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Disclaimer 
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 Initial debugging steps 
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 Debugging with an oscilloscope 

 Debugging using registers 

 System Level Issues 

 Bandwidth and Payload Size 

 Summary 
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Help! My board doesn’t link up 

 We’ve all been there – that plaintive cry for help 
when nothing is working 

Murphy dictates problems always occur when there’s 
a deadline approaching and time is scarce 

 Card and system designers often have bring up 
problems 

These can be caused by all manner of issues 

Some problems are outside of the users control 

 The following ideas should help debug of 
cards/systems regardless as to the types of 
devices being used 
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Initial steps 

 Some rather obvious initial steps can save a lot of time 
and panic… 

 If the device has them, check the lane/port status LED’s/pins 

–First port of call – if available 

– If there are no LED’s but you can gain access to the register use the link 
status registers 

ÅSee Register section of this presentation 

 If no link is shown then check: 

–Power 

–Clock 

ÅEnsure  AC coupling and clock meets PCIe® spec. 

Å 75nF to 265nF 

ÅEnsure REFCLK is same as the host (synchronous) 

Å If asynchronous REFCLKs are being used then make sure both sides 
are using non-spread spectrum (non-SSC) REFCLKs 

–Make sure the connection to edge connector is correct 
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Initial steps continued 
 If possible try a manufacturers development board in 

that PC/System 

–These are known working cards 

–If it fails it may be that PC/System that’s faulty 

Many older PC’s have issues 

–X16 slots may only work with Graphics card 

ÅUpdating the BIOS may help 

–Some older PC’s had terrible BIOS’ 

ÅWould not allocate  memory to BARs on Type 1 devices 

–Updating the BIOS often cures PC issues 

 

 If the above fails and the link is not coming up 
it’s time for more detailed investigation… 
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Understanding the PCIe 
LTSSM 

 What is link-up? Link-up is a logical flag in the LTSSM, that is set 
during the Configuration.Idle state.  It provides an indication that the 
two PHY layers on both ends of a PCIe link have established a 
reliable electrical and logical connection. 

 Detect sub-states – Used to determine whether a receiver is 
connected to a given transmitter.  

 Polling sub-states – Used to achieve bit lock, symbol lock, and 
establish lane polarity. In a sense, Polling establishes connectivity of 
each lane within a link as an independent entity. 

 Configuration sub-states – Used to establish a link-based 
connection between two PHYs. Upstream ports and downstream 
ports behave differently within these states. Downstream ports act 
as link training masters, whereas upstream ports (e.g. endpoints) act 
as slaves. Lane reversal and crosslink can occur within these states.  

 L0 state – Used to send/receive DLL and TL packets between two 
ports. 
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LTSSM 
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Debugging options 

 Ideally we would always have access to an 
analyser 

Sometimes that’s not possible as the user 

–Does not have access to an analyser 

–Does not have the option of flying lead probes 

–Cannot gain access to the link 

 Alternatives 

Oscilloscope 

Register access 
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Registers versus Scope 

 Obviously a scope can be used to determine eye 
quality using compliance mode etc. 

 Register accesses are easier for determining the 
link status 

 What happens if the system is not coming up 
because the link is broken? 

May not be able to gain access to the registers 
through PCIe 

May not be able to gain access to registers though 
sideband methods 

A scope may be your only option 

 
Copyright © 2013, PCI-SIG, All Rights Reserved 10 



PCI-SIG Developers Conference 

DEBUGGING WITH AN 
OSCILLOSCOPE 
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Using Oscilloscopes 

 Oscilloscopes 
 Can give you a general idea of link states. 

 Single-ended active probe is fine.  

 Probe at the AC-coupling capacitor. Probing on the receiver side 
of the capacitor will centre your view point around ground. 

 Use Vertical cursors to measure pulse widths as 
400/800/1200/1600ps bit slices. 

