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Development Trends & Challenges in High-Speed Digital Design

Acceleration of Innovation

* Increased speed means Increased complexity
. 2024-2025

« New design and measurement challenges are here ‘ BT s 1is)

» No sign of slowing... @

‘ 2015 PCle 6.0 (64 GT/s)
® .

PCle 5.0 (32 GT/s)
PCle 4.0 (16 GT/s)

‘ 2010

PCle 3.0 (8 GT/s)

. 2006 if
PCle 2.0 (5 GT/s) i;:=-"*'~:---"‘_2'5

. 2003
PCle 1.0 (2.5 GT/s)
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Development Trends & Challenges in High-Speed Digital Design

PAM-n modulation

Multi-Level Signaling Methodologies:PAM-2(NRZ), PAM-3, PAM-4, PAM-8, PAM16

PAM4 modulation PAM3 modulation PAMS8/16 modulation
| / gl o G o I S, W— o
j 7 W ij T _ gﬂ = ; f “i
« PCle6/PCle7 « USB4V2
« Ethernet « GDDRY

« GDDRG6X

« MIPIA-PHY
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Development Trends & Challenges in High-Speed Digital Design

PAM-n Signaling Benefits and Challenges

Benefits
* PAM-n improves transmission efficiency

« PAM-n could reduce bandwidth limitation

Nyquist | Insertion . . .
Frequency Loss Signal Mapping | Baud Rate | Bit Rate
NRZ | 10GHz | 225dB | 1bitto1symbol | 20 Gbaudis | 20 Gbps
(PAM-2) ' Y P
PAM-3 10 GHz 22.5dB | 3 bits to 2 symbols | 20 Gbaud/s | 30 Gbps
PAM-4 10 GHz 22.5dB | 2 bits per symbol | 20 Gbaud/s | 40 Gbps
PAM-8 10 GHz 22.5dB | 4 bits per symbol | 20 Gbaud/s | 80 Gbps

Challenges
» 1/3 reduction in amplitude (9 dB SNR degradation)

* ~ 33% Ul timing loss due to level transitions

Height1: Eye Diagram X Time

s

¥ Voltage

REY el /
nemﬁ! 779

Ui 8000 73599, Total 206396. 2207968
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PAM-N Modeling Challenges

Transmitter Linearity, Noise and Distortions

* RLM (Level Separation Mismatch
Ratio) Ry
* |dentify transmitter nonlinearity.
* Verify linear spacing of the PAM-N levels
 ldeal PAM4: {-0.5, -1/6, 1/6, 0.5}
« Assuming non-ideal mapping table is {V,
’Vl ) V2’ V3}

Viia = (Vo + V3) /2
ES; = (V1-Viia) I Vo- Vinia)
ES, = (Var Vinia) I (V3 Vinia)

R,y = Min((3*ES,), (3*ES,), (2 -
3*ES,), (2 — 3*ES,))

 SNDR (Signal to Noise and
Distortion Ratio)
 Distortion: Introduced by level mismatch.

* Noise: Uncorrelated RMS amplitude
noise of each symbol level

A

SNDR = IOIUgW(

5
p max

2 2
GE-I-GH

|
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PAM-N Modeling Challenges

Receiver Non-linearity

 Gain Compression

» Qutput/input relationship

« Causes reduction of gain

» Should be modeled for simulation accuracy
« Automatic Gain Control

» Maintain a relatively flat output level

» Should be included for simulation accuracy
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Tap Weights S

Variable Gain

DDR Modeling Challenges pQ — P>

DFE Summer

Variable Gain

pas— p— B -l X
After Gain & 4 Tap DFE

:*I'> DFE Clocked by DQS:

» Correlated Jitter on DQ
& DQS cancels out

* Uncorrelated Jitter on
DQS is transferred to

DQ
v v v
Single-Ended Signal Asymmetric Eye: Asymmetric Eye:
Rise Time # Fall Time Crossing Points are shifted in the

Equalized Eye
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Designer Faced Questions?
Standard Specific AMI Models

Partial-

Customized

Low Accuracy System

podels Integration
ﬂ Company

AMI Developer Physical System Designer

System
Integration
ﬂ Company

Physical System Designer

Customized

High Accuracy Chip Company
AMI Models

SERDES Architecturer
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Model-Based AMI Modeling Platform — EDA Tool

