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SELECTION OF PRE-COMPUTED

EQUALIZER BASED ON CHANNEL
CHARACTERISTIC

BACKGROUND

A typical physical communication channel, such as an
Ethernet cable, introduces inter-symbol interference (ISI) in
the received data signal. To minimize the adverse effects of
ISI and to improve signal to noise ratio (SNR), it is cus-
tomary to include in the receiver a filter known as an
“equalizer”. In some receivers, the entire equalizer is adap-
tive, but in such cases convergence of the equalizer may be
rather slow. In other receivers a fixed equalizer is used in
combination with an adaptive equalizer to provide improved
convergence. However, even with use of a fixed equalizer
and an adaptive equalizer in combination, convergence of
the adaptive equalizer may be slower than is desirable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is block diagram of an electronic apparatus pro-
vided according to some embodiments.

FIGS. 2A and 2B together form a block diagram of a
receiver that is part of the apparatus of FIG. 1.

FIG. 3 illustrates in block form some details of a pre-
computed feed forward equalizer (FFE) blockofthe receiver
of FIGS. 2A and 2B.

FIG. 4 is graph thatillustrates a desirable equalizer output
in the receiver of FIGS. 2A and 2B.

FIG.5 is a flow chart thatillustrates a process performed
according to some embodimentsin the receiver of FIGS. 2A
and 2B.

DETAILED DESCRIPTION

FIG. 1 is a block diagram of an apparatus 10 provided
according to some embodiments. The apparatus includes a
network controller 12 which includes a digital signal pro-
cessor 14 coupled to a receiver 16. The network controller
12 may also include other components, which are not
shown, but which may be coupled to the digital signal
processor 14.

In other embodiments, the receiver may be part of a
computer system and may be coupled to a general purpose
processor to which other components such as volatile and
non-volatile memory devices, mass storage and input/output
devices may be coupled.

The apparatus 10 also includes a transmitting device 18
and a communication channel 20 which couples the trans-
mitting device 18 to the receiver 16 ofthe network controller
12. The transmitting device 18 may send data signals to the
receiver 16 via the communication channel 20. The com-

munication channel 20 may include a standard cable (not
separately shown) such as a Gigabit Ethernet cable.

Although not indicated in the drawing, the network con-
troller 12 may also include a transmitter, which may be
integrated with the receiver 16 in the form of a data
transceiverthat is coupledto the digital signal processor 14.
The transmitting device 18 mayalso have a data receiving
capability to receive data transmitted by the network con-
troller 12 over the communication channel 20.

FIGS. 2A and 2B together form a block diagram of the
receiver 16.

As seen from FIG. 2A, the receiver 16 includes a line
interface 40 by which the receiver 16 is coupled to the
communication channel (cable) 20. Also included in the

20

25

30

35

40

45

2

receiver 16 are receiver analog front end electronics 42. The
receiver analog front end electronics 42 are coupled to the
line interface 40 to receive the signals received via the cable
20. The receiver analog front end electronics 42 mayper-
form signal conditioning on the incoming signals in accor-
dance with conventional practices.

The receiver 16 further includes an analog-to-digital
converter 44 which is coupled to the receiver analog front
end electronics 42 to receive the incoming signals. The
analog-to-digital converter 44 converts the incomingsignals
into a stream of digital samples.

The receiver 16 also includes an automatic gain control
(AGC)circuit (or block) 46 which is coupled to the analog-
to-digital converter 44 to receive the stream of digital
samples output by the analog-to-digital converter 44. The
AGC circuit 46 may operate in accordance with conven-
tional principles and, as a part of its conventional operation,
may determine a characteristic of the communication chan-
nel 20 such as an approximate length of the cable which
constitutes the communication channel 20.

Also included in the receiver 16 is a pre-computed feed
forward equalizer (FFE) block 48. The pre-computed FFE
block 48 is coupled to the analog-to-digital converter 44 to
receive the stream of digital samples output by the analog-
to-digital converter 44. In addition, as indicated at 50, the
pre-computed FFE block 48 is also coupled to the AGC
circuit 46 to receive a signal from the AGC circuit 46 thatis
indicative of the communication channel characteristic (e.g.,
approximate cable length) determined by the AGC circuit
46. Details of the pre-computed FFE block 48 will be
described below with reference to FIG.3.

