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Outline

* Introduction
— Wireline trends and drivers for scaling
— Example 400G data center link
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Wireline Data Rates (2004-2018)

128 , , — ~ , f —112Gb/s
»Y
54 OIF-CEl
32 - #-Ethernet
Per-Lane Data -
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Rate [Gb/s] “¢Infiniband
8 - 7 | | | | | <-Fibre Channel
4 | | | _ | | . <PCle
2004 2006 2008 2010 2012 2014 2016 2018 2020

Year
« Wireline rates have doubled every 3-4 years

« 28GDb/s deployed, 56Gb/s deployment underway,
112Gb/s in development
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Drivers for Bandwidth Scaling

Internet Traffic Trends 4G-to-5G Transition

alvali The Zettabyte Era:
o Trends and Analysis

26% CAGR June 2017
2016-2021 250

200

11 Other (0.04%, 0.03%)
W Tablets (7%, 8%)
HPCs (56%, 28%)

Exabytes " BTVs (16%, 19%)
per month mNon-Smartphones (0.2%, 0.1%)
m Smartphones (17%, 32%)
50 | | ‘ = M (3%, 6%)
, = =

2006 2017 2018 2019 2020 2021 R f 1
Figures (n) refer to 2016, 2021 device share. e
aur VNI Global IP Traffic Forecast, 2016=-2021.

* Internet traffic and high-performance computing
drive bandwidth scaling

* Further bandwidth leap with transition to 5G
« Data centers evolving to meet this demand
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Data Center Trends

10G => 40G => 100G
=> 200G/400G

Edge Aggregation Edge Aggregation Edge Aggregation ToR
Block 1 Block 2 Block N 7 o

1OG=>4OG:‘IDDD=H:IDI:I = =0 £ 5 £ 0 0 €0 () = s e | e [ s v o Y s o =

= [HOOOOC--0 Ooobootd-0  tooooobd--o
Ref: “A Decade of Clos Topologies and Centralized Control in Google’s Data Center Network,”
Amin Vahdat, ONS 2015 Keynote

* Network bandwidth grew by 100X over a decade [2]

* Key hardware elements to sustain scaling:
— Switch silicon
— Electrical and optical interconnects
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Interconnects in Data Center

Q s i/ =

%
./.

’4&. \ \ 7
4 - LC duplex
Reach for 100Gb/s 2m - i \

Reach for 50Gb/s 3m :
x12 parallel fibers ) ”

 Electrical within rack (<3m):
— Direct attach copper (DAC)
— Gauge varies with reach

« Optical outside rack:

— For <100m: Parallel MMF (OM3, OM4), VCSEL-based
— For 100m-2km: Duplex SMF, WDM, SiPh-based
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I/0 Evolution for Data Center Optics

l--------------------l
Asic [ ASIC ASIC i
1/0 Technology I—I__> I/0 Technology |:> 1/0 Technology
4x25G/28G 4/8x50G PAMA4 4x100G PAM4 I
28nm | 16nm 7nm |
CFP2(4x25G) CFP4/QSFP28 QSFP56/200G OSFP/2x400G I
1/0 Technology Cep2(dasG) /0 Technology OSFWMGOGMOOG |::> 1/0 Technology I
25G NRZ 1/0 Technology 100G PAM4
4%x28G-VSR 506 PAMA I
(" IEEE Standard A | !
andar
100GCU IEEE Standard IEEE Standard [
KR4/CRA ) | 200GE/400GE —> 400GE i
. J I CDAUI4/8 CDDAUI4 I
|EEE Standard I

100G cPPI ---------———--------'

. KR4/CR4 J

2012 2014 2016 2018 2019 2020

« |/0 standards and ASICs evolving to meet Data Center
(DC) bandwidth demand

* Focus of this talk: Links with 50G-100G per-lane rates
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Outline

* |Introduction

— Example 400G data center link
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Example 400G DC Link - Physical View

1RU in Switch chassis

aws™ and® T
et | L
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S G e

Single-Mode
Pluggable Fiber (SMF)

optical module

* 400G Inter-rack data center link with ~500m reach
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Example 400G DC Link - Schematic View

500m SMF

» Electrical link: Chip-to-Optical Module
« Optical link: Module-to-Module through SMF
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Example 400G DC Link - Standards

Module

Interconnect

CDAUI-4 / CEI-112G VSR
(4x100G over copper)

400GBASE-DR4
(4x100G Parallel SMF)

Interconnect

PCB

« Standards specify broad requirements for
interoperability
— E.g. Baud rate, modulation, target BER
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Example 400G DC Link - Link Budgets

Module

Interconnect

1L <10 dB @28 GHz :
. ICN<2mV

. MOD loss<5dB |
. Channel loss < 3 dB |

1
! |
_________________________ h.l.lermn EC[

__________________________________

FPCB

 Link budgets specify tolerable limits for impairments to
meet Standards’ specs

— E.g. insertion loss, crosstalk, optical modulator penalty ...
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Example 400G DC Link - Link Models

Module

Interconnect

Host, Module SerDes Specs

Equalization
. CDR type
. ADC/DAC resolution '

_______________________________

Interconnect

Module Optical Xcvr Specs

Modulator BW, lmearlty
- PD BW, responsivity
TIA BW, noise

________________________________________

PCB

* Link models are used to:
— Explore SerDes, optical transceiver architectures
— Determine circuit- and device-level specifications
— Validate end-end link performance
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Outline

* 56G,112G Standards

— Background
— Electrical standards
— Optical standards
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Wireline Signaling Standards

* Criteria for standards development:
— Broad market potential
— Technical and economic feasibility

* Goal: Develop implementation agreements (lAs) to
facilitate interoperability

« 2 Key standards bodies:

— Optical Internetworking Forum (OIF) [3]
— |EEE 802.3 (Ethernet) [4]

