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* FAQ

* 400G Network Test discussion
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Standards covering data center networking

SEVERAL CLASSES WITH MULTIPLE STANDARDS IN EACH

CEl (Common Electrical Interface) -- Optical Internetworking Forum (We are member)
* Electrical link — chip to chip, chip to module, backplane, cables % OIF omon
« Each standard covers a narrow range of data rates FORUM

» Base standards that Ethernet, Fibre Channel, and InfiniBand are built on

Ethernet — IEEE 802.3xx (We are member)
* Electrical and optical links between equipment, backplanes and cables
 Finishing 100G class, starting on 400G

Fibre Channel -- Fibre Channel Industry Association (We are member)
» Optical links between data center equipment
« Completed 32GFC, working on 128G (4x32), next project : 64GFC oo movsmoseomno

InfiniBand -- InfiniBand Trade Association
 Electrical and optical links between supercomputing equipment '
- Finishing 300G (12x25G), working on 600G (12x50G) J
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IEEE 802.3 History _

1983  10BASES 10 Mbit/s (1.25 MB/s) over thick coax..

Ethernet standard

802.3

802.3i 1990 10BASE-T 10 Mbit/s (1.25 MB/s) over twisted pair

802.3u 1995  100BASE-TX, 100BASE-T4, 100BASE-FX Fast Ethernet at 100 Mbit/s (12.5 MB/s) with auto-negotiation

802.3ab 1999  1000BASE-T Gbhit/s Ethernet over twisted pair at 1 Gbit/s (125 MB/s)

10 Gigabit Ethernet over fiber; 10GBASE-SR, 10GBASE-LR, 10GBASE-ER, 10GBASE-SW, 10GBASE-LW,
10GBASE-EW

2003  Power over Ethernet (15.4 W)

802.3ae 2002

802.3af

802.3an 2006  10GBASE-T 10 Ghit/s (1,250 MB/s) Ethernet over unshielded twisted pair (UTP)

802.3az 2010 Energy-Efficient Ethernet

802.3ba 2010 40 Gbit/s and 100 Gbit/s Ethernet.

802.3bp 2016 1000BASE-T1 — Gigabit Ethernet over a single twisted pair, automotive & industrial environments

802.3bs 2017  200GbE (200 Ghit/s) over single-mode fiber and 400GbE (400 Gbit/s) over optical physical media

802.3bz 2016  2.5GBASE-T and 5GBASE-T — 2.5 Gigabit and 5 Gigabit Ethernet over Cat-5/Cat-6 twisted pair

Media Access Control Parameters for 50 Gbit/s and Physical Layers and Management Parameters for 50,
100, and 200 Gbit/s Operation

802.3cd 2018
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IEEE 802.3 History (Cont.)

802.3-1998 1998 (802.3aa) A revision of base standard incorporating the above amendments and errata

Ethernet standard

802.3-2002 2002 (802.3ag) A revision of base standard incorporating the three prior amendments and errata

802.3-2005 2005 (802.3am) A revision of base standard incorporating the four prior amendments and errata.

(802.3ay) A revision of base standard incorporating the 802.3an/ap/ag/as amendments, two corrigenda

802.3-2008 2008
and errata.

(802.3bh) A revision of base standard incorporating the 802.3at/av/az/ba/bc/bd/bf/lbg amendments, a

802.3-2012 2012 .
corrigenda and errata.

802.3-2015 2015 802.3bx — a new consolidated revision of the 802.3 standard including amendments 802.3bk/bj/bm

802.3-2018 2018 802.3cj — 802.3-2015 maintenance, merge recent amendments bn/bp/bg/br/bs/bw/bu/bv/by/bz/cc/ce
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Ethernet Naming Convention

NTYPE-LLLm

Datarate:
10 10 Mbps Last number —
100 100Mbps “* 1 pair or lane
1000  1000Mbps Modulation type: 4  4pairs or lanes
10G ~ 10Gbps BASE Baseband 10 10 pairs or lanes
40G 40Gbps or 10 km
100G  100Gbps

: : Third letter
First letter (media or wavelength) i
C Twin axial Copper M Multimode
Electrical: E Extralong wavelength (1550 nm)/
. Extended Reach
C : Copper 5~7/m £ Fiber
K : Backplane K BacKplane
. : : L Long wavelength (1310 nm) / Long
| el Reach Second letter (reach or PCS encoding)
S Short wavelength (850 nm)/ Short R ScRambled coding (64B66B)
Reach X EXternal sourced coding (4B5B, 8B10B)
T Twisted pair e Energy Efficient Ethernet
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Data Center Standards

MOVING FROM 100G TO 400G - MORE VARIANTS

# of lanes 16 X 8 x 4 X

800GbE/1TbE Higher order modulation
PAM-8?

Development

Start 2018

DMT? 2
Other?