The receiver 16 further includes an adaptive feed forward
equalizer (FFE) 52 which is coupled to the analog-to-digital
converter 44 to receive the stream of digital samples output
by the analog-to-digital converter 44. It should be under-
stood that the adaptive FFE 52 and the pre-computed FFE
block 48 may both be considered to be coupled to the line
interface 40 via the receiver analog front end electronics 42
and the analog-to-digital converter 44 and may be consid-
ered to be coupled to the line interface 40 in parallel with
each other.

The adaptive FFE 52 may operate in accordance with
conventional principles and may, together with the pre-
computed FFE block 48 and other components described
below, operate to equalize the incoming signals to reduce or
substantially eliminate inter-symbolinterference (ISI) in the
incoming signals. The adaptive FFE 52 may adapt the
equalizer characteristic it applies to the incoming signals on
the basis of an error signal received from a signal slicer
block which will be described below.

There is also includedin the receiver 16 a summing block
54. The summing block 54 is coupled to the pre-computed
FFEblock 48 andto the adaptive FFE 52 to receive, as input
signals, respective outputs provided by the pre-computed
FFEblock 48 and the adaptive FFE 52. These outputsare the
incomingsignals, asat least partially equalized with respec-
tive equalizer characteristics applied by the pre-computed
FFE block 48 and the adaptive FFE 52. In addition, the
summing block receives other inputs from components
which will be described below. The summing block 54
operates to sum its input signals to produce an output signal.

Referring now to FIG. 2B, the receiver 16 also includes a
signal slicer block 56. The signal slicer block 56 is coupled
to the summing block 54 to receive the output of the
summing block 54.

The signal slicer block 56 may operate in accordance with
conventionalprinciples to produce two outputsignals.A first
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output of the signal slicer block 56 mayreflect a filtered
and/or equalized signal output from the summing block 54
and may contain the data to be recovered from the incoming
signals. The second output ofthe signal slicer block 56 may
be an error signal that indicates deviation of the outputof the
summing block 54 from a pre-determined ideal signal pro-
file. The error signal, as indicated at 58, may be fed back to
the adaptive FFE 52 (FIG. 2A) to control the adaptive
operation of the adaptive FFE 52.

Continuing to refer to FIG. 2B, the receiver 16 may also
include a decision feedback equalizer (DFE) 60 which may
be coupled to the signal slicer block 56 to receive thefirst
output of the signal slicer block 56. The DFE 60 mayoperate
in accordance with conventional principles to adaptively
apply an equalizer characteristic to the first output of the
signal slicer block 56. The equalizer characteristic applied
by the DFE 60 may be adapted based on the error signal
output by the signal slicer block 56. The resulting output of
the DFE 60 is fed back to the summing block 54 (FIG. 2A)
as one of the inputs of the summing block 54.

The receiver 16 may also include an infinite impulse
response (IIR)filter 62 which may be coupled to the signal
slicer block 56 to receive the first output of the signalslicer
block 56. The IIR filter 62 may operate in accordance with
conventionalprinciples to apply a filter characteristic to the
first output ofthe signal slicer block 56. The resulting output
of the IIR filter 62 may be fed back (as indicated at 66 in
FIG. 2B) to the summing block 54 (FIG. 2A) as one of the
inputs of the summing block 54. In some embodiments, the
IIR filter 62 may be integrated with the above-mentioned
Viterbi decoder, which is not shown.

Referring now to FIG.3, details of the pre-computed FFE
block 48 will now be described.

Asindicated at 80 in FIG.3, the pre-computed FFE block
48 includes a capability for storing a number of pre-com-
puted FFE characteristics. Each of these characteristics may
correspond to a respective possible length of a cable to
which the receiver 16 may be coupled. Each of these
characteristics may be pre-computed according to the fol-
lowing procedure.

(a) First, a desired equalizer output signal profile may be
determined. This equalizer output signal profile may be
represented as a sequence of digital samples and will here-
inafter referred to with the symbol “A”. FIG.4 is a graphical
representation of one example of a desired equalizer output
signal profile. It will be observed that the desired output
signal profile has a “trough” indicated at 81 in FIG.4. In
practice this trough maybe eliminated by functioning of the
above-mentioned IR filter 62.

