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BASEBAND ENCODING METHOD AND
APPARATUS FOR INCREASING THE

TRANSMISSION RATE OVER A
COMMUNICATION MEDIUM

BACKGROUND OF ‘THE INVENTION

1. Field of the Invention

The present invention relates to the field of
communication, and particularly to a baseband encoding/
decoding method and apparatus for increasing the transmis-
sion rate over a communication medium while maintaining
the desired bandwidth,bit error rate, and hammingdistance.

2. Art Background

For several reasons, in the past few years there has been
an increase in demand for data communication systemsthat
can operate at high bit rates (such as 100 MBits/s). One
reason for this increase has been the proliferation of data
communication networks that can perform multi-media
tasks, which require the communication of a large amount of
data in a short amount of time. The increasing instruction
execution speed of microprocessorsalso has resulted in the
increased demandfor data communication systems that can
operate at high bit rates. Therefore, currently high bit rate
data communication systems are being developed.

Implementations of these high speed data communication
systems often confront numerous obstacles. For example,
since the bit error rate (BER) increases proportionately with
the bit rate and since the hamming distance decreases with
the increasing BER,the maintenance of the desired BER and
hammingdistance are two constraints placed on the imple-
mentations of high speed data communication systems.
Furthermore, solutions for maintaining the desired BER and
hammingdistance often have to comply with strict regula-
tory and design limitations placed on the bandwidth of the
communicated data.

An example of one recently developed prior art data
communication system, that maintains the desired BER,
hamming distance, and bandwidth, while increasing the bil
rate, is the 100BaseT4T+ Ethernet data communication
system. This prior art system is designed to replace the 10
MBit Ethernet (10 BaseT) data communication systems,
which utilizes a Manchester baseband coding method to
send 10 MBits/s of data over two twisted pairs in a full-
duplex mode (i.e., one twisted pair is used to receive data
while the second twisted pair is used to transmit data). Like
the 10 MBit Ethernet network, the 100BaseT4T+ Ethernet
system is a baseband system, which renders it compatible
with 10 MBit Ethernet networks.

On the other hand, unlike the 10 MBit Ethernet system,
the 100BaseT4T+ Ethernet system uses four twisted pairs,
three of which transmit data in a half-duplex mode(ie., the
three twisted pairs either all transmit or receive at any one
time), while the fourth transmits control signals. In addition,
because of the Federal Communication Commission’s

(FCC’s) Part 15B requirement, which requires transmitted
data signals to be 76 dBs below 0 dBm at 30 MHz,this 100
MBit Ethernet implementation does not use the Manchester
pulse code modulation (PCM) scheme.If this 100 MBit
Ethernet network used a Manchester PCM, a bandwidth of
50 MHz would be required, which in turn would violate the
30 MHz bandwidth restriction of the FCC. Consequently, in
order to reduce the transmission bandwidth of this system
below the 30 MHz FCCbandwidth requirement(i.c., reduce
baud rate of this system to 25 MBaud), this 100 MBit
Ethernet implementation uses an 8B-6T code(i.e., a code
which represents cight binary bits-by six symbol pulses that
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2

can have any one of three values). In addition, the 8B-6T
code enables the 100BaseT4T+ Ethernet system to increase
the bit rate (from 10 MBits to 100 MBits) while maintaining
the maximum BER and minimum hamming distance
requirements set forth by IEEE 802.3 standard for 10 MBit
Ethernet systems. More specifically, tor 100 meters of
unshielded twisted pair cable, the 100BaseT4T+ Ethernet
maintains its BER at or below 10-° and its hamming
distance at or above 4, because it uses code redundancy
techniquesas it only needs 256 of the available 729 codes of
the 8B-6T code.

Unfortunately, this prior art 100 MBit Ethernet network
cannotreadily be implemented in the United States because,
in orderto utilize the available present day Ethernet network
infrastructure in the U.S., additional wiring has to be done.
For example, the majority of the present day Ethernet
networks use four twisted pairs to couple each data node
(i.e., each data source, hub, and repeater). However, because
hubs and repeaters need to receive bi-directional
transmissions, four additional twisted pairs need to be
placed between each hub and repeater and between each pair
of repeaters, in order to implement the 100BasctT4T+
Ethernet system.

In addition, this prior art implementation cannot be easily
adopted in the international arena because most Ethernet
networks in foreign countries use only two twisted pairs to
couple their communication nodes. Furthermore, because
this prior art implementation uses four twisted pairs, it
requires more electronic circuitry than an Ethernet network
that uses two twisted pairs. In turn, the additional electronic
circuitry makes this prior art 100 MBit Ethernet implemen-
tation more expensive than an implementation that uses less
than four twisted pairs. Finally, by operating at only 25
MBaud, this 100 MBit Ethernet implementation does not
optimally utilize the 30 MHz bandwidth that the FCC
allows.

SUMMARYOF THE INVENTION

The present invention provides a baseband encoding/
decoding method and apparatus for increasing the transmis-
sion bit rate over a communication medium, while main-
taining the desired bandwidth, bit error rate (BER), and
hamming distance. More specifically, the present invention
is an encoderfor encoding binary data bits supplied by a data
source into pulse amplitude modulated multilevel symbols.
The encoder includesa bit stuffer for receiving the data bits
from the data source at a first data bit rate, which at most
equals a maximum data bit rate. The bit stuffer then adds
descriptive bits to the data bits at a descriptive bit rate, which
at most equals a maximum descriptive bit rate.

The encoder also includes a multilevel pulse amplitude
modulator for receiving the data and descriptive bits from
the bit stuffer and for converting the data and descriptive bits
into pulse amplitude modulated multilevel symbols. When
these multlevel PAM symbols are transmitted, they have a
spectral energy characteristic which is below a predeter-
mined low level threshold at a predetermined baseband
bandwidth frequency. In addition, these multilevel PAM
symbols have a symbolrate (i.e., baud rate) which at most
equals a maximum baud rate when the first data bit rate
equals the maximum databit rate and the descriptive bit rate
equals the maximum descriptive bit rate. In turn, the mag-
nitude of the maximum baud rate equals the magnitude of
the baseband bandwidth frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and advantages of the present invention will
become more readily apparent to those ordinarily skilled in
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the art after reviewing the following detailed description and
accompanying drawings, wherein:

TIG. 1 presents one embodiment of the encoder/decoder
apparatus of the present invention.

FIG. 2 is a another embodiment of the encoder/decoder

apparatus of the present invention, which is a 100 MBit four
twisted pair full-duplex Ethernet network.

FIG. 3 is one embodiment of an encoder used in the

encoder/decoder apparatus of FIG.2.
FIG. 4 is one embodiment of the decoder used in the

encoder/decoder apparatus of FIG.2.

FIG. 5 is yct another embodiment of the cncoding/
decoding apparatus of the present invention, which is a 100
MBit two twisted pair half-duplex Ethernet network.

FIG. 6 is one embodiment of the encoder/decoder of the

encoding/decoding apparatus of FIG. 5.

TIG.7 presents the encoding/decoding apparatus of [IG.
2 positioned in repeater chips.

FIG.8 presents the encoding/decoding apparatus of FIG.
5 positioned in repeater chips.

DETAILED DESCRIPTION OF THE
INVENTION

In the following description for purposes of explanation
numcrousdetails are sct forth in order to provide a thorough
understanding of the present invention. However, it will be
understood byone skilled in the art that these specific details
are not required in order to practice the invention. In other
instances, well-knownelectrical structuresand circuits (such
as bit stuffers, modulators,filters, quantizers, automatic gain
controllers, equalizers, demodulators, bit strippers, clock
recoverycircuits, etc.) are shown in block diagram form in
order not to obscure the present invention with unnecessary
detail.

