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SYSTEMS FOR HIGH-SPEED BACKPLANE
APPLICATIONS USING PRE-CODING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/014,519,filed Jan. 26, 2011, which claims the

benefit of U.S. Provisional Patent Application No. 61/299,
791, filed Jan. 29, 2010,all of which are incorporated herein
by reference in their entirety.

FIELD OF THE INVENTION

This application relates generally to high-speed communi-
cations and, more particularly, to systems for high-speed
communications over backplanes.

BACKGROUND

Communication systems are designedto transfer informa-
tion between two devices over a medium in the presence of
disturbing influences. Intersymbol interference (ISI) is one
well-knowndisturbing influence in which transmitted sym-
bols become elongated and interfere with adjacently trans-
mitted symbols. This spreading or “smearing” of symbols is
generally caused by the dispersive nature of common com-
munication mediums. Because ISI has the same effect as

noise, communication is made less reliable.
Oneofthe mostbasic solutions for mitigatingthe effects of

ISI is slowing downthe speed at which symbols are transmit-
ted over a medium.Morespecifically, the transmission speed
can be slowed down such that a symbol is only transmitted
after allowing previously transmitted symbolpulsesto dissi-
pate. The timeit takes for a symbolpulse to dissipate is called
delay spread, whereas the original time of the symbol pulse
(including any time before the next symbolpulse is transmit-
ted) is called the symbol time. No ISI will occur if the delay
spread is less than or equal to the symboltime.

Although slowing down the symbo]rate can eliminate the
effects of ISI, it is generally an unacceptable solution for
many of today’s communication applications. In fact, many
of today’s communication applications require speeds in the
multi-gigabit per second range. At such high speeds, ISI can
completely overwhelm a signal transmitted over a few inches
of printed circuit board trace, a few feet of coppercable, or a
few tens of meters of multimodeopticalfiber.

Backplane Ethernet is one type of communication appli-
cation that suffers from ISI. Backplane Ethernet has been
standardized, at least to some degree, under the IEEE 802.3ap
standard and is commonly used in devices such as routers,
switches, and blade servers. The IEEE 802.3ap standard spe-
cifically defines operation characteristics for 10 Gbps Back-
plane Ethernet in configurations that communicate data dif-
ferentially over two pairs of coppertraces on printed circuit
boards. Data is transmitted over each pair of coppertraces in
one direction using a one-bit, pulse amplitude modulation
(PAM) scheme anda baudrate of 10.3125 GHz.

Although the conventional 10 Gbps speed limit already
presents significant signal impairment challenges from ISI
and other noise sources, providers of Backplane Ethernet
applications are pushing designers to achieve speeds up to,
and beyond, twice the conventional 10 Gbps limit. However,
at those speeds, traditional, cost effective transceiver designs
for Backplane Ethernet applications cannotreliably transmit
and receive information over coppertraces on a printed circuit
board due to ISI and other noise sources.
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Therefore, what is needed is a cost effective system for
supporting backplane applications having speeds up to, and
beyond, twice the conventional 10 Gbps limit.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

The accompanying drawings, which are incorporated
herein and form a part of the specification, illustrate the
present invention and, together with the description, further
serve to explain the principles of the invention and to enable
a person skilled in the pertinent art to make and use the
invention.

FIG.1 illustrates an exemplary backplane operating envi-
ronment, according to embodimentsofthe presentinvention.

FIG.2 illustrates an exemplary transmitter, according to
embodiments of the present invention.

FIG. 3 illustrates an exemplary receiver, according to
embodiments of the present invention.

FIG.4 illustrates a precoder encoder, according to embodi-
ments of the present invention.

FIG. 5 illustrates a linearized description of the precoder
encoderillustrated in FIG. 4, according to embodiments of
the present invention.

FIG.6 illustrates the efficacy of the precoder encoder in
equalizing a transmission channel, according to embodi-
ments of the present invention.

FIG.7 illustrates an exemplary pre-emphasis or TX linear
filter, according to embodiments ofthe present invention.

FIG.8 illustrates an exemplary DFE andinverse precoder
combination, according to embodimentsofthe present inven-
tion.

FIG. 9 illustrates an exemplary inverse precoder with an
extended slicer, according to embodiments of the present
invention.

FIG. 10 illustrates an exemplary partial DFE and inverse
precoder combination, according to embodiments of the
present invention.

FIG. 11 illustrates an exemplary transmitter configured to
generate and send a training sequence to a receiver during
select times, according to embodiments of the present inven-
tion.

The present invention will be described with reference to
the accompanying drawings. The drawing in which an ele-
ment first appears is typically indicated by the leftmost
digit(s) in the corresponding reference number.

DETAILED DESCRIPTION

In the following description, numerousspecific details are
set forth in order to provide a thorough understanding of the
invention. However, it will be apparentto those skilled in the
art that the invention, including structures, systems, and
methods, may be practiced without these specific details. The
description and representation herein are the common means
used bythose experiencedor skilled in the art to most effec-
tively convey the substance of their work to others skilled in
the art. In other instances, well-known methods, procedures,
components, and circuitry have not been describedin detail to
avoid unnecessarily obscuring aspects of the invention.

Referencesin the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” etc., indicate that
the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular
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feature, structure, or characteristic is described in connection
with an embodiment, it is submitted that it is within the

knowledge of one skilled in the art to effect such feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described.
1. Example Backplane Operating Environment

FIG. 1 illustrates an example Backplane Ethernet system
100, according to embodiments of the present invention. As
shown in FIG. 1, example Backplane Ethernet system 100
includes a backplane 110 and twoline cards (or daughter
cards) 120 and 130. Line cards 120 and 130 are respectively
coupled to backplane 110 by connectors 140 and 150 (e.g.,
HM-Zd connectors) disposed on the surface of backplane
110, and cach includes a respective transcciver 160 and 170.

