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AGENDA

= |ntroduction to PAM4
=  Why Now

= PAM4vs. NRZ

TIE: Eye Diagram

= Measurement Basics
= New PAM4 Measurements

» Clock Recovery
= Equalization and IBIS-AMI

= PAM4 in Simulation and Measurement
=  Measurement and Simulation Results
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Commercially viable backplanes operating up to
56 GBd is the driver for PAM4
= 1M Backplane (note KP4) <-40dB of loss
@ 13GHz, barely supportable at 100G
» Doubling of speed pushes backplanes into
-70dB loss profiles; Higher order levels of
modulation are the most effective way
forward
Interconnect single mode optics and CDAUI are
amenable to 56 GBd, due to the relatively low
loss and dispersion
= Adopting PAM4 to maintain the same
format and prevent conversion
Multi-mode optics, not likely a candidate for
PAM4 at 56 GBd
= Development will lag single mode rollouts
and not impact PAM4 adoption

CEl 3.0
KR4
CAUI4

802.3ba : (100G LR4/ER4 )
802.3bj : (100G KR4/CRA/KP4)
802.3bm: (100G SR4 )

CEl 3.1,/ CDAUI-8 |802.3bs : (400G DR4/LR8)

25.78Gbps
25.78Gbps
25.78Gbps

56Ghbps/25.78Ghps
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Technology Adoption Lifecycle
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PAMA4

4 Levels — 3 Eyes

Sensitive to SNR (eyes smaller)

2 bits into 1 Ul

Y, Baud Rate for same data
throughput (28 GBd = 56 Gbps)
Additional complexity/cost to TX/RX

VS.

NRZ

2 Levels — 1 Eye

Less sensitive to SNR

1 bitin 1 Ul

1X Baud Rate for same data
throughput (28 GBd = 28Ghps)
Less expensive TX/RX
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NEW MEASUREMENTS & TECHNIQUES

Measurements Per

<! Relative Eye Position Clock Recovery
Transition Type

Measurements Options

» “Conventional” ?
» Selected Edges ?
* Noise-Tolerant ?
* |BIS Model ?

* Spec-Compliant ?

* Vertical Linearity

* Horizontal Offset
Example: Rise & Fall Times

JANUARY 19-21, 2016
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PAM4 CLOCK RECOVERY

» To extract clock and bit sequence from embedded data

streams
» Required for equalization (DFE), jitter/noise decomposition and
characterization
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Rato: 20 Log (ditter Ot/ Jiter In)
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= Clock extraction in presence of multiple levels and transitions

0
Time, Ul at 12,8908 GBaud

i
05
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Improved Software Clock Recovery

= Use the Spectral line approach to 5
get clock spectrum. Apply Tukey
window to clean up the clock |
spectrum. e

= Then convert to time domain. Then | 7 "\

Clock Recovery for Signals with Spread
Spectrum Clock Through Lossy Channels [t N

Kan Tan, (Tektronix Inc.) ! \

995 10
Frequency (GHz)

Clock Recovery Removes SSC

Spectral line approach works well
with signals through lossy
channels.
. = Edge crossing based PLL works
2016/ JANUARY 19-21,2016 o well in tracking out low frequency
SSC jitter.

= The combined approach tracks out
the signals with SSC through lossy
channels.

Thursday, January 21
2:50 PM - 3:30 PM
Ballroom B
oo
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DESIGNCON 2016 JANUARY 19-21,2016

WHERE THE CHIP MEETS THE BOARD

PAM4 EQUALIZATION

a==e &1 Continuous Time Linear
&= Cqualizer (CTLE)

gl Feed Forward Equalizer
(FFE)

Decision Feedback

see Equalizer (DFE)

Applied Time Frequency Impulse
Signal Domain Domain Response
Analog | Continuous Infinite IR
Analog Discrete Nyquist FIR
- : N/A N/A
DIgJE! Discrete (Nonlinear) | (Nonlinear)

cadence Tektrnn/ix*

'#DO

A"L“-

‘l[h.
- 4




Insertion Loss (dB)

LIMITATION OF LINEAR EQUALIZER

Linear equalizers (CTLE, FFE) attempt to “invert” the channel
But must damp down at high frequency to suppress noise — Residual ISI

Linear equalizer, .~~~

‘,-"'.'.'
’-'-'.“
.—"' .
s Equalized channel
QN“‘~~
L3 §~~‘
§~~
\~\~
Channel “~~._
\~~~
|deal

e ST VN ED TR R B B SR

109 101C
In real world ...
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Decision feedback equalizer (DFE) Zk = Vi — Z Widk-i 7 Decision”

=1 (Slicer)

------.'

