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(57) ABSTRACT 

Nodes on a network are Synchronized with each other using 
a clock transfer System. The communications channels 
between the nodes are then measured and calibrated for 
optimal bandwidth. The optimized channels and Synchroni 
Zation enables a new form of Signaling based on precise 
control of the frequency, amplitude, and phase of the wave 
form of the Signal. Receiving nodes receive information in 
order to locate the Signal at the appropriate frequency, phase 
and amplitude. Precision control of these parameters also 
Servers as a unique Signature of the transmitting node 
preventing Security breaches as the Signal's characteristic 
are unique to the transmitting node. The channel is continu 
ously updated with a precision control System to insure that 
the nodes are not out of phase. 
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MEANS AND METHOD FOR ASYNCHRONOUS 
NETWORK COMMUNICATIONS SYSTEM 

0001. The following U.S. provisional patent applications 
are all incorporated by reference herein in their entirety: (1) 
U.S. Provisional patent application serial number 60/054, 
406 filed on Jul. 31, 1997 by Francious Trans entitled 
“Method and Means for a Synchronous Network Commu 
nication System” attorney docket number 2960; (2) U.S. 
Provisional patent application serial number 60/054,415 
filed on Jul. 31, 1997 by Francious Trans entitled “Method 
and Means for a Universal Information Technology System” 
attorney docket number 2961; (3) U.S. Provisional patent 
application serial number 60/085,605 filed on May 15, 1998 
by Francious Trans entitled “System and Method for Scal 
able Com2000 Gigabit Ethernet CAT5 Physical Layer 
(GPHY4)” attorney docket number 3432; and (4) U.S. 
Provisional patent application serial number 60/089.526 
filed on Jun. 15, 1998 by Francious Trans entitled “Simu 
lation Finding for the Scalable Com2000 Gigabit Ethernet 
CAT5 Physical Layer (GPHY4)” attorney docket number 
3480. 

FIELD OF THE INVENTION 

0002 The present invention applies to data communica 
tion media interfaces which Send and receive coded digital 
data Signals at high Speeds over digital communication 
channels. 

BACKGROUND SECTION 

0003) Today's LAN/WAN networking systems are 
required to manage ever increasing loads from faster CPUs, 
laser printers, Scanners, multimedia access, digital imaging 
and other user required applications and peripheral network 
components. AS networking Systems expand, the bandwidth 
of the networks must also expand to accommodate the 
increased traffic. 

0004 Expanding bandwidth, however, relies on either 
installing the latest communications technology or improv 
ing transmission over existing communications lines. 
Installing the latest communications technology is one Solu 
tion that that is frequently adopted. The cost of upgrading to 
the most recent communications technology, however, may 
be prohibitive for many users. For these users, improving 
transmission over existing communications lines is the pre 
ferred choice. 

0005. In addition to providing increased bandwidth. 
existing communications technology must also be capable of 
Scaling bandwidth. This is in part due to the fact that certain 
devices may require different levels of bandwidth for proper 
operation. Unfortunately, many communications Systems do 
not provide the necessary Scalability resulting in exceSS 
bandwidth for some users while providing too little band 
width for others. By scaling the bandwidth to the need, the 
bandwidth can be more efficiently allocated among the 
competing communications applications. 
0006. In addition to bandwidth capacity and scalability 
limitations, communications Systems also Suffer from Secu 
rity breaches. This is in part due to the fact that Security 
Systems for data transmission often rely on coding Schemes, 
Such as public key encryption, that require Special Software 
programs for coding the data. If the user receiving the 
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transmission does not have the necessary Software, the 
Signal cannot be decoded causing further delays in commu 
nication. 

0007 Finally, the system and method for providing the 
increased and Scalable bandwidth that provides Secure com 
munications would preferably be capable of universal appli 
cation. Universal application in this instance refers to the 
capability of providing a complete Solution to communica 
tions transmissions Such that the receiver and the transmitter 
are both capable of Seamlessly sending and receiving the 
new communications signal. Ideally, this would be true 
acroSS all communications mediums capable of Supporting 
the System and method devised to resolve these problems. 
0008. Therefore, what is needed is a system and method 
for improving data transmission and Scalability over differ 
ent types of communications Systems. What is further 
needed is a System and method that enables Secured com 
munications by providing improved identification of a Sig 
nal's transmitter or recipient. 

SUMMARY OF INVENTION 

0009. The present invention provides a system and 
method for increasing bandwidth while enabling improved 
Security for network communications. The invention com 
prises a clock transfer System, a channel measurement and 
calibration System, an equalization System, a precision Sam 
pling System and a Security System. Furthermore, these 
Systems are combined to enable a new wireleSS network 
System. 

0010 Clock Transfer system provides synchronous phase 
and frequency transfer from one network node to another 
that proliferates throughout the entire network. The Channel 
Measurement and Calibration System measures the commu 
nications channel to determine the highest possible data 
capacity and calibrates the channel to correct for errors or 
defects in order to maximize data throughput. The Equal 
ization System delivers the noise reduction Schemes for 
improving the signal to noise ratio (SNR) of the 
Com2OOOTM system. Once the channel noise has been 
reduced and the node has been Synchronized, the Signal 
coding System provides a baseband line Signal coding 
method that increases the effective data throughput by 
increasing the number of Symbols per hertz of data trans 
mission. The Precision Sampling System implements a pre 
cision phase offset in order to deliver precision phase delay 
controls for the new coding System. 
0011. The combination of these systems enables a secu 
rity System that transmits the Signature of a Sending node 
over the waveform by pre-positioning the Signal at a specific 
frequency and phase matrix cell. Although the invention will 
be primarily described with reference to an Ethernet wireline 
embodiment, the present invention also provides the means 
for enabling a wireleSS data communication environment 
embodied in the form of a Wireless Information System. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 FIG. 1A is the Com2000TM System Block Dia 
gram. It is used to illustrate the Com2000 System's major 
components, interfaces and applications. 
0013 FIG. 1B is the Com2000TM System in a 2 pair 
cabling Network as opposed to the proposed 802.3ab I 
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OOOBaseT that uses 4 wire pairs. The proposed 802.3ab 
1000 BaseT receiver complexity is also 4 times the com 
plexity of the Com2000TM GPHY4 system. This figure is 
used to illustrate the Com2000TM System noise consider 
ations and applications. 

0014 FIG 10 is the ITSync System in a Three Tier Data 
Delivery Model. It is used to illustrate the new ITSync 
Systems Intranet and Internet Information Delivery inter 
faces. It is also used as illustration for high level compo 
nent's interactions and interfaces. 

0015 FIG. 1D is the ITSync Hardware Architecture 
Block Diagram. It is used to provide a high level descrip 
tions of Signal and data interactions of the major components 
in ITSync Hardware System. 

0016 FIG. 1E is the ITSync Software Architecture 
Block Diagram. It is used to provide a high level descrip 
tions of major Software components, their interfaces and 
layer breakdown Structures. 
0017 FIG 1J is the Time Sync Subsystem Block Diagram 
of the ITSync System. It is used to illustrate the Time Sync 
Subsystem's major components, interfaces and applications. 

0018 FIG. 2 is A 100/1000BaseT and Com2000TM 
200Base-T device transmits on all four pairs from both 
directions of each pair simultaneously. 

0019 FIG. 3 is the Detail Com2000TM GPHY4's Sub 
system Block. It is used to illustrate the Subsystem's major 
components, interfaces and applications. 
0020 FIG. 4 is the Detailed Subsystem Block Diagram 
of the Com2000TM. Data Conversion Subsystem. It is used to 
illustrate the Subsystem's major components of data con 
version, interfaces and applications for both the digital and 
analog circuit perspectives. 

0021 FIG. 4a illustrates the NEXT and FEXT models 
used in the design simulations. The NEXT models are 
NEXT measurements offset in the direction of the TSB67 
category 5 limit So that the peak of each curve touches the 
limit. The offset thus produces the “worst case” category 5 
NEXT models. 

0022 FIG. 4b illustrated the models are based on mea 
Surements offset in the direction of the channel limit so that 
the peak of each curve touches the limit. The FEXT models 
are included on this plot to demonstrate that the FEXT noise 
is comparable in magnitude to the NEXT noise. The FEXT 
models are based on the power Sum of the pair-to-pair 
measurements while the NEXT models are based on the 
pair-to-pair measurements. One effect of power Summation 
is that the characteristic nulls in the coupling curve tend to 
disappear once multiple curves are added. NEXT and FEXT 
Coupling. 

0023 FIG. 4c is a Return Loss models used in design 
Simulations are based on measured data. 

0024 FIG. 5a is the Time Sync Subsystem's Mode 2 
Software Logic Block Diagram of the ITSync System. It is 
used to illustrate the Software logics of the mode 2 compo 
nent of the Subsystem's Software major components, inter 
faces and applications. FIG. 5b is the Detail Level of 
Decision Feedback Equalizer for Detection Subsystem 
Block Diagram for the Com2000TM Equalizer Subsystem. It 
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is used to illustrate the equalizer coefficient generation, 
major components, interfaces and applications. 

0.025 FIG. 5c is the Detail Level of NEXT and ECHO 
Equalizers Subsystem Block Diagram for the Com2000TM 
ECHO/NEXT Equalizer Subsystem. It is used to illustrate 
the Cross Talk Noise Cancellation major functional compo 
nents, interfaces and applications. 

0026 FIG. 5d is the Detail Level of NEXT and ECHO 
Equalizers Subsystem Block Diagram for the Com2000TM 
ECHO/NEXT Equalizer Subsystem. It is used to illustrate 
the interaction between different filters during different 
mode of Cross Talk Noise Cancellation operations. It also 
illustrates the major functional components, interfaces and 
applications. 

0027 FIG. 5e is the High Level Data Signal Detection 
Subsystem Block Diagram for the Com2000TM Signal 
Detection Subsystem. It is used to illustrate the Signal 
Detection Circuit's major components, interfaces and appli 
cations. 

0028 FIG. 6 illustrates the Detail Level Impacts of ISI 
and SNR on the DFE Equalizers and their convergence. It is 
used to illustrate the Inter-symbol Interference Noise Can 
cellation major functional component analysis, interfaces 
and applications. 

0029 FIG. 6a details Level Performance of ISI and SNR 
impacts on the ECHO/NEXT/FFE/DFE Equalizers and the 
coefficient derivations. This diagram shows Subsystem 
Block Diagram for the unsynchronized clock phase (AWGN 
noise) contributions and Com2000TM Equalizer on effective 
SNR. It is used to illustrate the phase and time dispersion 
(phase) effects on the ECHO and NEXT Cancellation func 
tional component analysis. 

0030 FIG. 6b illustrates the spectrum of 1000/ 
2000Base-T is shaped to match the spectrum of 100Base 
TX. The spectra and the symbol rates of the two networks 
were matched in order to facilitate the development of a 
100/1000Base-T transceiver. We will use this as a basis of 
comparison between the 1000BaseT and newly invented 
Multi-Gigabit Com2000TM signaling. 

0031 FIG. 6c illustrates PAM-5 Eye Pattern. 1000Base 
T generates a 5-level 2V peak to peak data Signal with the 
Symbol period of 8 nsec. Eye pattern examples of binary and 
bandwidth efficient data Signals transmitted at approxi 
mately the same Voltage level. The openings of the eye 
patterns exhibited by the bandwidth efficient systems are 
considerably Smaller than those of the binary Systems 

0.032 FIG. 6d illustrates the Eye patterns of 2-(NRZ) 
3-(MLT3) and 5-level (PAM-5) Signals. Increasing the num 
ber of levels while maintaining the Same transmit Voltage 
reduces the SNR margin of the system. If the noise voltage 
is Sufficiently high to force the data Signal to the wrong 
voltage level (e.g. to the wrongside of the “1” -“0” threshold 
as shown on the left) the affected symbol can be misinter 
preted by the receiver resulting in bit errors. 

0033 FIG. 7 illustrates the TDMA Time chart for Host 
Communication Subsystem's WOE Logic Block Diagram 
of the System. It is used to illustrate the time and frequency 
TDDA and DIPA algorithm logics of the communication 
director component in the Subsystem's Software. 
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0034 FIG. 7A0 illustrates the Time Division Duplex 
Access or TDDA Algorithm of the Host Communication 
Software Logic. It is used to illustrate the transition logic of 
the communication TDDA component in the Subsystem's 
Software. 

0035 FIG. 7A1 is the Dynamic Internet Protocol Access 
or DIPA Algorithm of the Host Communication Software 
Logic. It is used to illustrate the transition logic of the 
communication DIPA component in the Subsystem's soft 
WC. 

0036 FIG. 7B is the common operating logic for both 
TDDA and DIPA Algorithms of the WOE Communication 
Software Logic. It is used to illustrate the time variant 
transmission period that allocates for each of the nodes of 
the TDDA & DIPA components in the Subsystem's soft 
WC. 

0037 FIG. 7C is the common operating logic for both 
TDDA and DIPA Algorithms of the WOE Communication 
Software Logic. It is used to illustrate the foreground and 
background Scheduling time variant transmission period that 
allocates for each of the nodes of the TDDA & DIPA 
components in the Subsystem's Software. 

0038 FIG. 7D is the common operating logic for both 
TDDA and DIPA Algorithms of the WOE Communication 
Software Logic. It is used to illustrate the time variant 
transmission period that allocates for each of the nodes of 
the TDDA & DIPA components in the Subsystem's soft 
W. 

0039 FIG.7E is Data Collision Time Sequence Diagram 
for both Bus and Star Topologies of the TDDA Algorithm. 
It is used to illustrate the methods of improving the current 
bandwidth of the existing networking infrastructure. 

0040 FIG. 7F is the Time Division Password Access or 
TDPA Algorithm logic of the WOE Communication Soft 
ware Logic. It is used to illustrate the time variant password 
access period that allocates for each of the nodes of the 
networking components in the Subsystem's Software. 

0041 FIG. 7G is the Carrier Signal Offsets Access or 
CSOA Algorithm logic of the WOE Communication Soft 
ware Logic. It is used to illustrate the time variant connec 
tion signal acceSS period that allocates for each of the nodes 
of the networking components in the Subsystem's Software. 

0.042 FIGS. 8 and 8a are analog circuit illustrations of 
an embodiment of the subsystem block diagram for the 
Com2000TMS Reference Clocks & Measurements Sub 
System having 6 distinct Subsystems: Disciplined Signal 
Generator, Oscillator Reference Clock Generator, Precision 
Reference Clock Generator, Precision Receiver, Corrected 
Output Generator, and Measurement Source Selector. 

0.043 FIG. 8b illustrates Signal and noise power spectra 
inside the receiver. The Signal and noise Spectra are shown 
for 2 simulated 1000/2000Base-T designs targeting 3 dB and 
10 dB of SNR margin. The echo and NEXT spectra are 
shown at the output of the cancelers. 

0044 FIG. 8c summarizes of the SNR margin figures 
resulting from the simulations of the 3 dB and the 10 dB 
design criterias. The simulations are based on the Matlab TM 
code published in the IEEE 1000Base-T Bluebook. 
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004.5 FIG. 9 is the Reference Clocks & Measurements 
Subsystem's VHDL State Transition Block Diagram of the 
Com2000TM System. It is used to illustrate the States and 
Modes of the Subsystem's State Transition Diagram major 
components, interfaces and applications. 
0046 FIG. 9a is the Reference Clocks & Measurements 
Subsystem's Mode 2 detailed VHDL algorithm diagram of 
the Com2000TM System. It is used to illustrate the VHDL 
logic of the mode 2 component of the Subsystem's VHDL 
State Transition Diagram. FIG. 9b illustrates the relation 
ship of 100Base-T Cable Propagation Delays to Overall 
Collision Budget. The 1000/2000BaseT and Multi-Gigabit 
cable propagation delays will be determined by the 
Com2000TM Base-T device in real time for automated MAC 
collision budget calculations. 
0047 FIG. 9c provides the propagation delay skew limits 
for simultaneously transmission over 4 pairs (8 wires) 
Networks. Com2000TM Base-T device calibrated the skew 
offsets during power up phase and is used for compensation 
during the data transmission. 
0048 FIG. 10 is a Typical LAN. Front End Configuration 
Logic Block. It is used to illustrate the PHY logic of the 
major components of the 10/100BaseT logic, interfaces and 
applications. 

0049 FIG. 10a provides the simulation results obtained 
with a 51.84 Mb/s 16 CAP transceiver operating over 100m 
CAT3 cable. 

