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MULTI-LEVEL AMPLITUDE SIGNALING
RECEIVER

BACKGROUND

[0001] 1. Technical Field
[0002] The present invention relates generally to data com-
munications. More particularly, the present invention relates
to circuitry for high-speed data links.
[0003] 2. Description of the Background Art
[0004] High-speed data links are used to communicate data
between devices in a system. Serial interface protocols have
been developedat increasingly fast data rates for such high-
speed links. Currently, the data signal for most high-speed
serial links use just two voltage levels (amplitudes) to convey
information: a high level and a low level. The high level may
be interpreted as a logical one, and the low level may be
interpreted as a logical zero. Such signaling is sometimes
referred to as “non-return-to-zero” (NRZ) data signaling. In
NRZsignaling, one symbol provides one bit of information
within one unit interval (UI).
[0005] Instead of using just two levels, multi-level ampli-
tude signaling uses several (at least three) distinct voltage
levels. Such multi-level amplitude signaling, which is some-
times referred to as pulse amplitude modulation (PAM)sig-
naling, communicates more than one bit of information per
symbol. Hence, for the same symbol rate, PAM signaling
provides a higher effective data rate than NRZ signaling.
[0006] Unfortunately, transceiver complexity generally
increases if, instead of NRZ signaling, PAM signaling is
implemented. For example, a high-speed analog-to-digital
converter (ADC)circuit is typically implementedatthe front
end of the receiverto digitize the PAM signal. However, such
a high-speed ADCcircuit generally requiresa relatively large
area to implementand typically consumesa large amount of
power.

SUMMARY

[0007] One embodiment relates to a receiver circuit for
multi-level amplitude signaling which includesat least three
amplitude levels for each symbol period. The receiver circuit
includes a peak detector, a reference voltage generator, and a
comparator circuit. The peak detector is arranged to detect a
peak voltage of the multi-level amplitude signal, and the
reference voltage generator uses the peak voltage to generate
multiple reference voltages. The comparatorcircuit uses the
multiple reference voltages to detect an amplitude levelofthe
multi-level amplitude signal.
[0008] Another embodimentrelates to a method ofreceiv-
ing a multi-level amplitude signal which includes at least
three amplitude levels for each symbolperiod. A peak voltage
of the multi-level amplitude signal is detected, and multiple
reference voltages which depend on the peak voltage are
generated. The multi-level amplitude signal is compared
againstthe plurality of reference voltages to detect an ampli-
tudelevel.

[0009] Another embodimentrelates to an integrated circuit
which includes a pulse amplitude modulation receiver. The
receiver includesat least a peak detector, a reference voltage
generator, and a comparator circuit The peak detector is
arranged to detect a peak voltage ofa transmitted pulse ampli-
tude modulation signal which includesat least three ampli-
tude levels for each symbol period. The reference voltage
generator is arranged to generate a plurality of reference
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voltages which depend on the peak voltage. The comparator
circuit is arranged to compare the pulse amplitude modula-
tion signal against the plurality ofreference voltagesto detect
an amplitude level.
[0010] Other embodiments andfeatures are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a high-level diagram of a communication
link in accordance with an embodimentofthe invention.

[0012] FIG. 2 is a block diagram depicting a PAM-3 sig-
naling receiver in accordance with an embodiment ofthe
invention.

[0013] FIG. 3 depicts reference voltage generator circuit
which may be used by a receiver in accordance with an
embodimentof the invention.

[0014] FIG. 4 depicts a 2-comparator circuit which may be
used bya three-level signaling receiver in accordance with an
embodimentof the invention.

[0015] FIG. 5 shows an example PAM-3 signal and two
reference levels that may be generated and used by a receiver
circuit in accordance with an embodimentof the invention.

[0016] FIG.6 is a block diagram depicting a PAM-4 sig-
naling receiver in accordance with an embodiment ofthe
invention.

[0017] FIG. 7 depicts a three-comparator circuit may be
used by a PAM-4 signaling receiver in accordance with an
embodimentof the invention.

[0018] FIG. 8 shows an example PAM-4 signal and three
reference levels that may be generated and used by a receiver
circuit in accordance with an embodimentof the invention.

[0019] FIG. 9 shows an example PAM-4 signal and seven
reference levels that may be used by a conventional receiver
circuit.

