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1 Ethernet Local Area Networks

1.1 A Brief Overview

The technology of Ethernet Local Area Networks was developed at the beginning of the
1980’ s by a grouping of computer-industry companies who perceived the need for high-
speed data communi cations between relatively close computers.

The am of these manufacturers was to define a communications standard which was
capable of guaranteeing the interconnectivity of machines at the level of a building or an
industrial site.

They wanted their product to permit rapid data transfers and to be easy to install, evolve
and maintain. They were ready to conform to a layered architecture such as that
recommended by the standardisation bodies. Moreover, they intended to publish the
definition and the characteristics of the elements of this network. Thus, they were able to
open the market for hardware adapted to Ethernet networks to all manufacturers,
eliminating the, up to then, differences in solution implementations.

For this purpose, a committee was formed by the Institute of Electrical and Electronic
Engineers (IEEE), a world-wide professional organisation, and was given the name
Project 802. In June 1981, this |EEE 802 Project decided to form the 802.3 subcommittee
to produce an internationally accepted standard based on the inception of the first
Ethernet of D.I.X. work, and in 1983 the draft was finalised as the IEEE 10BASE5
Standard.

This acronym was given as such because the standard specified a 10Mbps transmission
using base-band signaling and alowing 500 meter node-to-node distances. Today
Ethernet and 802.3 are considered synonymous.

Ethernet’s structure follows the Open System Interconnection (OSI) Reference Model, a
7 layered representation of network systems. Standardised in 1994, but its concept dates
back to 1977, specifies the function performed in each layer but not the details of how
each layer works. By braking down a technology in different layers allowed a given
layer to be changed without impacting the remainder if the model, something that
Ethernet’ s evolution has been based upon.
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The following Figure shows the relationship between the IEEE 802 Protocol layers and
the OSI Reference model.

Refer(gr?clze Model |EEE 802 Reference Model
Presentation
Session Upper Protocol Layers
Transport
Network | e e e——
Daalink | Medium Access Control
Physical Physical

| Medium I | Medium I

Figure 1. IEEE 802 Protocol Layers Compared To OS Model

Ethernet falls into the lower 2 layers of this model, namely Data Link and Physical
Layers. In fact, Ethernet networks defined by the 802.3 Standard fit into the Physical
layer and the lower half of the Data Link layer, the Medium Access Control (MAC) sub-

layer.

1.2ETHERNET MAC SUB-LAYER.

The role of the second layer is to permit the transfer of data between the connected
systems and to detect transmission errors. Thus, it is responsible for formatting the data
into frames, establishing the physical communications and releasing them using access
procedures. The MAC layer itself controls the sharing of the medium using an access
method known as Carrier Sense Multiple Access/Collision Detection (CSMA/CD).

When a station wishes to send data, it “listens’ to the line. If no other station is currently
transmitting data, it has the opportunity to transmit data itself. If two stations start data
transmission at the same time, this is recognised as a collision. Then both station stop
transmitting, and send ajamming signal on the medium to notify all the other stations on
the segment that a collision has occurred. Later each station tries to repeat the process
again at different times according to a back-off algorithm. Figure 2 shows a diagram of
the CSMA/CD protocol.
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Figure 2. CSVIA/CD Flow Chart

1.3THE PHYSICAL LAYER

The Physical layer falls to the lower layer of atelecommunication’s system. It defines the
electrical signalling, symbols, line states, clocking requirements, encoding of data, and
connectors for data transmission. All higher layers talk to the Physical layer through a
predetermined interface. For example, as can be seen from Figure 3, for the 10Mbps
Ethernet, this is the Attachment Unit Interface (AUI). 100Mbps Ethernet cals this the
Media Independent Interface (MI1).

In the 10Mbps Ethernet the Physical Signaling Sub-layer (PLS) defines transmission
rates, type of encoding/decoding and signalling methods. The same task, in the
100BASE-T Ethernet, is performed by the Physical Coding Sub-layer (PCS) which is
part of the Physical Layer. In the Physica Media Attachment (PMA) interface a
definition of the transmission media takes place, while the Media Dependent Interface
(MDI) provides an interface between the PMA and the specific medium. In 10Mbps
Ethernet the PMA and MDI form the Media Attachment Unit (MAU) aso known as the
transceiver. This grouping into modules alows for an easy upgrade for different
signalling methods and media types. Figure 3 shows the two different Ethernet
implementations
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Figure 3: A comparison between 10Mbps and 100Mbps Ethernet Implementations.

1.4ETHERNET PHYSFOR 10 MbpsETHERNET.

Ethernet
CSMA/CD
MAC

10BASES ' 10BASE2 ' 10BASE-T ' 10BASE-F ' 10BROAD36 '

Thick Coaxial Thin Coaxial 2 Pairsof Cat3 Two Strands of Coaxial
UTP Multimode Fiber

Figure 4: The Different Ethernet/802.3 Physical Layers

There are 5 ways to transmit 10Mbpsin Ethernet:

10BASES: The original thick Ethernet coaxial cable standard, dating back to early
1970’s.

10BASE2: Also known as thin Ethernet. It was added in the early 1980's and used a
thinner coaxial cable.

10BASE-T: In 1990, Ethernet over UTP was standardised.

10BASE-F. This version was very important because it utilised fiber cabling to carry
Ethernet over extended distances
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10Broad36: This is different from the other PHY standards in that it uses broadband
transmission technology to transmit. This alows different channels to communicate
simultaneously on the same cable. It was far less popular and no similar 100 Mbps
broadband PHY exists.

1.4.1 10BASE-T: Twisted Pair Ethernet

10BASE-T was very different from the two previous standards (10BASE5,10BASE?2).
10BASE-T used two pairs of UTP telephone type cable: one to transmit, one to receive.
Like the other Physical standards, 10BASE-T used Manchester encoding to transmit
10Mbps. From a cabling perspective 10BASE-T was actually a step backwards. That is
because coaxial cabling was far superior to UTP in terms of bandwidth. Yet, 10BASE-T
isamajor step forward for Ethernet. It became popular in a short time because it adopted
the structured wiring system developed by the telecommunications industry. This
structured cabling mandated central repeaters and a star-shaped, planned and structured
wiring topology. This was very different and far superior to the point-point no-structure,
simple failure point coaxial cable method that has previously been used by both
10BASE5 and 10BASE2. The following picture shows the difference between the
10BASE5, 10BASE2 and 10BA SE-T topologies:

T Tee

_I
k—} Coaxial Cable
MAU connection
RTWi sted Pair
MAU MDI O MDI MAU
Cross-Connect
Wall outlet Panel

<4— Twisted Pair Link Segment ———»
Twisted Pair Link

Figure 5: The turn of Ethernet in the form known today. From bus topology to star.
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1.5 100BASE-T/ FAST ETHERNET PHYSICAL LAYERSOVER UTP.

The IEEE 802.3u Specification contains two new Physical Layers for 100Mbps Ethernet
over UTP cable:

100BASE-TX which requires 2 pairs of Category 5 UTP and
100BA SE-T4 which requires 4 pairs of Cat-3 or better cabling.

Then, the 802.3y 100BASE-T2 Physica Standard came which was completed about 1
year after the original Fast Ethernet. It is unknown to the market and uses only 2 pairs of
Category 3 cable. 100BASE-TX is the most popular in 100BASE-T Physical layers and
was based on the FDDI/CDDI Physical layer using a coding technique known as 4B/5B.

Ethernet
CSMA/CD
MAC
802.3u ~_
l l 802.3y
100BASE-TX I 100BASE-T4 I 100BASE-T2 I
Two Pairsof Cat 5 Four Pairs of Cat 3/4/5 Two Pairs of Cat 3/4/5
UTP UTP UTP

Figure 6: An overview of the 100BASE-T 802.3u Standard showing the MAC,MI1, and the two original
Physicals for UTP cabling. (L00BASE-T2 was added as 802.3y one year later)

1.5.1 100BASE-TX. Fast Ethernet For Category 5 UTP

It has numerous similarities with 10BASE-T. It utilises two pairs of UTP cable with a
maximum length of 100meters as defined by the TIA/EIA-568A wiring Standard. One
pair receives and the other one transmits. The electrical signalling frequency for
10BASE-T is 20MHz allowing transmission over Cat 3 cable. But, 100BASE-TX on the
other hand requires a much better quality cable due to its higher frequency. It uses a
4B/5B conversion, followed by a stream scrambler and MLT-3 encoding (multi-line
transmission). 4B/5B block coding makes sure that all symbols corresponding to
numerical data include at least two changes of state, and never more than three bits with
the same value are emitted successively. But converting four bits for transmission to five
has as an effect that the signal’s frequency is increased by 25%. But, a Category 5 cable
has a bandwidth of 100MHz. For that reason the data is then scrambled so that the signal
energy is spread across the whole spectrum and then an encoding scheme is used, called
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Multi-level Threshold 3 (MLT-3). MLT uses 3 physical levels to reduce the main signad
frequency to 31.25 MHz (one fourth of the original one).

1.5.2 100BASE-T4. Fast Ethernet For Four-Pair Category 3 UTP

100BASE-T4 was the only really new Physical that was developed as part of the IEEE
802.3u Standard. It was designed to use existing Category 3 installations using 4 pairs at
100 meters and an encoding scheme called 8B/6T which encodes 8 bits to 6 tri-level
codes. It is relatively complex but it is more efficient than Manchester or 4B/5B
encoding techniques allowing transmission on Category 3 with a data throughput per pair
limited to 25 Mbaud. 3 pairs transmit were the fourth is used for collision detection.
Unlike 10BASE-T and 100BASE-TX there are no separate dedicated transmit and
receive pairs so full-duplex is not possible.

1.5.3 100BASE-T2

100BA SE-T2 never made to the market, but has inherited the Digital Signal Processing
and the encoding scheme to 1000BA SE-T.

At that time, 100BASE-T4 was targeted at the installed base of Category 3 but had two
shortcomings. First, numerous 10BASE-T installations only had 2 pairs of Cat 3, making
upgrading possible only with wiring work, which was an expensive process. Second, it
could not support full-duplex operation due to lack of any dedicated transmit and receive
pairs.

100BASE-T2 was designed to address both these issues. Due to advances in DSP
technology and integrated chip technology, it had become possible to transfer 100Mbps
over only 2 wire pairs of Category 3 UTP. But, it was late for two years and by that time
100BASE-TX had dominated the market.

It used 100m of Category 3, requiring only 2 pairs. It managed to squeeze 100Mbps by
using multilevel encoding like 100BASE-TX and 100BASE-T2. But in order to
accommodate the inferior quality of Category 3 a more complicated 5 level encoding
scheme was used caled 5 level Pulse Amplitude Modulation. It transmits different
voltage levels at different phases to produce 25 different combinations of signals (hence
PAM 5x5). The second technique that used was that of bi-directional transmission over
two pairs, also known as full-duplex that alowed simultaneous transmission and
reception on the same pair.

Up to then, all Ethernet versions used half-duplex transmission meaning that they used
separate cable pairs to transmit and receive. Using full-duplex transmission, the data
traffic existing on a pair travelled in both directions and therefore it was possible to
transmit and receive on the same wire pair thus doubling the total usable bandwidth of
the cable.
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The following table gives a summary of the different 100BASE-T Physical layers and
the 10BASE-T Physical layer.

Physical Parameter | 10BASE-T 100BASE-TX 100BASE-T4 100BASE-T2
|EEE Standard 802.3i —1990 802.3u — 1995 802.3u — 1995 802.3y - 1996
Encoding Manchester 4B/5B 8B/6T PAM 5x5
Cabling required UTP Cat 3/4/5 UTP Cat 5 UTP Cat 3/4/5 UTP Cat 3/4/5
# of pairs 2 2 4 2

# of transmit pairs | 1 1 3 2

Signal Frequency 20 MHz 125 MHz 25 MHz 25 MHz
Full-duplex capab. | Yes Yes No Yes

1.6 ETHERNET ENCODING AND COPRESSION TECHNIQUES

Cabling equipment is rated in terms of MHz. Cat 3 is rated up to a maximum frequency
of 16 MHz and is synonymous with 10BASE-T which transmits 10Mbps. Cat 5 has a
maximum frequency of 100MHz.

Cabling’'s rate in MHz gives the maximum frequency that can be transmitted reliably. To
attain higher transmission rates, engineers have used severa techniques to reduce the
frequency of the signal, as seen from the above 100BASE-T Physicals, to meet the
bandwidth requirements of the cable.

1.6.1 NUMBER OF PAIRS

The number of pairs is the most obvious way of increasing the transmission capability of
the cable. 10BASE-T uses only one dedicated transmission pair as well as a dedicated
reception pair. Some faster version of Ethernet use multiple transmission pairs. The data
is split up over these multiple pairs, thereby reducing the bandwidth requirement for each
individual pair.

For example 100BASE-T4 utilises a total of 4 pairs. Two pairs are dedicated as either
transmit or receive, but the other two can act as either transmit or receive pairs. This
means that a total of 3 transmission pairs are available at any given time. The downside
of this floating pair scheme is that full-duplex transmission is not possible. 1000BASE-T
goes one step further and uses four pairs for transmission.

1.6.2 BANDWIDTH EFFICIENT CODING

The earlier 10Mbps versions of Ethernet used Manchester encoding, which is a simple,
but not very effective encoding scheme. With the higher data rates of Fast Ethernet
engineers have been forced to use more sophisticated coding methods for transmitting
data over limited-capacity UTP cabling.
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Ethernet transmission uses two different kinds of encoding schemes. Block and Line
Coding. Block coding takes severa bits (4 or 8) and sends it out as a new code word.
Line coding takes the parallel data stream and encodesit as a seria stream.

When calculating the overall bandwidth requirements of data transmission scheme, one
must take into consideration the overall datarata, the block encoding efficiency and the
line coding implications.

1.6.3 BLOCK CODING

Block encoding takes Ethernet's raw data rate and encodes it according to a
predetermined look up table. 100BASE-TX uses a block-encoding scheme called 4B/5B.
This takes 4 bits of data and expands it to 5 coded bits. Four of the coded bits contain the
actual data in accordance with the table. The fifth bit is added to transmit additional
information:

3 reasons exist for the existence of the extra bit:

The receiving station needs to receive the clock signal in order to decode the data
accurately. Sending the clock separately would not be a very efficient use of cabling
bandwidth. The 5-bit code word can be chosen so that a clock transition is present
often enough for the receiving station to regenerate the clock.

