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• PCIe 5.0 CEM Tx/Rx Test Consideration
• Gen5 CEM Fixture timeline

• Phy Test Specification update

• 100MHz System Clock jitter test update

• PCIe 6.0 64GT/s Test Consideration Pathfinding
• PAM4, SSC, SNDR, Top EH/EW

• M8040A BERT solution for PCIe 5.0/6.0 LinkEQ Testing
• HS digital applications coverage

• Redriver and EQ for long channel system board

• Firmware evolution & HW performance

• Fast, Accurate Rx Compliance SW

• Summary

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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PCIe 1.0 (2.5 GT/s)

PCIe 2.0 (5 GT/s)

PCIe 3.0 (8 GT/s)

PCIe 4.0 (16 GT/s)

PCIe 5.0 (32 GT/s)

2003

2006

2010

2017

2019

2022
PCIe 6.0 (64 GT/s)

BASE 6.0 v1.0 Oct 2021

• PCIe doubles the data rate every generation with full 

backwards compatibility every 3 years

• Ubiquitous I/O across the compute continuum: PC, 

Hand-held, Workstation, Server, Cloud, Enterprise, 

HPC, Embedded, IoT, Automotive, AI 

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇



4

S E L E C T  T H E  S P E C I F I C AT I O N S  F O R  Y O U R  S P E C I F I C  N E E D

Base Specification 

• Contains all the 

system knowledge 

• Can directly be 

applied to Chip Test

Card Electromechanical (CEM) Spec

• Applies to add-in cards and mother 

boards

• Mitigates card manufacturer’s 

need to study the base 

specification 

• Increases reproducibility through 

PCI-SIG supplied test tools CBB 

and CLB (compliance base and 

load board)

Phy Test Specification

• Defines compliance 

tests of CEM spec in 

detail

PCIe 5.0 BASE

Released 1.0 May 2019

Latest 

PCIe_5_0_PHY_Test_Spec_Ver0.9

Released Oct. 2021

PCIe_CEM_SPEC_R5_V1.0

Released in June 2021
Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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• PCIe 5.0 is backwards compatible with prior generations

• Enhanced SMT connector

• Same pinout

• Signaling is doubled (vGen4) to 32 GT/s

• Minimal spec changes – only ones needed to enable speed bump

• EIEOS changed to maintain frequency

• Encoding remains 128/130

• Loss budget: Goal 35-36 dB

• Equalization: 8 GT->16 GT-> 32 GT/s

• > 2x Tx jitter reduction 

• ~3x Reference Clock jitter reduction 

• Improved 32 GT/s Reference CTLE equalization, 3 tap DFE

• BER target is 10e-12

D E L I V E R I N G  T H E  FA S T E S T  P C I E  S P E E D  Y E T  

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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R E T I M E R  R E Q U I R E D  W H E N  L O S S  E X C E E D S  - 3 6  D B  O R  > 1  C O N N E C T O R

• Estimated allowable loss: ~= -36 dB @ 16 GHz

• Root complex pkg loss allowance ~= -8.5 dB @ 16 GHz

• Add-in Card pkg loss allowance ~= -4.2 dB @ 16 GHz

• Total AIC loss budget estimate = ~9.5 dB @ 16 GHz

• PCIe 5.0 CEM Connector loss budget ~= 1 dB @ 16 GHz

8.5dB

17dB

5.3dB

4.2dB

1dB

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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P C I E P H Y T E S T  S P E C I F I C AT I O N  R E V. 5 . 0  V 0 . 9

• need to be tested with SSC enable

• 2.1.6 AIC Tx Compliance test 32GT/s

• 2.3 AIC Base spec. Jitter test 32GT/s

• 2.4.4 AIC Tx Preset test

• 2.5.4 & 2.6.4 AIC Tx LinkEQ

Test with SSC enable or disable

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇



8

Very tight eye height 

margin.