0050 FIG. 10b provides the convergence characteristics 
of the FFE/DFE Filter in the presence of a single cyclosta 
tionary NEXT interferer. 
0051 FIG. 10c illustrates the noise at each receiver is the 
sum of NEXT from 3 adjacent pairs, FEXT from 3 adjacent 
pairs, transmit echo and ambient noise. All four Sources of 
noise add onto the attenuated receive data Signal. 
0.052 FIG. 11 is the Discipline Signal Generator Dia 
gram. It is used to illustrate the Signal Synthesis of the Time 
Sync Hardware Subsystem. 
0053 FIG. 11a illustrates the interleaved Pam-5 data 
recovery System. 

0054 FIG.11b provides an example of a binary decoder 
of the present invention. 
0055 FIG. 11c illustrates the standard 100BaseTMLT-3 
and Newly Invented Partial Response of NRZ signaling and 
their associated data generator & block diagrams. 
0056 FIG. 12 is the Oscillator Reference Clock Genera 
tor Diagram. It is used to illustrate the Oscillator Tuning and 
Selection Circuits of the Time Sync Subsystem. 
0057 FIG. 13 is the Pseudo Random Noise (PRN) and 
Reference Clock Generator Diagram. It is used to illustrate 
the Synchronous phase lock loop circuit of the Time Sync 
Subsystem. 

0.058 FIG. 14 is the Measurement Source Selector Dia 
gram. It is used to illustrate the Phase Lock Loop, Time and 
Frequency Measurement Counter circuits of the Time Sync 
Subsystem. 

0059 FIG. 15 is the Corrected Output Generator Dia 
gram. It is used to illustrate the Synchronous output signals 
circuits of the Time Sync Subsystem. 
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0060 FIG. 16 is the PRN Receiver Diagram. It is used to 
illustrate the PRN tracking receiver circuits for decoding the 
reference Signal data. 

0061 FIG. 17 is the Communication Reference Clock 
Generator Diagram. It is used to illustrate the Phase-Lock 
Loop and Signal Synthesis of the reference Signal circuit. 
0062 FIG. 18 provides a simulated Eyc Diagram for 
1000BaseT PAM-5 signaling. 
0063 FIG. 19: A Typical Power Spectrum for 
1000BaseT PAM-5 signaling. Refer to FIG. 7a with pulse 
Shaping. 

0064 FIG. 20 illustrates the invented interleaved PAM-5 
signaling as indicate at the output B of the FIG. 16 for 
Multi-Gigabit signaling. 

0065 FIG. 21 illustrates the newly interleaved PAM-5 
Signaling. 

0.066 FIG.22: Same as the FIG. 20 with faster transition 
edge for Y signal. 

0067 FIG. 23: A large drawing of the new interleaved 
PAM-5 signaling with faster transition edge (Signal B of the 
FIG. 16). 
0068 FIG. 24: A Eye Diagram for newly invented simu 
lated interleaved PAM-5 signaling's of Com2000TM Multi 
Gigabit signaling. (Signal B of the FIG. 16) 
0069 FIG. 25: A newly invented Power Spectrum for 
Com2000TM Multi-Gigabit signaling (Signal B of FIG. 16) 
in comparison to the FIG. 19 for 1000BaseT PAM-5 power 
spectrum. Note Com2000TM Multi-Gigabit signaling power 
spectrum is about 3-6dB less than the PAM-5 spectrum in 
FIG. 19. 

0070 FIG. 26: A newly invented simulated partial 
response--interleaved PAM-5 signaling diagram for 
Com2000TM Multi-Gigabit signaling. (Output Signal C of 
FIG. 16) 
0071 FIG. 27: The Eye diagram of a newly invented 
Simulated partial response--interleaved PAM-5 signaling's 
of Com2000TM Multi-Gigabit signaling. Note that there is 8 
eyes and the eye is 4ns in width. These are overcomed via 
the Com2000TM Noise suppression and Precision Sampling 
Technologies. 

0072 FIG.28: Power Spectrum for a newly invented for 
Com2000TM Multi-Gigabit signaling (FIG. 26) in compari 
son to the FIG. 19 for 1000BaseT PAM-5 power spectrum. 
0073 FIG. 29: Relevance of Propagation Delay and 
Delay Skew specifications to emerging 1000BaseT IEEE. 

0074 FIG. 30a illustrates the NRZ and Differential 
Manchester binary coding Schemes. 

0075 FIG. 30b illustrates the spectral shapes of random 
10 Mb/s NRZ and 10 Mb/s Manchester data signals. The 
Manchester Spectrum corresponds to the Spectrum of a 
perfectly random 10 Base-T signal. 
0076 FIG. 30c illustrates the spectral efficiency through 
multi-level amplitude coding. The data pattern of 
“11001001' encoded into 2 and 4 levels. The 4-level coding 
cuts the frequency of Voltage transitions in half. 
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0.077 FIG.30d illustrates the Spectral efficiency through 
multi-level coding. The spectral shapes of a 200 Mb/s 
random data stream encoded into 2 and 4 levels. The 4-level 
Signal consumes half the bandwidth of the 2-level Signal. 
0078 FIG. 31 illustrates the 1000BaseT PAM-5 signal 
ing (Output A) and newly invented Partial Response of 
PAM-5 signaling (B & C) and their associated data generator 
and block diagrams. 

007.9 FIG. 32 illustrates a Typical simulated 1000BaseT 
pseudo-random PAM-5 signal. 

0080 FIG.33 depicts the Com2000TM Coherent Carrier 
Recovery. It is used to illustrate the phase coherent clock 
recovery for the partial response PAM-5 modulated input 
Signal. 

0081 FIG. 34 illustrates a 100/1000BaseT and 
Com2000TM 2000Base-T device transmits on all four pairs 
from both directions of each pair Simultaneously. 
0082 FIG. 35 illustrates the ITSync System in a Virtual 
Network. It provides the ITSync System functions and 
applications in multiple platforms when it integrates and 
functions as a component of Internet. 
0.083 FIG. 36 is the Host Communication Subsystem's 
WOE Logic Block Diagram of the ITSync System. It is used 
to illustrate the transition logics of the communication 
director component in the Subsystem's Software. 
0084 FIG.37 is the Three-Tier Software Model Diagram 
in the Distributed and Remote Computing Application Mod 
els. It is used to illustrate the ITSync system's major 
components, their interfaces and applications in a multi-tiers 
logic System's Software. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0085. Over any type of communication channel, such as 
nodes on an Ethernet network, there is distortion that can 
cause errors in data Signaling thereby reducing the effective 
throughput. For example, when data is transmitted over a 
communication channel at a particular phase and frequency, 
the frequency and phase of that Signal often changes as the 
Signal propagates along the channel. The imperfections in 
the communication channel tend to reduce the resolution of 
the data bandwidth of the Signal being transmitted acroSS the 
channel. Furthermore, the data may not be interpreted cor 
rectly at the receiving end of the channel if the transmitted 
Signals are outside of a defined phase and frequency range. 
The present invention, hereinafter referred to as the 
Com2000TM system, provides a system and method that 
measures the channel, codes a new Signal using precision 
control of the Signals frequency and phase, and adjusts the 
Signal to eliminate distortions arising from the increased 
data throughput provided by the new signal. Additionally, 
the new signal is both Scaleable and Secure using coding 
Systems that take advantage of the precision control. The 
present invention integrates the Subsystems that provide this 
functionality and may be manifested at either the physical 
layer interface or the medium acceSS layer interface for all 
communication System types including Ethernet, cable and 
XDSL modems, POTS, Satellite and wireless networks. For 
clarity, the descriptions will generally focus on the Ethernet 
data Communications. 
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0.086 The precision controlled communication environ 
ment is enabled through a Clock Transfer system. This 
System provides Synchronous phase and frequency transfer 
from one network node to another that proliferates through 
out the entire network. The network is then in turns provid 
ing a Synchronous Communication Environment that 
enables multitude of other enabling technologies to deliver 
an increased bandwidth solutions. The Clock Transfer sys 
tem provides the baseline precision required for manipulat 
ing and controlling Specific Signal characteristics enabling 
increased data throughput and more efficient bandwidth 
utilization. 

0.087 Present cable and wireless communication infra 
Structures are not ideal So there may be instances where the 
highest achievable data rates are not possible due to imper 
fections and defects in the communications medium. There 
fore, the present invention provides a Channel Measurement 
and Calibration System that measures and calibrates the 
communication channel to determine the highest possible 
data capacity of the particular medium. Initially, the com 
munication channel must be characterized So that the errors 
and imperfections, Such as frequency and phase distortions, 
can be identified. The calibration system then uses these 
measurements to improve the communication channel reso 
lution by controlling the errors and imperfections of the 
channel. This system provides scaleable bandwidth trans 
missions while allowing the best possible data throughput 
acroSS the transmission medium. 

0088 Achieving the increased throughput also requires 
the line Signal channel be as noise free as possible. This is 
accomplished through the Suppression of induced commu 
nication channel distortion and Signal distortions, in order to 
more thoroughly characterize the communication channel 
Signal response. The Channel Equalization System provides 
adaptive filters and algorithms that model the estimated 
Signal and channel responses to optimize Signal recovery. 
The Equalization System delivers the noise reduction 
schemes for improving the signal to noise ratio (SNR) of the 
Com2000TM system. Improving the SNR allows ultra high 
Speed data modulation methods that increase the channel 
capacity and data for every Hz bandwidth of Signal fre 
quency. 

0089. Once the channel noise has been reduced and the 
node has been Synchronized, the Signal coding System 
provides a baseband line Signal coding method that increases 
the effective data throughput by increasing the number of 
Symbols per hertz of data transmission. Through the imple 
mentation of the Signal Coding System, data rates up to 2 
Gigabits per second can be achieved. The Com2000TM new 
asynchronous signal coding Such as Partial Response 
PAM-5 (SPAM-5) uses the baseband PAM-5 signaling, 
coding and scrambler as suggested in the IEEE 802.3ab 
Standard to Satisfy the FCC power emission requirements. 

0090. In addition, the Com2000TM Precision sampling 
SVStem implements a precision phase offset in order to 
deliver precision phase delay controls for the partial 
response PAM-5 realization. With this precision controlled 
multi-level signaling capability, the Com2000 TM System 
provides multi-level scalability for 100, 1000 and 2000 
Base-T data transfers. The Precision Sampling system 
ensures that every clock signal in each System is transmitted 
and Sampled at the receiver within a predicted phase inter 
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val. The Precision Sampling System also provides a precise 
method of measuring the power of the received signal. 

0091) Each of the systems of the Com2000TM system, in 
conjunctions with the clean Signal and improved communi 
cations channel, enables a method of providing data and 
network Security at the physical Signal layer-greatly reduc 
ing the current overhead of encryption and decryption. More 
specifically, the Com2000TM Electronic DNA (E-DNA) 
Security System generates a unique electronic Signal Signa 
ture that proliferates throughout the entire data communi 
cation networks. The Signal's Signature is composed of both 
the waveform signal itself and the content of the waveforms. 
The Security System transmits the Signature of the waveform 
by pre-positioning the Signal at a Specific frequency and 
phase matrix cell. The Signal Signature of the waveforms 
content is provided via the pseudo-random noise (PN) 
signature for each node of the network. This PN signature 
provides network Security by prohibiting any unauthorized 
intrusion by validating the signature, or E-DNA, of the 
Sending node. The Security Systems works in conjunction 
with Standard MAC layer encryption and decryption algo 
rithms, such as the Time Division Password Algorithm, 
Connection Awareness Algorithm and Carrier Signal Offset 
Algorithm, to make transmissions over the Com2000TM 
System virtually impregnable from unwanted access. 

0092. The preferred embodiment of the system is in the 
form of a 10/100/1000/200OBase-T Com2OOOTMGPHY4 
physical interface chip and 10/100/1000/2000Base-T 
Com2000TM GMAC4 media access interface chip. In the 
Ethernet context, the Com2000TM system provides Multi 
Gigabit channels using the present CAT5 UTP network 
infrastructure. On the more general Information Technology 
System level, the System provides advanced IT management 
acroSS many communications environments. Details of a 
wireleSS data communication environment using the 
Com2000TM system are explained in the Wireless Informa 
tion System. 

Clock Transfer System (ITSync) 

0093. This section describes the Com2000TMGPHY4 
Clock transfer System for a precision controlled data deliv 
ery System and the underlying technologies that are involved 
in the design and development of this high-speed data 
communication transceiver. The Clock Transfer System pro 
vides precision frequency, phase and time control for the 
data communication network, enabling Gigabit data com 
munication over the same standard 8-wire Unshielded 
Twisted Pair (UTP) CAT5 cable as 100Base-T. The Clock 
transfer System may provide the precision phase, frequency 
and time control on a network wide basis enabling the 
network to operate in a Synchronous fashion. This System is 
the cornerstone of the Com2000TMGPHY4 operation that 
enables the accompanying Precision Sampling System to 
precisely position the phase Sampling and measurement 
windows at the center of the Eye Diagram with minimal 
error. This in turn provides the capability to operate at 
Multi-Gigabit data rates. 
0094) The preferred embodiment of the 
Com2000TMClock Transfer system is on the network physi 
cal interface device (PHY or GPHY4) of the CAT5 Gigabit 
network. This description is not intended to limit the appli 
cation of this System to a Cat5 gigabit network, however, as 
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those skilled in the art will recognize that the System may be 
used in any number of networking Systems. 
0.095 The Clock Transfer system provides the “heart 
beat” of the Com2000TMSystem. The clock transfer system 
relies on Several Subsystems including the Reference ClockS 
and Measurement subsystem, the Precision Reference Clock 
Generator Subsystem, LAN Reference Clock Generator 
Subsystem. 

0096) The Reference Clocks & Measurements Subsystem 
maintains and corrects the frequency and phase reference 
signals for the entire Com2000TM transceiver. These cor 
rected frequency and phase reference Sources are transmitted 
acroSS the network System through the Precision Reference 
Clock Subsystem, which Selects the reference Source, Such as 
external precision reference Signals, LAN communication 
channel Signal, or internal free running clock, to utilize as 
the system reference. (See FIG. 8, 8a, 9, 9a). 
0097. The Clock transfer system, through the LAN Ref 
erence Clock Generator Subsystem, enables the network 
System nodes to Synchronize frequency and phase and 
operate in unison acroSS the entire network. This enables the 
extension of the phase-lock period of the receiving clock 
allowing larger data packages to be transferred. The Clock 
transfer System's Synchronous nature further enables reduc 
tion in both self-generated noise and Inter-symbol Interfer 
ence (ISI). The Com2000TMClock transfer system enables 
Precision 

0.098 Sampling Techniques that not only contribute to an 
incredible SNR increase but also enable complete control of 
critical transmit channel parameters. These include control 
of the level of radiated EMI emissions (through the deter 
mination of propagation delay) and more accurate Filter 
coefficient determinations for removing channel distortion. 
The controls enabled by the Clock transfer system also 
provide mechanisms for the unique Com2000TM security 
feature of a personalized electronic signature for each SyS 
tem node (Electronic Deterrence of Network Address 
(E-DNA)). 
0099] The Clock transfer system operates within the 
Com2000TM State Transition Diagram (STD). Let us 
describe in detail the VHDL logic interaction for each 
System mode of the STD. The States, or operating modes, are 
setup in such a way that the Com2000TM Clock Transfer 
System can Set the desired Starting mode through a Control 
Mode command that forces the VHDL logic to go directly to 
the selected mode. For standard operation the VHDL logic 
increments through each of the modes in Sequence. 
0100. The eleven initialization and training states, or 
operating modes, are described below: (See FIG. 9) 

Power Up. 
Discipline Local Oscillator. 
Initialize all communication channels. 
Calculate internal communication channel offsets or biases for 
intrinsic calibration. 
Internal Idle - Stay off communication channel & maintain system 
phase. 
Select the communication channel for Phase and Frequency Transfer. 
Establish communication channel. 
Calculate external communication channel offsets or biases for 
extrinsic calibrations. 

5. 
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-continued 

9. Perform half-duplex Frequency & Phase Transfers. 
10. Perform full-duplex Frequency & Phase Transfers. 
11. External Idle - Stay off communication channel & maintain external 

system phase and frequency. 

