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Background
Twenty years ago, the Peripheral Component Interconnect 
Express (PCIe) standard was first defined by the PCI-
SIG organization. PCIe was introduced to enable high-speed 
serial communication between the Central Processing Unit 
(CPU) and its peripheral components. Since 2003, the PCIe 
standard has iteratively improved to accommodate the 
latest bandwidth needs of modern computers. Although 
PCIe was introduced as a serial interface to replace the 
parallel bus used in many motherboard architectures, a 
unique feature of the PCIe is the ability to increase the 
number of lanes from 1 up to 32. Using this parallel bus 
feature, a PCIe-compliant device can establish a link with 
other PCIe-compliant devices with link widths of 1, 2, 4, 
8, 16, and up to 32 lanes, as required according to data 
transmission requirements.

As data rates have evolved in the specification, so has 
the complexity of the physical layer protocols required 
to ensure efficient data transmission while safeguarding 
essential principles of PCIe specifications, which include 
lane width flexibility and downward compatibility with 
“Legacy” devices- i.e., developed with different PCIe 
Generations. For example, a device developed with PCIe 
Gen4 specification has to be downward compatible — 
interoperable — with devices designed in earlier PCIe 
releases, Gen1 and Gen2.

About this Application Note
This Application Note describes the use of the advanced 
Link Training Status State Machine (LTSSM) Monitoring 
information provided by the Tektronix TMT4 Margin Tester. 
This advanced feature, together with the generation of 
hardware trigger-in/trigger-out capabilities, allow the 
user to identify anomalies in the Physical Layer interaction 
with the Data Link Layer according to PCIe State Machine 
descriptions.

The LTSSM monitor provides information about the various 
states achieved by the TMT4 Margin Tester because of its 
interaction with the Device Under Test (DUT) without regard 
to its role as a Root Complex (RC) or End Point (EP). One 
practical example of a debugging workflow may involve one 
or more of the following steps:

A.	 Verifying the DUT can transition through the available 
states in a sequence consistent with the PCIe 
specification, or “allowed transitions”.

B.	 If the DUT does not transition from State-to-State in 
the expected sequence, determine which is the last 
known State the DUT was still operating as expected.

C.	 As the “suspect” State or transition is isolated, the 
user may choose to capture data on an oscilloscope 
upon entering a particular state by issuing a hardware 
trigger out.
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PCI Express Architecture and the 
Need for Link Training
Even though PCIe is defined as a point-to-point protocol, 
there is a well-defined hierarchy when it comes to 
interaction between the sources and destinations of 
data. The structure of the PCIe system consists of many 
point-to-point interfaces, with multiple peripherals and 
modules connected through an infrastructure, or fabric. 
The main CPU (or processor sub-system) sits at the top 
and is connected to a ‘root complex’ (RC) using whatever 
appropriate user interface. This root complex is the top level 
PCIe interconnect component and is typically connected 
to Main Memory, which is accessed by the CPU via the Root 
Complex. The PCIe interfaces appear at the Root Complex, 
either by direct connection or by connection through a 
switch (Figure 1).

PCIe
Endpoint

Switch

Root Complex

Legacy
Endpoint

PCIe
Endpoint

PCIe
Endpoint

CPU

Memory

PCIe Bridge to
PCI or PCI-X

PCI or PCI-X

Figure 1. PCIe Hierarchy1.

Each of the interconnects has a downstream link (coming 
from a component upstream such as the Root Complex 
or RC ) and an upstream link (coming from a component 
downstream such as an End Point or EP ) . Most typical Root 
Complex (RC) devices include motherboards in personal 
computers or controller boards in embedded systems. For 
an End Point, devices such as graphics cards or network 
interface cards may be connected to the Root Complex via 
switches, which help expand the number of addressable 

devices within the specification. It is also possible for 
EP devices to be communicating directly with the RC, as 
shown in Figure 1 above. Often, this communication is not 
100% direct, and a signal conditioning device (a retimer, or 
a redriver, Figure 2) is inserted between the RC and the EP 
device so as to ensure signal quality and compensate for 
the loss of signal quality over the traces, particularly at high 
transfer speeds.

In order to determine whether a particular PCIe 
device has a link partner that it can pair with, the PCIe 
specification establishes the Link Training process as a 
means of determining whether a given lane is suitable for 
transmission of data at the various speeds supported by 
the interface, and how many of these lanes are available, 
among various other considerations being made in the 
Physical Layer.
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Figure 2. PCIe Physical Layer Connections Showing a Retimer Device2.

How Is a Link Established in PCIe? 
How Is It Monitored?
When all the devices (at least one RC and one or more EPs) 
are powered and a reference clock provided, a PCIe device 
starts the so-called link training process. The link training 
process consists of receiver detection (Rx Detect), Polling, 
Configuration, and Recovery. During this process, the status 
of the link can be determined by observing the “LTSSM 
States”. As described in the PCIe Specification, there are a 
total of eleven top-level States, and within each State there 
are sub-States with further details.
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Figure 3. Link Training State Machine3.

In summary:

•	 The state of the PCIe link is defined by a Link Training 
and Status State Machine (LTSSM). From an initial state, 
the state machine progresses through various major 
states (Detect, Polling, Configuration, Recovery) to train 
and configure the link before being fully in a link-up 
state (L0). ​

•	 Other states include power management states “Lx”, a 
‘loopback’ mode for test and debug, or a ‘hot reset’ state 
to send the link back to its initial state. The disabled 
state is for configured links where communications are 
suspended. 

•	 The initial state is typically determined by the Data Link 
Layer, but in general the default initial state for a PCIe 
link is “Detect.”