1 5  M V  E Y E  H E I G H T  P O S T  E Q  ( 0 . 3 U I  E Y E  W I D T H )  TA R G E T

Constrained 

Impairments

Heavily dependent upon 

physical ISI channel

32.0 GT/s PRBS 
Generator

Combiner Test Equipment
Replica 
Channel

CEM Connector

Optimal TX EQ
Diff Swing 800 mV

TP3 TP2

Post Processing Scripts:
Rx pkg model

Behavioral CTLE /DFE
Behavioral CDR

TP2P

Rj 
.5 ps 
RMS

Sj
1-5 ps

Diff 
Interference

5 -30 mv

CM 
Interfer

ence

Calibration Channel
34-37 dB TP1 – TP2P

EH or EW Adjust

15 mV / .3 UI at E-12 BER

Small EH 
Adjust

Small EW 
Adjust

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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U P D AT E D  F R O M  P C I - S I G  I N  J U N E

Reference plane

9.5 dB + (24.5~27.5)dB = 34~37 dB

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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U P D AT E D  F R O M  P C I - S I G  I N  J U N E

26.5 dB + (7.5~10.5)dB = 34~37 dB

Reference plane

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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T E S T  F I X T U R E S  ( R E V I S I O N  2 . 0  S H O W N )

❖ PCIe 5.0 CEM Test Fixtures (rev 3) should 

Ship from PCI-SIG by Dec. (25 sets), 

Mar.(75)

❖ ~13K USD

❖ MMPX (F) on CBB/CLB/ISI board

❖ MMPX (m) on cables

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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• 10 bits ADC, 256 GSa/s

• Lowest noise 

< 900 μV rms @ 110 GHz

< 500 μV rms @   70 GHz

< 300 μV rms* @   33 GHz

• Lowest intrinsic jitter

20 fs rms

• Lowest inter-channel jitter 

10 fs rms

• Highest ENOB 

> 5.0 bits @ 110 GHz

> 5.4 bits @ 70 GHz

> 5.9 bits @ 33 GHz

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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CTLE [dB]

L0_Scan_32GTps_EH
for PCIe 5.0 EndPoint ASIC 

EH Z-Series [mV]

EH UXR 128GSa[mV]

EH UXR 256GSa[mV]

N O I S E  F L O O R  M AT T E R S :  E Y E  H E I G H T *  @  3 2  G T / S

Note Large Difference between 

measured eye heights using Sigtest at 

the end of the compliance channel 

(-36dB)
• Data Rate = 32 Gb/s

• Sigtest Composite Eye Height

• 2M UI

• CTLE -10 dB to -15 dB

• M8040A BERT

• TX preset P5

• Generator Launch =800 mV

• DMSI=10 mV

• CMSI=0 mV

• RJ=0.5 ps

• SJ=3.125 ps @ 100 MHz

* Based on waveform analysis using Sigtest
Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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P C I E R E V. 5 . 0  T E S T  S P E C .  V 0 . 9  D R A F T

Sample Rate of 

20GSa/s may not be 

optimal.

Pass requirement is 

less than 200fs

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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S A M P L E  R AT E  S E L E C T I O N  M A D E  T O  M I N I M I Z E  H F  A L I A S I N G  AT  5 G H Z

UXR (110GHz BW)

Sample Rate Clock Cycles Max Jitter (ps) Min Jitter (ps) Pass/Fail

256 Gsa 160000 0.053119466 0.010370885 Pass

Z-Series (33GHz BW)

Sample Rate Clock Cycles Max Jitter (ps) Min Jitter (ps) Pass/Fail

80 Gsa 160000 0.064823283 0.012659228 Pass

90000A (13GHz BW)

Sample Rate Clock Cycles Max Jitter (ps) Min Jitter (ps) Pass/Fail

40 Gsa 160000 0.081500841 0.015917855 Pass

MXR (6GHz BW)

Sample Rate Clock Cycles Max Jitter (ps) Min Jitter (ps) Pass/Fail

16GSa 160000 0.105338642 0.020580194 Pass

Sample Rate

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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E X : S Y S T E M B O A R D ;  S S C  E N A B L E  O R  D I S A B L E

Keysight UXR-Series Real-Time Oscilloscope

Sigtest Phoenix

• PCIe 5.0 CEM Spec. Tests

D 9 0 5 0 P C I C  T X A P P
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• PCIe 5.0 CEM Tx/Rx Test Consideration
• Gen5 CEM Fixture timeline