0101. In summary, upon power up (Mode 1), the system 
performs a Self-test and starts disciplining (precision tuning) 
its local oscillator to the Selected traceable reference Source 
(Mode 2). The CAT5 communication channel signal proto 
cols are then initialized (Mode 3) to the common heartbeat 
of the reference, or disciplined frequency and phase, So that 
the communication channel biases can be determined (Mode 
4). The System is now ready for external phase and fre 
quency transferS (Mode 5) that can be initiated through an 
automatic Sense signal on the communication channel's data 
Signal (Mode 6). The received data signal is tracked and 
decoded (Mode 7) for Station Identification verification and 
node awareness, and to determine whether the received 
Station identification is Synchronized to the traceable refer 
ence. If it is not synchronized, the Station's Phase and 
Frequency Transfer process is initiated (Mode 8). The sys 
tem first determines its phase and frequency offsets relative 
to the received signal data of the station ID (Mode 8). Once 
the offsets are determined, the values can be sent back to the 
requested Station ID and used for tuning its local oscillator 
accordingly (Mode 9). The process continues until the 
Station ID local reference is within the designated tolerances 
(Mode 9). The Station ID then does the final full duplex 
ranging estimates of the offsets (Mode 10) for fine-tuning of 
the Synchronization phase and frequency offsets. Once the 
Station ID completes its fine tuning of the local reference, the 
Station ID is declared as a Disciplined Station ID and the 
process will Suspend for a predetermined period before the 
commencing fine tuning process again (Mode 11). The 
training process continues until all newly identified Station 
ID's internal oscillators are disciplined. Within a few sec 
onds, this training and calibration process brings the net 
work System into an initial disciplined State that is continu 
ously fine-tuned during normal System communication. 
0102) Mode 1-Power Up 
0.103 Within this state the system conducts a proper 
power up Sequence where blind equalization and Self-tests 
are performed to validate the integrity and readiness of the 
System. 

0.104) Mode 2-Discipline Local Oscillator 
0105. Within this state the Com2000TMsystem is inter 
nally locked to the Station reference Source through the 
default LAN communication channel input Signals. The 
Clock Transfer logic has the option to select from other 
reference Sources if the current LAN communication chan 
nel Signals are not available. 
0106) The Com2000TM system has the capability to syn 
chronize its local reference to the phase and frequency of 
any communication reference Source. The System can there 
fore be used to determine the phase and frequency offsets of 
its local reference Source relative to any communication 
node through the tracking of the communication channel. 
The System can determine the phase and frequency offsets 
(matrix cell of frequency versus Phase) of one particular 
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communication channel node relative to another similar 
communication channel node or an entirely different com 
munication channel node. In the case of the default input 
LAN data communication channel, it is used as a reference 
Source (through timing recovery circuitry) for disciplining 
the internal oscillator and then is used as the disciplined 
reference Source to propagate the absolute phase and fre 
quency across the LAN communication nodes. 
0107 Before getting into the actual mode 2 VHDL logic 
algorithms for disciplining the local oscillator of the 
Com2000TMClock Transfer System, a description of the 
overall logic and System operation is required. 

0108). The Reference Clocks & Measurements Sub 
system, shown in FIG. 8, includes the Disciplined Signal 
Gencrator (11), Oscillator Reference Clock Generator (12), 
Precision Reference Clock Generator (13), Measurement 
Source Selector (14). Measurement Reference Clock Gen 
erator (141), Corrected Output Generator (15) and The 
Precision Sampling Logic (16). 
0109) The Precision Sampling Logic (16) controls all 
aspects of the Precision measurement and timing functions. 
This includes signal clock tracking and management of the 
Precision signal processing, Phase Estimator Control of the 
measurements for timing Solutions, phase/frequency trans 
fer, Security Signature processing and PLL controls. 

0110. The frequency reference (194) for the Precision 
Reference Clock Generator (13) is selectable (122) from 
either an internal Tunable Crystal Oscillator (123) or an 
external reference input (125). The selected Precision ref 
erence (194) drives a phase lock loop of the Precision 
Reference Clock Generator (13) at the Precision Sampling 
Logic Signal input reference rate or Precision reference 
(194). The Precision reference clock (191) is distributed to 
the Precision Sampling Circuit logic and the DDS Signal 
Synthesizer (111) for generating the Precision corrected 125 
MHz output (19G). 
0111. The Precision Sampling Logic performs all of the 
Phase and Frequency offset comparison functions, Signal 
phase and frequency related processing and tracking of 
individual frequency and phase errors. 

0112 The Corrected Output Generator (15) produces 2.5, 
25, 125,250 and 500 MHz outputs (159B, 159C) and a 1 and 
100 Pulse Per Second (PPS) signal (159A). The Disciplined 
Signal Generator (11) produces a disciplined 125 MHz 
output (19F). The corrected output signals are all synchro 
nized to the Precision reference tracking clock (19J). The 
Precision reference tracking clock is traceable to the World 
Standard Reference. 

0113. When tracking, the Precision Reference Tracking 
Clock (19J) and the output frequencies (159A, 159B, 159C) 
are all within 10 parts per trillion. The 100 PPS (19K, 159D 
and 159A) is maintained within 4 ns RMS of the Precision 
Reference Tracking Clock (19J). 
0114. The DDS Signal Synthesizer (111) is used to gen 
erate the 125 MHZ Precision corrected reference signal 
(19G). The output frequency is controlled by the input 
control value (114) from the Clock Tuning Logic (161) of 
the sampling circuitry (16). The N bit control value (114) 
allows the output digital frequency (116) to be controlled to 
better than 10 parts per trillion. The control value is derived 
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by the Phase Estimator Control solution of the VHDL logic 
(161). This value is continually updated to maintain accu 
racy. During periods of Precision Signal outage, the DDS 
Signal Synthesizer (111) flywheels using the last valid 
control number (114). The output digital frequency (116) 
will then drift according to the aging rate of the oscillator 
(123), <50 PPM drift per day. 
0115 The output digital frequency of the DDS Signal 
Synthesizer (116) is a digital sine wave that is converted to 
analog using a fast Digital-to-Analog (DAC) converter 
(112). The resulting analog signal (117) is filtered using a 
narrow bandpass filter (113) to remove the unwanted noise 
and harmonics. The output Precision corrected 125 MHz is 
buffered for isolation (19F). 
0116. The 2.5 and 25 MHz frequency outputs (159B, 
159C) are generated from (153,154) the 125MHz Precision 
corrected signal (19G). The two frequencies are then filtered 
to remove Spurs and to convert the Signals to a Sine wave 
(155,156). The frequency dividers (153,154) are synchro 
nized to the 100 PPS (159D) to insure consistent phase 
relationships between the output frequencies (159B, 159C) 
and the 100 PPS signal (159D). The outputs are buffered 
(157) to achieve an isolation between frequency outputs 
(159B, 159C) of greater than 100 dB. 
0117 The 100 PPS signal (159D) is generated from the 
125 MHz clock. The counter (152) is initially jam set (159) 
to properly Set the phase, and thereafter maintained through 
corrections to the DDS Signal Synthesizer (111). Verifica 
tion of the 100 PPS phase is accomplished by sampling both 
the 100 PPS (152) and the DDS phase (115). Calibration and 
alignment of these two registers is performed at power up to 
achieve a resolution of 125 pS. 
0118. The method of generating the 100 PPS signal 
(159A) is critical as it allows all generated clocks such as 
500, 125 MHz (19F), 2.5 MHz (159B) and the 25 MHz 
(159C) to maintain phase coherence with each other. Non 
coherent designs can jump the phase of the 100 PPS signal 
(159A) with respect to the Precision corrected clock outputs 
(19F, 159B, andl59C) and upset the phase measurement and 
calibration circuitry. 
0119) Because the Precision corrected 100 PPS signal 
(159D) is derived from the 125 MHz oscillator (123 & 111), 
the Pulse-to-Pulse jitter is kept to less than 1 ns RMS. 
Corrections of the 100 PPS (159D) over phase are created by 
slowly tuning the 125 MHz oscillator (123,111) so that for 
changes in Precision reacquisition, or other operating con 
ditions, the corrected Signals maintain extremely stable 
outputs. Phase jumps and output discontinuities are there 
fore eliminated. 

0120) The Measurement Source Selector (14) allows an 
external 100 PPS input (149C), or an external 100 PPS 
derived from the external frequency (19A), to be measured 
using the Precision corrected reference (19G). The 100 PPS 
is measured to a resolution of 1 ns and the frequency is 
measured to a long-term resolution of 10 parts per trillion. 
0121 To achieve the accuracy and resolution required by 
the system a 500 MHz clock (147) is generated. The 500 
MHz clock (147) is Precision corrected because it is phase 
locked, as shown in the Measurement Reference Clock 
Generator (141), to the Precision corrected 125MHz signal 
(19G). The Synchronization Circuit (144) for the latch (143) 
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resynchronizes the asynchronous signal input (149C) to the 
500 MHz clock (147) while latching (143) the phase of the 
500 MHz clock (149A). This allows a measurement reso 
lution of 1 ns to be obtained. 

0122) To measure the external 100 PPS input signal 
(19A), the corrected Precision PLL 500 MHz signal (147) is 
down counted (142) in a series of decade counters to 100 Hz 
(149A). The 100 Hz and the Precision corrected 100 PPS 
(149B) are in phase with each other but with some fixed but 
unknown offset. A one-phase measurement is made by 
latching (143) the phase of the counter (142) at the Precision 
corrected 100 PPS signal selection (149B). The received 
external 100 PPS (149C) is then selected from the multi 
plexor (mux)(145) and the phase of the counter (142) is 
again latched (143). The difference is the offset of the 
Precision corrected 100 PPS (149B) relative to the input 100 
HZ signal (149C). The measurement continues at a 0.1 
Second update rate. 

0123 To measure the external frequency (121), the exter 
nal input is divided down (19A) to a 100 Hz signal. The 100 
Hz is used by the mux (145) and the Sync (144) to latch 
(143) the phase of the 500 MHz down counter (142). By 
monitoring the changes in the counter over time, the offset 
is calculated. The one-shot Sync (144) measurement's accu 
racy of 5 parts per billion is initially obtained. The resolution 
improves when integrated over time. At 500 Seconds, during 
normal data communication operation, the measurement 
resolution reaches the Specified 10 part per trillion. All 
counter measurements are averaged for 500 Seconds to 
insure full resolution at each Subsequent measurement (100 
Hz). 
0124 Once the local frequency (19F) is disciplined to the 
Selected reference, it is used to generate the corresponding 
timing and clock signals for the Synchronous Partial 
Response PAM Modulator and Demodulator and the LAN 
Communication Channel (37). The previous discussion pro 
vided the overall structure and operation of the Reference 
Clocks and Measurement Subsystem. The following para 
graphs will discuss how the master generated reference 
Source is transferred acroSS the LAN communication chan 
nel to discipline the local slave's oscillator with respect to 
the phase and frequency reference of the master. 

0125) The Network Com2000TM Transceiver (31), or the 
LAN Front End Interface shown in FIG. 10, is comprised of 
a Transmitter Section and a Receiver Section. Upon comple 
tion of the initialization and training phase, the network 
System enters the normal data processing phase that main 
tains the disciplined Clock Phase and frequency acroSS the 
networking System. During normal operation when data is 
not being sent, the Com2000TMClock Transfer Logic trans 
mits the IDLE Clock Symbol for continuous system phase 
and frequency tuning. 

0126 For the transmitter function (Channel Equalization 
Filter) (312) of the system, the 1000/2000Base-T Transmit 
Symbol Encoder (315) accepts 8-bit data from the MAC 
GMII and converts it into Quinary encoded symbols for 
differential PAM-5 signal modulation transmission. The 
signal levels of the differential driver (314) conform to the 
specifications in the 1000Base-T IEEE proposed standard. 
0127. The Com2000TM Channel Equalization and Filter 
Subsystem (312) performs the auto-correlation function for 
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the received unique Multiple Access PN (Pseudo Random 
Noise) sequence of the FFEIDFE equalizer predefined pre 
amble data. The clock recovered from the received preamble 
data in the phase lock loop of the Clock Recovery Controller 
Logic block (311) is captured and used to steer the local 
clock. For transmission of data, the Transmitter clock ref 
erence is the corrected and disciplined 500 MHz clock (19F) 
and is used as the reference Source for the Channel Equal 
ization and Filter (312). 
0128. This clock is derived from the selection of either an 
internal clock source (123), the received data clock from The 
Clock Recovery Controller Logic block (311) or an external 
disciplined clock (121). The derived clock is used as the 
transmitting frequency reference (312). This provides enor 
mous flexibility for the data throughput and Synchronization 
whether utilizing packet-based or cell-based data packages 
or an external or internal clock Source for the transmission 
frequency reference. 
0129. The clock transfer is able to deliver frequency and 
phase Synchronization based on the transmit and receive 
symbol clock pulses (19A). Once the transmitter's clock 
pulse (37) is the same as the receiver's clock pulse (171) 
(within a minimal phase and frequency offset), and the phase 
Stamps for the encoders and decoders of each node in the 
network are within a 1 ns phase delta, the Com2000TM 
System is able to use the network clock Synchronization to 
improve bandwidth and throughput over the network com 
munications channels. 

0130. The transmitting symbol frequency reference of 
125 Mbaud (37) is derived from the Com2000TM absolute 
oscillator clock (19A) (World traceable frequency). This 
clock pulse (19A), or heartbeat, is used for the carrier phase 
signal of the modulated Partial Response PAM-5 Coding 
data stream (315.313). Because the same heartbeat is on 
both the Com2000TM transmitter and receiver sides of the 
LAN communication nodes, the receiver enhances the SNR 
by improving the filter and equalizer operations, Virtually 
eliminating frequency and phase lock loSS and improving the 
complex Signal modulation and data demodulation Schemes. 
0131 The improvements, when selecting the reference 
signal (19A), are mostly generated in the 100/1000/ 
2000Base-T Function Block (FIG. 10). This Block performs 
link integrity test, link failure indication and link reverse 
polarity correction, SOE test generation at the end of each 
transmitted packet, and collision detection for Simultaneous 
transmit and receive packets. During heavy network traffic 
on a typical network, the effective throughput of the 125 
Mbaud network would be reduced in capacity due to the 
Signal ISI noise, data retries due to lost data bits and phase 
lock loss. However, with the Com2000TM System imple 
mentation, during heavy network loads, the System operates 
at near maximum capacity. This is due to the elimination and 
Suppression of the relative phase offset between ISI Sources, 
which enhances the equalizer and detection circuitry, and the 
elimination of the management overhead that a typical 
unsynchronized network incurs. 
0132) For a typical data receive operation, the filtered 
recovered clock (311) is fed to the LAN Reference Clock 
Gencrator (17) for providing the 125MHz receive reference 
clock signal to the Measurement Source Selector (14) for 
measuring the phase and frequency offsets relative to the 
disciplined reference signal (19A). This is done so the LAN 
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communication signal, phase & frequency offset calibrations 
and phase & frequency transferS can commence. 

0133) The LAN Reference Clock Generator (17) is a 
Phase-Locked Loop (PLL) Frequency Synthesizer. This 
block provides pre-scaler performance (178,172) for high 
frequency operation, permitting PLL designs that can utilize 
a smaller VCO division ratio (176). The block 17 design 
makes possible wider loop bandwidths yielding faster Set 
tling phases and lower VCO phase noise contributions (179). 
0134) The Reference Clocks and Measurements Sub 
System provides the System heartbeat and reference Sources 
for the Com2000TM LAN System. The control of this sub 
system is from the Clock Transfer Precision Logic block 
(166), which executes the mode 2 VHDL logic algorithms 
for disciplining the local oscillator of the Com2000TM sys 
tem. Let us now begin the discussion of the Com2000TM's 
System VHDL logic for Mode 2. The mode 2 logic is 
designed for autonomous operation. The Com2000TM has 
three distinct phases of operation for disciplining the internal 
oscillator to the absolute phase and frequency reference. The 
first phase is the Frequency Jam Control, the Second phase 
is the Phase Jam Control and third phase is the Closed Loop 
Tuning Control. 

