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FEED FORWARD EQUALIZER

BACKGROUND

[0001] Adaptive equalization techniques may be used in a data transceiver to compensate
for amplitude and phase distortions introduced by a transmission channel. As data
transmission rates increase to 10 Gigabits Per Second (Gbps) and beyond, the complexity
and power requirements for an adaptive equalizer may increase as well. Consequently,

there may be a need for improved adaptive equalization techniques in a device or network.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] FIG. 1 illustrates a block diagram of a communication system 100.
[0003] FIG. 2 illustrates a block diagram of a transceiver 200.

[0004] FIG. 3 illustrates a block diagram of a feed-forward equalizer 300.

DETAILED DESCRIPTION

[0005] FIG. 1 illustrates a block diagram of a system 100. System 100 may comprise, for
example, a communication system having multiple nodes. A node may éomprise any
physical or logicél entity having a unique address in system 100. Examples of a node may
include, but are not necessarily limited to, a computer, server, workstation, laptop, ultra-
laptop, handheld computer, telephone, cellular telephone, personal digital assistant (PDA),
router, switch, bridge, hub, gateway, private branch exchange (PBX), and so forth. The

unique address may comprise, for example, a network address such as an Internet Protocol
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(IP) address, a device address such as a Media Access Control (MAC) address, and so
forth. The embodiments are not limited in this context.

[0006] The nodes of system 100 may be connected by one or more types of
communications media and input/output (I/O) adapters. The communications media may
comprise any media capable of carrying information signals. Examples of
communications media may include printed circuit boards (PCB), back-planes,
semiconductor material, twisted-pair wire, co-axial cable, fiber optics, and so forth. An
information signal may refer to a signal which has been coded with information. The I/O
adapters may be arranged to operate with any suitable technique for controlling
information signals between nodes using a desired set of communications protocols,
services or operating procedures. The I/O adapters may also include the appropriate
physical connectors to connect the I/O adapters with a corresponding communications
media. Examples of an I/O adapter may include a network interface, a network interface
card (NIC), disc contrqllers, video controllers, audio controllers, and so forth. The
embodiments are not limited in this context.

[0007] The nodes of system 100 may be configured to communicate different types of
information, such as media information and control information. Media information may
refer to any digital (binary) data representing content meant for a user, such as voice
information, video information, audio information, text information, alphanumeric
symbols, graphics, images, and so forth. Control information may refer to any data
representing commands, instructions or control words meant for an automated system.
For example, control information may be used to route media information through a
system, or instruct a node to process the media information in a predetermined manner.
[0008] The nodes of system 100 may communicate media and control information in

accordance with one or more protocols. A protocol may comprise a set of predefined rules
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or instructions to control how the nodes communicate information between each other.
The protocol may be defined by one or more protocol standards as promulgated by a
standards organization, such as the Internet Engineering Task Force (IETF), International
Telecommunications Union (ITU), the Institute of Electrical and Electronics Engineers
(IEEE), and so forth. For example, system 100 may operate in accordance with one or
more Ethernet profocols as defined by the IEEE.

[0009] Referring again to FIG. 1, system 100 may comprise nodes 102 and 104. Nodes
102 and 104 may represent any number of different communication devices as previously
described. Nodes 102 and/or 104 may be arranged to communicate information over a
wired communications media via an I/O adapter, such as a Gigabit Ethernet NIC. For
example, nodes 102 and/of 104 may be implemented using the Intel® PRO/1000 MT
Gigabit Ethernet Desktop Adapter made by Intel Corporation, although the embodiments
are not limited in this context. It is worthy to note that although FIG. 1 is shown with a
limited number of nodes in a certain topology, it may be appreciated that system 100 may
include more or less nodes in any type of topology as desired for a given implementation.
The embodiments are not limited in this context.

[0010] In one embodiment, nodes 102 and 104 may each include a data
transmitter/receiver (“transceiver”) 106. Transceiver 106 may communicate media and
control information for its réspective node. Transceiver 106 may have various elements,
including one or more elements arranged to iﬁplement an adaptive equalization technique.
[0011] An adaptive equalization technique may be used by transceiver 106 to compensate
for amplitude and phase distortions to a communication signal introduced by the
communication channel. A channel is a time-varying channel with a typically long time
constant compared to the symbol period. The ch:clnnel may be viewed as quasi-static, with

a relatively constant impulse response. Equalizers are also used to recover timing from the
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distorted signal so that the local recei'ver clock and the remote transmitter clock are
synchronous. At start-up or after interruptions, the local receiver clock and the remote
transmitter clock are asynchronous. If the timing is not recovered, the transmitted signal
can be lost or additional incorrect signals can be added. If the receiver clock is slower
than the transmitter clock, after a long enough period of time, one sample of the received
signal will be lost. On the other hand, if the local feceiver clock is faster than the remote
transmitter clock, after a long enough period of time, an extra sample of the receiver signal
will be obtained. Equalizers have been implemented to recover received timing and data
in many communication systems.