B Lfl : J | J [256&!236 ‘ 1‘ , L - CEI-4.0
| E“E CE?ﬂﬁCE'L-U [ {:Eta,n JC;I—S.J | ‘

2000 2001 2002 2003 2004 2005 2006 2007 2008 2005 2010 2011 2012 2013 2014 2015 2016 2017

2019 Custom Integrated Circuits Conference - Education Sessions Slide 15




56G/112G Electrical & Optical Standards

Electrical Optical
(On-package to cable/backplane) (100m-10km)
« OIF-CEI [5] « 200G/400G Ethernet (802.3bs) [6]
» CEI-56G-XSR (on-package) » 200GBASE-FR4/LR4 for 2/10km
» CEI-56G-LR (backplane) * 400GBASE-DR4 for 500m
« |EEE Ethernet (802.3) [6]  50G/100G/200G Ethernet (802.3cd)
« 200GAUI-4 » 200GBASE-SR4 for MMF

« 200GBASE-KR4

 Several standards for various media and reach
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Key Changes in 50+Gb/s Standards

Transition from NRZ to PAM4

Relaxation of uncoded BER
— FEC required to guarantee 1e-15 link BER
* New linearity metrics (RLM, TDECQ)

« Accommodation of ADC+DSP-based transceivers
— E.g. Reduction in JTOL corner frequency
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Common Electrical I/0 (CEl) Standards

(i ™
— I CEI-56G-USR 1 ¢cm, no connectors,
— == |
| 3D stack 2.5D chip-1o-OE Ultra short reach ) no packages
Fod '
Opics [ "] chip CEI-56G-XSR « 5.cm, no connectors
Extra short reach  5-10 dB loss @28 GHz
L Chip to nearby OE 4
Fa ™
Chip [ _|—> Pfuaa'fﬂble CEI-56G-VSR * 15 cm, 1 connector
OpICs
- - Very short reach 10 dB loss @14 GHz
Chip-to-module
- S
[ B
chip [ "l Chip CEl-56G-MR « 50 cm, 1 connector
i Medium reach * 15-25 dB loss @14 GHz
Chip-to-chip and midplane
"L oy
P
CEI-56G-LR
- ] = « 100 cm, 2 connector
L — I Chip + 35 dB loss @14 GHz
Backplane or passive copper cable Long reach
\, 4
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IEEE Ethernet Standards

500m 12km
(PSM4 SME ;
10BASE-
100BASE-
1000BASE- T T
2.5GBASE- KX T T
SGBASE- | KR T T
10GBASE- T T BIDI Access | BIDI Access | BIDI Access
LR/
25GBASE- 25GAUI KR CR/CR-S T SR EPON/ i) ER/
BIDI Access | BIDI Access
BIDI Access
LR4
T XLAUI KR4 CR4 T SR4/eSR4 | PSM4
FR
EPON/ EPON/
I LAUI-2/50GAUI-2 B DT Aea| 5o Asaiest| BIDI Actess
50GAUI- KR CR SR FR LR ER
50+G r’ateS CAUI-10 CR10 SR10 10X10
CWDM4/ LR4/ ER4/
100GBASE- |CAUI4/100GAUI4 | KR4 CR4 SR4 PSM4 CLR4. | awpmao |4WDM-20 | o 0"
100GAUI-2 KR2 CR2 SR2
100GAUI-1 KR1 CR1 DR | 100G-FR | 100G-LR ZR
200GBASE- 200GAUI-4 KR4 CR4 SR4 DR4 FR4 LR4 ER4
200GAUI-2 KR2 CR2
400GAUI-16 SR16
400GBASE- 400GAUI- 8 SR8/SR4.2 FRS LR8 ERS
400GAUI-4 KR4 CR4 DR4 |400G-FR4 | 400G-LR4 ZR

From Ref [7]

Gray Text = |IEEE Standard

Red Text = In Standardization

Green Text = In Study Group

Blue Text = Non-IEEE standard but complies to IEEE electrical interfaces
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Standards Nomenclature
* Ethernet nomenclature: [R][mTYPE]-[L][C][n]

— R: data rate
— mTYPE: BASE -> Baseband

— L: Medium/wavelength/reach
» C-twinax Cu, D-PSM(500m), F-2km fiber, K-backplane, S-850nm, L-1310nm

— C:PCS coding (R-64B/66B)

— N:Number of lanes (default is 1)

« Correspondence between OIF-CEl and Ethernet
standards:

— 400GAUI-8 chip-to-module spec «» CEI-56G VSR
— 200GBASE-KR4 <> CEI-56G LR
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Outline

* 56G,112G Standards

— Electrical standards
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Electrical Link Standards

* OIF-CEI-56G-LR specs used as reference in
following slides

CEI-56G LR Reference Model g 8
; Test point T Test point R !
| “Component edge” “Component edge” i

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

AC Coupling ll

Channel

. S——————————————_— | Ref[5]

 Signaling spec: 28 GBaud PAM4
 BER spec: < 1e-4 (pre-FEC)
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Channel Insertion Loss (IL) Spec

00

20 |

Insertion

Loss (dB
(dB) 0|

-60 L i L i
Frequency (GHz) — 0 10 20 30

« Target IL < 28dB at 14 GHz (1m PCB + 2 connectors)

— Package can add significant loss. ~35-40dB usually targeted for
LR SerDes design

 Informative only. Normative spec is COM spec.
— More on COM later.
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TX Electrical Specifications: Swing, RLM

e Qutput swing: 0.8-1.2Vppd (no TX pre-emphasis)
 Linearity: Ratio Level Mismatch (RLM) > 0.95

Effect of RLM on BER

Vimig = (V-1 + V44) /2
ESq = (V.1/3 - Vinig) / (V.1 - Vmid) 2.11e-22 1.17e-14 3.67e-8
ES2 = (V413 - Vimig) / (V41 - Vmid) Ref [8]
R,y = min((3-ES;), (3-ESy), (2 - 3-ESy), (2 - 3ES,))
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TX Electrical Specifications: SNDR

