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PCI EXPRESS (PCle)
s 200 PO >
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» Peripheral Component Interconnect Express is the de facto standard to Exp RESS
connect high performance 10 devices to the rest of the system. Eg. NICs,
NVMe, graphics, TPUs

» Computer to Peripheral Communication
Overseen by PCI-SIG
Full-duplex bidirectional

BW

v

PCle 1.x 2.5GT/s 2 Gbit/s 8 GB/s 8b/10b

PCle 2.x 5.0 GT/s 4 Gbit/s 16 GB/s 8b/10b

PCle 3.x 8.0 GT/s 8 Gbit/s ~32 GB/s 128b/130b

PCle 4.x 16.0 GT/s 16 Gbit/s ~32 GB/s 128b/130b

PCle 5.x 32.0 GT/s 32 Gbit/s ~128 GB/s 128b/130b (PAM)

» Backwards compatibility
» Still evolving....”first draft” of PCle Gen6 was released in Feb. 2020
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PCI EXPRESS
ARCHITECTURE - TOPOLOGY

» Shared topology - only single root system

» Data Integrity and Error Handling PCle PCI Express
Endpoint Root
— Link-level “LCRC” & End-to-end “ECRC” e PCI Express complex
» Credit-based Flow Control P%U'ZCLX
riage
— MSI/MSI-X style interrupt handling
» Advanced power management PCIPCIX Sl PCI Express PCI Express

— Active State PM
» OS independent!

PCI
Express

PCI
Express

PCle PCle

. . Legacy
» Enumeration is performed at boot up Endpoint

Legacy

Endpoint Endpoint Endpoint
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PCI EXPRESS
ARCHITECTURE
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Dual Simplex point-to-point serial connection

- Independent transmit and receive sides

Interconnect / Link

Signal

- Logical connection between PCle devices

Scalable Link Widths

- X1, x2, x4, x8, x12, x16, x32
— CPU support this by bifurcation

— Dual differential signal pair (one pair for receive,
one pair for transmit), 4 wires per Lane

Scalable Link Speeds

- 2.5...up to 16.0GT/s per Lane
Packet based transaction protocol

Rohde & Schwarz
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PCI Express Root Complex

PCI Express Endpoint




PCI EXPRESS
ARCHITECTURE - SIGNALING

» Terminations
— Up to PCle Gen 3 on-die to 100 ohms

Adapter

Transmit Device

differential (+/- 15%)

Tx Latch
n

— From Gen 4 this moves to 85 ohms

differential

Tx PLL

» AC Coupled Differential Pairs (LVDS)
— Voltage max. 1,200 mV, typically 800 mV

Ext_Tx_data

A
[ 1| Channel

Ext_Tux_clk

Receive

Device
|
.
——— cor

Int_Rx_data

N Channel |

Channel ——

Refclk

— Reference Clock (not mandatory to be
sperate)

» Clock is embedded
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Rx Latch

Rx PLL

Motherboard

‘ Int_Rx_clk

’ Ext_Rx_clk




PCI EXPRESS
ARCHITECTURE - EQUALIZATION

» PCle 3.0 promotes equalisation at the Tx and/or Rx

— Mitigate ISI and improve BER P ATl
110 H OB A
11 I I|
‘I‘ i I{\m Vb — i i|w|
» Transmitter (TXEQ) {1l A
— Avoid overdriving  oamphask= 20bgg e
v_outy Preshoot = 20log,, Vo/Vb

Boost = 20log,, Vd/Vb

— Simple 3-tap FIR filter A
— Results in De-emphasis, Flat level, Pre-shoot

» Receiver (RXEQ)
— Improves data eye via behavioural algorithm
— 1storder CTLE and DFE (taps) filters

=
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PCI EXPRESS
EVOLUTION OF FORM FACTORS - ENDPOINT

» CEM Add-in Cards
- CEM Add-in Cards is the most commonly used form factor.

» U.2 (SFF-8639)

- U.2is a newer and smaller form factor for connecting SSDs to
computers.

