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High-Speed digital systems overview

What are they and when do we use them?

» Systems that process and transmit digital
signals at high frequencies

* Involve precise timing, signal integrity, and
high-bandwidth communication

* Increased Data Demand, Compact and
Efficient Designs, Reliability in Critical
Applications

« Examples: PCle, USB, Ethernet(including
Automotive Ethernet), and memory
interfaces (DDR)
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High-Speed Digital Systems: OSI Model

Physical Layer

* The OSI (Open Systems Interconnection)
model is a framework for standardizing
communication in networks

« The Physical Layer, the foundation where
electrical, optical, or wireless signals
transmit raw data

 Signal encoding and modulation

» Media type and transmission speed
definition (e.g., cables, PCBs, optical
fibers)

« Synchronization, voltage levels, and data
rates
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Serial Data Link Overview
Typical Physical Layer Link

Transmitter Channel Receiver

>

RX

Channel Channel

10108UU0)
10108UU0)

* Transmitter - Buffers signal for transmission outside of IC
» QOutput tests verify transmitted signal quality

« Channel - Passive interconnect between ICs. Circuit board trace, connectors, backplane...
» Often differential

* Impedance through, signal reflection, crosstalk coupling

* Receiver — Detects, retimes, and “cleans up” signal
* Input tests determine receiver’s ability to recover impaired signal
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Characterizing Transmitters versus Receivers

Transmitters

-

OO

Usually eye diagram based - Measured with a scope
 Quick

* Intuitive

« Often involves testing against a mask

-

Recelvers

Bit Error Ratio (BER) based:

» QOutput waveform of receiver gives no clue about whether
errors were made

« Measuring that correct decisions were made

* Frequently also how well clock recovery is performing

» Less intuitive

J
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Serial Data Link Overview
Transmitter (TX) Testing

o IR

What is the best tool for analyzing the
performance of a transmitter?

Transmitter Channel

TX
Channel

10108UU0)

__________________________________________________________________________

« Low noise to measure TX signal quality without
impacting the signal

« Ability to add/remove channel effects

e Can act as an ideal receiver or as real-world
receiver
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Transmitter Testing

Real Time Eye Diagram

File Control Setup Display Trigger Measure/Mark Math Analyze Utilities Demos Help 11'9020

‘Run G singie] \20.0 Gsa/s ﬁos Mpts saoGHz |@_Tp.ov
“@bgomv/ [p.ov  |@ O

Eye diagrams are a layered view of
every bit transition combination

| seay jeonuaA ‘ Seajy Wil

There are eight of these in total

Each of these are layered to make up
the eye

-1.00 ns

o [—
This provides a composite picture of the o

overall quality of a system'’s physical
layer characteristics like _ .
« amplitude variation 5 : QTTW\

 timing uncertainties

ange in) ev
6078842 Gb/s 1.128619 Gb/s 135.0166 Mb;, 3114255

* infrequent glitches

With more acquisition data, you can get
a more complete picture of the jitter,
anomalies, or other infrequent events
that are present
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Transmitter Testing
Real Time Eye and Clock Recovery

S 0
Clock recovery applies to protocol decode, Real-| | Display Clock... | -

Time Eye, serial data analysis, Rj/Dj, and TIE
jitter measurements.

- Clock Recovery Applies To
. All Waveforms Clock Recovery Source

© Individual Waveforms @channel 1 - 3
Preset
qustom

Clock Recovery Method
:Second Order PLL

Nominal Data Rate

10.000000000 Gb/s Ly

Measure Data Rate

~ PLL Specification

O JF @ onr

Loop Bandwidth width

[1.000 MHz K | v}

Loop Bandwidth Divisor oop Bandwidth Divisor
[10.0000 k K 2 ¥
f’eaking Damping Factor )
2.08 dB VX .708 YX

. Transition Density Dependent
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Clock recovery is the process of extracting a clock
from an incoming data signal.

Most receivers implement some type of clock recovery
in order to retime data.

Clock recovery implementations can be used to reduce
or remove timing jitter.

Loop bandwidth is used to define the jitter transfer
function (JTF, sampling scopes) or observed jitter
transfer function (OJTF, RT scope).

« JTF - Jitter Transfer Function

* How much of the jitter on the input signal is “transferred” to the
recovered clock.

* Low pass filter function
* OJTF — Observed Jitter Transfer Function
* How much jitter will be “observed” by the receiver

* High frequency jitter on data stream is transferred to RX.



Embedding and De-Embedding

Measurement Point Location, Possible Scenarios,
Transfer Functions, Channel Element Models



Another Fundamental Challenge

The Test Point For Measurement Is NOT Where The Oscilloscope Is Connected!