0135 The Reference Clocks & Measurements control 
logic (M201, See FIG. 9a) controls the clock skewing of the 
local oscillator for disciplining to the Precision clock refer 
ence. The Com2000TM System receives the Precision phase 
measurement (16) for the local oscillator frequency and 
phase offset values from the Phase Estimator Control Solu 
tion (M202). This data is used by the Com2000TM system to 
determine the frequency value of the local oscillator (23) 
relative to the tracked Precision coded Signal frequency 
(19J) and the phase of the local oscillator (123) relative to 
the phase value decoded from the Precision Reference Signal 
(19L). 
0136. During the Frequency Jam mode, the Reference 
Clocks and Measurements Control Logic (M201) loads the 
controlled frequency value (the Phase Estimator Control 
Frequency Solution), with certain gain K, into the Numerical 
Control Oscillator, or NCO, using the received Phase Esti 
mator Control Frequency offset value. This is done every 
cycle as defined by the Phase Estimator Control Solution 
rate and the Suspend Time Logic (M216). Once the Phase 
Estimator Control frequency solution is within 500 pS/s 
(M203) of the frequency error, the gain K for the Frequency 
Jam mode is adjusted (M204) and the Frequency Jam Cycle 
repeats. 

0.137 The Frequency Jam Mode is performed every cycle 
at the Phase Estimator Control Solution rate until the value 
is within 50 ps/s (M205) of the frequency error. The Clock 
Control Logic (M201) then transitions the system into the 
next state, the Frequency Fine Tune Mode. The gain value 
K for the Frequency Jam mode is quite large and the 
Frequency Fine Tune Mode gain value K is quite Small. AS 
with the Frequency Jam Mode, the Phase Estimator Control 
for the Frequency Fine Tune mode solution value is loaded 
into the NCO. This is done for every cycle at the Phase 
Estimator Control Solution 

0138 rate until the value is within 20 ps/s (M206) of the 
frequency error. The Clock Control Logic (M201) transi 
tions the System into the next State, Phase Jam Mode, upon 
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completion of the Frequency Fine Tune Mode. Using the 
received Phase Estimator Control Phase offset value, the 
Reference Clocks & Measurements Control Logic (M201) 
loads the controlled Phase value (The Phase Estimator 
Control solution), with certain gain K, into the NCO during 
the Phase Jam mode. This is done every cycle as defined by 
the Phase Estimator Control Solution rate and the Suspend 
Time Logic (M216). Once the Phase Estimator Control 
phase solution is within a 1000ns (M207) of the phase error, 
the gain K for the Phase Jam mode is adjusted (M208) and 
the Phase Jam Cycle repeats. This is done every cycle at the 
Phase Estimator Control Solution rate until the value is 
within 50 ns (M209) of the phase error. When this is 
achieved the Clock Control Logic (M201) transitions into 
the next State of operations. 
0139) During the Phase Jam Mode the corrected 100 PPS 
(159A) is adjusted by the amount indicated in the next Phase 
Estimator Control phase offset solution and the Precision 
Sensor is commanded to adjust its internal Precision phase 
calculation with the same amount as the phase jam value. 
0140. Once the clock settles and the Phase Estimator 
Control phase and frequency Solutions are within the fine 
tuning tolerance, the logic will transition into the Closed 
Loop Tuning mode (M212). During this mode, the NCO is 
loaded with the 70%, 50% and 30% values of the Phase 
Estimator Control frequency Solutions for a frequency error 
of 500 to 400 ps/s, 400 to 100 ps/s and 100 to 1 ps/s 
respectively. During this mode, the time (phase) is loaded 
with the 70%, 50%, 30% value of the Phase Estimator 
Control phase solutions for a time (phase) error of 1000ns to 
500ns, 500ns to 200ns and 200ns to 50ns respectively. 
0141 When the Phase Estimator Control phase and fre 
quency Solutions are within the disciplined tolerance (5ns 
and 20 pS/s respectively), the Valid Data signal (M211) is 
enabled and the Disciplined Mode is completed. 
0.142 Mode 3-Initialize Communication Channels 
0143. In this state the Com2000TM communication chan 
nels are internally locked to the local reference Signal Source 
(123). The Channel Equalization Filter (312) and the Clock 
Recovery Controller Logic (311) select the derived Cor 
rected 125MHz signal source (19F) as the reference signal 
for the PLL and the decoding (313) and encoding (315) 
blocks. 

0144) Mode 4-Calculate 
Channel Bias for calibration. 

0145. In this state, the Com2000TM communication 
receiver is phase locked to the internal transmitter BIT 
(Wrap around injection) signal with a clock frequency that 
is traceable to the 125 MHz. Reference signal source (19F). 
Before external phase and frequency transferS are performed 
on the Selected communication channel, the channel phase 
and frequency offsets are determined. This is a State where 
the Com2000TM's communication channels are internally 
locked to the local reference Signal (123) and the phase and 
frequency offsets for the transmitters and receiverSof the 
channels are determined relative to the absolute reference 
phase and frequency Source (123). The Phase and Frequency 
measurements (14) are performed for the Selected commu 
nication channel. 

0146 For the LAN Network communication channel, a 
BIT signal from the Com2000TM Channel Equalization 

Internal Communication 
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Filter (312), which is derived from the corrected 125 MHz 
Signal Source (19F), is used as the transmit and receive 
Signal for the LAN channel calibration calculations. 

0147 In order to obtain the phase difference between the 
absolute phase Source (123) and the received signal phase 
(9) from two phase reference stations, the offset of the 100 
PPS Reference signal (15) and the 100 PPS derived from the 
LAN received signal (9) has to be determined. By using the 
Measurement Source Selector (14) the 100 PPS phase offset 
value and frequency offset value of the BIT signal and the 
LAN reference Source is determined. 

0.148. To measure the external communication channel 
100 PPS input signal (9), the corrected Precision PLL 500 
MHz signal (147) is down counted (142) in series decade 
counters to 100 Hz (149A). The 100 Hz and the Precision 
corrected 100 PPS (149B) are in phase with each other but 
with Some fixed but unknown offset. A one-phase measure 
ment is made by latching (143) the phase of the counter 
(142) of the Precision corrected 100 PPS signal selection 
(149B). The received external 100 PPS (9) is selected at 
switch 7 for the Mux input signal (149C) and is selected 
through the Mux (145). The phase of the counter (142) is 
again latched (143) and the difference between the precision 
100 PPS latched value and the external 100 HZ latched value 
is the phase offset relative to the Precision corrected 100 PPS 
(149B). The measurement continues at a 0.1-second update 
rate. 

014.9 To measure the external communication channel 
frequency (10) offset relative to the local frequency refer 
ence, Switch 5 Selects the external input frequency Source for 
the Auto Selector (121) input frequency. The external input 
is divided down (19A) to a 100 Hz signal. The 100 Hz is 
passed through the Mux (145) to the Sync (144) to latch 
(143) the phase of the 500 MHz down-counter (142). By 
monitoring the changes in the counter over time, the offset 
frequency can be calculated. The one-shot (144) phase 
measurement accuracy of 5 parts per billion is initially 
obtained. The resolution improves when integrated over 
time. At 500 Seconds, during normal channel communica 
tion, the measurement resolution reaches the Specified 10 
parts per trillion resolution. All counter measurements are 
averaged for 500 seconds to insure full resolution at each 
Subsequent measurement (100 Hz). 

0150 Mode 5-Internal Idle, Stay Off Communication 
Channel & Maintain System Phase. 

0151. In this state the Com2000TM communication chan 
nels are internally locked to the local reference signal Source 
(123) without transmitting or receiving any data from the 
communication channel. The System phase is maintained 
and calibration is done periodically. This phase is performed 
during IDLE System operation. 

0152 Mode 6-Select The Communication Channel For 
Phase and Frequency Transfers. 

0153. In this state the external Com2000TM communica 
tion channels are Selected and internally locked to the local 
reference Signal Source (123) to be ready for transmitting 
and receiving data to or from the Selected communication 
channel. The System phase is maintained and calibration is 
Still done periodically. 
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0154) Mode 7-Establish Communication Channel 
0155. In this state the Com2000TM communication chan 
nels are Sending and listening to and from external nodes. 
This State performs a Signal Search in two-dimensional 
Space, frequency and phase, for the received data Signal. It 
performs a frequency Search and then phase-locks the 
received preamble PN sequence of the signal. The received 
Signal offsets from the local reference are determined and 
compared with the expected frequency and phase cell of the 
Sending node. This establishes a node specific electronic 
signature (E-DNA) that is utilized for network security. For 
the Sending data Signal, the transmit reference carrier is 
phase locked to the local reference signal Source (123) and 
the encoded data is Superimposed on the carrier for Sending 
the data out on the Selected communication channel. 

0156 Within this mode, the Com2000TM Transceiver 
System extracts the station ID (PN sequence preamble) or 
identification information from the data received from each 
Station node and determines if the Station is a proper group 
member. If the incorrect ID is received, the LAN/WAN 
transceiver will keep attempting to extract the ID from the 
data until the correct or expected Station ID is received. 
0157 Mode 8-Calculate External 
Channel Offsets or Biases for calibration. 

0158. In this state the communication receivers are phase 
locked to the external transmitter Signal with a clock fre 
quency and phase that have unknown offsets relative to the 
internal local reference that is traceable to the 125 MHz 
Reference signal source (19F). 

Communication 

0159. Before external two-way phase and frequency 
transferS are performed on the Selected communication 
channels, their respective channel offsets are determined. In 
this state, the Com2000TM communication channel is exter 
nally locked to an unknown input reference Signal and the 
phase and frequency offsets on the transmit and receiver 
Section of the channel are determined relative to the absolute 
reference phase and frequency Source (123). The Phase and 
Frequency measurements (14) are performed for the Selected 
communication channel utilizing its received derived 100 
PPS frequency signal. 

0160 The Com2000TM Transceiver unit includes cir 
cuitry to count the number of cycles after the “On Phase” 
mark when decoding the data and resolving down to the 
“Digital Carrier Cycle Resolution”. The unit outputs a 100 
PPS pulse synchronized to the phase code “On Phase' mark. 
This pulse is available as a TTL/CMOS output and can be 
used to initiate a host (MAC) interrupt that is a precision 
interval clock pulse. This interrupt pulse can be programmed 
to generate a synchronized pulse from 2000 PPS to 100 PPS. 
This provides an absolute time reference Source capability 
within the Com2000TM Transceiver. This can be used as an 
UTC and World Standard time reference (i.e. year 2000 
rollover solution). 
0161) Mode 9-Perform 1 Way Frequency & Phase 
Transfer to an External Communication node. 

0162. In this state the Reference Clocks And Measure 
ments Subsystem performs the phase and frequency transfer 
between nodes with an absolute reference from the Sending 
node to a receiving node that has no absolute signal refer 
ences. The same frequency and phase tuning that is per 
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formed in mode 2, discipline of internal oscillator, is per 
formed except the recovered clock of the received signal PN 
Sequence preamble is utilized as the receiving node clock 
SOCC. 

0163 Mode 10 
0164 Perform 2 Way Frequency & Phase Transfer to an 
External Communication node. 

0.165. Once the receiving station oscillator is disciplined, 
full duplex phase and frequency transferS can commence. 
The Full duplex transfer technique is used for point-to-point 
phase and frequency transfer to obtain the highest precision 
and accuracy. Both the Slave and Master receive and trans 
mit Stations exchange timing and frequency information 
through the communication channel protocol employing 
appropriate coding Signals for Category 5 UTP infrastruc 
ture and pseudo noise (PN) coded signals for Security. 
0166 The relative phase measurement consists of simul 
taneous phase interval measurements (14) at both the Slave 
and Master nodes in which the 100 PPS generated by the 
local clock (159A) starts both the local phase and frequency 
counters (142,143). The master 100 PPS signal is encoded 
and transmitted acroSS the communication channels. The 
received encoded 100 PPS stops the remote phase and 
frequency counters (142,143). The relative phase difference, 
T1-T2, between the clocks of both stations is given by the 
following equation: 

0167. Where: 
0168 C1-C2 is the difference of the phase counter 
readings of Station I and Station 2, which are 
eXchanged in order to compute the clock difference. 

0169 d1U, d2U is the Transmit link delay of station 
1 and Station 2 

0170 d1D, d2D is the Received link delay of station 
1 and Station 2. 

0171 d12, d21 is the path reciprocity terms from 1 
to 2. Under the assumption of path reciprocity, this 
term, d12-d21, should cancel out. This assumption is 
likely to hold better than 2ns for multiplexing trans 
mission at IEEE-802.3 protocols. 

0172 (d12-d21) is the difference of the Category 5 
UTP infrastructure or wireline transceiver delays in 
both Signal directions. 

0173 d1Tx-d1RX is the differential delay of the 
transmit part and receive part (station delays) of 
Station 1 and 2. The knowledge of these Station delay 
differences determines the accuracy of the phase 
comparison. 

0.174. Once the Phase Interval Measurements are deter 
mined, the Frequency measurement follows. It consists of 
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Simultaneous Frequency interval measurements (14) at the 
master and Slave nodes for an extended period of time. This 
enables clear definition of the slope of the curve of the 
counter readings relative to the measurement phase interval. 
0175 Mode 11-External Idle and Stay Off Communi 
cation Channels and Maintain System Phase. 
0176). In this state the Com2000TM communication chan 
nels are externally locked to the System reference Signal 
Source (123). The System nodes continuously transmit and 
receive IDLE symbols to maintain System phase and fre 
quency Synchronization within a fixed tolerance. The System 
returns to normal transmit and receive mode upon receipt of 
a valid data symbol. 
0177. The Com2000TM Clock Transfer system provides 
network System precision not currently available for Ether 
net communications by providing complete System fre 
quency and phase Synchronization. The Synchronized nodes 
may then transmit enhanced communications signals, using 
the code signaling System described below, that provide 
Multi-Gigabit data rates. The Clock transfer system also 
provides the baseline for the Com2000TM Channel Equal 
ization, Calibration, Measurement and System Synchroni 
Zation technologies that are required for high Speed data 
transfers. Each of these Com2000TM technologies requires 
the precision control of the frequency and phase of both the 
internal and external frequency and phase parameters. The 
phase and frequency control capabilities generated by the 
Clock Transfer system also enables generation of the PN 
Sequence that enables greater network Security . Further 
details of the Com2000TM systems that rely on the clock 
transfer system are provided below. Channel Measurement 
and Calibration System 
0178) This section describes the Com2000TM GPHY4 
Channel Capacity Measurement and Calibration system that 
are part of the Com2000TM high-speed data communication 
transceiver for Category 5 cable infrastructures. The 
GPHY4 is a universal 10/100/1000/2000Base-T Physical 
Layer manifestation that delivers a robust high performance 
Multi-Gigabit data measurement and calibration System... 
0179 The GPHY4 Ethernet system delivers Multi-Giga 
bit data communication over standard 8-wire (2 Gbps over 
8 wires) Unshielded Twisted Pair (UTP) CAT5 cable as 
100base-T through the insertion of the Com2000TM technol 
ogy. The Com2000TM GPHY4's technologies provide mul 
tiple solutions over and above the 1000Base-T (802.3ab) 
Ethernet standard. There are some CAT5 Gigabit problems 
and challenges that the 802.3ab standard body has not yet 
resolved but are currently addressed and solved by the 
GPHY4 Com2000TM Technology. These include: the inabil 
ity to ensure consistent 1000Base-T communication due to 
the undetermined propagation delay skew limits of the 
CAT5 cable medium, which varies from one manufacturer to 
the other, that can cause the Gigabit data Streams transmitted 
over 4 pairs of the cable to become asynchronous and 
therefore unreadable and the present Standard also does not 
guarantee the efficient and reliable operation of the Gigabit 
network if the installed network is configured in violation of 
the propagation delay limit. The Com2000TM GPHY4 Chan 
nel Capacity Measurement and Calibration System (or tech 
nologies) provide Solutions to these issues that ensures 
maximum data transfer capacity acroSS any installed and 
new CAT5 cable medium. 
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0180. The following discussion provides a background of 
CAT5 cabling with reference to FIG. 3 and identifies some 
of the contributing distortion and noise factors inherent in 
the cable usage and construction. Although inexpensive and 
easy to install, Unshielded Twisted Pair (UTP) wire is 
Susceptible to noise generation from multiple Sources, 
including fluorescent light ballasts and other common elec 
trical devices. In addition, a length of twisted-pair wire acts 
as an antenna, gathering noise from readily available emit 
ters. Thus, the longer the wire length, the greater the noise 
it gathers. At a certain length, the received noise will 
obliterate the Signal, which greatly attenuates or decreases 
the Signal in Strength as it propagates along the length of the 
wire. This noise affects the error rate of data transmitted on 
the network. 