• Phy Test Specification update

• 100MHz System Clock jitter test update

• PCIe 6.0 64GT/s Test Consideration Pathfinding
• PAM4, SSC, SNDR, Top EH/EW

• M8040A BERT solution for PCIe 5.0/6.0 LinkEQ Testing
• HS digital applications coverage

• Redriver and EQ for long channel system board

• Firmware evolution & HW performance

• Fast, Accurate Rx Compliance SW

• Summary

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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K E Y  M E T R I C S  F O R  P C I E 6 . 0

PCIe 6.0 Category Objective

Data Rate 64 GT/s, 32Gbd, PAM4 (2x Gen5)

Latency <10ns adder for Tx + Rx Over 32GT/s (include FEC Native BER 1e-6)

Key Applications 800G Ethernet, AI, Co-Processors, Accelerators

Reliability As good as Gen5

Channel reach -32dB at 16GHz (less to Gen5 Channel)

Power Efficiency Better than Gen5

Low Power Keeps L1 sub state, Addition of a new power state L0p

Plug n Play Backward compatibility w/ Gen1-5 (Form Factors for CEM, M.2, Other?)

Other wants for Gen6 Not cost prohibitive to implement (HVM). Testable. Simple

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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NRZ (PAM2)

• 2 amplitude levels

• 1 bit of information in every symbol

✓ 32 GBd NRZ = 32 Gb/s

✓ PCIe 1,2,3,4,5 = NRZ

PAM4

• 4 amplitude levels

• 2 bits of information in every symbol 

✓ ~ 2x throughput for the same Baud rate (FEC required)

✓ 32 Gbaud PAM4 = 64 Gb/s

• Lower SNR, more susceptible to noise, loss, and reflections

• More complex TX/RX design, higher cost

• Nyquist frequency = 0.5*baud rate

• PCIe 5.0 Nyquist Frequency = PCIe 6.0 Nyquist
Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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Sensitivity to noise (xtalk, reflection, and other noise sources) is a key challenge

> 1.5x jitter reduction is necessary 

NRZ: Tx Clock Eye 

PAM4 UI

NRZ UI

PAM4 Tx Eye 

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

▪ ~ 33% UI timing loss due to level transitions

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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PA M 4  B R I N G S  N E W  M E A S U R E M E N T  S O L U T I O N  O P P O R T U N I T I E S

64GT/s! (=32GBaud PAM4)

PCB Loss target of 1dB/inch

Eye Height=6 +/-0.5 mV(Top Eye)

Eye Width= 3.125 +/- 0.3ps (Top Eye)

• SNDR: Signal to Noise & Distortion Ratio >34dB

• RLM: Ratio of Level Mismatch >0.95

• 12/48 Edge Jitter (similar to J4U)

• 100fs Ref Clock Jitter Limit (filtered)

• 4-tap TX Equalization

• New Reference Equalizer: CTLE+16 Tap DFE

• New FEC (low latency)

• Native BER of 1e-06

• Similar RX Test Method to PCIe 5

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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• Tx transmits 64GT/s compliance pattern that contains a section of PRBS23 pattern & four 64-UI long patterns –

one for each PAM4 Voltage level

• The recorded waveform must have > 250 repetitions of compliance pattern

• A pulse response is constructed from the averaged waveform by linear fit method

• One repeat of the linear-model waveform is constructed by using the pulse response and superposition

• The difference between the measured average waveform & the linear model waveform is the error waveform e(k)

D O C U M E N T  F R O M  P C I S I G

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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32Gbd x 8 samples = 256G Sa/s

Keysight UXR scope

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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S E L E C T I N G  S I G M A N  S A M P L E  P O I N T

Clocks are always defined at the center of the unit interval.  

This corresponds to the rising edge of the recovered clock 

on real-time oscilloscopes.