In operation, transceivers 160 and 170 are configured to
send data to, and receive data from, each other. The data
communicated between the two transceivers is sent over two

pairs of traces 180 (e.g., copper traces) disposed on the sur-
face of backplane 110:a first pair of traces is used to com-
municate data differentially to transceiver 170 from trans-
ceiver 160, and a secondpair oftraces 1s used to communicate
datadifferentially to transceiver 160 from transceiver 170. In
one embodiment, the data transmitted between the twotrans-
ceivers is modulated using pulse amplitude modulation
(PAM).

In conventional Backplane Ethernet systems, data is spe-
cifically transmitted over each pair of traces in one direction
using a one-bit, PAM scheme anda baud rate of 10.3125 GHz,
giving aneffectivebit rate of 10.3125 Gbps. Therate at which
data can be transmitted in Backplane Ethernet systems, while
still being reliably received, is typically limited by ISI caused
by the dispersive nature of the copper traces, frequency
dependenttransmission losses caused primarily by skin effect
and dielectric loss of the copper traces, and cross-talk from
adjacent communication lines. The present invention is
directed to systems for overcoming these and other signal
impairments to achieve speeds up to, and beyond, twice the
conventional 10 Gbps limit associated with Backplane Eth-
ernet systems.

Tt should be noted, however, that example Backplane Eth-
ernet system 100 provides only one example system in which
features of the present invention can be implemented. For
example, features of the present invention can be imple-
mented in communication systems that transmit and receive
data formatted in accordance with signaling standards other
than Ethernet. In addition, features of the present invention
can be implemented in communication systemsthat transmit
and receive data over mediumsother than coppertraces dis-
posed on a printed circuit board. For example, other possible
transmission mediums include coaxial cable, optical fiber
(both single mode and multimode), twisted pair, radio, and
satellite, to name a few. In addition, digital modulation
schemes other than PAM can beused, including quadrature
amplitude modulation (QAM) and quadrature phase shift
keying (QPSK), for example. Although these and other pos-
sible systems exist for implementing features of the present
invention, the variousfeaturesofthe present invention will be
described below in the particular context of Backplane Eth-
ernet system 100.
2. Transmitter

FIG.2 illustrates an example transmitter 200, according to
embodiments of the present invention. As illustrated in FIG.
2, transmitter 200 includes a scrambler 210, a forward error
correction (FEC) encoder 220, a serial-to-parallel module
230, a line code encoder 240,a pre-coder 250, and a TX linear
filter (also referred to as a pre-emphasis filter) 260.
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In one embodiment, transmitter 200 is implemented within
a line card transceiver and is configured to transmit data over
one or more traces onaprinted circuit board in a Backplane
Ethernet system, such as Backplane Ethernet system 100.
Moreparticularly, transmitter 200 is configured to transmit
data over one or more traces on a printed circuit board in a
Backplane Ethernet system at speeds beyond the conven-
tional Backplane Ethernet data rate of 10.3125 Gbps, as
specified by the IEEE 802.3ap standard, by using a PAM
scheme with an order greater than the typically employed
PAM-2 scheme. For example, PAM-4is a two-bit modulation
scheme that maps two-bits of data to one of four possible
signal levels per transmitted symbol. Thus, using PAM-4 at
the conventional 10.3125 GHz baudrate providesa data rate
ofapproximately 20.625 Gbps.

Transmitting data using a higher order modulation scheme,
such as PAM-4,is not without costs, however. In general, a
receiver will require a higher signal-to-noise ratio (SNR) to
reliably decode the data becauseofthe higher-order modula-
tion. In other words, although increasing the numberofbits
per symbol leads to a correspondingly higher data rate, the
symbols making up the constellation of the modulation
scheme must be packed closer together and are therefore
more susceptible to noise (assuming the mean energy of the
constellation remains constant).

For example, in PAM-4, the constellation comprises four
points on the real line that are typically uniformly spaced.
PAM-2, on the other hand, comprises only two points on the
real line that are typically uniformly spaced. Thus, there is
greater distance between the PAM-2 constellation points then
the PAM-4 constellation points (again, this assumes the mean
energy of the constellation remains constant) and therefore a
greater margin for noise.

Because of the reduced distance between points in PAM-4
and other higher-order PAM schemes, transmitted symbols
are now more vulnerable to ISI caused by the dispersive
nature of the traces, frequency dependenttransmission losses
caused primarily by skin effect and dielectric loss of the
traces, and cross-talk from adjacent communication lines.
Therefore, transmitter 200 includes a novel architecture to
overcomethese signal impairments to allow data to be trans-
mitted over the channel using PAM-4 andother higher-order
modulation schemesat, and above, the conventional 10.3125
GHz baudrate associated with Backplane Ethernet.

In operation, transmitter 200 receives an input data stream
at input 270 and manipulatesthe input data stream to properly
format an output data stream for transmission over the chan-
nel at output 280. The input data stream can include voice,
video, or any other application or program specific data. The
input data stream is first received and processed by scrambler
210. Scrambler 210 is configured to eliminate long sequences
ofdigital ‘0’or ‘1’ values in the inputdata stream. Eliminating
long sequencesofdigital ‘0’ or ‘1’ values facilitates the work
performed by timing recovery and adaptive circuits at the
receiver. In one embodiment, scrambler 210 includesa linear
feedback shift register (LFSR) and provides a scrambled out-
put data stream as a linear function of the input data stream
and a previous state stored in its shift register. In another
embodiment, scrambler 210 is implemented in accordance
with the 64/66 encoder discussed in the IEEE 802.3ap stan-
dard.

After the input data stream has been scrambled by scram-
bler 210, the scrambled data stream is received and processed
by FEC encoder 220. In an embodiment, FEC encoder 220is
used to provide a coding gainthat at least partially makes up
for the higher SNR requirements imposed by data transmis-
sion using the higher order modulation scheme. Coding gain
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is defined as the effective difference in SNRlevels between an

uncoded system and a coded system. FEC provides a coding
gain by introducing redundancyinto thedata to be transmitted
to allow for detection and recovery of transmissionerrors.