–Note: Remember everything starts as PCIe 1.x 

 Use the D10.2 or D5.2 pattern of TS1/TS2 and following K28.5 
(COM) to identify the beginning of a training set. 

 Three easily recognizable data patterns.  

–Compliance pattern 

–TS1s and TS2s 

–Link-up patterns 
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Receiver Detect 

 Receiver Detect pulse viewed on TX side of cap. 

 Pulse amplitude and duration varies depending 
on serdes IP  

 It is usually possible to determine that there is no 
load by the shape of the pulse 
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Receiver Detect 
 If we see repeating Receiver Detect Pulses: 

 Device cannot see the load from link partner 

 Link partner impedance is incorrect 

 AC coupling capacitors are the wrong value 

–Typically too small 

 Routing issue 

–TX+/- is not connected to anything 

 If Receiver Detect pulses are not seen at all: 

 Routing issue 

 Port is dead 

–No FPGA code loaded 

–Device in test mode 

 Receiver Detect has been bypassed 
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Compliance pattern 

 Compliance Pattern. Four repeating symbols 
(16ns) 
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Compliance pattern 

 If you see this then: 

The serdes TX has seen a load 

Link partner has not responded with Training 
sequences 

 Typically means that: 

Serdes IP has not been loaded 

Wrong IP has been loaded 
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TS1’s and TS2’s 

 TS1s and TS2 repeat every 64 ns. 
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TS1s with PAD/PAD 
 TS1s with PAD/PAD. Were in Polling.Active. 

Synch up with K28.5 

 

 

 

 

 

 

 TS1s with Link/PAD would indicate we are in 
Configuration.Linkwidth.Start  
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TS1s with valid Link/Lane 

 TS1s with valid Link/Lane. We’re in 
Configuration.Linkwidth.Accept or 
Configuration.Lanenum.Wait 

 

 

 

 

 

 TS2s with Link/Lane would indicate that we were 
in Configuration.Complete. 
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Link-up 

 Link-up is usually indicated with random data (no 
repeating pattern). 
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DEBUGGING USING 
REGISTERS 
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Useful PCIe Status Registers 

 How do we determine if a link is up or down? 

 There are various registers in the PCIe capability 
structures that we can potentially use. 

 Unfortunately the functions of some vary slightly 
between spec. revisions 

 Some useful registers are in capabilities which a 
device may not have e.g. Virtual Channel (VC) 

 Device specific registers may also be very useful for 
debugging but will – of course – vary between 
manufacturers. 
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Link status registers 

 Link Status[3:0] shows current 
link speed 

 Note: Value undefined if link is not 
up 

 Link Status[9:4] shows the 
negotiated link width 

 Note: Value undefined if link is not 
up (0 = link down in PCIe 1.0a) 

 There may be device specific 
registers which show individual lane 
status 

–Very useful as lane reversal may make it 
tough to determine which lanes are up 
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Link Status Registers cont’d 

 Link Status[10] shows a 
link training error 

Only valid in PCIe 1.0a – 
undefined in PCIe 1.1 up 

Can only be set from 
Configuration or Recovery 
states 

 Link Status[11] (Link Training) 
indicates if we are currently in 
the Configuration or Recovery 
states. 

 Only valid for downstream ports 
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Status Registers Continued 

 Link Status[13] shows 
whether the link is up 

Only valid for downstream 
ports 

 

 VC Capability 

VC Resource Status[1] for 
VC0 will show if the link is up 
and this bit is valid for 
upstream and downstream 
ports 
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Link Status Notes 

 If the link is up: 

Negotiated Link Width (Link Status[9:4]) is valid for 
the PHY layer, but not for the DLL layer 

–the PHY layer could be up but ingress credit initialization 
(DLL) might have failed. 

VC Negotiation Pending for VC0 (VC Resource 
Status[1]) 

–Valid for upstream and downstream port. 

