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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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= Motivation: RX Compliance Testing

A For RX compliance testing, the overall channel
from the pattern generator to the RX package
pINS consists of:
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Motivation: RX Compliance Testing

A The calibration long channel for compliance testing is
specified as:

V Return Loss better than 18dB from 50MHz up to 8GHz

V- Maximum 22dB insertion loss at 4GHz, including breakout. An

additional 3dB of package loss is margined in for the TX
package loss.
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= Motivation: Non-Compliant Channels

A Some vendors wish to support 8GT/s at losses significantly in
excess of 22dB@4GHz.

A Most commonly this requirement comes from a need to support
legacy backplanes.

A An example backplane is shown below, which has 21dB loss
@4GHz. Package and breakout losses will add up to ~32dB.

_InsertionLoss ~ Impulse Response

N
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‘Motivation: Industry Channels

A In order to provide additional link robustness, some
vendors are targeting BER of 1e-14 or 1e-15, rather than
the 1le-12 PCle 3.0 specified BER limit.

A For given RX and TX RJ RMS values, this translates to a
tighter requirement on the residual I1SI left over after

equalization, and on the maximum channel loss that can
be supported.
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Motivation: Industry Channels

A Again for legacy reasons, some vendors are looking to
support mixes of 85W100Wtraces (e.g. 100W breakout
with 85W channel).

A This leads to large impedance discontinuities and
reflections.

~ \yﬂmeAU/MVNWAVA
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RXEQ Overview

A A typical PCle 3.0 receiver will contain a linear
equalizer (CTLE), as well as a decision feedback
equalizer (DFE).

VCTLE: Filter seri al RX 1 n
frequency content attenuated in the channel.

V DFE: Subtract out channel impulse responses of
previous data bits to zero out ISI contributions on
current bit.
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Automatic Gain Control

A In order to guarantee that the CTLE/DFE remain
within their linear dynamic range, the CTLE Is

generally preceded
(AGC) circult.

by an automatic gain control

A The gain (or attenuation) provided by the AGC
can be auto-tuned according to the output of an

envelope detector t
being delivered to t

A The AGC can also
additional boost.

nat monitors the signal level
ne CTLE.

ne designed to produce
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~" RXEQ: CTLE

A The CTLE can help:
V Cancelhigh-f r eqguency channebehagsddubahb
limitation (i.e. introduce zeros to cancel one or more poles introduced by

the channel).
V Reject out-of-band random and deterministic noise.

A The CTLE cannot help:
V Reject in-band random and deterministic noise.
V' Cancel reflections (time domain) or nulls (frequency domain) in channel
due to discontinuities.
V Crosstalk (interfering signal gets boosted along with desired signal).

0 A
_2 = T o e e o e iy = o o e
A N
Aoc o9t Vo 4 N,
4 POOJL . '
6 Y Y
g g _____ f'_':,'.l ”
—
-10 = ”/
-12 =
108 109 1010

Frequency (Hz)

Copyright © 2011, PCI-SIG, All Rights Reserved 12

PCI-SIG Developers Conference



PCl ¢ PCI >

~ CTLE Requirements

A High-Frequency Boost

V Must be large enough at Nyquist to reduce the residual ISI to a level
that the DFE can successfully remove.

V Must be adaptive to work with a wide range of channel losses.
A Boost frequency

V Peak boost should be placed at roughly Nyquist.

V' Must be programmable based on data rate.

V' Preferably should be adaptive, as the optimum peak boost frequency at
a given data rate will vary with the channel characteristics.

A Linearity
V CTLE must remain linear over wide range of input amplitudes supported
by PCle 3.0 and over varying channel losses. Required to prevent

saturation in the CTLE itself, and to ensure the DFE sees a linear
channel response up to the output of the CTLE.

A Input Offset

V Differential input-referred offset will lead to eye closure and needs to be
minimized either through calibration or careful design & layout.
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RXEQ: DFE

A The DFE can help:

V Zero out residual I1SI remaining at output of CTLE.
V Cancel out reflections due to channel discontinuities.

V Reduce effect of crosstalk by boosting the desired
signal without boosting the interfering signal (as the
CTLE would do).

V Reduce effect of input-referred random/deterministic
noise by boosting the desired signal without boosting
the noise (as the CTLE would do).

A The DFE cannot help:

V Provide as large an amount of boost as the CTLE,
since it reduces the envelope of the signal similar to
de-emphasis i therefore most receivers will have
both a CTLE and DFE.
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" DFE Reguwements

A Time range of DFE must be long enough to span the
complete impulse response of the channel up to the
output of the CTLE.

V This can be accomplished by increasing the number of fixed taps
or by making some tap locations programmable. This becomes
especially useful when cancelling reflections that arrive much
later than the incident data.

A Tap weights must be auto-adapted.
A Speed

V For first data tap, data decision, tap value application, and then
application to the DFE subtractor must all happen within 1 Ul.