?
28GBd PAM-4 56GBd PAM-4

28G NRZ 56G NRZ
N >
N\
New: 25GbE, 50GbE Gb/s NRZ
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25G x 1/2/4/8 Lane (PAM4)

50GBase-KR
100GBase-KR?2

200GBase-KR4
Chip Chip
50GBase-CR
100GBase-CR2
Chip SEP-series 200GBase-CR4
Module
50GAUI-1
100GAUI-2
200GAUI-4
Chip 400GAUI-8 SFP-series
Module
50GMI| 50GAUI-1 50GMII
100GMI| 100GAUI-2 100GMII
200GMI!I 200GAUUI-4 200G MI|
400GMI|I 400GAUI-8 400GMI|I

MAC PMA PMA PHY

KEYSIGHT

TECHNOLOGIES



PAM4 50/100/200/400G Summary

200GBase-DR4
200GBase-FR4
200GBase-LR4
400GBase-FR8
400GBasse-LR8
400GBase-SR16
400GBase-DR4
50/100/200GBase-CRx
50/100/200GBase-KRx
50/100/200GBase-SRx
50GBase-FR/LR
100GBase-DR

KEYSIGHT
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122
122
122
122
123
124
P136
P137
P138
P139
P140

200
200
400
400
400
400
50/100/200
50/100/200
50/100/200
50
100

o o »~ b

16
4
1/2/4
1/214
1/2/4
1
1

26.5625
26.5625
26.5625
26.5625
26.5625
26.5625
53.125
26.5625
26.5625
26.5625
26.5625
53.125

PAM-4

802.3bs

802.3cd



nPPI/AUl Summary

XLAUI C2C/C2M
CAUI-10 C2C/C2M
CAUI-4 C2C/C2M
XLPPI
CPPI
200GAUI-8 C2C/C2M
400GAUI-16 C2C/C2M
200GAUI-4 C2C/C2M
400GAUI-8 C2C/C2M
50GAUI-1 C2C/C2M
100GAUI-2 C2C/C2M
50GAUI-2 C2C/C2M
100GAUI-4 C2C/C2M
LAUI-2 C2C/C2M
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TECHNOLOGIES

83A/B
83A/B
83D/E
86A
86A
120B/C
120B/C
120D/E
120D/E
P135D/E
P135D/E
P135F/G
P135F/G
P135B/C

100
100
40
100
200
400
200
400
50
100
50
100
50

10

10

N B NN P 00O D

10.3125
10.3125
25.78125
10.3125
10.3125
26.5625
26.5625
26.5625
26.5625
26.5625
26.5625
26.5625
26.5625
25.78125

NRZ

PAM-4

NRZ

802.3bs

802.3cd



P802.3cd Summary

50GBase-CR P136 26.5625
100GBase-CR2 P136 100 2 26.5625
200GBase-CR4 P136 200 4 26.5625
50GBase-KR P137 50 1 26.5625
100GBase-KR2 P137 100 2 26.5625
200GBase-KR4 P137 200 4 26.5625
50GBase-SR P138 50 1 26.5625
PAM-4
100GBase-SR2 P138 100 2 26.5625
200GBase-SR4 P138 200 4 26.5625
50GBase-FR P139 50 1 26.5625
50GBase-LR P139 50 1 26.5625
100GBase-DR P140 100 1 53.125
50GAUI-1 C2C/C2M  P135D/E 50 1 26.5625
100GAUI-2 C2C/C2M  P135D/E 100 2 26.5625
50GAUI-2 C2C/C2M  P135F/G 50 2 26.5625
100GAUI-4 C2C/C2M  P135F/G 100 4 26.5625 NRZ
LAUI-2 C2C/C2M  P135B/C 50 2 25.78125
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Agenda

* High Speed Network Overview
*FAQ

* 400G Network Test discussion

« Sampling Scope And CDR Basic
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Q: 400G HYAIGEERBERY 100G ATEEZHIARE ?

—BEZHEEE PAMA NER - EFHFEUEIN—EHIE - M EINEERSVEINE PAM4
1HEERY Option -
« F_EFEZEFERET COR BER - HRZMMIRE - —ELURRTREEINEZ CDR » FrEE
AKX - HERRERLGHEND - BEREABKSRME ZLEER K 7 - A& 100G Z BRI 4RI EH 22

= IKﬁECDR B2 7 400G 7€ - ABEARNBREZE KA DSP 2818 - AR AN Z=
B E A By 2 BEREAED - B WENE CDR -

« ERFERIBERIE D - BEE B -

Async Clock Test
Sync Clock Test

Pattern Pattern Module Scope

Module Scope Generator
Generator

Trigger CDR  f--—------ 5
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Q: 400G Al FEEZZ VD IARRINRES ?

« 58 I 400G RERAERER - EIEFERI K825 /72Z Baud per lane - 1 400G-FR8 &I+ -
B/, 400G F 2 25G x 2 (PAM4) x 8 (Lanes) = 400 - thpi 2t B £ Baud per lane R B 25G -
FRUER NN R ERRE - FEE 256G KFE - IR 400G )R BEERE % - PRLURI100G BIRR
W& )L FHTE 400G HIEN 2B 0l seR -

I EEE OIF-CE

Electrical Optical Electrical
Used by 100G 25~28G NRZ 33 GHz 12.6 GHz 40 GHz
Used by 200G/400G now = 25~28G PAM4 33 GHz 13.28125 GHz 40 GHz

53~-56G NRZ - e e
Used by 200G/400G next gen 53~56G PAM4 ~ --——--— 26.5625 GHz 43 GHz
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Q: BITEEE 25~ 28/ 53 ~ 56 GBaudMmIEE(E ?