[0020] FIG. 10 is a block diagram of a multi-level ampli-
tude signaling transmitter in accordance with an embodiment
of the invention.

[0021] FIG. 11A isa flow chart ofa methodoftransmitting
a multi-level amplitude signal in accordance with an embodi-
mentof the invention.

[0022] FIG. 11B is a flow chart of a methodofreceiving a
multi-level amplitude signal in accordance with an embodi-
mentof the invention.

[0023] FIG. 12 is a simplified partial block diagram of a
field programmable gate array that may be arranged or con-
figured to include one or moreofthe circuits disclosed herein
in accordance with an embodimentof the invention.

[0024] FIG. 13 is a block diagram of an exemplary digital
system that may employa multi-level signaling data link in
accordance with an embodimentof the invention.

DETAILED DESCRIPTION

[0025] The present disclosure provides an innovative
receiver architecture for PAM signaling that substantially
reduces the receiver complexity. In accordance with an
embodimentof the invention, the receiver architecture auto-
matically aligns a numberofslicing voltage levels to mini-
mize the numberof required samplers.
[0026] FIG. 1 is a high-level diagram of a communication
link 100 in accordance with an embodimentof the invention.

As shown in FIG. 1, a communication link 100 is generally
composed ofa transmitter (TX) 120, a receiver (RX) 140, and
a communication channel 130 that is used to communicate
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signals between the transmitter and the receiver. The channel
130 may include one or morelanes.
[0027] As relevant to the present disclosure, the communi-
cation link 100 may utilize multi-level signaling to increase
the effective data rate of the link 100. Such multi-level sig-
naling uses three or more voltage levels to communicate
information.

[0028] In PAM signaling, information is encoded in the
amplitude of a series of signal pulses. PAM-M signaling
refers to PAM signaling where the amplitude of each signal
pulse may be at one of M voltage levels. For example, in
PAM-3signaling, the amplitude of each signal pulse may be
at one of three voltage levels, such as, for instance: -3 volts;
0 volts; or +3 volts. As another example, in PAM-4signaling,
the amplitude of each signal pulse may be at one of four
voltage levels, such as, for instance: -3 volts; -1 volt; +1 volt;
or +3 volts. NRZ signaling is essentially PAM-2 signaling.
Note that, while embodiments involving PAM-3 and PAM-4
signaling are described in detail below, the receiver architec-
ture disclosed herein may be applied in general to PAM-M
signaling, where M is three or more.
[0029] FIG. 2 is a block diagram depicting a PAM-3 sig-
naling receiver 200 in accordance with an embodimentofthe
invention. As shown, the receiver 200 mayincludea receiver
buffer (RX Buffer) 201, an equalizer and automatic gain
control (EQ+AGC)circuit 202, a peak detector 204, a voltage
reference generator (Vref generator) 206, a 2-comparator
circuit 208, a decoder 210, and a deserializer 212.
[0030] The RX Buffer 201 may be arranged to receive a
PAM-3 signal which has been transmitted over a communi-
cation channel 130 and to output a buffered PAM-3 signal
(RX]). The RXI signal may be input into the EQ+AGCcircuit
202. After equalizing and adjusting the gain ofthe signal, the
EQ+AGC circuit 202 may output an equalized and gain-
adjusted PAM-3 signal (the RXOsignal).
[0031] The RXO signal may be input to both the peak
detector 204 and the 2-Comparator circuit 208. The peak
detector 204 may be arranged to output a peak voltage (Vp)
signal which correspondsto a peak voltage ofthe RXOsignal.
The peak detector 204 may be implemented, for example,
using on-chip signal quality monitoring circuitry which may
be referred to as EYE Monitor circuitry. As shown, the Vp
signal may be output to both the Vref generator 206 and the
EQ+AGCcircuit 202. The EQ+AGCcircuit 202 may use the
Vp signal in its adjustment of the signal gain.
[0032] The Vref generator 206 maybe arranged to utilize
the Vp signal to generate multiple reference voltage levels. In
this case, two reference voltage levels may be generated by
the Vref generator 206. One embodimentofthe Vref genera-
tor 206 is described below inrelation to FIG.3.