Transmitter Channel Receiver

Transmitter

X RX

Channel

Channel

10108UU0)
10j08Uu0)

___________________________________________

TPO

TPOa TP1 TP3 TP4

Signal Acquisition Point

—_——— a. Measure TPO
Test Point Access — - b. Measure TPOa

Fixture — - c. Measure TP1

e £ d. Measure TP3

e. Measure TP4

Coax Connectors

X

Channel

10108UU0)

Removing the effects of circuit blocks is commonly called De-embedding
and Adding effects of circuit blocks is called Embedding.
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Measurement with De-embedding & Embedding

If we have S-parameter models for these circuit blocks we can do signal processing in the oscilloscope to
account for these. 4 Port S-parameters to describe differential structures.

1 S, o 5 ¢ g 0§ 0§ There are 16 complex values at every frequency
21 -~ e that define the performance of the network.
S?_l S 22 S 21 S 24 sazan, saraz
St S S
3 | /s, S 5
Testpoint Access
Channel Fixture
TX+ > 1 2 1 2 1 2 Chanf
' TX TPO Connector Testpoint Oscilloscope
Transmitter Channel Access P
TX- > 3 4 3 4 3 4 Chan2

In this example, we can measure the signal at TP0 by creating a transfer function that relates TPyqsition t0 TPO.
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De-embedding - Channel Element Removal

Channel
Element

Examples:
Test Fixtures
Cables
Connectors
Lossy PC boards
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De-embedding - Channel Element Removal

Ly

X

VMeas(t)

-

Channel <—
Element
- % Zosc(f)

V
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Examples:

Test Fixtures
Cables
Connectors
Lossy PC boards




Embedding > Channel Element Insertion

Example:
Adding a standard
loss Cable model.
System Validation

Element \
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Embedding—> Channel Element Insertion

L1y
! 0Q VMeas(t)
@
ZOSC(f)

VS
Example: 7

Adding a standard 1 Vsim(t)

loss Cable model. Elkar

System Validation V, i Y < Zoeff)

y
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Combination of De-embedding & Embedding - Channel Element
Replacement

Element
GA’

Example:
Replace a Test Fixture
with a standard channel
model.

Channem
Element
GC!
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Combination of De-embedding & Embedding - Channel Element

Replacement

A\ KEYSIGHT

V4

S . Channel VMeaS(t)

Element NI
L A o
Vo Y < Zoul)
Example: Q

Replace a Test Fixture 7

with a standard channel N reee . Vsim(l)
model. | e |

V. i 1 2 Zosol)
y




Relocating Observation Node
Virtual Probing

VMeas(t)
Channel Channel \
Element Element
‘Al ‘C!
Example:
Examine eye degradation
through the system
VSim\(t)
Channe Channel
Element Element
‘C!

‘A’
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Relocating Observation Node

Virtual Probing
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ZTx

b Channel 3
Element

VMeas(t)

A

b Channel
Element

r.

C

<«
_* % Zosc(f)

Channel {
Element

N A

\

. Channel
Element

C
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Removing the Effects of Probing

VMeas(t)
Channel Channel\
Element Element
‘A’ ‘C,

Example:
Measure at accessible location
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Removing the Effects of Probing

Zr

X

¢ Channel {ss—t—==t Channel {

Element Element
(P 7( Sz

<—|

e Channel V
V t Element
Meas( ) r P _§ 50 O

 Channel
Element
= _* 1% ZRx(f)
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Modeling your system

Virtual Probing

Soyrce Device

Digital Source

Circuit Elements: capacitors, inductors, resistors
Parameters: Z, Y, S-Parameters

Time Domain: Impulse Response

Frequency Domain: Transfer Functions



Creating models in ADS (Agilent Design System)

M i m—————— - o

oI £
©® =
S4P File for _ .
Board/Connector S2P File
for Cable




De-embedding the DDR2 BGA Probe

r':::'"""""'-'-""""' | |
) SPARAMETERS I
- . s
- FHgi 5 Param R
(] : r—
Tiam ]-'ﬁﬁ?:w g:tmuz Tmum
ikl
Siplme=30rsec [l g Demcdiesfiene Sp-20GHz
MaxTareSiep=1 Orsec [EETE S0 GHz
Syplam —a —AN
DRAM Ill Ta8
¥ R=/5Chm
Fiche out
<
1
C=2pF

-1

Figure 8. DDR2 BGA probe adapter for
oscilloscopes and logic analyzers



File Confrol Setup Trigger Measure Analyze Utilities 16 Oct 2008 8:16 PM

GSa/s 40.0 kpts

De-embed Probe
______________________::§~;

De-embedding Probe at BGA

Using 380ps_2ghz_unity.s2p Probe at BGA

Signal BW Limit = 6GHz Probe at BGA

RT BGA =390 ps
RT VIA =183 ps

_ - (f1) Rise time(flv) Rise time(mZe) Rise time(ml+)
RT De embed 175 pS v 175.65 ps 183.11 ps 390.05 ps

Mean 1.88962 V 1.8145 V 175.65 ps 183.11 ps 390.05 ps
Min  1.88962 V 1.8145 V 175.65 ps 183.11 ps 390.05 ps
Max 1.88962 V 1.8145 V 175.65 ps 183.11,ps . . 390.




