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ADAPTIVE CONTROL OF A DECISION 
FEEDBACK EQUALIZER (DFE) 

RELATED APPLICATION 

0001. This application claims the benefit, under 35 U.S.C. 
S 119(e), of U.S. Provisional Patent Application No. 61/074, 
182, entitled System and Method For Equalizer Control, filed 
20 Jun. 2008, which is incorporated herein by reference. 

TECHNICAL FIELD 

0002 This disclosure relates generally to electrical com 
munication. 

BACKGROUND 

0003. A transmission channel may distort high-frequency 
(HF) signals communicated through it. The distortion may be 
a result of frequency-dependent signal attenuation caused, for 
example, by skin effect or dielectric effect in the transmission 
channel and may vary according to one or more characteris 
tics of the transmission channel. Such as a length or an insu 
lator material of the transmission channel. To compensate for 
the distortion, a transmitter transmitting signals through the 
transmission channel may include a pre-emphasis driver. A 
receiver receiving the signals through the transmission chan 
nel may include one or more equalizers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0004 FIG. 1 illustrates example pulse responses of an 
example transmission channel, an example linear equalizer 
(LE), and an example DFE. 
0005 FIG. 2 illustrates an example DFE. 
0006 FIG. 3 illustrates an example system for adaptive 
control of an example LE and an example DFE. 
0007 FIG. 4 illustrates an example pulse response at an 
output of an example LE and example data and boundary 
feedback (FB) coefficients. 
0008 FIG.5 illustrates an example speculative 1-tap DFE. 
0009 FIG. 6 illustrates an example LE. 
0010 FIG. 7 illustrates example residual boundary 
intersymbol interference (ISI) in an example pulse response 
at an output of an example LE. 
0011 FIG. 8 illustrates example convolution of example 
residual boundary ISI and an example data sequence. 
0012 FIG. 9 illustrates example detection of residual 
boundary ISI based on one or more boundary-value differ 
ences between two data sequences. 
0013 FIG. 10 illustrates example statistical detection of 
residual boundary ISI using two data sequences. 
0014 FIG. 11 illustrates two example data sequences for 
detecting example residual boundary ISI. 
0015 FIG. 12 illustrates example aggregate detection of 
residual boundary ISI using two data sequences. 
0016 FIG. 13 illustrates example aggregate detection of 
residual boundary ISI using two Successive transitions. 
0017 FIG. 14 illustrates example aggregate detection of 
multiple components of residual boundary ISI using one data 
Sequence. 
0018 FIG. 15 illustrates example sets of data sequences 
for detecting residual boundary ISI. 
0019 FIG. 16 illustrates example equalizer-control logic 
using an example sign-based method. 
0020 FIG. 17 illustrates example operation of an example 
column balancer. 
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0021 FIG. 18 illustrates example adaptive equalizer con 
trol based on example level error. 
0022 FIG. 19 illustrates example residual data ISI in an 
example pulse response at an output of an example LE. 
0023 FIG. 20 illustrates example convolution of example 
residual data ISI and an example data sequence. 
0024 FIG. 21 illustrates example detection of residual 
data ISIbased on one or more differences in level-error values 
between two data sequences. 
0025 FIG. 22 illustrates an example method for adaptive 
control of a DFE. 
0026 FIG. 23 illustrates an example method for detecting 
residual ISI components using two data patterns. 
0027 FIG. 24 illustrates an example method for sign 
based general Zero-forcing adaptive equalizer control. 
0028 FIG. 25 illustrates an example method for multidi 
mensional asymmetric bang-bang control. 

DESCRIPTION OF EXAMPLE EMBODIMENTS 

0029 FIG. 1 illustrates example pulse responses of an 
example transmission channel, an example LE, and an 
example DFE. The transmission channel communicates a 
signal from a transmitter to a receiver that includes the LE and 
the DFE, which process the received signal. The LE and DFE 
may communicate the processed signal in any Suitable man 
ner to a decision circuit or any other circuit components. After 
transmission over the channel, the received signal (or pulse) 
has a long tail due to high-frequency loss in the transmission 
channel. The long tail causes ISI because the long tail inter 
feres with Successively transmitted symbols. In particular 
embodiments, there may be two symbols: such as 0 and 1 or 
-1 and +1. The present disclosure contemplates any Suitable 
symbols. In FIG. 1, the LE moderately amplifies an attenu 
ated high-frequency component of the received signal to 
reduce residual ISI occurring after a particular delay. If the 
DFE after the LE is a 1-tap DFE, the LE may reduce residual 
ISI occurring after a delay of 2.0 unit intervals (UIs), as FIG. 
1 illustrates. The DFE cancels the residual ISI occurring more 
immediately after the pulse. If the DFE is a 1-tap DFE (as in 
FIG. 1) the DFE may use a feedback loop from a decision 
circuit in the DFE to cancel residual ISI occurring after a 
delay of 1.0 UI. In particular embodiments, the LE and 1-tap 
DFE may apply compensation as illustrated in FIG. 1 that 
minimizes and cancels residual ISI occurring after particular 
unit intervals of delay. In particular embodiments, the LE and 
1-tap DFE may reduce residual ISI occurring after particular 
unit intervals of delay. 
0030 The receiver may include any suitable equalizer or 
combination of equalizers for receiving, at an input port, the 
signal from the transmitter and applying a gain, offset, or 
other modification to the signal according to parameters that 
specify an amount of compensation to apply to the signal. 
Such parameters may be adaptive, which may be desirable 
when one or more characteristics of the transmission channel 
are unknown. The receiver may also include equalizer-con 
trol logic for adjusting Such parameters. U.S. Patent Applica 
tion Publication No. 2007/0280383, entitled System and 
Method for Adjusting Compensation Applied to a Signal and 
published 6 Dec. 2007, which is incorporated herein by ref 
erence, further describes adjusting equalizer parameters to 
compensate for signal distortion. One or more of the equal 
izers in the receiver may utilize a feedback signal, applying 
the feedback signal to the signal from the transmitter to com 
pensate for distortion in the signal. The present disclosure 
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may refer to circuit components applying compensation for 
distortion in a signal as being part of an adaptive equalizer or 
an adaptive equalizer control system. Herein, reference to an 
adaptive equalizer may encompass an adaptive equalizer con 
trol system, and Vice versa, where appropriate. For example, 
in FIG.1, an adaptive equalizer control system includes an LE 
and a DFE to provide two-dimensional adaptive equalizer 
control. 
0031. An adaptive equalizer control system may include 
an LE to reduce residual ISI with greater than or equal to 
approximately 2.0 UIs of delay. If an LE applies too little 
amplification, the pulse response may include a long tail of 
residual interference greater than Zero over multiple UIs of 
delay. For example, the pulse response may demonstrate 
residual interference greater than Zero over approximately 
2.5, 3.0, and 3.5 UIs of delay. On the other hand, if an LE 
applies too much amplification, the pulse response may 
include a long tail of residual interference less than Zero over 
multiple UIs of delay. The particular components chosen for 
an adaptive equalizer control system may depend on one or 
more characteristics of the transmission channel. For 
example, communication through particular transmission 
channels may benefit only slightly, if at all, from the use of a 
DFE. Particular adaptive equalizer control systems may uti 
lize only an LE (without a DFE) to reduce residual ISI with 
greater than or equal to approximately 1.0 UIs of delay or with 
greater than or equal to even less than approximately 1.0 UIs 
of delay. 
0032 Particular embodiments may utilize adaptive equal 
ization as described herein in contexts other than signal trans 
mission. As an example and not by way of limitation, particu 
lar embodiments may apply adaptive equalization as 
described herein to a recording channel. Such as a magnetic, 
optical, or other recording channel. 
0033 FIG. 2 illustrates an example DFE. The DFE 
receives DFE input, combines the DFE input with a feedback 
signal generated by a feedback filter, processes the combined 
signal using a decision circuit that performs sampling and 
1-bit analog-to-digital (A/D) conversion, and outputs DFE 
output. The feedback signal cancels residual ISI in the DFE 
input. Herein, "cancel may mean “reduce, where appropri 
ate. For a 1-tap DFE, the feedback signal may have a negative 
peak at approximately 1.0 UIs. For a 2-tap DFE, the feedback 
signal may have a negative peak at approximately 1.0 UIs and 
2.0 UIs. In FIG. 2, the feedback signal has a nonzero value at 
approximately 0.5 UIs and 1.5 UIs and has a Zero value at all 
other discrete timings with an interval of 0.5 UIs. In particular 
embodiments, the DFE does not utilize feedback from less 
than or equal to 0.5 UIs of prior data. Instead, the DFE 
combines the feedback signal with later UIs of prior data. 
0034. In particular embodiments, the DFE includes a feed 
back loop having a 1-tap feedback filter similar to a duo 
binary partial-response equalizer without pre-coding and 
employs a speculative technique to unroll the feedback loop. 
Although the present disclosure describes and illustrates par 
ticular DFEs including particular combinations of particular 
components for particular adaptive control using particular 
adaptive control algorithms, the present disclosure contem 
plates any suitable DFEs including any suitable combinations 
of any Suitable components for any Suitable adaptive control 
using any suitable adaptive control algorithms. As an example 
and not by way of limitation, particular embodiments may 
utilize adaptive control that is based on one or more conven 
tional adaptive control algorithms, such as, for example, a 
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Least-Mean-Square (LMS) algorithm, a Sign-Sign-Least 
Mean-Square (SS-LMS) algorithm, or a Zero-Forcing (ZF) 
algorithm. As another example, particular embodiments may 
utilize a sign-based ZF algorithm that does not require mea 
Suring quantities of residual ISI. In particular embodiments, 
LEs (in addition to DFEs) utilize one or more adaptive control 
algorithms. 
0035. In FIG. 3, the DFE is divided into a data DFE and a 
boundary DFE. The data and boundary DFEs may each be 
implemented using a speculative or loop unrolled Scheme. In 
particular embodiments, in the data DFE, the output of the 
decision circuit is delayed by approximately 1.0 UIs, multi 
plied by a data feedback (FB) coefficient, and then subtracted 
from the input from the LE before the decision circuit in the 
data DFE makes a decision with respect to a next symbol. In 
particular embodiments, the output of the decision circuit has 
a binary value, either +1 or -1. If the data FB coefficient 
matches the residual ISI at approximately 1.0 UIs delay, the 
data DFE will cancel the residual ISI at approximately 1.0 UIs 
delay. In particular embodiments, in the boundary DFE, the 
feedback signal is based on the output of the decision circuit 
in the data DFE. The output of the decision circuit in the data 
DFE is delayed by approximately 1.5 UIs, multiplied by the 
boundary feedback (FB) coefficient, and then subtracted from 
the input from the LEbefore the decision circuit in the bound 
ary DFE makes a decision with respect to a next boundary. 
The amount of delay may vary from approximately 1.5 UIs 
when the delay from the boundary clock to the data clock 
varies from approximately 0.5 UI. For example, if the delay 
from the boundary clock to the data clock were approxi 
mately 0.3 UIs, the feedback delay would be approximately 
17 UIS. 