- EAIREENAIE SR - OIF MEBEZEERRMN - tELE] L CEI| EMiR%E - HPEEWEI D] —Ek
E - ERENHBE U EBRIRBERBNEAREEEEESRIER - DL IEEE /A - £ NRZ RUGNSE
{2 F3 64/66b coding * FILIGEEBHNEEERRZ :

25G x (66/64) = 25.78125

* M IEEE PAM4 coding t%$256/257b - X 5| A ¥ RS-FEC B9 coding - PAILIRRGREE R [
25G X (257/256) x (544/514) = 26.5625

- PRI EROREIREM SRR ERABNM A Z - tMIEHERE

HY - 7.877G gl
-

. 25.78125 G
1
25G .

2 X 8% coding overhead

¢

KEYSIGHT Keysight 2RI 400G SN EHEE . 15

EEEEEEEEEEEE



Agenda

* High Speed Network Overview

* FAQ

* 400G Network Test discussion
« Sampling Scope And CDR Basic
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Transmitter Characterization

OPTICAL TX TEST

KEYSIGHT
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Patterns

TEST PATTERNS FOR PAM4 ENCODED SIGNALS DEFINED IN IEEE 802.3BS/CD

] . PAMA4 Test Patterns
* JPO3A - The JPO3A test pattern is a repeating Pattern Pattern Description Defined in Clause
{0’3} SEguence (CIOCk) Square Wave Square wave (8 threes, 8 zeros) 120.5.11.2.4
— No longer used in 802.3bs/cd. 3 PRBS31Q 120.5.11.2.2
4 PRBS13Q 120.5.11.2.1
« JPO3B - The JP03B test pattern is a repeating 5 Scrambled Idle 119.2.4.9
sequence of {0,3} repeated 15 times followed by 6 SSPRQ 120.5.11.2.3

{3,0} repeated 16 times (clock with a phase shift)
- No longer used in 802.3bs/cd

« PRBS13Q - The PRBS13Q test pattern is a repeating 8191-symbol sequence formed by Gray coding pairs of bits from two repetitions
of the PRBS13 pattern into PAM4 symbols as described in 120.5.7. (Note: PRBS13Q is different from QPRBS13 defined in IEEE
802.3-2015 (bj) Clause 94). Used for victim channel in TX tests.

« PRBS31Q - The PRBS31Q test pattern is a repeating 2*31-1 symbol sequence formed by Gray coding pairs of bits from two
repetitions of the PRBS31 pattern defined in 49.2.8 into PAM4 symbols as described in 120.5.7. Used for victim channel in RX tests
and aggressor lanes in TX/RX tests.

 SSPRQ - Short Stress Pattern Random Quaternary.
The SSPRQ pattern is a repeating 2°16—1 PAM4 symbol sequence. Comprised of 4 sequences, each based key “stressors” from
PRBS31. Stressful pattern, but short enough to use advanced analysis tools available on today’s T&M tools (e.g. Equalization,
Jitter/Noise analysis, etc.). Used for Optical TX test.

KEYSIGHT
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Optical Measurement Differences: NRZ vs PAM4

USE OF FORWARD ERROR CORRECTION (FEC) RESULTS IN MAJOR CHANGES TO TX TEST

* Primary NRZ transmitter tests: * Primary PAM4 transmitter tests:
o OMA (optical modulation amplitude) o Outer OMA
o Extinction Ratio (ER) o Outer Extinction Ratio
o Eye-mask o NEW!: No eye-mask
o NEW!: Transmitter Dispersion and Eye Closure o NEW!: TDECQ replaces TDP

(TDEC) replaces Transmitter Dispersion Penalty

(TDP) for new 25G and 50G TX o NEW! Transition Time (IEEE 802.3cd)

........

KEYSIGHT
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TDECQ

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

* For NRZ TDP, we literally used a BERT to measure the BER performance of the transmitter
compared to an actual (real) golden transmitter
» Determine how much extra power was required at the receiver to compensate for non-ideal performance

* For TDECQ we indirectly measure SER (symbol error rate) using a scope, no BERT required.

Polarization rotator

|/ \I 4 ]
PMD ] Optical Test
Tx el splitter fiber O/E

> Pattern
triggered
oscilloscope

Y
Y

| — CRU

Y I

Variable Reference
refiector equalizer and
analysis

Y

Reference: |IEEE P802.3bs™/D3.5, 10th October 2017, Figure 121-4, page 222.
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TDECQ measurement process (from IEEE 802.3bs)

« SSPRQ test pattern (~2716 length) COM
) Optical [ | Test Optical| o
(Short Stress Pattern Repetitive Quartenary) T P e | e [ | OF 1 Ry
A CRU [
* Includes test fiber dispersion ' I
Vanable Reference
. . reflector ualizer an
- Oscilloscope noise measured and i
mathematha I Iy ‘backed Out’ Figure 122-4—TDECQ conformance test block diagram

* Virtual 5 tap, T spaced FFE reference
equalizer optimizes eye openings (to
minimize TDECQ penalty).

« Histograms constructed to assess eye
closure relative to OMA and compute an
effective power penalty in dB. This is
the TDECQ result P 121-4—voretion of e TDAICO mesourmmet

Reference: |IEEE P802.3bs™/D3.5, 10th October 2017, Figure 121-5, pagve 222, 224.

KEYSIGHT
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TDECQ Measurement Setup

Polarization rotator

~ A
PMD L\ ] | optical Test |
triggered
oscilloscope
A CRU
Reference: |IEEE P802.3bs™/D3.5, ¥
10th Oct 2017, Figure 121-4, page 222.
Variable Reference
refiector equalizer and
analysis
A —_—
- 3
B .