Several specific FEC schemes can used to encode the
scrambled data stream, including, for example, Trellis Coded
Modulation (TCM), Low Density Parity Check (LDPC)
codes, Turbo Codes, BCH, and Reed-Solomon(RS).

In an embodiment, FEC is specifically added to the
scrambled data stream using RS coding. The RS encoding
technique appendsto each block of k m-ary data symbols,2t
redundancy symbols to create an encoded message block
(where t represents the designed symbol error correcting
capacity of the code). These 2t symbols, or elements, are
selected from the Galois Field to be the roots of the imple-
mented code generator polynomial. Thereare a total ofn=k+
2t symbols in an RS encoded message block. The 2t redun-
dant symbols can be used by an RS decoder implementedat a
receiver to correct for up to t errors that occur during trans-
mission of the block of k data symbols. In another instance,
2t+1 redundancy symbols are created and appended to each
block of k m-ary data symbols, which guarantees that an RS
decoder implementedat a receiver can correctall patterns of
up to t errors while always detecting and not mis-correcting
all patterns of t+1 errors.

In an embodiment, the conventional 10.3125 GHz baud
rate used in backplane Ethernet can be increased to compen-
sate for the extra 2t redundant symbols transmitted per
encoded message block. For example, the conventional
10.3125 GHz baudrate can be increased by 5% to compen-
sate for 5% more additional data being transmitted dueto the
2t redundant symbols. In a further embodiment, the conven-
tional 10.3125 GHz baud rate, which is typically generated
using a 156.25 MHz clock, is increased by multiples of
156.25 MHzto provide compensation for the extra 2t redun-
dant symbols. In yet another embodiment, the 1-bit in every
65-bit Ethernet frametypically used by the Ethernet standard
to employan error correction code,referred to as a Fire code,
can be robbed to further compensate for the extra 2t redundant
symbols transmitted per encoded message block. Specifi-
cally, robbing this single bit for every 65-bit Ethernet frame
can provide about 1.5% additional transmission room for the
extra 2t redundant symbols. In other embodiments, the con-
ventional 10.3125 GHz baudrate is increased by multiples of
62.5 MHz, 78.125 MHz, or 125 MHz to provide compensa-
tion for the extra 2t redundant symbols.

The stream of scrambled data and redundant symbols
added by FEC encoder 220 are subsequently feedto serial-
to-parallel module 230. In general, serial-to-parallel module
2301s optionally included within transmitter 200 whentrans-
mitter 200 transmits data over two or moretraces to a receiv-

ing entity (.e., when transmitter 200 transmits the input data
stream received at input 270 over two or moreparallel streams
to areceiving entity). Parallel-to-serial module 230 is config-
ured to de-serialize the FEC encoded data stream and place
the data on two or more parallel data streams for further
processing prior to being sent over parallel channels. It should
be noted that, for clarity sake, only one set of processing
blocks are shown in FIG.2 followingserial-to-parallel mod-
ule 230 for a single parallel data stream.

Tn one embodiment, FEC encoder 220 is positionedprior to
serial-to-parallel module 230 in the transmitter chain as
shown in FIG. 2 such that one or more of the redundant

symbols generated by FEC encoder 220 is produced based on
data to be sent over two or more ofthe parallel data streams.
In general, FEC encoding works better when the redundant
symbols are generated over larger blocks ofdata. However, as
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the size of the data blocks increase, system latency is
increased becausethe receiver has to wait for the entire block

of data and redundant symbolto be received before any error
correcting/checking can occur. Thus, by generating a redun-
dant symbol based on data to be sent over two or more ofthe
parallel data streams, system latency can be reduced for a
symbol generated over the same amountof data sent over a
single one of the parallel data streams.

In another embodiment, FEC encoder 220 is positioned
after serial-to-parallel module 230 in the transmitter chain. In
this instance, a separate FEC encoder 220 is used for each
parallel data stream outputbyserial-to-parallel module 230.

Continuing with the description of the transmitter chain
illustrated in FIG. 2, after being de-serialized by scrial-to-
parallel module 230, each parallel data stream undergoes
further processing prior to being sent over the physical chan-
nel to a receiving entity. FIG. 2 specifically illustrates the
remaining processing blocks for a single one of the parallel
data streams output by serial-to-parallel module 230. The
parallel data stream is initially received and processed byline
code encoder 240. Line code encoder 240 is configured to put
the parallel data stream into a form suitable for transmission
over the physical channel. This processis often referred to as
modulation. In an embodiment, line code encoder 240 is
configured to modulate the bits of the parallel data stream in
accordance with a PAM scheme,as discussed above, having
an order greater than two. For example, and in one embodi-
ment, line code encoder 240 is configured to modulate the bits
of the received parallel data stream using PAM-4. However,
any reasonable PAM modulation schemecan be used, includ-
ing PAM-2, PAM-6, and PAM-8, to namea few. In another
embodiment,line code encoder 240 is configured to modulate
the bits of the received parallel data stream using a complex
modulation scheme, such as QAM or QPSKhaving anyrea-
sonable order.

After being modulated, the data stream is passed from line
code encoder 240 to pre-coder 250. In general, pre-coder 250
uses modulo arithmetic to achieve both pre-equalization and
to limit transmit power. A basic implementation of pre-coder
250, in accordance with embodiments of the present inven-
tion, is illustrated in FIG. 4. The original symbol sequence
{a[k]}, which is chosen from the constellation ofthe PAM-M
modulation scheme used, is pre-coded to generate the pre-
coded data sequence {x[k]}. In operation, pre-coder 250 per-
formsinverse channelfiltering using a feedbackfilter defined
by [B(z)-1] and the modulo operation denoted by mod M.
The modulo operation is performed in such a way that the
output ofpre-coder 250 is limited to be within the interval [0,
M-1]. Without loss of generality, let PAM-M be defined as
the integers [0, 1, ..., M-1]. The outputofthe pre-coder 250
is still ‘PAM-M”for all cases of interest, where the coeffi-
cients of B(z) are integers. In general, if the result of the
summation of the PAM-Msignal and the feedback valueis
greater than or equal to M, some integer multiple of M is
subtracted so that the result is less than M. On the other hand,
if the result of the summation is less than 0, some integer
multiple of M is added so that the result is greater than or
equal to 0.