0036. In FIG. 3, the outputs of the data DFE and the 
boundary DFE are demultiplexed and then used by clock 
recovery and equalizer-control logic. The demultiplexed data 
is used as the recovered data output. The clock-recovery logic 
uses a reference clock from a phase-locked loop (PLL). The 
clock-recovery logic detects phase error from the demulti 
plexed data and boundary values, processes the phase error 
using a digital filter to adjust a phase code for a data clock and 
a boundary clock, and generates the data clock and the bound 
ary clock based on the reference clock and the phase code. In 
particular embodiments, the clock-recovery logic adjusts the 
phase code based on 0.5 UIs of delay from the boundary clock 
to the data clock. In particular embodiments, the clock-recov 
ery logic adjusts the phase code based on 0.3 UIs of delay 
from the boundary clock to the data clock. 
0037. The equalizer-control logic in FIG.3 receives recov 
ered data output and recovered boundary output and gener 
ates and transmits equalizer parameters for controlling the 
amount of compensation for an equalizer to apply. In particu 
lar embodiments, equalizer-control logic uses one or more 
residual ISI detectors to detect a residual ISI vector from the 
demultiplexed data and boundary values and uses integrators 
to generate equalizer parameters. As used herein, the phrase 
“residual ISI' may refer to one or more “residual ISI vectors' 
or one or more vector values of residual ISI vectors, except 
where a particular “residual ISI component' is specified. A 
residual ISI vector may be produced using any mathematical 
operations that produce vector output from any type of data, 
Such as, for example, Scalar data and vector data, and may 
have any length. Mathematical operations used to produce 
vector values may be performed any number of times to 
produce any number of vector values for any number of 
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vectors. In particular embodiments, equalizer-control logic 
may require additional hardware Such as a monitoring circuit 
to adaptively control equalizer parameters. Alternatively, 
equalizer-control logic adaptively controls equalizer param 
eters using a scheme that does not require additional hardware 
Such as a monitoring circuit, which may, for example, 
increase loading to a high-speed analog circuit and power 
consumption. Equalizer-control logic may adaptively control 
any Suitable control parameter Such as, for example, LE gain, 
boundary FB coefficient, data FB coefficient, and offset code, 
or any combination of Suitable control parameters. For 
example, equalizer-control logic may provide FB control for 
a boundary DFE based on a boundary FB coefficient and 
feed-forward control for a data DFE based on the boundary 
FB coefficient. 

0038 Particular embodiments generate a data FB coeffi 
cient from a boundary FB coefficient. To generate the data FB 
coefficient, the boundary FB coefficient may be processed by 
a low-pass filter (LPF) to compute an average and the average 
may be multiplied by a data coefficient Scaling factor 
(DCESF). The boundary FB coefficient may be controlled 
using a feedback control scheme, since a change in the bound 
ary FB coefficient may affect a corresponding change in 
boundary value, with observable effects. The data FB coeffi 
cient may be controlled based on the boundary FB coefficient 
using a feed-forward control scheme or an open-loop control 
scheme, since a change in the data FB coefficient may not 
affect a corresponding change in data value. The use of a 
feed-forward control scheme for the data FB coefficient may 
reduce data errors. 

0039. In particular embodiments, equalizer-control logic 
includes an adaptation matrix. For example, the equalizer 
control logic may force residual ISI toward Zero by detecting 
residual ISI and integrating each residual ISI component with 
a different weight according to the adaptation matrix, where 
weight depends on at least the equalizer type and the residual 
ISI. In particular embodiments, the equalizer-control logic 
includes a vector of binary values representing the sign of 
residual ISI components. In particular embodiments for pro 
cessing recovered data output, equalizer-control logic 
includes a target ISI vector and subtracts the target ISI vector 
from the residual ISI vector. The target ISI vector may be, for 
example, the residual ISI vector observed in the best known 
state (with respect to bit-error rate (BER)) for the worst-case 
transmission channel. In particular embodiments, equalizer 
control logic may be compatible with any correlated data 
sequences, including monotone sequences (such as a 
repeated 0-1-0-1 pattern). 
0040. The equalizer-control logic in FIG.3 may be imple 
mented using known techniques such as General Zero-Forc 
ing or Gauss-Newton algorithms. With General Zero-Forcing 
algorithms, there is no optional target ISI vector (i.e. v=0), 
and the adaptation matrix is calculated as a Jacobian (deriva 
tive) matrix of the impulse response (or the residual ISI vec 
tor) of the worst-case channel and the equalizer combined 
together with respect to the vector of equalizer control vari 
ables. For the worst-case channel, it will minimize the sum of 
squares of the residual ISI in the equilibrium state. For other 
channels, the Sum of squares of the residual ISI is not neces 
sarily minimized in the equilibrium state, but the operating 
margin is usually bigger than the worst-case channel for a 
wide range of channel characteristics. A problem of General 
Zero-Forcing is that it assumes linearity of the system, and the 
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bit error rate (BER) is not necessarily minimized for the 
worst-case channel even if the Sum of square of the residual 
ISI is minimized. 