{

(DR... 5 7 o 5
26.562500 GBd 53.125000 GBd --‘c{ IDE C_Q F4
53.125 GBd PAM4, SSPR LBW: 4.000 MHz 4| LEW: 4.000 MHz TOECO Eaualizer
CRU (N1078A) Reference RX (N1092A DCA-M) -
Screen captures of actual degraded signals used in the N1078A production test process. Measurement Current

| Outer ER B 575008 |
Il outer OMA 1.358 dBm
KEYSIGHT L I
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TDECQ: Measurement Tips
CHODSE A EASUREMENT SOLUTION THAT 15 FAST FLEXIBLE AND ACCURATE |

« Compliant TDECQ measurements require: -
o Histogram optimization (adjust left and right) & optimize Histogram Times
(IEEE 802.3bs D3.5, IEEE802.3cd D3.2) T

Threshold Optimization
o Threshold optimization (adjust up and down)

(IEEE 802.3cd D3.4, likely will be added to 802.3bs in a maintenance release) ‘_ Enable '

o Recommendation: keep these enabled at all times (they have a minimal
Impact on throughput, but can have a large impact on result).

« Recommendations for throughput optimization:

Automatic Taps! [l iterative optimization [l Auto Precursors

o lterative “tap” optimization — typically results in a 0.1dB to 0.2dB difference — (v~
in TDECQ (signal dependent). Consider disabling this feature to increase P of Top:
throughput (e.g. in production test). s

o “Seed” equalizer tap values for faster tap optimization __ s s e

o Consider using a more powerful CPU to perform your TDECQ o ,
measurements, especially for parallel TDECQ testing (4 channels)

KEYSIGHT
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TDECQ: Does it work as designed?

POWER PENALTY VALUES PROVIDED BY THE FINAL IMPLEMENTATION OF
TDECQ CORRELATE DIRECTLY TO OBSERVED RECEIVER SENSITIVITY

Consider a typical PAM4 receiver and SOGBASELR : L
two transmitters A and B. If the TDECQ | ] | T ASUIE fTDECQ reﬁelvter defllnltt_lon
of transmitter A is 2 dB and for transmitter |, | €= e | . renlngth, rexcletr err]] cqrrera o
B is 3.2 dB, should | be able to make any ol L INRIN ] ] 1S SEEN WIth Teal transSCEIVers.
predictions about the power levels 1E-04

: - : Rx Sens vs SEC
required at the receiver to achieve a 9

specific BER/SER with each transmitter?

1.E-05

3

1E-06 %{ 25
3

Latest results from IEEE 802.3cd project: | | e § 10
T

http://grouper.ieee.org/groups/802/3/cd/p  |iecs gms

ublic/Julyl8/tamura_3cd_0lc_0718.pdf uEmmm s ET st e
(used with permission from the author) Received Power (OMA_outer, E

11.5

2 25 3 35 4 45
SECQ (dB)
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http://grouper.ieee.org/groups/802/3/cd/public/July18/tamura_3cd_01c_0718.pdf

Transmitter Transition Time for Optical PAM4 o

NEW MEASUREMENTS ADDED TO IEEE 802.3CD

Transmitter transition time is defined as the slower of the time interval of
the rising/falling transitions of a PAM4 signal.

Test Conditions:
« 20% to 80% of Outer OMA levels
* Measured with Square Wave or SSPRQ pattern.
o SSPRQ: Use specific symbol sequences
o 00000333333 (rise time)
o 33333000000 (fall time)
o Measured with specific Ref RX BW and 4t Order BT response

Outer OMA

KEYSIGHT
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Transmitter Characterization

ELECTRICAL TX TEST

KEYSIGHT
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Key PAM4 Measurements for Electrical Transmitters

IEEE 802.3BS & CD

* XAUI C2C (TPOa) & CR (TP2)
* Level Separation Mismatch Ratio
« Steady State Voltage
* Linear Fit Pulse Peak
« Signal-to-noise-and-distortion ratio (SNDR)
« J4u, Even-Odd Jitter (EQJ)

What are the key PAM-4 TX
parameters that get measured? * XAUI C2M (TP1a)

« ESMW
 Vertical Eye Closure (VEC)

KEYSIGHT
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C2C v.s. C2M

Scope goes here...

400GAUI-8 chip-to-chip channel

, TPO ,TP 5 Device
I e Device
11 package : :
Transmitter /g { I.—J Receiver 5; :
400GAUI-8 400GAUI-8 [ T
chip-to-chip chip-to-chip POCkuge.'o./; #
component e board interface i __
Receiver /g i} < Transmitter i
| o | |
TIPS Connector 'TPO ¢ Transmitter test fixture
Figure 120D-4—Typical 400GAUI-8 chip-to-chip application Transmitter compliance measured at TPOa
Host HCB
________________ = li
Transmitter » TPla
200GAUI-4 or
400GAUI-8 host
component
Receiver [« < TP4a
4 l—

Figure 120E-5—Host 200GAUI-4 or 400GAUI-8 C2M compliance points

I
ifE3

KEYSIGHT Keysight Efe#H% 400G S CEHE
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Level separation mismatch ratio (RLm)

* PAM Linearity measures the linearity RLM Examples of PAM Signal Linearity
(Ratio Level Mismatch) of all four amplitude Good Linearity Poor Linearity
levels (O, 1, 2, 3) of a PAM4 signal. Linearity is Vi, =V, =V, Vo, #V,, #V,,

a measure of the variance in amplitude
separation (distribution) between the different
PAM4 levels. The PAM4 signal must be
displayed as a single-valued waveform and all
four logic levels should be visible on the display.