(b) Next, for a particular length of cable, an anticipated
equalizer input signal may be generated. This may be done
by transmitting a test signal (e.g., a sequence of “0” value
signals followed by a sequence of “1” value signals) via a
cable having the particular length in question and receiving
the resulting signal (including ISI) at the output end of the
cable, and analog-to-digital converting the signal at the
output end of the cable to generate the anticipated equalizer
input signal, which will hereinafter be referred to with the
symbol “B”. The A/D conversion of the output signal from
the cable may entail over-sampling,i.e., sampling at a higher
rate than the operating rate of the analog-to-digital converter
44 incorporated in the receiver 16.

(c) A deconvolution operation may then be performed
with respect to the signals A, B to produce a set of coeffi-
cients C. The deconvolution may be performed, for example,
by a least squares technique. The resulting coefficients may,
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in some embodiments, be quantized and/or the number of
cocflicients may be reduced to obtain a desired degree of
precision.

(d) The resulting set of coefficients C may then be stored
in the storage unit 80 as the pre-computed equalizer char-
acteristic that corresponds to the cable length used in opera-
tion (b).

This procedure may then be repeated for other lengths of
cable. The same desired equalizer output signal profile A
maybeusedforall of the different lengths of cable. In some
embodiments, the number of pre-computed equalizer char-
acteristics stored in the storage unit 80 may be eight, with the
pre-computed equalizer characteristics respectively corre-
sponding to a range of cable lengths from very short
(virtually “zero”) to a maximum length which may be about
180 meters. In other embodiments, more or fewer than eight
pre-computed equalizer characteristics may be stored in the
storage unit 80. For example, in some embodiments, three
pre-computed equalizer characteristics may be stored. (Stor-
age of the respective coefficient sets C for each of the
different cable lengths may not occur until all of the coef-
ficient sets C have been determined.)

Asindicated at 82 in FIG.3, the pre-computed FFE block
also includes a capability for selecting one of the pre-
computed equalizer characteristics stored in the storage unit
80 onthe basis of a signal received by the selection unit 82
from the AGC circuit 46 (FIG. 2A). For this purpose the
selection unit 82 is coupled to the AGC circuit 46 to receive
from the AGC circuit 46 a signal that is indicative of the
approximate length of the cable 20 to which the receiver 16
is coupled. In some embodiments, the selection unit 82 may
include a lookup table (not separately shown) to select one
of the pre-computed equalizer characteristics stored in the
storage unit 80 on the basis of an index signal that is
indicative of the approximate length of the cable 20. The
index signal may be providedin suitable form from the AGC
circuit 46 or may be derived bythe selection unit 82 from a
signal provided by the AGC circuit 46. Such a lookup table
may also constitute all or part of the storage unit 80.

Alternatively, a circuit or device other than the AGC
circuit 46 may provide to the pre-computed FFE block 48
side information indicative of the length of the cable 20.

Asindicated at 84 in FIG.3, the pre-computed FFE block
further includes a capability for applying the pre-computed
equalizer characteristic selected by the selection unit 82 to
the signal output from the analog-to-digital converter 44
(FIG. 2A). For this purpose the equalizer unit 84 of the
pre-computed FFE block 48 is coupled to the analog-to-
digital converter 44 andis responsive to the selection unit 82
of the pre-computed FFE block 48. The at least partially
equalized output from the equalizer unit 84 is providedto the
summing block 54 (FIG. 2A).

In operation, the sending device 18 (FIG. 1) transmits a
signal via the communication channel (cable) 20 to the
computer system 12. The signal transmitted by the sending
device 18 may, for example, be in accordance with the
Gigabit Ethernet protocol. The signal transmitted by the
sending device 18 experiences inter-symbol interference
CSI) while passing through the communication channel 20,
and is received at the receiver 16 of the computer system 12.
Morespecifically, referring to FIG. 2A,the signal is received
via the line interface 40 of the receiver 16 and is conditioned

by the receiver analog front end electronics 42. The condi-
tioned signal is converted to a sequenceofdigital samples by
the analog-to-digital converter 44. The resulting sequence of
digital samples is suppliedto all three of the AGC circuit 46,
the pre-computed FFE block 48 and the adaptive FFE 52. On
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the basis of the sequence of digital samples, the AGCcircuit
46 performs automatic gain control, and also determines an
approximate length of the cable 20 (as indicated at 100 in
FIG. 5). The AGCcircuit provides to the pre-computed FFE
block 48 a signalthat is indicative of the approximate length
of the cable 20. This signal is received by the selection unit
82 (FIG. 3) of the pre-computed FFE block 48.