0041. One or more of these problems may be solved by 
particular embodiments using an optional target ISI vector 
and a Gauss-Newton algorithm, where the target ISI vector is 
the residual ISI vector observed in the best known state (with 
respect to BER) for the worst-case channel. As in General 
Zero-Forcing, the adaptation matrix is a Jacobian (derivative) 
matrix indexing an impulse response (or the residual ISI 
vector) for the worst-case channel, an equalizer-type, and a 
vector of equalizer-control variables. Contrary to the Jaco 
bian (derivative) matrix used in General Zero-Forcing, the 
adaptation matrix indexes the impulse response observed in 
the best known state (with respect to BER) for the worst-case 
channel, whereas the Jacobian (derivative) matrix in the Gen 
eral Zero-Forcing algorithm is thought to be state indepen 
dent because General Zero-Forcing assumes linearity of the 
system. By using the target ISI vector and a Gauss-Newton 
algorithm, we may minimize BER in the equilibrium state for 
the worst-case channel. 
0042. In particular embodiments, equalizer-control logic 
uses a sign-based method to implement a modified General 
Zero-Forcing or Gauss-Newton algorithm that realizes the 
same or similar results. In particular embodiments, the sign 
based method is configured to achieve statistically equivalent 
results to the results of the General Zero-Forcing or Gauss 
Newton algorithm in a long term. To implement the sign 
based method, equalizer-control logic measures only sign 
information, and may calculate the quantity for each compo 
nent of the residual ISI vector using only the sign information. 
Then, equalizer-control logic performs arithmetic and scalar 
operations using the residual ISI vector to generate equalizer 
parameters, as FIG. 3 illustrates. The description below with 
respect to FIG. 16 further describes equalizer-control logic 
using a sign-based General Zero-Forcing method for adaptive 
equalizer control. 
0043 FIG. 4 illustrates an example pulse response at an 
output of an example LE and example data and boundary FB 
coefficients. The pulse response of the LE output at 1.0 UI of 
delay (ho) corresponds to the data FB coefficient for 1.0 bit 
of prior data. The pulse response of the LE output at 1.5 UIs 
of delay (his) corresponds to the boundary FB coefficient 
for 1.5 bits of prior data. When the pulse response on and after 
2.0 UIs of delay is minimized as shown in FIG. 4, the data 
feedback signal for 1.0 bit of prior data (ho) is spread into 
both hos and his. In particular embodiments, the pulse 
response at 1.5 UIs of delay (his) is measured by adjusting 
the boundary FB coefficient for 1.5 bits of prior data and 
observing the change in the pulse response at 1.5 UIs of delay 
(his). In particular embodiments, the pulse response at 0.5 
UIs of delay (hos) is not measured and is ignored because the 
effect of his on boundary value is cancelled or at least 
minimized by clock-recovery in a long term. Then, the pulse 
response at 1.0 UI of delay (ho) may be inferred as a scaled 
value of the pulse response at 1.5 UIs of delay (his). The 
inferred pulse response at 1.0 UI of delay (ho) may be set as 
the data FB coefficient for 1.0 bit of prior data. 
0044. In particular embodiments, this scheme may be 
implemented using a 2-tap DFE. For example, for a 2-tap data 
DFE, a 2-tap boundary DFE may generate a feedback signal 
at 1.5 UIs and 2.5 UIs of delay based on 1.5 and 2.5 bits of 
prior data respectively. In particular embodiments, the pulse 
response at 1.5 UIs of delay (his) may be measured by 
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adjusting the firstboundary FB coefficient for 1.5 bits of prior 
data and observing the change in the pulse response at 1.5 UIs 
of delay (his). The pulse response at 2.5 UIs of delay (his) 
may be measured by adjusting the second boundary FB coef 
ficient for 2.5 bits of prior data and observing the change in 
the pulse response at 2.5 UIs of delay (his). Then, the pulse 
response at 2.0 UIs of delay (ho) may be inferred as the 
average of the pulse response at 1.5 UIs of delay (his) and 
the pulse response at 2.5 UIs of delay (his), i.e., 

The inferred pulse response at 2.0 UIs of delay (ho) may be 
set as the data FB coefficient for 2.0 bits of prior data. 
0045. In particular embodiments, this scheme may be 
implemented using a multi-tap DFE. For example, for an 
n"-tap data DFE (n-1), ann'-tap boundary DFE may gen 
erate a feedback signal at (n+0.5) UIs and (n-0.5) UIs of 
delay based on (n+0.5) and (n-0.5) bits of prior data respec 
tively. In particular embodiments, the residual ISI at (n+0.5) 
UIs of delay (hos) may be measured by adjusting the n” 
boundary FB coefficient for (n+0.5) bits of prior data and 
observing the change in the residual ISI at (n+0.5) UIs of 
delay (hos). The residual ISI at (n-0.5) UIs of delay (h 
Os) may be measured by adjusting the (n-1)" boundary FB 
coefficient for (n-0.5) bits of prior data and observing the 
change in the residual ISI at (n-0.5) UIs of delay (hos). 
Then, the residual ISI at n UIs of delay (h) may be inferred 
as the average of the residual ISI at (n+0.5) UIs of delay 
(hos) and the residual ISI at (n-0.5) UIs of delay (hos). 
The inferred residual ISI at n UIs of delay (h) may be set as 
the n'-tap FB coefficient of the data DFE for n bits of prior 
data. 

0046 FIG.5 illustrates an example speculative 1-tap DFE. 
The example speculative 1-tap DFE uses a speculative tech 
nique (also known as a loop-unrolling technique) to reduce 
residual ISI in the pulse response at the DFE input. In par 
ticular embodiments, instead of generating a real analog feed 
back signal to apply to the DFE input before the decision 
circuit as shown in FIGS. 2 and 3, two decision circuits may 
be used in parallel at the same timing. One decision circuit 
adds a FB coefficient to the input, and another decision circuit 
subtracts the FB coefficient from the input. After speculative 
decisions are made, one of the results may be chosen based on 
previously received data (1 bit of prior data for data DFE or 
1.5 bits of prior data for boundary DFE). In particular 
embodiments, the DFE input is a differential signal and the 
FB coefficient is a reference voltage. The polarity of the FB 
coefficient is flipped by Swapping the positive and negative 
signals of the reference Voltage for the FB coefficient. 
0047. The example speculative 1-tap DFE illustrated in 
FIG. 5 provides an example of an equalizer that applies com 
pensation for distortion in parallel. Compensation for distor 
tion may be applied in parallel in any suitable manner (e.g., 
before or after distortion occurs) using any suitable equaliza 
tion technique (e.g., transmitterpre-emphasis equalization or 
receiver equalization) and any Suitable equalizer (e.g., an 
analog continuous-time first-order derivative filter, an analog 
continuous-time second-order derivative filter, a multi-tap 
finite-impulse-response filter, a 1-tap DFE, a 2-tap DFE or a 
multi-tap DFE). In particular embodiments, compensation 
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for distortion may be applied in series in any suitable manner 
using any Suitable equalization technique and any Suitable 
equalizer. 
0048 FIG. 6 illustrates an example LE. The LE includes 
two-stage differential buffers with capacitive and resistive 
degeneration. In particular embodiments, an LE parameter is 
adjusted by adjusting one of the degeneration resistors. In 
particular embodiments, residual ISI occurring after a par 
ticular UI of delay may be minimized by adjusting the LE 
parameter and observing the change in the residual ISI. Any 
Suitable LE (Such as, for example, a first or second order 
derivative filter) may be used to reduce residual ISI occurring 
after a particular UI of delay. FIG. 7 illustrates example 
residual boundary ISI in an example pulse response at an 
output of an example LE. While receiving a continuous data 
sequence, the boundary value seen by the boundary DFE may 
be represented as the convolution of the residual boundary ISI 
and the data sequence, as FIG. 8 shows. FIG. 8 illustrates 
example convolution of an example residual boundary ISI 
and an example data sequence. As an example and not by way 
of limitation, if the receiving data sequence is {D, D, D, 
Ds, D4, D5, D, the boundary value Eas between Da and Ds 
may be represented as 