Because the feedforward path of pre-coder 250 uses a
nonlinear modulo M device to limit the dynamic range of the
output of pre-coder 250 (which otherwise could be unlim-
ited), the output data sequence producedby pre-coder 250 is
better analyzed using the linearized modelillustrated in FIG.
5. From FIG.5,it can be seen that the output data sequence of
pre-coder 250 in the z-domain is given by:
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Ald+M*V

X[z] =ae

where B[z] represents the discrete-time channel in which the
data sequenceis transmitted over and V[z| is the z-transform
of an integer sequence.

In one embodiment, B[z] is estimated during startup at the
receiving entity. This can be done by adaptively adjusting a
DFE, for example by using a knowntraining sequence, and
then passing, the feedback part of the DFE, which gives the
desired impulse response of the channel, back to the trans-
mitter. In another embodiment, if the channel is not com-
pletely knownat the transmitter, any residual ISI or mismatch
due to estimation errors can be subsequently removed by
adaptive equalization at the receiver. In general, employing
pre-coder 250 can help to avoid many of the disadvantages
associated with decision feedback equalizers (DFEs), includ-
ing error propagation.

Theefficacy ofpre-coder 250 can be seen in FIG. 6, which
illustrates an example flow 600 of the pre-coded symbol
sequence {x[k]} through the channel B(z) 610, which intro-
duces ISI and other noise, yielding the symbol sequence
{y[k]} at the receiver. At the receiver, an inverse pre-coder
estimates the original data sequence, producing recovered
data signal {a[k]} that is ideally the same as the original
symbol sequence {a[k]}. In FIG.6, the inverse pre-coderat
the receiver specifically implements an extendedslicer 620
and a mod M module 630. Extendedslicer 620 is configured
to quantize the received samples of symbol sequence {y[k]}
to produce quantized data symbol sequence {¥[k]}. The term
extended is used to denote that fact that extended slicer 620

does not only operate inside the original PAM-M constella-
tion set, but also overall replicas of the original constellation
that may occur after ISI has been introduced by the channel
B().

It should be noted that, in at least one embodiment of
pre-coder 250, the discrete channel B(z) is always monic and
minimum phase and includes only integer coefficients.

Referring back to FIG.2, after undergoing pre-coding, the
pre-codeddata stream is finally processed by TX filter 260. In
general, high speed signals transmitted over traces on a PCB
tend to suffer from high-frequency attenuation that makes
reliable detection of the transmitted data at the receiver more

difficult. The overall effect is similar to a low passfilter which
decreases high-frequency signal gain. Dielectric loss, skin
effect, and crosstalk are generally the main culprits.

In one embodiment, TX filter 260 is configured to boost the
high frequency components of the data signal, while not
affecting the low frequency components. In another embodi-
ment, TX filter 260 is configured to suppress the lowfre-
quency components, while not affecting the high frequency
components.

FIG.7 illustrates an example implementation of TX filter
260, according to embodiments of the present invention. As
illustrated in FIG. 7, TX filter 260 is implementedasafinite
impulse response (FIR)filter and can include one or more
delay elements ‘D’ and taps. In one embodiment, the tap
values by, b;,..., b,, can be dynamically adjusted during
operation to provide different pre-emphasis levels depending
on channel conditions.

After undergoingfiltering by TX filter 260, the modulated
data stream is subsequently placed on the physical channelat
output 280 and is transmitted to a receiving entity. Prior to
being placed on the physical channel, however, TX filter 260
can level shift the modulated data stream suchthatthe average
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DC transmitted is zero. An example receiving entity will now
be described further below in regard to FIG. 3. Before dis-
cussing the receiving entity, it should be noted that one or
moreofthe processing blocksin transmitter 200 can be omit-
ted and/or replaced by reasonable variants as would be appre-
ciated by a person ofordinary skill in the art without departing
from the scope and spirit of the present invention.
3. Receiver

FIG.3 illustrates an example receiver 300, according to
embodiments of the present invention. As illustrated in FIG.
3, receiver 300 includes a programmable gain amplifier
(PGA) 305, a continuoustimefilter (CTF) 310, a discrete time
sampler 315, a cancellation summer 320, a feed forward
equalizer (FFE) 325,a data detector 330, an inverse pre-coder
335, a line code decoder340,a parallel-to-serial module 345,
a FEC decoder 350, and a de-scrambler 355.

In one embodiment, receiver 300 is implemented within a
line card transceiver and is configured to receive data over one
or more traces on a printed circuit board in a Backplane
Ethernet system, such as Backplane Ethernet system 100.
Moreparticularly, receiver 300 is configured to receive data
modulated in accordance with a PAM schemehaving an order
greater than the typically employed PAM-2 schemein con-
ventional Backplane Ethernet systems. For example, and in
one embodiment, receiver 300 is configured to receive data
that has been modulated in accordance with PAM-4 and
received at a baud rate at or above the conventional 10.3125

GHz rate. However, it should be noted that receiver 300 can be
configured to receive data that has been modulated in accor-
dance with any reasonable modulation order and scheme.

In operation, receiver 300 receives at input 360 a modu-
lated data stream from a physical channel. Receiver 300 is
configured to manipulate the modulated data stream to prop-
erly recover an output data stream and provide the output data
stream at output 365. The output data stream can include
voice, video, or any other application or program specific
data.