The extra bit aso alows the code-words to be chosen carefully so that an equa
number of logical Os and 1s are transmitted which means the digital signal has no DC
component.

The 4B/5B encoding alows some error correction capability to be incorporated into
the data stream

The most common block encoding scheme is 4B/5B for 100BASE-TX. The last one
introduced is the 8B/6T scheme for 100BASE-T4 and is a new development. The most
complex is the PAM5x5, which uses five different amplitudes and five different phases to
generate 25 different codes.

The downside of these xB/yB schemes is that they create a higher transmission rate. For

example, the extra bit of 4B/5B of 100BASE-TX increases the transmission rate by 25%
to 125Mbaud.
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1.6.4 LINE CODING

Line-coding converts adigital word into serial bit streams that can be transmitted over the
wire. The common types of line coding in use today with Ethernet over UTP are
Manchester for 10BASE-T and Multi-Level Threshold-3 for 100BASE-TX.

Manchester code. It has automatic transitions. It has a level transition in the middle
of each bit. For a binary 1, the first half is high, and the second half is low. For a
logical 0, the first half is low and the second half is high.. This encoding scheme
guarantees easy clock recovery on the recelving end but the drawback is that it
requires alot of bandwidth. Manchester encoding has a bandwidth efficiency index of
2: the bandwidth requirements equals that data transmission rate. Because bandwidth
was not a problem with the early versions of Ethernet (coaxia has a higher bandwidth
than UTP) all 10Mbps versions of Ethernet used this encoding scheme including
10BASE-T.

MLT-3. It uses three different voltage levels : -1, 0, +1. The level stays the same for
consecutive logical ones or zeros . A change in a bit means a change in the voltage
level. The change occurs in a circular, pattern OV, +1, 0, -1,0, +1. This circular,
sinusoidal pattern change means that ML T-3 encoded data sine wave of a much lower
frequency that the original, making it ideally suited for high speed data transmission
over UTP. MLT-3 has a bandwidth efficiency of two thirds, meaning that the
transmitted signal requires a bandwidth of only a quarter of the original transmission
rate.

1.7 1000BASE-T

The Gigabit Ethernet provides the data rate increase required to take Ethernet into a new,
high—speed era. It is founded on key principles of 10BASE-T, Fast and Switched
Ethernet, and the Ethernet frame format over either shared or switched media in a
network using standardised structured cabling.

The Gigabit development team took the Physical layer technology originally developed
for the Fibre channel Standard, improved it, and incorporated it into the Physical layer of
Gigabit Ethernet. The result is another ten fold increase in Ethernet data rate, at a lower
cost, and in less time than would have been required to develop a new technology. It was
approved as a Standard in 1998 as 802.3z Standard.

The support for UTP media has been described in the IEEE 802.3z Standard for
1000Mbps operation over fiber channels. But the specific difficulties of defining an
adequate coding scheme had postponed the specification and a dedicated supplement has
been created. The aim was to define a Gigabit Ethernet working mode on 4 pairs of UTP
of Category 5 supporting lengths of most 100m and capable of operating in full-duplex
with the aid of echo cancelling techniques.
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1000BASE-T has its foundations on portions of the well proven technologies of the
various 100BASE-T Physical layers:

100BASE-TX demonstrates sending a 3-level symbol stream over Category 5 cable
at 125Mbaud is possible and practical. Also the Digital Signal Processing (DSP)
Physical isavailable.

100BASE-T4 demonstrates techniques for sending multi-level coded symbols over 4
pairs.

100BASE-T2 demonstrates the use of digital signal processing (DSP), five level
coding , and simultaneous two-way data streams while dealing with alien signal sin
adjacent pairs.

In fact 1000BASE-T’s coding scheme is called the enhanced TX/T2 coding scheme due
to the fact that 1000BASE-T's Physical uses the 5 level Pulse Amplitude Modulation
(PAM 5) of 100BASE-T2 while sourcing the data symbols at arate of 125 MHz, which is
the same as the clock frequency of 100BASE-TX allowing for smpler 100/1000 Physical
implementations.

Coding of 250Mbps in 125Mbaud with five levels allows for a code redundancy higher
than 100% which guarantees good immunity against noise. 1000BASE-T goes a step
ahead by utilising Forward Error Correction in the form of a 4 Dimensional 8-state
Encoder to compensate for the complexity of the coding scheme.
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2 OVERVIEW

The 1000BASE-T Physical Layer (PHY) isthe latest addition to the Ethernet family of
CSMA/CD network specifications designed to operate on 100 meters of Category 5
balanced twisted pair copper cabling at 1000Mbps. It employs the same Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) protocol, same frame format and
same frame size as its predecessors. Following are the objectives of 1000BASE-T:

Support the CSMA/CD Medium Access Control (MAC).

Comply with the specification for the Gigabit Medium Independent Interface(GMII)
(Clause 35).

Support the 1000M bps repeater (Clause 41).

Provide line transmission that supports both half and full duplex operation.
Meet of exceed the FCC Class A/CISPR or better operation.

Support operation over 100 meters of Category 5 balanced cabling (Clause 40)
Bit Error Rate of less or equal to 10°*°, and

Support Auto-negotiation.

The following figure shows 1000BASE-T's relation with the 1SO Open Systems
Interconnection (OSI) Reference model and the IEEE 802.3 CSMA/CD LAN model.

UPPER LAY ERS
LLC—Logical Link Control
APPLICATION MAC Control (optional)
PRESENTATION MAC — Media Access Control
SESSION RECONCILIATION
TRANSPORT
NETWORK GMIF—»
DATA LINK RS9 PHY
PHY SICAL PMA
AUTONEG
MDI
MEDIUM

Figure 7: 1000BASE-T Relationship with the I SO Reference Model
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2.1 OPERATION OF 1000BASE-T

The 1000BASE-T employs full duplex transmission of 1000 Mbps over four pairs of
Category 5 balanced cabling. The datarate of 1000 Mbps is achieved by transmission of
250 Mbps over each wire pair, as shown in Figure 8. The use of hybrids and cancellers
enables full duplex transmission by alowing symbols to be transmitted and received on
the same wire pairs at the same time. Base-band signalling with a modulation rate of 125
Mbaud is used on each of the four wire pairs. The transmitted symbols are selected from
a four dimensiona 5 level symbol constellation. Each four-dimensional symbol can be
viewed as a 4-tuple (An, Bn, Cn, Dn) of one-dimensional quinary symbols taken from the
set {2, 1, 0, -1, -2}. 1000BASE-T use a continuous signalling system; in the absence of
data, Idle symbols are transmitted. Idle mode is a subset of code-groups in that each
symbol is restricted to the set {-2, 0, 2} to improve synchronisation. Five-level Pulse
Amplitude modulation is employed for transmission over each wire pair. The modulation
rate of 125 Mbaud, or 125 Msymbols per second, maiches the Gigabit Media
Independent Interface (GMII) clock rate of 125 MHz and results in a symbol period of 8
ns.

H H
Y Y
e e e e e 250 Mbps
| |
D D
—»D—» H H <—<I<7
Y Y
250Mbps | B | 2| 290 Mbps
| |
D D
H H
Y Y
B B
S
250 Mbps |R |R 250 Mbps
<—<I<— D D 4>>—>
H H
Y Y
B B
S
250 Mbps R R 250 Mbps
| |
<—<I<— D D 4>>—>

Figure 8: 1000BASE-T Topol ogy
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22PHYSICAL CODING SUBLAYER

The 1000BASE-T Physical Coding Sublayer (PCS) couples a Gigabit Media |ndependent
Interface (GMII) to a Physical Medium Attachment (PMA) Sublayer as illustrated in
Figure7.

The functions performed by the PCS comprise the generation of continuous codes-groups
to be transmitted over four channels and the processing of code-groups received from the
remote PHY. The process of converting data bits to code-groups is caled 4D/PAM 5,
which refers to the 4 dimensional 5-level Pulse Amplitude Modulation coding technique
used. Through this coding scheme 8 hits are converted to one transmission of four
guinary symbols.

2.2.1 SDE STREAM SCRAMBLER POLYNOMIALS
The Physical Coding Sublayer (PCS) Transmit function employs side-stream scrambling.
Depending upon the value of a parameter provided to the PCS by the PMA PHY Control

function, the PCS transmit function can employ a MASTER or a SLAVE side stream
scrambler polynomial defined as follows:

gy (X) =1+x® +x® (MASTER)
and
gs(X) = 1+x*+x*(SLAVE)

An implementation of the MASTER and SLAVE PHY side-stream scramblers by linear
shift registersis shown in the following Figure:

Scr,[0] Ser,[1] Ser,[2] Scr[12]  Scr,[13] Scr ,[31] Ser,[32]
T TP T T TP TP
MASTER
N
Scr,[0] Ser,[1] Ser,[2] Scr,[19] Scr, [20] Scr ,[31] Ser,[32]

T—PT—PT—P——PTIPT—P—PT—PT
SLAVE
€
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The bits stored in the shift register delay line at time n are denoted by Scrn[32:0]. At each
symbol period, the shift register is advanced by one bit and one new bit represented by
Scrn[0] is generated .

By scrambling the data no single frequency is sent for any significant period of time, thus
the power is spread out over arange of frequencies in the frequency spectrum. This type
of technique is often referred to as “spread spectrum” [3]-[5] as it effectively “whitens”
the data’ s frequency content based on the colour white, which contains al visible colours
(frequencies).

Electrical noise is commonly Arbitrary White Gaussian Noise (AWGN) meaning that the
noiseisrandom in nature and occupies all frequencies.

By scrambling the data, the radiated power from the channel looks effectively like noise.
This helps meet the FCC requirements which are quite strict for transmitting frequencies
above 30MHz (1000BASE-T’s theoretical is 62.5MHz). Also, since there are multiple
channels in close proximity, the radiated power received on one channel from another,
called cross-tak, is not correlated to the data being sent. This “spatial de-correlation”
helps the receiver from distinguishing the desired signal from the background noise.

2.3 THE 1000BASE-T TRANSMIT ENCODING RULES

2.3.1 GENERATION OF BITSX, [3:0], S, [3:0] and Sg [3:0]

PCS Transmit encoding rules are based on the generation, at time n, of the twelve bits
Sx,,[3:0], Sy,[3:0], and Sg,[3:0]. The eight bits, Sx,[3:0] and Sy, [3:0] are used to
generate the scrambler octet Sc,[7:0] for de-correlating the GMII data word TXD<7:0>
during data transmission and for generating the idle and training symbols. The four bits
Sg,,[3:0] are used to randomise the signs of the quinary symbols (A, B,,C,,D,) so
that each symbol stream has no DC bias. These twelve bits are generated in a systematic
fashion using three bits, X, Y, and Scr [0], and an auxiliary generating polynomial,
9(x). Thetwo bits, X ,and Y ,, are mutually un-correlated and also un-correlated with the
bit Scr,, [0]. For both MASTER and SLAVE PHY's, they are obtained by the same linear

combinations of bits stored in the transmit scrambler shift register delay line. These two
bits are derived elements of the same maximum-length shift register sequence of length

2% -1 as Scr [0], but shifted in time. The associated delays have been chosen so that they
are all large and different, such that there is no short-term correlation among the bits
Scr,[0], X ,,,andY . Thehits, X, Y, and are generated as follows:

X,=Scr, [4]® Scr, [6]

Y,=3Sor, [ e Scr, [9]
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From the three bits X, Y, and Scr, [0] further mutually un-correlated bit streams are
obtained systematically using the generating polynomial

g(x) =x* A x®

The generation of the 12 bits Sx,[3:0], Sy ,[3:0], and Sg,[3:0] is described in the
802.3ab Standard [44], where the four Sy ,[3:0] bits are depended upon Scr, [0] and g(x),
the bits Sx , [3:0] are dependent upon X , and g(x) and the bits Sg,,[3:0] are dependent
upon Y ,and g(x) Fig. shows the corresponding connections using linear feedback shift
registers.

Sgn[3]
Sxn[3]
Schn-l[‘O][vé' /V(\Dyl
T T*T*T—LT—LT T—>Tr—>
Sgn(2]
Syn[3]
@\ /gé 92 sxn[2]
Scrc:nl[f$ 1 in j
T TT T T T TP TR
Sgn(1]
Syn[2] >
/@é N Sxn[1] >

Scr_ Bn-1]

T
Sgn[0]
Syn[1] >

/gé ;2 sxn[0] g
1 l \_ rn-1[12] Scrn-1[13] Scrn-1[32]
T T T T TP T

T T T
Syn[0] —‘
<

€

N\

Scrn-1[0]

T\

Figure 10: Random Bits For Octet Scrambling
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2.3.2 SYMBOL MAPPING PROCEDURE

The following figure shows the steps involved in order to generate the quartet of quinary
symbols (A,,B,,C,,D,) . Itinvolves 4 stages as seen from the figure 11 according to
the 802.3ab Standard which defines the generation of those bits.

Tx_D, [7:0]

tx_enable,  tx_enable, tx_error

Lo

S, [3:0]
N 8dg_/Even sc, [7:0]| Scramblingand | sq [g:0)| Symbol
oding > CE:onvg_Iutlonal | 3| Mapping
Sy [30] ncoding
—
TA ,|TB|TC | TD,
. &
g, [3:0] ; SnB,
l Sign _
Encoding
SnC, >1<

SnD

vy
T A, B, C, D
tx_enable

Figure 11: Symbol Mapping Reference Diagram
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2.3.3 Generation of Sc,[7:0] bits

Following the generation of the bits Sx ,[3:0], Sy, [3:0], and Sg,[3:0] is the generation

of Sc,[7:0] the bits. These are used to scramble the GMII data octet TXD[7:0] and for

control, idle and training mode quartet generation. This definition of bits is dependent
upon the bits Sx , [0:3], Sy , [0:3] specified in the 40.3.1.3.2 section of 802.3ab Standard,

a variable tx_mode (which is responsible for the significance of the bits transmitted:
normal data, special code groups or vectors of zeros) and the variable tx_enable. The

definition of the Sc,, [7:0] bitsis given in the 40.3.1.3.3 section of the 802.3 Standard.

