean TIE for rising
edges and the mean TIE for falling edges AN 0

= Causes b L
— Asymmetrical rise-time vs. fall-time

— Non-optimal choice of decision threshold

= For a clock signal, the pdf consists of two impulses

0.0v




Jitter Visualization

TIE: Histogram oHi TIE: Histogram

A oo

“mz -3msz -2mz -1ms Os 1ms 2msz 3ms 4mz -3ms Os 2ms 3ms

100p=

b ) | |
% H “-'“-'h"'"‘1,m\_‘""““'".m.f"ﬂ"'L.‘r*Q""',fnm|*a“nw-“‘1]l'ai"‘-;-'\'r":~*"1ﬁ"~*‘m..rr"J!1“"‘*‘1uJ"'"|"~4.1-"“-*"1‘ﬁI"ﬂ"’ﬁ.l'bf"v“l]‘r‘

10kHzZ 20kHz 40kHz 20kHZ GOkHZ - 10kHzZ 20kHz 40kHz 20kHZ GOkHZ

Gaussian Random Jitter Sinusoidal Jitter




Total Jitter & Bathtub

Total Jitter calculation from Dual-Dirac
Jppl"crml = JppRandom + IppDEtemmusnc =1dxg+ JppDetennﬂustit
- Convert RMS to Peak-to-Peak for
Specific BERs
- 10-12 BER is the goal and thus a factor of
14 is used
Total Jitter calculation from spectrum method
- Convolution of Dj and Rj Histogram

HY =H? @ H®
Where: H Vs the recovered histogram of total jitter.

HY is the histogram of Dj and is computed from the time record of Dj
after the RjDj separation.

HY is the histogram of Rj and is synthesized based on its Gaussian
model after the RjDj separation.

The Bathtub Curve displays BER vs. sampling point in time
-The tops of the curves are primarily due

to deterministic jitter
- Random jitter dominates the curve
“tails” as they approach a BER

BER

BER Multiplier
10-4 7.438
106 9.507
10 10.399
109 11.996
10-11 13.412
10-12 C14.069 D
10-13 14.698
10-13 15.883
0aF—___ Y
10t
L =
0| 2 8
EL 73
10 E %
{1 p—
0T 05T, Yo,



What Jitter are We Interested In?

A stand-alone oscillator Clock

- Hopping

- SSC(Spread Spectrum Clocking) ina PC
- Period Jitter is appropriate.

« Atransmitter for a Serial Data Stream
- ISl is the key problem
- PJ(Periodic Jitter) , RJ(Random Jitter)
- TIE is appropriate
- Relative to the PLL Recovered Clock(CDR)

---------------------------------------------------------------------------------------------------

CENTER

4BB.88 HHz )

HKR & 1.86 MHz : : : !
-16.66 dB : : : :

TYPICAL PDFs

—

Pesiodic Jitter

BOUNDED o () — T
Deterministic. |~ | Detaemensient
(“ Jiter (D) Jter (DOJ) I : )

% Duty-Cycle Jtter

i (0CD) I 1 DCo
— S

UNBOUNDED




Importance of Clock Recovery

» Configuring the correct PLL PLL Loop Bandwidth curve

settings is key to correct .,./
meaSU rementS - first order T

w R T s FEE R

Voo R ETT] 'R Voot

Voo i R EILL 'R oot

R EEIL R RILL LTI oo

41 R RRILT S EEILT R BRI

L e e o ol o T s Rl e el B '] il Sl 2 T e 12 1 it Al Bt Sl

R R R ETLL BB R RET

BRI R ETIIT BB PR

BRI T ETIT BB oo i

4 bbb PR T P PR,
=40 i i

» Most standards have a

reference/defined CR setup

— For example, USB 3.0 uses a Type |l
with JTF of 4.9Mhz

Magnitude (dE)

foug = 3 MHz




Jitter & Eye depending on Loop Bandwidth

Jitter In:

2.5Gbps, 40% Sj

50KHz Sj 10MHz Sj

Jitter Out: «{—
-5 49— —
PLL tracks jitter closely.
Eliminate input Jitter on output.
-10 +— —
PLL not able to track as effectively.
“v—_— Jitter is attenuated but still there.
-+ -
-t - — — — — — — — ——— — — —— — — — — — I I-I I - I
PLL hardly able to track
input jitter at all. \
'3EI T T 1
10 kHz 100 kHz 1 MHz 10 MHz

Jitter Modulation Freguency, Hz



Jitter and Eye Analysis

OPTIONAL SOFTWARE PACKAGE

e DPOJET measurements are
integrated into the scope
application, providing faster
and more intuitive operation

Jitter Summary
TIE(o): 8.681 ps
Ti@: 53.93 ps
EWa: 346.1 ps
RJ-65: 1.698 ps
DJ-66: 30.16 ps
PJ: 785.5 fs

DDJ: 30.29 ps
. DCD: 2.289 ps

e Jitter measurements are
accessed in the same simple
manner as all other base
measurements

 New Jitter Summary creates
the following views

> Bathtub plot
o TIE Histogram JITTER MEASUREMENTS
o TIE Spectrum | Jitter Summary [i]'l’lE [é] Phase Noise
° Eye Diagram TJ@BER RJ-G6 DJ-66
> Most common jitter measurements X » X w X o
@DD] DCD @SN
EVE MEASUREMENTS >

AMPLITUDE MEASUREMENTS )

e 6 AUGUST 2020 TIMING MEASUREMENTS >




Demo:

Jitter and Eye Analysis
« DPOJET
« CDR

D ——

Q



Tekfronix

Thank you
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