— Uses 4 x PCle lanes and 2 x SATA lanes

» M.2 (NGFF)
- M.2 form factor is upcoming and even smaller than U.2
— Replaces the mSATA standard (which used mPCle)
— Application : Ultrabooks, tablets
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PCI EXPRESS
EVOLUTION OF FORM FACTORS - ROOT COMPLEX

» Motherboards
— Various different form factors
_ Depending on the size, each will ‘P
have different pinouts and
environments
— Different set of CEM connectors
— X1, x4, x8, x16

— Alower adapter card can fit a
higher slot. However, a larger
card cannot fit a lower slot.
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Compliance test

PCI EXPRESS
STANDARDS

» Select the specification that relate to your needs

PCI Expross:
Base

PO 2>

EXPRESS

Base specification
. Contains all the system knowledge
. Can directly be applied to Chip test

PC| =
EXPRESS

PHY Test Specification e
« Defines compliance tests of PHY Tast Spechication
CEM spec in detalil

PCI=>
EXPRESS'
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PCI Expross®
Card Electromechanical

Specification

PCI=>
EXPRESS

Card Electromechanical (CEM) Sepc
Applies to Add-In Cards and Mother
Boards

. Mitigates card manufacturer’s need to
study the base spec

. Increases reproducibility through PCI-
SIG supplied test tools CBB and CLB




Compliance test
PCI EXPRESS

cn Add-in Card(Tx)_20170125_100619 QO o @ el

AUTOMATED SOLUTION

R&S®PRTO/P-K81 and R&S®RTP-K83
PCI Express 1.1/2.0/3.0 with data rate up to 8 Gbit/s
Support of Add-in Card and System Motherboard

Based on PCI-SIG Standard post-processing analysis
software SigTest tool and test fixtures (CBB, CLB)

Test of Signal Quality and Reference Clock B

Embedded in R&S®ScopeSuite Compliance Test
application

Step-by-step wizard for user guidance
Clear and comprehensive test documentation

vvyyy

W swp P Next

v

v

vy

Base Board (Add-in Card testing) Load Board (System testing)

12 Rohde & Schwarz PCle Gen 3.0 - Debug and Compliance testing



Compliance test

PCI EXPRESS
COMPLIANCE PATTERNS

» Compliance Presets for all speeds
» These are used to equalise channel loss and optimise Sl on the link
» Combination of pre-shoot and de-emphasis applied by the host system to the endpoint

» 100MHz clock burst to toggle through these presets
PO -

Gen 1 -3.5 + 1dB
s g — e A .- Gen 2 PO - -3.5+1dB
| 1 1t [ |
| \ \ [ [ 1] | P1 - -6 +1.5dB
| | | L /A || \ LA l\, /1
i I \i T T I It I Gen 3 PO 0 -6+ 1.5dB
|
|
1| : Va Vb__ ve | Vd E } P1 0 3.5+ 1dB
1 1
]I | ,'!| 1 , | I '! P2 0 -4.4 +1.5dB
| il = | —— I  — |
(o~ A~ Y| — I| :'l ! |. P3 0 2.5+ 1dB
IR | ) |
e ‘,-' '.\. \ A rf.' L. ) |I ,I| (] i P4 0 0
P5 1.9+ 1dB 0
De-emphasis = 20log,, Vb/Va P6 2.5+ 1dB 0
Preshoot = 20log,, Ve/V'b P7 3.5+ 1dB -6 + 1.50B
D P8 35+ 1dB 3.5 + 1dB
P9 35+ 1dB 0
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Compliance test

PCI EXPRESS

TEST EQUIPMENT

PCle Gen 3 — Add-In Cards | | -

CBB riser

Oscilloscope R&S®RTP134 13 GHz bandwidth oscilloscope
Generator R&S®RTP-B6 Built-in AWG for automated switching of
compliance patterns
Pulse source R&S®RTP-B7 Channel de-skew calibration
Cables and R&S®RT-ZA17 Pair of matched 50 Ohm SMA-SMA cables
adapters
R&S®RT-ZA16 BNC-SMA adapters
Software R&S®ScopeSuite Compliance automation software
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Compliance test