TX AMI RXAM
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Wizard-Driven AMI Modeler — EDA Tool
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Compliance Simulation for PCle

« Pad-to-Pad loss and system routing length
- PAM4

» Reference clock jitter

Loss Parameters PCIS.0 PCl1 6.0

Rev 1.0 (dB) Rev 1.0 (dB)
Pad-to-Pad Loss at 16Hz | -36 -32
Root Complex Pkg (RC) |[-9.0 -8.0
Add-in-Card (AIC) -9.5 -8.5
System Trace Loss (RC) |-17.5 -15.5

AV KEYSIGHT

Root Complex

Baseboard routing

Short Longer
Channel ~ Channel
= Add In Card
o
o
o]
i Retimer
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PCle Reference Channel
AIC,CBB/CLB, Connector, Package models

ads_serdes ref_channel:PCleGensRefChannel Instance Name

PCleGensRefChannel1

PCle Reference Channel

Number of Lanes |Silanes v

Model Type (@) AddInCard () Base Board () Add InCard +Board () Package

* Provides PCle Gen5/Gen6 reference channel models ( Single-Lane and 6-Lane models)
« Add-In-Card, CBB/CLB, Connector, and Package models

* Visual aid for a model selection

Channel Model |Channel - 2d8

Addin Card

Parts =
@ Jim

Search all libraries

Y

rDes Reference Channel

e

PLIE FLIE
GEHE GEME
LB

Lr

oK Apply Cancel Help
 IBIS-AMI model maker
& {3 Edit PCle Reference Channel Parsmeters:1 Gl Edit PCle Reference Channel Parameters:1 {4 Edit PCle Reference Channel Parameters:1
= = [| EyeDiff_Probe
= == Tx_Output ads_serdes_ref_channel:PCleGen6RefChannel Instance Name ads_serdes_ref_channel:PCleGenéRefChannel Instance Name ads_serdes_ref. channel:PCleGenéRefChannel Instance Name ads._serdes_ref_channel:PCleGen6Refchannel Instance Name
Yy |PcteGenerafchannel1 PCleGentRefChannel 1 PCleGengRefchannelL PCleGensRefChannel L
v.
PCle Test Cha PCIe Reference Channel [ PCle Reference Channel PCle Reference Channel PCle Reference Chamnel
Number of Lanes |Onelane Number of Lanes | Onelane v Number of Lanes | Onelane v Number of Lanes | OneLane v
% AM g £Cle Gend Model Type @ Add InCard () Boards (CBB, 0L8) (O Connector () Package| Model Type () AddIn Card (@ Boards (CBB, CLE) () Connector (O Pack Model Type () Add InCard () Boards (CB8, CLB) @ Connector () Model Type (O Add InCard () Boards (CBB, CLB) () Connector (8) Package
[ P, e et
PCleGen6RefChannel PCleGen6R I}
PCleGen6RefChannel1 PCleGen6R B B I B ( :O nn ecto r PaC a e .
T AMI ChannelModel="Trace - 19.5 dB" ChannelMox = n = ar
ijAMH ModelType=AddInCard ModelType=
X NumkberOff gnes=OneLane NumberOfL
ComponentName="PCle6_tx_x64_V1_1_, _only"
PinName="1p"
ModelName="PCle6_tx_x64_V1_1_ADS_only"
SetAllData=yes
DataTypeSelector=Typ
UsePkg=yes
BitRate=64 Gbps Boards (CBB & CLE) Package
VAR
VAR1
TX_NLTV_preset=4 ChannelSim -
Tx_LTI_preset=4 ChannelSim1
NumberOfBits=1e5
ToleranceMode=Auto
EnforcePassivity=yes
Mode=Bit-by-bit
Channel Model [Trace - 19.5d8 ~ Channel Model [Trace -1.3d8 Channel Model |Connector - 15d8 ~ Channel Model [Cable - 1,508~
= T sorly sonly = canc b
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USB Reference Channel
Host PCB, Cable, and Device PCB models

Host
I

TP1

A

TP4

Speed

USB4

USB3.2

10 Gbps (Gen2)
20 Gbps (Gen3)

10 Gbps

5 Gbps
(Type C-C
connector)

Total Loss Budget Host (dB) Cable (dB) Device(dB
(dB) )
23 5.5 12 55
22.5 7.5 7.5 7.5
23 8.5 6 8.5
20 6.5 7 6.5

Parts g X
@ iy

Search all libraries

rDes Reference Channel ~

USB Reference Channel

FLIE FLIE
GENE GENE.

