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Abstract —The continuously increasing bandwidth demand
from new applications has led to the development of the new PCle
Gen6, reaching data rates of 64 GT/s and adopting PAMA4
modulation scheme. While PAM4 solves the bandwidth constraint
in high-speed interconnects, it brings new challenges for the
physical channel analysis. Equalization (EQ) plays an important
role even with PAM4 signaling. PCle specification defines
requirements to perform EQ at the transmitter (Tx) and at the
receiver (Rx). During the EQ process, one combination of Tx/Rx
EQ coefficients must be selected to meet the performance
requirements of the system. Testing all possible coefficient
combinations is prohibitive. Current industrial practice consists of
finding a subset of combinations at post-silicon validation using
maps of EQ coefficients. Finding this subset of coefficients is time-
consuming, along with all the new challenges imposed by PAM4.
In this paper, we propose an optimization approach for PCle Gen6
link EQ. Our proposal is based on a suitable objective function
formulated over the channel operating margin (COM), which is a
new figure of merit (FOM) adopted by standards of
communications for signaling speeds beyond 25 Gbps.

Index Terms — channel, COM, CTLE, equalization,
equalization maps, eye-diagram, FIR, ISI, jitter, NRZ,
optimization, PAM4, PCle, post-silicon validation, receiver,
transmitter.

1. INTRODUCTION

Nowadays, peripheral component interconnect express
(PCle) virtually operates in all modern computer systems as a
motherboard-level interconnect, as a passive backplane
interconnect, and as an expansion card interface for add-in
boards. Recently, PCle has been also adopted for automotive
advanced driver assistance systems (ADAS) [1].

Being an open industry standard, PCle has succeeded as a
global input/output (I/O) interconnect supported by a robust
compliance program to ensure a unified interoperability
between devices from different companies [2].

Even though there is a continuous increase in the PCle
bandwidth, new applications require even higher data rates [2].
However, as the data rate increases beyond 32 giga-transfers
per second (GT/s), the bandwidth becomes the bottleneck of
high-speed wireline transceiver, which is severely influenced
by the channel and package loss when using the conventional
non-return-zero (NRZ) signaling method [3]. In order to
overcome this problem, the next generation of PCle will adopt
the pulse amplitude modulation 4-level (PAM4) signaling.
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Fig. 1. Comparison of NRZ vs PAM4 encoding.

PClIe Gen6 specification defines an adaptive mechanism for
equalization (EQ) to determine the optimum value of the
transmitter (Tx) and receiver (Rx) EQ coefficients within a
fixed time limit. A typical PCle system may have hundreds of
combinations of EQ coefficients, and then testing every
coefficients combination using an exhaustive enumeration
method becomes prohibitive. In order to reduce the selection
time, the current post-silicon method for Gen3-Gen5 consist of
finding a subset of coefficients during post-silicon validation,
and then program it into the system BIOS. The method consists
of using maps of EQ coefficients, which are obtained by
measuring the eye diagram characteristics as figure of merit
(FOM). The method consists of finding the set of coefficients
that qualify the FOM as near optimal.

However, data collection to generate the EQ maps is a time-
consuming process in post-silicon validation. Along with all the
new challenges imposed by PAM4 and the additional
manufacturability considerations, testing every coefficients
combination using an exhaustive methodology to find the best
combination is impractical, and then optimization algorithms
are required for choosing the right coefficients values.

In this paper, we propose an efficient optimization
methodology to determine the optimal subset of coefficients for
the Tx and Rx in a PCle Gen6 equalization process during post-
silicon validation. While there are not still silicon samples with
PCle Gen6, we are validating the proposed method by using
MATLAB SerDes Toolbox. The procedure implies defining an
effective objective function based on a new FOM as required
for PAM4, and then applying a direct numerical optimization
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Fig. 2. EQ map coefficients search space for optimization. From [7].

method using Nelder-Mead.

The rest of the paper is organized as follows. Section II
presents an overview of the PCI Express evolution. Section III
provides an overview of PAM4 functionality and its challenges.
The on-chip EQ per PCle6 specification is described in Section
IV. The PCle link equalization based on Tx EQ coefficient
matrix maps is presented in Section V. The objective function
formulation and the optimization procedure are presented in
Section VI. Finally, the results are discussed in Section VII, and
conclusions are given in Section VIII.

II. PCI EXPRESS EVOLUTION

PCle has advanced over the years to meet the requirements
across different computing markets. PCle started in 2003 with
a data rate of 2.5 GT/s, supporting bandwidths of x1, x2, x4,
x8, and x16. Four years later, PCle Gen2 was released,
doubling the rata rate of Genl to 5 GT/s. In 2010, PCle Gen3
emerged, reaching data rates of 8 GT/s. Developing PCle Gen4
to 16 GT/s took longer due to the feasibility of cost-effective
materials; the channels loss specification for 16 GT/s was
increased to 28 dB after the materials loss improvements, and
it was finally released in 2017.