[0033] The 2-comparator circuit 208 may be arranged to
use the reference voltage levels from the Vref generator 206
as slicing levels for the PAM-3 signal. A two-bit signal that
indicates the comparison results may be output from the
2-comparator circuit 208. One embodiment of the 2-com-
parator circuit 208 is described below in relation to FIG. 4.
[0034] The 2-bit signal from the 2-comparatorcircuit 208
may be received by the decoder 210. The decoder 210 may be
arranged to decode the 2-bit signal so as to re-generate the
serial binary data signal from the transmitter. The serial
binary data signal may bereceived by the deserializer 212.
The deserializer 212 may be arranged to convert the serial
binary data signal to parallel binary data signals (shown as
Data[N:0]).
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[0035] In contrast to a conventional PAM signaling
receiver, the receiver 200 in FIG. 2 does not include an ADC
circuit at the front end. Instead, two slicing voltage levels are
automatically generated using the peak detector 204 and the
Vref generator 206, and the 2-comparator circuit 208 and the
decoder 210 are used to demodulate and decodethe signal.
[0036] FIG. 3 depicts a reference voltage generator circuit
(Vref generator) 300 which may be used by a receiver in
accordance with an embodimentof the invention. The Vref

generator 300 in FIG. 3 may be used as the Vref Generator
206 for the receiver 200 in FIG. 2. As shown in FIG.3, the
Vref generator 300 may include an inverting amplifier circuit
which is formed usingafirst resistor ladder 302 having an
end-to-end resistance R,, a secondresistor ladder 304 having
an end-to-end resistance R,, and an operational amplifier
(OPA)circuit 306.
[0037] The first resistor ladder 302 may be arranged
between a peak voltage Vp input and the negative inputter-
minal of the OPA 306. The secondresistor ladder 304 may be
arranged between the negative input terminal and the output
terminal of the OPA 306. The positive input terminal of the
OPA 306 may be connected to a common mode voltage Vem.
The output terminal of the OPA 306 may provide an output
voltage signal Vo=-(R./R,) Vp+Vcem (R,+R,)/R,. IfVem is
zero volts (ground) and R,=R,, then Vo=-Vp.
[0038] Thefirst resistor ladder 302 may include multiple
resistor elements R in series, anda first (positive) reference
voltage (Vrefp) may be obtained from a node between two
adjacent resistor elements R in the ladder. The node in the
ladder which outputs Vrefp may be programmably selected
during configuration of the receiver. In this case, due to the
negative terminal of the OPA 306 being effectively driven to
Vem, the voltage level for Vrefp may be programmably
selected to be a voltage level ina range between Vp and Vem.
[0039] Similarly, the second resistor ladder 304 may also
include multiple resistor elements R in series, and a second
(negative) reference voltage (Vrefn) may be obtained from a
node between two adjacent resistor elements R in the ladder.
The node in the ladder which outputs Vrefn may be program-
mably selected during configuration of the receiver. In this
case, due to the negative terminal of the OPA 306 being
effectively driven to Vem, the voltage level for Vrefn may be
programmably selected to be a voltage level in a range
between Vem and Vo.

[0040] While the exampleresistor ladders shownin FIG.3
each havefive resistor elements, the numberofresistor ele-
ments may be any number. For example, a larger number of
resistor elements may be included in a resistor ladder to
increase the granularity at which a reference voltage may be
programmably selected. Furthermore, the resistance of the
resistor elements R in a ladder may be the same, or may vary,
depending on the implementation.
[0041] FIG. 4 depicts a 2-comparator circuit 400 which
may be usedbya three-level signaling receiver in accordance
with an embodimentof the invention. The 2-comparatorcir-
cuit 400 in FIG. 4 may be used as the 2-comparatorcircuit 208
for the receiver 200 in FIG.2.