‘The present invention provides a baseband encoding/
decoding method and apparatus for increasing the transmis-
sion bit rate over a communication medium, while main-
taining the desired bandwidth, bit error rate (BER), and
hamming distance. FIG. 1 presents one embodimentof the
encoder/decoder apparatus of the present invention. As
showninthis figure, encoder/decoder apparatus 10 includes
encoder 12, transmission medium 14, and decoder 16.
Encoder 12 transmits to decoder 16 multilevel pulse ampli-
tude modulated symbols at a predetermined baud rate
(Reaup)-

An important aspect of encoder/decoder apparatus 10 is
thal it realizes that there is an energy null al a frequency
whose magnitude equals the magnitude of the baud rate,
when a multilevel pulse amplitude modulation (PAM)
scheme is used. Multilevel PAM scheme is a baseband

coding technique which uses the pulse level of a symbol to
represent data bits (i.e., the data is encoded in a symbol’s
pulse level).

Some examples of multilevel pulse amplitude modulation
schemes are: (1) 2B-1Q coding scheme, which represents
two binary bits with one pulse symbolthat can have any one
of four values; (2) 3B-10 coding scheme, which represents
three binary bits with one pulse symbol that can have any
one of cight valucs; (3) 3B-2T coding scheme, which
represents three binary bits with two pulse symbolthat can
have any oneofthree values; and (4) 4B-1H coding scheme,
which represents four binary bits with one pulse symbolthat
can have any one of sixteen values. As mentioned below,for
one embodiment of encoder/decoder apparatus 10, encoder
12 uses a multilevel pulse amplitduc modulation scheme
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with more than two levels, in order to reduce the necessary
transmission bandwidth. In addition, when multilevel PAM
scheme with more than two levels is used, the magnitude of
the frequency of the shortest cycle is one half of the
magnitude of the baud rate because at least two levels (i-e.,
two symbols) are necessary to have a cycle. Consequently,
since the sinc ((sinx)/x) response of the pulse amplitude
modulated symbols hasa first null at twice the frequency of
the shortest cycle, there is an energy null at the frequency
whose magnitude equals the magnitude of the baudrate.

Encoder/decoder apparatus 10 then uses this realization to
set the magnitude of the maximum baud rate (Rgarparay)
equal to the magnitude of the baseband bandwidth frequency
(fz) when data source 44 supplies data to encoder 12 at a
maximum bit rate of (Rpgrra4x) and bit stuffer 18 adds
parity bits to the data stream at the maximumdescriptive bit
rate (R,azax)- AS Mentioned below, encoder/decoder appa-
ratus 10 sets the magnitude of the maximum baudrate
(Rgavpmax) equal to the magnitude of the baseband band-
width frequency (f,,,) in order to use the surplus spectral
energy in the bandwidth to add descriptive bits, which in
turn minimizes the BER and maximizes the hamming dis-
tance. It should be noted that the baseband bandwidth

frequency(f,,,) is the frequency at which the spectral energy
characteristics of the transmitted data should be at a null or

below some predetermined low level threshald. This base-
band bandwidth frequency is often imposed byeither design
constraints (such as backward compatibility with prior
systems) or regulatory constraints (such as FCC’s Part 15B
requirement).

As further shown in FIG.1, bit stuffer 18 of encoder 12
receives data bits from data source 44 atafirst data bit rate

(Rpgrri)> Which (as mentioned before) at most equals the
maximum data bit rate (Rpgrryay). Due to design
limitations, often the maximum data bit rate (Rygrrazax) IS
less than a maximumbitrate (Rg;7az4x) that encoder 12 can
transmit to decoder 16. The maximum data bit rate

(Rpogrrmax) and the maximum bitrate (Raypazax) are related
respectively to a maximum data baud rate (Rogaupmax) and
the maximum baud rate (Rgaupyay) by a simple relation-
ship based on the specific coding scheme used by modulator
20. For example, as described below, if modulator 20 uses
a 2B-1Q coding scheme, the maximum data bit rate and the
maximum bit rate respectively will be twice the maximum
data baud rate and the maximum baudrate (e.g., Rngrrasax™
2*Rosauvmaxs 800 Reyyax=2*Reauvmax)-

Bit stuffer 18 then adds descriptive bits at a descriptive bit
rate (R,) to the stream of data bits. The added descriptive
bits can be start/stop delimiter bits, which are added in the
embodiments of the present invention that utilize coding
schemesthat require start and stop bits. The descriptive bits
also can include bits that are added pursuant to error
correction or detection schemes, which can be utilized for
improving the BER and hammingdistance. For example, the
descriptive bits can be parity bits that are added in order to
maintain the BER and hamming distance associated with a
second lowerdatabit rate (Rpz77>), While increasing the data
rate from the second data bit rate (Rpg,7>) to the first data bit
rate (Rpg, Which has a maximum value of Rpgrrazay)- In
other words, for one embodiment of the present invention,
bit stuffer 18 addsparity bits to the data bit stream so that an
increasein the data bit rate (e.g., an increase from Rpgy7> to
Rpgyr1) does not increase the BER beyond a desired maxi-
mum BER.In turn, by maintaining the BER at or below the
desired value, the addition of the parity bits also helps
maintain the required hamming distance.

The descriptive bit rate (R) at most equals the maximum
bit rate minus the maximum data bit rate (ic., Ryaywax=
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Rerraax-Rperrmax)- Clearly, the descriptive bil rate does
not always need to equal its maximum value (Rjjsay)-
However, encoder/decoder apparatus 30 is optimally uti-
lized by embodiments that add descriptive bits at the maxi-
mum descriptive bil rate (Rayz4x), because such embodi-
mentsuse the entire surplus spectral energy in the bandwidth
(iec., the spectral energy from a frequency whose magnitude
equals the magnitude of Rrgarnazay 10 fgy, Which corre-
sponds to the spectral energy in the bit bandwidth from a
frequency whose magnitude equals the magnitude of Ray;
maxto a frequency whose magnitude equals the magnitude
of Rgyryax) to add descriptivebits. In turn, maximizing the
numberof descriptive bits minimizes the BER and maxi-
mizes the hamming distance.

Bit stuffer 18 then supplies the information stream to
modulator 20 at a bit transmission rate equal to the data bit
rate plus the descriptive bit rate (ie., Rpgyri+Rz). The
modulator in turn encodes the bit stream into a plurality of
PAM symbols having a symbol transmission rate (Rgazp).
In one embodiment of the encoder/decoder apparatus 10,
modulator 20 uses a multilevel baseband code with three or

more levels to represent a plurality of bits as one symbol, so
that an increase in the data rate from a lower second data bit

rate (Rpgr>) to a higher first data bit rate (Rpg,71) does not
increase the necessary transmission bandwidth beyond the
allotted baseband bandwidth (f,,). Furthermore, as men-
tioned before, by realizing that there is an energy null at the
baud rate, the magnitude of the maximum symbol rate
(Reavpmax) iS set to equal the magnitude baseband band-
width frequency (f,y); in turn, by using the surplus base-
band bandwidth spectral energy (i-e., the spectral energy
from a frequency whose magnitude equals the magnitude of
Rpsaupmax tO fg) to add descriptive bits to the informa-
tion stream, encoder/decoder apparatus 10 can transmit
basebanddata at a high bit rate (Rp,;7,) while maintaining
the BER and hammingdistance associated with a lower bit
rate (Rpgyrs)-

Modulator 20 then supplies the modulated symbols to
filler 26 for fillering out out-of-baseband bandwidth [re-
quency components of the pulse amplitude modulated
symbols, which have a sinc ((sin X)/X) frequencyresponse.
Transmitter 28 of encoder 12 then uses transmission medium

14 to transmit the sequence of symbols to receiver 30 of
decoder 16 at the symboltransmissionrate (R54 rp). Clearly,
the symboltransmission rate (Rg,pp) does not need to equal
its maximum value (Rg4upmax)- However, encoder/decoder
10 is optimally utilized by the embodiments that transmit
symbols at the maximum symbol transmission rate
(Rgavpmax) because such embodiments not only maximize
the data throughput rate, but also maximize the descriptive
bit rate in order to improve the BER and hamming distance
for that data throughputrate. In addition, the transmission of
symbols at the maximum symbolrate (Rgarpaax) Simpli-
fies the design of filter 26, because it pushes the spurious
harmonic responses (in the sinc response of the PAM
symbols) out of the baseband bandwidth andinto the higher
frequency region, which thereby allowsfilter 26 to have
smaller and cheaper reactive elements.