E4.5 'P-PPPPP-h.D. hospho-D+ 
hisD3+hasD2+h 3.5D1+h,45Do, with 

additional terms for more distant data being omitted because 
their effect is small. 
0049. In FIG. 8, the data points of the data sequence D 
include D, D, D, D, D, Ds, and D. The boundary points 
are illustrated as darkened circles on either side of the unfilled 
circles. Clock-recovery or equalizer-control logic may 
sample the recovered data output at a data point to generate a 
data value (e.g. Do-D) and at a boundary point to generate a 
boundary value (e.g. Eos-Ess). Each sampled data value and 
boundary value may be a low value, a high value, or a random 
value that randomly takes a high value or a low value. In 
particular embodiments, a low value is a “0” a high value is a 
“1,” a random value is either a “0” or a “1,” and an average of 
random values is "0.5. In particular embodiments, a low 
value is a “-1 high value is a “1,” a random value is either a 
“-1 or a “1,” and an average of random values is "0. A 
change from a high to a low value or from a low to a high value 
between two successive data values is a transition. In FIG. 8, 
transitions occur between low data value D4 and high data 
value D5, between high data value D0 and low data value D1, 
between low data value D1 and high data value D2, and 
between high data value D2 and low data value D3. In a signal 
exhibiting no residual ISI effects, each boundary value 
between two Successive data values with opposite values is 
typically a random value. For Such a signal, the equalizer 
control logic may adjust the gain applied to the DFE input up 
or down randomly, as ISI effects are already being fully 
compensated or do not exist. If the number of up adjustments 
Substantially equals the number of down adjustments, the 
gain applied to the input signal may remain, on average, at the 
same level. If the number of up adjustments does not substan 
tially equal the number of down adjustments, the gain applied 
to the input signal may drift slightly from its initial level. Such 
drift of the gain level may produce slight residual ISI. The 
equalizer-control logic may detect this ISI and adjust the gain 
back to the average initial level. 
0050. In particular embodiments, an equalizer may con 
trol more than one independent parameter. Such as, for 
example, the unmodified, first-order-derivative, and second 
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order-derivative components of a signal. Generally, “first 
order-derivative' components are the result of a “first-order 
derivative' operation, which uses any suitable electronic 
component or collection of components or circuitry, Such as, 
for example, a high-pass filter, to produce an output that is 
linearly proportional to the first-order derivative of an incom 
ing signal with respect to time. According to particular 
embodiments, a derivative operation takes the derivative of an 
incoming signal with respect to time, such as, for example, 
the Voltage change of the incoming signal per 100 pico 
seconds. Derivative operations may be applied to a signal 
once or multiple times, resulting in an output signal that is 
proportional to the first, second, third, or higher order deriva 
tive of the incoming signal with respect to time based on the 
number of times the derivative operation is applied. Examples 
of multiparameter (or multidimensional) equalizers include 
2-tap DFEs, which may independently control a first control 
parameter and a second control parameter, and 3-tap finite 
impulse response (FIR) filters, which may independently 
control a second control parameter and a third control param 
eter. The present disclosure contemplates any suitable multi 
dimensional equalizer. In particular embodiments, compen 
sation is adjusted independently for each independent 
equalizer parameter. Adaptive equalizer control may be 
applied to a first control parameter independently by adjust 
ing the first control parameter while the other control param 
eters remain fixed. In a 2-tap DFE, for example, the first- and 
second-tap coefficients may be adjusted independently, and 
each of these adjustments may comprise an adjustment to the 
compensation for distortion. Alternatively, multidimensional 
equalizers may adjust compensation according to more than 
one control parameter at the same time (in the aggregate) by 
adjusting compensation according to a particular function 
that incorporates more than one independent parameter. 
0051 Compensation for distortion (such as, for example, 
gain) may be adjusted independently for each independent 
control parameterbased on particular relationships between a 
sampled boundary value that is between Successive data val 
ues that resulting in a transition and one or more sampled data 
values before or after the boundary value in particular tim 
ings. Particular relationships may correspond to particular 
types of ISI for particular independent equalizer parameters. 
When, for example, an adaptive equalizer-control system 
detects such relationships among a sampled boundary value 
and sampled data values (e.g. using predefined data-value 
patterns) adaptive equalizer control may be adjusted by 
adjusting the one or more particular independent equalizer 
parameters. 
0052. In particular embodiments, the predefined data 
value patterns used by the adaptive equalizer-control system 
to compare with the incoming stream of sampled data values 
may be sensitive to ISI for particular independent control 
parameters. These patterns may be selected, for example, 
based on the sensitivity of the boundary value between data 
values resulting in a transition to the independent control 
parameter being adjusted. In particular embodiments, these 
patterns may be selected based on the partial derivative of the 
pulse response at that independent control parameter (e.g., on 
the sign or magnitude of the partial derivative) because the 
boundary value seen by the decision circuit in the boundary 
DFE may be represented as a convolution of the residual 
boundary ISI and the data sequence, as FIG. 8 shows. 
0053 FIG. 9 illustrates example detection of residual 
boundary ISI based on one or more data-value differences 
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between two data sequences. In particular embodiments, 
residual boundary ISI may be measured by taking a difference 
in boundary values between two data sequences which have 
different data values in the data bits corresponding to the 
residual boundary ISI to be measured. In the illustrated 
example, his is measured by taking a difference in boundary 
values Es between D and Ds for two data sequences which 
have different data values at D. Data values Do, D, D, D, 
Ds and D are the same for both data sequences. Each data 
value and boundary value may comprise a low value, a high 
value, or a random value that takes either a high value or a low 
value randomly. In particular embodiments, each data value 
and boundary value may comprise a quantity, which may be 
measured, for example, at full-range precision analog level. 
In particular embodiments, only the sign (not the quantity) of 
the boundary values is used to measure the boundary-value 
differences. 