— Pros Yk
— Compensate high frequency channel ’
response w/o noise amplification

— Remove postcursor ISI e
—Cons
— Does not remove precursor 1S y - = |
Combine with FFE S 4 L [ oo Z =
— Potential error propagation from bit error | Feedback (FIR) Filter }

Efficient CTLE and CDR design ~ “-7""rrresssessssssssmmssssssosesesssesee?

http://www.ece.tamu.edu/~spalermo/ecen689/lecture
19 _ee689_rx_dfe_eq.pdf
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Unlike linear equalizer, DFE requires re- " Decision
design and new considerations for PAM4 (Slicer)

Yk
Signaling-aware slicer and constellation

— NRZ vs. PAM-4 requires different decision
algorithms

resscssen s
cSasssssssssssssssne®

Self-adaptive optimization 71 7 | ooe 71|
— DFE coefficients tuned from measurements alone R, F ??f’.b.??f.{.'f'ff.':.i.lfe.r.c‘
— No back-channel needed http://www.ece.tamu.edu/~spalermo/ecen689/lecture

19 _ee689_rx_dfe_eq.pdf
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SIMULATION VS MEASUREMENT

Traditionally two separate worlds
— Simulate from the office and measure in the lab

Today measurement “probe points” are not accessible
— Equalization takes place inside the chip for multi-gigabit devices
— Measurement equipment must simulate equalization to demonstrate if the data can be recovered

Does it make sense to be simulating using different techniques?
~NO'!

& S S B
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Lab measurements have artifacts not typically present in simulation
— Cables and connectors
— Test equipment: Scopes, probes, ...

Simulation must model these or they must be removed from measurements
— Models for simulation available from test vendor or can be measured directly

Receiver models can impact results
— IBIS-AMI provides a standard method for RX equalization
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AMI — ALGORITHMIC MODELING INTERFACE

Extension made to IBIS in 2007

Enables software-based, algorithmic models to work together with traditional IBIS
circuit models

Enables SerDes equalization algorithms to be modeled and used during channel
simulation

IBIS-AMI enables plug-and-play simulation compatibility between SerDes models

from different suppliers, in a standard commercial EDA format
&
IBIs
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IBIS-AMI — MODEL SUBCOMPONENTS

+ Circuit component
— I/O buffer stage
— Voltage swing
— Parasitics

— SPICE or traditional
IBIS format

+ Algorithmic component
— On-chip
— Equalization functionality
— DLL + AMI file

6 JANUARY 19-21,2016

P - [SP - Channel Designer : C:{kwillis) Werkinglabciabe.ml]
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T

Impulse response

Model input
parameters

—

AMI__Init for “one-time”
adaptive EQs

AMI_GetWave for “real-
time” adaptive EQs

AMI_Init

-Initialize filter
- Setup Data Structures

AMI|_GetWave

-Waveform Processing

-Clock and Data Recovery

)

Modifiéd impUIse response

ualized waveform

AMI_Close

-Free memory etc.

11411

Clock ticks
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LEVERAGE LAB MEASUREMENTS IN SIMULATION

Perform the same tests during the design and analysis
stage that are used to sign-off in the lab

Package/PCB

model extraction \ e
. N
s T e i

= :
I e ST Ty R - Sigrity
.S Igrity Captured waveform data
Simulator
PHY Design

S~ |

Tektronix
PAM4 tests performed
on Sigrity data
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SYSTEM TOPOLOGY

Simulation
. TCPRMAL [JPkgt Cable_|Slbrd_Cable Pkg2 ! R - S
1 2
O O O
_ I
BER[TScope Channel Oscilloscope N

Measurement
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TRANSMITTER PROPERTIES

Signaling rate: 25.78125 GBd

Signaling: PAM4

TX equalization: 5-tap FIR (1 precursor, 3 postcursor)
Data pattern: PRBS7 for measurement and simulation

= 1 & ! - ¢ 1 B
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CHANNEL PROPERTIES

http://www.ieee802.orqg/3/bs/public/channel/TEC/shanbhag 02 0914 .pdf

— |IEEE 802.3bs 400 Gb task force library
— Medium reach / Chip-to-chip channel using a single connector
— Insertion loss: 18.2 dB @ 12.9 GHz
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http://www.ieee802.org/3/bs/public/channel/TEC/shanbhag_02_0914.pdf