After the release of PCle Gen 4, the needs of new applications
increased dramatically, demanding faster data transfer, leading
to the release in 2019 of the PCle Gen5 specification, with
bandwidth reaching data rates of 32 GT/s, and channel
specification increased to 36 dB of attenuation at 16 GHz [2].
The continuous bandwidth demand from applications such
artificial intelligence, machine learning, gaming, visual
computing, storage, graphics accelerators, high-end
networking, coherent interconnects, internet of things (IoT) and
memory expanders has led to the development of the new PCle
Gen6 specification to be released in 2021, reaching data rates
of 64 GT/s. PCle Gen6 will adopt PAM4 modulation scheme.

III. PULSE AMPLITUDE MODULATION 4-LEVEL

For PAM4 encoding, the signal has four voltage levels, which
encodes two bits per voltage level, as shown in Fig. 1. PAM4
uses Gray coding which combines the most significant bit
(MSB) and least significant bit (LSB) pairs in a data stream into
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Fig. 3. Evolution of the normalized coefficients and objective

function values during optimization.

one of the four voltage levels. By encoding two bits into one
symbol, PAM4 achieves the same data rate using half of the
bandwidth as compared to the NRZ signaling [4] (see Fig. 1).
In this sense, this transmission scheme has a spectral efficiency
of 2 bits/symbol/Hz.

While PAM4 solves the bandwidth issue in high-speed
communication channels, it brings new challenges for the
physical channel analysis. PAM4 has 4 levels and three eye-
diagrams, as opposed to one eye-diagram of NRZ. PAM4 is
also more susceptible to errors due to various noise sources
caused by reduced voltage (and timing) ranges. This results in
a higher bit error rate (BER) performance, several orders of
magnitude higher than the standard 1072 BER of the previous
PCle generations. It also introduces new challenges in slicers,
transition jitter, and equalizers [5]. In effect, EQ plays a critical
role even with PAM4 signaling.

IV. PCI EXPRESS GEN6.0 EQUALIZATION

Tx and Rx equalization schemes, such as Tx de-emphasis and
pre-emphasis, Rx continuous time linear equalization (CTLE)
and decision feedback equalization (DFE), are widely used in
high-speed serial links to open the eye diagram [5], and they
continue to be used for PAM4. PCle Gen6 specification defines
the requirements to perform on-chip EQ at the Tx and at the Rx
to mitigate undesired effects and minimize the BER.

The Tx equalization coefficients for 64 GT/s are based on a
feed-forward equalizer (FFE) 4-tap finite impulse response
(FIR) filter (Cim2, Cmi1, Co, and Cp). The cursor (Co), pre-cursors
(Cm1, Cm2) and post-cursor (Cp) coefficients refer to whether the
FFE filter taps work on an advanced or delayed signal with
respect to time. The serial data output is obtained by the
superposition of four consecutive received pulses (Vamz, Vami, Vi,
vnp) that are weighted with the four different filter tap
coefficients [6]. The filter response can be then adjusted by
controlling the tap coefficients values. Therefore, the output
signal (vou) of the FIR filter is given by

v, Cp + v, Co + v, C, (1)

out np—p

The EQ topology at the Rx can be a combination of a CTLE
and a DFE. The CTLE is a simple one coefficient (Ceue)
continuous-time circuit with high-frequency gain boosting,

= anCmZ + Vhml



whose transfer function can compensate (equalize) the channel
response.

PCle specification defines some predefined set of values for
the Tx coefficients, referred to as presets, and then are
adaptively changed during the channel training. The Tx EQ
coefficients are computed at the upstream port by the
coefficient adaptation algorithm using the received signal.
Hence, these coefficients are communicated to the downstream
port by using the PCle protocol. The Tx at the downstream port
then applies the received coefficients setting to its Tx EQ
circuitry. This process of computing the coefficients,
communicating them to the Tx, and checking the signal quality
can be repeated multiple times until the required BER is
achieved [6], [7].

V. TRANSMITTER EQUALIZATION COEFFICIENT MATRIX

With the purpose of having unit-gain for the Tx equalizer, the
values of the Tx coefficients are subjected to the following
protocol constraints:

|Cona |+ Gt +]Co|+|Gy | =1

2
subject to C,, 20, G, <0, C, <0 @

These constraints are implemented by determining only Cmi
and C,, to fully define vou from (1), being C,,, = 1/24 [6] and
Co implied by (2). The coefficients must support all eleven
values for the presets, and their respective tolerances, as defined
by the Tx preset ratios table in the PCle specification [6].

When all the PCle specification constraints are applied, the
resulting coefficients space may be mapped onto a triangular
matrix, as shown in Fig. 2, where several EQ maps, one per
CTLE coefficient (Ccye) value, are superimposed. Cni and Cp
coefficients are mapped onto the y-axis and x-axis,
respectively. Each matrix cell corresponds to a valid
combination of Tx coefficients, and u(x*) correspond to a
combination of Cp1, Cp and Ceye that results in a FOM qualified
as optimum.