Level 3

[ ] [ M TVas
| il

I |r| Ivs-z Level2 | I‘_'L\
(J LU J'ﬁ Ivm v ﬁL ,J I{J I\_I .

'L'Jb ! ﬁ:ﬁilj 1 \J U #

smallest separation between adjacent levels
ideal separation

Wz

/ﬂ

Linearity (RLM) =

ﬂ"llf'l( I”3 - I’JZ: I'Jz - I”-1: I”o‘ - I']u _-|
Va1,
3

Linearity (RLM) =

KEYSIGHT
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Linear fit pulse peak and Steady State Voltage

Lincar Fit Pulse Responses

g - Linear Fi Peak 0 30618

Pulse Peak

Due to reflection

SSSPss s e

192 84 440

25
Sampie [U-MSamples)

The waveform shall be captured with an effective sample rate that is M times the signaling rate
of the transmitter under test. The value of M shall be an integer not less than 7. The steady-
state voltage vf is defined to be the sum of the linear fit pulse p(k) divided by M.

KEYSIGHT
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SNDR

* In an SNDR model, the degree that the actual pulse response matches a linear fit model is the
main consideration. The ISI jitter/noise is 100% compensable by equalizers and of no real
conseguence to the system performance (assuming the equalizers can be implemented in the
system). The residue from the linear fit is called distortion. The ratio between the signal from linear
fit and distortion-plus-noise projects the system performance with equalizers. The standard
deviation of the error in this model fit is called distortion, the s, parameter in the SNDR
expression. For each of the four symbol levels, the vertical signal noise is determined at a fixed
low-slope point in a long consecutive run of identical PAM4 symbols. The noise parameter s, is
the average of the standard deviations of these four symbol measurements. P, IS the peak
amplitude of the pulse response from the linear fit.

2
l)lllflx

~

2
'Gc + Gn"

SNDR = 10log,,

KEYSIGHT
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Even-odd Jitter

« Even-odd jitter is measured using two repetitions of a PRBS9 pattern. The deviation of the time of
each transition from an ideal clock at the signaling rate is measured. Even-odd jitter is defined as
the magnitude of the difference between the average deviation of all even-numbered
transitions and the average deviation of all odd-numbered transitions, where determining if a
transition is even or odd is based on possible transitions but only actual transitions are measured

and averaged.

KEYSIGHT
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Output Jitter (J3u/J4u, Jg,s, and EOJ)

 J3u/J4u, Jp\ys, and Even-Odd Jitter (EOJ)...
you may recognize some of these acronyms from
other (older) Standards

» So they should be pretty straight forward to measure,
right?

* While the IEEE Output Jitter names may sound
familiar, they are measured very differently!

o Traditional Jn (e.g. J5, J9) and EOJ parameters were
measured using all edges of an NRZ pattern.

o |IEEE 802.3bs/cd now measure J3u (802.3cd) and
J4u (802.3bs), Jzus. and EOJ on 12 specific edges of
a PRBS13Q (PAM4) pattern!

So don't just pull out your scope and press the Jn (J2, J5, J9) or EOJ button in Jitter Mode!

KEYSIGHT

TECHNOLOGIES

Table 120D-4—PRBS13Q pattern symbols used for jitter measurement

N Index of Index Index Index of 3
Label | Description '.i'\r:_: x::fgh first transition | transition last Thlr:::Iold
iy ’ - symbol begins ends symbol
Reference
REF for symbol 3333333 1 _— — 7 —
index

RO3 0to 3 nise 10000 330 1830 1834 1835 1837

(Vo+ia)2
F30 3100 fall 23333001 1269 1273 1274 1276
RI12 1 to 2 rise 0111111 222222] 3638 3644 3645 3651

(1 +1)2
F21 2to 1 fall 022222113 1198 1203 1204 1206
RO1 0to 1 rise 100000 113 6835 6840 6841 6843

(Vg2
F10 1100 fall 21111 003 2992 2996 2997 2999
R23 2to 3 rise 32222 330 6824 6828 6829 6831

(1+3)2
F32 3to 2 fall 033333 2222223 7734 7739 7740 7746
RO2 0to 2 rise 10000 223 3266 3270 3271 3273

(Vg+ia)2
F20 2100 fall 122222 0000002 7282 7287 7288 7294
RI13 1 to 3 rise 011111 331 133 138 139 141

(1 +13)2
F31 3to 1 fall 23333112 7905 7909 7910 7912

Reference: IEEE P802.3bs™/D3.5, 10th October 2017, page 357.




Why did the PAM4 jitter measurement methodology change?

NEW METHOD IMPLEMENTED IN IEEE 802.3BS/CD AND CEI-56G-MR/LR-PAMA4

« Different TX Architectures are used to generate PAM4 signals

« Some TX designs may use different clock buffers for MSB and LSB; this can result in different
uncorrelated jitter appearing on different edges.

« Measuring jitter only on JP03 (clock) patterns (original method) could miss potential issues.

