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Presentation Disclaimer: All opinions, judgments, recommendations, etc.
that are presented herein are the opinions of the presenter of the material
and do not necessarily reflect the opinions of the PCI-SIG®,
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EXPRESS

How Does Link Training Work?

Two PCI Express devices exchange Training Sequences to negotiate

link parameters like
A lane polarity

A link number/lane numbers
A set of lanes that belong to the link

A link equalization

A scrambler enabled or disabled

A link speed

A number of fast training sequences required

A ..

Training Sequences are also used to switch the link to low power states.

PCI-SIG Developers Conference

Copyright © 2012, PCI-SIG, All Rights Reserved

6



el How Does Link Training Work £&&
-Logical Physical Layer

AEach of the devices implements A
a so called LTSSM that controls Directed by

Data Link Layer

the link training

ALTSSM stands for Link
Training and Status State
Machine

ALink training starts in state
Detect

AAn active link that can transport
transaction layer packets is in
state LO
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¥ \What is a Speed Change?

A All Devices reach LO at 2.5GT/s first and then
Initiate speed change

A Speed change done using Recovery State
A Training sequence indicates Speed Change set

A Training sequence indicates Link Speeds
supported

A Various timeouts in Recovery to prevent link
getting stuck
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LTSSM Changes

EQUALIZATION OVERVIEW
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roif Equalization Negotiation
““in the Recovery Substate

Downstream Port

TS1: EC =01, Value C1

TS1: EC =01, Value C1

T51: EC =10, Value C1

TS1: EC =10, Value C1

T351: BEC =10, Value C1°

T51: EC =10, Value C17

T51: EC =10, Value C17

T51: EC = 11, Value CZ¥

T51: EC = 11, Value C27

T51: EC = 11, Value C27

T51: EC = 00, Value C17

T52'%s followed by IDL ——————

Upstream Port

2.5 GT/s data raie — Speed change
nagolialion Exchangs Fresels
for 8.0 GT/s data rate
el
B D GTis data rate — Equalization
- TS1: EC =00, Value C2
|- — — — ! T |
1
_— T TS EC =01, Value CZ’
———
B
fommm e s
————
I By TS51: EC =M1, Value C2
|- — — 1
I
P— e TS1: EC =10, Value C1'
*_—__-_______——p-
| TE1: EC =10, Values C1"
I e H
1 e —
1
b o TS1:EC =11, Valus C2
U e —
A TS1:EC=11, Value C2
I T
- TS1: EC = 11, Value C2'
|
T
| TE1: EC = 11, Valus C2°
- = . _ 3 n
e . —— TS1: EC =11, Value C2
- TS EC = 00, Valus ©FF
5.0 GT/s data rate
™) T57'es followed by IDL
| ——
Lo
L ]

Phase 0: EQ TS2'es send
from Downstream Port to
Upstresam Port.

Phase 1: Both sides send the TS51'es
and establish the link that is cperational
at a BER less than 10~

EIEOQS sent every 32 TS1'es.

Phase 2: Upstream Port requests
Dovemstream Port to et its transmitter's
coefficients or presets such that it receives
data at a BER less than or equal to 10712,
Downsiream Port may send EIEQS every
65536 TS1es on request from Upstream
Port. Upstream Port sends EIEQS

every 32 TS1'es

Phase 3. Downstream Port requests
Upstream Port to adjust its transmitier's
coefficients or presets such that it receives
data at a BER less than or equal to 10712,
Upstream Port may send EIEDS every
EB5536 TS1%es on request from Downsirean
FPort. Downstream Port sends EIEOS

every 32 TS1'es

Equalization Complete

Post Equalization: LTSSM goes through
Recovery. RevrLock, Recovery RevrCig,
and Recovery |dle to LD.

EIEOQS sent after every 32 TS1/TS52'es.

A-0800
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** Speed Change to 8GT/s

PCI >

A Each side of the link goes through the Recovery
state to reach 8GT/s
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[ PCle-102:Down PCle-102:Up
L0
LO Revr.RevrLock
Gen1
Rowr RoviLock e Soned =]
Revr.Speed e
Revr.RevrLock Revr.RevrLock
Revr EQ- 1
Rowr EQ-Phasel AREQ Hivhe
Revr EQ-Phase2 Revr.EQ-Phase2
Revr EQ-Phase3 Revr EQ-Phase3
Gen3
Rewr RovrLock RowRovlodk [
Revr.RevrCig
Revr.ldle Revr.RevrCig
L0 Revr.ldle
LO
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= Dynamic Equalization

A When a PCI Express link is transitioning to the
8GT/s data rate, the link dynamically adjusts the
equalization parameters on the link

A There are two parts to this

V The electrical characteristics
V The protocol of the equalization negotiation

A Remember that adding an analyzer probe may
affect the electrical characteristics of the link

A If no equalization is done, then the link may
exhibit recovery cycles while in LO or maybe not
even get to LO at 8GT/s
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Tools Required for Debugging

A Debugging PCI Express 3.0 designs is complex
A Isolate the layer in which the error occurs

A Thorough validation of the physical layer will
prevent physical layer problems causing Link
Training and Transaction Layer problems

A Using the correct tool will ease debug

A Choose whether the Oscilloscope or Protocol
Analyzer is the right tool
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Protocol vs. Electrical

A Do the protocol and electrical match each other?