In order to recover the output data stream, the modulated
data stream received at input 360is first processed by PGA
305. PGA 305 is configured to amplify the modulated data
stream, while at the same time adding minimalnoise to the
modulated data stream. Because the transmission channel

from which the data stream is received can vary greatly in
terms of the attenuation it provides to the modulated data
stream during transmission, PGA 305 is made programmable
such that receiver 300 can adjust to different channel condi-
tions such as length, for example.

After being amplified by PGA 305, the modulated data
stream is received and processed by CTF 310. In one embodi-
ment, CTF 310 is configured to suppress excess thermal noise
and other high frequency noise sources (e.g, any electro-
magnetic emissions) in the modulated data stream. In another
embodiment, CTF 310 is further configured to boost mid to
high frequency components of the modulated data stream.

The modulated data stream after beingfiltered by CTF 310
is received and processed by discrete time sampler 315. In
general, discrete time sampler is configured to sample the
modulated data stream in time and provide discrete samplesat
its output. In one embodiment,discrete time sampler 315is an
analog-to-digital converter (ADC) that not only samples in
time, but also quantizes in amplitude the modulated data
stream.

After being sampled, the samples of the modulated data
stream are then received and processed bycancellation sum-
mer 320. In one embodiment, cancellation summer 320 is
configured to cancel, from the samples of the modulated data
stream, one or more sources of noise or distortion that can be
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modeled. For example, cancellation summer 320 can be con-
figured to inject a canceling signal that models near end cross
talk (NEXT)noise and/or distortions produced by PGA 305,
CTF 310, and/or sampler 315. In one embodiment, cancella-
tion summer320 is configured to model and cancel only the
third-harmonic componentof a noise source or distortion,
which is often the most dominant component. In other
embodiments, cancellation summer 320 is configured to
model and cancel other harmonic components of a noise
source or distortion, in addition to the third-harmonic com-
ponent.

Following cancellation summer 320 is FFE 325. FFE 325,
in one embodiment, is implementedas a parallel FFE andis
configured to reduce the negative influence of precursor ISI
on a data symbolreceived over the physical channel. Specifi-
cally, FFE 325 is configured to delay a data symbolby one or
more symbolperiodsso that an appropriately weighted com-
bination of future symbols that interfere with the current
symbol can be used to compensate for precursor ISI. In
another embodiment, FFE 325 is configured to reduce pre-
cursor and/or postcusorISI ona data symbolreceived over the
physical channel. In yet another embodiment, FFE 325 is
configured to putthe ISI and noise into a relationship optimal
for a data detector and/or a decision feedback equalizer
(DFE).

In general, in a non-parallel FFE implementation,a series
of delay elements and taps are used to compensate for the
precursor contribution of one or more future symbols on a
current symbol. The future symbols are stored in and tapped
from the series of delay elements. The tapped values are then
multiplied by respective tap weights that are related to the
extent ofprecursor ISI contributed by the future symbols. The
resulting products are then subtracted from the current sym-
bol being processed to substantially eliminate precursor ISI.
In an embodiment, the tap weights are determined by an
adaptation engine (not shown) and can be continually adapted
by the adaptation engine to change with the conditionsof the
channel over which the data is received.

Tt should be noted that FFE 325 is optionally included in
receiver 300. For example, in other embodiments, FFE 325
can be omitted and its function can be performed by a com-
bination of other linear filters (e.g., TX linear filter 260 and
CTF310).

The next two processing blocks following FFE 325are data
detector 330 and inverse pre-coder 335. The implementation
ofone ofthese blocks generally effects the implementation of
the other. Therefore, these two blocks are described below in
combination for several different embodiments.

FIG. 8 specifically illustrates a first embodiment of this
combination, referred to as a “DFE with an inverse pre-coder”
800. For explanation purposes, an exemplary pre-coder 810
and net channel C(z) 820 have been further illustrated in the
“DFE with an inverse pre-coder” 800. However, it should be
noted that pre-coder 810 and channel C(z) 820 are not actu-
ally included within the “DFE with an inverse pre-coder” 800.
Rather, pre-coder 810 is implemented within the transmitting
entity and the channel C(z) 820 represents the net of the
physical channel over which data is transmitted to receiver
300 and can further include other linearfilters in the trans-
mitter 200 and receiver 300.

In this first embodiment ofthe combinationofdata detector

330 and inverse pre-coder 335, the data detector 330 is imple-
mented as DFE 830, and the inverse pre-coder 335 is imple-
mented as the combinationofa finite impulse response (FIR)
filter B(z) 840 and amod M module 850. In this embodiment,
DFE 830 knowsnothing of pre-coder 810 at the transmitter.
Asa result, the polynomial B(z), used to implementthefilter
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in the feedback loop of pre-coder 810, does not have to
exactly match the polynomial C(z) that describes the diserete-
time channel C(z) 820. DFE 830 simply estimates the pre-
codedsignal {x[k]}.

FIG.9 illustrates a second embodimentofthe combination

of data detector 330 and inverse pre-coder 335, referred to as
an “inverse pre-coderwith an extendedslicer” 900. For expla-
nation purposes, an exemplary pre-coder 910 and channel
B(z) 920 have been further illustrated in the “inverse pre-
coder with an extendedslicer” 900. However, it should be
noted that pre-coder 910 and channel B(z) 920 are not actu-
ally included within the “inverse pre-coder with an extended
slicer” 900. Rather, pre-coder 910 is implemented within the
transmitting entity and the net of the channel B(z) 920 repre-
sents the physical channel over which data is transmitted to
receiver 300 and can further include otherlinearfilters in the
transmitter 200 and receiver 300.

In this second embodiment of the combination of data

detector 330 and inverse pre-coder 335, the data detector 330
is implemented as extendedslicer 930, and the inverse pre-
coder 335 is implemented as a mod M module 940. In this
embodiment, the DFE is completely eliminated and replaced
by extendedslicer 930. In one embodiment, becausethereis
no feedback in extendedslicer 930, the device can be paral-
lelized in a fairly straightforward manner for a high-speed
implementation without incurring a large penalty in terms of
additional hardware.In addition, because the DFE is removed
in this second embodiment, the knownissue of error propa-
gation associated with the DFE is eliminated.