PCI EXPRESS ,
TEST EQUIPMENT E=mi ©

H
: L

1
1
RT-zM160 [l i

PCle Gen 3 - System RN _ s B Y el
Type Recommended Description S
model
Oscilloscope R&S®RTP134 13 GHz bandwidth oscilloscope
Generator R&S®RTP-B6 Built-in AWG for automated switching of
compliance patterns
Pulse R&S®RTP-B7 Channel de-skew calibration
source
Cables and 2 x R&S®RT-ZM130 13 GHz Modular probe amplifier system
adapters

2 x R&S®RT-ZMA40 SMA module for Modular probe system
2 X R&S®RT-ZA17 Pair of matched 50 Ohm SMA-SMA cables

Software R&S®ScopeSuite Compliance automation software
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PCI Express

DEMO - GEN 3 ADD-IN CARD
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Compliance test

PCI EXPRESS PC|I >
SUMMARY EXPRESS’

@ PCI Express System Board(Tx) Test @
Report

» ScopeSuite Software

Easy to use test wizard - No need to be an expert
High level of automation for fast results

Individual test selection
Limit editor

Possibility to repeat tests

Result windows with pass/fail indication
Reporting includes all details & e 9
— Screenshots

vvyyvyvyyvyyy

- Measurement results

— Limits, pass-fail indication

— Test summary
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PCI Express

PROTOCOL TRIGGER & DECODE
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Protocol Trigger & Decode

PCI EXPRESS
PROTOCOL LAYERS

Bit transmit direction ﬂ
A
Start Sequence Header Data Payload ECRC LCRC End
PCI Express Device A PCI Express Device B TLP P 34 DW 0.1024 DW OW. oW 18

M !

Created by Transaction Layer

PCI Express Core PCI Express Core I
Logic Interface Logic Interface Appended by Data Link Layer
, , |
Transaction Layer Transaction Layer Appended by Physical Layer
DLLP
Data Link Layer Data Link Layer Bit transmit direction
| Physical Layer Physical Layer \ DLLP Start  DLLP CRC End
1B 4B 2B 1B
Link
TA
L]

N Data Link Layer
* OS - Ordered Set |
* DLLP - Data Link Layer Packet Appended by Physical Layer

+ TLP — Transaction Layer Packet oS COM Identifier Identifier PSR
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Protocol Trigger & Decode

Setup

PCI EXPRESS -

Display

PROTOCOL TRIGGER & DECODE SOLUTION “f&

» R&S®PRTO/P-K72 and R&S®RTP-K73

» Full support up to 8 Gbit/s and x4 link size
» Predefined or user selectable bit rates it st >
» Configurable DSP settings
» Reliable triggering on protocol detail " | |
— Transaction Layer Packets (TLP) - e m-«mmg i _
— Data Layer Packets (DLLP) r==— SRR SEESEE || e S
— Ordered Sets | Ee— 100 /s
— Errors - N ol e O e | 2500 Bw: 6 ez
» Selectable decoding layer: bits, Scrambled or [ SRR |||1|l|||"||||||ﬂhm

LO: C1w1
State : Ok

Descrambled 8b10b word, final protocol layer [ ssss

Stop i -2.18505 ps

» Powerful search capabilities

[PTFIF TN RTIY TP e Py Y wv-m T TP T TR T T ey
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Protocol Trigger & Decode

PCI EXPRESS
RELIABLE DECODE

Configurable
CDR settings | v T
forup to 5 =
Ghbit/s

Trigger Horizontal Acquisition Info 20210630 0
Auto  20ns/  20GSa/s Sample 1 14: ®
Trg'd 0s 4 kpts Notification