Transmitter Testing

Infiniisim Model Setup: 4 Pert; Channel 1 - 3 - Channel 1 +

Application Preset

|Genera| purpose 6 blocks

InfiniiSim — De-embedding and Embedding None

Embedding channel elements

De-embedding channel
elements

DPoC use model

« Embed a cable model

* De-embed N7015A Type-C
fixture

e De-embed SMA cables
InfiniiSim Basic

* One “block” only

* Insertion loss only (s21)

InfiniiSim Advanced

« Up to 9 blocks

« Can use 4-port s-parameters

« Many more options than Basic
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Add insertion loss of a fixture or cable

Remove insertion loss of a fixture or cable
Remove scope input reflection

InfiniiSim Model Setup: 4 Port; Channel 1 - 3 & Channel 1 + 3
Application Preset Circuit Diagram View

.- 00O __ '
|Genera| purpose 6 blocks | Y ‘ Measurement & Simulation Circuits | Y |

Save Transfer Function File As

C:\Users\Public\Documents\Infiniilum\Filters\DP 1 T
\Keysight_N7015A_True_USB_Type-C.tf4 |_ SHve ransiet Eunciion |

S Param File S Param File Thru Thru Thru

Z il 2 1 2 1 4
Transmitter
Channe

Transmitter
3 Chapnel 4

S Param File Thru

Receiver
Channzl
Receiver
Channal 4

Transmitber
Source

Transmitter

3 source

Channel Channeal

2 Channel 4 3 Channel 4

Measurement Circuit
Ports 1 - 2
Block Type : S-parameter File
File : N1021_60003.s2p
Ports 3 - 4

Block Type : S-parameter File
File : MN1021_60003.52p

fll Measurement Circuit
Ports 1, 2, 3 & 4

Block Type : S-parameter File
File : Keysight_N7015A4.54p

.Legend

= Measurement Circuit

= Simulation Circuit

@ = Measurement Node
@ = Simulation Noda

Chl =Ports 1 - 2
Ch3 = Parts 3 — &4

Simulation Circuit
Ports 1, 2, 3 &4
Block Type : S-parameter File
File : USB_Type-C.s4p
Port Numbering : 1 =3, 2 — 4

Simulation Circuit
Ports 1, 2, 3 & 4
Block Type : Thru




Transmitter Testing

Equalization

 “Serial Data Equalization” (SDE)
* Opens eyes closed by lossy channels

» Three equalizer types

» Continuous Time Linear Equalization
(CTLE)

* Feed Forward Equalization (FFE)
* Decision Feedback Equalization (DFE)

ISI and noise added by the channels

Noise

Transmitter - Channel » Equalizer ‘ Receiver

— =

Clean signal

A

X

Figure 1. A complete link
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D9020ASIA

Advanced Signal Integrity Software for Infiniilum Oscilloscopes

D9020ASIA is intended for any customer working in high speed
digital applications where eyes are closed. Equalization, InfiniiSim,
and Crosstalk/Power Integrity packages enable deep analysis as to
why an eye is closed, and what it will take to open it. It is available

on all Infiniium oscilloscopes.




Transmitter Testing

EZJit Complete — Jitter Analysis and Decomposition

p Desplay Trigger Measure/Mark Math Analyze Utlties Demcs

Total Jitter
(TJ)

rd 1 N o VAK->RE 55 27 %%
' Deterministic Jitter Bounded : UnBounded S — L — o i s
(DJ) : Putiern Length Aty (-2, 5} 455 » Edge Deecton
TXEND 9428 ps Okep 423 Meaurement
/\ i Random Jitter Rivews up:‘
: : (RJ) —
Correlated with : Uncorrelated with 1
Data (DDJ) : Data (BUJ) ! —rr—
H phs  Vanous
/\ : /\ : BER Bathtud (BER-Scabe) DO) Mistogram
I
X 1
Duty Cycle Inter-Symbol 1 | Aperiodic Periodic 1 Omisiinis |
Distortion Interference | (ABU) PJ) : (0. Rdrass)
(DCD) (1s1) ! I e a LA A AV ¥ W
' : oul o.z2u o.sau 0.6U1 o.8u1 U1 10.00 ps 0.0s 10.00 ps
l Tl’, Ti AJ lsem'ng Time ] : [ Xtalk I [ Clocks I : Composite T) Histogram o RJP) Histogram o Composite DDJ Histogram
: I -
| Reflections I 1 | Non-Linear | Xtalk :
! CR i , N b
Norverind | | ey i : M. a L dabk i
| Resmnse ] Events ] : } } 40.00 ps 0.0s 0.0s 20.00 ps 10 0.0s 10.00 ps
S s - 4 RJ,P) Threshold (Arbitrary) R),P) Spectrum t ectrum versus Tl Fit (B lk Scale ©