* SNDR spec is intended to constrain distortion and
uncorrelated noise at TX output (discounts ISI)

 Computed from TX output and linear fit pulse
response p(Kk)

Max(p(k))

Measured 56G TX Eye [9]

o —
| i———
e ——

2 2
P
Distortion Random noise

RLM = 0.99, SNDR = 37 dB

* Require SNDR > 31 dB
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TX Electrical Specifications: Jitter

« 3 jitter components com

PAM4 transitions

— Jrwss J4U, EOJ
— EOJ = duty-cycle distortion

e Jitter sources:
— Random: Thermal/flicker noise
from PLL, clock distribution

— Systematic: DCD/quadrature
error, bandwidth limits, supply
noise

2019 Custom Integrated Circuits Conference - Education Sessions

puted from 12 possible

Jitter Probability Distribution (fj(t))

J4U = 1-10" of f,(t)»

‘
0.005% 99.995%
JRMS = o of J4U
Jrms 0.023 Ul
J4u 0.118 Ul
EOJ 0.019 Ul
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TX Electrical Specifications: Return Loss

* Intended to limit impedance discontinuity at TX

Example pad network design to
Differential RL Mask improve RL [26]

[T-Coil (series-shunt peaking)

................................................................................................................................

RL (dB)

.......E.....................é........ Actual RL Should be s
12 ________ below this mask

10 20
Frequency (GHz)

* Meeting RL spec requires careful design of pad network
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RX Electrical Specifications

« RX should meet target BER with worst-case
compliant TX + channel

JTOL Mask
* Two stress tolerance tests: ‘Ul
— Interference tolerance |
— Jitter tolerance (JTOL) i ~4 MHz
0.05 Ul,,, ———i ——————————— I’/H X
rgsédunn fbfr.::s-m 1:11*.:.;lu

« JTOL corner frequency relaxed to accommodate
ADC+DSP-based RX
— from 10MHz in CEI-28G to 4MHz in CEI-56G/112G
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Outline

* 56G,112G Standards

— Optical standards
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56G/112G Optical Standards
| 100mSR | S00mDR | 2kmFR | d0km iR WEUESICETULEY

50Gb/s 1x50Gb/s 1x50Gb/s 1x50Gb/s 1X50Gb/S | et (ot mem oropocs

100 Gb/s 2x50Gb/s 1x100G N/A N/A el gt O
Parallel Single lane Jan’18: D3.0
100GBASE-SR2  100GBASE-DR Sept’18: Standard
200 beS 4 x50 Gb/S 4 x50 Gb/S 4). x 50 Gb/S 4). x 50 Gb/S 802.3bs (May 2014-17)
Parallel Parallel CWDM LWDM Sept’15: D1.0 spec

200GBASE-SR4 = 200GBASE-DR4  200GBASE-FR4 200GBASE-LR4 July’16: D2.0

400Gb/s 16x25G 4x100Gb/s 8Lx50Gb/s 8hx50Gb/s v o0 o "

Parallel Parallel LWDM LWDM Dec’17: Standard
400GBASE-SR16 400GBASE-DR4  400GBASE-FR8  400GBASE-LRS

* Following material uses 400GBASE-DR4 as
reference
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400GBASE-DR4

Retimer Retimer
function function
part of Patch (part of

cord PMA)

1 ! L
Lo . | Optical (I j} Optical | g
", | transmltler]_] receiver | : ; -
: | : , ! | :
L > : l Optical | g @ . Optlcal [ \ : L4
l | transmitter :p ﬂ] I receiver | — T
i | i | [ I !
Lo o[ || Opfical 1; s @ g optea |, o %2
] ! || transmitter Jlj‘ il E[ receiver [+ ™ T
: v ‘ T g ;
' | ' 1 | 1 1
L3 . I [ Optical | : @) ' Optncal . 1 Ls
» : .| transmitter :.D 1] m ‘I receiver _:_-'T ‘I—P
_____ | 1 1l I SE Sreae
} + * * | SIGNAL_DETECT
! |
|
| PMD MDI MDI PMD |
PMD service For clarity, only one direction of PMD service
interface transmission is shown interface

4 lanes of 53 GBaud PAM-4 over 500m SMF
— Target BER < 2.4e-4 (pre-FEC)

« Spec defines TX(RX) signal characteristics at TP2(TP3)
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400GBASE-DR4 TX Specs

Signaling rate 53.125 GBd
Modulation PAM4

Outer OMA -0.8 dBm to 4.2 dBm
TDECQ (max) 3.4dB

OMA minus TDECQ (min) -2.2 dBm
Extinction Ratio (ER) (min) 3.5dB

» Key specs (measured at TP2):
— (Outer) OMA, ER
— TDECQ (NEW)

 No mask test like previous NRZ specs
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PAM4 OMA, ER Definition

e Quter ER = (P3 / PO)

« Average power can be computed from OMA, ER
— P,e = (OMA* (ER + 1)/(2 * (ER - 1))

* Outer OMA = (P3 - PO) } 10*log10() to convert to dB
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TDECQ Metric

 TDECQ = TX and Dispersion Eye Closure Quaternary
— Replaces TDP and mask tests in previous NRZ specs

 Intended to estimate power penalty due to TX and

path ] m pa] rmen tS RX sensitivity vs TDECQ(5 T spaced)
-11.5

Good correlation observed . oA
between TDECQ and RX . A
sensitivity g | L
-13.0 - r
-13.5
1 1.5 2 2.5 3

TDECQ  pata from [10]
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TDECQ Definition

« A measure of noise margin of actual TX versus ideal
TX for a worst-case channel + reference RX

045 0.55

OMA 1
TDECQ =10! Gt
Q 0G0l s X ot R]

with @, as Q-function consistent with target BER
(Q,=3.414 for 2.4e-4 BER)

with R as RMS noise term of the receiver

« Reference receiver parameters:

— 4t order BT-filter with (baud rate / 2) bandwidth
— 5-tap symbol-spaced FFE
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Example TDECQ Measurements

112G Optical TX Output for 2 (driver + modulator) settings [11]

With nonlinearity compensation Without nonlinearity compensation

0.5dB TDECQ 2.0dB TDECQ

« TDECQ captures the effect of modulator
nonlinearity and bandwidth on link budget
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400GBASE-DR4 RX Specs

Signaling rate 53.125 GBd
Modulation PAM4

Avg RX power -5.9 dBm to 4 dBm
RX Sensitivity (max) -4.4 dBm
Stressed RX Sensitivity (SRS) (max) -1.9 dBm

« Key specs:
— RX sensitivity (informative),
— SRS (normative)
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Stressed RX Sensitivity (SRS) Test

Frequency
synthesizer

Y FMinput SRS Test Setup
| clofs::; idal”ﬂmm > Sinusoidal JTOL Mask

Test-patlern
generator —Test pattern

Receiver under tesl 5 Ul

Gaussian noise Modulated test

Stress conditioning A T T
Sinusoidal amplitude
%A" F\n/ interferer

sources for
genarator other lanes
‘\ Low-pass filter -
Optical
.‘ attenuator 0.05 VI
EfO converter for * ‘ ‘
lane under test [ |
Signal characterization measurement 40 kHz 4 MHz 10 LB

» O - Oscilloscope

CRU or :
— - Heoupdo ::k_-' Pattern trigger

« Configure stressors to mimic worst-case TX
« JTOL test (and specs) similar to that for electrical RX
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Optical Channel Specs

MDI MDI
| |
|"'" Fiber optic cabling (channel) -
Patch Patch
d y Link . cord
PMD - g Connection [ - Connection [<4———8 PMD

400G-DR4 Channel Characteristics

Description 400GBASE-DR4 Unit  Fiber loss < 0.5dB/km
Operating distance (max) 500 m ° 2 . 75d B allocated for
Channel insertion loss“‘h(max) 3 dB .
Channel insertion loss (min) 0 dB ConneCtor and Spllce lOSS
Positive dispersion” (max) 0.8 ps/nm ° F-i ber d-ispe rs-ion Causes
Negative dispersion® (min) —0.93 s/nm . e
——— — - negligible penalty for
Optical return loss (min) 37 dB < 2 km reac h
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FEC in 56G/112G PAM4 Links

meees limit (8.7%)

— G.709 - RS8(255,239)
——KR4 - RS10(528,514) |
10" | —— KP4 - R$10(544,514) |
- BCHxBCH(1020,888
— ( ) Symbol |Correctable| Rate RaE'::';_m I';g:_"f] (?EsR
i : Code Name sizc.e, m symbols | Overhead Coding coitaetad
" 10_‘0 (bits) | per block, t (%) Gain (dB) BER
i G.709 RS8(255,239) [8] 8 8 6.7 5.4 8108
@0 IEEE 100GBASE-KR4 5
5 RS(528,514) [25] 10 7 27 4.9 210
ERT " IEEE 100GBASE-KP4 P
o RS(544,514) [25 10 15 5.8 6.1 210
N/A due to
ITU G.975.1 (1.9) [28] 3
B BCHxBCH(1020,988) ro|umee | SR 2 Hil
10 "+
10'25 i HE Hl| F i ilit i i i i Lt
10°° 10° 10° 3<0* 107 10°

Input BER —

« FEC designed to improve BER from 104 to 10-1>

— KP4 FEC RS5(544,514) is commonly used

« Burst error length should not exceed code symbol size

— 10bits for KP4 FEC

Slide 40
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Pre-coding to Limit DFE Error Propagation

/(| PAM4 | | || Equalizer M PAM4
U Mod 9) channet + Slicer jl/ (Mod 4) [~
1 Ul 1 Ul

« 1/(1+D) pre-coding converts DFE burst error into
two symbol errors [12]
— Also doubles error rate for random errors

» Can reduce loss in coding gain for large 15t DFE tap
weight
— Effectiveness analyzed in detail in [13]
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Outline

 Link Budgeting
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Link Budgeting: Objective

Proposed 400GBASE-DR4 link budget

TX.OMA, = -1.5dBm!

24 ! ! !
200GAUI-4 C2M IL budget
s TXOMA, .. —TDP =-2.3dBm
T |
Host Module g - | Allocation for
Host insertion loss up to 7.5 dB Module insertion loss up to 1.5 dB ‘E! . | modulation .
2 penalty = 5dB
Transmitter /4 ”—’ Receiver *1 [ | | I | I
200GAUI-4 200GAUI-4 7 — (Calc) TXOMA;,,, = TDP =-7.3dBm | 4 . ‘
chip-to-modulc Chip—lO-mOdUIB ——— Y | = S IS
component component 7 ‘ ‘ ' ' ' " -
Receiver (¢ [¢———| —— Transmitter | | | ! ! Channd o - >
4
Connector insertion loss up to 1.2 dB <! ‘ ‘ [
RX Sensitivity (omaA) =-10.3dBm
3 3 1508 1

1310
Wavelength [nm]

« Specify tolerable channel and device impairments
to meet standards targets

* Channel Operating Margin (COM) is a standardized
way to do this for electrical links
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Channel Operating Margin (COM)

« A unified budget that ties TX, RX and channel
specifications together [14]

* Replaces frequency-domain mask-based channel
specifications

— For IL, ILD, crosstalk etc.
« Used extensively in IEEE and OIF standards process:
— To evaluate proposals

— For balancing PHY and interconnect interests
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COM Definition

_ 1
A NoiseXtalk
Ay f
R2 ASignal
- - COM = 20-log
NoiseXtalk

Ref [15]

e COM is an SNR metric

— Computed using a reference model
* Most standards require COM > 3 dB at target BER
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COM Reference Model