–Tells us the DLL is active 

DLL Active (Link Status[13]) 

–Only valid for downstream ports 

–Tells us the DLL is active 

 

 26 Copyright © 2013, PCI-SIG, All Rights Reserved 



PCI-SIG Developers Conference 

DLL Active Notes 
 Data Link Layer Active means: 

 Flow Control initialization (a Data Link Layer function) has completed 

 The Data Link Layer Active bit (Link Status[13]) has two associated 
bits: 

 Data Link Layer State Changed (Slot Status Register[8]): 

– Status bit that gets set when the link state changes (up or down), and, 

 Data Link Layer State Changed Enable (Slot Control Register[12]): 

– When set, enables interrupts to notify the host that the link state changed (up or down). 

 

 The Data Link Layer active bits can be used even if the downstream 
port does not support Hot Plug.  So devices which do not have Hot 
Plug external pins, can use this bits as a simplified Hot Plug 
mechanism. 
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Advanced Error Reporting 

 If the Advanced Error 
Reporting capability is 
available, these 
registers are a good 
source of debug 
information 

 

 Correctable Error 
status[0] (Receiver 
Error Status) is a key bit 
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Useful non-PCIe capability 
Status Registers 

 Other useful but non-PCI-SIG based registers 

 Device specific registers which are useful but non-
standard may include 

– Error counter registers for 

Å 8b10b or PCIe 3.0 framing errors 

Å Bad DLLP’s 

Å Bad TLP’s 

– De-skew and overflow/underflow 

– Individual lane status 

– LTSSM status 

 The above may be very useful for debug but you will 
need to read the data books for the appropriate 
device 
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SYSTEM LEVEL ISSUES 

30 Copyright © 2013, PCI-SIG, All Rights Reserved 



PCI-SIG Developers Conference 

Asynchronous REFCLKs 
 Device running from a compliant 

non-SSC REFCLK 

 PC has SSC disabled in BIOS 

 Host still fails to link – why? 

Many clock buffers start in SSC mode 
by default 

BIOS comes in and disables SSC 

But – by this time it is too late – elastic 
buffers already broken! 

 Ideally there should be a PERST# 
after the change to theREFCLK buffer 

–Unfortunately many BIOS’ do not do this 

CPU 

Device 

OSC 

Clock 

Buffer 

OSC 

Clock 

Buffer 
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SSC Continued 

 SSC should be downspread 

Some badly designed PC’s use centrespread 

Centrespread SSC can cause issues when trying to 
use with devices designed to work with compliant 
SSC REFCLK’s 

Some devices (switches) have the ability to provide 
SSC isolation 

–More difficult to use SSC isolation with centrespread 
REFCLK’s 
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Cross links 
 Normally all links are Downstream to Upstream 

 Cross links are upstream to upstream or downstream to downstream 

 Many devices support cross links but: 

 Configuration accesses always flow downstream 

 Cross links won’t normally allow configuration access through the link to the 
device – result is an unsupported request 

 If you have the upstream port on the wrong port the host won’t be able to 
enumerate the device or devices downstream of the cross link. 

 Causes could be: 

– Using a switch on an adapter card and the upstream port is not pointing towards the host 

– Using FPGA IP and configuring as upstream rather than downstream 

– Selecting root complex mode rather than endpoint mode on an embedded processor 

 Result is either 

–Link up but host does not see the switch 

–Link is down as host disabled the link after failing to enumerate the device/switch or 
after receiving an unsupported request error 
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Problematic devices 

 Some early PCIe 1.0a devices fail to link to PCIe 
2.x or 3.0 parts 

Most now fixed but of course it’s always an old one 
that’s being tested 

Two issues in the Training Sequences 

–A) Device gets confused by PCIe 2.x or 3.0 capable bit 

–B) Device gets confused by Autonomous link speed change 
bit 

A can be overcome by setting the port of the 
upstream link partner to PCIe 1.x mode 

B can be overcome by disabling the autonomous bit 
in the upstream link partner 
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Problematic devices cont’d 
 Link Control 2 [3:0] determines 

the link speed a port tries to 
train at 

 Program this register in the some 
manner to force a specific 
downstream port to train at PCIe 
1.x 

–Can potentially do this via a 
configuration access then retrain the 
link but this may not work under all 
circumstances 

–A better option is to use some other 
method to force the upstream link 
partner to change this register before 
training begins 

Note: Don’t use Link Capability [3:0] to try to 
force link speed – this just advertises the 
capability of the device and does not 
determine the target link speed. 
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Problematic devices cont’d 

 Autonomous link bits 

Not part of the PCIe capability registers but devices 
may have the option to disable in some custom 
register. 