[0012] Further, the equalizers may have to be adaptive to compensate continuously for
time-varying characteristics of the channel. A data transceiver often uses an adaptive
algorithm to correct errors that occur in subsequent information bits. The adaptive
algorithm is generally implemented by adaptive filters in the data transceiver.

[0013] In one embodiment, for example, transceiver 106 may include an adaptive filter or
equalizer, such as a feed-forward filter (FFF) or feed-forward equalizer (FFE) (collectively
referred to hereinafter as an “FFE”). More particularly, the adaptive equalizer may
comprise a least mean square (LMS) adaptive tapped delay-line FFE. An FFE may be
utilized in the front-end of the receiver path for a communication system arranged to use,
for example, a non-return to zero (NRZ) binary modulation format, typically at operating
speeds of approximately 10 Gbps or higher. The FFE may operate using the electrical
baseband frequency spectrum covering direct current (DC) to approximately 10 Gigahertz
(GHz), for example. Transceiver 106 in general, and a FFE suitable for use with
transceiver 106 in particular, may be described in more detail with reference to FIGS. 2

and 3.
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[0014] FIG. 2 illustrates a partial block diagram of a transceiver 200. Transceiver 200
may be representative of, for example, transceiver 106 of nodes 102 and/or 104 as
described with reference to FIG. 1. As shown in FIG. 2, transceiver 200 may comprise
multiple elements, such as transmitter 208 having a transmitter filter 206, and a receiver
210 having an automatic gain controller (AGC) 214, FFE 216, a slicer 220, a decision
feedback equélizer (DFE) 222, and an error signal generator (ESG) 224. Some elements
may be implementéd using, for example, one or more circuits, components, registers,
processors, software subroutines, or any combination thereof. Although FIG. 2 shows a
limited number of elements, it can be appreciated that more or less elements may be used
in transceiver 200 as desired for a given implementation. The embodiments are not
limited in this context.

[0015] In one embodiment, transceiver 200 may communicate media and control
infomation for nodes 102 and/or 104. On the transmit path, transmitter 208 may be
arranged to receive as input media and/or control information in the form of transmit (TX)
Data 202, and output TX signals 228. Transmitter 208 may include, among other
elements, transmitter filter 206 to shape the transmit signal spectrum. Although TX
signals 228 may include digital binary signal symbols (e.g., 0 and 1), the transmit signals
are typically treated as time continuous analog signals throughout the transmission
channel. Consequently, some embodiments may not use digital-to-analog (D/A) and
analog-to-digital (A/D) converters, although the embodiments are not necessarily limited
in this context. TX signals 228 may be sent over the communication channel to a receiver.
[0016] On the receive path, receiver 210 may be arranged to receive one or more receive
(RX) signals 230. RX signals 230 typically include distbrtions generated during
communication over the communication channel. The distortion is generally characterized

by pre-samples distortion and a post-samples distortion. Receiver 210 may use adaptive
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equalization techniques to recover received timing of the data transceiver and recover RX
signals 230 by removing the pre-sample and post-sample distortions from RX signals 230.
Receiver 210 may accomplish this using multiple adaptive filters, such as AGC 214, FFE
216, and DFE 222, for example.

[0017] It is worthy to note that although transmitter 208 and receiver 210 are described
together as a single transceiver 200, it may be appreciated that transmitter 208 and receiver
210 are not necessarily implemented at the same device. For example, transmitter 208
may be implemented as part of node 102 to transmit TX signals 228 to node 104 over a
wired communications medium. In this case, receiver 210 may be implemented as part of
node 104 to receive RX signals 230 from the wired communications medium. The
embodiments are not limited in this context.

[0018] In general operation, receiver 210 may receive RX signals 230. RX signals 230
may be sent to AGC 214. AGC 214 may optimize the received signal level, and send the
optimized signals to FFE 216. FFE 216 may receive the optimized signals from AGC 214,
and attempt to reduce pre-sample and/or post-sample distortions. DFE 222 may remove
post-sample distortions, for example. Slicer 220 may recover the received signals RX
Data 204 from FFE 216 and DFE 222. A feedback loop from DFE 222 includes a
common summation element 218. Error signals may be generated from the input and
output of slicer 220 by ESG 224. The error signals may be generated to adapt one or more
of the adaptive filters, such as AGC 214, FFE 216, and DFE 222.