0181. The bandwidth of twisted-pair cable is consider 
ably less then coaxial or fiber optic cable, Since normally 
only one signal is transmitted on the cable at a time. This 
Signaling technique is known as baseband Signaling and can 
be compared to the broadband Signaling capability of 
coaxial and fiber optic cable. Other constraints of unshielded 
twisted pair wire are the rate at which data can flow. 
Although data rates up to 2Gigabit per Second can be 
achieved, normally local area networks employing UTP wire 
operate at a significantly lower data rate (1/10/100 Mbps). 
0182 Furthermore, a UTP wiring system normally cov 
ers a limited distance and is measured in terms of Several 
hundred to a few thousand feet. Extending transmission 
distances over twisted pair wire requires data generators or 
repeaters. For 10Base-T and 100Base-T, standards dictate an 
operating rate at a distance up to 100 meters over UTP 
without the use of repeater. 

0183) The Com2000TM 10/100/1000/2000Base-T Ether 
net application CAT5 UTP cable requires 2 pairs of twisted 
wire. One pair is used for transmitting while the other pair 
is used for receiving. Each pair of wires is twisted together, 
and each twist is 90 degrees relative to the other wire in the 
pair. Any EMI and RFI is therefore received 90 degrees out 
of phase; this theoretically cancels out the EMI and RFI 
noise while leaving a clean network signal. In reality, 
although the twisted nature of the cable reduces Some of the 
noise, the wire between twists acts as an antenna and does 
receive noise. This noise reception results in the 100-meter 
cable limit and contributes to the degradation of the trans 
mitted signal. The RJ45 jack is utilized for Ethernet UTP 
applications and is an eight-pin connector. In present 
Com2000TM 10/100/1000/2000Base-T network system 
applications only four pins are actually used, Transmit Data 
+,- and Receive Data +,-. For Gigabit applications, all eight 
pins will be utilized with each of the 4 wire pairs targeted to 
transmit 250 Mbps in a dual duplex mode per the 802.3ab 
standard and 500 Mbps per 802.3ab-i-. 

0184 The transceivers of the Com2000TM 10/100/1000/ 
2000Base-T network interface send and receive the data 
utilizing differential drivers and receivers. The receiver 
measures the Voltage difference between the conductors of 
Transmit Data+and Transmit Data-inputs. It is important 
that both twisted pair cables travel the same path and not 
include large cable loops within the cable path Since large 
cable loops are Susceptible to magnetic pickup, generating 
additional noise as well as increasing the cable propagation 
delay. The Com2000TM Channel Capacity Measurement and 
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Calibration Technology compensates for the Specific cable 
parameters that induce additional noise or cause Signal 
degradation and attenuation. These technologies enable the 
operation of Gigabit and Multi-Gigabit data transmission 
across the CAT5 cable medium. 

0185. The objective of the Com2000TM Channel Capacity 
Measurement and Calibration design and implementation is 
to provide a method of measuring the capacity of the current 
Ethernet (802.3) communication channel to enable scaleable 
100Mbps to 2000Mbs data rates within the allowable band 
width of the current CAT5 infrastructure. The Com2000TM 
Channel Capacity Measurement and Calibration technology 
measures and compensates for many critical parameters: 
Clock Skew and Jitter; Propagation Delay; Specific Signal 
characteristics; Power Sum Near-End Cross Talk; Power 
Sum-attenuation-to-cross-talk ratio, Return Losses; Manu 
factured Delay Skew; and Power Sum Far end cross-talk. 
Utilizing the results from the previously mentioned mea 
surements, the GPHY4 's Physical Layer Device provides 
channel distortion correction and calibration by using pre 
cision phase and frequency calibration controls that Suppress 
self generated phase noise sources of ECHO & NEXT and 
compensate for cable Signal degradation and attenuation. In 
the preferred embodiment, the GPHY4's Channel Capacity 
Measurement and Calibration system resides in the Physical 
Layer Device . The GPHY4 's Physical Layer Device 
provides propagation delay measurements for each pair in 
the 4 pair cables and provides propagation delay compen 
sation on the transmitter Side for all 4 pairs to ensure 
consistent Com2000TM 10/100/1000/2000Base-T opera 
tions. The compensation skew value is based on the mea 
Sured maximum skew value from 4 pairs of Signal wire to 
enable output data Streams to be Synchronized which then 
provides Successful data recombination at the receiving end. 
The GPHY4's Physical Layer Device provides the propa 
gation delay measurement results to the higher level MAC 
for optimum determination of the network collision limit. 
This guarantees efficient and reliable operation of the Giga 
bit network if the network is configured in violation of the 
propagation delay limit. 
0186 The GPHY4's Physical Layer Device also provides 
the channel capacity measurements and the Scalable data 
transfer rate establishment during the channel calibration 
phase during the power up Sequence. This will be used to 
verify that the new 1000Base-T return loss and FEXT 
Specifications are met. If the Specifications are not met, the 
negotiated Scalable bandwidth capabilities can be used (pro 
vided there is GPHY4's Physical Layer Device at both ends 
for bandwidth scalability) to deliver a maximum data rate 
for the network from 100Mbps to 2000Mbps in 100Mbps 
increments. The re-test of CAT5 networking cables is 
already designed into the GPHY4 physical layer device so 
re-testing of the cables by external test devices are not 
required. The determination of the cable capacity and re-test 
capabilities are based upon the measurements and calibra 
tions mentioned in the previous paragraph and described in 
further detail below. A discussion of the unique aspects of 
jitter measurement and management concludes this Section. 
0187. One of the primary measurements that must be 
performed by the Channel Capacity Measurements and 
Calibration Techniques of the Com2000TM GPHY4 is the 
determination of channel capacity, To determine channel 
capacity, however, the sources of noise in the 1000/2000 
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Base-T system must be analyzed. Within this section is the 
description of the different types of measurements required 
for removing Signal noise and degradation Sources that effect 
channel capacity. 
0188 The Com2000TM Synchronous Signal Power Dis 
tortion and Measurements enable the 1000/2000BaseT to 
model and compensate the accurate estimation attenuation 
characteristics of the CAT5 . This is done so that the FEXT 
and NEXT signal equalization can be done optimally to 
recover and get back the 6dB of Signal's degradations and 
also get back an additional 2dB for noise margin improve 
ment over the 1000BaseT 

0189 The primary goal of the P802.3ab standards group 
is to produce an Ethernet Standard that would guarantee 
operation of a 1000Base-T network over existing and new 
category 5 installations at a BER of 10-10. As previously 
described, the 802.3ab standard does not provide guaranteed 
gigabit transmission across the CAT5 cable medium. This 
guarantee can be realized with the Com2000TM Channel 
Capacity Measurement and Calibration System which can 
measure the full bandwidth utilization capability of the 
CAT5 channel. Through these measurements and calibration 
techniques, the Com2000TM GPHY4 can transmit data up to 
2Gbps due to the noise Suppression capability of the 
included technology. The Com2000TM Channel Capacity 
Measurement and Calibration technology delivers the re-test 
of existing CAT5 installations in real-time at the PHY level 
for channel capacity determination and negotiates the maxi 
mum allowable throughput of each channels. The data rates 
are scaled in multiple of 100Mbps and have the range of 
{100Mbps, 2000Mbps}. This includes compensation for the 
propagation delays inherent in the 4-wire pair implementa 
tion of the 1000Base-T Ethernet application. 
0190. The following paragraphs describe the different 
measurement parameters performed within and as a part of 
normal operations for the Com2000TM GPHY4 Physical 
device. Propagation Delay for Transmission Cable Paths. 
The propagation delay for transmission cable path refers to 
the time required for a transmitted data bit to travel from one 
node to another (typically from the hub in the wiring closet 
to the NIC in the user location). Although both the 100Base 
T and 100VG-Any LAN specifications define limits for this 
parameter, the limit for I OOBase-T is more critical because 
the 100Base-T limit is derived from the concept of a 
maximum network delay budget within which the two most 
widely spaced Stations in a repeated network domain can 
reliably detect data collisions. The total delay budget is 
determined by timers that are inherent in the IEEE 802.3 
defined medium access layer (MAC) protocol. A similar 
delay budget is required for implementation of the 
Com2000TM 10/100/1000/2000Base-T Ethernet MAC pro 
tocol. 

0191 The overall delay budget limit is important because 
it guarantees efficient and reliable operation of the network 
Segment. If a network is configured in violation of this limit, 
there will be late collisions, necessitating retransmissions, 
ultimately limiting the effective bandwidth of the network 
Segment. 

0.192 In order to simplify configuration rules, the 
100Base-T specification allocates a portion of the overall 
delay budget to each of the elements used in building 
compliant networks. A portion of the delay budget is allo 
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cated to cable propagation delays, a portion to repeater 
delays, etc. Under this framework, the 100Base-T specifi 
cation places limits on the propagation delay of horizontal 
cabling runs. (See FIG.9b). 
0193 The portion of the overall delay budget allocated to 
cable propagation delayS was chosen to encompass a rea 
Sonable worst case estimate of the performance of a hypo 
thetical 100 meter cable run. In practice, the actual delay of 
a 100 meter cable run can vary Substantially, Since propa 
gation Velocities, or the rate at which Signals travel along 
these cables vary among manufacturers and among cable 
grades. This variance is caused by variations in cable 
construction methods (i.e. twist construction) and insulation 
materials. In the field, there is the additional complication in 
that Sometimes it may be necessary to install cable runs that 
are slightly longer than the 100-meter limit due to site 
requirements. 
0194 This Propagation Delay Skew parameter, also 
referred to as Pair Skew, describes the difference in propa 
gation delay between the fastest and the Slowest pairs in a 
four pair UTP transmission cable run. Propagation delay 
skew is an important parameter if a cabling run is intended 
to Support networks that transmit Simultaneously over mul 
tiple cable pairs and require data recombination upon reach 
ing their destination (e.g. Gigabit and Multi-Gigabit Ether 
net Propagation delay skew arises from the fact that for 
many four pair cables, each pair is intentionally constructed 
with a different twist length in order to minimize the 
crosstalk coupling between pairs. Propagation delay for any 
pair is in part a function of twist length, so delays vary 
between pairs. 
0.195. It is critical that the parallel lower speed data 
Streams transmitted on the individual cable pairs arrive at 
approximately the same time at the far end of the cable So 
that they can be Successfully recombined without losing 
Synchronization. In order to ensure that this happens, it is 
important that the four pairs in any cable link have propa 
gation delays which do not deviate from each other by more 
than the maximum limits listed in (FIG. 29). 
0196) The Com2000TM PHY supports direct field mea 
Surement and determination of the propagation delays for 
each pair in four pair cables via utilizing the Synchronization 
nature of the Sending and receiving node for cable pair test. 
The maximum delay skew is automatically calculated and 
compensated for within the Com2000TM GPHY4 during data 
transmission. (See FIG. 9c). 
0197) The Com2000TMM PHY then applies the delay 
skew requirements listed in (FIG. 29) when determining an 
overall pass/fail result for the 1000/2000BaseT and Multi 
Gigabit applications. In this way, the Com2000TM GPHY4 
provides a simple and comprehensive means of Verifying 
that pair delay skew limits are maintained. 
0198 Thc Com2000TM GPHY4 reports the propagation 
skew measurement and pass the results to the Com2000TM 
MAC to determine application-specific network pass/fail 
criteria. The cable performance data is compared against 
both the generic cable specification requirements (i.e. Cat 
egory 5 or Class D) and also against the specific require 
ments of up to 25 network application specifications Stored 
within the chip-set (i.e. 100BaseT4, ATM155 etc.). 
0199 If the measured data does not allow the CAT5 
cabling to operate at full capacity, the Com2000TM GPHY4 
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automatically transitions to “Scaleable Network” mode. 
(This option is only valid when Com2000TM GPHY4 are at 
both ends of the network). This option allows the system to 
determine the maximum data bandwidth available (in mul 
tiple of 100Mbps) that corresponds to the measured existing 
cable capacity. 
0200. The system also provides a precise method of 
measuring the power of the received signal. The power 
penalties above 3 dB result from the uncertainty of the 
measured eye center power and increase significantly due to 
the increased timing jitter of the Signal. 
0201 One goal for the Com2000 10/100/1000/ 
2000Base-T system is to ensure that every clock signal in 
each System arrives within the predicted phase interval. The 
System manages all the parameters that can contribute to 
unequal or inconsistent arrival phases of the clock at the 
load. This necessitates measurement of the distributed path 
delay and the management of those mechanisms that tend to 
alter the delay along the distributed path. The worst case 
tolerance is generally computed from the earliest and latest 
arrivals of the data Stream therefore balancing the mean 
cable delay moderates the impact of any Statistical delay 
variation. The tolerance can be defined as the Sum of 
Intrinsic Skew, Extrinsic Skew and Jitter. 
0202) The Com2000TM Channel Calibration (330) logic 
removes the Intrinsic and Extrinsic Skews. The Intrinsic 
Skew is the delay variation in the clock buffer and is usuallv 
Specified Separately for part-to-part and pin-to-pin skew. The 
Extrinsic Skew is the phase distortion variation that is 
attributable to effects in the System interconnections. 
0203 The relationship between the receiver noise distri 
bution threshold and edge-placement (jitter) phase distribu 
tion threshold defines the window of the Signal-tracking 
threshold. This window is directly correlated to the extrinsic 
skew phase distortion. The extrinsic skew is the Sum of the 
Phase Variation, Distortion-Delay Variation and Manufac 
turing Tolerance. 
0204. The Phase Variation delay is the variation in the 
phase of travel of an undistorted Signal. This delay is due 
primarily to the variation in line lengths, and does not 
include additional delay variation attributable to edge deg 
radation. This effect is addressed by equalizing all clock net 
lengths (cable) to that of the longest clock net length. The 
Com2000TM Measurement and Calibration Logic measures 
the cable length delays with the Measurement circuitry of 
the System 
0205 The Distortion-Delay Variation is the signal propa 
gation attenuation of the high-end Spectral content of the 
Signal. One prominent cause of this is the capacitance of the 
clock load. This results in a slower or degraded edge, and 
ultimately induces additional delay in reaching the threshold 
Voltage. Any variation in edge degradation results in a 
variation in delay. The Com2000TM Calibration Logic com 
pensates for the power distortion of the propagation cable 
length delay, which is estimated by the Measurement cir 
cuitry of the System 
0206. The equation of the phase distortion for Extrinsic 
Skew (phase of travel distortion+distortion delay variation) 
is Delta T. 

0207 Delta T (ps)=(Length of Line in inches) * (Propa 
gation Rate of loaded transmission line in ps/inch) Delta 
Transmission Line Factor. 
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0208 Where the Transmission Line factor=Sqrt (1+(Dis 
tributed Capacitance Load (pF)/(Length of Line in Inches * 
Intrinsic Capacitance load of the line (pF per Inch)))) and the 
Propagation Rate of the loaded transmission line=Propaga 
tion Rate of unloaded transmission line * Transmission Line 
Factor. 

0209. The Com2000TM Measurement Logic estimates the 
best case of the power distortion of the propagation cable 
length delays, measures the actual received power, and 
determines the cable load differential which is currently 
estimated by the Measurement circuitry of the GPHY4 chip 
0210. Once the minimum and maximum values of the 
Distributed Capacitance Load have been measured, the 
Delta of Transmission Line Factor and the Delta T, which is 
the Extrinsic Skew phase variation, can be determined. 
0211 Hence, the CAT5 cable manufacturer's Intrinsic 
Capacitance Specs (pF per inch), typical Distributed Capaci 
tance load of the RJ45, and the 125Mbps transmission speed 
in ps/inch (this is determined at start-up utilizing a slow-rate 
manchester-encoded signal Scheme for measurement)can be 
used to determine the CAT5 transmission medium phase 
distortion. When this is done, a further determination of the 
exact line characteristics of the transmission cable distance 
can be calculated by the Com2000TM Precision sampling 
System. 

0212. On top of measuring the phase related variations of 
the signal, the Com2000TM Calibration Logic (in combina 
tion with the Measurement circuitry of the chip) also takes 
into account the power related distortions and other phase 
related variations. The Com2000TM Measurement and Cali 
bration System, operating with the CAT5 cable, measures, 
monitors and controls six parameters, which are bench 
marked and optimized for tailoring to gigabit high Speed 
data transmission: 

0213 1. Power Sum Near-End Cross-Talk (PS 
Next). This measures in dB how well a cable pair 
resists interference generated by other wires. The 
minimum acceptance level of the CAT5 standard 
(including cable and connector) is 3.1 dB (a 100 
MHZ. 