For PCIe 6.0, 8 evenly spaced sample points for symbol 61 

are used to calculate Sigma-n

Recovered 

Clock (rising 

edge) for 

Symbol 61

DUT Signal

8 evenly 

spaced 

sampling points

V1 V2 V3 V4 V5 V6 V7 V8

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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1 3 7  B L O C K S  /  8 7 6 8  S Y M B O L Block

Type

Block

content

Block 

Qty

Note

1 64 Symbol (11b) 1 Level 3

2 64 Symbol (00b) 1 Level 0

3 32 ”1100b” 2 Toggle 

Pattern

4 16 Symbol 

Unscrambled 

Payload 

2 (Lane# 

depends)

5 EIEOS 1

6 16 Symbol (00h) 

Scrambled

64 (Lane# 

depends)

7 64 Symbol (10b) 1 Level 2

8 64 Symbol (01b) 1 Level 1

9 16 Symbol (00h) 

Scrambled

64 (Lane# 

depends)

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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1 0  B I T S  U X R  V S  O T H E R  8  B I T S  S C O P E

Measurement UXR (40 GHz 4BT) 8 bits Scope (40 GHz 4BT)

Eye Width 1 (ps) 3.0 2.5

Eye Width 2 (ps) 3.5 3.2

Eye Width 3 (ps) 3.4 2.2

Eye Height 1 (mV) 22.6 13.9

Eye Height 2 (mV) 30.7 23.4

Eye Height 3 (mV) 28.6 13.9

UXR (10 bits) 8 bits RT Scope 

Average Eye Width 

25% Better

Average Eye Height 

60% Better

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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• PCIe 5.0 CEM Tx/Rx Test Consideration
• Gen5 CEM Fixture timeline

• Phy Test Specification update

• 100MHz System Clock jitter test update

• PCIe 6.0 64GT/s Test Consideration Pathfinding
• PAM4, SSC, SNDR, Top EH/EW

• M8040A BERT solution for PCIe 5.0/6.0 LinkEQ Testing
• HS digital applications coverage

• Redriver and EQ for long channel system board

• Firmware evolution & HW performance

• Fast, Accurate Rx Compliance SW

• Summary

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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P C I E  6 . 0  H W  R E A D Y  R X  B E R T  S O L U T I O N

PCI Express 6.0 5.0 4.0 
64G/ 32G/16G/8G/5G/2.5G

SAS-4/SAS-3
22.5G/12G CCIX

25G/20G

CEI-03.1
• CEI-28G-SR/-MR

• CEI-25G-LR

CEI-04.0
• CEI-56G-MR/-LR PAM4

Optical TRX:

• IEEE 802.3

• 25GBASE-LR/-ER/-SR

• 100GBASE-LR4/-ER4/-SR4

• 200GBASE-FR4/-LR4/-DR4

• 400GBASE-FR8/-LR8

• 400GBASE-DR4

• MSA

• 100G-CLR4 MSA

• 100G CWDM4 MSA

• 100G 4WDM-10/-20/-40 MSA

• 400G-FR4 100G lambda MSA

IEEE 802.3
• 200GAUI-4 PAM4 C2C

• 400GAUI-8 PAM4 C2C
Electrical TRX:

• CEI-04.0

• CEI-56G-VSR PAM4

• CEI-03.1

• CEI-28G-VSR3)

• IEEE 802.3

• 200GAUI-4 PAM4 C2M

• 400GAUI-8 PAM4 C2M

Consumer/Computer:

TBT 3.0 20G

SATA Gen3
6G/3G

USB3.2/ USB4 /TBT4

MIPI M-Phy Gear4

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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+

M8047A

M8046A EQ

• The M8047A + M8046A offers an adjustable dual stage CTLE + 16 tap FFE 

which enables the M8040A to deal with any PCIe 4.0 compliant backchannel 

for RX testing and LinkEQ TX testing including response time testing.

• First test with a real PCIe 5.0 32G root complex have shown that the M8047A 

can be used at 32G.

• The M8047A control is fully integrated into the M8070B GUI and will be 

integrated into the N5991 PCIe test automation soon.