2.3.4 Generation of &, [0:8] — Scrambling and Convolutional Encoding

The outcome of this section is a nine bit word Sd , [0:8] from Sc, that represents either a

convolutionally encoded stream of data, control or idle mode code-groups. The
convolutional encoder uses a 3-bit word and according to 802.3ab definition in the
40.3.1.3.4 section looks like the following figure.

» Sdn[0]
» Sdn[1]
» Sdn[2]
» Sdn[3]
» Sdn[4]
» Sdn[5]
» Sdn[6]
» Sdn[7]

> > T *‘@" T 7% sdn[g]

Tx_D[7:0]

=2

MW >DOOM

v

Figure 12: 1000BASE-T Convolutional Encoder

The bits Sd ,[7:6] are dependent upon the bits Sc,, [7:6], the GMII data bits TXD , [7:6],

and from the convolutional encoder. The definitions of these bits can be found in the
40.3.1.3.4 section of the 802.3 Standard.

The bits Sd |, [5:3] are derived from the bits Sc,, [5:3] and the GMII data bits TXD , [5:3]
and their definition can be found in the same section of the relevant Standard.
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The bit Sd,, [2] is used to scramble the GMII data bit TXD , [2] during normal data mode
and to encode a parameter that indicates the condition of the local PHY: reliable or not.

Finally, the bits Sd [1:0] are used to transmit carrier extension information during

norma mode of operation and are dependent upon two other parameters which are
further defined in the same section of the Standard.

2.3.5 Generation Of Quinary SymbolsTA,, TB,,, TC,, TD

The nine bit word is Sd, [8:0] is mapped to a quartet of quinary symbols (TA ., TB,,,
TC,, TD,,) according to Tables 40-1 and 40-2 shown as Sd , [6:8] and Sd, [5:0] in pages

40-23 to 40-29. These are the tables which map the individual bits to quinary symbols
TA,, TB,, TC,, TD,corresponding to normal data mode operation, idle, carrier

extension.

2.3.6 GENERATIONOF A_,B,,C,,D,

Finally, the four bits Sg,[3:0] are used to randomise the signs of the quinary symbols
(A,,B,,C,,D,) so that each symbol has no DC bias. These bits are used to generate
binary symbols ( SnA ,, SnB,, SnC,, SnD , ) that, when multiplied by the quinary
symbols(TA,,TB,, TC,,TD ), resultin(A,,B,,C,,D,).

In this section of the encoding a distinction is made between code-groups transmitted
during idle and Start-of-Stream Delimiter and those transmitted during other symbol
periods. This is accomplished by reversing the mapping of the signs depending upon a
value of another parameter. All the bits and the controlling parameter are defined in
section 40.3.1.3.6 of the 802.3ab Standard.

The quinary symbols (A ,, B, C,, D) are generated as the product of (SnA ,, SnB .,
SnC,,SnD , )and (TA,,TB,, TC,, TD ) respectively as can be seen from the above
figure.
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24TRELLISCODED MODULATION
2.4.1 SELLECTING THE CHANNEL SYMBOLS

The 1000BASE-T physical layer will interface to the upper layers via the 8-bit wide
GMII. Thus, during frame transmission , the physical layer receives a new 8-bit word to
send from the GMII every 8ns (125MHz).

To keep the signalling rate low, al four pairs of the Category 5 cable are used. Thus, only
four 250 Mbps channels are required . As the data from the GMII is clocked at 125 MHz,
anatural choice isto use this clock rate to drive symbols onto the channel — especially as
100BASE-TX devices currently operate at 125 MHz while sourcing three-level (MLT-3)
symbols.

The Physical layer is receiving 256 (2°) data-codes every 8ns (125 MHz). Using the 3
level 100BASE-TX system across all 4 pairs, only 81 (3*) symbols would exist.

Using 4 levels (4* = 256) would work as there are enough symbols to map the data-
codes. However, there are no remaining codes for control signals ( Idle, Start of Frame,
End of Frame) nor are there any codes available for redundancy.

So the choice was to use 5 levels since there are 625 symbols (5*). Not only enough
codes exist in the symbol space to alow for 100% redundancy ( using 512 codes for data,
instead for 256) but also there are 113 symbols | eft for control signals.

These 5 symbols are labelled as -2, -1, O, +1, +2. Actually (+/- 2 actually mapsto +/-1V,
and +/- 1 mapsto 0.5V olts).

If the symbols —1 and +1 are not used, and only one channel is transmitted on, then the
output is very similar to 100BASE-TX signalling, allowing for ssmpler dual 100/1000
speed implementations. Fig 13 shows 1000BASE-T PAM-5 signalling scheme in
comparison with the signalling scheme of 100BASE-TX (MLT-3).
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+1V

100BASE-TX

ov

-1V

+0.5V
1000BASE-T

ov
-0.5v

-1V

%

Figure 13: A Comparison Between the 1000BASE-T and the 100BASE-TX MLT-3 coding
scheme.

The five-level signal used by 1000BASE-T is called Pulse Amplitude Modulation 5
(PAM-5), which was already implemented in 100BASE-T2 (Fast Ethernet over two pairs
of Category 3). 5-Level PAM provides better bandwidth utilisation than binary
signaling, where each symbol represents just one bit (O or 1) . In 5-Level PAM, each
transmitted symbol represents one of five different levels (-2, -1, 0, +1, +2).Typically
only 4 voltage levels are needed to generate 2 bits/'symbol because there are only 4
possible combinations of 2 bits — 00, 01, 10, 11. The transmitter can send 4 combinations
of 2 bits as 4 distinct voltages and the receiver can decode each voltage level into the
corresponding 2-bit combination. A 4-level signal has voltage transitions every 2 bit
periods while a binary signal could have voltage transitions every bit period. Therefore,
the rate of transitions, or symbol rate of a 4-level signa is half the frequency of a 2 level
signal. Thus, a 250MB/s data signal can be transmitted at a rate of 125Msymbols/s with
only 4 voltage levels.

The 5" level in the Enhanced TX/T2 system allows for redundant symbol states that are
used for error-correction coding. The forward Error Correction Coding (FEC) has been
the new design task for 1000BASE-T and is used to recover the 6dB loss due to 5 Level
Signalling. This comes in the form of 4-Dimensional 8-state Trellis Coded Modulation
that facilitates recovering the transmitted symbols in the presence of high noise and
crosstalk.[6], [8]-[9],[11] The extra 6dB of SNR margin gives the 5 level Enhanced
TX/T2 signal the noise immunity of a 3 level signal.
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2.4.2 INCREASNG THE SYMBOL DISTANCE

While the symbols -2, -1, O, +1, or +2 are sent per transmitter, the 1000BASE-T system
is afull-duplex system allowing reception and transmission at the same time on the same
channel or wire pair (bi-directional line).

The combined output of both transmitters on each line forms a two-dimensional
constellation looking like the following figure:

o

o

o

o

o

Figure 14: Anillustration of a PAM 5x5 Sgnal Constellation

However, noise affects the constellation and if too mush noise disrupts the signalling,
then the receiver will not be able to distinguish between the correct point in the

constellation and the neighbouring (incorrect) points.

¥ OM W O

3

¥ OM W O

3

¥ OM W O

3

¥ OM W O
L A

3

Figure 15: Decreased Distances between Points In the Constellation due to effects of
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Attenuation, also affects the constellation, with ssimilar concerns.

Figure 16: Decreased Distances between Points In the Constellation due to effects of
Attenuation

And, as attenuation / noise distortion increases, the problem of differentiating between

points in the constellation becomes obvious. To combat this problem the group for

implementing and standardising 1000BASE-T has decided to use 5-level Pulse

Amplitude Modulation in combination with Trellis Coded Modulation using 4

dimensional constellations in order to increase the distance between those points in the

constellation thus making the distinction of these points in the receiver easier gaining at

the sametime a6 dB in coding gain.

2.4.3 THE 4D/PAM 5 SYSTEM

If welook at one transmitter, we have basically a PAM-5 system, with levels:
{-2,-1,0,1, 2}

and the minimum distance between levelsis 1 Volt.

A'Y and X subset can be defined as follows:

Y ={-2,0,2}

X={-1, 1}

So, what this means is that when we talk about an X symbol we refer either to a{-1} or a
{+1} level. Similarly, aY symbol representsa —2, a0 or a+2 level.
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2.4.4 TWO DIMENS ONAL VIEW

With two transmitters, each sending PAM-5 levels, we obtain a two dimensional
constellation, PAM5x5, consisting of 25 points as shown in the figure below.

(-2,+2) (-1,+2) (0,+2) (1,+2) (+2,+2)

O O O O O
01

O O O O O
(0,0)

O O O O O
(0’ _1)

O O O O O

(-2-2) (-1-2) (020 (1-2 (2-2
O O O O O

Fig 17 : Two- dimensional (2D) PAM 5x5 constellation

The numbers in the parenthesises represent the levels by some points. For example the
point (0, 2) represents transmitter #1 sending a level 0 V and, a the same time,
transmitter #2 alevel 2V. Notice that the minimum distance between points in this 2D
spaceisagain 1Volt.

25 TRELLISCODING

If any additional coding is not introduced, the receiver will have to recover the
transmitted data at a symbol-per-symbol basis, where the distance between symbols is 1.
The idea of Trellis coding is to introduce an additional structure in the transmitter so that
the basic units sent are sequences instead of individua symbols. In addition, not any
arbitrary sequence will be allowed, and the allowed sequence will be such that the
Euclidean distance between them will be greater than 1, making easier for the receiver to
distinguish different sequences (distance >1) than to distinguish individual symbols
(distance =1). This will minimise the probability of error in the receiver. In Level-One's
proposal [58] the minimum squared distance between valid sequencesis 4.

2.5.1 PARTITIONING — STEP ONE
The first step towards creating these allowable sequences is to divide the 2D constellation

into two subsets by assigning alternate points to each subset, according to the following
pattern [18]:
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B A B A B
A B A B A
Figure 18: Subset Partitioning of the PAM5x5 constellation

The most important points to notice are:

The points in each subset lie again on a square grid (rotated 45 degrees with respect to
the original grid).

The minimum sguared distance between points within a subset (=2) is twice the
minimum squared distance between pointsin the original constellation.

Because of the first property, the partitioning can be repeated to yield smaller subsets
with minimum squared distance between points of 4, 8, 16, and so on.

We will now review this pattern using the X-Y nomenclature for the PAM-5 levels:

YY XY YY XY YY
YX XX YX XX YX
YY XY YY XY YY
YX XX YX XX YX
YY XY YY XY YY

Fig 19: AsFig 2 but using the X-Y nomenclature to identify the different points of the
constellation
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A point in Fig 19, for example of the type XY means that the transmitter #1 sent atype X
level (which could be either a—1 or a 1) and transmitter #2 sent atype Y level (that could
be either a—2, a0 or a+2).

Figures 20 and 21 show the two subsets of ‘A’ and ‘B’ type points separately:

YY YY YY
XX XX

YY YY YY
XX XX

YY YY YY

Fig 20: Subset of ‘A’ points

XY XY

YX Y X YX
XY XY

YX YX YX
XY XY

Fig 21: Subset of ‘B’ points
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The subject shown in Fig 20 will be called the EVEN subset, and the subset shown in 21
the ODD subset. The reason for this is that the sum of the level values of any point
belonging to the EVEN subset is an even number, and the sum of the level values of any
point belonging to the ODD subset is an odd number.

Notice that the minimum squared distance between points in each subset is 2.

2.5.2 PARTITIONING — STEP TWO
The EVEN and ODD partitions will be further subdivided into two subsets each, starting
with the EVEN partition of Figure 20. The first step isto look at Figure 4 at an angle of
45 degrees (to theright), in which case it will look as shown in Figure 22:

* * YY * *

* YY XX YY *

YY XX YY XX YY

* YY XX YY *

* * YY * *

Figure 22: Even Qubset from Figure 20 after 45 degreesrotation

From the above figure it can be seen that again we have a square lattice, which can be
subdivided into two subsets, ‘A’ and ‘B’, as we did before. The results are shown in
Figures 23 and 24.

* * vy * * * * * * *
* vy * vy * * * XX * *
YY * YY * YY * XX * XX *

* vy * vy * * * XX * *
* * vy * * * * * * *
Fig 23: Subset A of the EVEN subset Fig24: Subset B of the EVEN subset
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And now Figures 23 and 24 can be rotated back to 45 degrees to get the subset look more
normal, as shown in Figures 25 and 26. The brackets on the right show the points
represented init.

Yy @ Yy @ YY (-2, 2) ©, 2) 2, 2)
Yy @ Yy @ YY (-2,0) (0, 0) (2, 0)
Yy @ Yy @ YY (-2, -2) ©, -2) 2, -2)

Fig25: Subset A of the EVEN subset,
after another 45 degree rotation: (YY) subset

* * * * *

* XX * XX * -1, 1) (1, 1)
* * * * *

* XX * XX * (-1, -1) (1, -1)
* * * * *

Fig 26: Subset B of the EVEN subset,
after another 45 degree rotation: (XX) subset
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2.5.3 PARTITIONING OF THE ODD SUBSET

Now the ODD subset is taken and rotated by 45 degrees, making it look as shown in
Figure 21:

* Xy = Yx =
Xy YX * XY YX

YX Xy = YX XY
* Yx = Xy *

Fig 27: ODD subset from Fig 5 after 45 a degree rotation

From the above Figure we can see that we have again a square lattice, that can be
subdivided into two subsets, ‘A’, and ‘B’, as has been done before:

* * * Yx = Fig 28: Subset A of the ODD subset

Xy * Xy * *

* * XY * *

Fig 29: SQubset B of the ODD subset
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Figs 28 and 29 can now be rotated back by 45 degrees to get the subsets look more
normal, as shown in the following Figures. The brackets on the right show the points
represented in them.

* * * * *

YX % YX % YX (-2, 2) ©, 1) (2,1)
* * * * *

YX * YX * YX (-2, -1) (0, -1) 2, -1)
* * * * *

Fig. 30: Subset A of the ODD subset,
after rotating back 45 degrees: (YX) subset.

* XYy * XYy * (-1, 2) (1, 2)
* * * * *
* XYy * XYy * (-1, 0) (1,0)
* * * * *
* XYy * XYy * (-1, -2) (1, -2)

Fig 31: Subset B of the ODD subset,
after rotating back 45 degrees

It is natural to call the subset A of the ODD subset the (Y X) subset, and the subset B of
the ODD subset the (XY') subset.