In turn, receiver 30 supplies the received sequence of
symbols to filter 32, whichfilters out the out-of-bandwidth
noise that was picked up during the transmission of the
symbols. Filter 32 then supplies the sequence of received
symbols to automatic gain control (ie., AGC) 34. AGC 34
incrcascs the dynamic range of the transmitted symbols by
providing a coarse compensation for attenuation due to the
transmission. More specifically, since different transmission
mediums have different characteristics which can cause
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different degrees of signal degradation (¢.g., different
lengths of the transmission cables can cause different
degrees of signal degradation), decoder 16 has automatic
gain control 34 (1) for performing an averaging function on
a predetermined numberof the transmitted symbols, (2) for
comparing the computed average with a fixed reference
signal on the AGC,and (3) for adjusting the levels of the
incoming attenuated symbols to predetermined levels based
on the comparison of the average with the fixed reference
signal.

AGC 34 next supplies the coarsley adjusted symbols to
quantizer 24, which samples the symbols at a sampling
frequency equal to or greater than the Nyquist sampling
frequency of 60 MHz (f,=2xf,y,). Quantizer 24 then sup-
plies the sampled symbols to equalizer 36 which compen-
sates for attenuations and group delays of the higher fre-
quency components of the incoming symbols. The incoming
symbols are then converted into digital bit pulses by
demodulator 38. More specifically, demodulator 38 samples
the incoming symbols at a clock rate determined by clock
recovery circuit 62, and compares these samples to prede-
termined levels in order to demodulate the incoming sym-
bols into bit pulses having the bit transmission rate (Rpgy74+
R,). Bit stripper 40 then receives the digital output of
demodulator 38 and performs the necessary descriptive bil
detection. Bit stripper 40 then removes the descriptive bits
and supplies the data bits at the first data bit rate (Rpg;71) to
data sink 46. Bit stripper 40 also supplies its output to clock
recovery circuit 42, which in turn uses this output to
determine the frequency of the incoming waves.

Finally, it should be noted that encoder/decoder apparatus
10 could also use a non-return to zero PCM coding scheme,
since such coding schemesalso cause a energy null to occur
in the frequency domainat the frequency whose magnitude
equals the magnitude of the baud rate. It should be further
noted that encoder/decoder apparatus 10 could also use a
return to zero PCM coding schemeor a phase encoded PCM
coding scheme. Morespecifically, encoder 12 could transmit
return to zero PCM symbols or phase encoded PCM sym-
bols to decoder 16 if the magnitude of the maximumbaud
rate (Riya rnasax) 1S Set to equal the magnitudeofone half of
the baseband bandwidth frequency (f,y,). Descriptive bits
can then be added to increase the baud rate from the

maximum data baud rate to the maximum baudrate, in order
to use the entire surplus spectral energy in the bandwidth to
transmit baseband data at a high bit rate while maintaining
the bit error rate and the hamming distance associated with
a lowerbitrate.

100 MBit Four Twisted Pair Full-Duplex Ethernet Net-
work

FIGS. 2-4 present another embodiment of the encoder/
decoder apparatus of the present invention. FIG. 2 presents
encoder/decoder system 50 that couples a first data source/
sink 52 to a second data sink/source 54, Encoder/decoder

system 50 is a 100 MBit Ethernet encoding/decoding
system, which utilizes a multilevel baseband code with three
or more levels to send a maximum of 100 MBit/s of data

over four twisted pairs in a full-duplex mode (i.e., two
twisted pairs A and B transmit data from first data source/
sink 52 to second data sink/source 54, while two twisted
pairs C and D transmit data from second data sink/source 54
to first data source/sink 52).

Like the 10 MBit Ethernct nctwork, 100 MBit Ethernct
encoder/decoder system 50 is a baseband system, which
renders it compatible with the 10 MBit Ethernet networks.
In addition, in order to maintain backward compatibility
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with the 10 MBit Ethernet systems that comply with IEEE
802.3 standard and in order to comply with FCC’s Part 15B
requirement, Ethernet system 50 is designed to have (1) a
BERat or below 10-° and a hammingdistance at or above
four for a minimum cable length of 100 meters, and (2) a
maximum baseband bandwidth of 30 MHz.

Encoder/decoder system 50 includes a first encoder/
decoder apparatus 80 and a second encoder/decoder appa-
ratus 58. The first encoder/decoder apparatus 80 includes
encoder 82, twisted pair cables A and B, and decoder 86.
Similarly, second encoder/decoder apparatus 58 includes
encoder 60, twisted pair cables C and D, and decoder 62.
FIGS.3 and 4 present a more detailed view offirst encoder/
decoder apparatus 80, which transmits data received from
first data source/sink 52 to second data sink/source 54.

FIGS. 3 and 4 only present half of the encoder/decoder
system 50,in order not to obscure the present invention with
unnecessarydetail. However, it will be understood by one of
ordinary skill in the art that the following discussion of
FIGS. 3 and 4 is equally applicable to second encoder/
decoder apparatus 58, which transmits data received from
second data sink/source 54 to first data source/sink 52.

As shown in FIGS. 3 and 4, encoder 82 transmits to
decoder 86 pulse amplitude modulated symbols at a baud
rate (Rgarp)- Since the frequency response of multilevel
PAM schemewith three or more levels has an energy null at
the frequency whose magnitude equals the magnitude of the
baud rate, and since FCC’s Part 15B standard limits the
baseband bandwidth to 30 MHz(i-e., requires an effective
energy null at 30 MHz), encoder/decoder apparatus 80 sets
the magnitude of the maximum baud rate to 30 MBauds/s
(Le, Reavomax=Reaupmaxa=Reaupmaxe=30 MBaud/s).
Encoder 82 transmits to decoder 86 PAM symbols (across
twisted pair cables A and B) at the maximum baud rate
(Rgavomax) Of 30 MBaud/s, when data source 52 supplies
data (to scrambler 90 of encoder 82) at a maximum databit
rate (Rpgrracax) Of 100 MBits/s and bit stuffers 96 add
descriptive bits to the data bit stream at a maximum descrip-
tive bit rate (Rssa):

In turn, the maximum baudrate (Rea upaayx) determines
a maximum bit rate (Rgryyzax) by a simple relationship
based on the specific coding scheme used by modulators
102. It should be noted that the simple relationship relating
the maximum baud rate (Rea rpazax) and the maximum bit
rate (Rgyryax), also relates a maximum data baud rate
(Rpogsavpmax) With the maximum data bit rate (Rogrraay)-
For example, as described below, if modulators 102 use a
2B-1Q coding scheme, the maximum data bit rate and the
maximum bil rate respectively will be twice the maximum
data baud rate and the maximum baudrate (e.g., Rngrraax=
2*Rosaupmax: ANd Repyax=2*Reaupmax)-