0214 2. Power Sum-attenuation-to-cross-talk ratio 
(PS-ACR). This term indicates in dB how much 
Stronger the data Signal on one pair is than the noise 
on the other pair. The minimum PS-ACR for a CAT5 
channel is 3:1dB: 

0215 3. Return Losses (RL). This term measures in 
dB how well the cabling deals with signal reflections 
(which interfere with data transmissions). Higher 
numbers indicate that only a Small amount of Signal 
is reflected, which is what the design wants. Return 
loss for the CAT5 cable channel is 10dB. 

0216 4. Propagation delay (Delta T). This term was 
described previously and is used to indicate how 
long it takes a signal to travel 100 meters. It is 538 
ns for CAT5 cable as defined per the specification. 

0217 5. Manufactured Delay Skew (MDS). Not 
included in the extrinsic skews of the signal, MDS is 
the manufacture related skew. It is the difference 
between the propagation delay on the fastest and 
slowest cable pair. This skew is inherent in the way 
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cable is manufactured. Each cable pair exhibits a 
different twist ratio (to cancel out crosstalk), which 
means that each cable is a different length (depend 
ing on the number of twists). The standard for CAT5 
is 40 ns as the highest acceptable delay skew con 
tributed by manufacturing flaws. 

0218 6. Power Sum Far End Cross-Talk (PS-Elf 
ext). This term is a new term that indicates the ratio 
of attenuation to far-end crosstalk. It is measured in 
dB; higher numbers are better. The standard for 
CAT5 is 20dB. 

0219. The measurement and determination of these 
parameter values are compensated for during the transmis 
Sion of a data Stream from one node to another. The 
reduction of these cable line effects enables gigabit and 
multi-gigabit data transmission acroSS the CAT5 cable 
medium. 

0220. This section describes the management and mea 
Surement of jitter in Gigabit applications acroSS Category 5 
UTP infrastructure cable using Com2000TM GPHY4 trans 
mitter and receiver circuits. It discusses design techniques 
for jitter minimization, describes the equipment needed for 
jitter measurement and provides connections and Setup 
descriptions and a discussion of the characteristics and 
implementation details. 

0221) High Speed Serial Link Jitter Design 

0222 Jitter is defined as short-term phase variations of 
the Significant instants of a digital waveform from an ideal 
clock running at the Same average rate as the Signal. “Sig 
nificant Instant” refers to any clearly defined point, Such as 
Zero crossing. 

0223 Short-term phase variations means phase oscilla 
tions of at least 10 HZ. Lower frequency phase noise is 
generally referred to as Wander. Jitter can be measured in 
peak-to-peak unit intervals (UI). One U1 is equal to the 
period of the ideal clock, or one-baud interval, at the data 
rate of 1 Gigabit. 

0224 Since jitter can introduce bit errors and cause loss 
of Synchronization in high-Speed Serial links, it is crucial to 
be aware of the causes of jitter and to minimize it as much 
as possible through out the system. Both the SONET and 
Gigabit Channel Standards include rigorous jitter Specifica 
tions. Each standard specifies jitter differently. SONET Jitter 
Specification 

0225. The present invention includes the ability to Sup 
port SONET-like synchronous communication protocols. 
The SONET standard allows the asynchronous payloads to 
float inside the Synchronous frame to accommodate the 
varying clock rates. These pointer movements occur in 
byte-wide Steps at irregular intervals and can cause large 
jitter to be introduced in the payload. Additional jitter is 
introduced by mismatched oscillator Signals in the Signal 
regenerators of Self-phased Systems. Jitter Generation is 
defined as the amount of jitter at the output of the SONET 
equipment. It can not exceed 0.01 UI rms (per SONET 
specification). The Jitter Transfer function is defined as the 
ratio of jitter at the output signal to the jitter applied on the 
input signal versus frequency. The SONET jitter transfer 
requirements are very Stringent. 
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0226 CAT5 Channel Jitter Specification 

0227. In the Gigabit Com2000TM GPHY4, the general 
pulse shaping characteristics include rise phase, fall phase, 
pulse overshoot, pulse undershoot, and ringing. These gen 
eral parameters define the mask of the transmitter eye 
diagram. The BER or Bit Error Rate requirement is guar 
anteed by defining the transmitter eye diagram, the CAT5 
cable plant, and the minimum and maximum received power 
levels. 

0228. The specified values for the transmitter eye take 
into account power penalties caused by the use of transmitter 
Spectral, extinction ratio and pulse shaping characteristics. 
For 1000BaseT CAT5, the requirement includes a specifi 
cation for frequency because there is a requirement for 
repeaters, as in the SONET standard. 

0229) CAT5 Jitter Budget 
0230. The Com2000TM GPHY4 a gigabit-per-second 
Serial link is made up of Several components. These include 
the reference clocks, electrical transmitter, CAT5 transmit 
ter, CAT5 receiver, and electrical receiver. Each Com2000TM 
GPHY4 system component has its associated jitter specifi 
cation, management and measurement jitter budget require 
ments. The jitter budget allocates a certain amount to each 
component. The jitter budget is defined as "slices” of a data 
bit for a System running at 2 gigabit-per-Second. The ideal 
symbol width for the gigabit bandwidth bus is 4 ns as in the 
case of the CAT5 channel. The ideal symbol width defined 
for 802.3ab 1000Base-T is 8 ns at the 125 MHz bandwidth 
at a minimum phase jitter as required by the Partial 
Response PAM signal modulation. The jitter slices are 
defined as follows: 

0231 1. Transmit Duty Cycle Distortion jitter is 
caused by propagation delay differences in the trans 
mitter between high-to-low and low-to-high transi 
tions. Duty Cycle Distortion shows up as a pulse 
width distortion of the nominal baud phase and is 
measured in the Com2000TM GPHY4 Measurement 
Circuitry. 

0232 2. CAT5 Transmitter Data Dependent Jitter is 
caused by the limited bandwidth characteristic, non 
ideal individual pulse responses and imperfections in 
the CAT5 channel components in the related trans 
mitted Symbol Sequences. Selecting the appropriate 
driver for the output pulses at the estimated load and 
power requirements controls this jitter. 

0233 CAT5 Receiver Data Dependent Jitter is caused by 
the limited bandwidth of the receiver. Properly selecting a 
low noise distortion amplifies at the receiver controls this 
jitter. 

0234 3. Static Position Error or Jitter is caused by 
the error associated with the Signal Sampling accu 
racy (or, how close the timing pulse is to the opti 
mum sampling point or the center of the eye). To 
suppress this jitter, the Com2000TM GPHY4 has a 
revolutionary approach that uses a combination of 
technologies such as Channel Calibration and Pre 
cision Sampling and Measurements circuits for con 
trolling this eye sampling window to within an 
unsurpassed tolerance of the center. 
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0235 4. CAT5 Dispersion Jitter, also called Relative 
Power Fluctuation, is in the channel due to the 
antenna characteristics of the twisted pair. To Sup 
press this jitter, the Com2000TM GPHY4 Channel 
Calibration and Measurement Circuits measure and 
compensate for the power fluctuations using the 
unique Com2000TM Blind Equalization technique 
during initialization of the channel. 

0236 5. Margin Jitter (30% of eye opening) is the 
resulting eye opening from which the clock recovery 
device must extract the clocking information. To 
suppress this jitter, the Com2000TM GPHY4 has a 
revolutionary approach using a combination of tech 
nologies Such as Channel Calibration and Precision 
Sampling and Measurements circuits for opening the 
transmit eye up to 90-95% of the theoretical limita 
tions through the removal of Signal and cable 
induced distortion. 

0237 6. Random Jitter (40%) is caused by Gaussian 
noise Sources. The peak-to-peak value of the random 
jitter noise is of a probabilistic nature and any 
Specific value requires an associated probability. 

0238. To control and suppress this jitter, the Com2000TM 
GPHY4 jitter budget for the 2 twisted pair CAT5 Gigabit 
Ethernet environment is given below: 

Com2000 Clock Distribution = 200 PS 
Propagation distort of stations 1&2 = 100 ps 
Transceiver delays distortion = 50 ps 
Physical layer jitter = 100 ps 
Cable (Antenna) pulse-width Jitter = 50 ps 
Xmit/Recv Duty Cycle Distortion = 50 ps 
CAT5 Transmitter Data Dependent = 50 ps 
CAT5 Receiver Data Dependent = 50 ps 
Static Position Error = 50 ps 
CAT5 Dispersion = 100 ps 
Margin Jitter = 100 ps 
Random Jitter = 200 ps 
Total jitter budget per baud = 1000 ps 

0239). Managing Jitter 
0240 This section of the patent describes the 
Com2000TM jitter management and measurement capability 
of the Com2000TM operating at Gigabit speed with Category 
5 UTP infrastnicture cable for 8-wire twisted pair serial links 
using the Com2000TM transmitter and receiver circuits. 
0241 The Com2000TM Measurement Technology is used 
to measure many parameters that contribute to the propa 
gation delays of Category 5 UTP infrastructure. The 
Com2000TM Measurement circuitry is used to measure 
phase interval, frequency, period, pulse width, phase, rise 
and fall time and also does event counting. 
0242 Propagation Delay Measurements 
0243 The Com2000TM Measurement circuitry measures 
the phase interval between two independent Signals A and B. 
This measurement is used to determine the electrical length 
of the CAT5 cable. The CAT5 cable can be configured as end 
to end or Single ended with the remote end shorted to ground 
or left open. Using the Measurement circuitry’s stable 125 
MHZ reference Signal as Stimulus, the propagation delay 
from one end of the CAT5 cable to the other, or between the 
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incident and reflected rising edge of the pulse and the 
relative phase offset can be measured. Knowing that elec 
tricity travels at approximately 1 ft per 1.7933 ns, or 136.65 
pS/inch, the CAT5 cable length is easily calculated. 
0244. The phase distortion from the GPHY4's input to 
the output is also measured with the Com2000TM Measure 
ment (343) circuitry. Transmission Jitter of the signal is 
defined as short-term phase variations or phase distortion of 
the Significant instants of a digital waveform from an ideal 
clock running at the Same average rate as the Signal. “Sig 
nificant Instant” refers to any clearly defined point, Such as 
Zero crossing. 
0245 Pulse Width Measurement 
0246 Data communications and telecommunications use 
different modulation Schemes to minimize the amount of 
data transferS and maximize the Signal to noise ratio. The 
Com2000TM GPHY4 uses a 3-11 modulation scheme during 
power up and initialization phase. This Scheme produces 
data patterns with different pulse widths. The Com2000TM 
Measurement Circuitry measures the pulse width of any 
Signal and their variations within a specified phase interval 
between any two independent Signals A and B. This is used 
to measure the electrical pulse length characteristics of the 
CAT5 cable. 

0247 Rise and Fall Time Measurements 
0248 Since the 10-90% rise time of the transition is 
important for the CAT5 receiver, the Com2000TM Measure 
ment System measures the transition time. The Small signal 
frequency response of the cable can therefore be calculated 
(Bw-0.35/Rise-Phase). The Com2000TM Measurement sys 
tem allows a Squelch circuit to be triggered with the Start and 
Stop Voltage thresholds to obtain maximum flexibility in rise 
and fall time measurements So that any part of a transition 
may be measured and analyzed. 
0249 Frequency and Period Measurements 
0250) The Com2000TM Measurement system measures a 
Self-generated reference and compares this to the input 
Signal for determining the quality of the input frequency. 
The Com2000TM Measurement analyzes the source over a 
Set gate phase (Delta T) and then, for that interval, deter 
mines the maximum and minimum frequencies and the 
asSociated jitter, revealing the quality of the Source. Fre 
quency is measured as N/DeltaT and the period is measured 
as Delta TIN, where N is the number of cycles and Delta T 
is the elapsed phase to complete N cycles. 

0251 Phase Measurements 
0252) The Com2000TM Measurement circuitry measures 
the difference in phase between the input and output and a 
Self-generated reference phase. This allows for fine tuning 
the local clock signals and tuning the local oscillator to 
ensure continuous System Synchronization acroSS the net 
work. 

0253) Event Counting & Measurements 
0254 The Com2000TM Measurement circuitry also has 
the capability to operate as a pulse counter that counts either 
transmit or receiving electrical pulses at a rate of up to 500 
MHz. The resolution of the measurement, or single shot 
resolution, is typically 5ops RMS. This number can be 
improved by averaging over many measurements, or in the 
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case of frequency and period measurements, increasing the 
time gate. The absolute error (the difference between the 
measured value and actual value) is typically less than ins 
for a time interval measurement of less than Ims. This error 
is of interest in determining how far a value is from the 
actual value. Often only the relative accuracy (the difference 
between two measurements) is important. The differential 
non-linearity is a measurement of the relative accuracy of a 
measurement and is specified as the maximum phase error 
for any given relative measurement. The Com2000TM Mea 
surement (343) circuitry differential non-linearity is typi 
cally +/-50 ps. 

0255 Short Term Stability & Measurements 

0256 The Com2000TM Measurement circuitry measures 
the short-term stability of an oscillator frequency. The 
Short-term Stability is a measure of the changes in the output 
of frequency of the oscillator on a short time Scale (Seconds 
or less). These changes in the frequency are usually random 
and are due to the internal oscillator noise. These random 
changes in frequency affect the resolution of the measure 
ment just as other internal noise. The short-term stability of 
the Com2000TM is Isec in 50 parts per billion. The measure 
ment resolution for an interval 1 Second gate or time 
interval, will be dominated by the short term stability. 

0257) The resolution in ps of the Com2000TM Measure 
ment circuitry is defined as: Res=Sqrt (50ps)(50ps)+ 
(Delta T * Short-term Stability)(Delta T * Short-term Sta 
bility) 

0258 Long Term Stability & Measurements 

0259. The Com2000TM Measurement circuitry measures 
the long-term Stability of an oscillator. The long-term Sta 
bility is a measure of the changes in the output of frequency 
of the Com2000TM oscillator on a long time scale (days, 
months or years). These changes in the frequency are usually 
due to the internal oscillator's aging rate or physical change 
of the crystal and temperature response. This drift change in 
frequency affects the resolution of the frequency measure 
ment of a long phase interval just as other internal noise 
does. The long-term stability of the Com2000TM in a day 
(aging rate for one day) is one part per million. The 
measurement resolution for a 1 day interval gate or time 
interval will be dominated by the long-term stability. 

0260 The frequency drift of the Com2000TM Measure 
ment (343) system is defined as: Freq Drift =#Days * Aging 
Rate * Osc Output 

0261) The long-term stability of the oscillator does not 
pose an issue for the Com2000TM system. This is because the 
Com2000TM provides a common distributed clock reference 
Source throughout the network System. This Source is moni 
tored and corrected during the Com2000TM network system 
operation. Therefore each of the network nodes is referenced 
to the Same clock Source which minimizes the relative 
long-term Stability affect. 

0262 The following paragraphs describe the background 
and capability of CAT5 UTP Digital Measurement of 
Com2000TM Measurement system that is responsible for 
Signal modulation, frequency reference Source, and Sending 
and receiving reference and measurement Sources over the 
twisted pair wires with modulation characteristics. 
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0263. In a multiple Com2000TM encoded signal environ 
ment, it is necessary to accurately measure the parameters in 
the digital Com2000TM data communication system. Mea 
surements include analyzing the Com2000TM code phase 
modulator and demodulator, characterizing the transmitted 
Signal quality, locating causes of high Bit Error Rate (BER) 
and monitoring and maintaining link noise budgets. The four 
parameters measured by the Com2000TM Measurement sys 
tem are power, frequency, time and code modulation accu 
racy. 

0264. The Com2000TM Measurement system measures 
the power which includes carrier power and associated 
measurements of gain of the drivers and insertion loss of 
filters and attenuators. The signals used in the Com2000TM 
digital modulation are noise-like (multi-level and varying 
frequency). The Com2000TM Measurement system measures 
the Band-power (power integrated over a certain band of 
frequencies) or power spectral density (PSD). PSD mea 
Surements are normalized power to a certain bandwidth, 
usually 1 Hz. Simple frequency counter measurement tech 
niques are often not accurate or Sufficient enough to measure 
center frequency. The Com2000TM Measurement system 
measures the average accumulation of the PSD acroSS a 
known bandwidth such that the roll-off and center points for 
a particular bandwidth are determined. This provides the 
capability to maintain the optimum probability of Signal 
detection by estimating the carrier centroid, which is the 
center of the distribution of frequency versus PSD for a 
modulated signal. The Com2000TM Measurement system 
also measures duty cycle distortion that is made most often 
in pulse or burst mode. Measurements include pulse repeti 
tion interval or PRI, on time, off time, duty cycle, and time 
between bit errors. Turn-on and turn-off times are also 
involved with the power measurements. 