= =F

1.000 MH2 2.000 MHz® 0.0 M2 800.0 MMz o.oul 0.04u1 0.95u1 0.99uU1
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Applications and Their Requirements
BIG DATA DEMAND DRIVES TECHNOLOGY CHANGES

a
N

Increase Symbol ;. I A
\/ W4 Rate 2 — ]
[
_ 5
o) ol
'Q 0 200 400 600 800 1000
; Number of Symbols in the Alphabet
(7))
Modulation

Maximize Bits per Symbol

Multi level
signaling
in digital links,

[l sk %

Maximize # of carriers

ANV KEYSIGHT M8199A Startup Assistance - Become an Expert With a Keysight AWG



NRZ (PAM2) vs. PAM4 Coding

AV KEYSIGHT

4 amplitude levels

2 bits per symbol — higher density of
information

Twice the throughput for the same baud
rate

Same Bitrate can be achieved for PAM4
running at half the symbol rate of an
NRZ signal

The PAM4 case is not gray encoded

1

10

01

00

()

—_—
—

00

01

1

Word 1

10

0

»><

Word2 —»

Intel AN 835: PAM4 Signaling Fundamentals, see: https://cdrdv2-public.intel.com/667071/an835-683852-667071.pdf

e

PP



Power Spectrum Density of NRZ and PAM4

* At 56 Gbps, PAM4 requires half -10
of the Nyquist frequency as that A5

of NRZ. 20
* The SNR loss of a PAM4 signal @ -25
compared to an NRZ signal is .30

~9.5dB

SNR loss =20 x log |0

________________

1

PAM4 fyyquist = 56/4 = 14 GHz

1.5

Freq/BR (Hz/bit/sec)

AV KEYSIGHT | hte] AN 835: PAM4 Signaling Fundamentals, see: https://cdrdv2-public.intel.com/667071/an835-683852-667071.pdf




Why transition from NRZ to PAM-N?

Al - Business Driver for Data Ceiiteis
Big Spenders
R&D spending, $bn

2011 2016 2021*
I .
0 10 20 30 40 50 60

6.0
Amazon 1180
121 1
Alphabet 122
. abe 5H
R&D spending from 9% to 12% P 127m
20% in ,frontier technologies® 105
Meta 214 m
208 m
2.0
Apple 48 W
6.1 M
. 13.0
Microsoft 1330
1M19oM
Source: Bloomberg *Estimate

Buyers and Markets
Big Five Tech firms, by frontier, 2019-21

B Metaverse M Cars Health Care M Space
M Robotics Fintech M Crypto

Acquisitions, number of deals

0 3 6 9 12 15
Meta Acquisitions of know deal size >50bn
Apple >25% of deals Al related
Amazon

Alphabet

Microsoft

Cloud Service Provider NEM/OEM Optical Transceiver

Google alrafne e tolink’
g ciena eoptolin
@ Microsoft cisco -
00 Meta amason Juniper D&AL Technologies C|G
£2.Alibaba.com NO<IA () Accelink
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Optical Component Chip IP Research
FUT]aTSU Fujitsu Optical Components (I@ <ANVIDIA. S‘/"E]PSVS& Ql;} Q(IT
Sumitomo Corporation AMDg SAMSUNG cadence COLUMBIA
7 LUMENTUM - ©BROADCOM g | PHAWAVE SEWI vnvisy ETIRI
C@H ERENT Iﬁl MARVELL @ University of
L | Southampton
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Why Does the Industry use PAM47?

NRZ > 28 Gb/s limits trace length or increases
cost due to more expensive PCB material

PAM4 yields 2 bits / symbol |
v Effectively halves the channel BW needs o 10 20 30

freq, GHz

Tx Spectrum

NRZ 56 Gbps}

50

40

Sdd21 (dB)

Enables designers to develop products that meet the
cost structure and are based on mature 100G optical
components.