[0042] A first comparator 402 maybe arranged to compare
each symbol in the RXO signal (the equalized and gain-
adjusted PAM-3 signal from the EQ+ADC circuit 202)
against the Vrefn signal (the negative reference voltage from
the Vref generator 206). The output of the first comparator
402 maybeafirst code bit signal B<0> which dependson the
result of the comparison. For example, B<0> may be high
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(logical one) if RXO is higher than Vrefat the time of the
comparison and may be low (logical zero) if RXO is lower
than Vrefn at the time of the comparison.
[0043] A second comparator 404 maybe arranged to com-
pare each symbolin the RXOsignal against the Vrefp signal
(the positive reference voltage from the Vref generator 206).
The output of the second comparator 404 may be a second
code bit signal B<1> which depends on the result of the
comparison. For example, B<1> maybe high (logical one) if
RXOis higher than Vrefp at the time of the comparison and
may be low (logical zero) if RXO is lower than Vrefp at the
time of the comparison.
[0044] Thetwo-bitcode signal (including B<0> and B<1>)
indicates an amplitude level for each symbol in the PAM-3
signal. For example, if B<0> and B<1> are both low, then the
amplitude maybeindicated to be at a low level. If B<0> and
B<1>are both high, then the amplitude maybe indicatedto be
at a high level. Finally, if B<0> is high and B<1> is low, then
the amplitude maybeindicated to be at a middle level.
[0045] FIG. 5 shows an example PAM-3 signal (RXO) and
tworeference levels (Vrefn and Vrefp) that may be generated
and used by a receiver circuit in accordance with an embodi-
ment ofthe invention. As seen, the RXO signal maytransition
between three amplitude levels: a low level below Vrefn; a
high level above Vrefp; and a middle level betweenVrefn and
Vrefp.
[0046] FIG. 6 is a block diagram depicting a PAM-4 sig-
naling receiver in accordance with an embodiment of the
invention. As shown,the receiver 600 may include a receiver
buffer (RX Buffer) 601, an equalizer and automatic gain
control (EQ+AGC)circuit 602, a peak detector 604, a voltage
reference generator (Vref generator) 606, a 3-comparator
circuit 608, a decoder 610, and a deserializer 612.

[0047] The RX Buffer 601 may be arranged to receive a
PAM-4 signal which has been transmitted over a communi-
cation channel 130 and to output a buffered PAM-4 signal
(RX]). The RXI signal may be input into the EQ+AGCcircuit
602. After equalizing and adjusting the gain ofthe signal, the
EQ+AGC circuit 602 may output an equalized and gain-
adjusted PAM-4 signal (the RXOsignal).
[0048] The RXO signal may be input to both the peak
detector 604 and the 3-Comparator circuit 608. The peak
detector 604 may be arranged to output a peak voltage (Vp)
signal which correspondsto a peak voltage ofthe RXOsignal.
The peak detector 604 may be implemented, for example,
using EYE Monitor circuitry. As shown, the Vp signal may be
output to both the Vref generator 606 and the EQ+AGC
circuit 602. The EQ+AGCcircuit 602 may use the Vp signal
in its adjustmentof the signal gain.
[0049] The Vref generator 606 may be arranged to utilize
the Vp signal to generate multiple reference voltage levels. In
this case, two reference voltage levels may be generated by
the Vref generator 606. One embodimentofthe Vref genera-
tor 606 is described abovein relation to FIG.3.

[0050] The 3-comparator circuit 608 may be arranged to
use the two reference voltage levels from the Vref generator
606 and the common mode voltage level (Vem)asslicing
levels for the PAM-4 signal. A three-bit signal that indicates
the comparison results may be output from the 3-comparator
circuit 608. One embodimentofthe 3-comparatorcircuit 608
is described below in relation to FIG. 7.

[0051] The 3-bit signal from the 3-comparatorcircuit 608
may be received by the decoder 610. The decoder 610 may be
arranged to decode the 3-bit signal so as to re-generate the
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serial binary data signal from the transmitter. The serial
binary data signal may bereceived by the deserializer 612.
The deserializer 612 may be arranged to convert the serial
binary data signal to parallel binary data signals (shown as
Data[N:0]).
[0052] In contrast to a conventional PAM signaling
receiver, the receiver 600 in FIG. 6 does not include an ADC
circuit at the front end. Instead,three slicing voltage levels are
automatically generated using the peak detector 604 and the
Vref generator 606, and the 3-comparatorcircuit 608 and the
decoder 610 are used to demodulate and decode the signal.
[0053] FIG. 7 depicts a 3-comparator circuit 700 which
may be used by a PAM-4 receiver in accordance with an
embodimentofthe invention. The 3-comparatorcircuit 700 in
FIG. 7 may be used as the 3-comparator circuit 608 for the
receiver 600 in FIG.6.