I
I
I
L

@

Package-board interface

Device l package
Physical ( l o 9 o : g
Topolo - > d ” X
pology o ;j 55_'E e
e
mleriace &Maw[g AC-coupling
Input randomly chosen from Detect transmitted signal,
L-level alphabet Package MO dels compute error ratio
Pulse amplitude A,
J—L‘ Unit interval 1//, Channel under tesi\ CTLE
~ r—— 7 1 Receiver DFE
| l'l‘PO TF’Sl | HAP x '
. Hpe(f) Ryl—a 8@ I3 s@ [ Jl sm | IR, _L.(_P_.(_P_, c:?(f) o DFE
Analytical ! | L4 | A
Victim
MOdel TX FFE l Path termination | [ Device package l Jitter i
J—I_ | | | | {App: orJ}
' | [ ' RX Jitter_ |
| | Crosstalk | [ Samplltng time
[ [ [ I I s
I 1] | !
H, » » tp) k) )
ool 1L RdJ e :\_. o i M s jl_. Ra L Input-referred noise
Transmitlersl | TPSI I spetial density. g
- | I S | -

RX Noise

DFE = Decision feedback equalizer

2019 Custom Integrated Circuits Conference - Education Sessions
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COM Computation - Step 1 (SBR)

Compute single-bit response (SBR)
— Cascade channel component S-parameters and EQ filters

* Cascaded channel

HO(f)= Hfr.,(f)H‘“(f)H,(f)Hcg(f)

« TXFFE
H(f) = zjh c(i)exp(—j2n(i ¥ 1)(f7 1))
* Passive link
rp)(n\+r,)

A = sy (f)(1 -
2T sl(f)rl(f) Szz(f)l"o(f) T(/)T2()AS(f)

* RXCTLE equallzer

RX filter usually a 4th order b (g JF 025" £,105°
BT-filter with defined BW CHLENES IR - 025 ) (- F + )
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COM Computation - Step 2 (EQ Search)

* Determine ‘optimal’ equalization settings

« Simplified FOM used to make FFE+CTLE search
computationally efficient

2
42
FOM = IOloglo( :

3
Gn +GISI+GJ+GYT+G

From TX SNDR / \ Nmse at CTLE
output

Channel ISI Crosstalk
Jitter

* For details, see [14]
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COM Computation - Step 3

» Use optimal equalizer parameters to compute
interference and noise probability density functions
(PDFs)

— Interference: ISl, Xtalk
— Noise: RX noise, jitter-induced voltage noise

* Convolve these PDFs and integrate to compute
noise amplitude for COM calculation
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Example Result

0 : -
—
10" Xtalk
EOE R N | e ISI+Xtalk
& Jitter, TX and system noise
10 3 total noise PDF

Probability
b=

0 TN R ‘Y VO DER [ Nosel |
|
|

>
004 003 -002 -001 0 001 002 0.03)0.04 Ref [14]

e Signal = 35 mV
 Noise at DER=35-13 =22 mV
« COM ~ 4dB > 3 dB target
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Example Usage for Channel Budgeting

PSXT

m1 -20

IL

-30

—

~~— 5 Test Channels

-40

PSXT

dB{s{1.2})

PSXT_profile

-80

ICN =5.703 mVrms

UL L
36

o s 10 treq; O3
COM (dB) Link#1 Link#2 Link#3 Link#4 Link#5

Link Loss 22.8 25.6 28.2 31.5 33.9

w/o Crosstalk 5.00 4.32 3.99 3.18 2.55

w/ Crosstalk -0.86 -2.27 -3.20 -4.94 -5.95

Degradation 5.86 6.59 7.19 8.12 8.50

 Compare 5 channels with different IL profiles

« COM analysis shows:
— importance of crosstalk
— Limits of chosen SerDes EQ capability

Slide 51
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Example Usage for Equalizer Budgeting

COM Results with 112G Test Channels
EQ:1-tap DFE + FFE (3 pre-/N-post) Ref [16]

FFE Tap Length (Post-tap Length)

hneaad Chiamngt /0 KTiK 16(12) 17(13) 18(14) 19(15) 20(16) 24(20) 28(24) 32(28)
Intel BP_2conn_850hm_30dB_Nom_t -1.93 -1.88 -0.64 0.44 0.62 1.72 1.94 199
intel  BP_2conn_850hm_30dB_HzlzHz_t 229 222 -115 0.1 045 211 238 243
intel  BP_2conn_850hm_30dB_LzHzlz_t 153 -146 016 098 099 233 263 2.69
Samtec  BP__Z100sm_IL15t016_BC-BOR_N_N_N_t 058 053 0.6 1.82 188 245 301 3.07
Sametc  BP_2100sm_IL25_27_BC-BOR_N_N_N_t 056 047 022 1.51 157 205 255 2.79
Sametc  BP_Z100sm_IL30to32_BC-BOR_N_N_N_t 109 093 064 055 056 096 139 1.56
Samtec CAd2d_2pOm_awg28_m_BC-BOR_N_N_N_t 006  -006  0.84 217 217 219 22 2.21
Samtec CAd2d_2pSm_awg28_m_BC-BOR_LN_N_N_t 032  -0.21 041 1.65 165 169 169 1.69
TE G1112_Ortho_t 165 157 305 542 542 543 581 5.75
TE B56_ChIBP t 029 021 178 429 429 436 445 447

« COM analysis reveals DSP complexity required to
accommodate 1-tap DFE for target channels
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lllustrative Optical Link Budget

Proposal for 400GBASE-DR4

TXOMA -

& Outer : ;

PAM4 Penalty~ 4.8 dB
(1/3)X signal reduction due to PAM4

g
TXOMA- . 4
R low/mid/upp b
Channel Loss ~ 3.0 dB

(0.5km * 0.5 dB/km) Fiber, 2.75dB for connectors

- e MPI~0.5dB (Multi-Path Interference)
1 _93_5 _________ R:n;y?r-.: TDP + Unallocated Margin~ 1.0 dB
Il Sﬁ;:;w I For all other TX and channel
----------- ! impairments

Minimum required RX sensitivity for this budget
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Outline

* Link Modeling & Analysis
— Modeling Methods
— Electrical Links
— Clocking
— Optical Links
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Link Modeling: Objectives

. / H -
Chip package R | Freesnnnann :
RX/TX i Modulation § i || : s { S
TX/RX PTH via P IN J¥ o
AC coupling P \ : RX noise
Line card capacitors

Line cardtrace

Line card via

: i i, W EORX jitter | i | ........ ;
-t r dssssssssssssssss r
L2 : : Y e .
Xk g

|u

 Link architecture definition:
— E.g. TX/RX equalization, clock recovery method etc.