PAM4 28 GBd |

0 10 20 30 40 50

freq, GHz

+ PAM4: Pulse Amplitude Modulation 4-level

+ 2 bits of information in every symbol

v' ~ 2x throughput for the same baud rate
v’ 26.56 GBd PAM4 = 53.125 Gb/s a

Higher SNR requirement, more susceptible to noise
- 3 eyes vs. 1 eye - FEC essential o

More complex PHY Chip design, linear TIA and

e — — — — —— —

RF driver Amp

Keysight World

ﬂ.cﬂ y
'!.!..3&3?;! LIl liitdbililistrdl

S~

Inkertion loss (SDD21)
|
NSO~

-

~.

<
S

Meets equation consliaints

10

20

Frequency (GHz)

Figure 5: CEI-56G VSR NRZ channel

3h
3
=
¥
o
o
&
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Challenges Moving From NRZ to PAM4

Design and Measurement

» Increased receiver sensitivity requirement —__
» Packing 4 levels into amplitude swing of 2 — lose 9.6 dB SNR '.\\\.\(’.\\\.V(.\

« Itis not just about timing jitter budgets anymore! P NG e N\
- e -

* Need better management of noise and return loss o e e
\' \ e \' \: .

 Finite rise time creates inherent DDJ — Tighter jitter requirement!’/ : :\\’/ -:\’:
« How to implement clock recovery? T e O

« FEC often required due to more closed eyes with lower SNR
* How is mask testing done on such an eye diagram? Or what replaces eye mask testing?

« What are the implications of using FEC on how components and systems are tested?....

ANV KEYSIGHT © 2018 Keysight Technologies



Why Not Just Adapt NRZ Methods to PAM4?

In some cases it works, and in others it doesn’t

power level P3. measured over the central 2 UT of the run of 7 threes. and the average optical launch power
level Py, measured over the central 2 UI of the run of 6 zeros, as shown in Figure 122-3.

 Extinction ratio and OMA for PAM4
 NOT measured on the aggregated PAM4 eye diagram

 Measured on the zero level and the three level Sl

» Measured on specific bit sequences, so the scope MUST
be pattern locked

» Long patterns like PRBS31 are no longer allowed (PRBSQ13 201
and SSPRQ are used) o
° NeW measurement names to dlSt'ﬂgUlSh PAM4 Figure 122-3—Power levels Py and P; from PRBS13Q test pattern
method
* Outer OMA

e Quter Extinction ratio

ANV KEYSIGHT © 2018 Keysight Technologies



Why did we drop the eye-mask test????

» Eye closure is expected to be severe, requiring receiver
equalization, reducing the value of an eye mask

* |t is certainly possible to have a PAM4 eye-mask, but the
standards committee felt that it would not be a very good
predictor of performance in an actual system

 Emphasis was placed on the transmitter dispersion
measurement, as with both NRZ and PAM4 it is a better
predictor of system level performance

AV KEYSIGHT
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TDECQ

Transmitter Dispersion and Eye Closure Quaternary

* Tells you the performance of your transmitter relative to an ideal transmitter

* For NRZ TDP (Transmitter Dispersion Penalty), we literally measured the BER performance
of the transmitter compared to an actual golden transmitter

 How much extra power was required at the receiver to compensate for non-ideal performance

 For TDECQ we indirectly measure SER (symbol error ratio)
* The transmitter metric is easily applied to the overall link budget

ANV KEYSIGHT © 2018 Keysight Technologies



What defines a good transmitter?

* Obviously, the blue waveform is better than the
red

« How much better?

« Could both achieve a working optical link?

« Combined with transmitter power and
waveform quality an optical system designer
needs to consider several things including:

« Channel loss and dispersion

* Receiver sensitivity

ANV KEYSIGHT
Emerging DataCenter 1.6 Tbps Electro/Optic Validation at 224Gbps



Probing Affects Your Measurement

Oscilloscope

The electrical behavior of your probe affects both your
measurement results and the operation of your circuitry.
Taking action to ensure these effects are within acceptable
limits is a key step to successful measurements.

Key Considerations when Probing:

* A probe with a probe tip and an oscilloscope are included
in the overall system response, thus affecting the
measurement bandwidth and the frequency response
itself.

» Connecting a probe to your DUT/circuit can directly
change the response of the DUT because of |loading
effects.

Circuit under test

A\ KEYSIGHT



Where You Probe Matters Where to
Probe?

/ Differential Pair

— X

A

RX

Device A AC Coupling Caps Device B

TX RX

Possible Probing Points >< ><

Probing Point Location Good? Comments

a TX side of coupling capacitor It depends Depends on what you want to measure. Will show more TX
characteristics.

6 Channel side of coupling cap near TX Yes Removes DC component from TX. Second best option.

: Denotes a short channel which is reflection dominated. Worst of
e Mid-Bus No :
all points to measure.

o RX side (Far End) Yes Closest point to RX. Decoupled 1_’rom transmission line.