[0054] A first comparator 702 may be arranged to compare
each symbol in the RXO signal (the equalized and gain-
adjusted PAM-4 signal from the EQ+ADC circuit 602)
against the Vrefn signal (the negative reference voltage from
the Vref generator 606). The output of the first comparator
702 maybeafirst code bit signal B<0> which dependson the
result of the comparison. For example, B<0> may be high
(logical one) if RXO is higher than Vrefn at the time of the
comparison and may be low (logical zero) if RXO is lower
than Vrefn at the time of the comparison.
[0055] A second comparator 704 may be arranged to com-
pare each symbolin the RXOsignal against the Vem signal
(the common mode voltage). The output of the second com-
parator 704 may be a second code bit signal B<1> which
dependsonthe result of the comparison. For example, B<1>
may be high (logical one) if RXO is higher than Vcm at the
time of the comparison and maybe low (logical zero) ifRXO
is lower than Vcm at the time of the comparison.
[0056] A third comparator 706 maybe arranged to compare
each symbol in the RXO signal against the Vrefp signal (the
positive reference voltage from the Vref generator 606). The
output of the third comparator 704 may be a third codebit
signal B<2> which dependson the result of the comparison.
For example, B<2> may be high (logical one) if RXO is
higher than Vrefp at the time of the comparison and may be
low (logical zero) ifRXO is lower thanVrefp at the time ofthe
comparison.
[0057] The three-bit code signal (including B<0>, B<1>,
and B<2>) indicates an amplitudelevel for each symbolin the
PAM-4 signal. For example, if B<0> is low, then the ampli-
tude maybeindicatedto be at a lowestlevel, while if B<2> is
high, then the amplitude may be indicated to be at a highest
level. Else, if B<0> is high and B<2>is low, then the ampli-
tude maybeindicated to be at a second lowestlevel if B<1>
is low and maybeindicated to be at a second highestlevel if
B<1>is high.
[0058] FIG. 8 shows an example PAM-4 signal and three
reference levels that may be generated and used by a receiver
circuit in accordance with an embodimentofthe invention. As

seen, the RXO signal maytransition between four amplitude
levels: a lowest level below Vrefn; a second lowest level
above Vrefn and below Vem; a second highest level above
Vem and below Vrefp; and a highest level above Vrefp.
Advantageously, the automatic alignment of the reference
levels to slice the PAM-4 signal allows for a minimal number
of comparators to be used.
[0059] Incontrast, FIG. 9 shows an example PAM-4signal
and seven reference levels (comp1 through comp7) that may
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be used by a conventionalreceivercircuit. For a conventional
receiver, the reference levels are not automatically aligned to
slice the PAM-4 signal. As such, a greater number of com-
parators are needed to ensure that the reference levels can
accurately distinguish between the different levels of the
PAM-4 signal.
[0060] Inaccordance with an embodimentofthe invention,
FIG. 10 is a block diagram of a multi-level amplitudesignal-
ing transmitter 1000, while FIG. 11A showsa flow chart of a
method of transmitting a multi-level amplitude signal. As
shownin FIG. 10, the transmitter 1000 may include a serial-
izer 1002, acoder 1004, and a driver 1006. The serializer 1002
receives parallel data signals (DATA[N:0]) to be transmitted
over a communication channel 130 to a receiver 140. The

serializer 1002 serializes 1102 the parallel data signal to
generate a serial data signal which is outputto the coder 1004.
The coder 1004 may be arranged to encode 1104 the serial
data signalso as to generateaplurality ofcodebit signals. The
driver 1006 may be arranged to generate 1106 a multi-level
amplitude signal based on the codebit signals and transmit
1108 the multi-level amplitude signal via the communication
channel 130 to the receiver 140.

[0061] A method ofreceiving 1150 a multi-level amplitude
signal is shown in FIG. 11B in accordance with an embodi-
ment of the invention. As shown, the mutli-level amplitude
signal may bereceived, and a peak level of the signal may be
detected 1154. Using the peak level of the multi-level ampli-
tude signal, a plurality of reference levels may be generated
1156.