FIG.10 illustrates a third embodimentof the combination

of data detector 330 and inverse pre-coder 335, referred to as
a “partial DFE with an inverse pre-coder” 1000. For explana-
tion purposes, an exemplary pre-coder 1010 and channel
represented by the combination of B(z) 1020 and F(z) 1030
have been furtherillustrated in the “inverse pre-coder with an
extendedslicer” 1000. However, it should be noted that pre-
coder 1010 and the channel, represented by the cascaded
combination of B(z) 1020 and F(z) 1030, are not actually
included within the “inverse pre-coder with an extended
slicer” 1000. Rather, pre-coder 1010 is implemented within
the transmitting entity and the cascaded combination of B(z)
1020 and F(z) 1030 represents the physical channel over
whichdatais transmitted to receiver 300, illustrated in FIG.3.

In this third embodiment of the combination of data detec-

tor 330 and inverse pre-coder 335, the data detector 330 is
implemented as DFE 1040, and the inverse pre-coder 335is
implemented as amod M module 1070. Asillustrated in FIG.
10, DFE 1040 includes an extended slicer 1050 anda filter
[F(z)-1] 1060 implemented in its feedback loop. DFE 1040 is
configured to perform equalization of the portion F(z) of the
channel not taken care of by pre-coder 1010. However,
extended slicer 1040 still needs to be extended to the same

amount that pre-coder 1010 extends the pre-coded andfil-
tered data signal {y[k]}. This third embodimentcan be used
advantageously, for example, when the L1 norm of F(z) is
small because the error propagation from the DFE in this
instance will be very small.

Referring back to FIG. 3, after being processed by data
detector 330 and inverse pre-coder 335, the inverse pre-coded
data signal is received and processed by line code decoder
340. In general, line code decoder 340 is configured to
demodulate the symbols of the inverse pre-coded data signal.
For example, assuming the symbols represent PAM-4 data,
line code decoder 340 is configured to demodulate each sym-
bol into its corresponding two-bit value.

The demodulatedbit-stream is subsequently passedto par-
allel-to-serial module 345 that is configured to serialize two
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or more demodulated bit streams into a single serial data
stream.In general, parallel-to-serial module 345is optionally
included within receiver 300 whenreceiver 300 receives data

over two or moretraces. For clarity sake, only onesetofserial
processing blocks is shown coupled to an input ofparallel-
to-serial module 345. However, it should be noted that addi-

tional sets of serial processing blocks can be used in receiver
300 depending on the numberofparallel data streamsit is
configured to receive.

The serialized data stream produced by parallel-to-serial
module 345 is subsequently received and processed by FEC
decoder 350. In general, FEC decoder 350 is configured to
detect and recover transmission errors in the serialized data

stream and can be configured to operate in accordance with
any one of anumberofdifferent FEC schemes, including, for
example, Trellis Coded Modulation (TCM), Low Density
Parity Check (LDPC) codes, and BCH codes such as Reed-
Solomon (RS). In one embodiment. FEC decoder 350 is
configured to use one or more redundant symbols, conveying
error detection and correction information, to correct and/or

detect errors in a block of data received by receiver 300 over
two or moreparallel data streams.

In another embodiment, FEC decoder 350 is positioned
before parallel-to-serial module 345 in the receiver chain. In
this instance, a separate FEC decoder 350 is used for each
parallel data stream received by parallel-to-serial module
345.

Finally, after being processed by FEC decoder 350, the
error correctedserial data stream is received and processed by
de-scrambler 355, which performsthe inverse of any scram-
bling function performedat the transmitting entity to remove
long sequencesofdigital ‘0’ or ‘1’ values. The de-scrambled
data is provided as the recovered output data stream at output
365.

4. Training
FIG. 11 illustrates an example receiver 1100 that includes

a training sequence path, according to embodiments of the
present invention. More specifically, receiver 1100 includes
substantially the samestructure as transmitter 200, illustrated
in FIG. 2. However, an additional training sequence generator
1110, line code encoder 1120, and multiplexer 1130 have
been added.In generally, training sequence generator 1110 is
configured to generate a bit sequence knownto a receiving
entity, such as receiver 300 illustrated in FIG. 3, such that the
different processing block within the receiver and transmitter
can be adjusted.

For example, and in one embodiment, the impulse response
of the physical channel between the transmitter and receiver
can be estimated using the training sequenceat the receiver.
This channel estimate can be used to setup a FFE or DFE at a
receiver, or a pre-coder at the transmitter, such as pre-coder
250 illustrated in FIG. 2. In one embodiment, the pre-coder
can be adjusted by adaptively adjusting a DFE implemented
at the receiver using the knowntraining sequence, and then
passing the feedback part ofthe DFE, which givesthe desired
impulse response of the channel, back to the transmitter.

In another embodiment, the gain setting of a PGA, such as
PGA305inreceiver 300, can be determined using the known
training sequence. In yet another embodiment, a continuous
time filter (CTF), such as CTF 310 in receiver 300, can be
adjusted based on the knowntraining sequence.In yet another
embodimentthe training sequence can be usedat a receiver,
such as receiver 300, to estimate distortions produced by
blocks within the receiver that process a received signal. For
example, distortions produced by PGA 305 and sampler 315
in receiver 300 can be estimated using the knowntraining
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sequence such that the distortions can be removed from a
received signal by cancellation summer320.

The above embodiments providejust a few examples ofthe
processing blocksthat can be adjusted at a receiver and trans-
mitter in communication. A person of ordinary skill in the art
would recognize that other adjustments ofprocessing blocks,
such as the processing blocks in transmitter 200 illustrated in
FIG.2 and receiver 300 illustrated in FIG. 3 are possible.