V For example, one link partner is asking for Preset 4
and the other acknowledges it but does not actually
set its TX to the correct levels

A Before debugging the stability of the link, ensure
that the TX and RX Signal Quality is good on
both sides
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e Debugging Equalization PO
™ Problems

A Which phase of equalization does the link get
to?

V Use an analyzer to trigger on EC=00, 01, 10, 11 to
find the phase that it gets to

A Does the link get to 8GT/s with equalization
disabled

V Although the link may drop back to 2.5GT/s, try
looking for a DLLP (e.g. UpdateFC) at 8GT/s to see If
link reached LO
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EXPRESS

A Check the EC Field in the TS Ordered Sets to
see which phase of equalization the link is In

Sample Number
1831555
181556
1831557
18313558
181559
181560
181561
1313562
1313563
1831564
181565
181566
18313567
181568
181569

Time

60. 623
80. 630
60. 643
60. 637
60. 664
a0. a77
&0. 690
60. 693
60. 711
60. 724
80. 731
60. 745
60. 758
60. 765
80. 778

us

us

us

us

us

us

us

us

us

us

us

us

us

us

us
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I51
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I51
T51
T51
I51
I51
I51
I51
ETEQS
I51
I51
T51
T51
I51

3
Gen3
Geni
Geni
Gen3
Gen3
Gen3
Geni
Geni
Gen3
Gen3
Geni
Geni
Gen3
Gen3

Link Speed

Phase
Phase
Phage
Fhasze

Phase
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= Debugging Equalization &
Problems 1T Continued

A Does the link stay at 8GT/s or does it drop back
to 2.5GT/s or 5GT/s

V If the link does get to 8GT/s, does it continuously
transition to Recovery?
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™ Which Side Initiates it?

. Entering Recovery State

PCI >

Sample Number
2285
2288
2287
2288
2263
2264
2289
2290

Time
-20.105
-20.103
-17.465
-17.463
-15.267
-15.266
-11.511
=11.509

us

us

us

us

u3a

us

us

us

PCI-Express Packet
UpdateFC-NP
UpdateFC-Cpl

EDS

SKP 05

EDS

SEFP 05

EDS

SKFP 05

Recovery Starts

2268
2268
2291
2292
2270
2271
2272
2273
2274
2275
2276
2277
2278
2278

-7.317 us

-7.315 us

-5.500 us

-5.4%3 ua

-3.242 usa
-3.241 us

-2.382 us

-2.361 us

-2.345 us

-2.328 usa
-2.312 us

-2.29% us

-2.280 us

-2.2683 us

UpdateFC-NE
UpdateFC-Cpl
ED3

SKP 05

ED3

SKP 03

ED3

EIEQS

T51

TS1

TS1

TS1

T51

T51

PCI-Express Packet PCI-Express Packet

UpdateFC-NP
UpdateFC-Cpl
EDS
SKP 0S5
EDS
SKP 0OS
EDS
SKP 0S5
EDS
SKP 0S5
UpdateFC-P
UpdateFC-NP
UpdateFC-Cpl
E
SKP
EDS
SKP 0OS
EDS
EIEQS
T51
T51
T51
T51
T51
T51

Link Speed
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
Gen3
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" Rules for TX Coefficients

AFSifiFull Swingbo
ALFiifLow Frequency?o

A C-1 and C+1 represent the coefficients for pre-
cursor and post cursor in the FIR

A Rules are defined based on Electrical Properties
of the TX
V a) |C-1| <= Floor (FS/4)

V b) [C-1|+CO0+|C+1| = FS (Do not allow peak power to
change with adaptation.)

V ¢) CO -|C-1|-|C+1 |>=LF
A See PCle 3.0 Base Specification Section 4.2.3.1
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% Equalization Debug o

A Change the presets and coefficients that are
being used

V Do the coefficients being advertised abide by the
rules for FS/LF

31 Pza 3 EC Sur
5 3 p 2§ Fhase 3 17

5.034445 3= T Gend Fhase 2 i

5.024451 =» = Send Phase 3 %)

5.02¢461 = IS Sens Fhase 3 a5

5.036407 =2 R ) Gend Fhase 2 7 ’ T e

5.024477 = 338 Gens Phase 3 a3 e T e 0
5.028452 = Oen3 Fhase 3 a5 @ T 92 1
5.03449) ™ oea) Fhase 3 A e ¥ 9

50249028 = pIEOS Send

5.2234510 = ISl Geald Fhas 25 Q T e ¢
5.03401¢ ™ oea) Fhas s ¢ T ) 3
5.02452€ =» 181 Sen3 has 2s ¢ 7 [ 0
5.028532 =» 5 Gend Phas as 3 1 3  §
8.0880%0 ™ e Fhas a9 e T e 0

/\ Reject Coefficient is set

The FS of this device is 24 but the USC is asking for coefficients 0,25,0
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** Other Checks

A Check BIOS settings on platform

A Monitoring the rate of Recovery state transitions
In LO may give an indicator Iif frame errors are
happening
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¢ Power Management SIS
(ASPM) Debug

A One of the most challenging areas of debug in
PCI Express is around the Active State Power
Management States (ASPM)

A The link is transitioning into and out of Electrical
Idle

A It is very difficult to track down problems when
ASPM is enabled
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™ LO0s or L17?