1r | TF

USE

1T

SetAlData=yes
DataTypeSelector=Typ
UsePkg=yes
BitRate=25 Gbps

i r
SpeedGrade="5G"
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Example: PCle 6.0 End to End Simulation

04 0
ADS ADS )
U,g;‘—?—_*< ——— — 5 m2 1w
02 ‘-W R e freq=16.00 GHz
z - m dB(SDD21)=-24.292 >
@ : 15— a
% 01— 2 ‘!’ = % L, “. - :J__)
a 1 \Wfr? \ x R 2 =
2 ] B Y = 3 2
3 01— (LS it a > 5
| i W7 =l <
>< N 304 5
| 35|
-0.3— ¢ e
-40—
0 10 20 30 40 50 60 7 e B o 10 20 30 40 50 60 7
. 5 10 15 20 25 0 time, psec
time, psec freq GHz '
= =[__|| EyeDiff_Probe EyeDiff_Probe
= = —=| Tx_Output = === | Rx_Input
Tx AMI Model = = Rx/AMI Model
[m] O,
\ PCle Test Channel
Eye_Probe
> = = 3 Rx_Output
PCle Gen6 PCle Gen6 PCle Gené
=AY Rl it
- o Channel o Channel o Channel
PCleGen6RefChannel PCleGen6RefChannel PCleGen6RefChannel Rx_AMI
Tx_AMI PCleGen6RefChannel1 PCleGen6RefChannel2 PCleGen6RefChannel3 Rx_AMI1
Tx_AMI1 ChannelModel="Trace - 19.5 dB" ChannelModel="Trace - 3.25 dB" ChannelModel="Connecfor - 1.5 dB" ComponentName="PCle6_rx_static_x64_V1_1_ADS_only"
ComponentName="Demo_PCle6_Tx" ModelType=AddInCard ModelType=Board ModelType=Connector PinName="2p"
PinName="1p" NumberOfLanes=OnelLane NumberOfLanes=OnelLane NumberOfLanes=OnelLane ModelName="PCle6_rx_static_x64_V1_1_ADS_only"
ModelName="Demo_PCle6_Tx" SetAllData=yes
SetAllData=yes DataTypeSelector=Typ
DataTypeSelector=Typ UsePkg=yes
UsePkg=yes

BitRate=64 Gbps

iﬁ ChannelSim

ChannelSim
ChannelSim1
NumberOfBits=1e7
ToleranceMode=Auto
EnforcePassivity=yes
Mode=Bit-by-bit
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Example: PCle 6.0 Simulation vs. Measurement Correlation

ﬁ ChannelSim’

ChannelSim -

Channelsim1. . .
MumberOfBits=MNBIT
Tolerancei ode=Auto

EnforcePassivity=yes -

I ode=Bit-ty-bit -

AV KEYSIGHT

PCle 6.0 Simulation

I .

T:@- - - 4L

PCle Garb
Reference
Ohanmne]

. B 5 .

Ti_AME

Te_AMH L .
IpisFile= mrnopsys_pcleﬁtxms“
ComponentMame="pcie6_tx"
PinName="1p"

I odelMame=" sarnopmrs_pmeﬁ b("
SetAllData=ne - -
DataTypeSelector=Typ .
UsePkg=no = |

BitRate=64 Gbps

BATCH SIMULATION -~ I

&

- BatchSimCont roller
. BatchSimd .

Var= Start=1.0Stop=10.0 Step=1.0Lin= _

UseﬁweepF'lan no

" Analysis[1]="ChannelSim1"
- UseSwespModule=yes -

- SweepModule="CSV _List" .

. SweepArgument="PCled wenghtedTaWaluescaf

_UseSeparateProcess=yes
MemelDatasets=yes
" RemoveDatasets=yes

* PCleGensRefChannet

PCleGensRefChannel -
- PCleGensRefChannel! PCleGensRefChannel2.