V' DFE comparators must have sufficient tracking bandwidth.

A DFE comparator input offset.

V Offsets on DFE comparators will directly lead to eye closure, and
must be minimized.
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ey CTLE and DFE Adaptation egz
¢ Algorithms: Basic Metrics

Over-equalized eye Under-equalized eye

Leading Tréiling Leading Trailing

edge sample edge sample edge sample edge sample
For +1 data value: For +1 data value:
Centre of Ul > Vamp Centre of Ul < Vamp

Edge values are >0 Edge values are <0
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Boost Adaptation

A Boost can be adapted through many mechanisms:

V Least Mean Squares

I Use LMS adaptation to optimize either the eye height or width
based on data comparator or edge comparator output, respectively.

V' Use pattern filtering to detect arrival of lone bits.

I Compare amplitude at centre of Ul to the target lone bit height, and
adjust boost to achieve this amplitude.

I OR, measure amount of ISI at zero crossing and adjust boost to
minimize.
I Second technique is simpler but less optimal.
V' Measure eye using on-chip eye monitor.

I Use eye height/width as measured by monitor as error metric,
adjust boost to maximize.

I Using an eye monitor for boost adaptation is usually very slow.
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Boost Adaptation Example (1)

e Data samples
B Edge samples

i

Pattern —> K, K& K

ISI, ¢ —\

T:=0
Minimize sum of ISI components

HF boost control

T1:O — X\ISI components)
IS, — X (S)—=

CTLE Boost
pattern results in:
K=K,é ==K
(Minimize sum of

Digital
adaptation
engine
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Boost Adaptation Example (2)

e Data samples
B Edge samples

I

Pattern —> K, K& K

ISI, ¢ —\

T:=0
Minimize sum of ISI components

HF boost control

T1:O — X\ISI components)
IS, — X (S)—=

CTLE Boost
pattern results in:
K=K,é ==K
(Minimize sum of

Digital
adaptation
engine
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Boost Adaptation Example (3)

e Data samples
B Edge samples

I

Pattern —> K, K& K

ISI, ¢ —\

T:=0
Minimize sum of ISI components

HF boost control

T1:O — X\ISI components)
IS, — X (S)—=

CTLE Boost
pattern results in:
K=K,é ==K
(Minimize sum of

Digital
adaptation
engine
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RX Egualizer Auto-Calibration Results
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=opening=0:22Ut; yopening=25mVpp

A Auto-calibration algorithm stops at a Boost value of 6
A Boost values higher than the optimum starts to close the eye
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Centre/Edge Adaptation
A Edge-Based: Error signal is the value
of the RXEQ output at the edge of the ——— e

Ul. Goal is to drive the average zero
crossing value to 0 (maximize eye
width).

A Centre-Based: Error signal is result of
a comparison of the amplitude at the
centre of the Ul to a threshold (Vamp). 8
Goal is the make the average
amplitude at the centre of the Ul equal
to Vth, and hence optimize eye

height.

A Most optimal approach is to combine
both centre/edge adaptation to
optimize both eye width and height.

Min %-Eye Opening(pp)= 0.33968U1  Min ¥-Eye Openingipp)= 0075383 Vpp

Max Amplitude(pp)= 0.51533Ypp  Max-Anip/Eye- Opening Ratio= 64533 °
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Adagtation Performance

8G prbs1l eye diagram without the 8G prbsll Edge eye diagram 8G prbsll center comparator eye diagr
DFE, with EdgeAdapted DFE with Centre&EdgeAdapted DFE
X-opening=0.539UI, X-opening=0.603Ul, X2 X-0opening=0.603Ul,
Y-opening81mV Y-opening=82mV q Y-opening461mV

AThe improvement in the y-opening is evident when comparing the
Edge DFE case with the Edge&Centre Adapted DFE case
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LMS and ZF

A The three most popular adaptation algorithms for
adapting DFE taps are:

V Least Mean Squares (LMS)

I Heuristically arrive at optimal taps through traversal of the tap
search space to the solution that minimizes the error metric.

V Zero-Forcing (ZF)

I Adjust taps to directly zero out individual ISI components, as
measured (usually) using pattern filtering to expose the ISI
component of interest.

V Eye Monitor Based

I Heuristically arrive at optimal taps through observation of on-
chip eye. This method tends to be very slow.

A All 3 algorithms can be implemented using
centre/edge adaptation to form the error metric.
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A Search the fAtap spaceo to find the co
average edge sample (edge-based) or the error between Vref and the average
CTLE output at the centre of the Ul (centre-based).

\V Pros:

I No specific patterns are required to form an update, so adaptation engine receives more
frequent updates.

V Cons:

I As the number of taps grow, the adaptation becomes more complex, since the search for the
optimal taps is purely heuristic.

I Prone to arriving at sub-optimal local minima in search space, especially in the presence of
tones in data spectrum due to repeating sequences (e.g. COM).

I Require heavy filtering on the error signal to suppress noise.
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