RECEIVER PROPERTIES

Automatic Gain Control (AGC)
Adaptive 2-pole Continuous Time Linear Equalizer (CTLE)

15-tap Decision Feedback Equalizer (DFE)

M o & & bR S

— |

Freguency (Hz)

DFE + CDR

Continuous Time Linear Eq

Auto Gain Control
(AGC) (CTLE)

— . _ . _
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SIMULATION RESULTS

Simulation

. TCPRMAL {JPkg1 Cable_|Slbrd_Cable Pkg2 ! P .- S
2

el Oscilloscope

DESIGNCON

WHERE THE CHIP MEETS THE BOARD
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100,000 Uls at 64 samples/UlI

30ps 20ps 10ps 0s 10ps 20ps 30ps -30ps -20ps -10ps 0s 10ps 20ps 30ps

Before RX
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SIMULATION RESULTS

B P Analysis =N o5

|. Config Results for Full Waveform

| Full Wfm Meas
e Uinit Irterval 36 7Ops K aO8omY | 1.530mY | OE24my
| Avy. Wim Symbol Rate 25 78GEd 27.45my | 3.527mv | 16.69my
T Eqquiv Bitrate (2xBd) 51 56Ghps 2 3Tmy | 473my | 18.49my

Pattern Length 127 ~ B615mYy | 6708mY | 37.50my
Symbol Population 95702
Linearity (R_LM) 93 30%

| tos Be | T )

|' Prefs Upper | 58.96mY | B06.8fz | 244503 | 2530ps | 2580ps | 117.7fs | 23.87ps | 14.68ps | 49.35mY
L. Middle  |-1.914mY | 1.284ps | 25.04ps | 26.11ps | 26 61ps | 111.8fs | 24.77ps | 13.93ps | 40.73my
Lowwer |-52.95mY | 1.590ps | 27.42ps | 286Tps | 29.32ps | 14791z | 26.89ps | 12.12ps | 32.03mY

|R|s Fall

| Reports

Tektronix

WHERE THE CHIP MEETS THE BOARD
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MEASUREMENT RESULTS

el Oscilloscope

Measurement
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10% samples at 200G samples/sec

sss

rrrrr

KadALAY

Before RX
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MEASUREMENT RESULTS

PAME Analysis = ch==|

|. Config Results for Full Waveform

| Full Wfm hean StdDew I Pk-Pk

e Uinit Irterval 36 7Ops 91 30my | 6B44my | I9ETmY

| Avy. Wfm Symbol Rate 25 780Ed K 3074my | 5.935mYv | 33.58mv

T Eqquiv Bitrate (2xBd) 51 56Ghps 2 29.05mY | G.993mY | 36.35mY
Pattern Length 127 ~ _B348my | 7120mY | 36.41my
Symbol Population 04142
Linearity (R_LM) 2817%

| Reports

| Log J@-10 id-d) | o)
Upper | B0.83mY |-1682ns | 9332ns | 11.22ns | 1250ns | 361 Bps | 6708ns | 0.000s | 0.000%

Middle | 54630 | -424.0fs | 25.08ps | 29135ps | 31.92ps | T24.3fs | 20.2ps | 13.74ps | 26.23mY
Lowwer |-58.56mY | -21.26ns | 11.42ns [ 127Tns | 13.70ns | 257 Fps | 9.564ns | 0.000= | 0.000Y

| Prefs

gram (Full Waveform)

Tektronix
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PRELIMINARY CORRELATION

Simulation Measurement
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PRELIMINARY CORRELATION

Simulation

14.68 ps

H 32.03 mV

26.23 mV |

Measurement

2016/ JANUARY 19-21,2016 cadence
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Simulation/Measurement correlation requires accurate modeling of

TX/RX/Channel

— Quantify TX/RX/Channel/T&M instrument characteristics
— Impulse response, jitter and noise profiles need to be accurately extracted and considered

IBIS-AMI models enable accurate prediction of signaling inside the device after
adaptive EQ

— Design space exploration in early design phase (Design Level)

— Final design signoff before going to manufacturing (System Level)

— Final verification in the lab using measurement equipment

Cadence and Tektronix are bridging the gap between simulation and lab
measurement

2016 JANUARY 19-21,2016 cadence Tektronix
J/ #DC16



Thank youl!

QUESTIONS?
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