‘ U
Vertical

SB1 SB2 SB3 SB4 >
Horizontal

CDR

Nominal bit rate Trigger
O Reset settings

Display 5 Gbps

Acquire
Shortcuts Order Damping

2nd order Measure

Bandwidth Rel. bandwidth

Cursor
50 MHz

Initial phase sync. Selected results

First sample All

Apps
Software CDR

Uncoupled Software CDR 1 Settings
Save/Recall

Setup Software CDR *

PCle Gen2

Math FFT  Bus
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PCI Express

SIGNAL INTEGRITY DEBUG
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Signal integrity debug

PCI EXPRESS
DESIGN AND DEBUGGING

» In standard design with socket interface, » PCle link especially inter-chip will not be able
fixtures are designed to test interoperability to be tested with standard fixtures
» Usually done in final phase 1/0O design » Quantifying design quality will be an on-

going process to validate performance

Video Video Video Video
Decoder Decoder Decoder Decoder

=203 Poeea@
—- "0 H 1
1 1

PCle
T - Packet
et Switch
1
| | § RTP-ZA16
BNC - SMA
Adapter

EEEN
mEmEn

Matched Pair
CBB Fixture
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Signal integrity debug

THE R&S PROBE PORTFOLIO

( S 4 N\ 6 "

b ) | www o -
— Y — \ k—// @‘“ —
N L “ N N
.\?% . o ?% _ \
U > \32;( 7 N
: Single ended Differential .
@) A
S N\ R
l "\\\ — . r .
'// > 256 - R?’ - " © © O

Standard Broadband Differential High Differential Pre(_:lse V&l
voltage compact Multichannel
PASSIVE ACTIVE SPECIALIZED
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Signal integrity debug

PCI EXPRESS
DEBUGGING - ACCESS TO THE SIGNAL

» 13 GHz modular probes — with appropriate tips
» Plan test points

» Soldering with short leads for best signal fidelity
» Browser flexible probing

& N
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Signal integrity debug

PCI EXPRESS

DEDICATED TESTS FOR VERIFICATION & DEBUG

Timing and Level : - . Automated
Eye Diagram Jitter Analysis Compliance Tests

* Verify level and timing of the
signal

* Use cursors or automated
measurements

* Fast update rate for
statistical confidence

» Clock-Data-Recovery (CDR)
* Mask tests, Histogram

* Break-down of jitter and
noise into individual
components for
characterization &
debugging

7 B
- 7 P~

ISI DCD

YA RJ

TJ
PJ

* Verify compliance of the
physical layer to interface
standards and report
results

26 Rohde & Schwarz

PCle Gen 3.0 - Debug and Compliance testing




Signal integrity debug

REALTIME SIGNAL INTEGRITY UP TO 16 GHZ

Distorted
waveform

Continuously corrected waveform
for trigger, analysis and display

2 B > | 1 1 D>
Lossy signal path

Fast debugging RT-Deembedding: Realtime Math: Digital Trigger System: HWlac_cgzlerated
» 20 GSal/s: 750k wfm/s | » Realtime » Vpir signal » 16 Gbps Serial ini/lySIlj.T .
: transmission loss » V. Signal Trigger/CDR ask 1es
» 40 GSal/s: 300k wfm/s cm SI9 :
compensation » 25 ps glitch trigger > Histogram

No time consuming post-processing
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DEEMBEDDING
MADE EASIER

» Option RTO/P-K121 +
RTP-K122

— SW and HW (Realtime)

\4

Applied during acquisition
» Trigger on deembedded
signal

» No update rate change

» Proven Cable / Probe

— removes transmission
loss effects

— B7 pulse source

Setup, C Cascade Response

u mEnable
E Effective Bandwidth

Meas setup definibon

Coupled with chan

nel:

Deembedding [3. g @

mneal-ume deembedding

G Save Ane ]| DUT |Fidture 1 cablet Tnput

nEnabIE

Component  Hame

1. Define System
Parameters

Deambedding [3 .B @

Total ports

Inputt -
F |

Input 2 .
5 .