 Some devices may have hardware workarounds 
to overcome the above 

May include BIOS changes 

Options to enable fall back to 1.x if the link fails to 
train with 2.x or 3.0 capabilities advertised 
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Forcing x1 link width 

 No standard PCIe register for this 

Forcing x1 link width can potentially overcome or 
show issues with lane reversal or lane routing 

Removes problems with inter-lane skew tolerance 

 If there’s no device specific register to achieve this 
then: 

–Remove AC coupling caps 
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Noise 

 Lots of potential noise sources 

REFCLK noise 

–PCIe spec defines the noise/jitter allowed for the REFCLK 

–One reason to insist on a PCIe compliant REFCLK 
(CML/HCSL) is to ensure noise for this is met 

–Can still have issues with noise even if PCIe REFCLK is 
within spec as PLL filter allows noise below 1MHz to pass, 
see below 

–Download the ClockJitter tool from the PCI-SIG web site 

ÅUseful for determining compliance and seeing potential clock 
issues 
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Asynchronous REFCLKs 

 REFCLK noise for Synchronous REFCLK’s 
defined in the spec. 

 REFCLK noise for Asynchronous REFCLK’s not 
defined in the spec. 

Can have REFCLK’s which meet the spec. and work 
in synchronous systems but which fail when used 
asynchronously 

What level of noise is good? 

New ECN on asynchronous SSC REFCLK’s not 
covered here 
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Good Asynchronous Clocking 
and Ref Clock integrity 

 Note lack of noise spikes 

 Low frequency noise is <100ps 
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Poor Asynchronous Clock 
Source 

 Peaks > 50-60ps below 
1MHz (PCIe 1.0a and 2.x) 
can cause link issues 

 PCIe Compliance  will not 
necessarily cover/measure 
this. 

 If the device has a 
receiver error counter 
then this is a good earlier 
indicator of trouble 
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Poor Asynchronous Clock 
Source 

 Although there are no 
noise spikes below 
1MHz low frequency 
noise can cause PLL 
issues. 

May need to modify 
PLL bandwidth to track 
this 
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Noise Continued 

 Other noise sources include: 

PSU noise 

–Switching regulators 

–Poor decoupling 

–Poor power planes 

Layout 

–Poor layout can introduce noise 

Other devices on PCB 
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Testing the link 

 When there are link issues try forcing PCIe 1.x 
operation 

 If this improves performance then there may be: 

–SI issues 

–Poor layout 

–Noise 

 How do you measure link quality? 

Look at the error registers 

–Various error registers available 

–Most useful are the: 

ÅAdvanced Error Reporting registers 

ÅDevice specific error counters 
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Advanced Error Reporting 

 Correctable Error Status shows 

What errors have occurred 

 If a replay event has occurred = NAK’s or no ACK’s 

This register will be updated even if the events are 
masked 

May need to write 1 to clear these registers before 
testing 

Some errors may be seen during boot hence the 
reason for clearing the registers before testing 
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Device specific error counters 

 AER registers only count 1 error and then have to be 
reset so it’s tough to capture bursts of errors or 
determine error rate 

 Some devices may have device specific error 
counters to count: 

–BAD DLLP’s 

–BAD TLP’s 

–8b10b errors 

Such registers can be extremely useful in debugging 
systems and determining if bursts of errors are 
occurring 

Counters may need to be cleared before testing 
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Error counters 

 How many errors should occur? 