On the basis of the signal received from the AGCcircuit
46 (i.e., on the basis of the approximate length of the cable
20, as determined by the AGC circuit 46), the selection unit
82 selects one of the pre-computed equalizer characteristics
that are stored in the storage unit 80 of the pre-computed
FFE block 48. The pre-computed equalizer characteristic
selected by the selection unit 82 may be a characteristic that
corresponds to the approximate length of the cable 20. The
selection of the pre-computed equalizer characteristic may
occur by accessing a lookup table on the basis of the signal
provided by the AGC circuit 46. In some embodiments,
hysteresis may be introduced in the functioning of the
selection unit 82 to aid in prevention of toggling between
two adjacent cable lengths. (Selection of the pre-computed
equalizer characteristic from among the pre-computed
equalizer characteristics stored in the storage unit 80 is
indicated at 102 in FIG. 5.)

The equalizer unit 84 of the pre-computed FFE block 48
applies the pre-computed equalizer characteristic selected
by the selection unit 82 to the incoming signal for the
receiver 16. It will be understood that the incomingsignalis
represented by the sequence of digital samples provided by
the analog-to-digital converter 44. The application of the
selected pre-computed equalizer characteristic may be in the
form of digital filtering of the sequence of digital samples in
accordance with the selected pre-computed equalizer char-
acteristic. The resulting equalized (or partially equalized)
signal is provided from the equalizer unit of the pre-
computed FFE block 48 to be one of the inputs of the
summing block 54. (Application of the selected pre-com-
puted FFE equalizer characteristic is indicated at 104 in FIG.
5.)

The adaptive FFE 52 also receives the sequenceof digital
samples provided by the analog-to-digital converter and
performs adaptive equalization of the incoming signal rep-
resented by the sequence of digital samples on the basis of
an error signal provided to the adaptive FFE 52 from the
signal slicer block 56. The adaptive FFE 52 may operate
generally in accordance with conventional principles. How-
ever, because of the relatively high degree of equalization
provided by the pre-computed FFE block 48, the adaptive
FFE 52 may converge morerapidly, and/or may require less
hardware(e.g., fewer gates) than would be the case where a
pre-computed FFE is applied to the incoming signal without
considering the length of the cable 20. (Asis indicated at 104
in FIG.5, the application of the adaptive FFE is performed
in parallel with application of the pre-computed equalizer
characteristic by the pre-computed FFE block.)

The partially equalized signal output from the adaptive
FFE 52 is also supplied to the summing block 54 as one of
the inputs for the summing block 54.

In addition to receiving the outputs from the pre-com-
puted FFE block 48 and from the adaptive FFE 52, the
summing block 54 also receives as inputs signals that are
output respectively from the IIR filter 62 (FIG. 2B) and from
the DFE 60 (FIG. 2B). The summing block 54 sumsthese
four input signals and provides the resulting sum signals to
the signal slicer block 56 (FIG. 2B). The output from the
summing block 54 mayalso be provided(as indicated at 86
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in FIG. 2B)to the digital signal processor 14 (FIG. 1) via,
for example, a Viterbi decoder which is not shown.

Referring to FIG. 2B, the signal slicer block 56 compares
the sum signals to an expected profile for the incoming
signal as it is expected to appear after equalization (i.e.,
largely free of ISI). On the basis of this comparison, the
signal slicer block 56 outputs a data signal to the DFE 60 and
to the IIRfilter 62. The signal slicer block 56 also outputs an
error signal to the adaptive FFE 52 and to the DFE 60. As
noted before, the adaptive FFE 52 operates adaptively to
equalize the incoming signal on the basis of the error signal
provided by the signal slicer block 56. The DFE 60 also
performs an adaptive equalization function on the basis of
the error signal provided by the signal slicer 56. The
equalization function performed by the DFE 60 is applied to
the data signal output from the signal slicer block 56, but has
the effect of contributing to the equalization of the incoming
signal. The output of the DFE 60 is provided to the summing
block 54 as one of the inputs summed by the summing block
54.