[0019] In one embodiment, transceiver 200 may include FFE 216. FFE 216 may comprise
a LMS adaptive tapped delay-line FFE. In an LMS based adaptive equalizer, the error
signal may need to be correlated with the input data signal in a timely and coherent
manner. Conventional LMS based adaptive equalizers may attempt to accomplish this by

splitting the FFE into two separate blocks, with a first block to perform filtering operations
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and the second block to perform correlation operations. Each block may have separate
sets of multipliers and delay elements. The separation of the FFE may be due to the
problem of non-zero signal propagat.ion delays in the individual cells and blocks of the
physical implementations of the circuits. Splitting the filtering circuit and correlation
circuit into separate blocks, however, may increase the size and power consumption of the
FFE. In addition, the separate blocks may need additional complex circuitry to maintain
proper delay matching and timing of the correlator signals.

[0020] | One embodiment attempts to solve these and other problems using FFE 216. FFE
216 may operate as a linear time-continuous analog delay-line filter. In one embodiment,
for example, FFE 216 may comprise a correlator and a tapped filter. The tapped filter may
have multiple filter multipliers, and the correlator may have multiple correlator
multipliers. The correlator and tapped filter may share a set of delay elements. The
shared delay elements may connect to the filter multipliers and the correlator multipliers.
Each delay element may include multiple delay stages, with a first delay stage to receive
an input data signal and output a first delay signal to one of the correlator multiplier, and a
second delay stage to receive the first delay signal and output a second delay signal to one
of the filter multipliers. As a result, the correlator and tapped filter may be merged from
two blocks into a single integrated block. Consequently, the size of FFE 216 may be
reduced approximately 40%, and power requirements may be reduced by approximately
50%, as compared to conventional FFE using discrete two-block implementations. FFE
216 may be described in more detail with reference to FIG. 3.

[0021] FIG. 3 illustrates a block diagram of a FFE 300. FFE 300 may be representative
of, for example, FFE 216 of transceiver 200 as described with reference to FIG. 2. As
shown in FIG. 3, FFE 300 may comprise a correlator 302, a filter 304, and an ESG 308.

FFE 300 may integrate correlator 302 and filter 304 into a single integrated block. FFE
7
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300 rhay also reduce or eliminate the need for additional circuit elements to maintain delay
matching and timing of the correlator signals. Although FIG. 3 shows a limited number of
elements, it can be .appreciate'd that more or less elements may be used in FFE 300 as
desired for a given implementation. The embodiments are not limited in this context. |
[0022] In one embodiment, FFE 300 may include filter 304. Filter 304 may comprise, for
example, an N+1 tapped delay-line filter. Filter 304 may include N+1 analog high-speed
filter multipliers (FM) 1-N+1 (FM1-FMN+1). Filter 304 may also include a summing
element such as summation 306.

[0023] In one embodiment, FFE 300 may include ESG 308. ESG 308 may be
representative Qf ESG 224, or alternatively, may comprise a separate ESG for FFE 300.
For an analog FFE such as FFE 300, ESG 308 can be implemented using a limiter/slicer
310 and a subtraction node 312. Slicer 310 may receive a linear input signal from
summation 306. The linear input signal may comprise the unlimited and unclipped output
signal from summation 306. Slicer 310 may output a limited/sliced signal. Subtraction
node 312 may subtract the limited/sliced signal from the linear input signal to form error
signal e(?).

[0024] In one embodiment, FFE 300 may include correlator 302. Correlator 302 may
correlate an error signal e(?) from ESG 308 with an input data signal s(2) for FFE 300.
Correlator 302 may comprise, for example, N+1 analog high-speed correlator multipliers
(CM) 1-N+1 (CM1-CMN+1). In one embodiment, the number of filter multipliers should
match the number of correlator multipliers, although the embodiments are not limited in
this context. Correlator 302 may also include integrators (I) 1-N+1 (I1-IN+1). Integrators
I1-IN+1 may integrate the individual outputs of the correlator multipliers. The integration

may be used to control the coefficient settings for filter 304.
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[0025] In one embodiment, correlator 302 and filter 304 may share a set of delay elements
(D) 1-N+1 (D1-DN+1). Each delay element may be implemented using multiple delay
stages. In one embodiment, for example, delay elements D1-DN+1 may each be
implemented using two delay stages, represented as D’ and D”. The total delay (TD) for
each delay element may be the sum of the two partial delays D’ and D”. A first delay
stage (D) may be arranged to receive an input data signal s(#) and output a first delay
signal to one of correlator multipliers CM1-CMN+1. A second delay stage (D’) may be
arranged to receive the first delay signal and output a second delay signal to one of filter
multipliers FM1-FMN+1.