Notice that the minimum squared distance between points in each subset is now 4.

The subdivision of the original PAM5x5 set into four subsets is finished and now the
building of the 4D constellation is possible.

The continuation of subject subdivision is possible in order to get further increasesin the
minimum sguared distance (8, 16, ...) but it is not needed and furthermore it would
increase the total number of states of the encoder and would make more complex the
decoder at the receiver.
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To summarise what has been done by now, we have to say that the original PAM5x5
constellation was divided into an EVEN and an ODD subset, which were further
subdivided into two subsets each:

(YY), (XX), (YX), and (XY).

The minimum squared distance between points in each of these four subsets is 4. These
are shown in Figs. 25, 26, 30, 31.

26 MULTIDIMENSIONAL CONSTELLATIONS

2.6 .1 DEFINITION OF 4D ‘TYPES

Up to now, we have been dealing with only 2 transmitters of one of the 4 bi-directional
pairs. Using the four transmitters sixteen 4D ‘types can be defined by concatenating
pairs of 2D subsets. These ‘types’ are shown in the following Table [9]:

Tablel: 4D TYPES

Type# | Content
1 YYYY
2 YYXX
3 YYYX
4 YYXY
5 XXYY
6 XXXX
7 XXYX
8 XXXY
9 YXYY
10 Y XXX
11 Y XY X
12 Y XXY
13 XYYY
14 XY XX
15 XYYX
16 XYXY

For example, if attimet =k * T, wherek isan integer and T is the baud period and

Tx # 1 sends -1 V
Tx #2 sends 2 V

MSc in Integrated Electronics XXXi



Gigabit Ethernet Over Category 5 U.T.P. Cabling

TX #3 sends 1V
Tx #4 sends 1V

Then the quartet (-1, 2, 1, 1) is of type XY XX. We could look these points as pointsin a
four-dimensional space. Within a given ‘type’, the minimum squared distance between
pointsis still 4. For instance the points:

(-1,2,1,1)and (-1,0,1, 1)
belong to type XY XX. The Euclidean squared distance between those two pointsis:

(1-2W2 + (-1-0W2 + (1-2)W2 + (2-1)2=4

2.6.2 DEFINITION OF 4D SUBLATTICES
The sixteen types may be grouped into eight 4D ‘sublattices', as shown in Table 11[11]:

Tablell: 4D SUBLATTICES

Sublattice # | Content # of points | Reduced

to
DO XXXX+YYYY |97 64
D1 XXXY +YYYX |78 64
D2 XXYY +YYXX |72 64
D3 XXYX+YYXY |78 64
D4 XYYX +YXXY |72 64
D5 XYYY + YXXX |78 64
D6 XYXY +YXYX |72 64
D7 XYXX +YXYY |78 64

TOTAL 625 512

It is easily shown that with this type of grouping the minimum distance between any pair
of points within a given sublattice is still 4. For example, taking the following points in
D1:

(1,-1, 1, 2) belonging to XXXY
and

(2,0,2,1) beongingtoYYYX
we get a Euclidean distance between these pointswhich is:

(1-2R2+(-1-0W2+ (1-2)U2+ (2-1)U2=4
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In general, if one point belongs to XXXY and the other to YYY X, the distance between
the components of the points in any dimension must be equal or larger than 1, since, the
minimum distance between X and Y pointsis 1. Recall that X = {-1, 1} and Y={-2, 0, -
2} . Hence, the minimum squared distance between any pair of four dimensiona pointsin
agiven sub- lattice must be equal or greater than 4.

The same can be said for all the eight sub-lattices: notice that the sixteen ‘types have
been grouped in such away that if the component of one point on one axisis X, then the
component of the second point on the same axis (or dimension) is Y, and vice versa.

For example, looking at the two ‘types’ that belong to the D7 sublattice:

Dr7: X Y X X

Pl

Y X Y Y

The minimum squared distance (min_sguar_dist) between any two points belonging to
sublattice D7, one belonging to type XY XX and the other to type Y XYY, is:.

Min_squart_dist = min [(X-Y)U2] + min[(Y-X)U2] +
min [(X_Y)U2] +min[(Y-X)U2] =1+1+1+1=4

Some points are more than 4 distant. For example for:

DO: XXXX +YYYY

by picking valuesfor XXXX -2, -2, 0, -2 and 0, 0, -2, 0 we see that the Minimum square
distanceis 8.

Min_squart_dist = min [(X-Y)U2] + min[(Y-X)U2] +
min [(X_Y)U2] + min[(Y-X)U2] =2+2+2+2=8

DO, especidly YYYY make up the 1000BASE-T IDLE codes as their Minimun squared
distanceis6.

The reason four grouping the sixteen ‘types into pairs to form eight sublattices is to
simplify the coding and decoding. In thisway a 4D 8-state encoder was created instead of
a4D 16-state encoder.

The total number of points is shown in a separate column and can be calculated as
follows. For example, for the lattice D3 the total number of pointsis:

# number of pointsin D3 (XXYX + YYXY) = 2:2:3:-2 + 3-3-2:3=78
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2.6.3 DEFINITION OF 4D FAMILIES
The eight 4D sublattices may be further grouped into two 4D families, with the minimum

squared distance of 2 between points in a family. These two families are shown in Table
.

Tablelll: 4D FAMILIES

Family Content
EVEN DO+ D2+ D4 + D6
OoDD D1+ D3+ D5+ D7

The reason for naming these families ‘EVEN’ and ‘ODD’ is that any point in the EVEN
family has an even number of X’s, and any point in the ODD family has an odd number
of X’s, or, in any other words, the modulo-2 sum of the co-ordinates of any point
belonging to the EVEN family is 0, and modulo-2 sum of the co-ordinates of any point
belonging to the ODD family is 1.

2.6.4 HIERARCHY OF THE PARTITIONING

We may now summarise the 4D partitioning as shown in Figure 32.

DO
EVEN - D2

— D4
— D6

4D
—— D1
ODD D3

—— D5
—— D7

|attice families subfamilies

Figure 32: Hierarchy of the 4 Dimensional Partitioning.
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At the top level, the minimum squared distance between points in the lattice is 1. At the
second level, the minimum sguared distance between points that belong to the same
family is 2. At the third level, the minimum squared distance between points that belong
to the same sublattice is 4.

The parity bit in the Trellis Encoder, Sdn[8], selects the family (EVEN or ODD). The bits
Sdn[6] and Sdn[7] select one out of the four sublattices within the chosen family. The
other six bits, SAN[5:0] select a particular point within the chosen sublattice. (a sublattice
contains 64 points). The transmitter sends this point to the wires. Since it is a 4D point
one component or voltage level is sent per transmitter, per clock period).

The meaning and use of the Parity bit and Sd[7:0] are further clarified in Figure 33.

» Sdn[0]

» Sdn[1]
» Sdn[2]
» Sdn[3] (A
» Sdn[4]
» Sdn[5]
» Sdn[6] |
» Sdn[7] | B

"I_’GB'_’T*%"T > Sdn[g] | C

Tx_D[7:0]

=]

MW >TDO0M

A: Select apoint in sublattice
B: Select one of the 4 sublattices
C: Selects the Family

Fig 33: Trellis Coded Modulation

The encoder has 3 flip-flops or memory units: the selected subset will then depend on
Sdn[7:6] and on the values stored in these flip-flops, or, in other words, it will depend on
the state of the encoder. This is a simple 8-state machine, where the next state will
depend on the present state and on the value of Sdn[7:6].

This combination of convolutional encoding and signal-mapping by set partitioning is
called Trellis Coded Modulation (TCM). The term trellis is used because these schemes
can be described by a state-transition diagram similar to the trellis diagrams of binary
convolutional codes with the difference that instead of the trellis branches being labelled
by binary symbols, redundant non-binary symbol are used.
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The following figure is the trellis diagram of the TCM scheme used in 1000BASE-T. The
state of the encoder and the state transitions are governed by the definition of the bits
described in the 802.3ab standard.

Convolutional Encoder Convolutional Encoder
Bitsat timen Bitsat timen+1

DO D2 D4 D6 000 @ @ 000 DO D2 D4 D6

D1 D3 D5 D7 001 © ' © 001 D2 DO D6 D4

D
D2 DO D6 D4 010 <= o 010 D4 D6 DO D2

:“0

D3 D1 D7 D5 011 @ DS D6 D4 DO D2

.Q"
%
o

»

D4 D6 DO D2 100 100 D1 D3 D5 D7

D5 D7 D1 D3 101 o< @ 101 D3 D1 D7 D5

D6 D4 D2 DO 110 © ® 110 D5 D7 D1 D3

D7 D5 D3 D1 111 e 111 D7 D5 D3 D1

Figure 34: Trellis Diagram of 1000BASE-T's TCM scheme
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2.7THE VITERBI DECODER

RECEIVED
4D point
!
' J

FirstReceived Second Received

2D point 2D point
Find closest Find closest
pointin each point in each
2D subset and 2D subset and
its metric its metric

ih)

Find closest point in each 4D

subset and its metric

Extend Trellis paths and
generate final decision on
aprevioudly received 4D
point

Figure 35: Viterbi Decoding Algorithm

A conventional maximum likelihood decoding algorithm such as Viterbi algorithm [10],
[19] is used as the decoder. As a preliminary step, the decoder must determine the point
in each of the multi-dimensional subsets which is closest to the received point, and
calculate its associated metric ( the squared Euclidean distance). Because of the way in
which a multidimensional constellation is partitioned, the closest point in each
multidimensional subset and its associated metric may be obtained as follows.

Each received 4-dimensional point is divided into a pair of 2-dimensional points. The

closest point in each 4-dimensional subset and its associated metric are found based on
the point in each of the 2-dimensional subsets which is closest to the corresponding
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received 2 dimensional point and its associated metric. The 2-dimensional subsets are
those subsets which are used in Table | to construct 4-dimensional subsets.

The Viterbi decoder in the receiver compares all the paths diverging from one state A of
the encoder and merging after some time later into another node B. The measure of
comparison is the Euclidean distance between the different paths. The more different
these paths are (in terms of Euclidean distance) the easier it will be to find and choose
the actual path followed by the encoder.

There are five rules that if are followed then the minimum Euclidean distance between
any two different paths will be 4:

i) Transitions for agiven state A at time k*T to a state at time (k+1)*T
Rule 1: when the encoder goes from A to B,
State: A to B
at time k k+1

al the possible output symbols belong to the same sublattice (hence there are only
64 possible different transitions from A to B)

From rule I, the minimum squared Euclidean distance between two different

paths,

Path #1: A to B
Path #2 A to B
at time k k+1
has to be 4.

I1) Transitions emerging from a given state A

Rule 2: When the encoder is in a given state A, the symbols he can send can only
be chosen from the EVEN family OR (EXLUSIVE) the ODD family.

Rule 3:Let the encoder be in a state A at time kT, and let N1 and N2 be two
possible states of the encoder, or nodes of the Trellis at time (k+1)*T.

We already know, by rule 1, that for the transition from A to N1 all the possible
output symbols must belong to only one sublattice, and for the transition  from

A to N2 al the possible output symbols must belong to only one sublattice as
well.
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Rule 3 states that the two sublattices must be different. And, from Rule 2, these
two different sublattices must be both EVEN or (EXLUSIVE) both ODD.

From Rules 2 and 3, the minimum sgquared Euclidean distance between two paths,

path #1: A to N1
path #2: B to N2
at time: k k+1
hasto be 2.

[11) Transitions merging into a given state B.

Rule 4: All the paths that merge into a given state B, must have the last symbol
sent belonging either to the EVEN family or (EXLUSIVE) ODD family.

Rule 5: let N1 and N2 be two possible states of the encoder at time k*T, and let B
be a possible state of the encoder at time (k+1)*T.

We already know, by Rule 1, that for the transition N1 to B all the possible output
symbols must belong to only one sublattice, and for the transition N2 to B al the
output symbols must belong to only one sublattice. Rule 5 states that the two
sublattices must be different. And, from Rule 4, these two different sublattices
must be both EVEN or (EXLUSIVE) both ODD.

From Rules 4 and 5, the minimum squared Euclidean distance between two paths,

path #1. N1 to B
path #2 N2 to B
at time: k k+1
hasto be 2.
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The following two examples describe the only two cases that can exit when two different
paths begin at a common state A and end, some time later, in a common state B. Two
paths will be caled different if a least one output symbol is different. In the first
example, the two paths follow the same sequence of intermediate states. In the second
example, the two paths diverge at a given time (they follow different branches) and
merge together at alater time. In both cases, by following the above five rules, we end up
with a minimum sguared distance of 4 between the output sequences.

EXAMPLE 1

Assume two possible paths from state A at time 3*T to state B at time 8*T:

Path #1. A ---- N1---- N2 ---- N3 ---- N4 ---- B
Path #2: A ---- N1---- N2 ---- N3 ---- N4 ---- B
attime 3 4 5 6 7 8

Following Rule 1 the output symbols could belong, for example, to the following
sublattices:

Path 1 DO D3 D1 D1 D5
Path 2 DO D3 D1 D1 D5
at time 4 5 6 7 8

For the two paths to be different, at least at one sampling time, say t = 6* T, they should
have different output symbols. And, since the two symbols belong to the same sublattice
D1, the minimum squared distance between them is 4. Hence, the minimum squared
distance between the two sublattices is 4.

EXAMPLE 2

In the previous example we had two different paths going through the same sequence of
encoder states. Now we treat the second possible case, where at some time k* T the two
paths diverge, that is they go to different states at time (k+1)* T, and at some later time,
(k+ n)* T,n> 1, they converge again.
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Assume the following two possible paths from state A at time 3* T to state B at time 8* T

Path #1: A ----N1----N2---- N5 ----N4 ---- B
Path #2: A ----N1----N3----N1----N4----B
at time 3 4 5 6 7 8

We see that at time t = 4*T the two paths diverge (they go to different states at timet =
5*T, states N2 and N3) and at timet = 7*T the two paths converge again into the same
state N4.

When the paths diverge at time 4*T, we know, by rules 2 and 3, that the output symbols
must belong to different sublattices of the same parity. Hence the symbols outputted at
time 4* T must have a minimum square distance of 2.