The IIR filter 62 performsfiltering with respect to the data
signal output from the signal slicer block 56. As noted
above, the IIR filter may be integrated with the Viterbi
decoder. Thefiltered signal output from the IRfilter is also
provided to the summing block 54 as one of the inputs
summed by the summing block 54.

By selecting a pre-computed FFE characteristic on the
basis of estimated cable length, or based on another channel
characteristic, and applying the selected pre-computed FFE
characteristic in parallel with an adaptive FFE, it may be
possible for the adaptive FFE to converge more quickly than
if the same pre-computed FFE characteristic were used
regardless of the cable length or channel characteristic. In
addition, it may be possible to provide the adaptive FFE
using less hardware (e.g., fewer gates) than would be the
case if a fixed pre-computed equalizer were used. The more
rapid convergence that may be possible with the selected
pre-computed FFE characteristic may also result in savings
in power consumption, which may beofparticular value if
the computer system 12 is implemented as a laptop com-
puter or other mobile device.

As an alternative to arranging the pre-computed FFE in
parallel with the adaptive FFE, the pre-computed FFE and
the adaptive FFE may be arranged in series.

In the above-described embodiments, detection of cable
length is performed by an AGC circuit. Alternatively, other
techniques, such as time domain reflectometry, may be
employed to determine the approximate length of the cable.

In other embodiments, selection of one of a number of
stored pre-computed equalizer characteristics may be per-
formed on the basis of a channel characteristic other than

cable length. For example, various types of channels may be
tested in advance to determine suitable FFE characteristics

therefor, and when it is determined to which one of the
channel types the computer system is coupled, the suitable
I'L characteristic for that type of channel may be selected.
In still other embodiments, the number of “stubs” in the
communication channel may be detected, and a suitable
pre-computed FFE characteristic may be selected on that
basis.

Selection of a pre-computed equalizer characteristic
based on a channel characteristic may be performed with
respect to virtually any communication channel that has an
impulse response that varies with a physical characteristic.
For example, selection of a pre-computed equalizer charac-
teristic based on a channel characteristic may be used in
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conjunction with a Gigabit Ethernet channel, a Fast Ethernet
channel or a 10 Gigabit Ethernet channel, as well as other
types of channels.

Selection of a pre-computed equalizer characteristic
based on a channel characteristic may be employed for
equalizers other than a feed forward equalizer. For example,
a pre-computed equalizer characteristic for a decision feed-
back equalizer, an infinite impulse responsefilter, a Kalman
filter or a lattice filter may, in some embodiments, be
selected based on a channel characteristic.

As used herein and in the appended claims, “equalizer
characteristic” shall be understood to includeaset of coef-

ficients such as a set of filter coefficients, as well as other
information and/or signals that are determinative of a fre-
quency response ofan equalizer.

The several embodiments described herein are solely for
the purpose of illustration. The various features described
herein need notall be used together, and any one or more of
those features may be incorporated in a single embodiment.
Therefore, persons skilled in the art will recognize from this
description that other embodiments may be practiced with
various modifications and alterations.

Whatis claimedis:

1. A method comprising:
determining a characteristic of a communication channel,

wherein the communication channel includes a cable
and the determined characteristic of the communication

channel is an approximate length of the cable;
selecting, on the basis of the determined characteristic, a

pre-computed equalizer characteristic for application to
signals received via the communication channel,
wherein the selecting includes selecting a pre-com-
puted feed forward equalizer (FFE) from among a
plurality of pre-computed FFEs stored in a receiver
coupled to the communication channel;

applying the selected pre-computed FFE to the signals
received via the communication channel; and

applying an adaptive FFE, in parallel with the selected
pre-computed FFE, to the signals received via the
communication channel.