0054. In particular embodiments, residual boundary ISI 
may be measured for its sign and for its magnitude to some 
degree by taking statistical differences of the binary boundary 
values for the two data sequences as long as the binary bound 
ary values are not statistically saturated. For example, the 
probabilities of +1 (or -1) boundary values are the same for 
the two data sequences in FIG. 9, if and only if the residual 
boundary ISI his is absolutely zero. Otherwise, the prob 
ability of +1 boundary values is higher (or lower) for the data 
sequence with Ds equal to +1 than the data sequence with D. 
equal to -1, depending on whether the residual boundary ISI 
at 1.5 UIs of delay (his) is positive or negative. The amount 
of statistical difference indicates the magnitude of the 
residual boundary ISI at 1.5 UIs of delay (his). 
0055. If the binary boundary values are statistically satu 
rated, the difference in binary boundary values between the 
two data sequences is Zero and thus cannot be used to measure 
residual boundary ISI. To prevent statistical saturation of the 
binary boundary values between the two data sequences, the 
number of high values present in the other data values (e.g. 
D, D, D, D, D, and D in FIG. 9) used to calculate the 
difference in boundary values between the two data 
sequences is close to (and thus balanced with) the number of 
low values present in the other data values (e.g. Do, D, D, 
D. Ds and D in FIG. 9) used to calculate the difference in 
boundary values between the two data sequences. By watch 
ing for various filter patterns in a balanced manner, adaptive 
equalizer control may become more independent of incoming 
data sequences. For example, there may be some data depen 
dency for some periodic or quasi-periodic data sequences 
where a periodic or quasi-periodic data sequence does not 
include one or some of the filter patterns at all. In Such a case, 
one scheme may be to wait for the filter pattern expecting that 
the current incoming data sequence changes at Some point in 
the future. Another scheme may be to skip filter patterns that 
may not appear in the current incoming data sequence. 
0056. In particular embodiments, D and Ds must have 
different data values to make a transition at Es where a 
boundary value Es is measured. If D and Ds have the same 
value, the binary boundary value Es is completely statisti 
cally Saturated, because Es always takes the same value as 
D and Ds. The boundary value Es is not statistically satu 
rated, only if D and Ds have different values and there is a 
data transition at Eas. 
0057. In particular embodiments, balanced application of 
adaptive control actions enables adaptive control algorithms 
to provide consistent adaptation results among various data 
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sequences. Balanced application of adaptive control actions 
may be achieved by selecting data sequences for the adaptive 
control actions. In particular embodiments, if data sequences 
observed during adaptation are limited, the data sequences for 
residual ISI detection must be chosen from those data 
sequences observed during adaptation. For example, adaptive 
control applied for 10GBASE-CX4 starts with the 8B10B 
idle data sequence which consists of only 8B10B/A/./K/./S/ 
symbols because the initial incoming data sequence at startup 
may be an idle data sequence. It may be desirable to avoid data 
sequences which do not appear in the 8B10B idle data 
sequence, at least during link initialization. Otherwise, the 
link will not start up. Once initialization is complete, equal 
izer-control logic may use data sequences that appear in real 
data traffic, not idle data sequences. 
0058 FIG. 10 illustrates example statistical detection of 
residual boundary ISI using two data sequences. In particular 
embodiments, data pattern H and L have different values in 
the data bits corresponding to the residual boundary ISI to be 
measured. FIG. 10 illustrates an example method for statisti 
cally detecting residual ISI using two data sequences. This 
method includes calculating a difference between the two 
data sequences. In particular embodiments, it is advantageous 
to use only one data sequence to detect boundary residual ISI 
in an aggregate manner. To use one data sequence, the 
example method shown in FIG. 10 may be modified to 
include the portion related to data pattern H and not include 
the portion related to data pattern L. 
0059 FIG. 11 illustrates two example data sequences for 
detecting example residual boundary ISI at 1.5 UIs of delay 
(his). Herein, the terms “pattern' and “sequence' may be 
used interchangeably, where appropriate. Since data patterns 
H and L are watched for alternatively, two data patterns are 
taken into account the same number of times over alongterm. 
In particular embodiments, the two data patterns behave in 
opposite regarding the polarity of boundary values. In par 
ticular embodiments, the statistical difference of the bound 
ary values between two data patterns which are taken into 
account the same number of times may correspond to the 
actual difference over a long term for any incoming data 
sequence, even if data pattern H is received much more fre 
quently than data pattern L. 
0060. In particular embodiments, the above scheme may 
be extended to detect two or more components of residual ISI 
in an aggregate manner. In particular embodiments, this 
aggregate detection scheme uses two data patterns which 
have different data values in the data bits corresponding to the 
residual ISI components to be measured in an aggregate man 
ner. For example, has and his may be detected together as 
shown in FIG. 12. Aggregate residual boundary ISI (his 2+ 
his 2) is measured by taking a difference in boundary val 
ues Es between two data sequences which have different 
data values in the data bits corresponding to data bits D and 
D. Data values Do D, D, Ds and De are the same for both 
data sequences. Aggregate detection of two or more compo 
nents of residual ISI may be especially useful where various 
types of data sequences are not observed during adaptation. 
Aggregate detection of two or more components of residual 
ISI may also be especially useful for detecting components of 
residual ISI with more than a certain amount of delay because 
there is no discrete control over component residual ISI by an 
LE and because a Sum of component residual ISIS may be 
sufficient for adaptive control of an LE. 
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0061 FIG. 13 illustrates example detection of two or more 
components of residual ISI in an aggregate manner. This 
aggregate detection scheme uses two data patterns and is 
based on the boundary values between two successive tran 
sitions, where the transitions occur at the same time for both 
data patterns. In particular embodiments, two data sequences 
have different values only at one data bit D, and two succes 
sive boundary values at Es and Ess are detected at the same 
time. The aggregate residual boundary ISI his and has are 
detected when both Es and Ess are positive or negative. 
When Es and Ess have different values, it may indicate 
phase error. In particular embodiments, when Es and Ess 
have different values, detection is skipped altogether instead 
of separately detecting his from Es and his from Ess. By 
skipping detection in this scenario, the detection of residual 
boundary ISI may become more robust for jitter. 
0062 FIG. 14 illustrates example aggregate detection of 
multiple components of residual boundary ISI using one data 
sequence. As illustrated, the boundary value is observed for 
only one data sequence {-1+1-1+1+1.-1.-1. In particular 
embodiments, the residual boundary ISI at 0.5 UIs of delay 
(hos and hos) is not measured and is ignored because the 
effect of hos and hos on boundary value is cancelled or at 
least minimized by clock-recovery in a long term. Among the 
remaining terms, his has the primary effect, and the other 
terms have secondary effects. Since his is usually small, 
East''''''''''} is close to the value of his, when the 
boundary values aths and later are minimized by the LE. In 
order to measure the optimal value of his with the optimal 
LE parameter which minimizes the boundary values at has 
and later, using East'''''''''' instead of using two 
data sequences to detect his may be advantageous, for 
example, because East'''''''''' is still close to the 
optimal value of his even if the LE parameter is not optimal 
and the terms on and after has are not fully minimized by LE. 
In particular embodiments, the current value of his may be 
largely affected by the LE parameter. For example, in East 
1+1-1+1+1-1-1}, his and his is are positive and has and 
has are negative, and the effect of LE parameter change is 
cancelled between these terms. In particular embodiments, 
DFE FB coefficient control may be less affected by LE 
parameter control where East'''''''''' is used to 
control a DFE FB coefficient than where his is used to 
control the DFE FB coefficient. For example, DFE FB coef 
ficient control may be less affected by LE parameter control 
where two control loops are decoupled or orthogonalized 
with each other than where two control loops are coupled with 
each other. In particular embodiments, independent controls 
of the DFE FB coefficient and the LE parameter are more 
advantageous regarding to the convergence speed and the 
control loop stability than dependent controls of the DFE FB 
coefficient and the LE parameter. It may also be advantageous 
when various types of data sequences are not observed during 
adaptation period because it uses a lower number of data 
patterns. 
0063 FIG. 15 illustrates example sets of data sequences 
(or patterns) for detecting an individual residual boundary ISI 
component. In particular embodiments, it may be advanta 
geous to Switch between more than one set of data patterns 
which detect the same one or more components of residual 
ISI. Those multiple sets may be used in sequence or in random 
order. For example, the residual ISI of his may be detected 
by either set of data patterns shown in FIG. 15. In the illus 
trated embodiment, all values are inverted between pattern set 
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Rand pattern set F. In particular embodiments, using pattern 
set R and F alternatively or randomly reduces the effect of 
residual offset on residual ISI detection. In particular embodi 
ments, it may be also advantageous to Switch between one set 
of data patterns starting at an even bit and another set of data 
patterns starting at an odd bit. In particular embodiments, 
balancing the use of data patterns starting at an even bit and 
data patterns starting at an odd bit reduces the effect of duty 
cycle distortion on residual ISI detection. In particular 
embodiments, when detecting an individual residual ISI.com 
ponent using two data patterns, steps may be taken to balance 
the number of operations between residual ISI components 
(and optionally between equalizer control variables). 
0064 FIG. 16 illustrates example equalizer-control logic 
using an example sign-based method. The example equalizer 
control logic uses a sign-based method to implement a modi 
fied General Zero-Forcing or Gauss-Newton algorithm that 
realizes the same or similar results. In particular embodi 
ments, the sign-based method of FIG. 16 is configured to 
achieve statistically equivalent results to the results of the 
General Zero-Forcing or Gauss-Newton algorithm in a long 
term. The description above with respect to FIG. 3 further 
describes equalizer-control logic using a conventional Gen 
eral Zero-Forcing method for adaptive equalizer control and 
an example sign-based General Zero-Forcing method for 
adaptive equalizer control. The sign-based method does not 
measure the quantity of residual ISI. The sign-based method 
uses sign of residual ISI in a binary form and performs scalar 
and arithmetic operations instead of matrix multiply and vec 
tor operations. Residual ISI detectors 1 through 5 detect sign 
of residual ISI using the sign-based method. Residual ISI 
detectors 1 through 5 may switch between multiple sets of 
data patterns. Each residual ISI detector may be programmed 
to detect residual ISI using any data patterns, data sequences 
or sets of data patterns or data sequences in any format. Each 
residual ISI detector may utilize and switch between any 
interface modes and applications of adaptive control actions 
and operate during and Switch between any periods of opera 
tion, such as during initialization, after initialization, and in 
use, because there may be different requirements such as 
available data patterns for adaptation and desired (or 
required) level of optimization. The sign-based method is 
more efficient and requires less hardware than adaptive con 
trol using conventional General Zero-Forcing or Gauss-New 
ton algorithms that measure quantity of residual ISI and per 
form matrix multiplication and vector operations. The sign 
based method adds or subtracts weight to the control variable 
depending on the sign of residual ISI. In the sign-based 
method, magnitude of W and W" are equivalent, and thus 
particular embodiments of the sign-based method do not use 
a target ISI vector. In particular embodiments, weight may be 
calculated from a derivative of the average of the binary 
residual ISI for the worst-case channel with respect to the 
equalizer control variable. In particular embodiments, the 
sign-based method balances the number of operations 
between residual ISI components (and optionally between 
equalizer control variables). In particular embodiments, the 
sign-based method may be implemented by any equalizer, 
including any two-dimensional equalizer, any DFE and any 
LE. Such as a continuous-time linear equalizer (CTLE) for 
any equalizer parameter. 
0065 FIG. 17 illustrates example operation of an example 
column balancer. The column balancer selects one residual 
ISI detector at a time, and processes two results (i.e., one for 
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data pattern Hand another for data pattern L in FIG. 10) from 
the selected residual ISI detector. If the residual ISI detector 
uses multiple sets of data patterns, it first synchronizes with 
the residual ISI detector after selection of the residual ISI 
detector so that the two results being processed are for the 
same set of data patterns. Synchronization may be done by 
waiting until the residual ISI detector is looking for the data 
pattern H (the first data pattern). After the column balancer 
processes two results from the selected residual ISI detector, 
the column balancer selects a next residual ISI detector in 
sequence or at random. In particular embodiments, in a long 
term, the column balancer guarantees that results from each 
residual ISI detector are taken into account for the same 
number of times. This is guaranteed for any incoming data 
sequence, even if data patterns for one residual ISI detector 
are quite often, whereas data patterns for another residual ISI 
detector are very rare. 
0066. As illustrated in FIG.16, in particularembodiments, 
when a residual ISI detector selected by the column balancer 
detects residual ISI, the weight selector reads out a weight 
value from a three dimensional weight register file indexed by 
the integrator (row), the residual ISI detector (column), and 
the sign of detected residual ISI (sign). Then, the weight value 
is integrated to generate the value of the control variable, 
which is either the LE parameter or the boundary FB coeffi 
cient. The weight register file may be programmed to contain 
information equivalent to the adaptation matrix and the target 
ISI vector, of which FIG. 3 illustrates examples. In particular 
embodiments, an adaptation matrix M and an optional target 
ISI vector V may be defined in FIG.3 as follows: 

in 11 in 12 in 13 in 14 in 15 
M = 

m2.1 m2.2 m2.3 m2.4 m2.5 

0067. To generate results that are equivalent to those gen 
erated using the adaptation matrix M and the optional target 
ISI vector V in FIG. 3, the three dimensional weight register 
file indexed by the integrator (row), the residual ISI detector 
(column), and the sign of detected residual ISI (sign) in FIG. 
16 may be programmed as follows: 

(p) (p) (p) (p) (p) 

(p) (p) (p) (p) (p) 
W. W. W.3 WIA WI5 

W3.1 W:2 W3.3 W24 W2.5 

(n) (n) (n) (n) (n) 
W0) - { W. W.3 wi. 3 WIA wis } 
T. (n) ...(n) ...(n) ...(n) ...(n) 

W2.1 W2.3 W2.3 W2.4 W2.5 

w: = + Kx m. X (1 - ve) 

w = -KX micx (1 + ve) 

In this example, Wis the weight matrix for positive residual 
ISI, W is the weight matrix for negative residual ISI, and K 
is an arbitrary small positive number (0<K<<1). 
0068. The following shows how these are equivalent. 
First, assume that a residual ISI detector c generates N.'” 
positive results and N.'" negative results in N times of 
residual ISI detection by the residual ISI detector c. In par 
ticular embodiments, N is a large positive integer. 