When the paths converge again at time 7*T, by Rules 4 and 5 we know that the two last
outputted symbols before converging must have belonged to different sublattices of the
same parity. Hence, the minimum squared distance between the two symbols outputted at
time 6* T must have been at least 2.

Therefore, the two paths that begin at state A of the encoder at timet = 3*T and end later
instate B at timet =8 *T, have a guaranteed accumulated minimum squared distance of
2+2=4,

Fig.36: The Trellis Sructure
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The figure 36 above represents the Trellis Structure as presented by S. K. Rao in Level
One' s Proposal [58].

It can be seen that the four EVEN subsets take an entirely different path than the two
ODD subsets. It can also be seen that the trellis structure is modified in such a way that
the trellis collapses every four symbols. This has as an effect that the paths in the Viterbi
decoder, asthey are governed by this structure, to converge allowing for low (4 symbol)
decode.

The benefit of the complexity of this system has achieved an effective coding gain of
almost 6 dB.
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3. GIGABIT ETHERNET OVER CAT 5 COPPER CABLE

3.1 ADVANCESIN COPPER CABLING

There is a main factor that has “kick started” the advance in twisted pair copper cabling
technology for data networks. This is the globa acceptance of a common standard for
telecommunications cabling in commercial buildings, first published as EIA/TIA-568 in
1991 and later followed by ISO/IEC 11801. The EIA/TIA-568 standard specifies the
contents of a structured cabling system. When it was issued in July 1991 the term
“Category” set the era for describing the performance characteristics of UTP cabling
systems. Initially, Category 3 was the biggest seller for use in structured cabling systems
capable of running voice and 10Base-T LAN traffic over 24 AWG unshielded twisted
pair (UTP) cabling. But as not all 24 AWG UTP cables were equal, lots of installations
were rushed into 10BASE-T technology using poor quality cable, and systems were
crashing. For these reasons, the EIA/TIA began to issue a series of addendums to the
original document. Subsequent bulletins TSB-36 and TSB-40 specify performance
requirements for Category 3,4 and 5 cables and connecting hardware. To simplify the
complexity of these numerous additions, the EIA/TIA-568 committee completed the first
comprehensive revision of the parent document. It contains specific test criteria for
cabling and is designated TIA/EIA-568-A. This globa acceptance has opened up the
Category 5 cabling market, which is growing 30% per year. It is the cable with the most
stringent test requirements (before Cat 5e) and provides the most assurance that one
cabling installation will service many system upgrades. The name Category 5 has become
synonymous with universal LAN cable, superseding coaxial cables and al types of
proprietary data cables. Most data applications to date are supported over twisted pair
Category 5 cabling which has an available bandwidth of 100MHz.

3.2 STRUCTURED CABLING

There are two standards bodies:

The Telecommunications Industry Association (TIA) TR41.8.1 Working Group on
telecommunications cabling which has published the ANSI/TIA/EIA-568-A standard in
1995 known as Commercia Building Telecommunications Cabling Standard,

and

The International Organisation for Standardisation (1SO) SC25/WG 3 Working Group
on telecommunications cabling which published the ISO/IEC 11801 standard in 1995
known as Information Technology-Generic Cabling for Customer Premises.

Both Standards define similar distribution systems and performance requirements.
Therefore devel opers do not have to hit two separate targets.
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The purpose of those standardsis to:

Specify a generic voice and data telecommunications cabling system that will support
a multi-product, multi-vendor environment. (specifications are intended for
telecommunications installations that are “office oriented”).

Provide direction for the design of telecommunications equipment and cabling
products intended to serve commercia enterprises.

To enable the planning and installation of a structured cabling system for a
commercia building that is capable of supporting the diverse telecommunications
needs of building occupants. (requirements are for a structured cabling system with a
usable lifein excess of 10 years).

To establish performance and technical criteria for various types of cable and
connecting hardware and for cabling system design and installation.

3.2.1 ASTRUCTURED SYSTEM OVERVIEW

WA: Work Area HC: Horizontal Cros-Connect
TC: Telecommunications Closet  MC: Main Cross-Connect
ER: Equipment Room . Horizontal Cabling
A : Telecommuni cations Outlet
® Transition Point = : Back-bone Cabling
........ . Flexible patch cords

X : Cross-Connect

Figure 37: A Structured Cabling System example
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According to the ANSI/TIA/EIA-568-A standard, a structured cabling system consists of
six functional subsystems:

The Entrance Facility: It is the point where the outside plant cables and associated
hardware are brought into the building interfacing with the intra backbone cabling.
The Entrance facility isusually the basement

The Equipment Room: It is a centralised space for telecommunications equipment that
serves users in the building. Equipment rooms usually house equipment of higher
complexity than telecommunication closets. Any or al of a telecommunications
closet may be provided by an equipment room.

The Backbone Cabling: It provides interconnections between telecommunications
closets, equipment rooms and entrance facilities. It consists of the backbone cables,
main and intermediate cross-connects, mechanical terminations, and patch cords or
jumpers used for backbone-to-backbone cross-connection. Thisincludes:

Vertical connections between floors (risers)
Cabl es between an equipment room and building entrance facilities.
Cables between buildings (inter-building).

Backbone cabling may be up to 90m of 4- or 25-pair of Category 5 UTP cable
although fiber is more commonly used.

The Horizontal Cabling: The horizontal cabling extends from the work area
telecommunications outlet to the telecommunications closet and consists of the
following:

Horizontal cabling: It may be up to 90m of 4- or 25-pair of Category 5 UTP
cable.

Telecommunications outlet: The device in which the horizontal cable terminates at
the work area.

Cable terminations.

Cross-connections. The device for interconnecting cable runs

Patch Cords: Patch cords use stranded conductors for greater flexibility at the
expense of up to 20% more loss that the same length of cable. They are used in
points were the network configuration will change frequently.

Transition or Consolidation Point: It connects standard horizontal cable to special
flat cable designed to run under carpets.

The Telecommunications Closet: It is where the horizontal distribution cables are
terminated. All recognised types of horizontal cabling are terminated on compatible
connecting hardware. Similarly recognised backbone cables are also terminated in
the closet. Cross connection is done with jumpers or patch cords to provide flexible
connectivity for extending various services to users at the telecommunications
outlets.
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The following figure shows the TIA/EIA-568-A channel definition being comprised of:

90 meters of horizontal cabling
10 meters of flexible cords and
4 connectors

The SO 11801 channel definition does not include a transition point (3 connectors).

. . Telecom Closet
Work Area Transition Point Connector
Equip.
| e
Work Area
Cable L
Interconnect Crossconnect
Channel
< >

Figure 38: Category 5 Cabling System according to ANS/TIA/EIA-568-A

3.3 1000BASE-T LINK SEGMENT

The Project Authorisation Request (PAR) for the 1000BASE-T project specifically
requires operation on afour pair 100 Ohm Category 5 balanced copper cabling as defined
by TIA/EIA-568-A, or its equivalent as built from material specified by 1SO/IEC 11801:
1995 that meets the channel performance parameters specified in TIA/EIA-568-A
ANNEX E, . A 1000BASE-T Link segment consists of a 4-pair 100 Ohm Category 5
Cabling asillustrated in figure 39. Each of the pairsisafull duplex channel supporting an
effective data rate of 250 Mbps simultaneously in both directions achieving an aggregate
data rate of 1000M bp/s.

M HYBRID
M HYBRID
M HYBRID
M HYBRID

Figure 39: 1000BASE-T Link Segment
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3.4WHY 1000BASE-T OVER CATEGORY 5 COPPER CABLE?

1000BASE-T, Gigabit Ethernet over Category 5 copper cabling, is an attractive option
for several reasons. It addresses the exploding bandwidth requirements on current
networks that are a result of implementing new applications and the increasing
deployment of switching at the edges of the network. It extends the organisation’s
existing investment in Ethernet and Fast Ethernet infrastructures, and it provides a
simple, cost-effective performance boost while continuing to use the dominant
horizontal /floor cabling medium.

3.4.1 EXPLODING BANDWIDTH REQUIREMENTS

New bandwidth-intensive applications are being deployed over Ethernet and Fast
Ethernet networks. These applications include the following:

Internet and intranet applications that create any-to-any traffic patterns, with servers
distributed across the enterprise and users accessing Web sites inside and outside the
corporate network. These applications tend to make traffic patterns and bandwidth
reguirements increasingly unpredictable.

Data warehousing and backup applications that handle gigabytes or terabytes of data
distributed among hundreds of servers and storage systems.

Bandwidth-intensive, latency-sensitive group-ware applications such as desktop video
conferencing or interactive white-boarding.

Publication, medical imaging, and scientific modelling applications which produce
multimedia and graphicsfiles that are exploding in size from megabytes to terabytes.

Bandwidth pressures are compounded by the growing deployment of switching as the
desktop connection of choice. Switching at the edge tremendously increases the traffic
that must be aggregated at the workgroup, server, and backbone levels. Most Ethernet
networks today incorporate nodes and cabling capable of 100 Mbps operation. State-of -
the-art network servers today can generate network loads of more than 400 Mbps.

3.4.2 Sgnificant Investment in Ethernet/Fast Ethernet Infrastructure

Ethernet is the dominant, ubiquitous LAN technology. More than 83% and 85% of all
installed network connections were Ethernet at the end of 1996 and 1997 respectively .
The deployment of Ethernet/Fast Ethernet networks involves investment in network
interface cards (NICs), hubs, and switches, as well as in network management
capabilities, staff training and skills, and cabling infrastructure. In fact cabling
infrastructure is the longest-term networking investment, lasting up to 10 years.
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3.4.3 A SMPLE COST EFFECTIVE PERFORMANCE BOOST ON EXISTING CAT 5
CABLING

1000BASE-T offers simple, cost effective migration of Ethernet/Fast Ethernet networks
towards high-speed networking, and has the following benefits:

1000BASE-T scales Ethernet 10/100Mbps performance to 1000Mbps. Flexible
100/1000 and 10/100/1000 connectivity will be offered and will enable the smooth
migration of existing 10/100 networks to 1000M bps-based networks.

1000BASE-T is the most cost-effective high-speed technology available now.
1000BASE-T leverages existing, proven Fast Ethernet and V.90/56K modem
technologies and is expected to experience the same cost curve as the Ethernet/Fast
Ethernet technol ogies.

1000BASE-T preserves Ethernet equipment and infrastructure investments, including
the investment in Category 5 cabling infrastructure. There is no need to undergo the
time consuming and high-cost task of replacing cabling located in walls, ceilings, or
raised floors.

Leveraging Category 5 copper cabling infrastructure is of significant importance for two
reasons:

Category 5 today is the dominant horizontal/floor cabling, providing connectivity to
both desktops and workgroup aggregators.

Category 5 is one of the major options for building risers/backbone cabling for
connection of different floor wiring closets.

3.5PERFORMANCE OF THE PHYSICAL LAYER

3.5.1 THE EYE DIAGRAM

A robust physical layer operates at a low Bit Error Rate (BER) in the presence of noise,
distortion and other hostile conditions in the communications channel. A low BER means
a low rate of retransmissions of corrupted data and, therefore, a high rate of real data
throughput. Minimising the BER of the physical layer is the key to optimising the rate of
data throughput. In order to do so, it is necessary to maximise the data signal’s immunity
to noise and distortion. A useful way of assessing the adequacy of a digital
communications system is by displaying its eye diagram.

An eye diagram is achieved by triggering the oscilloscope with the recovered symbol
timing clock signal and displaying the symbol stream using time sufficient enough to
show 2 or 3 symbol periods. A number of representative eye diagrams of different
modulation techniques that have been considered for 1000BASE-T can be found in [24] .
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In terms of quality, the degree to which a data signal is immune to bit errorsis a function
of how constricted its eye pattern is. The more constricted the eye pattern the higher the
probability of bit errors. The opening in the eye pattern determines the amount of noise
that must be added to the signal to cause bit errors.

The more constricted the eye pattern, the less noise is required to induce bit errors. The
less noise the system can tolerate at a given BER, the less robust the system is.

Signal distortion, caused by channel attenuation, contracts the eye pattern opening and
thus reduces the transmission system’s immunity to noise. Noise, when added to the data
signal, also contracts the eye pattern. Therefore, both noise and distortion, each,
contribute to the contraction of the eye pattern. The less distorted the signal, the more
noise can be tolerated by the system before bit errors occur. The reverse is also true. The
less noiseis present in the communications channel, the more distortion can be tolerated.

3.5.2 NRMARGIN

In an communications channel, the power of the noise is only meaningful when compared
to the power of the data signal. SNR is a measure of the strength of the desired data
signal with respect to the interfering noise signal. It represents the level of additional
noise that the system can tolerate before violating the required Bit Error Rate (BER),

which for the 1000BASE-T has been chosen to be less or equal to 10°°. A low SNR
resultsin bit errors as the data signal at the station’s receiver becomes indistinguishable
from noise.

In[22] and [32] figuresof a2, 3 and 5 level eye diagrams demonstrate that increasing the
number of signal levels while maintaining the same transmit voltage results in a
degradation of the SNR margin. Thisis because of the fact that as the vertical opening of
the eye gets smaller, the system can tolerate less noise before bit errors begin to occur.
For example, increasing the number of voltage levels from 2 to 3 cuts the voltage
between adjacent levelsin half, reducing the vertical eye opening by 2. The noise voltage
required to cause a symbol error on a 3-level signal is half (or 6db) lower than the voltage
required to cause a symbol error on a binary signal. So a 3-level signal has a 6dB less
SNR margin than a binary signal, assuming both signals operate at the same peak to peak
voltage. The same appliesin the case of a3 and a5 level signal. The extra two levels of
the 5 level signal cut the voltage between adjacent levels in haf. That is why the
4D/PAM 5 coding technique has been used in 1000BASE-T so that it will compensate for
the 6 dB loss that comes by using a5 level signal.

BER is a dtatistical function of SNR and is unique for each modulation technique and
topology used . Fig 1 in [39] shows that for a 5 level Pulse Amplitude Modulation
scheme (the one used in 1000BASE-T Physical layer) there has to be a SNR margin of

over 18 dB (18.8 dB) in order to achieve aBER of 10,
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3.6 NOISE ENVIRONMENT IN 1000BASE-T.