The best option

A\ KEYSIGHT



Refer to Standard’s Specification to Define Test Points

3 examples with 3 different approaches

o
\ 50Q
\ — ’_%
\ 500
Prabe Points
Refelk Compliance Test Load

Required Setup for Characterizing a 5.0 GT/s Transmitter

A-0546

DUT
D+
D = o |
D-
—
Coupling
Capacitors SMA
Connectors
"Ideal”
Refclk Compliance Test Load

A0545

Allowable Setup for Characterizing a 2.5 GT/s Transmitter

Breakout Channel ‘ @

Low jitter 7’% —'4{\\ =4
clock source = —
- ©)

DUT TP1
[@—. Replica Channel J—{ @))‘
P2 T3

A8t

Tx Test Board for Non-Embedded Refclk for PCle 5.0

.

HDMI
Device
Under Test

J

4 N )
« PCI Express Base (PCI- SIG): - HDMI 2.1 (HDMI Forum): - (LP)DDRx DRAMSs (JEDEC):
* You need to use a Test Point Adapter  Electrical Characteristics and AC
T A~ (TPA) or Test fixture: Timing are defined on DRAM balls.
a b= o —= —————=n

Power
Supply
TEAW

» Different test points are defined for
different tests:

:E:Litter i Tplg. :’Dkw
‘) in

TP1
1

Transmitter Device

DDR4 DRANSED:

G b
LU T

* There is no possibility to connect to
balls but interposer approach can be

DDR4 BGA
Interposer

DDR4 BGA interposer
soldered between PCB
and DRAM. ZIF probe
heads provide connection
to oscilloscope.

/

AN KEYSIGHT
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Passive or Active Probe?

What to choose for your measurement

Ctip=~1bpF
—k

Probe | Scope
BNc: BNC
Qutput | Input

| »

% M
Probe Tip Rtip = SMQ

Input
j Adjustable /‘/C comp =

Compensation
Capacitor

Passive 10:1 Probe Model

A\ KEYSIGHT

5-30pF

I
I
I
. I
T Ceable= | 10-20pF
I
I
I
I

N i

Rscope = x>

o

1IMQ Cscope =
90-110pF

Capacitors act as open circuits at low
frequency.

Inductors act as short circuits at low
frequency.

Simplifies to a 9-MQ resistor in series
with the scope’s 1-MQ input
termination.

o8 ohm Coaxial Line

Tip ﬂ—M—E@)

28 ohm Scope Input BNC

950 ohm v
or

450 ohm

or 90 Termination

(580 ohm)

Lo-Z Resistive Passive Probe



InfiniiMax l/ll Probe Architecture

This uncontrolled ~4 mm tip leads may have a huge effect on the performance of your probe and the entire measurement system

or No Connect j
= InfiniiMax

7 GMz Probe System 7

: :
I : '
I F— e —————r ————————— I e e
I I I
I | : I
I I
I 200 fF :
+sig W, > >
MA—F)  zo=s00 ) {(
7 /7
25K 500 : 500 Oscilloscope
L 50W RF Connector - 0) 70 =500
25KQ A > 50Q R 50Q
. ) zo=s00 ) (¢
-sig [_ 7/ I
200 fF | |
. ~5mm P ~10 cm | Probe Amplifier i Probe Cable
< > < )I < > < >
: : | |
Uncontrolled! < Controlled 50 ohm path >

A\ KEYSIGHT



Varying Lead Length/Span Affects Probe Bandwidth
InfiniiMax Il N5425B ZIF head + N5426A ZIF tips or N5451A Long-wire ZIF tips

Longer lead
wires
Wider pitch
span
2mm, 12.3 GHz  7mm, 9.9 GHz 7mm, 60 deg, 11mm, 0 deg, 11mm, 60 deg, -
4.4 GHz 5 GHz 3.3 GHz Lower bandwidth

Bandwidth is reduced with increased lead wire length and loop area
created by two input leads. Keep it short and a small loop area.

A\ KEYSIGHT



Enhanced Probe Response with DSP Correction

Frequency Responsa

» To address the need for better performance and .
increased accuracy, high performance probes started ; -
utilizing measured response of the probe systemto i | B I I I
DSP correct and enhance the hardware response. ]
23 o .12 GHz
« Currently, Keysight InfiniiMax Il, lll and Ili+ probe T s oty )
systems use S-parameters for correcting probe . T
responses. No correction for InfiniiMax I. - .
* On the probe menu of the Infiniium software, you can Sﬁi =t;?tf§rri§r?<rar§t(i;(§lr? "
choose the S parameter of a probe head in the probe
head selection menu. It is combined with the S oy S e B e e e
parameter of the probe amp to correct the response of o= T —
the whole probe system. o e
G %4 .;1.;._§ Risetime 10%. 50%  20% &0%
5 pecal brobe with cortection (bue) 16455 11768
Eh :m_z_wﬁw,ﬁ'i
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PrecisionProbe — Advanced Response Correction Method

» The ideal way to ensure the best accuracy for a probe is to perform a calibration of its response in
the confiquration that it will be used before critical measurements are made.