[0026] In one embodiment, the amount of delay for each delay element, and partial delay
stages (e.g., D’ and D”), may be set for a desired implementation. For example, in two
block implementations for an FFE, the matching input delay at the correlator is typically
adjusted to match the delay A — B, which corresponds to an amount of delay through one
filter multiplier and the error signal generator. In one embodiment, for example, delay
elements D1-DN+1 rhay each be set to provide an amount of delay suitable for CM1-
CMN+1 and FM1-FMN+1. This may be accomplished by setting a first delay stage D” to
output a first delay signal having an amount of delay matching the delay A — B, and
sending the first delay signal to a corresponding correlator multiplier from CM1-CMN+1.
The second delay stage D’ may be set to output a second delay signal having an amount of
delay suitable for a given filter multiplier, and sending the second delay signal to a
corresponding filter multiplier from FM1-FMN+1. It may be appreciated that the TD for
each delay element, and the partial delays for each delay stage D’ and D”, may be set to
any appropriate amount of delay for a given implementation. The embodiments are not

limited in this context.
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[0027] The second delay may be larger, equal or smaller than the first delay. It is the sum
of the first delay and second delay that makes up the total delay of the unit-cell delay
element. The total delay would normally be designed to be approximately T/2, where T
is the bit period. So, the second delay is designed to match the difference between T/2 and
the first delay. This may also be referred to as a fractionally spaced, tapped delay line
filter. |

[0028] In general operation, FFE 330 may receive an input data signal s(?) and output an
equalized signal o(?). Correlator 302 correlates error signal e(?) from ESG 308 with input
data signal s(¢). Correlator 302 may receive error signal e(?) from ESG 308. Each
correlator multiplier may receive as input the first delay signal from a delay stage D” and
the error signal e(?) from ESG 308. Each correlator multiplier may output a correlator
multiplier signal to a corresponding integrator INT1-INTN+1. INT1-INTN+1 may
integrate each of the correlator multiplier signals individually, and output a corresponding
correlated signal. The correlated signal may be sent to its respective coefficients C0-CN
within filter 304.

[0029] Filter 304 may receive input data signal s(¢). Each filter multiplier may receive as
input the second delay signal from a delay stage D’ and a correlation signal coefficient
from integrators 310 of correlator 302. Each filter multiplier may output a scaled signal.
The scaled signals from each filter multiplier may be received by summation 306.
Summation 306 may combine the scaled signals into a common load comprising a
summation point, and output a summed filter signal or equalized signal o(?). It is the
summation of the individually scaled and delayed signals that performs the actual filtering
characteristics of FFE 300 by constructive and destructive interference.

[0030] Numerous specific details have been set forth herein to provide a thorough

understanding of the embodiments. It will be understood by those skilled in the art,
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however, that the embodiments may be practiced without these specific details. In other
instances, well-known operations, components and circuits have not been described in
detail so as not to obscure the embodiments. It can be appreciated that the specific
structural and functional details disclosed herein may be representative and do not
necessarily limit the scope of the embodiments.

[0031] It is also worthy to note that any refefence to “one embodiment” or “an
embodiment” means that a particular feature, structure, or characteristic described in
connection with the embodiment is included ‘in at least one embodiment. The appearances
of the phrase “in one embodiment” in various places in the specification are not |
necessarily all referring to the same embodiment.

[0032] Some embodiments may be implemented using an architecture that may vary in
accordance with any number of factors, such as desired computational rate, power levels,
heat tolerances, input data rates, output data rates, and other performance constraints. For
example, an embodiment may be implemented as dedicated hardware, such as a circuit, an
application specific integrated circuit (ASIC), Programmable Logic Device (PLD) or
digital signal processor (DSP), and so forth. In yet another example, an embodiment may
be implemented by a combination of programmed general-purpose computer components
and custom hardware components. The embodiments are not limited in this context.
[0033] Some embodiments may be described using the expression "coupled" and
"connected" along with their derivatives. It should be understood that these terms are not
intended as synonyms for each other. For example, some embodiments may be described
using the term “connected” to indicate that two or more elements are in direct physical or
electrical contact with each other. In another example, some embodiments may be
described using the term "coupled" to indicate that two or more elements are in direct

physical or electrical contact. The term "coupled,” however, may also mean that two or
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more elements are not in direct contact with each other, but yet still co-operate or interact
with each other. The embodiments are not limited in this context.