[0062] Inaccordance with an embodimentofthe invention,
the reference levels may be generated 1156 in a manner such
that they are automatically aligned. The alignmentis such that
the multi-level amplitude signal maybesliced in a robust way
into distinct levels. The alignment may be achieved automati-
cally by the detection of the peak voltage and by using a
reference voltage generator which has been previously pro-
grammedto generate slicing voltages that are appropriate for
the particular multi-level amplitude signal being received.
[0063] The multi-level amplitude signal may then be con-
verted 1158to a plurality of code bit signals using the refer-
ence levels, and the plurality of code bit signals may be
decoded 1160 to generate the serial data signal. Finally, the
serial data signal may be de-serialized 1162 to re-generate the
parallel data signal which was transmitted.
[0064] FIG. 12 is a simplified partial block diagram of a
field programmable gate array (FPGA) 10 that may be
arranged or configured to include one or moreofthe circuits
disclosed herein in accordance with an embodimentof the
invention. It should be understood that embodiments of the

present invention may be used in numerous types of inte-
grated circuits, including FPGAs, programmable logic
devices (PLDs), complex programmable logic devices
(CPLDs), programmable logic arrays (PLAs), digital signal
processors (DSPs) and applicationspecific integrated circuits
(ASICs).
[0065] FPGA 10 includes within its “core” a two-dimen-
sional array of programmable logic array blocks (or LABs)
12 that are interconnected by a network of column and row
interconnect conductors of varying length and speed. LABs
12 include multiple (e.g., ten) logic elements (or LEs). An LE
is a programmable logic block that provides for efficient
implementation ofuser defined logic functions. An FPGA has
numerouslogic elements that can be configured to implement
various combinatorial and sequential functions. The logic
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elements have access to a programmable interconnect struc-
ture. The programmable interconnect structure can be pro-
grammed to interconnect the logic elements in almost any
desired configuration.
[0066] FPGA 10 mayalso include a distributed memory
structure including random access memory (RAM)blocks of
varying sizes provided throughout the array. The RAM blocks
include, for example, blocks 14, blocks 16, and block 18.
These memory blocks can also include shift registers and
FIFO buffers. FPGA 10 may further include digital signal
processing (DSP) blocks 20 that can implement, for example,
multipliers with add or subtract features.
[0067] Input/output elements (IOEs) 22 located, in this
example, around the periphery of the chip support numerous
single-ended and differential input/output standards. Each
10E 22 is coupled to an external terminal(i.e., a pin) ofFPGA
10. A transceiver (TX/RX) channel array may be arranged as
shown, for example, with each TX/RX channelcircuit 30
being coupled to several LABs. A TX/RX channelcircuit 30
may include, among other circuitry, the receiver circuitry
described herein.

[0068] It is to be understood that FPGA 10 is described
herein for illustrative purposes only and that the present
invention can be implemented in many different types of
PLDs, FPGAs, and ASICs.
[0069] FIG. 13 is a block diagram of an exemplary digital
system 50 that may employ multi-level amplitude signaling in
accordance with an embodimentof the invention. As shown,
system 50 may include an FPGA as one of several compo-
nents.

[0070] System 50 may be, for example, a programmed
digital computer system, digital signal processing system,
specialized digital switching network, or other processing
system. System 50 may be designed for a wide variety of
applications such as telecommunications systems, automo-
tive systems, control systems, consumerelectronics, personal
computers, Internet communications and networking, and
others. Further, system 50 may be provided onasingle board,
on multiple boards, or within multiple enclosures.
[0071] As shown, system 50 includesa processing unit 52,
amemory unit 54, and an input/output (1/O) unit 56 intercon-
nected together by one or more buses. According to this
exemplary embodiment, FPGA 58 is embeddedinprocessing
unit 52. FPGA 58 may serve many different purposes within
the system 50. FPGA 58 may, for example, be a logical
building block of processing unit 52, supporting its internal
and external operations. FPGA 58 is programmedto imple-
mentthe logical functions necessary to carry on its particular
role in system operation. FPGA 58 can be specially coupled
to memory 54 through connection 60 and to I/O unit 56
through connection 62.
[0072] Processing unit 52 maydirect data to an appropriate
system component for processing or storage, execute a pro-
gram stored in memory 54, receive and transmit data via I/O
unit 56, or other similar function. Processing unit 52 may be
a central processing unit (CPU), microprocessor, floating
point coprocessor, graphics coprocessor, hardwarecontroller,
microcontroller, field programmable gate array programmed
for use as a controller, network controller, or any type of
processoror controller. Furthermore, in many embodiments,
there is often no need for a CPU.