« Component specification and sensitivity analysis:
— E.g. PLL jitter, ADC/DAC resolution, RX noise etc.

* Link validation

Backplane
connector

i |k
t
v

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

: : — DFE ;
Qg Link Model =

TX jitter :

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

Backplane trace L3 Backplane via
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Link Modeling: Methods

Statistical analysis:

— Probabilistic analysis assuming LTI system [17-22]
— E.g. StatEye, JnEye (Intel), LinkLab (Rambus) ...
Time-domain simulation:

— Based on behavioral models of link components
— Uses Matlab, Simulink, Verilog/VerilogA ...
Event-driven simulation:

— Uses functional forms of analog waveforms to break
accuracy-time step tradeoff [23]

IBIS-AMI:

— Industry standard to describe link components [24]
— Used primarily for link validation
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Time-Domain Link Modeling & Simulation

* Most commonly used for 56G/112G electrical &
optical link design

« Target pre-FEC BER of 1e-4 to 1e-6 makes this
method practical

« Can accommodate non-LTI behavior,
quantization effects and calibration loops
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Outline

* Link Modeling & Analysis

— Electrical Links

2019 Custom Integrated Circuits Conference - Education Sessions Slide 58




Electrical Link Model

D—O FEXT Channel

FFE/

Channel DFE

—»1 Equalizer Quantizer

>

RX

Tap Length

‘ Data

Non-Linearity *
Noise Jitter
Nan-Linearity

* Mix of frequency and time domain models

— Frequency domain: Channel models, matching networks,
analog filters

— Time domain: Clocks, ADC, DSP ...

« Crosstalk channels are typically asynchronous with
victim

Jitter
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Electrical TX Model
Example 112G TX block diagram
o i e g e RTerm. £SD .
1 ledl=) « TX model includes:
MSB RFE Serializerand | ~ i | - — o . o o
ome | precnon [ 7] B0 Therm [0 | vl o — Finite precision FFE
= ) 1 — DAC quantization &
T—D B £ thermal n.015e.
REF_| . | Quadrature | |outy-Cycle/quad.| | clock | | - DAC nonl]near]ty
 Jitter to voltage noise
‘ conversion used to
TX Model improve computational
et efficiency [20,21]
smba| P DAc>+ ya o s wwe ¢ Critical to include
f output/pad network
PLL CKITF J\i/tr:i::eo
JTF - Jitter Transfer Function [25]
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Electrical TX Model: Output Network

o & AN ON

Gain (dB)

N
o

—6— RC load
—8— T-coil
7t-coil

1

N

N
|

-14
16
X — 14
+ Distributed output network 3
to extend bandwidth in $ s
. Q 6 ——
56G/112G links °
(O] —e— RC load
— Group delay dispersion 2 = e

effects should be modeled 1
Frequency (GHz)
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Electrical RX Model

Typical 112G RX block diagram

== I--=——. | + Analog front-end
| ecanatn b s > il = HT ™ (AFE) model
o [ N I o includes:
L S N — Pole-zero CTLE

M;t:_;pa:f:fr'i':k— VCO or PI — Nonl]near]ty
‘ — Input-referred
noise
RX Model « ADC = Ideal
Crosstalk AFE Input sampler . .
Noise Referred Noise Nolse quant-lzer + -Input
e[zl /fro-b a5 iz, noise + clock jitter
Vnc])ise
CDR
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Equalizer Optimization

| Fl—

DFE

2D
"\

—| TX FFE —-| Channel |—> CTLE ———>|RXFFE

* Problem: Determine optimal TX FFE, CTLE, RX FFE+DFE
for given channel and data rate

« Simplifications necessary to make problem tractable

* One approach:

— Global search of CTLE with
 TX FFE set to minimize MSE at ADC input
» RX FFE minimizes IS| outside DFE span (in mean-square sense)

— Choose setting with best FOM
« E.g. SNR definition used in COM
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* Problem: Determine optimal analog front-end (AFE)
design solution for a given set of target channels

IL (dB)

6 Target Channels

Example 1: RX AFE Design

6 AFE options

_20 B

40|

1z, 2p
1z, 2p
2z, 4p
2z, 4p
2z, (3rp + 1ccp)

o U1 AN W N =

2z, (2rp + 2ccp)

20

40 60 80

Frequency (GHz)
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AFE CTLE Type Post-CTLE Filter?