The current post-silicon method for Gen3-Gen5 to find the
best subset of coefficients for both Tx and Rx, consists of using
these EQ maps, which are obtained by measuring the eye
diagram characteristics as FOM (i.e. eye height, eye width, or
eye diagram area) of the received signal for each of the C,, Gy,
and Cc. combinations across each lane and device pairing,
requiring multiple EQ maps. The method consists of finding the
set of Tx and Rx coefficients that qualify the FOM as near
optimal. However, this has to be performed by ensuring at the
same time that the responses around the best C,-C, matrix cell
are at least 80% of the value of that matrix cell, as illustrated in
Fig. 2, to avoid selecting a combination of too-high sensitivity.
Due to the large number of EQ maps, along with all the new
challenges imposed by PAM4, finding the optimal subset of
coefficients would be a very challenging task.

VI. OBJECTIVE FUNCTION FORMULATION AND OPTIMIZATION

The channel operating margin (COM) is a signal to noise
ratio and it is a new FOM that takes into account passive and
active channel components. COM has been adopted by several
standards of communications, and it is gaining attention as a
valuable tool for analyzing high-speed digital channels,
especially for signaling speeds beyond 25 Gbps. Above such
data rate, eye diagram and BER performances as FOM may not
be applied due to the intrinsic limitation of receiving a closed
eye diagram at the receiver [8]. The COM computation
algorithm is a statistical simulation of victim and aggressor unit
interval pulse responses available in MATLAB.

COM is a ratio between a calculated signal amplitude to a
calculated noise amplitude [9] defined as
Asignal

A 3)
01S€

where Agignal € R is a signal with a data rate of PCle Gen6 and
Anoise € R 1is the noise on the signal considering inter-symbol
interference (ISI), random and dual-Dirac jitter noise, and
crosstalk. We aim at finding the optimal set of coefficients
values to maximize COM. Therefore, an initial objective
function to be minimized is defined as

u(x) = —2010gAS]Ll(x) 4)

oise

COM =20log

Asignal 1s function of the coefficient values (Cmi, Cp, Ceile)
contained in vector x. The signal amplitude, 4signal, comes from
the middle eye, and the combined noise term, Anoise, iS the
vertical eye closure. The optimization problem for COM is then
defined as,
X = arg min u(x) )
X

We need to ensure the optimal system response is within a
suitable area in the coefficients search space of the EQ map.
Here we follow our work in [7] to define the corresponding
objective function. The four responses around u(x") must be at
least 80% of the value of u(x"), as shown in Fig. 2, where u;;
are the objective function values per (4) for the i-th Ci; and j-
th C,, values.

The new optimization problem can be defined through a
constrained formulation, such that the optimal set of
coefficients maximizes the system response without exceeding
the limit of 0.8u(x*) in the vicinity,

x = arg min u(x) ©6)
X
subject to [;;(x) <0, [;,(x)<0, ,;(x)<0, [, (x)<0
with
M(lei*H’ Cctle’ij*) u(cmli*—l’ Cctle’ij*)
I(x)= -

u(lei*9 Cctle9ij*+1) u(lei*’ Cctle9ij*—1) (7)
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Eye diagram Before Optimization
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Fig. 4. Eye diagram results before the optimization process.

where Cn1+and Cpyi+are the set of coefficients that maximize the
FOM for each of the Cce values. A more convenient
unconstrained formulation can be defined by adding a penalty
term, as

. (0)
U(x)=—2010gASlLl(x)+|L(x)|2 L)'z 3
noise ‘max{l(x(o))}‘

where L(x) is a corner limits penalty function, defined as
L(x)=max{0,/(x)} )

and x© is the starting point. Then, our unconstrained objective
function to optimize the system response is
x" =arg min U(x) (10)
X
We aim at finding the optimal set of coefficients values x* by
solving (10) using a gradient-free computationally inexpensive
optimization technique, such as the Nelder-Mead method [10].

VII. RESULTS

Following the optimization process defined in Section VI, we
found a set of Tx and Rx coefficients that minimize the
objective function in just 160 evaluations, as shown in Fig. 3.
The time consumed by the optimization was 33.4 minutes. Fig.
3 also shows the evolution of the Tx and Rx coefficients during
the optimization process.

Figures 4 and 5 show the eye diagram results at the receiver,
before and after optimization, respectively. The optimized
equalization coefficients yield an eye width and height average
improvement of 27% and 131%, respectively, and a COM
improvement of 150%, reducing also the eyes asymmetries.
The obtained eye-diagram results confirm the effectiveness of
the proposed optimization approach.

VIII. CONCLUSION

The continuous bandwidth demand from new applications
has led the development of the new PCle Gen6, reaching data
rates of 64 GT/s and adopting the PAM4 modulation scheme.
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While PAM4 solves the bandwidth constraint in high-speed
interconnects, it brings new challenges for the physical channel
analysis and performance. Equalization plays an important role
even with PAM4 signaling.

We proposed in this paper a direct optimization approach for
PCle link EQ based on a suitable unconstrained objective
function formulated over COM, which is a new FOM adopted
by communication standards for signaling speeds beyond 25
Gbps. The optimized EQ coefficients were tested by measuring
the eye diagrams at the receiver, confirming a significant
improvement on eye area, eye symmetry, and COM.
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