Ne);N. (n) =N 
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Then, the residual ISI vector q of which an example is illus 
trated in FIG. 3 is expressed as follows: 

q = { q 42 93 44 45 
NCP) N (n) C C 

dc = — 

0069. The error vectore and the update vectoru in FIG. 3 
may be expressed, for example, as follows: 

= q - V 

0070 The cumulative sum of weights for the integrator rin 
FIG. 16 while N results are processed for each residual ISI 
detector may be expressed, for example, as: 

5 

a = X w.x NSP + w:x N. 
C 

5 
NP) - N (n) 

= RN inric -(N"N." ..) 

These two systems are equivalent when 

Since K is a small positive number, a large number N which 
makes two systems statistically equivalent exists. 
0071. In particular embodiments, the target ISI vector v is 
zero and not used, meaning that W’=-W" and the differ 
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ence between these weight matrices is Zero and need not be 
recorded. The amount of hardware may be reduced, for 
example, by using a 2-dimensional weight register file which 
holds a value of W=WP=-W", and selecting addition or 
subtraction by the sign of detected residual ISI. Weight may 
be calculated from a derivative of the average of the binary 
residual ISI for the worst-case channel with respect to the 
equalizer control variable. In particular embodiments, the 
sign-based method balances the number of operations 
between residual ISI components (and optionally between 
equalizer control variables). 
0072. In particular embodiments, We' 'have differ 
ent magnitudes and the magnitudes may be recorded in a 3 
-dimensional register file in order to implement the optional 
target ISI vector V. First, an optional target ISI vector V may be 
selected based on the average of the binary observation vari 
able in the target state for the worst case. Second, an adapta 
tion matrix M may be calculated from a derivative of the 
average of the binary observation variable with respect to the 
control variable in the target state for the worst case. Third, 
weight matrices of WP and W" may be calculated from the 
optional target ISI vector V and the adaptation matrix M with 
a small loop constant K according to the above formulas. 
These parameters minimizes squares of difference between 
the average of the binary observation variable and the 
optional target ISI vector in the equilibrium state for the worst 
CaSC. 

0073. In particular embodiments, the amount of increase 
(or decrease) applied to a binary observation variable is 
equivalent, and the average of a particular binary observation 
variable is zero in the equilibrium state. U.S. Patent Applica 
tion Publication No. 2007/0280389, entitled System and 
Method for Asymmetrically Adjusting Compensation 
Applied to a Signal and published 6 Dec. 2007, which is 
incorporated herein by reference, discloses changing the 
equilibrium state from Such a state to a next state where the 
average of the binary observation variable is a non-Zero target 
value. For example, where there is a single control variable 
and a single binary observation variable and amount of 
increase and decrease of the control variable according to the 
binary observation variable is different, the average of the 
binary observation variable always converges to the non-zero 
target value in the equilibrium state. 
0074. In particular embodiments, where there are single or 
multiple control variables and multiple binary observation 
variables, the number of binary observation variables is larger 
than the number of control variables. In particular embodi 
ments, where the amount of increase and decrease is equiva 
lent, the Sum of the squares of the average of each binary 
observation variable is minimized in the equilibrium state for 
a certain condition. In particular embodiments, where the 
amount of increase and decrease is different, the equilibrium 
state is changed from Such a state to a next state where the Sum 
of the squares of the difference between the average of each 
binary observation variable and a target value of the observa 
tion variable is minimized for the certain condition. Particular 
embodiments including single or multiple equalizer control 
variables and multiple binary observation variables balance 
the number of operations between binary observation vari 
ables (and optionally between equalizer control variables). 
Herein, reference to “equalizer control variables' may 
encompass equalizer parameters, and vice versa, where 
appropriate. 
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0075 FIG. 18 illustrates example adaptive equalizer con 
trol based on example level error. Amplitude error (“refer 
ence-level error” or “level-error) is used instead of the 
boundary value for adaptive control. The level-error decision 
latch (D/L) subtracts a target level, which is the product of a 
data value and a reference level from the pre-decision level of 
the data DFE, and produces a sign of level-error, either +1 or 
-1. In particular embodiments, the level-error D/L may use a 
speculative or loop-unrolling technique similar to FIG. 5, for 
example, to solve the timing constraint. In particular embodi 
ments, the level-error D/L uses a time multiplexing technique 
to decrease hardware resources, which may be increased by 
unrolling feedback loops. 
0076 FIG. 19 illustrates example residual data ISI in an 
example pulse response at an output of an example LE. The 
residual data ISI at time Zero (hoo represents the difference 
of the pulse height at time Zero (H) and the reference level 
(Reflvl). At all other times, for example, at the other times 
illustrated, the residual data ISI is the same as the pulse 
response level. As described with respect to FIG. 8, a bound 
ary value may be represented as a convolution of residual 
boundary ISI and a data sequence. Similarly, a data value may 
be represented as a convolution of residual data ISI and a data 
sequence. FIG. 20 illustrates example convolution of 
example residual data ISI and an example data sequence. In 
particular embodiments, when receiving a continuous data 
sequence, level-error seen by the decision circuit in the level 
error D/L is represented as a convolution of residual data ISI 
and the data sequence as shown in FIG. 20. 
0077 FIG. 21 illustrates example detection of residual 
data ISIbased on one or more differences in level-error values 
between two data sequences. As illustrated, ho is measured 
by taking a difference in the level-error values at D for two 
data sequences which have different values at D. Residual 
data ISI may be measured by taking a difference in the level 
error values for two data sequences which have different 
values in the data bits corresponding to the residual data ISI to 
be measured. While level-error values may be measured as 
full-range precision analog level, the illustrated embodiment 
may be used to measure residual data ISI, including the sign 
and magnitude to some extent of the residual data ISI, using 
only binary level-error values, either +1 or -1, instead of 
precision analog levels. The statistical difference between the 
binary level-error values for the two data sequences may be 
used to measure the sign and magnitude to Some extent of the 
residual data ISI as long as the binary level-error values are 
not statistically saturated. For example, the probabilities of 
positive (“+1) level-error values are exactly same for the two 
data sequence in FIG. 21, if and only if the residual data ISI 
ho is absolutely Zero. As another example, the probabilities 
of negative (“-1') level-error values are exactly same for the 
two data sequence in FIG. 21, if and only if the residual data 
ISI ho is absolutely Zero. If the residual data ISI athlo is 
not zero, the probability of positive (or negative) level-error 
value is higher (or lower) for the data sequence with D=+1 
than D-1, depending on whether the residual data ISI ho 
is positive or negative. The amount of statistical difference 
indicates the magnitude of the residual data ISI hio. 
0078. The detection of residual boundary ISI as described 
and illustrated by the present disclosure with respect to par 
ticular embodiments may be applicable to detecting residual 
data ISI or level-error values, where appropriate. The detec 
tion of residual data ISI or level-error values as described and 
illustrated by the present disclosure with respect to particular 
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embodiments may be applicable to detecting residual bound 
ary ISI. Although the present disclosure describes two-di 
mensional control for one parameter LE and one tap DFE, the 
present disclosure contemplates any suitable adaptive control 
of any suitable number of any suitable parameters of (for 
example) continuous-time LEs, multi-tap DFEs or multi-tap 
FIR filters, or pre-emphasis parameters using multi-tap FIR 
filters. 