The noise environment at each of the 4 receivers in a 1000BASE-T device consists of
Near End Crosstalk (NEXT) from three adjacent pairs, Far End Crosstalk (FEXT) from 3
adjacent pairs, transmit echo and ambient noise. Figure 40 demonstrates the complexity
of a 1000BASE-T link as compared with that of a 100BASE-TX link. Looking at Figure
40 it is clear that 1000BASE-T is much more difficult to implement than 100BASE-TX.
Without the use of sophisticated Digital signal processing (DSP) technology, a category
5 Gigabit Ethernet implementation would be impossible. The DSP circuitry at each pair
of a 1000BASE-T device will be considerably more complex than the entire 100BA SE-
TX. With the DSP circuitry repeated 4 times to support the 4 pair operation, the silicon
implementation according to [24] will have complexity comparable to that of an Intel
486 microprocessor.
100BASE-TX
RXx

Tx

Needs 4 of these // A

echgj

1000BASE-T
Fig 40. Comparison between a 100BASE-TX and a 1000BASE-T link

The complexity of the line coding has a direct effect on the transceiver’s sensitivity to
noise. The SNR margin of 1000BASE-T can be computed by adding up the noise from
all the sources and taking a ratio with respect to the attenuated signal. When the SNR
margin was computed for a worst case Category 5 channel it was found that the system
had a negative SNR margin. What this meant was that the noise power on the wire was so
high that the specified BER of 10 *° would not be achievable without the use of Digital
Signal Processing (DSP).
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Figure 41 shows the major noise contributors of a 1000BASE-T link segment.
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Fig 41: 1000BASE-T Noise Environment

In order to prove the feasibility of the Enhanced TX/T2 technology, the transceiver
design was simulated in software using worst case Category 5 models for NEXT, FEXT,
attenuation and return loss. Following is an overview of how the Category models are
defined.
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3.7 PERFORMANCE PARAMETERS FOR 10BASE-T, 100BASE-TX, AND
1000BASE-T CABLING

3.7.1 ATTENUATION

Cable attenuation refers to the reduction or loss of signal energy occurring between one
end of the cable and the opposite end of the same cable. This attenuation increases due to
a law of physics called skin effect and the proximity effect. At high frequencies, the
magnetic field generated by the flow of electrons within the conductor forces the
electrons to crowd to a thin layer at the outer surface of the conductor. The higher the
frequency, the thinner the conducting layer. This effect is quite significant and increases
as the square root of frequency.

For example, if we start with a signal of 1volt, an attenuation of 20dB corresponds to a
voltage 0.1 volt or 10% of the original signal voltage. A signal that is 10% of the original
voltage is only 1% of the signal power since power is related to the square of the voltage.
This has a direct effect on the performance of a data network since as the signal level is
decreased, the receiver is more susceptible to external noise interference such as aien
crosstalk and impulse noise. This transates to more frequent error and less reliable
transmission.

Temperature also affects attenuation in some cables. The dielectric materials which form
the conductor insulation and cable jacket absorb some of the transmitted signal as it
propagates along the wire. Thisis especially true in cables containing PV C such as many
Category 3 Cables. PV C contains a chlorine atom which is electrically active and forms
dipoles in the insulating materials. These dipoles oscillate in response to the
electromagnetic fields surrounding the wires, dissipating energy from the signal the more
they vibrate. Temperature increases enhance the problem, because they alow the dipoles
to vibrate in the insulation. Attenuation increases up to 0.4% per degree Celsius for
Category 5 cables. This results in an increasing loss with temperature. This is the reason
why the standards bodies tend to specify attenuation requirements adjusted for 20 degrees
Celsius.

Attenuation is measured in dB. The decibel is alogarithmic expression of the ratio of the
output power (power of the signal received at the end of the link) divided by the input
power (the power launched into the cable by the transmitter). The table below shows that
the decibel scaleisnot alinear one.
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Ratio Decibel (dB)
(Signal Voltage)

11 0

Yo -6

1/5 -14

1/10 -20

1/20 -26

If the received power at the end of the link is half of the launched power, then the
attenuation is expressed as —6dB in engineering notation. Since attenuation always yields
a negative value, the negative sign is dropped. Obvioudly it is preferable to see as little
attenuation as possible, meaning that little energy has been lost by the transmission over
the link and that the signal arriving at the far end has sufficient energy to be decoded
properly by the receiver. Therefore the smaller attenuation measurement values
(expressed in dB) the better.

The worst-case Category 5 attenuation model is based on a measurement of a channel
having the attenuation at the TSB67 channel limit. The attenuation response of a
Category 5 channel is the sum of the attenuation of the cabling and of the connecting
hardware comprising the channel as shown in the figures of [22], [41], [42] .

The attenuation of alink segment, according to TIA/EIA 568-A, shall be lessthan:

2.1% f %% + 0.4/

3.7.2 NEXT MODELS

Near End Crosstalk (NEXT) is the noise induced by a transmitter to a neighbouring
receiver due to unwanted signal coupling. Next can impair both Ethernet/Fast Ethernet
and Gigabit Ethernet. Category 5 cables were originally specified in the ANSI/TIA/EIA-
568-A Standard. In Gigabit Ethernet each pair is subject to the Near End Crosstalk
(NEXT) coupling from the three adjacent pairs transmitting simultaneously. It is
encountered by the use of NEXT cancellation. Gigabit Ethernet employs NEXT
cancellation, while Fast Ethernet does not. The addition of NEXT cancellation to
1000BASE-T is an enhancement to Ethernet/Fast Ethernet because it provides additional
immunity to noise.

It is expressed in decibel or dB as used to express attenuation. There is one important
difference though. For attenuation it is preferred to obtain dB values as small as possible.
In contrast, the desired outcome for the NEXT measurement is a db value as large as
possible. This value is the ratio of the disturbed (induced by crosstalk) divided by the
disturbing signal. Since as little crosstalk disturbance as possible is the key issue here, the
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signa detected on the disturbed pair should be as small as possible compared to the
signal injected into the disturbing pair.

The NEXT loss between all duplex channels of alink segment shall be greater than:

27.1 - 16.8*l0g10 (f/100)

The NEXT models of the smulation were based on NEXT measurements of a Category 5
channel. To make them appear worst case, an offset was added to the measured NEXT
curves so as to shift the peak of the NEXT response up to the TSB67 channel limit as
shown on the figuresin [22], [41], [42] .

3.8 PERFORMANCE PARAMETERS SPECIFIC TO 1000BASE-T CABLING
3.8.1 UNIDIRECTIONAL AND BIDIRECTIONAL NETWORKS

During the development of 1000BASE-T, it was recognised that additional transmission
parameters for a 1000BASE-T link segment should be added to the transmission
parameters of attenuation and Near-End crosstalk (NEXT) as specified in TIA/EIA-568-
A. These are specified in TIA/EIA-TSB-95. The additional cabling parameters of return
loss and far-end crosstalk (FEXT) specified for 1000BASE-T and not specified for
10BASE-T and 100BASE-TX are related to differences in the signalling implementation.
10BASE-T and 100BASE-TX are unidirectional -- signals are transmitted in one
direction. In contrast Gigabit Ethernet is bidirectional -- signals are transmitted in both
directions ssmultaneously on the same wire pair; that is, both the transmit and receive pair
occupy the same wire pair. Figure 42 illustrates data energy travelling uni-directionally
through atwo pair network.

Receiver
Pair 2

Transmitter Connectors
Pairl

T

NEXT

Crosstalk Pair 1-2 Crosstalk Pair 2-1

NEXT

R T
Receiver Connectors Transmitter
Pair 2 Pair 2

Figure 42: Atwo pair uni-directional network and its corresponding data energy
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Due to attenuation, signals lose energy as they travel through the cable and connectors.
Crosstalk is also induced from one pair to another and it is the major source in most
10BASE-T Ethernet networks. The unwanted crosstalk propagates in both directions
through the other pair, but noise is only a problem at the receiver as it interferes with the
desired signal. Noise at the transmitter can be ignored. This explains why, in
unidirectional 10BASE-T systems, near end crosstalk noise (NEXT) must be recognised
and quantified, and far end crosstalk noise can be ignored.

Bi-directional signalling changes all conventional measurements for LANSs. As figure 43
shows, there is now a combination transmitter/receiver (transceiver chip) at each end of
each pair. Crosstalk noise still propagates in each pair, but now the far end noise (FEXT)
can no longer be ignored because it affects areceiver.

Transceiver Connectors Transceiver
Pair 1 Pair 2

T/R T/R

NEXT
Crosstalk Pair 2-1

Crosstalk Pair 1-2

NEXT
T/R T/R
Transceiver Connectors Transceiver
Pair 2 Pair 2

Figure 43: A Two Pair Bi-directuional Network

1000BASE-T, uses al four pairs in the cable, with each pair signalling bi-directionally.
Bi-directional or full-duplex transmission is enabled by devices called hybrids. These are
used to enable bi-directional transmission over single wire pairs by filtering out the
transmit signal at the receiver. Hybrid networks with a good trans-hybrid loss minimise
the amount of transmitter signal that is coupled into the receiver but still cannot remove
al of the transmit signal. The residual transmit signal from the hybrid and the return loss
of the cable, called echo, require that cancellers are added to each wire pair to remove
the transmit echo signal.

3.8.2 FEXT MODELS
FEXT (Far End Crosstalk) is the unwanted coupling between two or more transmitting
pairs as the signal propagates from the transmit end of the pair to the receive end. Far end

crosstalk coupling can be expressed as FEXT or ELFEXT (Equal Level Far End
Crosstalk). Pair to pair FEXT is the crosstalk noise caused by a far end transmitter on a
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neighbouring pair interfering with the signal on a given pair. FEXT noise is expressed in
dB relative to the magnitude of the transmit signal.

FEXT ratio of
V XTALK
V| n VXTALK
Vin
ELFEXT
V XTALK
VxTALK
Vout
Vin V

out

Figure 44: An lllustration of the FEXT and ELFEXT Definition

But FEXT by itself is not a useful measurement. This is because FEXT is highly
influenced by the length of the cable, since the signa strength inducing the crosstalk is
affected by how much it has been attenuated from its source. So, two links with similar
construction with different lengths will have significantly different FEXT. For this
reason, Equal Level FEXT or ELFEXT is measured instead. ELFEXT is the same noise
but expressed in dB relative to the magnitude of the receive or attenuated signal.
ELFEXT isrelated to FEXT asfollows:

ELFEXT= FEXT — Attenuation

It is obviousthat if FEXT is subtracted from ELFEXT then the result is the attenuation of
the channel.

At the time |IEEE was developing their worst cable models the limit for FEXT was not
standardised by the TIA and the IEEE had to make an educated guess about the future
TIA limit for FEXT [28]. This was not a problem since FEXT can be derived from the
NEXT limits. This is because both NEXT and FEXT are mathematically related to the
coupling function between two pairs over the length of the cable.

According to [28] at low frequencies (less than 4MHz) the NEXT and the FEXT limits
are roughly equal . At high frequencies, FEXT is much less than NEXT because of the
signal attenuation over 100 meters of cable since FEXT is the coupling between pairs
with the signal propagating from the transmit end to the receive end. NEXT is the
dominant source of interference at high frequencies. In the implementation of
1000BASE-T FEXT is non-cancellable and needs to be taken into account as part of the
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overall noise budget. ELFEXT follows a 20bB decade slope as a function of frequency
whereas NEXT follows a 15 dB per decade slope.

The TIA draft defined the ELFEXT limit approximately 2dB higher than the limit was
originally assumed by the IEEE when developing their worst case models. Therefore, the
“worst case” FEXT models are 2dB too optimistic and this means that the original |IEEE
estimate of worst case SNR margin is also optimistic.

Power Sum FEXT isthe combined effect of crosstalk noise caused by far end transmitters
on neighbouring pairs interfering with the signal on a given par. The combined
interference is calculated using a power summation:

PSFEXT,; =10log(S; V) in dB,
where V ; isthe crosstalk voltage ratio from pair “j” onto pair”i”

or more analytically:

PSFEXT = 10|og(10-10FE><T(2B,1A)/10 +71( 10FEXT(38,14)/10 +1O—1OFEXT(4B,1A)/10)

Finally, the last parameter defined is the Power Sum Equal Level Far-End Crosstalk (PS-
ELFEXT). It is defined as the computation of the unwanted signal coupling from multiple
transmitters at the near-end into a pair measured at the far-end relative to the received
signa level measured on the same pair. This is merely the summation of the three
combinations of ELFEXT into one trace. Figure shows the three coupled FEXT
disturbances onto the fourth pair. The three waveforms are then summed, the attenuation
of the pair removed, and the resultant waveform is the PS-ELFEXT.

Pair 1
Pair 2

Pair 3

Pair 4

Figure 45: An Illustration Of Power Sum ELFEXT Definition
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The proposed Power Sum ELFEXT requirements for an Enhanced Category 5 channel
are:

PSELFEXT = 14.4 — 20*og(f/100)
3.8.3 RETURN LOSS

Return Loss is another parameter that had to be regulated by the requirements for an
acceptable performance on Category 5 cable for the 1000BASE-T operation. It is a
measure of the reflected energy that is reflected back from a transmitted signal. It is
commonly expressed in positive dB, and thus the higher the values the less energy
reflected. The following figure gives and illustration of the Return loss and its effect on
the original signal.

Reflected Signal

v v % %

Original Signal Attenuated Signal

Reflected Signal

Original Signal Attenuated and Distorted Signal
Figure 46: A Return Loss Illustration.

In the upper part of figure x, the signal isinjected into the pair. Asthe signal travels down
the pair, portions of the signal are reflected back to the transmitter reducing the power of
the transmitted signal. The lower part of the figure, shows the effects when the echo is
reflected back to the right. The reflected echo is combined with the incoming data signal,
and as an effect it distorts it, making it hard for the receiver to resolveit.
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A Category 5 cable is designed to have a nominal characteristic impedance of 100 Ohmes.
The nomina impedance is a function of the geometry of the twisted pair structure
(diameter of the copper, diameter of the insulation, the centering of the copper within the
insulation, and the precision with which the two insulated wires are twisted together) and
the properties of the materials (insulation and copper). In practice, non uniformity in the
manufacturing process can cause the impedance to vary along the length of the cable,
called micro impedance variations. These impedance variations can be of a random or a
periodic nature. Random variations tend to average out over the length of the cable and
are not as important as periodic variations, particularly at lower frequencies.