• The M8047A list price is just 5k USD

dual stage CTLE + 

linear amplifier
+ 16 tap EQ

M8047A M8046A

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇



32

• Understanding the Max. IL limitation of M8047A+M8046A for Gen5

M A X  I L  F O R  E R R O R  F R E E @  3 2 G B P S ( 1 6 G H Z )

Pair#28 (13.18”)
M8041A-801

SMP short cable

M8041A-801

SMP short cable

Preset 5, 800mV

Modified 

Compliance 

pattern

-33.4dB
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• IL=-33.4dB, before M8047A, and M8046A EQ

• Eye open~40mV

M A X  I L  F O R  E R R O R  F R E E @  3 2 G B P S ( 1 6 G H Z )

Pair#28 (13.18”) M8041A-801

SMP short cable
M8041A-801

SMP short cable

Preset 5, 800mV

Modified 

Compliance 

pattern -33.4dB

Boost1=3

Boost2=6

Boost.BW=3

DC Gain=Low

Driver Gain=3

~40mV

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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3 2 G T / S  R X E Q T E S T  W I T H  S S C  “ E N A B L E  O R  D I S A B L E ”

M8070B FW Ver.8.0 New Features for PCIe:

1. SKPOS filtering now up to PCIe 6, 64 GT/s

2. Added speed bypass mode for “L0 (local oscillator) /Recovery” training

3. Added LTSSM for other than lane 0 – configuration

4. Reference clock multiplier (PG PLL) support with SSC (spread spectrum 

clocking) transfer from 100 MHz ref clock to 64 Gbaud

M8046A CDR performance:

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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R X  T E S T  A U T O M AT I O N  S O F T WA R E

• Guided and automated stress signal calibration minimize 

user interaction and help to reduce errors

• Test beyond compliance

• TxEQ matrix scan for  32 GT/s, 16 GT/s and 8 GT/s

• JTOL test for  32 GT/s, 16 GT/s and 8 GT/s

• Sensitivity Test for 8 GT/s

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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S S C  E N A B L E  A N D  D I S A B L E
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1. UXR is the best choice for PCIe 6.0 PAM4, Best Signal Integrity, 

Lowest noise/jitter, 10Bit ADC, 256GSa/s

2. M8040A HW ready for PCIe 6.0

3. M8040A provide widest High-Speed Digital Applications coverage 
• (PCIe 5.0/4.0/3.0/2.0/1.0, U.2, M.2, SATA3.0, SAS12G/24G, CCIX, USB4, 

Thunderbolt3/4, USB3.2, IEEE 802.3bs, 802.3cd, 802.3CK, CEI 56G/28G, 25G PON)

4. Keysight provide M8047A Re-driver for long channel system test

5. M8040A provide best CDR performance in market

6. New Four LTSSM Loopback paths – more flexible in testing and 

debug

7. Best, Most Accurate, Fastest Compliance software for calibration and 

testing in Gen5 market 

B E S T  S O L U T I O N  F O R  P C I E  5 . 0  T O  6 . 0

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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Physical layer-

transmitter test

UXR-Series, Z-Series Real-

Time Oscilloscopes

D9050PCIC PCI Express 5.0 

TX Electrical compliance 

software

86100CU-400 PLL and Jitter 

Spectrum Measurement SW

Physical layer –

interconnect design

ADS design software

86100D DCA-X/TDR

N5227B PNA w/ PLTS

Physical layer-

receiver test

M8046A J-BERT High 

Performance BERT w/ 

integrated CDR + M80454A 

Interference Source

M8049A-1 Substitute PCIe 5 

BASE Channel board

N5991PB5A

PCIe 5.0 32GT/s RX Test 

software

Verify PCIe 5.0 Compliant Channels

Verify Return Loss Compliance
Capture break-out channel S-Params

DSA UXR-Series & Z-Series

Real-Time Oscilloscopes

Automated RX Test software 

- Accurate, Efficient

- Comprehensive RX Testing

Physical Layer –

System Simulation

ADS Design Software

SIPro/PIPro

Simulation to Measurement 

Correlation

Complete System Simulation 

From Pre-layout analysis to Post-

layout extraction

Keysight High-Speed Digital Test Forum 是德科技高速數位量測論壇
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Thank You