A There are different levels
of power management

V' LOs provides the least
amount of power saving but
the lowest latency T It is also
Independent of direction

V L1 provides greater power
savings but has a longer exit
latency

I L1 entry is a negotiation and
both sides of the link enter this

state. Exit is through Recovery.
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G EXPRESS
| Os Problems

A Support of LOs was made optional in the 3.0 Base
Specification, In previous spec revisions it was
mandatory

A The exit latency is very short to performance impacts are
less, however this can be difficult to debug

A If the receiver does not lock onto the Fast Training
Sequence Ordered Sets (FTS), then the link may need
to go through the Recovery state to get back to LO

AThe number of FTS6s requir
advertised in the N_FTS field in the Training Sequences
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*® Capturing LOs Problems

A Due to the short exit latency from LOs, using a protocol
analyzer to debug can be challenging

A In order to make this easier, telling the analyzer which
link settings to use can work better than automatic
settings

A Typical LOs Exit latency canbe 10-2 0 F T S 6 s

V At 2.5GT/s, each symbol is 4ns, so each FTS is 16ns. The exit
latency and hence required lock time of the analyzer must be
less than 160ns.

V It may be that an oscilloscope is needed to trigger on the exit.

A Often, triggering on the EIOS prior to entering LOs can
be easier
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Is ASPM Turned On?

PCI >
EXPRESS

A Look for Fast Training Sequences, it is possible that the exit from
LOs fails and causes a transition to Recovery

gzﬂ-qn - ETS press Packe //)////p}/r/;/a/}////a//;///// o press Packe pee
zeq 0 us E‘l‘S . .ETS f;F_-n'
gza.mzﬁ us E'.T.'S //////////////////// 5 Gren"
?23.45 us - //////////////////// . FTS =
29.063 us UpdateFC-NP UpdateFC-NE Gen3
—————n —_— 5
32.741 us UpdateFC-NP UpdateFC-NE Gen3
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EXPRESS

" ASPM L1

A Entry to L1 is through a negotiation at the Data
Link Layer, PM_Enter L1 DLLPs are sent and
PM_ACK DLLPs are used to Acknowledge the
request

A Exit from L1 is through the Recovery State

PCI-SIG Developers Conference Copyright © 2012, PCI-SIG, All Rights Reserved 29



polf PCI =

~* ASPM Debugging o

A When starting to debug a problem with ASPM,
try to turn off all ASPM states and ensure that
analyzer can accurately capture the traffic on the
link

A It is common to see nothing on an analyzer trace
when ASPM states are turned on

A It is important to make sure your analyzer is set
up properly prior to trying to debug problems

A LOs and L1 are independent and can be turned
on or off independently. Try turning one or other
off when debugging.
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Case Studies

CASE STUDY 1-
EQUALIZATION FAILS
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=% Case Study 1

A Electricals Look fine on both transmitter and
recelver

A Link will not establish at 8GT/s
A Where do | start looking?

PCI-SIG Developers Conference Copyright © 2012, PCI-SIG, All Rights Reserved

PCI >

EXPRESS

32



PCI >

PClI
EXPRESS

=% Case Study 1
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What Should | Look For?

A First, does the link even try to go to 8GT/s?
Check the capabilities in the TS Data Rate fields
to ensure the link is capable of 8GT/s (OXE).

A Has software disabled the capability?

Symbol Description
Number
4 Data Rate Identifier

Bit 0 — Reserved
Bit 1—2.5 GT/s Data Rate Supported. Must be setfo 1b.
Bit 2 — 5.0 GT/s Data Rate Supported. Must be setto 1bif Bit 3 is 1b.
Bit 3 — 8.0 GT/s Data Rate Supporied.
Bit 4.5 — Reserved.
Bit 6 — Autonomous Change/Selectable De-emphasis.
Downstream Ports: This bit is defined for use in the following LTSSM states: Polling Active,

Configuration.LinkWidth.Start, and Loopback.Entry. In all other LTSSM states, it is
Reserved.

Upstream Ports: This bit is defined for use in the following LTSSM states: Polling Active,
Configuration, Recovery, and Loopback.Entry. In all other LTSSM states, it is
Reserved.
Bit 7 — speed_change. This bit can be set to 1b only in the Recovery.RcvrLock LTSSM state. In
all other LTSSM states, it is Reserved.

5 Training Control
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moll 8GT/s Advertised POl
Shown in TS1

Data Rate Field = 8GT/s Capable
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