A signal travelling along the cable is sensitive to any changes in the average impedance
over a cable length of about a tenth of a wavelength, where wavelength (1 ) = velocity of
propagation / frequency. The higher the frequency, the shorter the wavelength, and the
more imperfections become visible. A tenth of a wavelength (I /10) corresponds to 20
meters at IMHz, 0.2 meters at 100MHz. Thus, it is evident that impedance mismatch
effects are more pronounced and more visible at higher frequencies. For example,
impedance mismatches due to cable deformation or due to connector design become
much more important at high frequencies.

Macro mismatches are usually component to component related. If the horizontal cablein
the network averages 100 Ohm impedance and the flexible patch cords are 106 Ohms,
each 6 Ohm mismatch also causes a Return loss.

All the plugs, jacks, cords, cable and other components must be individually analysed to
assure that they are appropriate to function as part of the system, but ultimately the entire
network must be tested. Also, networks will behave differently when tested from the
opposite ends because they are usually not symmetrical.

The plugs and jacks dominate the response at frequencies above 100MHz and the
horizontal cable dominates the lower frequencies. The patch cords resonate to the mid-
frequencies. [51]

Because of attenuation, Return loss is an “end” effect. Unless a network has a bad
horizontal cable or mechanical damage along its length, the first 10-15 meters at either
end are most important [X]. Looking from either the work area or equipment end of the
channel, the first and most important component the signal “sees’ is aflexible patch cord.
Thisis why patch cord quality is becoming critically important for networks migrating to
higher speeds.

A channel can be represented by a number of transmission line segments as shown in
figure 47. Any change in impedance between transmission line segments causes a signal
reflection. The magnitude of the signa reflection is determined by the reflection co-
efficient (r) which is proportional to the difference in the impedance between segments.
A segment can be used to represent a cable section or connecting hardware. The Return
Loss is the power of al the signal reflections measured at the cable input relative to the
transmit power expressed in dB.
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Figure 47. Channel Representation By Transmission Line Segments

Return loss apart from the problems that it presents at the near end of a network, it aso
introduces a far end effect that is more complex and not very well understood. That is,
Return loss also contributes to transmitted signal distortion [54] as shown on the lower
part of figure . This distortion is very important for newer, faster protocols, and is not
related to bi-directional signalling. Lower speed, unidirectiona protocols such as
10BASE-T could ignore this effect because they have high signa to noise ratios.
However, faster data encoding schemes cannot, even though they may be uni-directional.

To increase signalling speed, narrower, higher bandwidth pulses are used. These pulses
are spread out and distorted during transmission through a network. This distortion is due
to attenuation and phase shift variations in a network and results in received pulses
interfering with each other. (Inter symbol Interference, [S]).

Both attenuation and phase shift vary with frequency, and increasing RL increases their
variation. Thus, the higher frequency components of each pulse arrive at dightly different
times compared to the lower frequency components. The phase distortion also causes the
received pulses to be asymmetrical.

The effects of signal distortion are compensated by using channel equalisation. But, they
cannot completely compensate for all this pulse distortion and therefore the network must
absorb the uncompensated noise out of an aready thin noise budget.

Although this noise is partially cancelled in the equipment, it remains a very significant
contributor to the overall noise budget.
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The proposed Return Loss requirements for an enhanced Category 5 channel are:

1to 20MHz:: 15dB
20t0 100 MHz :: 15— 10*log(f/20)

The worst case Category 5 return loss was modelled for use in the design simulations.
Since the return loss limit for category 5 was not standardised at the time the |IEEE was
evaluating the channel characteristics, the return loss models were based on a couple of
representative channel measurements. Test models can be found in [22], [41], [42],and in
[28].

3.9AMBIENT NOISE

Ambient noise typically includes background white noise, impulse noise generated by
power lines and telephone voltages. Ambient noise can also include interfering wireless
signals and alien crosstalk (noise induced by cables pulled in bundles like horizontal
cables). Due to its random nature, the ambient noise cannot be cancelled in the receiver
and so directly detracts from the SNR margin of the system.

3.10 TOTAL NOISE

To summarise, each pair in a 1000BASE-T channel is subject to four major sources of
noise, two of which can be cancelled by the signal processing circuitry in the receiver
and two of which cannot be cancelled. The noise contributed by NEXT and echo
undergoes cancellation but does not disappear entirely. The noise contributed by the
ambient sources and by FEXT cannot be cancelled and directly affects the Bit Error Rate
(BER) performance of the system.

3.11 1000BASE-T SIGNAL PROCESSING TECHNOLOGY

The worst case cable models — attenuation, NEXT, FEXT, and return loss — were needed
in order to select the best signalling scheme and to architect a 1000BASE-T transceiver.
The transceiver signal processing is based on these cable models.

A simplified block diagram of the transceiver is shown in figure 48. The signal
processing consists of error correction encoding/decoding, 3 NEXT cancellers (one for
each adjacent pair) and an echo canceller. The transceiver architecture was modelled and
simulated to compute the SNR margin based on the worst case cable models described
above.
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The |EEE has analysed to two designs — one targeting 3 dB of SNR margin on a channel
represented by the worst case Category 5 models and the other targeting 10 dB of SNR
margin on the same channel. The extra SNR margin in the 10dB design is achieved at the
cost of roughly doubling the complexity of the silicon.

Transmit Data
Viterbi

H
Y
Decoder B
, Echo R
Receive | g4B gain Canceller A/D '
Data ; D
¢ in SNR
margin
Decision Feed Forward
Feedback Equaliser (FFE)
Equaliser

(DFE)

Next
Canceller
Pair 3

Next
Canceller
Pair 2

Next
Canceller
Pair 4

Fig 48. Smplified Block Diagram Of Transceiver. It Will Appear At Each Pair.

Originally, the 3dB and the 10dB designs were simulated using the worst case NEXT,
attenuation, and return loss models but without including the effects of FEXT. Without
FEXT the SNR margins for the 3 and 10dB designs were computed as 3.3 and 10.0dB
respectively. When the optimistic FEXT models were added to the simulation, the
margins dropped to 2.4 and 6.6dB respectively. But if the FEXT models were shifted up
to the current TIA draft limit, the simulated margins deteriorated to 2.0 and 5.5 dB
respectively.

3dB 10dB
Margin at Cat 5 limitswithout FEXT | 3.3dB 10dB
Margin with optimistic CAT 5FEXT | 24dB 6.6 dB
Margin with TIA draft Cat FEXT limit | 2.0 dB 5.5dB
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3.12CANCELLATION IN A DIGITAL SIGNAL PROCESSOR (DSP)

The most significant impairments in a 4-pair Category 5 transmission system, as we have
so far seen, are those caused by Echo, NEXT, and FEXT. Since the sources of these
impairments are known to the receiver (transmitted symbol sequence, received symbol
sequence), it was possible for Digital Signal Processing techniques to be employed in
order to reduce the effects of these impairments on the receiver.

The characteristics of these impairments (signals) have been learned in order to
implement the necessary cancellation. A pulse was transmitted while the receive signa
was monitored. The receive signal was sampled and a digital filter with a finite impulse
response was constructed with the negative of these sampled values as the coefficients.
The filter impulse response is constructed to have a pulse response that was the exact
opposite of the pulse response of the received impairment and therefore, adding the
output of this filter to the received signal would result in the necessary cancellation. In
practice, the difficulty in cancellation was in determining the coefficients in the presence
of the far end. Therefore since the transmitted sequence of the far end is not possible to
be known in advance FEXT cancellation is not possible and the effects of it are added to
the noise budget.

The receiver architecture as shown in the ssmplified block diagram of figure 48 consists
of 6 adaptive Finite Impulse Response (FIR) filters pair transceiver. One equaliser
(FFE/FBE), one Echo Canceller and three NEXT cancellers. In total, for al four
transceivers, there are four equalisers, four Echo cancellers and 12 NEXT cancellers.

Adaptive noise cancelling has been extensively used in the past to combat the effects of
Inter-symbol Interference [17], echo interference in Digital Subscriber Lines (DSL) [15],
High bit rate Digital Subscriber Lines (HDSL) [14] , modems [20], as well as in
100BASE-T2 and for NEXT interference [13].

The following figure shows the concept of Adaptive Noise cancelling in FIRs.

~ = Error Calculation

e{n}

Adaptation
Algorithm

Figure 49: An illustration On The Concept Of Adaptive Noise Cancelling.
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The term Adaptive refers to the fact that these filters can automatically learn the
characteristics of the channel, like the one of 1000BASE-T, where it varies considerably
due to cable manufacture, component connections, and impedance mismatches.

In an adaptive filter, the output of the filter, y(n), is compared against a desired reference
r(n) which produces a measure to be used in an agorithm for modifying the filter
coefficients (a time varying system). The filter coefficients are modified in a way to
minimise the measure and the filter output close to the desired output. The most widely
used adaptation algorithm is the Least Mean Square (LMS) method where e(n) = r(n) —

y(n) and the update is chosen to minimise e [16].

The adaptive FIR filter of the 1000BASE-T transceiver are al variations of the following
filter structure as shown in the following figure.

X{ n} é R é = é FL 1R L_
w w gé » ’éﬂ%
) 4 v v v
D D - f) S
ho | N, |« h, h,.,
> > R P
Received<Data Decision Device y(n)
{SLICER}

m + _
e(n)

Figure 50: Linear Equaliser with Least Mean Square (LMS) Update
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The coefficients of these filters are updated using the Least Mean Square (LMS)
adaptation algorithm given by [14]:

h, (1) = h, () + me(x(n-K),

where h, arethefilter coefficients,

m isLMSstep size,
x(n) are the transmit symbols, and
e(n) isthe decision error

According to [64] the equaliser (DFEs) complexity will remain the same. The
complexity of echo and NEXT canceller complexity is proportional to the square of the
symbol rate, with the echo canceller being 50 times more complex than the one of
100BASE-T2

For the 10 dB Design Point that the IEEE have analysed the FFEs will have 16 taps at
125 MHz, the DFEs 12 taps at 125MHz, 72 taps for the Next Canceller, and 120 taps for
the Echo Canceller [43].

During the development of 1000BASE-T the industry participants of the 802.3ab Project
had been extensively using simulation tools in order to test the feasibility of various
proposals in line coding apart from the one of 100BASE-T2. And according to the
simulations there was enough confidence that the Bit Error (BER) requirements could be
met in the presence of Echo, NEXT and FEXT.

There was another problem though that, they could not answer with so much confidence.
That had to do with the fact that there could be Category 5 installations that were poorly
installed and therefore could not be adequate enough to support 1000BASE-T.
Furthermore, due to the cost of silicon, the 1000BASE-T transceiver implementation
would have slim SNR margins. This fact made the re-certification of the existing
Category 5 amandatory process prior to the 1000BASE-T equipment installation.
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4. BEYOND CATEGORY 5

4.1 TESTING THE INSTALLED CABLING

The Technical goa of the IEEE task force since its inception was to support the largely
installed Category 5 cabling as was defined by the ANSI/TIA/EIA-568-A in 1995.
According to the Industry experts that make up the 1000BASE-T Task force, it was
expected that any link that was currently using 100BASE-TX should easily support
1000BASE-T.

But Category 5 systems installed prior to the completion of ANSI/TIA/EIA-568-A in
1995 could contain connecting hardware that do not comply with the standard.
Furthermore, the 1995 cabling standard did not specify two critica performance
parameters, as they have falen into the Inter-standard Gap[27]: Return Loss and Far-End
Crosstalk (FEXT) which, although did not impose any impact on a Category 5 link used
to carry 10BASE-T signals, could do so when carrying 100BASE-TX or 1000BASE-T
signals. When ANSI/TIA/EIA-568-A was last revised in 1995 these issues of Return
Loss, ELFEXT and PSELFEXT was not well understood.

In 1998, when dealing with the problem, the TIA 41.8.1 Task Force responsible for 568-
A elected to define current Category 5 cabling practices and the new Return Loss and
Far-End Crosstalk specifications. One for installed-base Category 5 and another for
Enhanced Category 5. These two supplementary documents have been recently issued to
the ANSI/TIA/EIA-568-A Standard. The first one was published as a TSB, a
Telecommunications System Bulletin, intended for information only, called TSB-95. It
covers additional field measurements and guidelines for installed-base Category 5 cabling
to verify compliance with the IEEE Gigabit Ethernet 1000BASE-T application. The
second document was published as Addendum No. 5 to the ANSI/TIA/EIA-568-A
(ANSI/TIA/EIA-568-A-5) in January 2000. It covers new component and channel
requirements for Category 5e cabling designed to fully meet the IEEE Gigabit Ethernet
1000BASE-T application for a worst case 4-connector topology. Category 5e is
recommended for new installations by the Gigabit Ethernet Alliance.

On the other hand, 1SO/IEC 11801- the International and European Standard- is being
modified to add Return Loss and ELFEXT measures to the specifications for Category 5
cabling and will not define a separate Enhanced Category 5 cabling.

Most of the installed—base Category 5 cabling should meet the minimum FEXT and
Return loss requirements that are needed for 1000BASE-T but will need to be verified in
the field for performance.

If the cabling link would not pass Category 5 transmission performance tests and the

new Return Loss and Far-End Crosstalk test, corrective actions have been defined in a
field procedure detailed in the ANSI/TIA/EIA-TSB-95.
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Figure 51 shows a Category 5 UTP horizontal cabling system as per ANSI/TIA/EIA-568-
A (1995). ANSI/TIA/EIA-TSB-95 (1998) defines five corrective actions that can be
taken to improve Return Loss and Far-End Crosstalk performance, which are listed
below.

" . Telecom Closet
Work Area Transition Point Connector

| . ’_‘ Equip.
e
Work Area I/ u

Cable
Interconnect Crossconnect
Channel

Fig 51. Category 5 Cabling System according to ANSI/TIA/EIA-568-A

If alink has a cross-connect, it should reconfigured as an interconnect.

According to [29], Interconnect is better than Cross-Connect. The worst case scenario
occurs when the far end termination is within 15 meters of the closet, or in other words
the basic link between the Work Area and the Telecommunications closet is less than
approximately 15 meters. The results indicate that connector impedance mismatch
dominates at high frequencies while impedance mismatch between the patch cord and the
cable dominates at low frequencies. Testing has shown that the channel return loss for a
cross-connect implementation is 45 db worse compared to an interconnect
implementation using the same connecting hardware. Everything else being equal, an
interconnect cabling implementation provides better performance.