[0073] For example, instead of a CPU,one or more FPGAs
58 may control the logical operations of the system. As
another example, FPGA 58acts as a reconfigurable processor
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that may be reprogrammedas needed to handle a particular
computing task. Alternately, FPGA 58 mayitself include an
embedded microprocessor. Memory unit 54 may be a random
access memory (RAM), read only memory (ROM),fixed or
flexible disk media, flash memory, tape, or any other storage
means, or any combination of these storage means.
[0074] In the above description, numerous specific details
are given to provide a thorough understanding of embodi-
ments of the invention. However, the above description of
illustrated embodimentsofthe invention is not intended to be

exhaustive or to limit the invention to the precise formsdis-
closed. Oneskilled in the relevant art will recognize that the
invention can be practiced without one or moreofthe specific
details, or with other methods, components,etc.
[0075] In other instances, well-knownstructures or opera-
tions are not shownor described in detail to avoid obscuring
aspects of the invention. While specific embodimentsof, and
examples for, the invention are described hereinfor illustra-
tive purposes, various equivalent modifications are possible
within the scope of the invention, as those skilled in the
relevantart will recognize. These modifications may be made
to the invention in light of the above detailed description.

Whatis claimedis:

1.A receiver circuit for multi-level amplitude signaling, the
receiver circuit comprising:

apeak detector for detecting a peak voltage ofa multi-level
amplitude signal which includesat least three amplitude
levels for each symbol period;

a reference voltage generator for generating a plurality of
reference voltages at least partially in response to the
peak voltage; and

a comparator circuit which uses the plurality of reference
voltages to detect an amplitude level of the multi-level
amplitude signal.

2. The receiver circuit of claim 1, wherein a number of
comparators in the comparatorcircuit is less than a number of
amplitude levels in the multi-level amplitude signal.

3. The receiver circuit of claim 2, wherein the multi-level
amplitude signal comprises a three-level pulse amplitude
modulated (PAM-3) signal, and wherein the comparatorcir-
cuit comprises less than three comparators.

4. The receivercircuit of claim 2, wherein the multi-level
amplitude signal comprises a four-level pulse amplitude
modulated (PAM-4) signal, and wherein the comparatorcir-
cuit comprises less than four comparators.

5. The receiver circuit of claim 1, wherein the reference
voltage generator comprises an inverting amplifier that
includesat least one resistor ladder.

6. The receiver circuit of claim 5, wherein a reference
voltage is obtained from a nodein the resistor ladder.
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7. The receiver circuit of claim 6, wherein selection of the
nodeis programmable.

8.A method ofreceiving a multi-level amplitudesignal, the
method comprising:

detecting a peak voltage of a multi-level amplitude signal
which includes at least three amplitude levels for each
symbolperiod;

generating a plurality ofreference voltagesat least partially
responsive to the peak voltage; and

comparing the multi-level amplitude signal against the plu-
rality ofreference voltages to detect an amplitude level.

9. The method of claim 8, wherein the comparing is per-
formed by a numberofcomparatorsthat is less than a number
of amplitude levels in the multi-level amplitude signal.

10. The method of claim 9, wherein the multi-level ampli-
tude signal comprises a three-level pulse amplitude modu-
lated (PAM-3) signal, and wherein the comparator comparing
is performed by less than three comparators.

11. The method of claim 9, wherein the multi-level ampli-
tude signal comprises a four-level pulse amplitude modulated
(PAM-4) signal, and wherein the comparing is performed by
less than four comparators.

12. The method of claim 8, wherein the plurality of refer-
ence voltages are generated using an inverting amplifier that
includesat least one resistor ladder.

13. The method of claim 12, further comprising:
obtaining a reference voltage from a node in the resistor

ladder.

14. An integrated circuit comprising:
a pulse amplitude modulation receiver which includes

a peak detector arranged to detect a peak voltage of a
transmitted pulse amplitude modulation signal which
includesat least three amplitude levels for each sym-
bol period,

a reference voltage generator arranged to generate a
plurality of reference voltages which depend on the
peak voltage, and

a comparator circuit arranged to compare the pulse
amplitude modulation signal against the plurality of
reference voltages to detect an amplitude level.

15. The integrated circuit of claim 14, further comprising:
a transmitter which includes

a serializer arranged to convert a parallel data signal toa
serial data signal,

a coderarrangedto encodetheserial data signal so as to
generate a plurality of code bits, and

a driver arranged to use the plurality of code bits to
generate a pulse amplitude modulation signal for
transmission.