The Tektronix TMT4 Margin Tester User Interface displays a 
graphical representation of the State Machine diagram, as 
seen above, and when choosing to initiate a LTSSM Monitor 
test, the live progression recording of the states that the 
Margin Tester is seen as entering.

Figure 4. LTSSM Test Configuration.

LTSSM Monitoring can be initiated manually or in the 
presence of a valid hardware Trigger-in signal. Additionally, 
a Trigger-out signal can be generated upon the occurrence 
of a selected event associated with a LTSSM state 
(Figure 4). When the test is complete, the test results 
archive (*.zip) contains a log of the observed LTSSM states.​

The TMT4 as a Link Partner
The TMT4 Margin tester is a flexible, PCIe-compliant 
instrument that can be configured as either a Root Complex 
device, or an End Point device supporting PCIe Gen3 and 
Gen4 speeds. The key to making the connection with the 
DUT implies choosing the correct adapter configuration.

For example, when an Add In Card (AIC) is the Device Under 
Test (DUT), the TMT4 Margin tester is behaving as the Root 
Complex (Figure 5).
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Figure 5. TMT4 as Root Complex.
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On the other hand, when performing an evaluation of 
a typical Root Complex device – such as a computer 
motherboard, the TMT4 will interact with the DUT as an End 
Point device (Figure 6).
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Figure 6. TMT4 as End Point.

A Closer Look inside the Link 
Training Process
As PCIe devices enter the link training process, there is a 
two-way data exchange taking place between both ends 
of the link. As test data and patterns (TS= Training Sets) 
are sent from one end of the link to the other, the receiving 
side responds to the transmitting side and switch roles in 
transmitting and receiving data as progress is made going 
from one state to the next (Figure 7).

Figure 7. Link training sequence between RC and EP3.

Whenever performing LTSSM monitoring tests, the 
recorded logs will always indicate the states achieved from 
the TMT4 Margin Tester point of view.

Monitoring the Link Training Status 
State Machine Using the TMT4
During the link training process, the interaction between the 
DUT and the TMT4 will consist of generation of test patterns 
that evolve the DUT from the initial Detect state through 
Polling and Configuration, and then eventually achieving L0 
state indicating that the root complex and the endpoint can 
successfully communicate with each other.

•	 For a normal/functioning link as displayed in the LTSSM 
Test Results below, the TMT4 Is operating as the Root 
Complex. Under nominal operating conditions, the link 
training process sees both the DUT and the Link Partner 
in a L0 state, only transitioning to a different state 
upon the link configuration changing any of its most 
significant Physical Layer attributes: Lane Width, Link 
Speed or lane inversion, among others.

When the .csv formatted LTSSM log data file is displayed, 
the user can view the information on the tested DUT as a 
sequence of the LTSSM states and determine if there is a 
substantial discrepancy with the expected flow.
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In this sample log, there are three instances where the DUT 
achieves L0 State, as seen from the TMT4:

•	 First, establishing the basic PCIe Gen1 speed and lane 
width “by-4” (×4) width moving from Detect to Polling 
and finally the Configuration state.

•	 Second, transitioning from PCIe Gen1 (2.5GT/s) to PCIe 
Gen3 (8GT/s) by first moving into the Recovery state and 
then performing link equalization.

•	 Third, transitioning from PCIe Gen3 (8GT/s) to PCIe Gen4 
(16GT/s), also by first moving into the Recovery state 
and then also performing link equalization.

Looking at the above three instances, all connected 
PCIe devices go through an Initial Link Training process 
to establish basic functionality (the first step), and 
subsequently they may go through additional link 
equalization to establish stable and reliable connection 
among the devices (the second and third steps). Link 
equalization happens when all devices in the PCIe link can 
support data rates of PCIe Gen 3 or higher. Link equalization 
may happen multiple times since PCIe connection has to 
optimize (link up) the connection at every generation of 
PCIe above Gen 3, starting with the minimum lane width (×1) 
and, if successful, expanding to the maximum number of 
available lanes.

There may be other instances, of course, when one or more 
of the state transitions observed do not suggest proper 
operation of the DUT.

For instance, the following log was obtained from a 
motherboard DUT unable to achieve Gen4 data rate with 16 
lanes, so a down-link process was initiated to finally settle 
at 16 lanes, albeit at Gen3 (8GT/s) speeds.

•	 At the first blue arrow, the DUT exits the equalization 
process right back into a “Pre-Detect Quiet” 
configuration (possibly directed by the Data Link Layer, 
however this is not an expected PCIe behavior).

•	 At the second blue arrow, the DUT links up to 
Gen3 speeds on all 16 lanes using the normal link 
equalization process, achieving Recovery Idle before 
transitioning to L0

•	 At the third blue arrow, however, the DUT appears 
unable to continue the equalization process on one or 
more of its lanes and jumps right into L0 from Recovery 
ReceiverConfig, suggesting a possible mismatch with 
the Rx settings (and not directed by the Data Link Layer 
back to Detect).

In order to gain a better understanding of the interaction 
between the Tx and the Rx settings, the LTSSM monitor 
can help in this instance to provide possible causes for 
the unexpected behavior. Additional LTSSM functionality 
includes the use of hardware triggers to start and stop 
analog data collection with a real time oscilloscope.
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Conclusion
The use of the Tektronix TMT4 Margin Tester as a reliable 
Link Partner helps provides accurate information about 
the state of the link with the observation of the LTSSM 
states during the link training and equalization processes, 
and the use of hardware trigger signals further supports 
the acquisition of waveforms to investigate possible areas 
where link inconsistencies may be resolved.
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