0079 An adaptive equalizer control system may include 
any Suitable type of memory. The memory may be used to 
store phase delay settings, phase codes, target level-error 
values, target residual boundary and data ISI values, adapta 
tion matrix, rows, columns, signs, parameters, input signals, 
output signals. Such values may correspond to user or admin 
istrator specified values that may be entered into a database 
that may be accessed by the memory. 
0080. As an example and not by way of limitation, an 
adaptive equalizer control system may provide functionality 
as a result of a processor executing software embodied in one 
or more tangible, computer-readable media, Such as a 
memory. A computer-readable medium may include one or 
more memory devices, according to particular needs. Main 
memory may read the Software from one or more other com 
puter-readable media, Such as mass storage device or from 
one or more other sources via communication interface. The 
Software may cause processor to execute particular processes 
or particular steps of particular processes described herein. In 
addition or as an alternative, the computer system may pro 
vide functionality as a result of logic hardwired or otherwise 
embodied in a circuit, which may operate in place of or 
together with Software to execute particular processes or par 
ticular steps of particular processes described herein. Refer 
ence to Software may encompass logic, and vice versa, where 
appropriate. Reference to a computer-readable media may 
encompass a circuit (Such as an integrated circuit (IC)) storing 
Software for execution, a circuit embodying logic for execu 
tion, or both, where appropriate. The present disclosure 
encompasses any suitable combination of hardware and soft 
Ware 

I0081 FIG. 22 illustrates an example method for adaptive 
control of a DFE. The method begins at step 2202, where a 
first one of one or more data FB taps in a data DFE delays a 
first output signal of a first decision circuit in the data DFE by 
approximately 1.0 unit intervals (UIs). The first output signal 
includes data values recovered by the first decision circuit 
from an input signal from a receiver. At step 2204, the first one 
of data FB taps multiplies the 1.0-UI-delayed first output 
signal by a first data FB coefficient derived from a firstbound 
ary FB coefficient. At step 2206, a first one of one or more 
boundary FB taps in a boundary DFE delays the first output 
signal by approximately 1.5 UIs. At step 2208, the first one of 
the boundary FB taps multiplies the 1.5 -UI-delayed first 
output signal by the first boundary FB coefficient, with the 
first boundary FB coefficient corresponding to residual 
intersymbol interference (ISI) at approximately 1.5 UIs of 
delay in the input signal, at which point the method ends. 
Particular embodiments may continuously repeat the steps of 
the method of FIG. 22, according to particular needs. 
Although the present disclosure describes and illustrates par 
ticular steps of the method of FIG. 22 as occurring in a 
particular order, the present disclosure contemplates any Suit 
able steps of the method of FIG.22 occurring in any suitable 
order. Although the present disclosure describes and illus 
trates particular components carrying out particular steps of 
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the method of FIG. 22, the present disclosure contemplates 
any suitable components carrying out any suitable steps of the 
method of FIG. 22. 

I0082 FIG. 23 illustrates an example method 2300 for 
detecting residual ISI components using two data patterns. 
The method begins at step 2302, where one or more circuit 
components access an input signal from a receiver. In particu 
lar embodiments, the input signal includes a series of bits and 
residual ISI. At step 2304, the circuit components identify a 
first bit sequence and a first error associated with the first bit 
sequence in the input signal. At step 2306, the circuit com 
ponents identify a second bit sequence and a second error 
associated with the second bit sequence in the input signal 
that differs from the first bit sequence with respect to one or 
more data values of one or more bits in the first and second bit 
sequences. The one or more data values correspond to par 
ticular residual ISI for measurement. At step 2308, the circuit 
components determine a difference between the first error 
associated with the first bit sequence and the second error 
associated with the second bit sequence. At step 2310, the 
circuit components measure the particular residual ISI by the 
difference, at which point the method ends. Particular 
embodiments use the particular residual ISI measurement for 
adaptive equalizer control. Particular embodiments may con 
tinuously repeat the steps of the method of FIG. 23, according 
to particular needs. Although the present disclosure describes 
and illustrates particular steps of the method of FIG. 23 as 
occurring in a particular order, the present disclosure contem 
plates any suitable steps of the method of FIG.23 occurring in 
any suitable order. Although the present disclosure describes 
and illustrates particular components carrying out particular 
steps of the method of FIG. 23, the present disclosure con 
templates any Suitable components carrying out any Suitable 
steps of the method of FIG. 23. 
0083 FIG. 24 illustrates an example method for sign 
based general Zero-forcing adaptive equalizer control. The 
method begins at step 2402, where one or more residual ISI 
detectors receive from a DFE a data signal or an error signal 
comprising residual ISI. At step 2404, the residual ISI detec 
tor produces a first output signal indicating whether the 
residual ISI has a positive sign or a negative sign. At step 
2406, one or more column balancers select from among the 
first output signals one of the first output signals to produce a 
second output signal. At step 2408, one or more weight selec 
tors access from among multiple weight values one of the 
weight values for a received one of the second output signals. 
The accessed one of the weight values corresponds to the 
column balancer that produced the second output signal and 
the residual ISI detector that produced the selected one of the 
first output signals to produce the second output signal. The 
accessed one of the weight values has a magnitude that is 
substantially independent of the sign of the residual ISI indi 
cated by the selected one of the first output signals to produce 
the second output signal. At step 2410, the weight selector 
produces a third output signal based on the accessed one of 
the weight values and the sign of the residual ISI indicated by 
the selected one of the first output signals, at which point the 
method ends. Particular embodiments use the third signal to 
produce one or more fourth output signals representing one or 
more control variables for one or more equalizers. Particular 
embodiments may continuously repeat the steps of the 
method of FIG. 24, according to particular needs. Although 
the present disclosure describes and illustrates particular 
steps of the method of FIG. 24 as occurring in a particular 
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order, the present disclosure contemplates any Suitable steps 
of the method of FIG. 24 occurring in any suitable order. 
Although the present disclosure describes and illustrates par 
ticular components carrying out particular steps of the 
method of FIG. 24, the present disclosure contemplates any 
Suitable components carrying out any suitable steps of the 
method of FIG. 24. 

I0084 FIG. 25 illustrates an example method for multidi 
mensional asymmetric bang-bang control. The method 
begins at step 2502, where one or more residual ISI detectors 
receive from a DFE a data signal oran error signal comprising 
residual ISI. At step 2504, the one or more residual ISI detec 
tors produce a first output signal indicating whether the 
residual ISI has a positive sign or a negative sign. At step 
2506, the one or more column balancers select from among 
the first output signals one of the first output signals to pro 
duce a second output signal. At step 2508, one or more weight 
selectors access from among multiple weight values one of 
the weight values for a received one of the second output 
signals. The accessed one of the weight values corresponds to 
the column balancer that produced the second output signal, 
the residual ISI detector that produced the selected one of the 
first output signals to produce the second output signal, and 
the sign of the residual ISI indicated by the selected one of the 
first output signals to produce the second output signal. The 
accessed one of the weight values has a magnitude that 
depends on the sign of the residual ISI indicated by the 
selected one of the first output signals to produce the second 
output signal. At step 2510, the weight selector produces a 
third output signal based on the accessed one of the weight 
values, at which point the method ends. Particular embodi 
ments use the third signal to produce one or more fourth 
output signals representing one or more control variables for 
one or more equalizers. Particularembodiments may continu 
ously repeat the steps of the method of FIG. 25, according to 
particular needs. Although the present disclosure describes 
and illustrates particular steps of the method of FIG. 25 as 
occurring in a particular order, the present disclosure contem 
plates any suitable steps of the method of FIG.25 occurring in 
any suitable order. Although the present disclosure describes 
and illustrates particular components carrying out particular 
steps of the method of FIG. 25, the present disclosure con 
templates any suitable components carrying out any Suitable 
steps of the method of FIG. 25. 
I0085. The present disclosure encompasses all changes, 
Substitutions, variations, alterations, and modifications to the 
example embodiments described herein that a person having 
ordinary skill in the art would comprehend. Similarly, where 
appropriate, the appended claims encompass all changes, 
Substitutions, variations, alterations, and modifications to the 
example embodiments described herein that a person having 
ordinary skill in the art would comprehend. 

What is claimed: 
1. A system comprising: 
a data decision feedback equalizer (DFE) comprising a first 

decision circuit and one or more data feedback (FB) 
taps, a first one of the data FB taps being configured to: 
delay a first output signal of the first decision circuit by 

approximately 1.0 unit intervals (UIs), the first output 
signal comprising data values recovered by the first 
decision circuit from an input signal from a receiver; 
and 
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multiply the 1.0-UI-delayed first output signal by a first 
data FB coefficient derived from a first boundary FB 
coefficient; and 

a boundary DFE comprising a second decision circuit 
and one or more boundary FB taps, 

a first one of the boundary FB taps being configured to: 
delay the first output signal by approximately 1.5 UIs: 
and 

multiply the 1.5-UI-delayed first output signal by the 
first boundary FB coefficient, the first boundary FB 
coefficient corresponding to residual intersymbol 
interference (ISI) at approximately 1.5 UIs of delay in 
the input signal. 