» The PrecisionProbe application uses the fast calibration step signal and a high quality probe fixture
with cables to accurately measure and correct for the response of any probe.

—
Type Frequency Response Magnitude Graphs | 1 Y A 1

1:Probe:Summary FR Magnitude
*Vin VOut *Probe Transfer Function = VOut/VIn Corrected Probe Transfer Function » Corry cted W

“ye width(cg) Eye height(cg) Eye width(cg) Eye height(cg)
Current  982.22 ps 461 mV Current 984.44 ps 498 mV
Mean 982.50 ps 463 mV Mean 985.78 ps 489 mV
Min  982.22 ps 461 mV Min  984.44 ps 498 mV
Max  984.44 ps 465 mV Max 986.67 ps 500 mV

A real-time eye with (right) and without (left) PrecisionProbe.
In this case, probe correction nets a 37 mV higher eye,
an 8% increase.
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Number of Channels

Infiniium High-Performance Real-Time Oscilloscopes

Comparison of real-time oscilloscopes series by bandwidth

MXR-Series

Models from
500MHz to 6GHz

Available MSO models and HW serial trigger

UXR-Series
Models from 10GHz to 110GHz

V-Series
Models from
8GHz to 33GHz

4GHz 6GHz 8GHz 10GHz 16 GHz 20 GHz 33 GHz 63 GHz

Unrestricted Maximum Bandwidth
ANV KEYSIGHT

110 GHz



Receiver Testing

What is inside of a receiver?
Transmitter Channel Receiver

TX RX

Channel

/ Recovered clock signal \

Channel

J10}o8UU0)
Jojosuuo)

fSeriaI rI]Data I? —bm \\ » Decision Serial data to
A / —| Circuit [~ Deserializer
Boosts input signal Clock Determines logic state and
\ Recovery provides “stronger” data to SerDes /

« Clock recovery creates timing reference from the incoming data stream
« Used to clock the decision circuit (also referred to as the “slicer”) to sample the data and determine logic
state
AV KEYSIGHT



Receiver Testing

Testing the Receiver — BER instead of Eye Measurements

/ Receiver

‘m

~

~
01110 0|1 1(0|1]0
/
- R
Known Input
Pattern
- y
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Clock

recovery

Decision

Circuit

/

=

Compare With... J
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Bit Errors

[Output Pattern}




Receiver Testing [“Bit Error Ratio” }
Testing the Receiver — What is BER?

. ; ™ fl’ve sent 100 million bits.... h

How many were received OK,
KHow many were received in error?

ERROR
ERROR -
0000(11/1000]1
4 I
BER = Number of bits received in error
ERROR Total number of bits received
\ /
/ e.g. BER =1E-12 = 1 error every trillion bits (1,000,000,000,000)

A\ KEYSIGHT



Receiver Testing
Introducing the BERT

* The Bit Error Ratio Tester is the basic
instrument used for receiver testing

» The BERT is comprised of two main

components:

e Pattern Generator — emulates transmitter & channel

 Error Detector — counts bits and errors

( Pattern Generator

Pattern Memory

—

Stress
g Impairments

iy

High Speed UL
Amplifiers etc. Nmil B

A\ KEYSIGHT

M8050A 120 GBd High Performance BERT

Device
Under
Test

Error Detector

Make
decision
&
compare

|

Count Bits &
Count errors




Receiver Testing
Measuring BER with a BERT

* In most links, errors occur randomly
* Any BER measurement is sampled for a reasonable amount of time

* 100.0000% accuracy can only be achieved with an infinitely long measurement sample

100 %
Confidence level Accuracy increases
- IS with increased sample
8 £ interval on an
3 £ exponential
< r= asymptote.
1 O

0 % go -

Measurement time (Sample interval) oo

» The ‘Confidence Interval’ determines how many bits must be sampled to achieve a given accuracy

« Many BERTs allow the user to enter the desired confidence interval, and set the sample interval
automatically

A\ KEYSIGHT



Receiver Testing
Test Patterns

« BERTs allow the user to select the test pattern

 Patterns can either be generated in hardware, or memory based
* (More simple BERTs do not support memory based patterns)