Referring back to FIG. 11, line code encoder 1120 can be
optionally includedto allow the bits of the training sequence
generated by training sequence generator 1110 to be modu-
lated in accordance with a different modulation schemeother

than the modulation scheme implemented by line code
encoder 240. For example, and in one embodiment, line code
encoder 240 can be configured to modulate the data bits it
receives in accordance with PAM-4, whereas line code
encoder 1120 can be configured to modulate the bits of the
training sequence in accordance with PAM-2. In an embodi-
ment, using a lower order modulation schemecanbetter allow
the processing blocks of the transmitter and receiver to be
adjusted based on the training sequence.

Multiplexer 1130 is used to select between the modulated
training sequence and the actual modulated data stream. In
one embodiment, the modulatedtraining sequence 1s selected
during initialization of the communication channel between
the transmitter and receiver. In another embodiment, the
training sequence is selected periodically after the communi-
cation line has been setup between the transmitter and
receiver to adjust processing blocks based on changing chan-
nel conditions.

5. Auto Negotiation
In an embodiment, an auto-negotiation process can be fur-

ther used to enable two Backplane Ethernet transceivers to
automatically communicate their respective capabilities and
take advantage of their maximum common capability. For
example, two Backplane Ethernet transceivers can auto-ne-
gotiate a particular FEC schemeto use during communication
with each other. In one embodiment, at least one of the Back-
plane Ethernettransceivers can include a transmitter config-
ured in accordance with transmitter 200, illustrated in FIG.2,
and a receiver configured in accordance with receiver 300,
illustrated in FIG.3.

In an embodiment, the selection of one FEC scheme over
another during auto-negotiation is determined based on the
SNRsupported by the physical links coupling the two Back-
plane Ethernet transceivers and/or the noise conditions in
general. If the physical links support a low SNR dueto, for
example, noisy PCB traces or a noisy Backplane, a more
powerful FEC schemecan be selected. On the other hand,if
the physical links support a high SNR, a less powerful FEC
scheme can be selected to improve latency. In general, the
power of a FEC schemeincreases with the numberofredun-
dancybits or symbols transmitted for a given numberofdata
bits or symbols.

In another embodiment, the selection of one FEC scheme
over another during auto-negotiation is determined based on
a desired latency. To provide less latency, a less powerful FEC
scheme can be selected during auto-negotiation. In general,
latency increases with the power of the FEC scheme.

Another area in which auto-negotiation can be used, and
the SNR of a Backplane Ethernet communication system can
be improved to enable faster data rates, is in the area of
cross-talk between a transceiver’s transmitter and receiver, In
general, a Backplane Ethernet transceiver’s transmission sig-
nal is much more powerful than the weak signals it typically
receives. Because transmission lines that are respectively
coupled to a Backplane Ethernet transceiver’s transmitter and
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receiver are general close to each other on a printed circuit
board, they are susceptible to cross-talk interference. In par-
ticular, the receiver of a Backplane Ethernet transceiver can
becomesaturated with near end cross-talk noise from its own
transmitter.

One approach to combatnear end cross-talk (NEXT) noise
and improve SNRisto cancel these signals out. Cancellation
of these signals can be performed at receiver 300, for
example, by cancellation summer 320 described above. How-
ever, cancellation of these signals is generally performed
moreefficiently ifthe transmitter and receiver are sending and
receiving data respectively using a common clock.In conven-
tional Backplane Ethernet systems, two transceivers in com-
munication transmit data accordingto their own respectively
derived clocks. In an embodiment, during the initial period of
communication between the two Backplane Ethernettrans-
ceivers, through an auto negotiation process, a Master-Slave
relationship can be established. Specifically, the two Back-
plane Ethernet transceivers in communication can negotiate
and then agree on their respective status as Master and Slave.
The Backplane Ethernettransceiver established as the Master
can provide the clock in which each transmitter of the two
respective backplane Ethernettransceivers can transmit data
according to. In other words, the Slave Backplane Ethernet
transceiver locks on to the transmitter clock of the Master

Backplane Ethernet transceiver and transmits data according
to that clock. As noted above, using a commonclock for the
transmission of data increases the effectiveness of cancella-

tion in removing cross-talk noise generated betweena trans-
mitter and receiver.

In one embodiment, each parallel stream transmitted by the
Backplane Ethernet is transmitted in accordance with the
same Master clock and each phy associated with the streams
are designated as being all Masters or all Slaves. In another
embodiment, each parallel stream, within a designated group
of parallel streams that are aggregated to form one stream
(e.g., four 25 Gbps streams aggregated to produce one 100
Gbps stream), are transmitted by the Backplane Ethernet in
accordance with the same Master clock and each phyassoci-
ated with the streamsare designated as being all Mastersorall
Slaves.
6. Conclusion

It is to be appreciated that the Detailed Description section,
and not the Abstract section, is intended to be usedto interpret
the claims. The Abstract section mayset forth one or more but
not all exemplary embodiments of the present invention as
contemplated by the inventor(s), and thus, is not intended to
limit the present invention and the appended claims in any
way.

The present invention has been described above with the
aid of functional building blocks illustrating the implemen-
tation of specified functions and relationships thereof. The
boundaries of these functional building blocks have been
arbitrarily defined herein for the convenienceof the descrip-
tion. Alternate boundaries can be defined so long as the speci-
fied functions andrelationships thereofare appropriatelyper-
formed.

The foregoing description ofthe specific embodimentswill
so fully reveal the general nature of the invention that others
can, by applying knowledge within the skill ofthe art, readily
modify and/or adapt for various applications such specific
embodiments, without undue experimentation, without
departing from the general conceptof the present invention.
Therefore, such adaptations and modificationsare intended to
be within the meaning and range of equivalents of the dis-
closed embodiments, based on the teaching and guidance
presented herein. Itis to be understoodthat the phraseology or
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terminologyherein is forthe purposeofdescription and not of
limitation, such that the terminology or phrascology of the
present specification is to be interpreted by the skilled artisan
in light of the teachings and guidance.