Referring now more specifically to FIGS. 3 and 4, scram-
bler 90 of encoder 82 receives data bits from the first data

source/sink 52 ata first data bit rate (R577), Which at most
equals 100 MBits/s. Scrambler 90 DC balances the serial
data thatit receives (i.e., it prevents the transmission of long
periodsofzeros or ones), because decoder 86 utilizes phase
locked loop (or equivalent equalizer DSP based estimation)
clock recovery circuit 126 which needs to receive DC
balanced random data in orderto realize the frequencyofthe
incoming signals. Data scrambler 90 then supplics its
scrambled output to splitter 92, which splits the input bit
stream into a channel A output bit stream having a first
channelA data bit rate (Rpgy714) and a channel B outputbit
stream havinga first channel B data bit rate (Rpg71,). Also,
referring back to FIG. 2, the second encoder/decoder appa-
ratus 58 likcwisc has a data scrambler, and other associated
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components described in FIGS.3 and 4 for encoder/decoder
apparatus 80. Encoder/decoder apparatus 58 processes data
symbols over twisted pair cables C and D (shownin FIG.2).
Twisted pair cable C has an associated channel C and twisted
pair cable D has an associated channel D. Each of channels
C and D also will have a baud rate, and symbols that are
supplied to cables C and D are subject to a maximum
baseband bandwidth frequency, similar to that described for
symbols of twisted pair cables A and B. The maximum baud
rates for channels C and D have at most, a magnitude equal
to the magnitude of the baseband bandwidth frequency. For
one embodiment of encoder/decoder apparatus 80, first
channel A data bit rate and first channel B data bit rate are

equal and have a maximum bit rate of 50 MBits/s (Le.,
Rosrrmaxa=Rosrrmaxp=2Rerruax=0 MBits/s). It should
be noted that the maximum bit rate (Rg;p_zqy) iS related to
a maximum channel AorB bit rate (Rgypaaxs OF Rerrysaxe)
by the same relationship that relates the maximum data bit
rate (Rpgrryax) to the maximum channel A data bit rate
(Rosrrmaxa)- Thus, for example, if the input to splitter 92
was the following bit stream, 00101100, the output on
channels A and B would be:

Channel A output 0110
Channel B output 0010.

In other words,for every pair of inputbits, splitter 92 delays
outputting the first bit until it has received the secondbit, at
which time it outputs the first bit on channel A while
outputting the second bit on channel B.

In the following discussion, reference is only made to the
transmission of the data stream along channelA,in order not
to obscure the present invention with unnecessary detail.
However, one of ordinary skill in the art will understand that
the following discussion is equally applicable to the pro-
cessing of data along channel B. Likewise, the following
discussion is equally applicable to processing of data along
channels C and D.

Splitter 92 then supplies its output to gray coder 94a,
which changesthe values of someof the incoming bits based
on a gray coding scheme. Gray coding is a method for
reducingbit errors by selecting adjacent levels of modulated
pulses to differ by at most one bit. For example, for the
embodiments of encoder/decoder apparatus 80 that use a
2B-1Q coding scheme, Table 1 sets forth one mannerof gray
level coding designed to operate with a conventional four
level (2B-1Q) linear modulator, whose modulation scheme
is set forth in Table 2.

TABLE1

Value of the Bits Corresponding
Pulse Level in Volts to the Pulse Level

5 a
3.3 O1
1.6 00
0 10

TABLE 2

Value of the Bits Corresponding
Pulse Level in Volts to the Pulse Level

5 11
3.3 10
1.6 01
0 00

Thus, if gray coder 94a receives the following input
stream,



5,856,980

Of0|1|2|2 [ofo|2 Jojo

the gray coder output would be

O|1|1|1)0[0|1\0]0|2

The output of gray coder 94a is then suppliedto bit stuffer
96a, which in turn adds descriptive bits at a descriptive bit
rate (R,) to the stream of data bits. For the embodiment of
encoder/decoder apparatus 80 that is shown in FIGS. 3 and
4, bit stuffer 96a includes delimiter 98a and parity adder
100a. However, it will be understood by one of ordinary
skill in the art that bit stuffer 96a could include alternative

error detection/correction circuitry.
Delimiter 98a is used in encoder 82 because some mul-

tilevel coding schemes(such as the 2B-1Q coding scheme),
used by encoder/decoder apparatus 80, require start and stop
delimiters to determine the initiation and termination of a

data transmission. More specifically, delimiter 98a awaits a
unique five bit code, that is assigned to be the start code, in
order to enable parity bit adder 100a by supplying a six bit
code to parity bit adder 100a. On the other hand, once the
paritybit adder is enabled, delimiter 98a awaits a uniquefive
bit stop code to disable parity bit adder 100a by supplying
a six bit disable code to the parity bit adder.

Once delimiter 98a enables parity bit adder 100a, the
parity adder adds parity bits to the data stream, in order to
maintain the BER (at or below 10-°) and hamming distance
(at or above 4) associated with a second lowerdata bit rate
(Rpgir, ©-8-, 10 MBits/s) while increasing the data rate
from the second lowerdata bit rate to the first data bit rate

(Rogrr1> Which has a maximum value of 100 MBits/s). More
specifically, parity bits are added in order to prevent the
increase of the bit rate (i.e., the increase from 10 MBits/s to
100 MBits/s) from increasing the BER beyond 10-°. For one
embodiment of the present invention, channel A is an odd
parity check channel, while channel B is an even parity
check channel. The use of an odd and even parity check
channels is advantageous from a burst error point of view,
because it allows the detection of unidirectional bursterrors

of any size.
In turn, by maintaining the BER at or below 107°, the

addition of the parity bits also helps maintain the required
hamming distance of 4. The established 10 MBit Ethernet
protocol allows a maximum data packet size of 1562 bytes
plus a 32 bit cyclical redundancy check code, which pro-
vides for a hamming distance of 4 or greater when the bit
rate equals 10 MBits/s. However, as the bit rate increases,
the BER also increases, which in turn reduces the hamming
distance below 4. Consequently, encoder/decoder apparatus
80 maintains the desired hamming distance by using the
parity bit error detection mechanism to prevent the BER
from increasing and thereby reducing the hammingdistance
below 4.

Bit stuffer 96a adds descriptive bits to the stream of data
bits at a descriptive bit rate (Rz) which at most equals a
maximum channel A bit frequency minus the maximum
channel A data bit frequency (ic., Rawaxa=Raerraaxs—
Rpgrrmaxa). In other words,bit stuffer 96a uses the surplus
spectral energy in the bandwidth (i.e., the spectral energy
from the frequency whose magnitude equals RpgupaaxtO
fy, Which corresponds to the spectral energy in the bit
bandwidth from a frequency whose magnitude equals the
magnitude of Rpograwaxa to a frequency whose magnitude
equals the magnitude of Rgrryz4x4) to add both parity and
delimiter bits, in order to maintain the BER and hamming
distance associated with 10 MBit/s rate, while transmitting
data at 100 MBit/s rate. For cxample, for the embodiment of
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encoder/decoder apparatus 80 which use a 2B-1Q coding
scheme, the maximum descriptive bit rate (Rjayz4x) is 10
MBits/s, because the maximum data bit transmission rate for
each channel (Rpgrryax4 0d Rpgyryaxp) is 50 MBits/s and
because the maximum bit bandwidth frequency is 60 MHz
(since FCC’s Part 15B requirementlimits the symbol band-
width frequency to 30 MHzand since 2B-1Q coding scheme
sets the bit bandwidth frequency to be twice as much as the
symbol bandwidth frequency).