- Hardware generated patterns include clock patterns (0101, 0011, 00001111, etc.) and PRBS
* Pseudo Random Binary Sequence patterns emulate random data, but are defined by an algorithm
» Useful properties of PRBS patterns:

« Easy to generate in hardware with a few exclusive OR gates

« Pattern length is 2" bits long, but generally shortened by 1 bit to have odd pattern length
(what we generally state as ‘PRBS-n’ is actually 2"-1 bits long)

* Any PRBS pattern has the same number of 1s and Os (offset by one for the shortened 2"-1)
* Any PRBS pattern can be divided by a power of 2, and results in the same PRBS pattern

* APRBS-n pattern will contain a string of n consecutive 1s followed by n-1 consecutive Os

A\ KEYSIGHT



Receiver Testing
Basic test configuration using a BERT

DUT
BERT

—» Error Detector

BERT
Pattern > ’»
Rx
Generator External ||y
Channel
Received data is here, inside the DUT \/

How do we get it into the error detector?

—

Loopback

While the test data sent to the receiver input is impaired, the loopback path must be
clean: Good DUT transmitter for loopback, short trace + cable to BERT error detector

A\ KEYSIGHT



Receiver Testing
DUTs with internal error checkers

« Some DUTs do not support loopback, but have an internal error counter instead
* May be necessary when the loopback link does not run error free (e.qg. PAM4)

«  BERT PG is used for providing stressed pattern, but errors read directly from the DUT

— . o gy,
— -~

%
BERT
Pattern —
Generator External
Channel
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Stress Components in Pattern Generation

Three classes of stress signals may be used for an input/Rx test:

0 Jitter (R, S}, etc.)
e Interference _
e Crosstalk

Sets of stress components
are also known as:

o ‘Jitter cocktail’

» ‘Stress cocktail’

Pattern Generator 5 Stress
Impairments
Pattern Memory @
Device
High Speed UL Under
::> Amplifiers etc. Emi B Test
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A Closer Look At Stress Components

0 Jitter — Horizontal eye closure

A\ KEYSIGHT



A Closer Look At Stress Components (continued)

e Interference (Amplitude stress — vertical
eye closure)

* Emulates noise Coupled into channel Internal or external interference sources
can be used

« Can be injected as differential mode (DMSI)
or common mode (CMSI)

« Differential mode tests detector and
equalizer noise susceptibility

«  Standards may use random noise of
sinusoidal noise

«  Common mode tests differential input
CMRR - should not be in eye

« CM tests generally use sinusoidal waveform

A\ KEYSIGHT



A Closer Look At Stress Components (continued)

Inter Symbol Interference (ISI)
« Emulates frequency dependent channel loss through circuit board traces

Hardware ISI traces can be used!
» Tests receiver equalization

» Typically generated in real circuit board trace (a.k.a. Frequency Dependent Attenuator), outside of
Pattern Generator

« At higher data rates, interconnecting cables in test setup contribute significant portion of total IS

A\ KEYSIGHT



A Closer Look At Stress Components (continued)

e Aggressors — Crosstalk emulation
« Back channel in same lane — far end

* Alternate lanes — near end

A\ KEYSIGHT



A Closer Look At Stress Components (continued)

Crosstalk Aggressors

* Real aggressors in back channel and alternate lanes are better test than adding BUJ
directly to victim lane

Tx Emulation DUT

Generator

Pattern Victim Lane RxIn
Generator

Aggressor Alternate Lane
, Error
Detector

Aggressor Alternate Lane
Generator

A4

Aggressor Alternate Lane
Generator

\ 4
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Find the BERT Solution That’s Right for You

Take the Express Lane to Design Verification

F9:: s
2. LS
520909 00BN o |
S .

3 -0 00 00 0-00-0-0-0-0
o - )
Bl & — —— vem=—p s & & & 8=\ ). F

M8020A J-BERT M8040A BERT M8050A BERT
32 Gb/s NRZ 64 GBd NRZ & PAM3/4 120 GBd NRZ & PAMA4/6/8

Whether you are working on data center or computing technologies, Keysight BERTs enable physical
layer characterization, verification, and compliance testing of your receiver for both NRZ and PAM4
coding schemes. Master your next design with flexible modules, intuitive software, advanced analysis
applications, and expert-level support.
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Conclusion and Highlights

Transmitter Channel Receiver

TX
Channel

RX
Channel

Channel

@)
o
-
-
0
O
—
o
-

J010/uUuU0)

Bit Error Ratio Testers (BERT),
Pattern Generators (PG),
Arbitrary Waveform Generators (AWG)

Network Analyzer TDR/TDT
(PNA, ENA) (DCA)

Real-time Equivalent-time
Oscilloscope (UXR) Oscilloscope (DCA)
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