2. The method of claim 1, wherein the approximate length
of the cable is determined by an automatic gain control
block.

3. An apparatus comprising:
a first circuit, to couple to a communication channel, to

determine a characteristic of the communication chan-

nel, the communication channel including a cable, the
first circuit to couple to the cable, the characteristic of
the communication channel determined by the first
circuit being an approximate length of the cable;

asecondcircuit, responsiveto thefirst circuit, to select, on
the basis of the determined characteristic, a pre-com-
puted equalizer characteristic for application to signals
received via the communication channel, the second
circuit including circuitry to apply the selected pre-
computed FFE to the signals received via the commu-
nication channel, wherein the second circuit stores a
plurality of pre-computed feed forward equalizers
(FFEs) and is capable of selecting one of the stored
pre-computed FFEs on the basis of a signal received
from the first circuit; and

a third circuit to apply an adaptive FFE,in parallel with
the selected pre-computed FFE, to the signals received
via the communication channel.

4. The apparatus of claim 3, wherein the first circuit
comprises an automatic gain control circuit.
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5. An apparatus comprising:
first means, for coupling to a communication channel and

for determining a characteristic of the communication
channel, the communication channel including a cable,
the first means being for coupling to the cable, the
characteristic of the communication channel deter-

minedbythe first means being an approximate length
of the cable;

second means, responsiveto the first means, for selecting,
on the basis of the determined characteristic, a pre-
computed equalizer characteristic for application to
signals received via the communication channel;

means for storing a plurality of pre-computed feed for-
ward equalizers (FFEs), wherein the second means
includes means for selecting one of the stored pre-
computed FFEson the basis of a signal received from
the first means;

means for applying the selected pre-computed FFE to the
signals received via the communication channel; and

means for applying an adaptive FFE,in parallel with the
selected pre-computed FFE,to the signals received via
the communication channel.

6. The apparatus of claim 5, wherein the first means
comprises an automatic gain control circuit.

7. An apparatus comprising:
interface means for coupling to a cable;
storing meansfor storing a plurality of pre-computed feed

forward equalizer (FFE) characteristics;
automatic gain control (AGC) means coupled to the

interface means for applying gain control to signals
received via the cable and for determining an approxi-
mate length of the cable;

selection means, coupled to the AGC meansand to the
storing means, for selecting one of the stored pre-
computed FFE characteristics on the basis of a signal
received from the AGC means, the signal received from
the AGC meansindicating the approximate length of
the cable;

first equalizer means, responsive to the selection means
and coupled to the interface means, for equalizing the
signals received via the cable on the basis of the
pre-computed FFE characteristic selected by the selec-
tion means; and

second equalizer means, coupledto the interface meansin
parallel with the first equalizer means, for adaptively
equalizing the signals received via the cable.

8. The apparatus of claim 7, wherein each of the pre-
computed FFE characteristics stored by the storing means
corresponds to a respective cable length.

9. The apparatus of claim 8, wherein the storing means
stores eight pre-computed FFE characteristics.

10. The apparatus of claim 7, wherein the interface means
is for coupling to an Ethernet cable.

11. The apparatus of claim 7, wherein the interface means
is for coupling to a Gigabit Ethernet cable.

12. A system comprising:
a processor; and
a receiver coupled to the processor;
wherein the receiver includes:

a first circuit, to couple to a communication channel, to
determine a characteristic of the communication

channel, the communication channel including a
cable, the first circuit to couple to the cable, the
characteristic of the communication channel deter-

mined by the first circuit being an approximate
length of the cable;
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a secondcircuit, responsiveto thefirst circuit, to select, one ofthe stored pre-computed FFEs on the basis of
on the basis of the determined characteristic, a pre- a signal received from the first circuit; and
computed equalizer characteristic for application to a third circuit to apply an adaptive FFE, in parallel with
signals received via the communication channel, the the selected pre-computed FFE,to the signals received
second circuit including circuitry to apply the 5 via the communication channel.
selected pre-computed FFE to the signals received 13. The system of claim 12, wherein the first circuit
via the communication channel, wherein the second comprises an automatic gain control circuit.
circuit stores a plurality of pre-computed feed for-
ward equalizers (FFEs) and is capable of selecting + oe # k  #