c . Y outputi L
- e
= B oen

Qutput 2
B q

/|l 1dentical Paths
S-Parameters

3. Observe deembedded

response

2. Import S-parameter

- b
=UHRNVA AR A
Filesype EETID | L]‘. \j I |
£ wfl\




PCI EXPRESS
REAL TIME EYE ANALYSIS

» Further debugging tools:
— Serial pattern trigger
P 99 5.0 Gbit/s
- HW CDR
— Real-time mask testing

Add-in Card Transmitter Path Compliance Eve Requirements at 2.5 GT /s

Parameter Min | Max | Unit | Comments
Vs 514 | 1200 | mV |Notes1,2,5
Vo a 360 | 1200 | mY |Notes1,2,5

]
Tran 287 ps | Notes 1, 3.5 8.0 GLIt/s
A MED AN - MAX-JTTER. 86.5 Ps MNotes 1,4, 5
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SIGNAL MODEL
LEITES ITTER K133

BERECEENEannE
» il II lhl "!u Il

l.!

25 ps
? 160 kSa
| [490 ns/div

5| Tng;er Normal > RTO and RTP

| |A:  Edge F Chi

| S — Up to 16 GHz
1955 I :

Scale:
Source O 1\ frr]

or . SW COn 1 » Results

131)84 ps - H Istog rams
4240395 25.724ps Source: ChiWfmi

3.757 ps 18.117 ps Tre o ~OD
ref SW CDR
3.7145ps 16.583 ps A COR 1

— PJ Spectrum & Comps

553.81s 2.9858 ps
- 16.583 ps

|
um'"" 'I |||l|

PJ Spectrum

PR ]

Source: Ch1Wfmi1 - Eye dlagram

Tref: SW CDR 1

— Result table
— BER bathtub

BER meas. T | e Calculated Step - eS| azzarts
BER calculated Feomw Response ﬁ Ch1Wfm]

B e s i o ] nww’lmm‘wu

12554 | Somy | 48 B2ns A0ms u 18  32n  4fns  64ns Bes

» Step response
— Only R&S Signal-Model!

=== File | 'Horizontal y‘rrlgger )Vertlcal \Math Cursor | ‘Meas 'Masks ‘Analysls ’Dlsplay Wave Gen Pulse Src




TDR/TDT S i
ANALYSIS ' \ il

us- -
|

(o
T oo @B [T
v

setp

» Options

— TDR/TDT analysis option
(RTP-K130)

— 16 GHz differential pulse
source (RTP-B7)

» Powerful capabilities
— Integrated pulse source

— Guided calibration
— Fast results

— Browser accessories
(PacketMicro)

» Typical application
— PCB debugging




Clock Recovered Eye

s Horizontal
Diagrami: ch1,ch3 & | piagram3: pire1 3

4005 20 GSa/s Trigger On:

1 kSa q

o |40 psaiv o 16 Ghps Serial
[Trigger AUt Differential Slgnal

A Ser, Pat. Diffl
£ o) cer Pat. £ D De-Embedded

Real-Time
De-Embed

i

Real-Time

I Differential Math

v
ey P Chi N: Ch3
Histogram

Meas Group 1 : Meas Group 2 Acqg/Fr 12030
Evye height 695,85 mV [waveform Acqfs 398500
Eye width 149,6 ps |count T/Fr 0.03
“oise [FEMS) T3.203 mv
Eye rise time 56,4 ps
Eye fall tima 57.6 ps
Eye bit rate S0 GHE

Jitter (RMS) 10.218 ps High statistical confidence:

Obtain millions of measurements within seconds
REAL TIME EYE DIAGRAM TESTING




SUMMARY

» Compliance testing for PCle
Is important for PCISIG for
. et system interoperability
L L R L P I
Beyond compliance it is also
critical to be able to look at:
— Decoding
Serial Triggering
— Eye Diagram testing
— Deembedding

¥

. |
2

™
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J

— Impedance control via
TDR /TDT

— Jitter analysis
» All in one instrument!!




Find out more

www.rohde-schwarz.com
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