Furthermore, according to [46], this “short link problem” as is known, seems to impose
problems on some installations using certain combinations of Category 5 cabling and
connecting hardware making it difficult to pass the TSB-67 Basic Link or NEXT limits.

The transition point connector should be replaced with a transition point connector
that meets the Enhanced Category 5 specification.

The work area outlet should be replaced with an interconnect that meets the Enhanced
Category 5 specification.

The interconnect should be replaced with an interconnect that meets the Enhanced
Category 5 specification.

The patch cord should be replaced with a cord constructed from patch cable that

meets the Enhanced Category 5 specification to correct for Return loss failures at low
frequencies (<20MHz).
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The following figure shows the same Category 5 horizontal cabling system as shown in
the above figure after the five options described above have been implemented.

" . Telecom Closet
Work Area Transition Point Connector
Equip.
e
Work Area
Cable
I nterconnect
Channel
< >

Fig 52. Category 5 Cabling System With Corrective Actions

4.2 ENHANCED CATEGORY 5 (Cat 5e)

In January 2000 TIA published a new Standard for Gigabit networking over copper. It is
available as Addendum No.5 (TIA/EIA-568-A-5) to the TIA/EIA-568-A Standard. It
builds upon the installed base of Category 5 cabling and is called Category 5e or
“enhanced Category 5”.

It has been developed in harmony with the IEEE 802.3 committee responsible for the
1000BASE-T Ethernet Standard. It incorporates several new parameters that are required
to support full-duplex parallel transmission systems: Power Sum Near End Crosstalk
(PSNEXT), Power Sum Equa Level Far End Crosstalk (PSELFEXT) and Return Loss.
These are additional parameters are intended to complement and not to supersede the
transmission parameters aready specified for Category 5 cabling. It completes the picture
by filling the missing pieces that are essential to support advanced networking protocols
such as Gigabit Ethernet, specified to support operations up to 100MHz, the same as
Category 5 cabling. Category 5e is what Category 5 should have been al along once all
the pieces had been put together

Following is a comparison table aiming to show the different additions that have been
made to the specification parameters since the Category 5 Standard of 1995.

Parameter Category 5 Category 5 with pending additional | Category 5e
requirements (T SB-95)
Available bandwidth | 100MHz 100MHz 100MHz
Attenuation 22 dB 24 dB 24dB
NEXT 27.1dB 27.1dB 30.1dB
PSNEXT Not specified | Not specified 27.1dB
ACR 3.1dB 3.1dB 6.1dB
PSACR Not specified | Not specified 3.1dB
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ELFEXT Not specified 17 dB 23.2dB
PSELFEXT Not specified | 14.4dB 14.4 dB
Return loss Not specified | 8dB 10dB

Table I: Comparison between Cat 5, Cat 5 (TSB 95) and Cat 5e.

As it can be seen from the table above, the main differences between Category 5
(including the additional specifications of TSB-95) and Cat 5e is an extra 3 dB of NEXT
loss (which resultsin asimilar +3 dB change to PSNEXT, ACR and PSACR) and a2 dB
of Return loss over Category 5.

It is adso evident the absence of some parameters from Category 5 (TSB95) when
compared to Category 5e, namely Power Sum Near End Crosstalk (PSNEXT) and Power
Sum Attenuation to Crosstalk Ratio (PSACR).

The Attenuation to Crosstalk (ACR) has been related to the SNR in the sense that for a
twisted pair cable the available bandwidth for a 100 meter channel was defined as the
frequency where the Signal-to-Noise Ratio (SNR) was positive, as is illustrated in the
following picture. In networks where the controlling noise source was NEXT the SNR
was the same as ACR. Furthermore, the frequency at which the cable ACR reaches 10 dB
is often used as a benchmark number for determining the bandwidth of a channel.
Therefore, based on this benchmark, the Category 5 cable corresponds to a bandwidth of
100 MHz.

A
\
Noise (NEXT)

dB

L oss I I I I
\ ACR or SNR

Signal

0dB p MHz

100 MHz
BANDWIDTH
S >

Figure 53. Bandwidth Illustration Of a Twisted Pair Cable.
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Power Sum NEXT is the combined effect of crosstalk noise caused by near end
transmitters on neighbouring pairs interfering with the signa on a given pair. The
combined interference is calculated using a power summation. It has been defined as a
measure of how extra headroom exists or not in an installation for handling crosstalk
from multiple near end disturbers :

PSNEXT,; =10log(S; V) in dB,
where V ; isthe crosstalk voltage ratio from pair “j” onto pair”i”

or more analytically:

PSNEXT = lolog(lo-loNEXT(zs,lA)/lo 10 1ONEXT (38,14)/10 +1O—10NEXT(4B,1A)/10)

PSACR or Power Sum Attenuation to Crosstalk Ratio is defined as the difference
between the Power Sum Near End Crosstalk (PSNEXT) and the Attenuation in dB.

Category 5e is now recommended as a minimum for new installations. It is designed to
meet the requirements for Gigabit Ethernet 1000BASE-T for a worst case channel
configuration. Category 5e is the highest performing cabling solution specified by TIA
and has achieved broad support by the industry.

4.3 EVOLUTION OF THE CABLING STANDARDS
4.3.1 Category 6

Category 5 cable, the first generation of copper cabling, has evolved over the last 10
years and has become the most widely used unshielded twisted pair (U.T.P.) cable in
industry. Since then it has supported data rates of 10, 100, and has topped out at 1000
Mbps. The latter has been achieved with the aid of innovative modulation techniques and
sophisticated digital signal processing.

In September 1997, ISO issued a press release stating that a Category 6 cabling
specification would be developed. Since then, both the TIA TR 41.8 subcommittee,
which is currently known as TR 42.7, and 1SO has been working together along with
industry experts on developing a standard for Category 6. Category 6 will be the next
generation cabling standard, with an extended frequency bandwidth of at least 200 MHz,
with all transmission parameters specified up to 250 MHz, and is expected to be
approved sometime in the year 2001. This new generation of cabling will be there to
support multi-gigabit data rates as |[EEE has plans for data rates of 4 gigabits for home
networks [41].

This selection of frequency bandwidths for Category 6 cabling will not be based upon
positive Power Sum ACR considerations only and the IEEE 802.3 has provided the
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following input on the selection of the upper frequency bandwidth to the TIA and I1SO
committees:

ACR aone is not a sufficient metric for the design of transmission equipment. Full
knowledge of channel attenuation and crosstalk characteristics are also required.

Because of the crosstalk cancellation techniques that are now readily available, a
reduction in attenuation is more valuable to the designer of transmission equipment
that areduction in crosstalk.

Performance characterisation of balanced cabling beyond the 0 dB ACR is useful for
designing transmission equipment based on Digital Signal Processing (DSP)
techniques. An extension of at least 25% has been suggested.

4.3.2 SEETTING NEW TARGETS

As in May 2000 [31] [40], the cabling industry is considering a number of different
options for their future products, that will shape the performance of networks for the next
five to ten years. These options are being considered by TIA TR42.7, the Copper Cabling
Systems subcommittee whose cable specifications are till a moving target. It is a huge
task to be undertaken by the subcommittee and the industry participants, considering the
fact that based on the final outcome of the new Standard for Category 6 cabling the future
trends in data communications will be set and governed.

4.3.3 PERFORMANCE CONS DERATIONS

One of these considerations that has been proposed, is for a cabling system with a lower
attenuation and a better crosstalk performance. Till now, in the current Category 6 draft,
the performance specifications are specified for an operational temperature of 20 degrees
Celsius. In an environment above that temperature level, either a shorter cable or a cable
with a lower attenuation should be used in order to achieve an operational bandwidth of
200 MHz.

For example, for a temperature of 40 degrees Celsius has as an effect the increase in
attenuation by 8%. This means that the maximum distance would need to be shortened up
to 6 meters in order for a network to achieve a performance in the 200 MHz frequency
range. Furthermore, the bandwidth decreases by 10% for an increase in temperature of 20
degrees Celsius. An example is shown in the following table.

Temperature Category 5e Proposed Category 6
20°C (68°F) 115 MHz 200 MHz
40°C (104°F) 105 MHz 180MHz
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Table I1: Effects Of Temperature On Cable's Available Bandwidth
It can be seen that at 40 degrees Celsius Category 6 does not satisfy the 200MHz
bandwidth requirements.

Since the inception of 1000BASE-T, knowledge on the transmission parameters by the
cabling industry has improved and the factors that affect and determine the Signal to
Noise Ratios are being more apparent. There are two key transmission parameters that
limit the maximum data-rate capability of copper cable networks. One of these, and as it
seems, the most important is the signal level which is determined by the attenuation of
the cable. The second one, is the noise level which is governed by the internally
generated crosstalk noise between adjacent pairs.

According to the IEEE 802.3 committee responsible for the Gigabit Ethernet Standard, an
improvement of 1 dB in channel attenuation would be much more significant than an
improvement of the same amount in the crosstalk performance. And that is because of the
Digital Signal Processing that is being used and can cancel out certain types of noise such
as NEXT and echo.

Furthermore, there is a limit that has been imposed to the ability of the receivers to
restore and detect attenuated signals over a wide frequency range. As a practical and
upper limit, a loss of 35 dB of transmitted energy loss has been mentioned [40] which
corresponds to about 200 MHz for 100 meters of 24 AWG Category 5 cables. And as the
signa level is decreased the receiver is more sensitive to externa noise interference such
as alien crosstalk and impulse noise. It is now understood that the IEEE has set the targets
on the improvement of attenuation rather than the internally generated noise, since DSPis
readily available and has been widely used in a number of different applications
including 100BASE-TX and 1000BASE-T. And, as technology moves on there are
always hopes for better interference compensation techniques arising in the future.

Therefore, the parameter with the most significance for the new generation of cabling,
Cat 6, is attenuation or insertion loss plus a new parameter that is being under
investigation and is known as insertion loss deviation.

4.3.4 INSERTION LOSSDEVIATION (ILD)

As per ANSI/TIA/EIA-568-A aworst case channel is comprised of a horizontal cable(up
to 90 meters), up to 4 connectors (2 at each end), an equipment cord, a patch cord, and a
work area cord. All of these components experience the effects of attenuation or insertion
loss and impedance.

The total insertion loss of a channel has been set as the sum of the loss of al the
components and has been called insertion loss. But, with this approach, the final outcome
is an approximation. In redlity the result is higher than adding up the loss of each
component. These additional losses are due to signal reflections and re-reflections at the
boundaries between the different components as shown in the following figure. As a
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signa passes from the cable to the connector, a portion of it will be reflected back
because of the impedance difference of the connector. The reflected signal will travel in
the opposite direction until it passes through another barrier such as another connector
with a different impedance. The reflected signal will then be re-reflected back to the
channel creating additional noise on the top of the transmitted signal.

[: [: [: reflected signals

Figure 54. An Illustration Of Sgnal Reflections And Re-reflections.

Signal Input ’ [ Signal Output

The greater the differences in impedance between the various components the higher the
losses. Furthermore, these reflections at some frequencies can add up in phace and at
other frequencies and add out of phase making them not uniform. Therefore, they will
vary depending on the length of the patch cord, the number of connectors, the length of
the channel and etc. This difference, between what is measured on the channel and the
insertion loss that is found by adding the mismatch impedance of the components is
called the Insertion Loss Deviation.

It is interesting to note that in [39] under testing a Category 5 channel using the worst
case parameters it was found that the effects ILD made a 100BASE-TX application
barely compliant. It is stated though that a situation were components are in the worst
case range is not likely to happen although this states the significance of the end effect on
a channel and that al the components should be designed to work together as part of an
end solution.

This brings us to the to topic of backwards compatibility as the new generation cabling
has to address it. Backwards compatibility implies that next generation components are
not only superior to, but are a superset of existing specifications. Just as Category 5
requirements are a superset of Categories 3, and 4, Category 6 cabling systems must be at
least electrical supersets of Category 5 to ensure that new cabling standards will support
all applications designed to operate over existing Categories. Category 6 will use the
same type of components as used for Category 5e but with higher performance. 1SO and
TIA require that all components be backward compatible with existing Category 5 and
Category 5e cabling and equipment installations. Otherwise, combining Cat 6 products
with Cat 5e would have as an effect the degradation of the network performance below
the lowest category component.
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Category 5 cable, the first generation of copper cabling, has evolved over the last 10
years and has become the most widely used unshielded twisted pair (U.T.P.) cable in
industry. Since then it has supported data rates of 10, 100, and has topped out at 1000
Mbps. The latter has been achieved with the aid of innovative modulation techniques and
sophisticated digital signal processing. The Category 5e Standard, the supplement of
Category 5 has been introduced to the market with additional parameters in order to
guarantee reliable operation of 1000Mbps over UTP cable. But, it was released only for
supporting 1000BASE-T. Category 6, having as reference the Category 5e is expected to
stretch the limits of UTP copper cables in order to provide the end-users with a cabling
infrastructure that can meet future needs looking forward 10 to 15 years.

A FINAL REMARK

Gigabit Ethernet is atechnology that has come to fill the need for the ever increasing data
rates in computer communications. It is the last addition to the family of Ethernet
networks specified to operate at 1000 Mbps on the widely existing and adopted structured
wiring infrastructure for up to 100meters of the Category 5 legacy cabling. Not only has
it achieved to do so, but it has done using or combining well proven techniques from
previous Ethernet implementations, yet going on step forward by the introduction of
Forward Error Correction and the sophisticated DSP. Furthermore, Gigabit Ethernet, has
managed to “shake” the industry leaders who have realised that the up to then experience
and network methodology was not good enough not only for future applications but also
for 1000BASE-T itself. It made a movement to a more “professional” approach to issues
as cabling standards, infrastructure testing and installations and it has made the industry
professionals realise that Category 5's reign had reached its time. Now, a new Category
standard is underway (Cat 6) specifying higher cable bandwidths and making sure that all
the transmission parameters are well understood and quantified so that future applications
will be supported for the next 10 to 15 years at least. It can be said, that Gigabit Ethernet
has been the milestone between two eras. The pre- and after- Gigabit periods.
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