Bit stuffer 96a then supplies the information stream to
modulator 102aat a bit transmission rate (1.e., RpogrriatRg)-
The modulator in turn encodesthe bit stream into a plurality
of PAM symbols having a symbol transmission rate
(Rgavp). AS mentioned before, modulator 102a uses a
multilevel baseband code with three or more levels to

represent a plurality of bits as one symbol, so that an
increase in the data rate from 10 MBits/s to 100 MBits/s

does not increase the necessary transmission bandwidth
beyond the allotted baseband bandwidth (fgyy) of 30 MHz.
Furthermore, by realizing that there is an energy null at the
baud rate, the magnitude of the maximum symbol rate
(Rgavpmax=30 MBauds/s) is set to equal the magnitude of
the baseband bandwidth frequency (f,,,=30 MHz), so that
the surplus baseband spectral energy (ie., the spectral
energy from a frequency whose magnitude equals the mag-
nitude of Rpgaypamaxy (25 MHz) to fgy (80 MHz)) can be
used to add descriptive bits to the information stream, in
order to maintain the BER and hammingdistance associated
with the 10 MBils/s bit rate while transmitting baseband data
at a 100 MBits/s bit rate.

For one embodiment of encoder/decoder apparatus 80,
modulator 102@ uses a 2B-1Q coding scheme and thereby
receives data from bit stuffer 96¢ at a maximum bit rate of

60 MBits/s (since FCC’s Part 15B requirement limits the
symbol bandwidth frequency to 30 MHz and since 2B-1Q
coding schemesets the bit bandwidth frequencyto be twice
as much as the symbol bandwidth frequency). Modulator
102a then encodesthe information stream into a plurality of
symbolpulses, each of which represents two binary bits and
can have any one of four values. Since each symbolrepre-
sents two bits, the maximum symbolrate is one half of the
maximum bit rate (ie., Resrpagaxy=30 MBauds/s and
Reyrazax=00 MBits/s). In other words, by using the 2B-1Q
coding scheme, encoder/decoder apparatus 80 can transmit
100 MBits/s of data and 20 MBits/s of parity/delimiter bits
over two twisted pairs, while maintaining FCC’s maximum
symboltransmission bandwidth of 30 MHz. It should be
noted that this four level (2B-1Q) code is used by onc
embodiment of encoder/decoder apparatus 80, because this
four level code requires a relatively low signal to noise ratio
(SNR) while providing a high bit rate.

The modulated waves are then supplied to differential
driver 106a which converts the input voltage into differential
output currents. These output currents are then supplied to
transformer 110a via filter 108a, which filters out out-of-
baseband frequency components of the pulse amplitude
modulated symbols, which have a sinc ((sinx x/x)) fre-
quency response. Transformer 110a, which is center tapped
to VDD,is current modedriven. Thus,the differential output
currents of differential driver 106a differentially drive trans-
former 110a in order to transfer the output signals of the
differential driver to twisted pair cable A. Twisted pair cable
A then supplies the signal to transformer 112a of decoder 86
at a maximum symbolrate of 30 MBaud/s.

Clearly, the symbol transmission rate (Rg4pyp) does not
need to equal its maximum value (Rg4vpazax) Of 30 MBaud/
s. However, encoder/decoder apparatus 80 is optimally
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utilized by the embodiments that transmit symbols at the
maximum symboltransmission rate of 30 MBaud/s, because
such embodiments not only maximize the data throughput
rate, but also maximizes the descriptive bit rate in order to
improve the BER and hamming distance for that data
throughput rate. In addition, the transmission of symbols at
the maximum symbol transmission rate (Rea ypazax) SiM-
plifies the design of filter 108a, because it pushes the
spurious harmonic responses (in the sinc response of the
PAM symbols) out of the baseband bandwidth andinto the
higher frequency region, which thereby allowsfilter 1082 to
have smaller and cheaper reactive elements.

Transformer 1124 next supplies the received sequence of
symbolsto filter 114a, whichfilters out the out-of-baseband
noise that was picked up during transmission of the symbols.
Filter 114a then supplies the sequence of received symbols
to automatic gain control 116a. AGC 116a increases the
dynamic range of the transmitted symbols by providing a
coarse compensation for attenuation due to the transmission.
More specifically, since different lengths of transmission
cables can cause different degrees of attenuation, decoder 86
has automatic gain control 116a (1) for performing an
averaging function on a predetermined numberofthe trans-
mitted symbols, (2) for comparing the computed average
with a fixed reference signal in the AGC, and (3) for
adjusting the levels of the attenuated pulses to the predeter-
mined levels based on the comparison of the average with
the fixed reference signal.

In turn, AGC 116a supplies the coarsley adjisted symbols
to quantizer 132a, which samples the symbols at a sampling
frequency equal to or greater than the Nyquist sampling
frequency of 60 MHz (f,y=2*f,y). Quantizer 132a then
supplies the sampled symbols to equalizer 118a, which
compensates for amplitude and phase degradation of the
higher frequency components of the incoming symbols. The
incoming symbols are then converted into digital bit pulses
by demodulator 120a. More specifically, demodulator
120asamples incoming symbols at a clock rate determined
by clock recovercircuit 126, and compares these samples to
predetermined levels, in order to demodulate the incoming
symbols into bit pulses having a bil ansmission rate. For
example, for the embodiments of the present invention that
use a 2B-1Q coding scheme, demodulator 120a demodulates
the incoming waves into digital bit pulses having a fre-
quency of 60 MHz. De-gray coder 122a then receives the
digital output of demodulator 120a and performs the nec-
essary de-gray coding. For example, for the embodiments of
the present invention that use a 2B-1Q coding scheme and
that use gray coder 94a whose manneroflevel gray coding
is set forth in Table 1, if de-gray coder 122a@ received the
folowing input stream:

Of1 [1 [1 ]0[0/1 ojo|1,

its output would be:

O[0|1|2|2 [ofo|2 ojo.

Bit stripper 124a then receives the digital output of
de-gray coder 122a and performs the necessary delimiter/
parity detection. Bit stripper 124a then removesthe parity/
delimiter bits and supplies the data bits at the first channel
A data bit rate (Rygrri4) to shifter/combiner 128. Shifter/
combiner 128 delays its input on channel B for a sufficicnt
amount of time so as to allow it to interlace the signals on
channel A and B.For example, if the inputs on channel A and
B were as follows,
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Channel A input: O|1|1|0
Channel B input: 0|0|1|0

the shifter of combiner 128 would delay the signals on
channel B for half a period as shown below,

Channel A input: O|1|1|0
Channel B input: O|0|1|0
The interlacer of combiner 128 would then combine the

signals on channel A and B so asto produce the following
output: 00101100.

Combiner 128 then supplies its output to phase locked
loop (or equivalent equalizer DSP based estimation) clock
recovery circuit 126, which in turn uses this output to
determine the frequency of the incoming symbols. Com-
biner 128 also supplies its output to descrambler 130 in order
for second data node 54 to receive the transmitted signals as
they existed prior to being scrambled by scrambler 90.

The above-mentioned 100 MBit Ethernet encoding/
decoding system 50 can readily be implemented in the
United States because it is adaptable to the available present-
day Ethernet infrastructure in the United States. More
specifically, since the 100 MBit Ethernet network 50 pro-
vides bi-directional transmissions with four twisted pairs
(i¢., twisted pairs A, B, C, and D), no additional wiring
needsto be placed between hubsandrepeaters. Furthermore,
by operating at a maximum baudrate of 30 MBaud/s,this
100 MBit Ethernet implementation optimally utilizes the 30
MHz bandwidth that the FCC allows, in order to maximize
the data throughput rate and minimize the BER and maxi-
mize the hamming distance for thal data throughput rate by
maximizing the descriptive bit rate.