XX

L

NRZ ]
PAM4 TX ,P,a,t,te,m #1 1 ~ 6dB
NRZ | | (equal
Pattern #2 \ delay)

i i

X X

KEYSIGHT
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Measure Output Jitter at TPOa

“12-EDGE” OUTPUT JITTER MEASURED ON KEYSIGHT DCA AND RT SCOPES

New “12 edge” jitter method in FlexDCA reduced test time from hours to < 1 minute.

» J3u/J4u and Jrwms jitter ﬁnermoi;; KEVSIGHT M output Jitter (%))
o Measure RJ/PJ on 12 specific transitions using a | Src:DIA Rate: Pat. Length:
PRBS13Q pattern (exclude correlated jitter). Measurement Current
o Data from all edges is combined and analyzed + J4u (All) 16 ps
+ Jrms (All) | 240 fs
] 12-Edge Output
« Even-0dd Jitter (EQJ) Jiter OnfOf * EOJ (All) sl
o Measured on PRBS13Q (3 repeats) —
Output Jitter [ »
o Max from measurements on all 12 edges R — —
Src: Rate: 26.562500 GBd Pat. Length: 8191
Measurement To LO To L1 To L2 To L3
 Keysight DCA and RT Scopes report: — J4u (All) 1.988 ps
« J3u/J4u, Jzys, EOJ “ALL" measurement (per the Standard) From L3 1709ps  1754ps  2.052ps
« FlexDCA also reports individual results for each of the 12 edges From L2 1781ps 2026 ps 2032 ps
o Rise:0to3,1t02,0t01,2t03,0to2,1to3 From L1 2.078 ps 2056ps  1762ps
o Fall:3t00,2t01,11t00,3t02,2t00,3t01 From LO 2028ps  1762ps  1.739ps

Measurement Setup: T— RT Scope Results

* Receiver: 4" Order Bessel-Thomson low-pass filter with 33 GHz BW © PRES13Q Jrms{1-3)
« CRPLLBW 4 MHz and a slope of 20 dB/decade © PRES13Q EOX1-3)

@ PRBS13Q Mu(1-3)
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ESMW (Eye Symmetry Mask Width)

Upper eye must extend

‘beyond maskt

KEYSIGHT Keysight 2R3 400G BEAEHEE
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VEC (Vertical Eye Closure)

Vertical eye closure is defined by Equation (120E—4) for a PRBS13Q differential equalized signal captured
and processed according to 120E.4.2.

1
w S
1 (UPPCDFI) '
/

I -

+|n (UPI‘CDF.) ‘\ »
“(MIDCDF1) | | A
& - =" .
1050 MIDCDFI
|
|
1% MIDCDFO
Ry
13 (MIDCD i
v ((l.()\\'CDFI? 1 A

------ » AN TT5%LoWCDF
. VClow ;

|
e -.z :lgfﬁq“;(pm
TR
| e
-1 (LOWCDFO) — '

S

>\

|
|
.mmcn%\ [ ﬁumﬂ)m
'\,\ 1 :
| g ioirint PRt ROl A
/\ | /"\
10-%f MIDOCDFL” \ / 1% MIDOCDFR

TCmid

Figure 120E-13—PAM4 eye measurements
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VEC =

where
VEC

upp
mid

Vlow
AW
AV nid
AVow
VM3
VM2

VM1

VMO

VCupp
VCmid
VClow
TCmid

Keysight 2% 400G SiEcEH ¢

AV oo AV g AV

20[0g,0(max( 2
Vupp Vmid V low

(dB) (120E-4)

-

is the vertical eye closure, in dB

is the 10~ upper eye height per 120E.4.2
is the 107> middle eye height per 120E.4.2

is the 107 lower eye height per 120E.4.2

is the amplitude of the upper eye (AVupp), equal to VM3-VM2

is the amplitude of the middle eye (AVmid), equal to VM2-VM1

is the amplitude of the lower eye (AVlow), equal to VM 1-VMO0

is the mean of the differential equalized signal above VCupp within 0.025 Ul of TCmid

is the mean of the differential equalized signal between VCupp and VCmid within 0.025 Ul of
TCmid

is the mean of the differential equalized signal between VCmid and VClow within 0.025 Ul of
TCmid

is the mean of the differential equalized signal below VClow within 0.025 Ul of TCmid

is the voltage center of the upper eye per 120E.4.2

is the voltage center of the middle eye per 1120E.4.2

is the voltage center of the lower eye per 120E.4.2

is the time center of the middle eye width per 120E.4.2
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Agenda

* High Speed Network Overview

* FAQ

* 400G Network Test discussion

* Sampling Scope And CDR Basic
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Real Time V.S. Sampling

Real-Time Scope

(Keysight Infiniium Series)

Input Signal

b

Sample Clock | | | | | :
ty, —> [—
o | "
Trigger Signal - C
Input Signal ) (n-1) (n)
= —Sequential

e ~ -9
Delay

-

Re-Arm Time

/
Reconstructed /‘ —_——
TriggerSigna}._ Y _%[\__/_ : ._._.[\_.

7’
Waveform e -@ —@ - ©

(2
Q
. . I .
| .
Sampling Oscilloscope o
) ) Reconstructed I !
(Keysight DCA Series) Waveform U
(é) , l—(nbl)— _g‘) Trigge! Point  Sampling Point
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Trigger, PTB and Pattern Lock

|
|
clock | I
|
|

Eye/Mask Mode

Reduce Jitter

KEYSIGHT Keysight 2RI 400G SN EHEE
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Pattern Lock

(PLK)

!