The breadth and scopeofthe present invention should not
be limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claimsandtheir equivalents.

Whatis claimed is:

1. A transmitter configured to manipulate an input data
stream to properly format an output data stream for transmis-
sion over a channel, the transmitter comprising:

a scrambler configured to remove sequencesofdigital zero
or digital one values from the input data stream to pro-
vide a scrambled data stream;

a forward error correction (FEC) encoder configured to
generate and append redundant symbols to the
scrambled data stream to provide a FEC encoded data
stream, wherein the redundant symbols allow a receiver
to detect and correct for errors that occur during trans-
mission of the FEC encodeddata stream;

a line code encoder configured to modulate the FEC
encodeddata stream using a pulse amplitude modulation
(PAM) scheme having an order M greater than two to
provide a modulated data stream; and

a pre-coder configured to perform channel pre-equaliza-
tion and powerlimiting on the modulated data stream to
provide a pre-coded data stream, wherein the pre-coder
comprises an infinite impulse response (IIR)filter to
perform channel pre-equalization.

2. The transmitter of claim 1, further comprising a TX
linear filter configured to adjust the pre-coded data stream to
compensate for high-frequency attenuation of the channel.

3. The transmitter of claim 1, wherein the IIR filter is
configured to have a transfer function substantially equal to
an inverse transfer function of the channel.

4. The transmitter of claim 1, wherein the precoderfurther
comprises a modulo M device configuredto limit symbols of
the pre-coded data stream to have an amplitude within the
interval [0, 1,..., M-1].

5. The transmitter of claim 1, wherein the FEC encoderis
configured to generate the redundant symbols in accordance
with a Reed Solomon encoding technique.

6. The transmitter of claim 1, further comprising a training
sequence generator configured to generate a sequence of
training bits knownto a receiving entity.

7. The transmitter of claim 6, further comprising a second
line code encoder configured to modulate the sequence of
training bits.

8. The transmitter of claim 7, further comprising a multi-
plexer configured to provide as output either the modulated
sequenceoftraining bits or the modulated data stream based
onaselect signal.

9. The transmitter of claim 1, wherein the transmitter is
further configured to perform an auto-negotiation process
with a receiving entity to determine a FEC schemeto be used
by the FEC encoder based on a signal-to-noise ratio (SNR)
supported by the channel or a desired latency.

10. The transmitter of claim 1, wherein the transmitter is
further configured to perform an auto-negotiation process
with a receiving entity to establish a master-slave relationship
such that the transmitter and the receiving entity communi-
cate with each other based on a commonclock.

11. The transmitter of claim 1, wherein the channel is
disposed on a backplane.

12. The transmitter of claim 1, wherein the channel com-
prises an optical fiber.
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13. A receiver configured to manipulate a modulated data
stream received over a channelto properly recover an output
data stream, the receiver comprising:

a discrete time sampler configured to sample the modu-
lated data stream to provide a sampled modulated data
stream;

a decision feedback equalizer (DFE) with an inverse pre-
coder configured to detect symbols within the sampled
modulated data stream and perform a modulo M opera-
tion on the detected symbols to provide an inverse pre-
coded symbol stream;

a line code decoder configured to demodulate the inverse
pre-coded symbolstream to provide a demodulated data
stream, wherein the inverse pre-coded symbol stream
has been modulated in accordance with a pulse ampli-
tude modulation (PAM) schemehaving an order greater
than two;

a forward error correction (FEC) decoder configured to
detect and correct for errors in the demodulated data

stream to provide an error corrected data stream; and
a de-scrambler configured to perform an inverse scram-

bling function on theerror corrected data stream to pro-
vide the output data stream.

14. The receiver of claim 13, further comprising a feed
forward equalizer (FIT) configured to reduce pre-cursor
intersymbolinterference (ISI) on the sampled modulated data
stream prior to the sampled modulated data stream being
processed by the DFE with the inverse pre-coder.

15. The receiver of claim 13, further comprising a cancel-
lation summer configured to substantially cancel from the
sampled modulated data stream near end cross talk (NEXT)
noise prior to the sampled modulated data stream being pro-
cessed by the DFE with the inverse pre-coder.

16. The receiver of claim 13, wherein the channel com-
prises an optical fiber.
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17. A receiver configured to manipulate a modulated data
stream received over a channelto properly recover an output
data stream, the receiver comprising:

a discrete time sampler configured to sample the modu-
lated data to provide a sampled modulated data stream;

an inverse pre-coder with an extendedslicer configured to
detect symbols within the sampled modulated data
stream and perform a modulo M operation on the
detected symbols to provide an inverse pre-coded sym-
bol stream;

a line code decoder configured to demodulate the inverse
pre-coded symbolstream to provide a demodulated data
stream, wherein the inverse pre-coded symbol stream
has been modulated in accordance with a pulse ampli-
tude modulation (PAM) schemehaving an order greater
than two;

a forward error correction (FEC) decoder configured to
detect and correct for errors in the demodulated data

stream to provide an error corrected data stream; and
a de-scrambler configured to perform an inverse scram-

bling function on theerror corrected data stream to pro-
vide the output data stream.

18. The receiver of claim 17, further comprising a feed
forward equalizer (FFE) configured to reduce pre-cursor
intersymbolinterference (ISI) on the sampled modulated data
stream prior to the sampled modulated data stream being
processed by the inverse pre-coder with the extendedslicer.

19. The receiver of claim 17, further comprising a cancel-
lation summer configured to substantially cancel from the
sampled modulated data stream near end cross talk (NEXT)
noise prior to the sampled modulated data stream being pro-
cessed by the inverse pre-coder with the extendedslicer.

20. The receiver of claim 17, wherein the channel com-
prises an optical fiber.

* * * * *
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