For synchronous clocked good systems we don’t 
normally see any errors on well behaved channels 

For asynchronous clocked systems you may see a 
few errors 

 If error count is increasing rapidly (more that 1 error 
every few minutes) there is a problem 

PCIe BER = 10^-12 
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Overcoming poor Signal 
Interity 

 It can be complex to overcome poor SI 

May require layout or design changes 

 It may be possible to overcome by changing the 
Serdes Phy settings 

Can be complex 

Usually requires measurement either with a scope or 
devices with built in serdes eye  measure (preferred) 
to get anywhere 

 Increasing amplitude doesn’t  always help on its own 
as there may be inter-symbol interference between 
adjacent traces 
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Possible Phy changes for SI 
 PCIe 3.0 has a lot of control for equalisation 

 PCIe  2.x has rather coarse control but try 
changing: 

De-emphasis 

–For PCIe 2.x short channels try reducing this to 3.5dB 

Electrical Idle – only device specific registers 

–It may be possible to switch to inferred electrical idle or to 
lower the amplitude of the signal detect threshold if input 
amplitude to the Phy is low 

ÅGenerally okay for slightly poor SI or signal level 

–Mask electrical idle completely 

ÅMay be useful to get a system running but board re-work likely 
to be required 

Device specific serdes filters/equalisation  
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Receiver Detect 

 No PCIe spec. contol over this but there may be 
a device specific mask 

Allows user to disable Receiver Detect 

 If the Phy is not getting out of the Detect Phase this 
will force the device to send out training sequences 
on that port regardless as to whether there is a device 
there or not 

Useful for 

–Non-compliant termination 

–Really poor link with too much or too little capacitance 

–Fibre Optic systems 
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BANDWIDTH AND PAYLOAD 
SIZE 
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Payload size impact 

 System bring up issues are not always related to 
link training 

 System architecture and software can have a 
massive impact on system and device operation 

 Saturation of links can cause the system to 
behave as if there is a link failure or missing 
packets 

 System Architects must take payload size into 
account 

Copyright © 2013, PCI-SIG, All Rights Reserved 52 



PCI-SIG Developers Conference 

Theoretical Bandwidth limits 

 There are high overheads when using small 
payload sizes 

 Table below is not device specific 

Can be calculated directly from the specification 

Shows theoretical maximum unidirectional throughput 

No weighting for device inefficiency 
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PCI PCI-x PCIe 1.0a PCIe 1.0a PCIe 1.0a PCIe 1.0a PCIe 1.0a

Bus Width 32 64 1 2 4 8 16

Frequency 33 133 2500 2500 2500 2500 2500

Theoretical Rate 132 1064 249.25 498.5 997 1900 3800

Payload size MB/s MB/s MB/s MB/s MB/s MB/s MB/s

4 44 152 42 83 166 317 633

8 66 266 71 142 285 543 1086

16 88 426 111 222 443 844 1689

32 106 608 153 307 614 1169 2338

64 117 774 190 380 760 1448 2895

128 124 896 216 431 862 1643 3286

256 128 973 231 462 925 1762 3525
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Graph of Bandwidth vs 
Payload 
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Bandwidth points 

 Previous diagrams showed unidirectional traffic 
what about bi-directional? 

 Increased overhead due to ACK/NAK protocol 

Worst case 2 DLLP’s per TLP in the other direction 

Generally a small overhead but should be calculated 

 If possible avoid large numbers of small payload 
size packets 

May run out of header credits 

Can cause back pressure 

Reads can get stuck behind writes causing 
completion timeouts 
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Summary 

 Although de-bugging with a PCIe analyser will 
always be the preferred option using a mixture of 
oscilloscope captures and register accesses can 
yield extensive debug information 

 

 Hopefully the ideas and methods noted in this 
presentation will assist in debugging systems 
and bring about a speedy resolution to whatever 
link or system issue is encountered. 
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