BSAE

. ChannelModel="Trace - THamiEM odel="Package -
_ModelType=AddinCard ModelType=Package
VAR ‘c2cicoc’
L
= Qi 0010
C2=0.042- 1 - 49 g Gos3 do17,0
- C_1=-0208. - @2 - 0016708330
(C0=075 . G3 . 0 0.0917.-0033
ci=0 Q4 ~ 0 0, 0833 -0167
- - - @5 - 0042, -0.2808 0750
o . Q6 . 0042 -0.125 0708, -0.125
[E] A Q7 0033,-0.208 0.709
mm : -G8 - 0083 -025 0667 0O - -
NBIT=1e5 . Q9 . 0083, -0.25 0.625 0.042 .
BER=T
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Example: PCle 6.0 Simulation vs. Measurement Correlation

Desity

Channalsim | e
Tx A +

ChannelSim -
ChannelSim1.
NumberOrBits=NBIT
Toleranceode=Auto
EnforcePassiity=yes.
W ode=Bit-by-bit

01z

e =

Eye. Pobe
S - Eye._ Pobet
R AT

TX_AME
T AMH
IbisFile="synopsys_pcied tribs”

| SR
PCleGen5RefChannel - PCleGenSRefChannel
PCleGenSRefChannel! PCleGenSReiChannel2.
ChannelM odel="Trace - THaniModel="Package -8.5dB"

17
RX_AMI
R AMI1

IbisFile="synopsys_pcie_mibs"
ComponertName="pcief_ix" ModelType=AddinCard ModelType=Package ComponentName="pcie5_ri"
Pinarne="1p" PinName="ip"
ModelName="synopsys. peie6_ ModeIName="synopsys_peies_f_gens 5"
SetAllData=ne SetAllData=no
DataTypeSelecio=Typ - DaiaTypeSelector=Typ
UsePkg=no UsePkg=no
BitRate=64 Gbps,

£ .
o
o

2.C

BaichSimController - THAM * .
Batchsim1 C-2=0.042 & §%4
Var= Start=1.0 Stop=100 Step=1.0 Lin= C_1=0208 & dode
UseSweepPlan=no C0=075 Q3. 000
Anialysis[1]="CanrelSirmi1* c1-0 000
UseSweephlodule=yes. Q5 00k,
Sweephodie="CSV_List e T e

POty VAR1 8 - 0,08,
UseSeparateProcess=yes o o Lo Q9. o3,
MengeDaiasets=y s =

emoveDatasels=yes
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Support Rx_Use Clock_Input for PAM-n
Previously, GetWave?2, Keysight Proprietary IP

* AMI was developed for SerDes, for embedded clocking

« Memory systems use clock forwarding with a separate clock
signal DQS, RDQS, or WCK

* BIRD 209 (2021) was accepted and ratified in IBIS 7.1 to
support the clock-forwarding technology with
Rx_Use_ Clock Input

* Previously GetWavez2, the true support of clock forwarding,
only supported NRZ modulation

 Rx_Use_ Clock_Input for any modulations, PAM3, PAMA4,
PAM6, PAM8, PAM16, etc.

AN KEYSIGHT Advanced SerDes & DDR AMI Modeling and Simulation

No clock forwarding ( for SE)
Function: AMI_GetWave

Reguired: No

Declaration: long AMI GetWave (double *wave,

long wave size,
double *clock times,
char **AMI parameters out,

vold *AMI memory)

¥

BIRD 209 was proposed

Parameter:  Rx_Use_Clock_Input
Required: No, and illegal before AMI Version 7.1

Direction: Rx
Descriptors:
Usage:
Type:
Format:

Default:
Description:

In

5?1113 “None”, “Times” and “Wave”
List, Value

=string literal>

<string>

@



Example: Comparison of model

CTLE + DFE

Wizard-Driven
Modeling Tool

Model-Based
Modeling Tool

AV KEYSIGHT
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simulation results generated by 2 methods
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Other Modulation Levels

« Channel Simulator supports Various Multi-Level Signaling Methodologles

- PAM-2 (NRZ)

® PAM'3 AGS 06 ADS 08 L |
T e o~ 7 -
04— k =l 0.4 Wl of
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Summary

« Multi-Level Signaling

« Spec Compliant AMI Model Builder

« PCI Express 6.0, DDR5/LPDDR5, GDDR6x/7, USB4, Ethernet

* AMI Model Compliance Simulation

 Simulation to Measurement Correlation
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