0265). The Com2000TM Measurement system measures 
Modulation accuracy that involves measuring how close 
either the constellation States or the Signal trajectory is 
relative to a reference or ideal signal trajectory. The 
Com2000TM received signal is demodulated and compared 
with a Com2000TM reference signal source. The received 
Signal phase is Subtracted from the reference Signal phase 
and the result is the difference or residual. Modulation 
accuracy is a residual measurement. 

0266 The difference between the Com2000TM received 
Signal modulation vector and the ideal reference Signal 
vector is the modulation error. It can be expressed in a 
variety of ways including Error Vector Magnitude (EVM), 
Magnitude Error, Phase error or emulated I and Q errors, 
where Q is the quadrature component. But for Com2000TM 
baseband signalling SPAM-5 (emulation of baseband CAP 
signal), it is the phase rotational vector. The Com2000TM 
Residual measurements of the Measurement System are very 
powerful tools for troubleshooting and calibrating commu 
nications acroSS CAT5 channels. Once the reference Signal 
has been Subtracted, it is easier to See Small errors that may 
have been Swamped or obscured by the modulation itself. 

0267 At this point further definition of the Error Vector 
Magnitude (EVM) is required. The Com2000TM digital bits 
are transferred on a Synchronous Partial Response PAM 
(SPAM-5) digital coded pulse carrier by varying the carrier's 
magnitude and phase transitions. At each Symbol clock 
transition, the carrier occupies any one of Several unique 
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locations in the I verSuS Q plane. Each location encodes a 
Specific data Symbol, which consists of 4 data bits. A 
constellation diagram shows the valid locations (i.e., the 
magnitude and phase relative to the carrier) for all permitted 
symbols of which there must be 2 exp N, given N bits 
transmitted per symbol. For the Synchronous Partial 
Response PAM demodulator to decode the Com2000TM 
incoming data, the exact magnitude and phase of the 
received signal for each 4.x baud clock transition must be 
accurately determined. The logic layout of the constellation 
diagram and its ideal Symbol locations are determined 
generically by the modulation SPAM-5 format. 
0268. At any instance, the Com2000u Measurement sys 
tem can measure the received signals magnitude and phase. 
These values define the actual or measured phasor. The 
difference between the measured and the predefined refer 
ence phasors form the basis for the EVM measurements of 
the Com2000TM Measurement circuitry. 
0269. The Com2000TM EVM is defined by the average 
voltage level of all the Symbols (a value close to the average 
Signal level) or by the Voltage of the outermost (highest 
voltage) four symbols. The Com2000TM Measurement sys 
tem measurements of error vector magnitude and related 
quantities can, when properly applied, provide great insight 
into the quality of the Synchomous Partial Response PAM 
digitally modulated signal. The Com2000TM Measurement 
System can also pinpoint the causes of any problems related 
to power and phase by identifying exactly the type of 
degradation present in a signal and even lead to the identi 
fication of the Sources. 

0270. When the EVM is resolved by the Com2000TM 
Measurement System into its magnitude and phase error 
components and compared to their relative sizes, and when 
the average phase error (degree) is Substantially larger than 
the average magnitude error, it can be determined that Some 
Sort of unwanted phase modulation is the dominant error 
(Inter-Symbol Interference). This is caused by noise, spuri 
ous or cross-coupling problems in the Com2000TM m ref 
erence frequency and phase lock loops, or other frequency 
generating Stages. Uniform noise is also a Sign of Some form 
of phase noise (random jitter, residual PM/FM) 
0271 The Com2000TM Quadrature error, when the 
Q-axis height does not equal the I-axis width, is caused 
when the phase relationship between the I and Q vectors are 
not exactly 90 degrees. When viewing the Com2000TM 
Measurement EVM in terms of phase or symbol, errors may 
be correlated to specific points on the input waveform, Such 
as peaks or zero crossings. The Com2000TM Measurement 
EVM is a Scalar (magnitude-only) value. Error peaks occur 
ring with Signal peaks indicate compression or clipping. 
Error peaks that correlate the Signal minimum Suggest 
Zero-crossing non-linearities. 
0272. In the Com2000TM digital communication system, 
non-uniform noise distribution or discrete Signal peaks indi 
cate the presence of externally coupled interference. The 
Com2000TM Measurement (343) system ensures that the 
Sending and receiving frequency and phase are the Same. 
0273. The frequency and phase counter capabilities pro 
vide another method of measurement for the Com2000TM 
Measurement system for determining the CAT5 transmis 
Sion medium frequency and phase distortions. The 
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Com2000TM frequency counter function of the Com2000TM 
Measurcment System is a versatile device. Most simply, it is 
used to directly measure the frequency of a Signal applied to 
its input port, which is derived from the recovery clock of 
the received signal carrier of the phase lock loop. The 
accuracy of the measurement is directly related to the 
internal resolution of the counter (50ps) and the stability of 
the internal frequency Source. The performance of the 
Com2000TM Measurement system frequency counter is sig 
nificantly improved in both accuracy and Stability by using 
the external precision reference node's frequency Source as 
an external phase base for the counter. 
0274) However, the Com2000TM frequency counter func 
tion of the Com2000TM Measurement system are still limited 
by their internal design resolutions on the order of 50 part 
per billion. But most high precision frequency Sources can 
Still be adequately evaluated by direct measurement with a 
Com2000TM frequency counter. 
0275. Overall accuracy and stability is governed by the 
signal with the worst stability. Therefore, unless it is known 
that the Com2000TM frequency reference source is signifi 
cantly better than that being measured, we can only conclude 
that the Signal being measured is no worse than the mea 
Surement indicates and may be much better. 
0276 Another method of frequency and phase measure 
ment of the Com2000TM Measurement system is the com 
parison of two Signals that are essentially identical. This 
involves comparing the change in phase between the two 
Sources. Both Signals are applied to a digital linear phase 
comparator and the result is accumulated as a function of 
time. The data variation in time is similar to “Direct Phase 
Interval” variations as a function of the time, but is generally 
continuous. The slope of the comparator results in time 
indicates the difference in frequency of the unknown signal 
Versus the frequency reference This capability of the 
Com2000TM Measurement system is then used to determine 
the frequency drift of the communication channel assuming 
the Sending and receiving frequencies are Synchronized and 
have the same heartbeat. 

0277. The “Phase-Difference” technique of the 
Com2000TM Measurement system is a method for compar 
ing two signals that are essentially identical in frequency. 
The Start signal for the Com2000TM phase counter feature is 
derived from the internal reference frequency Source. The 
Stop signal for the Com2000TM phase counter is derived 
from the external unknown frequency signal Source (recov 
ered from received signal clock by the 100/1000 Clock 
Recovery Circuitry. The Com2000TM Measurement system 
measured phase interval between the Start and Stop signals 
can be plotted as a function of elapsed time. The maximum 
phase interval that can accumulate is the “period” of the 
highest frequency applied to either the “Start” or “Stop” 
inputs of the counter. 
0278. When a full “period” of the phase interval accu 
mulates, the data reduction becomes more complicated as 
proper one- period adjustments must be made to all of the 
data obtained after the data step. Since both the Start and 
Stop signals are relatively stable, the determination of the 
unknown frequency of the Com2000TM Measurement sys 
tem can be performed by computing the slope of the data. AS 
mentioned before, the results will indicate that the unknown 
frequency is no worse than the measurement indicates and 
may be much better. 
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0279 The existing category 5 systems intended to Sup 
port 1000/2000 Base-T traffic will be re-tested by the 
Com2000TM Physical Layer Chip during the power up 
Sequence. This is done in order to Verify that the physical 
layer specifications covered by the TIA-568 and ISO 11801 
standards meet the requirements of 1000 Base-T and 
whether to deliver the scalable throughputs available from 
the Com2000TM Channel Capacity Measurement and Cali 
bration technology. This technology greatly enhances the 
capability of high-speed data transmission acroSS installed or 
new CAT5 cable. This is due to the measurement and 
calibration technologies within the Com2000TM GPHY4. 
The implementation of these technologies to compensate for 
existing and generated noise and attenuation Sources enables 
data rates up 2 Gbps across CAT5 cabling. This will greatly 
increase the life cycle of the installed Ethernet network 
infrastructure and allow users to upgrade their System net 
Works to gigabit Speeds without the added burden of upgrad 
ing their infrastructure. 
0280 Channel Equalization System 
0281) This section describes the Com2000TM Channel 
Equalization System and the underlying technologies that 
are involved in the design and development of a high-Speed 
data communication transceiver. The GPHY4 is a universal 
10/100/1000/2000Base-T Physical Layer manifestation that 
provides a Gigabit data delivery System Although the dis 
cussion will focus on the Ethernet embodiment, the System 
is also applicable to other wireline communication means 
Such as cable modem, ATM, and xDSL modem standards, 
Satellite and to wireless communication means Such as 
Wideband CDMA, and GSM. 
0282. The Com2000TM m Gigabit Channel Equalization 
Technology applies to all data communication media inter 
faces, Such as Gigabit Ethernet, and operates to improve the 
overall SNR allowing sending and receiving of new line 
coded digital data Signals at higher speeds (Multi-Gigabits 
per second) over 4 pairs CAT5 cable. This can be thought of 
as having a technology that emulates the current CAT5 cable 
to a higher grade cabling available Such as CAT6. In the 
ethernet context, the Com2OOO Channel Equalization sys 
tem enables the GPHY4 Ethernet system to deliver Multi 
Gigabit data communication over the Same Standard 8-wire 
(2 Gbps oyer 8 wires) Unshielded Twisted Pair (UTP) CAT5 
cable as 100Base-T. The GPHY4 Channel Equalization 
System is implemented at the media Physical Interface to 
deliver Significant signal to noise ratio (SNR) improvements 
that enable a new bandwidth efficient coding Scheme to 
Support Multi-Gigabit signaling over the existing CAT5 
cabling infrastructure. 
0283) To achieve the new GPHY4 coding scheme a 
higher SNR margin, relative to the current technology that 
has a much lower SNR margin (1.8dB, with FEXT+3dB 
additional) (see FIG. 8c for 3dB design) is required. The 
Com2000TM Channel Equalization system also ensures the 
consistent operation of multi-gigabit per Second data transfer 
over existing CAT5,8-wire cabling. This is done through the 
use of uniquely Adaptive Filters and Algorithms that con 
tribute to the modeling of the estimated Signal and channel 
responses to achieve an optimized Signal recovery capabil 
ity. 

0284 Gigabit and Multi-Gigabit transmission of digital 
data over the CAT5 communication channel requires adap 
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tive equalization to reduce coding errors caused by channel 
distortion. In CAT5 cable, the channel distortions are mostly 
due to the non-flat magnitude response (amplitude distor 
tion) and nonlinear phase response (time dispersion) of the 
CAT5 wirelines. 

0285) The time dispersion distortion affect is perhaps the 
most important as time dispersion distortion causes the 
Smearing and elongation of the duration of each Symbol. In 
network communications where the data Symbols closely 
follow each other, Specially at multiple of gigabit Speed, 
time dispersion results in an overlap of Successive Symbols, 
an effect known as inter-symbol interference (ISI). The 
Equalization System in concert with a Synchronous Com 
munication Environment alleviates the relative phase dis 
persion of the interfered and interfering Signals that greatly 
reduces ISI. This is a critical factor affecting the CAT5 
receiver performance. 
0286 The following paragraphs describe the high level of 
steps performed by the Com2000TM Channel Equalization 
system to improve the overall SNR of the receiver and allow 
more advanced data coding and Signal modulation tech 
niques. (See FIG. 5A) 

0287) 1. Optimize the ECHO and NEXT Canceller 
filter coefficient calculation through a controlled 
Blind Equalization proceSS during cold Start up 
mode. The ECHO and NEXT Canceller's filters are 
initialized in the Blind Equalization phase. In this 
phase almost all of the error Signal is ISI and channel 
noise. The Com2000TM Blind Equalization process 
utilizes thc frequency and phase knowledge obtained 
from the 5-ary SPAM signal input in conjunction 
with a Synchronous Communication Environment, 
and a statistical model of the CAT5 channel to 
estimate the channel impulse response in order to 
alleviate these noise contributors. 

0288 2. Establish a Synchronous Communication 
Environment via Frequency & Phase Clock Syn 
chronization during cold Start up mode before the 
filter's coefficient determination of the Feed Forward 
Equalizer (FFE) and Decision Feedback Equalizer 
(DFE) are commenced. This a Synchronous Com 
munication Environment initializations order is 
used to offset the clock Synchronization jitter, which 
degrades the performance of the FFE and DFE 
equalizers. This is because it creates a transient 
mismatch between the digital samples of the FFE/ 
DFE impulse response and the taps of the filter, 
which can be interpreted as White Gaussian Noise. 
The Frequency and Phase clock Synchronization 
ensures the error Signal, e(m), for recursive coeffi 
cient calculations noise is relatively Small and pri 
marily derived from the CAT5 channel synchronized 
received data and locally Stored patterns during the 
autocorrelation process. 

0289) 3. Optimize the FFE & DFE filter coefficient 
calculations through Training phase of the 
Com2000TM Equalization during warm start up 
mode. This phase initializes the FFE and DFE filter 
coefficients utilizing the Frequency and Phase Clock 
Synchronization between the Com2000TM Master & 
Slave of the Synchronous Communication Environ 
ment. This proceSS also provide an propagation delay 
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information so it can be used by the Com2000TM 
Equalizer system to deliver an optimal NEXT Can 
celler Memory Span estimation. The memory Spanis 
a function of Com2000TM propagation round trip 
delay measurements, which performs by the 
Com2000TM Channel Measurement and Calibration 
Technology. The memory spans determine the num 
ber of real filter taps necessary to achieve optimized 
filter coefficients for tuning, calculations and fast 
filter convergence resulting in a positive SNR mar 
gin. This also ensures the error Signal, e(m), for 
recursive coefficient calculations noise is relatively 
small and primarily derived from the CAT5 channel 
Synchronized received data and locally Stored pat 
terns during the autocorrelation process. 

0290 4. Maintain the optimized the FFE & DFE 
filter coefficient utilizing the Sounding phase of the 
Com2000TM Equalization process during normal 
operation mode. Through the Synchronous Commu 
nication Environment of the Com2000TM Master to 
the Slave, which performed in the background dur 
ing the data Sending mode, a Selected predefined 
node ID of specific Pseudo Random Noise (PN) 
Sequence code, is used as the preamble bits for 
Master and Slave to perform as the background 
Sounding Sequence autocorrelation for channel 
adaptation and also as a Station code ID for Security 
access purpose. Please refer to the section of E-DNA 
Technology for more details. This node ID is also 
used as Security Spread PN Coding for a Secured 
Signal Signature. This autocorrelation is done to 
ensure the minimum error Signal, e(m), for filter's 
recursive coefficient calculations is adaptively to the 
communication channel response. These Sounding 
Sequences or node ID are Selected in Such a way So 
that the Security, Synchronization and filter adapta 
tions can be benefits from them. The correlation is 
done and the error derived from the appropriately 
synchronized received and locally stored PN 
Sequence (Sounding) patterns that are used to update 
the filter's coefficients recursively and dynamically 
in order to reflect the CAT5 time-variant channel 
distortions. 

0291 5. Optimize FFE/DFE Equalization Filter 
Convergence by providing a method of Suppressing 
the ISI caused by relative phase distortions. (Note: 
This provides an increase in the SNR, filter's con 
vergence level, by optimizing the Com2000TM rela 
tive phase). With the symbol clock of the Master and 
Slave synchronized, the difference of the relative 
clock phases of the disturbed and disturbing Signals 
are relatively small. Phase offsets from Near and Far 
croSS talk at the receiver from other local and for 
remote Sending terminal Signals is relative phase 
difference between the desired receiving Signal and 
the interference symbol. Hence, due to the relative 
phase's ISI is Suppressed and the front end receiver 
benefits the increased SNR. This is due to the filter's 
converges cleanly with an SNR that has up to 6dB 
Signal SNR gain. 