No
Yes
No
Yes
Yes
Yes
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Example 1: AFE Design - Results

O s Ay

Eye Height (a.u)

123456123456;1‘23456123456123456123456
| ch1 | Ch2 | Ch3 | Ch4 | Ch5 | Ché

AFE |  CTLE Type

 Model results:

1 1z, 2p No

— Addition of post-CTLE filter 2 ;Z’ jp Les

1 1 Z, 4p (0]
improves eye margins -

2z, 4p Yes

5 2z, (3rp + 1ccp) Yes
6 2z, (2rp + 2ccp) Yes

— Best margin with (2z, 4p) CTLE
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Example 2: ADC+DSP Sensitivity

Impact of RX FFE Length,

)
o

3 " - ' Impact of DSP Resolution
S pre-/post- split S | P
E, £ 2t 12-tap RX FFE
c c
£ o (5 pre-, 7 post-)
o ] m 2 5 .
- ="
® @
4 E 15}
S 3
= 10
b b
N W
(1 X st
w w
a o
4 :5 EI-: IIG I.: “ .’: -; ; é I‘ﬂ l.’.?
RX FFE Postcursor Number DSP Resolution (bits)

* Problem: Determine #FFE taps and resolution required
in RX DSP for 112G SerDes

* Model results:
— Approx. half of RX FFE taps should be post-cursor taps
— DSP resolution = 8b
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Example 2: ADC+DSP Sensitivity - Contd.

——BER=1e-6 ; . zmv
35H ——BER=1e4|. ...
E : § 7
] T T LI REIY . Gaby” (LATTRTTy" ceONNt PR L O
g
&isp )/ N7 Noise = 3mV
S i e A2 Dy et
~ 0 R 1e-6 BER
IS N ) o R R N N .
0335 4 a5 & 55 6 55 7 75 &

Low-Frequency ENOB

* Problem: Determine #FFE taps and resolution
required in RX DSP for 112G SerDes

* Model results quantify ADC resolution - input noise
tradeoff
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Example 3: Sensitivity to AFE Linearity

30

I
L ,
1l
o
Ll 20_
Q
S 15¢
on
—
©
= 10}
()
oNn
S5
(@)
>
0 1 1 ! 1 1
-40 -35 -30 -25 -20
HD, (dB)

* Problem: Determine AFE linearity requirement based on
link-level specifications

« Results show HD3 < ~-30 dB sufficient to ensure 25 mV
margin:
— Can help optimize transceiver power by avoiding AFE over-design
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Outline

* Link Modeling & Analysis

— Clocking
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Clocking Analysis

i

Reference

clock gen.
|

PLL

Clock veo
Distribution

CDR

« Used to design TX, RX clocking solutions to meet jitter
specifications [25]
— E.g. PLL bandwidth, clock fan-out, #stages etc..

« Random jitter optimization is critical for 56G/112G
links
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Random Jitter Frequency Profile

CDR BW
VCO Noise

Jitter amplification
Thermal Noise Floor

Phase Noise

Frequency (log scale)

* Increasing clock frequency — Increasing RJ from
clock distribution
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Jitter Amplification

Input ’ T Output
Jitter b D il Jitter

Thermal Noise
Supply Noise

« Bandwidth-limited circuits amplify high frequency
jitter

* This can be analyzed using the Jitter Transfer
Function (JTF)
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Jitter Transfer Function

2 —
-\_/_‘ Input Cloek with \
: Jitter Impulse
/\ /.\ Jitter Transfer Function
OutputClock \ ™ \
V Fan
3 e 3 e e

I Jitter Impulse Response
e ®

>

—)

Jitter
Amplification (dB)

? .
1 Frequency (Hz)

« Capture jitter impulse response (JIR) by shifting
one clock edge

o /Z-transform of JIR = Jitter Transfer Function

>
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Clock Distribution Analysis

ST1 STz ST3 STN
T —~I> ? 1} ® ;I@ ® "-4@ D Tio
|
PN, PN PN, PNy

PN, = Phase noise of i-th stage
T, »=(--- (((T; ;*JTF,) + PN,) *JTF,) + PN, * ... ) *JTFy) + PN,

« Jitter transfer functions enable efficient analysis of
clock distribution options
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Clocking Analysis Example

Compare 2 clock distribution scenarios:

FO2, 10 stages

B i e T e P T

NS stS
FO4, 5 stages
._>._>_H b ||> > 256X
25 2.5
| .
2 -
g JIR - 14 GHz Clock e JIR - 28 GHz Clock
= 1 £ 1.5
5 ! i 5
ﬂ 0.5 o
e 0 ® _P_‘ 0
g 0.5 ;s
5 E
= < - 14G, FO2, ST10 O -15
A5 —— 14G, FO4, ST5 Z ,
2 2.5
1 2 3 4 6§ 6 7 8 9 10 11 12 13 14 15 0123 4567 8 9 1011121314 151617 1819 20
Cycle Cycle
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Clocking Analysis Example - Contd.

12 I | | | | |
——14G, FO2, ST10 | |

— ——14G, FO4, ST6 iaangs X
% | | —28G, FO2, ST6 Jitter peaking
S near fC/k
LL
=
)

° Frequency (GHz) Fen

« JTF analysis can guide clocking scheme selection
and clock distribution design
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TX Total Jitter Computation

« TX jitter frequency spectrum can be computed from:
— PLL phase noise profile

— Clock distribution JTF, phase noise
— CDR filter BW

PLL Phase Noise CKD JTF TX Output Jitter RX Input Jitter

A
After

RX CDR Filter

b,

Total Effective
Random Jitter

 Dominant jitter sources can be quickly identified
using this method.
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Designh Example: 112G TX Clocking

Clocking for 112G TX Simulated Jitter PSD
-70
CK Distribution YCCHY | =y
I AI1 — ::tt:: :JQCGCegEC CK Fan-Up and TX Driver
Regulator VCC___ alog e i ARSr 10MHZ COR PUtor []
Aoo———t——— "% After 3MHz CDR Filter

-110r

7

..
-120 .'.‘

|
4:1
4
1Q Gen J—»ﬁ- DCC -;4~ QEC HABuffer Pulse
7'y y'y Gen

L*
-130r

-140r

a4} Driver Output
Stage

-150"
DCD/QED

I -170

Ref [26] e Offset Frequency [Hz]

RJ after 10 MHz CDR = 185 fs-rms

Control
\\

Control

160} —

Noise Spectral Density [dBc/Hz]

Coarse/Fine
Coarse/Fine

10° 10

« RJ computed from full clock path simulation
matches that from JTF analysis
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Outline