100 MBit Two Twisted Pair Half-Duplex Ethernet Net-
work

FIGS.5 and 6 present another detailed embodimentof the
encoder/decoder apparatus 10 of FIG. 1. FIG. 5 presents
encoder/decoder system 150 that couples the first data
source/sink 152 to a second data sink/source 154. Encoder/

decoder system 150 is a 100 MBit Ethernet encoding/
decoding system, which utilizes a multilevel baseband code
with three or more levels to send a maximum of 100 MBits/s

of data over two twistedpairs in a half-duplex mode(i.e., at
any one time, twisted pairs 184a and 1846 either both
transmit data from first data source/sink 152 to second data
sink/source 154 or both transmit data from second data

sink/source 154 to first data source/sink 152).
Like the 10 MBit Ethermet network, 100 MBit Ethernet

encoder/decoder system 150 is a baseband system, which
renders it compatible with the previous 10 MBit Ethernet
networks. In addition, in order to maintain backward com-
patibility with the 10 MBit Ethernet systems that comply
with IEEE 802.3 standard and in order to comply with
FCC’s part 15 requirement, Ethernet system 150 is designed
to have (1) a BERat or below 10-° and a hammingdistance
at or above four for a minimum cable length of 100 meters,
and (2) maximum baseband bandwidth of 30 MHz.

Encoder/decoder system 150 includes encoder/decoder
182, twisted pair cables 184, and decoder/encoder 186, FIG.
6 presents a more detailed view of encoder/decoder 182.
Because decoder/encoder 186 is identical to encoder/

decoder 182, FIG. 6 only presents a detailed view of
encoder/decoder 182, in order not to obscure the description
of the present invention with unnecessary detail. However,
it will be understood by one of ordinary skill in the art that
the following discussion of FIG. 6 is equally applicable to
decoder/encoder 186.

Encoder/decoder 150 is capable of operating in a half-
duplex mode because both encoder/decoder 182 and
decoder/encoder 186 can serve as cither an encoder or a
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decoder. For example, data source/sink 152 can request state
machine 236 to cause encoder/decoder 182 to operate as an
encoder by providing a first predetermined signal (e.g., a
high signal) to filters 208, multiplexors 238, gray/de-gray
coders 194,bit strippers/stuffers 196, combiner/splitter 192,
and scrambler/descrambler 190. It should be noted that by
controlling multiplexors 238, state machine 236 controls the
operation of AGCs 216, quantizers 232, equalizers 218,
demodulators 220, differential drivers 206, fixed reference
amplitude controllers 232, pre-equalizers 234, and modula-
tors 202. When encoder/decoder 182 operates as an encoder,
it supplies the data that it receives from first data source 152
to twisted pairs 184 via the scrambler of scrambler/
descrambler 190, the splitter of combiner/splitter 192, the bit
stuffers of bit strippers/stuffers 196, the gray coders of
gray/de-gray coders 194, modulators 202, pre-equalizers
234, fixed reference amplitude controllers 232, differential
drivers 206, filters 208, and transformers 210.

In addition, data source/sink 152 can request state
machine 236 to cause encoder/decoder 182 to operate as a
decoder by providing a second predetermined signal (e.g., a
lowsignal) to the transformers 210,filters 208, multiplexors
238, gray/de-gray coders 194, bit strippers/stuffers 196,
combiner/splitter 192, and scrambler/descrambler 190.
When encoder/decoder 182 operates as a decoder, it supplies
the data that it receives from twisted pairs 184 to first data
sink 152 via filters 208, AGCs 216, quantizers 232, equal-
izers 218, demodulators 220, the de-gray coders of gray/de-
gray coders 194,the bil strippers of bit strippers/stuflers 196,
the combiner of combiner/splitter 192, and the descrambler
of scrambler/descrambler 190.

When encoder/decoder 182 operates as an encoder, the
discussion pertaining to the operation of scrambler 90,
splitter 92, gray coder 94a,bit stuffer 96a, modulator 102a,
differential driver 106q,filter 108a, and transformers 110 of
encoder 82 of FIG. 3 applies in its entirety to the operation
of the scrambler of scrambler/descrambler 190, the splitter
of combiner/splitter 192, the bit stuffers of bit strippers/
stuffers 196, the gray coders of gray/de-gray coders 194,
modulators 202a, differential drivers 206, filters 208, and
transformers 210 of encoder/decoder 150 of FIG. 5. In
addition, as shown in FIG. 6, encoder/decoder 182 also
includes pre-equalizer 234 and fixed reference amplitude
controllers 232 in its encoding path. Pre-equalizers 234 are
used in order to optimize the equalization process by split-
ting the equalization compensation between the transmis-
sion and reception stages. Pre-equalizers 234 adjust the
amplitude and phase response of the outgoing symbols
either based on an approximation of the twisted pair cable
length, or based on an adaptive technique like the V. fast
technique. Fixed reference amplitude controllers 232 are
used to assure that minor variation in the output of modu-
lators 202 do not decrease the dynamic range of the symbols.

Furthermore, when encoder/decoder 150 operates as a
decoder, the discussion pertaining to the operation of trans-
formers 112, filter 114a, AGC 116a, quantizer 132a, equal-
izer 118a, demodulator 120a, de-gray coder 122a, bit strip-
per 124a, combiner 128, descrambler 130 of decoder 86 of
FIG.4 appliesin its entirety to the operation of transformers
210, filters 208, AGCs 216, quantizers 232, equalizers 218,
demodulators 220, the de-gray coders of gray coders/dc-
gray coders 194,the bit strippers ofbit strippers/stuffers 196,
the combiner of combiner/splitter 192, and the descrambler
of scrambler/descrambler 190 of cncoder/decoder 150 of
FIG.5.

In addition, similarly to encoding/decoding system 50 of
FIGS. 2-4, cncoding/decoding system 150 is a 100 MBit
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Ethernet encoding/decoding system that maintains the
desired bandwidth (30 MHz), BER(at or below 10-°), and
hammingdistance(at or above 4) associated with a lowerbit
rate of 10 MBits by (1) using a multilevel coding scheme
with three or movelevels, (2) realizing that the frequency
response of multilevel PAM scheme with three or more
levels has a spectral energy null at the frequency whose
magnitude equals the magnitude of the baud rate, (3) having
a maximum baud rate whose magnitude equals the magni-
tude of the baseband bandwidth frequency(i.¢., Rea uvpaax=
30 MBauds/s), and (4) using the surplus bandwidth spectral
energy (i.e., the spectral energy from 25 MHz to 30 MHz)
to add parity/dclimiter bits to the information stream.

For example, for the embodiments of encoder/decoder
apparatus 150 which use a 2B-1Q coding scheme, encoder/
decoder apparatus 150 transmits data at a maximum data
rate of 100 MBits/s and transmits descriptive bits at a
maximum descriptive bit rate of 20 MBits/s over two twisted
pairs (i.e., each twisted pair operates at a maximum baud
rate of 30 MBauds/s, or alternatively stated at a maximum
bit rate of 60 MBits/s) in a half-duplex mode, in order to
maintain the transmission bandwidth of 30 MHz, the BER at
or below 107°, and the hamming distance at or above four.
In addition, like encoder/decoder apparatus 80, encoder/
decoder system 150 sets one channel (e.g., channel A) as the
odd parity check channel while setting the other channel
(e.g., channel B) as the even parity check channel, in order
to reduce the BER due to burst errors.

Also, like Ethernet encoding/decoding system 50 of
FIGS. 2-4, Ethernet encoding/decoding system 150 of
FIGS. 5 and 6 can readily be implemented in the United
States because it is readily adaptable to the present-day
Ethernet infrastructure in the U.S. More specifically, since
this 100 MBit Ethernet system uses only 2 twisted pairs to
provide unidirectional transmissions, no additional twisted
pairs need to be placed between hubs and repeaters and
between repeaters, because the four twisted pairs that
already couple each data node can be used to provide
bi-directional transmissions between hubs and repeaters and
between pairs of repeaters. In addition, this two twisted pair
half-duplex Ethernet system can easily be adopted in foreign
countries, which only use two twisted pairs in their Ethernet
networks to couple their communication nodes.
Furthermore, because this Ethernet implementation uses two
twisted pairs, it requires less electronic circuitry than an
Ethernet network that uses four twisted pairs. Finally, while
operating at a maximum baud rate of 30 MBauds/s, this 100
MBit Ethernet implementation optimally utilizes the 30
MHz bandwidth that the FCC allows, in order to maximize
the data throughput rate while minimizing the BER and
maximizing the hamming distance for that data throughput
rate by maximizing the descriptive bit rate.