-

Option IRC, 200, 201,300, SIM |

\

Oscilloscope mode
Jitter/Noise Mode

~

.



Acquiring Data — Clock Trigger

Poir Point

oo G AN AW AW AN AWAWAWANAWAWAWAY AV A VIOV 50 WY 0 W
Trigger

TO9p000QO0POO0O0QO0H -

Reconstructed A 3K \ 7/ \ 7/

Waveform ,°\ ,°\ IO\

Lobeoedoboood-0--

\. One Bit ,N

Re-Arm Time ‘ Trigger ampling ‘
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Acquiring Data —Pattern Lock

24-1=15 bits

Y

<&
<

24-1=15 bits

O
PRBS I_

Trigger _—

S S—

Y
A

Trigger Point |Sampling Point
— Sequential Delay

Pattern __ _l __________________________

Reconstructed
Waveform
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Sequential Delay =

Full - Screen Sweep Time

Number of Trace Points



Q: SIRC (option -IRC)E T EERRY ?

- —AiXSRBUERFAIVAGE - EERTKERRIEERIIBEAR - BXEEMIAE - SEBEN
profile E3EHBTEE % & 4t Bessel-Thomson low-pass response » FRLURK 2835318 - 55 R Z256HIA6
7 BE—(ARFESRENRB N RBEE - MEREB Nz LIEEER - s EERECEAR
FF{ZRY option - (BN R AR BN sz IINNEESK - o] DI FHERES BB K a3 R8T - bﬂﬁ}?ﬁzeSlRC
SIRC AN E=ZEZE Pattern Lock - TESIRCHZIEZ e EH—FHEAE - MARR —AHH= .
FRLIERR—EZXE4H MEiEER SIRC Z1IE2E -

1.2

8.8y

8.
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Time resolution

DCA time scale resolution

A f " or f ' «
viaimirame paciications

Horizontal system (time base)
Scale factor (full scale is ten divisions)

Minimum 2 ps/div (with 86107A: 500fs/div)
Maximum | s/div
Delays'
Minimum 24 ns
Maximum 1000 screen diameters or 10 s
whichever is smaller
Time interval accuracy? 1 ps + 1.0% of A time reading® or 8 ps,

whichever is smaller

Time interval accuracy - jitter mode
operation 1 ps

Jitter mode ()[mra!inn"

Time interval resolution < (screeg diameter)/(record length) or

62.5 fs, Jhichever is larger

Infiniilum time scale resolution

Sampling Scope: 16000GSa
Real time scope: 80GSa/s

The Sampling Scope can have more
points on screen in one time interval
(2ps/div) as example. And it's not
limited by modules.

Acquisition

Maximum real-time sample rate  91304A 91604A 92004A 92504A  92804A 93204A
(2 channels) 80 GSa/s 80 GSa/s 80GSa/s 80GSa/s 80GSa/s 80 GSa/s
(4 Channels) 40 GSa/s 40 GSa/s 40 GSa/s 40 GSa/s 40 GSa/s 40 GSa/s

KEYSIGHT
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Vertical noise floor

DCA RMS noise (86108B as example)

Dual electrical channel modules 86108A 86108B-LBW 86108B-HBW
RMS noise
Characteristic (Low / High BW Setting) 240 pv/420 pv 300 pv/500 pv 600 pVv/750 pv
Maximum (Low / High BW Setting) 350 pV/700 pV 350 pV/700 pVv 800 pV/980 pv
Infiniium RMS noise specification
RMS noise floor (scope only)
Volts/div (mVrms) 91304A 91604A 92004A 92504A 92804A 93204A
10 mV 0.28 0.35 0.43 0.50 0.53 0.60
50 mV 1.10 1.34 1.53 1.76 1.86 2.10
100 mV 2.30 2.63 3.02 3.39 3.62 3.98
Y 21.2 26.65 30.05 34.15 36.57 39.92
13 GHz 16 GHz 20 GHz 25 GHz 28 GHz 33 GHz
%FS Noise @ 50mV/div 0.295% 0.335% 0.383% 0.440% 0.465% 0.525%

SS noise floor is better than RS is because 14bits V.S. 8 bits

KEYSIGHT
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Bandwidth compare

1.2

a.8y

a.4

a

/
Gaussian response has _ :
more error in the Gaussian Response allows signal beyond
passband, compared to the Nyquist frequency to be sampled,
Flat response resulting a alias error (\WWobble)
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Compliance Frequency Response

REFERENCE RECEIVER

To provide more consistency, several standards now specify BW and shape.

* |EEE P802.3bj™/D3.2, 11th April 2014 Section 92.8 100GBASE-CR4 Electrical Characteristics:

“A test system with a fourth-order Bessel-Thomson low-pass response with 33 GHz 3 dB bandwidth is to be
used for all transmitter signal measurements, unless otherwise specified.”

* Implementation Agreement OIF-CEI-03.1 13.3.10 Transition Time

“The waveform is observed through a fourth-order Bessel-Thomson response with a bandwidth of 40 GHz.”