* Link Modeling & Analysis

— Optical Links
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Optical Link Modeling

MMF/SMF

Retimer |—Ci > (.) m D—>CD—| Retimer

Driver I TIA
(===

I Laser : MOD - Optical Modulator
- PD - Photo-Detector

 Includes several components from electrical links

« Key new components:

— Optical modulator
— Photodetector (PD)

« Several commercial tools now available [27, 28]
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Optical Modulator Modeling

« Two types of intensity modulators:

— Direct modulators which modulate laser directly
. E.g. VCSEL

— External modulators which modulate CW laser output

* E.g. Mach-Zehnder Modulator (MZM), Electro-Absorption
Modulator (EAM), Ring Modulator

« Key parameters:
— Bandwidth
— Linearity
— Noise (RIN)
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Example Modulator Model: VCSEL

AC Responses
L-1-V Curves 3 nespon
6.0 ‘ - - - 30
5.0 25 -
e A .___:. ----------- r 2.0 -3
i e e % @
€ | gi=m=" o E
H 20 g L5 § S &
= o L]
] = =
% 2v0 -------------------- 1 u lrb s 0'5 mA
3 -4 D = 8.5 mA/sart(GHz)
1.0 In=03mwW/mA | L 05 = ;;3 3: K=0.24 ns
- = V_30C Az} | =——eoma | | ., _
~==-V_75C 21| 7sma | | To=31/ns
0.0 . S - 0.0 100ma| | f; =25 GHz
0 6 . 10 12
Current (mA) A5 L f L .
Ith = 0.7mA 0 5 10 15 20 25

Freq (GHz)

Nonlinear VCSEL Model [29]
H(f) = const x f2/(f;* — f* + j(f /2m)y)

« Bias-dependent transfer function

— Parameters extracted from L-I-V and
S-parameter data

— Results in asymmetric PAM4 eye

fr = D\[lycsgL — Iin

r= Kfrz + Yo
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Photodetector Model

| I— | — I
P, Rs Ls PD
;\\% R] =:Cngp —~= CPad
lohe Ton
\ ’ ] \ ’ J
Diode model Pad connection

| P,, - Incident optical power
™ jw-T, R - Responsivity
: : z,, - Photon lifetime

ph = " opt )

Transit time-limited bandwidth

» Key parameters and typical values:
— Responsivity: 0.5-0.8 A/W
— Bandwidth: >35 GHz for 50 GBaud links
— Capacitance: <70 fF
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Example: TIA Design

56 GBd Optical Receiver (Target BER = 5e-5)

\ TIA
0.5 A/W i VGA DFE (0-4) taps
35 GHz BW
Cpd+Cfixed —T~ Cout™T [ [0 [H % ‘
/ 50fF | 60 CHz |
(20-200) fF = =3

* Goal: Determine TIA specifications to optimize
receiver sensitivity
— Need to co-optimize TIA and DFE
— Also comprehend sensitivity to PD capacitance (C,)
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Example: TIA Designh (Modeling)

e 5 R mRg, — 1 —sC¢R
II Model Zi(s) = out (g fb _,fj fb)
cf l +gmRoy + 5Dy + 5Dy2
R
fb
V Di1 = Cin(Rout + Rpp) + Cf R (1 + gm Row)
| & _@ —U | D2 = RpRouCin(Cou + Cr).
inl] C.
in_L_ =
T T A= gmR
1 Rout 1 Cuut ; 8 g”‘;'“l
— ) ) ) T 2?1'Cg_atr:
L ) Ref [30]

Shunt-feedback TIA behavior can be described
analytically

— Simulated step response can be used for more
complex TIAs
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Example: TIA Design (Analysis)

Cutput level Gm, Rfb —¢| MNoise gen

PRES A \l\ = { DFE sli BER Check
‘_,-“"' icer ec

 Optical BW TIA VGA BW | r
| —

Combined pulse response can
be analytically computed

 For each design choice (g,,, R) \

— Compute overall PR

— Find sampling point from CDR timing
function

— Create waveform at slicer input by
convolution

— Find RX sensitivity
» Decrease PRBS level until BER>target

MM-CDR w/ DFE
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Example: TIA Design (Analysis - Contd.)

« Optimized design point search: For each DFE length
and PD capacitance,
— 2-D sweep of Gm and Rfb to find optimal sensitivity

Sensitivity Vs (gm, Rfb)

110
100
90
80
70
60
50
.
N

150 200 250 300 -

Rfb (Q)

gm (mA/V)
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_5 - . = ™
; “— No DFE PAMZ
. —&— 1-tap DFE
£ o Supore
o —5— 4-tap DFE No DFE L=
= e
=10 sl e
3 = A~2dB -
A o e _Fﬁ Y |
| % ~3 (1-4)-tap DFE|
150 N :
0 100 200
Cpd(fF)

Sensitivity(dBm)

Example: TIA Design (Results)

10
0

i

f- PAM4 —_*3: T:a DF DE-,: .
I_.-". = E-Laz ore ]
...f —&— 3.tap DFE |
...'_.-"II NO DFE . ‘i-[ap ore
J
~6dB o
s @
- = -
—
=
— (1-4)-tap DFE
100 J
Cpd(fF)

« DFE improves RX sensitivity by >2 dB
— And reduces sensitivity to PD cap

« DFE benefit is more significant for PAM4
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Outline

e Conclusion
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Conclusion

« Data center bandwidth needs driving demand for
56G/112G electrical and optical links

« 2 key standards: OIF-CEIl & IEEE 802.3 (Ethernet)

— NRZ to PAM4 transition has led to new specifications

— Most 56G standards complete. Several 112G standards
under development.

* Channel Operating Margin (COM) is a standardized
technique for link budgeting

 Link models enable efficient desigh exploration and
system level optimization
— Reviewed several examples using time-domain models
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