Repeater Application of the 100 MBit Ethernet Networks
As apparent from the previous discussion, the Ethernet

networksthat are set forth in FIGS. 2-6 can be implemented
at any location in the physical layer of the data communi-
cation system. For example, the encoders and decoders that
are set forth in FIGS. 2-6 can be located adjacent their
respective data nodes and their respective hubs.In addition,
as set forth in FIGS. 7 and 8, for repeater applications the
encoding and decoding systems of the present invention are
not only located adjacent their respective data nodes and
hubs, but are also placed inside the repeaters. FIG. 7 shows
encoder/decoder system 50 (of FIGS. 2-4)in repeater chips
258. In other words, not only do data sources 254 and hubs
256 employ encoder/decoder system 50 to transmit data, but
also repeaters 258 usc encoder/decoder system 50 to relay
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data. On the other hand, FIG. 8 shows encoder/decoder
system 150 (of FIGS. 5-6) in repeater chips 262. More
specifically, not only do data sources 264 and hubs 266 use
encoder/decoder system 150 to transmit data, but also
repeaters 262 employ encoder/decoder system 150 to relay
data. However, it should be noted that encoder/decoder
systems 50 and 150, which are placed in repeaters 258 and
262, use state of the art equalizers in order to provide
additional compensation for signal degradation and group
delays. ‘The repeater encoder/decoder systems also utilize
elastic buffers (positioned after the splitters and combiners)
in order to provide additional compensation.

Although the present invention has been illustrated above
with reference to particular exemplary embodiments, these
embodiments are merely illustrative of the invention and
should not be taken as limiting the scope of the invention.
For instance, it will be understood by one of ordinary skill
in the art that alternative embodiments of the present inven-
tion’s Ethernet encoding/decoding systems can be con-
structed with different numbers of twisted pairs or different
maximum bit rates. For example, another embodimentofthe
present invention is a 100 MBit two twisted pair full-duplex
Ethermet network which uses 4B-1H multilevel code (ie., a
code which represents four binary bits by one wave which
can have any oneof sixteen values). Yet another exemplary
embodiment of the present invention is a 200 MBit four
twisted pair full-duplex (or two twisted pair half-duplex)
Ethernet network which uses 4B-1H multilevel code.

I claim:

1. An encoder for encoding binary data bits supplied by a
data source into multilevel pulse amplitude modulated
symbols, wherein said symbols are transmitted over a trans-
mission medium subject to a maximum baseband bandwidth
frequency, said encoder comprising:

a bit stuffer for receiving said data bits at a first data bit
rate from said data source, said bit stuffer adding
descriptive bits to said data bits at a descriptive bit rate,
wherein said first data bit rate at most equals a maxi-
mum data bit rate and said descriptive bit rate at most
equals a maximum descriptive bil rate; and

a modulator for receiving said data and descriptive bits
from said bit stuffer and for converting said data and
descriptive bits into multilevel pulse amplitude modu-
lated symbols having a baud rate, wherein said baud
rate at most equals a maximum baud rate whensaid first
data bit rate equals the maximumdata bit rate and said
descriptive bit rate equals the maximum descriptive bit
rate, wherein said maximum baud rate has a magnitude
equal to a magnitude of said bascband bandwidth
frequency such that surplus spectral energy within the
baseband bandwidthis utilized for said descriptive bits.

2. The encoder of claim 1, wherein said descriptive bits
are delimiter bits.

3. The encoder of claim 1, wherein said descriptive bits
are parity bits for maintaining a predeterminedbiterror rate
and a predetermined hamming distance while increasing the
first data bit rate from a second lower data bit rate to the
maximum data bit rate.

4. The encoder of claim 1, wherein said multilevel pulse
amplitude modulated symbols have at least three levels and
whose spectral characteristic shows an energy null at the
bascband bandwidth frequency whentransmitted.

5. The encoder of claim 1, wherein said encoder is an
Ethemet network encoder.

6. The encoder of claim 1, whercin said modulator is a
2B-10 modulator.

7. An Ethernet encoder for encoding input data bits
supplicd by a data source into multilevel pulsc amplitude
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modulated symbols having at least three levels and for
supplying said symbols to a channel A twisted pair cable and
a channel B twisted pair cable, wherein said symbols are
transmitted over said twisted pair cables subject to a maxi-
mum baseband bandwidth frequency, said encoder compris-
ing:

a) a splitter for receiving said input data bits at a first data
bit rate from said data source andfor splitting said input
data bits into channel A data bits and channel B data

bits;

b) a channelA bit stuffer for receiving said channel A data
bits from said splitter and for adding channel A descrip-
tive bits to said channel A data bits at a channel A

descriptive bit rate, wherein said channel A descriptive
bit rate at most equals a maximum channel A descrip-
tive bit rate;

c) a channel B bit stuffer for receiving said channel B data
bits from said splitter and for adding channel B descrip-
tive bits to said channel B data bits at a channel B

descriptive bit rate, whercin said channel B descriptive
bit rate at most equals a maximum channel B descrip-
tive bit rate;

d) a channel A modulator for receiving said channel A data
and descriptive bits from said channel A bit stuffer,
converting said channel A data and descriptive bits into
channel A multilevel pulse amplitude modulated sym-
bols having a channel A baud rate, and supplying said
channel A symbols to said channel A twisted pair cable;
and

e) a channel B modulator for receiving said channel B
data and descriptive bits from said channel B bitstuffer,
converting said channel B data and descriptive bits into
channel B multilevel pulse amplitude modulated sym-
bols having a channel B baudrate, and supplying said
channel B symbols to said channel B twisted pair cable;

f) wherein said channel A and channel B baudrates at
most equal a maximum baud rate whensaid first data
bit rate equals the maximum data bit rate and said
descriptive bit rates equal the maximum descriptive bit
rates, said maximum baud rate having a magnitude
equal to a magnitude of said baseband bandwidth
frequency.

8. The Ethernet encoder of claim 7, wherein said descrip-
tive bits are delimiter bits.

9. The Ethernet encoder of claim 7, wherein said descrip-
tive bits are parity bits for maintaining a predetermined bit
error rate and a predetermined hamming distance while
increasingthe first data bit rate from a second lowerdata bit
rate to the maximum data bitrate.

10. The Ethernet encoder of claim 9, wherein said channel
A parity bits are even parity bits and said channel B parity
bits are odd parity bits.

11. The Ethernet encoder of claim 9, wherein said base-
band bandwidth frequency is 30 MHz,said maximumdata
bit rate is 100 MBits/s, said second lower data bit rate is 10
MBits/s, said bit error rate is below 10-°, and said hamming
distance is at least 4.

12. The Ethernet encoder of claim 7, wherein said base-
band bandwidth frequency is 30 MHz and said maximum
data bit rate is 100 MBits/s.

13. The Ethernet encoder of claim 7, wherein said pulse
amplitude modulated multilevel symbols are 2B-1Q sym-
bols.

14. The Ethernet encoder of claim 7 adapted to operate in
a two twisted pair half-duplex Ethernet encoding and decod-
ing apparatus.
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15. The Ethernet encoder of claim 7 adapted to operate in
a four twisted pair full-duplex Ethernet encoding and decod-
ing apparatus.