[0034] While certain features of the embodiments have been illustrated as described
herein, many modifications, substitutions, changes and equivalents will now occur to those
skilled in the art. It is therefore to be understood that the appended claims are intended to

cover all such modifications and changes as fall within the true spirit of the embodiments.
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CLAIMS

1. An equalizer, comprising:

a tapped filter having multiple filter multipliers;

a correlator having multiple correlator multipliers; and
a set of shared delay elements to connect to said filter multipliers and said correlator
multipliers, with each delay element to include multiple delay stages, with a first delay
stage to receive an input data signal and output a first delay signal to one of said correlator
multipliers, and a second delay stége to receive said first delay signal and output a second

delay signal to one of said filter multipliers.

2. The equalizer of claim 1, wherein said first delay signal has a first amount of delay

that corresponds to an amount of delay through a multiplier and an error signal generator.

3. The equalizer of claim 2, wherein said second delay signal has a second amount of
delay that corresponds to a difference between a total delay for a delay element and said

first amount of delay.
4. The equalizer of claim 1, wherein said multipliers are analog multipliers.

5. The equalizer of claim 1, wherein said correlator further comprises an integrator,
with each correlator multiplier to receive as input said first delay signal and an error
signal, and output a correlator multiplier signal, said integrator to receive and integrate

said correlator multiplier signal, and output a correlated signal.

13
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6. The equalizer of claim 1, wherein said tapped filter comprises a summing element,
with each filter multiplier to receive as input said second delay signal and a correlated
signal, and output a scaled signal, said summing element to receive said scaled signals and
combine said scaled signals into a common load comprising a summation point, and

5  output a summed filter signal.

7. The equalizer of claim 1, further comprising an error signal generator, said error
signal generator to receive a summed filter signal and output an error signal to said
correlator.
10
8. A system, comprising:
a communication medium;
a transceiver to connect to said communications medium, said transceiver to
include a feed-forward equalizer to receive an input data signal and output an equalized
15  signal, said feed-forward equalizer to comprise:
a tapped filter having multiple filter multipliers;
a correlator having multiple correlator multipliers; and
a set of shared delay elements to connect to said filter multipliers and said
correlator multipliers, with each delay element to include multiple delay stages,
20 with a first delay stage to receive said input data signal and output a first delay
signal to one of said correlator multipliers, and a second delay stage to receive said

first delay signal and output a second delay signal to one of said filter multipliers.

9. The system of claim 8, wherein said first delay signal has a first amount of delay

25  that corresponds to an amount of delay through a multiplier and an error signal generator.
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10.  The system of claim 9, wherein said second delay signal has a second amount of
delay that corresponds to a difference between a total delay for a delay element and said

first amount of delay.
11.  The system of claim 8, wherein said multipliers are analog multipliers.

12.  The system of claim 8, wherein said correlator further comprises an integrator,
with each correlator multiplier to receive as input said first delay signal and an error
signal, and output a correlator multiplier signal, said integrator to receive and integrate

said correlator multiplier signal, and output a correlated signal.

13. The system of claim 8, wherein said tapped filter comprises a summing element,
with each filter multiplier to receive as input said second delay signal and a correlated
signal, and output a scaled signal, said summing element to receive said scaled signals and
combine said scaled signals into a common load comprising a summation point, and

output a summed filter signal.

14.  The system of claim 8, further comprising an error signal generator, said error
signal generator to receive a summed filter signal and output an error signal to said

correlator.

15.  An apparatus, comprising:
a filter having a first set of multipliers to connect to a corresponding delay element

from a set of delay elements, with each delay element to receive as input a data signal;

15
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a correlator having a second set of multipliers to connect to a corresponding delay
element from said set of delay elements; and
wherein each delay element includes a first delay stage to output said data signal with a
first amount of delay and a second delay stage to output said data signal with a second
amount of delay, each multiplier of said second set of multipliers to receive as input a data
signal with said first amount of delay, and each multiplier of said first set of multipliers to

receive as input a data signal with said second amount of delay.

16.  The apparatus of claim 15, wherein said first amount of delay corresponds to an

amount of delay through one multiplier and an error signal generator.

17.  The apparatus of claim 15, wherein said second amount of delay corresponds to a

difference between a total delay for a delay element and said first amount of delay.

18.  The apparatus of claim 15, wherein said multipliers are analog multipliers.

19.  The apparatus of claim 15, wherein said filter receives a gain signal from an

automatic gain control element, and outputs an equalized signal.
20.  The apparatus of claim 15, wherein said filter receives a gain signal from an

automatic gain control element, equalizes said gain signal and reduces pre-sample

distortion, and outputs an equalized signal.
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21.  The apparatus of claim 15, further comprising an error signal generator, said error
signal generator to receive a summed filter signal and output an error signal to said

correlator.

17
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