KEYSIGHT
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Effects of 4th Order Bessel-Thomson low pass filter

3dB
e MaXmAPALRESPORS
O
I I T L T
1 IR Dl SN T
C
@
2 _______________________________________________________________________________________________________________________________
Frequency > 33 GHz40 GHz Y50 GHz63 GHz 70 GHz

ABW
There is a compromise between the flat response with higher bandwidth and the 4%

Order Bessel Thomson Filter response that has less bandwidth but a smoother roll off.
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Different Waveform Response

KEYSIGHT

Wavaform Window 1

0 165mvy/ 0.0V

32GHz 81T w/
63GBW channel

-
3
®
4
o
o
v

[ED1UDA

SColN

@ 50.0ps/ ||-538.61 ps
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Frequency Response

KEYSIGHT
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<
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|
:TI
o
[
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o
o
wn

=
3
5]
= |
m
]
o

(@I10.0 6/ ||-34.0 dbm | @[10.0 e/ [[-34.0 den|@@[10.0 5/ || 34.0 den|@ 1|

2

Tan — 33GHz Flat
Green — 33Ghz BT
Orange — 63 GHz flat

« As we can see we need the full 63GHz BW in order to capture the entire
Bessel Thomson frequency response.

Note that we can not use the standard (as opposed to real edge) channels as they
do not have a enough bandwidth to apply the BT filter.



28 GBd Comparison

| Rest-Time Eye |
| 88,7693 Mut |
| 1218 Wims

« Excellent correlation on EW measurements (22ps, 24ps, 22ps)
« DCA had more margin on EH measurement (lower intrinsic noise), ~56 mV vs ~70 mV

KEYSIGHT
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53 GBd Comparison

BEST OF BOTH WORLDS (REAL-TIME AND EQUIVALENT-TIME OSCILLOSCOPES)

File Control Setup Display Trigger Measure/Mark Math Analyze Utilities Help
M
o™= .ZSGGSa/s 783 kpts |

FlOZEm T ey |@>1|

7/25/2018 TECHNOLOGIES
e o oo J@Uher (810 V)
R
o
=
i g——
8 Real-Time Eye
— 286.303 MUI
%- 1857 Wfms

\

UXR — Series
(N1040A PG Source: 53 GBd, PRBS13Q)

KEYSIGHT

TECHNOLOGIES

N1060A MegaModule
(N1040A PG Source: 53 GBd, PRBS13Q)



Real and Sampling Time Oscilloscopes

Sampling Scope

* Cost

* Time base resolution
* Lower noise

* Lower Jitter

KEYSIGHT
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Real Time Scope

 Fast Acquisition

* Single Event capture

« HW CDR Is not required
* Pattern is not required



DCA Hardware option

« ETR — Enhanced Trigger (86100D)
» Support > 13GHz Mtrigger - M HIE0 1 pattern 1HEE 72 THIEET] (= PLK option)

* LOJ — Low Jitter Timebase (N1000A, N109x)
- PREFE=IH Jitter 2 200fs

* PTB — Precision Timebase (86100D, N1000OA, 86108B, N1060A)
- PRIREESAY Jitter £ 70fs

* PLK — Pattern Lock Trigger Hardware (N1000A, N109x)
- OJ$57E Pattern & 1F Jitter / Scope B34 - 12 SIRC / CTLE F R EE Z W BAZHF -

* IRC — Impulse Response Correction (86105C/D, 86115D, 86116C, N1090A, N1092x)
o BT ¥EHMERIEARAEISFIRRER 2R - DIAKEETRAEEIIBERERIRGEITEZEZK

* FS1 — Fast Sampling (N1092x, N1094x)
- 1% Sample rate #%¢ 100KSa/s 2 £ 250KSa/s

* GPI — GPIB Card Interface (86100D / N1000A)

KEYSIGHT
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DCA Software option (l)

« 200 — Enhance JitterAnaIySis

- BB5EEE jitter 2 ATAIBE S - BIETI/RI/DI/PI/ISI/DCD/UINI2/I5/I9/DDPWS/BUJ &

« 201 — Advanced Waveform Analysis
 LFE/FFE/DFE/CLTE, Deep memory up to 223 bits, MATLAB 7347

« 202 — Enhanced Impedance and S-Parameter Software
* % TDR SR Z S8HERAY, S 281 -
» 300 — Advanced Amplitude Analysis / Rin / Q Factor (Bundled in option 200)
- &% Amplitude RYER 72 ER1L Jitter 2TV ROFERR 247

« 401 - Advanced Eye Analysis
e o4 VI‘)?F?@HHE’J;.HE)”% ( 2723 - 27314 Zlive traffic )
- H¥Ejitter mode #E1Tjitter 24T TI/RI/DJI/I2/I9/DDPWSEE

« 500 — Productivity Package
- IZNERZRE - B0 TDEC = 4|

KEYSIGHT
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DCA Software option (ll)

SIM — InfiniiSIm-DCA Waveform Transformation (86100D / N10OOOA / N1010A)
- Embedding - Bl o] LIIB—EZchannelsl @ Bt B9 E 1 X fEapply 2 £ R8I 5%
 De-embedding - Blo] DI B 2B A ZRE R U ER R

EFP — Flex Eye Independent Channel Acquisition and Control
- OEZWEBE Bt S BB ERE

9FP — PAM-N analysis software
« OJLUETTPAM-ARCE D - 17BN 5 AVIEEE400G AR B8Rl Al

BFP — Automatic Fixture Removal in TDR Mode
- AFR IJ8t (TDR #=#HFR)

TFP — IEEE TDECQ analysis
- EFHMEER IEEE Z TDECQ &34

KEYSIGHT

TECHNOLOGIES



. __ ”,

”
KEYSIGHT

TECHNOLOGIES