16. A four twisted pair full-duplex Ethernet encoding and
decoding system comprising:

a) a first cncoder for coupling to a first data nodc to
receive a first set of input data bits, said first encoder
encoding said first set of input data bits into a first set
of multilevel pulse amplitude modulated symbols hav-
ing at least three levels;

b) a second encoderfor coupling to a second data node to
receive a second set of input data bits, said second
encoder encoding said secondset of input data bits into
a second set of multilevel pulse amplitude modulated
symbols having at least three levels;

c) a channel A twisted pair cable and a channel B twisted
pair cable receiving said first set of symbols from said
first encoder at a channel A baudrate and a channel B

baud rate;

d) a channel C twisted pair cable and a channel D twisted
pair cable receiving said second set of symbols from
said second encoder at a channel C baud rate and a

channel D baud rate, wherein when said symbols are
supplied to said twisted pair cables said symbols are
subject to a maximum baseband bandwidth frequency;

e) a first decoder for coupling to said second data node to
supply said first set of input data bits to said second data
node, said first decoder receiving said first set of
symbols from said channel A and B twisted pair cables
and decodingsaid first set of symbols intosaid first set
of input data bits; and

f) a second decoder for coupling to saidfirst data node to
supply said secondset of input data bits to said first data
node, said second decoder receiving said second set of
symbols from said channel C and D twisted pair cables
and decoding said sccond sct of symbols into said
second set of input data bits;

g) wherein said channel A,B, C, and D baudrates at most
equal a maximumbaud rate having a magnitude equal
to a magnitude of said baseband bandwidth frequency.

17. The Ethernet encoding and decoding apparatus of
claim 16, wherein said first encoder comprises:

a) a splitter for receiving said first set of input data bits at
a first data bit rate from said first data node and for

splitting said first set of input data bits into channel A
data bits and channel B data bits;

b) a channelA bit stuffer for receiving said channel A data
bits from said splitter and for adding channel A descrip-
tive bits to said channel A data bits at a channel A

descriptive bit rate, wherein said channel A descriptive
bit rate at most equals a maximumchannel A descrip-
tive bit rate;

c) a channelBbit stuffer for receiving said channel B data
bits from said splitter and for adding channel B descrip-
tive bits to said channel B data bits at a channel B

descriptive bit rate, wherein said channel B descriptive
bil rate al most equals a maximum channel B descrip-
tive bit rate;

d) a channel A modulator for recciving said channel A data
and descriptive bits from said channel A bit stuffer,
converting said channel A data and descriptive bits into
channel A multilevel pulsc amplitude modulated sym-
bols having said channel A baud rate, and supplying
said channel A symbols to said channel A twisted pair
cable; and
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e) a channel B modulator for receiving said channel B
data and descriptive bits from said channel B bit stuffer,
converting said channel B data and descriptive bits into
channel B multilevel pulse amplitude modulated sym-
bols having said channel B baud rate, and supplying
said channel B symbols to said channel B twisted pair
cable;

f) wherein said channel A and channel B baudrates at
most equal said maximum baud rate whensaid first
data bit rate equals the maximum data bit rate and said
descriptive bit rates equal the maximum descriptive bit
rates.

18. The Ethernet encoder of claim 17, wherein said
descriptive bits are delimiter bits.

19. The Ethernet encoder of claim 17, wherein said
descriptive bits are parity bits for maintaining a predeter-
mined bit error rate and a predetermined hamming distance
while increasing the first data bit rate from a second lower
data bit rate to the maximum databitrate.

20. The Ethernet encoder of claim 19, wherein said
channel A parity bits are even parity bits and said channel B
parity bits are odd parity bits.

21. The Ethernet encoder of claim 19, wherein said
baseband bandwidth frequency is 30 MHz, said maximum
data bit rate is 100 MBits/s, said second lowerdata bit rate
is 10 MBits/s, said bit error rate is below 10-°, and said
hamming, distance is at least 4.

22. The Ethernet encoder of claim 17, wherein said
baseband bandwidth frequency is 30 MHz and said maxi-
mumdata bit rate is 100 MBits/s.

23. ‘the Ethernet encoder of claim 17, wherein said pulse
amplitude modulated multilevel symbols are 2B-1Q sym-
bols.

24. An encoding method for encoding binary data bits
supplied by a data source into multilevel pulse amplitude
modulated symbols, wherein said symbols are transmitted
overa transmission medium subject to a maximum baseband
bandwidth frequency, said encoding method comprising the
steps of:

receiving said databits ata first data bit rate from said data
source;

adding descriptive bits to said data bits at a descriptive bit
rate, wherein said first data bit rate at most equals a
maximum data bit rate and said descriptive bit rate at
most equals a maximum descriptive bit rate; and

converting said data and descriptive bits into multilevel
pulse amplitude modulated symbols having a baud rate,
whercin said baud rate at most cquals a maximum baud
rate when said first data bit rate equals the maximum
data bit rate and said descriptive bit rate equals the
maximum descriptive bit rate, wherein said maximum
baud rate has a magnitude equal to a magnitude of said
baseband bandwidth frequency such that surplus spec-
tral energy within baseband bandwidth is utilized for
said descriptive bits.

25. The encoding method of claim 24, wherein said
descriptive bits are parity bits for maintaining a predeter-
mined bit error rate and a predetermined hamming distance
while increasing the first data bit rate from a second lower
data bit rate to the maximum data bit rate.

26. The encoding method of claim 24, wherein said pulse
amplitude modulated multilevel symbols are 2B-1Q sym-
bols.

27. An Ethernet encoding method for encoding input data
bits supplied by a data source into multilevel pulse ampli-
tude modulated symbols havingat least three levels and for
supplying said symbols to a channel A twisted pair cable and
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a channel B twisted pair cable, wherein said symbols are
transmitted over said twisted pair cables subject to a maxi-
mum baseband bandwidth frequency, said encoding method
comprising, the steps of:

a) receiving said input data bits at a first data bit rate from
said data source;

b) splitting said input data bits into channel A databits and
channel B data bits;

c) adding channel A descriptive bits to said channel A data
bits at a channel A descriptive bit rate, wherein said
channel A descriptive bil rate al most equals a maxi-
mum channel A descriptive bit rate;

d) adding channel B descriptive bits to said channel B data
bits at a channel BK descriptive bit rate, wherein said
channel B descriptive bit rate at most equals a maxi-
mum channel B descriptive bit rate;

e) converting said channel A data and descriptivebits into
channel A multilevel pulse amplitude modulated sym-
bols having a channel A baud rate, and supplying said
channel A symbols to said channel A twisted pair cable;
and

f) converting said channel B data and descriptive bits into
channel B multilevel pulse amplitude modulated sym-
bols having a channel B baud rate, and supplying said
channel B symbolsto said channelB twisted pair cable;
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g) wherein said channel A and channel B baudrates at
most equal a maximum baud rate whensaid first data
bit rate equals the maximum data bit rate and said
descriptive bit rates equal the maximum descriptive bit
rates, said maximum baud rate having a magnitude
cqual to a magnitude of said bascband bandwidth
frequency.

28. The Ethernet encoding method of claim 27, wherein
said descriptive bits are parity bits for maintaining a prede-
termined bit error rate and a predetermined hamming dis-
tance while increasing the first data bit rate from a second
lower data bit rate to the maximum databit rate.

29. The Ethernet encoding method of claim 27, wherein
said channel A parity bits are even parity bits and said
channel B parity bits are odd parity bits.

30. The Ethernet encoding method of claim 27, wherein
said pulse amplitude modulated multilevel symbols are
2B-1Q symbols.

31. The Ethernet encoding method of claim 27 adapted to
operate in a two twisted pair half-duplex Ethernet encoding
and decoding method.

32. The Ethernet encoding method of claim 27 adapted to
operate in a four twisted pair full-duplex Ethernet encoding
and decoding method.
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