2. The system of claim 1, wherein: 
a second one of the data FB taps is configured to: 

delay the first output signal by approximately 2.0 UIs: 
and 

multiply the 2.0-UI-delayed first output signal by a sec 
ond data FB coefficient derived from the first bound 
ary FB coefficient and a second boundary FB coeffi 
cient; and 

a second one of the boundary FB taps is configured to: 
delay the first output signal by approximately 2.5 UIs: 
and 

multiply the 2.5-UI-delayed first output signal by the 
second boundary FB coefficient, the second boundary 
FB coefficient corresponding to residual ISI at 
approximately 2.5 UIs of delay in the input signal. 

3. The system of claim 1, wherein: 
ann' one of the data FB taps is configured to: 

delay the first output signal by approximately in UIs; and 
multiply the n-UI-delayed first output signal by ann" 

data FB coefficient derived from an (n-1)" boundary 
FB coefficient and ann" boundary FB coefficient; and 

ann' one of the boundary FB taps is configured to: 
delay the first output signal by approximately n+0.5 UIs: 
and 

multiply the (n+0.5)-UI-delayed first output signal by 
the n' boundary FB coefficient, the n' boundary FB 
coefficient corresponding to residual ISI at approxi 
mately n+0.5 UIs of delay in the input signal. 

4. The system of claim 1, wherein the first data FB coeffi 
cient is derived from the first boundary FB coefficient at least 
in part by scaling the first boundary FB coefficient by a 
predetermined value. 

5. The system of claim 1, further comprising a controller 
configured to receive the first output signal of the first deci 
sion circuit and a second output signal of the second decision 
circuit and produce the data and boundary FB coefficients 
based on the first and second output signals, the second output 
signal comprising boundary values recovered by the second 
decision circuit from the input signal. 

6. The system of claim 1, wherein: 
the system further comprises a clock and data recovery 
(CDR) circuit configured to: 
receive the first output signal of the first decision circuit 

and a second output signal of the second decision 
circuit, the second output signal comprising boundary 
values recovered by the second decision circuit from 
the input signal; 

detect phase error in the input signal based on the first 
and second output signals; and 

produce data clock (DCLK) and boundary clock 
(BCLK) signals based on the phase error; 

Dec. 24, 2009 

the first decision circuit is configured to recover data values 
from the input signal based on the DCLK signal and a 
first feedback signal from the one or more data FB taps; 
and 

the second decision circuit is configured to recover bound 
ary values from the input signal based on the BCLK 
signal and a second feedback signal from the one or 
more boundary FB taps. 

7. A method comprising: 
by a first one of one or more data feedback (FB) taps in a 

data decision feedback equalizer (DFE) comprising a 
first decision circuit and the one or more data feedback 
(FB) taps: 
delaying a first output signal of the first decision circuit 
by approximately 1.0 unit intervals (UIs), the first 
output signal comprising data values recovered by the 
first decision circuit from an input signal from a 
receiver, and 

multiplying the 1.0-UI-delayed first output signal by a 
first data FB coefficient derived from a first boundary 
FB coefficient; and 

by first one of one or more boundary FB taps in a boundary 
DFE comprising a second decision circuit and the one or 
more boundary FB taps: 
delaying the first output signal by approximately 1.5 

UIs; and 
multiplying the 1.5-UI-delayed first output signal by the 

first boundary FB coefficient, the first boundary FB 
coefficient corresponding to residual intersymbol 
interference (ISI) at approximately 1.5 UIs of delay in 
the input signal. 

8. The method of claim 7, further comprising: 
by a second one of the data FB taps: 

delaying the first output signal by approximately 2.0 
UIs; and 

multiplying the 2.0-UI-delayed first output signal by a 
second data FB coefficient derived from the first 
boundary FB coefficient and a second boundary FB 
coefficient; and by a second one of the boundary FB 
taps: 

delaying the first output signal by approximately 2.5 
UIs; and 

multiplying the 2.5-UI-delayed first output signal by the 
second boundary FB coefficient, the second boundary 
FB coefficient corresponding to residual ISI at 
approximately 2.5 UIs of delay in the input signal. 

9. The method of claim 7, further comprising: 
by ann' one of the data FB taps: 

delaying the first output signal by approximately in UIs: 
and 

multiplying then-UI-delayed first output signal by ann" 
data FB coefficient derived from an (n-1)" boundary 
FB coefficient and ann" boundary FB coefficient; and 

by ann' one of the boundary FB taps: 
delaying the first output signal by approximately n+0.5 

UIs; and 
multiplying the (n+0.5)-UI-delayed first output signal 
by the n' boundary FB coefficient, the n' boundary 
FB coefficient corresponding to residual ISI at 
approximately n+0.5 UIs of delay in the input signal. 

10. The method of claim 7, wherein the first data FB coef 
ficient is derived from the first boundary FB coefficient at 
least in part by scaling the first boundary FB coefficient by a 
predetermined value. 
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11. The method of claim 7, further comprising, by a con 
troller: 

receiving the first output signal of the first decision circuit 
and a second output signal of the second decision circuit; 
and 

producing the data and boundary FB coefficients based on 
the first and second output signals, the second output 
signal comprising boundary values recovered by the 
second decision circuit from the input signal. 

12. The method of claim 7, further comprising: 
by a clock and data recovery (CDR) circuit: 

receiving the first output signal of the first decision cir 
cuit and a second output signal of the second decision 
circuit, the second output signal comprising boundary 
values recovered by the second decision circuit from 
the input signal; 

detecting phase error in the input signal based on the first 
and second output signals; and 

producing data clock (DCLK) and boundary clock 
(BCLK) signals based on the phase error; 

by the first decision circuit, recovering data values from the 
input signal based on the DCLK signal and a first feed 
back signal from the one or more data FB taps; and 

by the second decision circuit, recovering boundary values 
from the input signal based on the BCLK signal and a 
second feedback signal from the one or more boundary 
FB taps. 

13. A system comprising: 
means for: 

delaying by approximately 1.0 unit intervals (UIs) a first 
output signal of a first decision circuit in a first one of 
one or more data feedback (FB) taps in a data decision 
feedback equalizer (DFE), the first output signal com 
prising data values recovered by the first decision 
circuit from an input signal from a receiver, and 

multiplying the 1.0-UI-delayed first output signal by a 
first data FB coefficient derived from a first boundary 
FB coefficient; and 

means for: 
delaying the first output signal by approximately 1.5 

UIs; and 
multiplying the 1.5-UI-delayed first output signal by the 

first boundary FB coefficient, the first boundary FB 
coefficient corresponding to residual intersymbol 
interference (ISI) at approximately 1.5 UIs of delay in 
the input signal. 

14. The system of claim 13, further comprising: 
means for: 

delaying the first output signal by approximately 2.0 
UIs; and 

multiplying the 2.0-UI-delayed first output signal by a 
second data FB coefficient derived from the first 
boundary FB coefficient and a second boundary FB 
coefficient; and 
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means for: 
delaying the first output signal by approximately 2.5 

UIs; and 
multiplying the 2.5-UI-delayed first output signal by the 

second boundary FB coefficient, the second boundary 
FB coefficient corresponding to residual ISI at 
approximately 2.5 UIs of delay in the input signal. 

15. The system of claim 13, further comprising: 
means for: 

delaying the first output signal by approximately in UIs: 
and 

multiplying then-UI-delayed first output signal by ann" 
data FB coefficient derived from an (n-1)" boundary 
FB coefficient and ann" boundary FB coefficient; and 

means for: 
delaying the first output signal by approximately n+0.5 

UIs; and 
multiplying the (n+0.5)-UI-delayed first output signal 
by the n' boundary FB coefficient, the n' boundary 
FB coefficient corresponding to residual ISI at 
approximately n+0.5 UIs of delay in the input signal. 

16. The system of claim 13, wherein the first data FB 
coefficient is derived from the first boundary FB coefficient at 
least in part by scaling the first boundary FB coefficient by a 
predetermined value. 

17. The system of claim 13, further comprising means for: 
receiving the first output signal of the first decision circuit 

and a second output signal of the second decision circuit; 
and 

producing the data and boundary FB coefficients based on 
the first and second output signals, the second output 
signal comprising boundary values recovered by the 
second decision circuit from the input signal. 

18. The system of claim 13, further comprising: 
means for: 

receiving the first output signal of the first decision cir 
cuit and a second output signal of the second decision 
circuit, the second output signal comprising boundary 
values recovered by the second decision circuit from 
the input signal; 

detecting phase error in the input signal based on the first 
and second output signals; and 

producing data clock (DCLK) and boundary clock 
(BCLK) signals based on the phase error; 

means for recovering data values from the input signal 
based on the DCLK signal and a first feedback signal 
from the one or more data FB taps; and 

means for recovering boundary values from the input sig 
nal based on the BCLK signal and a second feedback 
signal from one or more boundary FB taps in a boundary 
DFE. 