0292 6. Calibrate the FFE/DFE adaptive filter coef 
ficients dynamically during background of data 
transfer mode, this is done by inserting a Sequence of 
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pre-determined, known PNSounding preamble pha 
sors (known amplitude and Phasor for Carrier drift 
direction determination) into the Stream of useful 
data information Symbols for optimal channel Sound 
ing calibration during the Com2000TM normal data 
Sending mode. 

0293 7. Enhance Channel Impulse Response Sym 
metry through the Com2000TM Channel Measure 
ment and Calibration Technology's capability of 
CAT5 where the channel frequency offset measure 
ments are done due to channel cable doppler drift. 
The measured delta frequency offset is used to 
provide an optimum Square Root pulse Shaping 
Com2000TM transmit filter with doppler frequency 
offset compensation, while maintaining the in-band 
differential mode Signal. 

0294 8. Optimize the receiving EYE Sampling time 
to a precision accuracy relative from the middle of 
the eye diagram. Imperfectly timed Sampling has the 
similar effect of increasing AWGN noise as far as the 
demodulator SNR is concerned. The Com2000TM 
Post Equalizer Signal, which is the input Signal that 
have passed through all of the above ECHO, NEXT, 
FFE and DFE filters will delivers a clean and wide 
open eye diagram. 

0295) The signal modulation of new asynchronous line 
code signal SPAM-5 requires a certain budget of SNR to 
achieve a particular probability of symbol error, or BER, 
over a CAT5 medium.The revolutionary design of the 
Com2000TM Adaptive Filters, which are used in the 
Com2000TM Equalization Technology, provide the improve 
ments for the CAT5 channel distortion with clean signal 
recovery and increased SNR at the receiver. The Channel 
Equalization, in concert with Com2000TM Channel Mea 
Surement and Calibration System provides the channel dis 
tortion measurements, Suppression of Self generated phase 
noise sources of ECHO & NEXT, and optimization of the 
ECHO/NEXT/FFE/DFE filter taps and coefficients calcula 
tion methods for delivery an SNR margin increase of more 
than 8dB. 

0296. This section provides a more detailed description 
of the operation of the Com2000TM Equalization system that 
provides the means and method for increasing the Signal To 
Noise Ratio (SNR) tor any communications channel. 
0297 Referring now to FIG. 3, the Com2000TM trans 
ceiver is shown. The CAT5 cable plant (37.25) has an 
intrinsic channel capacity of 500 to 2000 Mb/s for trans 
mission that is limited by attenuation and near-end cross-talk 
(NEXT). This is achieved through well-controlled cable 
geometry by ensuring tight twisting of the individual cable 
pairs providing predictable attenuation characteristics and 
low cross talk. There are several factors that determine how 
much of this available capacity can readily be used. Cable 
emissions and externally induced noise usually dominate 
over NEXT limitations. 

0298. In the CAT5 medium section (37), the Com2000TM 
Adaptive Equalizer/Filters (354) are used for combating the 
channel distortion. Adaptive Filters, like equalizers, are used 
to filter out narrow-band noise and discrete sinusoidal com 
ponents. The Com2000TM 10/100/1000/2000Base-T Ether 
net Physical Layer (PHY) (14) Adaptive Equalizer Filters 
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(354) for the receiver can be considered as a general filter 
with multiple inputs similar to a Transversal Adaptive filter. 
The multiple inputs are simply delayed versions of the Single 
primary input signal (i.e., inputs originate from a shift 
register or tapped delay line). 
0299. In general, the CAT5 transmission of data often 
requires that an equalizer be incorporated in the CAT5 
receiver to correct for distortions produced by the transmis 
Sion medium. These distortions range from amplitude varia 
tions and Signal echo to nonlinear phase delayS. The most 
Serious distortion Source over the CAT5 data communication 
channel is often the nonlinear phase delay. Delay distortion 
results when the propagation time is different for different 
frequencies in the frequency spectrum of the data pulses. 
Any channel with delay distortion is called a “Time Disper 
sive Channel”. The CAT5 channel (25) distortion is often 
varies due to environmental changes. Under normal operat 
ing conditions, it is assumed the CAT5 channel distortion is 
time invariant and the nonlinear phase delay distortion 
causes transmission errors by producing Inter-Symbol Inter 
ference. This is due to the effect of the contribution to the 
matched filter output that may not only be the result of the 
current bit but also, to varying degrees, of past bits. The 
non-complex baseband signal equalizer of the Com2000TM 
Adaptive Filter (354) is preceded by a PLL that drives the 
carrier frequency to Zero. This results in the real part of the 
transmitted Signal being received within distinct Sections of 
the equalizer. The Com2000TM equalizer is specifically 
utilized for the SPAM-5 signaling scheme described below 
with reference to the code signaling System. 
0300. In order to produce a near ideal inverse impulse 
response of the CAT5 channel, the equalizers (354) and 
cancellers are initialized in a specific order. First, the ECHO 
& NEXT Cancellers determine and initialize the filter's 
coefficients using the Com2000TM Controlled Blind Equal 
ization method. This proceSS occurs during power up or a 
cold Start in order to begin reduction of the channel noise 
and ISI impairment. Following the completion of Blind 
Equalization, the Sender's and Receiver's Clocks are fre 
quency and phase synchronized through the Com2000TM 
Clock Phase Transfer method. This method is designed to 
avoid the transient mismatch between the digital Samples of 
the equalizer and the taps of the filter. 
0301 After completion of the frequency and phase syn 
chronization, the Feed Forward Equalizer (FFE) and Deci 
sion Feedback Equalizer (DFE) initialize the filter's coeffi 
cients with the Com2000TM Training Equalization method. 
This occurs during warm Starts utilizing a variety of pre 
defined training Sequences between the Sending and receiv 
ing nodes. Once the FFE/DFE Equalizer's coefficients are 
initially defined, the coefficients can be maintained and 
updated with the Com2000TM Sounding Equalization 
method during normal data transferS in order to adapt to the 
time invariant noise of CAT5 channel communication. 

0302) The Com2000TM Adaptive Filter capitalize on a 
unique method of using a PN training Signal to adapt the 
equalizer during the initialization which is also providing a 
method of adaptation of the filter coefficients that are deter 
mined based on measurements of the channel. This proceSS 
is performed on cach of the CAT5 channels. The PN code for 
the training Sequence is also used as the Signal Signature of 
the Sending node for Security System implementation. Fur 
ther details of the security system are provided below. 
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0303. In many systems, perfect equalization is not pos 
sible and some residual Inter-symbol Interference and 
NEXT will appear at the decision device. For the Multi 
Gigabit CAT5 application, croSS talk, due to the relative 
phase of the interfered and interfering Signals, is the most 
Significant Source of Steady State noise affecting the receiv 
er's performance. The Second most significant Source of 
Steady-state noise is implementation-dependent noise, 
which is directly related to the variation of the characteris 
tics of the transmission medium. 

0304) To deliver a robust Multi-Gigabit data stream over 
CAT5 cable in the Ethernet embodiment of this sytem, the 
Sources of noise for a 1000/2000 Base-T system need to be 
analyzed in order to provide methods of removing the noise 
and increasing the SNR. The two major sources of noise in 
1000/2000Base-T system are produced by non-standard and 
poorly characterized cabling parameters-return loSS and 
FEXT 

0305 SNR margin, in general, is a measure of the com 
munication System's immunity to noise. SNR margin is 
expressed in dB and represents the level of additional noise 
that the System can tolerate before violating the required Bit 
Error Rate (BER). For example, an SNR margin of 3 dB 
means that if the noise level is increased by 3 dB, the system 
would be subject to excessive errors. The higher the SNR 
margin, the more robust the System. If network A has an 
SNR margin of 3 dB and network B has an SNR margin of 
10 dB then network B can tolerate 7 dB more noise than 
network A without violating the required BER. This is what 
Com2000TM Synchronous Communication Channel and 
Com2000TM Channel Measurement and Calibration, and 
Channel Equalization Technologies are invented and 
designed to do. 

0306 FIGS. 6d demonstrates the degradation of the SNR 
margin that results from increasing the number of Signal 
levels while maintaining the same transmit Voltage. This is 
based on 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 
levels in half, reducing the vertical eye opening by a factor 
of 2. The noise Voltage required to cause a Symbol error on 
a 3-level signal is half (or 6 dB lower) than the voltage 
required to cause a symbol error on a binary Signal. So a 
3-level signal has 6 dB less SNR margin than a binary signal, 
assuming both Signals operate at the same peak to peak 
voltage. The 10/100/1000/2000BaseT new line coding sig 
naling has a 6dB lower SNR margin than a PAM-5 of 
1000BaseT signal. 

0307 Therefore, the Com2000TM Synchronous Commu 
nication Channel and Com2000TM Channel Measurement 
and Calibration, and Channel Equalization Technologies in 
concert deliver a new level of Noise Suppression method 
that enables the 1000/2000BaseT to recover the 6dB signal 
degradation and also obtain an extra 2dB for Noise margin 
improvement over the 1000BaseT. The noise suppression 
method improves the NEXT and ECHO cancellers by Sup 
pressing the relative phase offset of the interfered and 
interfering Signals that effect the receiver filter performance 
(see FIG. 10a,10b). The method measures the channel 
distortions and uses filters to compensate for this distortion. 
More specifically, this is done by using a transmit pulse 
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shaping filter and by receiving ECHO, NEXT, FFE and DFE 
filters. The method equalizes the desired Signal in Such a way 
that the impulse response from the transmitter to the receiver 
is as close as a Nyquist pulse, which goes through Zero at all 
multiples of the Symbol period except at the origin. It also 
equalizes the NEXT/ECHO signal (from local transmitters) 
in Such a way that the impulse response from the local 
transmitter and local receiver goes through Zero at all 
multiples of the Symbol period, including the origin. 
0308) See FIG. 10B. After passing through a 100m CAT5 
loop, the amount of inter-symbol interference (ISI) at the 
input of the receiver is larger than the amount of NEXT. 
Thus, the initial filter convergence curves of the Solid and 
dashed lines follow the dotted line (see FIG. 10b), which is 
the convergence curve of the FFE/DFE filter in the presence 
of inter-symbol interference only. Once the filter settles 
down to about 13 and 18dB for dashed and Solid curves. 
respectively, enough ISI interference has been removed by 
the filters So that the filters start to “sees” the NEXT 
interference and Starts to jointly equalize the data Signal and 
interfering signal. Notice that the steady-state SNR with the 
worst phase (p (0) is about 6dB worse than that the optimum 
phase (p (3). AS illustrated in figure IOB, the convergence 
time with the worst phase is about twice as long as the one 
achieved with the optimum phase. Simply put, SNR margin 
is a measure, in dB, of how much additional noise a System 
can tolerate or how far the System is from not working 
properly. The next Section of this application will provide 
the details the SNR margin of 1000/2000Base-T. But first, 
let us examine the CAT5 noise environment with an over 
View of the noise and crosstalk coupling at each receiver. 
0309) Noise Environment in a CAT 5 Channel for 
10/1001000/200OBaseT 

0310. The noise at each of the 4 receivers in a 1000/ 
2000Base-T device includes Near End Crosstalk (NEXT) 
from 3 adjacent pairs, Far End Crosstalk (FEXT) from 3 
adjacent pairs. transmit echo and ambient noise. (see FIG. 
10c) 
0311. The SNR margin of 1000/2000Base-T can be com 
puted by adding up the noise from all the Sources shown in 
FIG. 3 and taking a ratio of the noise with respect to the 
attenuated signal. When the SNR margin is thus computed 
for a worst case category 5 channel, it can be shown that a 
conventional transceiver implementation would yield a SyS 
tem with a negative SNR margin. This means that on the 
wire, the noise power could be so high that the specified Bit 
Error Rate (BER) of 109 would not be achievable without 
the use of Sophisticated Signal processing technology of 
Com2000TM Channel Equalization. 
0312. In order to guarantee smooth operation of the new 
10/100/1000/2000BaseT signaling coding system, the worst 
case category 5 models for NEXT, FEXT, attenuation and 
return loss models will be examined and used in the fol 
lowing discussion. 
0313) Return Loss Model 
0314. The source of noise known as the echo is a direct 
function of the channel return loSS. Transmit and receive 
Signals are present on each pair Simultaneously because 
1000/2000Base-T uses dual duplex signaling. A directional 
coupler circuit, known as a hybrid, is used to Separate the 
outbound transmit Signal from the inbound receive Signal. 
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Echo interference occurs when the outbound transmit Signal 
reflects off the channel due to imperfect return loSS and 
passes back through the hybrid into the receiver. The mag 
nitude of the reflection, or echo, is proportional to the return 
loss of the channel. See FIG. 4c. 

0315) The Com2000TM Signal Equalization system 
design to provide ECHO/NEXT Noise and ISI Canceling 
enables the 1000/2000BaseT to recover 6dB of the signal 
degradation and also achieve and additional 2dB for Noise 
margin improvement over the 1000Base-T specification. 

0316. Attenuation Model 
0317. The amplitude of the receive data signal is a 
function of channel attenuation. The worst-case category 5 
attenuation model is based on the measurements of a chan 
nel having the attenuation at the TSB671 channel limit. 
See FIG. 6a. The noise affecting the Bit Error Rate (BER) 
at each of the four receivers is the Sum of Several noise 
environment and sources as depicted in FIG. 10c. 
0318 Signal Power Distortion Measurements of 
Com2000TM Channel Measurement and Calibration Tech 
nology, along with the Cable Attenuation Model, provide the 
capability to compensate for the attenuation characteristics 
of the CAT5 . This is done So that the FEXT and NEXT 
Signal equalization can be done optimally to recover and 
6dB of the Signal degradation and also achieve and addi 
tional 2dB for Noise margin improvement over the 
1000Base-T specification. 

03.19 Three-Disturber NEXT 
0320 Each wire pair is subject to Near End Crosstalk 
(NEXT) coupling from the three adjacent pairs transmitting 
simultaneously. The Com2000TM DSP circuitry on each pair 
is included a NEXT canceller that measures and Subtracts 
out the NEXT noise. The NEXT models shown in FIG. 4b 
are based on NEXT measurements of a category 5 channel. 
To use the worst case measurements, an offset was added to 
the measured NEXT curves to shift the peak of the NEXT 
response up to the TSB671 channel limit. 
0321) The Com2000TM Signal Equalization System capi 
talize on Synchronous Communication Environment and 
Com2000TM Channel Measurement and Calibration Tech 
nologies described above to suppress NEXT and power 
Distortions to the minimum level. 

0322 Three-disturber Equal Level Far End Crosstalk 
(ELFEXT) 
0323 Equal Level Far End Crosstalk (ELFEXT) is the 
Signal coupling from the adjacent transmit pairs onto the 
receiver pair as multiple Signals travel from the transmitter 
to the receiver. ELFEXT is measured in dB with respect to 
the attenuated transmit signal. “Equal Level” refers to the 
fact this disturbance typically happens between pairs carry 
ing Signals of equal level. Such coupling is significant in the 
case of twisted pair networks using multiple pairs for 
transmission simultaneously. In the context of a 10/100/ 
1000/2000 Base-T link, the ELFEXT coupling accumulates 
as the four equal level Signals propagate from the transmit 
ters at the far end of the cable to the receivers at the near end. 
Far End Crosstalk (FEXT) is the same coupling as ELFEXT 
but measured with respect to the unattenuated transmit 
signal. See FIG. 4b. 
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0324) The “worst case” FEXT models are based on 
power Sum FEXT measurements of a real link shifted up to 
the anticipated FEXT limit. This method of modeling worst 
case FEXT is similar to the method used to model worst case 
NEXT (see above). FEXT is the noise seen by the receiver 
along with the NEXT noise. FIG. 4 demonstrates the 
relative levels of the NEXT and FEXT signals at the 
receiver. While the NEXT coupling can be cancelled by the 
Com2000TM DSP circuitry, the FEXT coupling cannot be 
cancelled and has a direct effect on the Bit Error Rate of the 
System. 

0325 The Com2000TM Signal Equalization System capi 
talize on Synchronous Communication Environment and 
Com2000TM Channel Measurement and Calibration Tech 
nologies described above to suppress NEXT and power 
Distortions to the minimum level. 

0326 Transmit Echo 
0327. Since the 10/100/1000/2000 Base-T system uses 
full duplex Signaling on each pair, the transmit and receive 
Signals are present on each pair simultaneously. The transmit 
Signal must be Subtracted from this combined signal to 
recover the received data. Due to the return loSS imperfec 
tions of the cable, the transmit Signal may not be completely 
subtracted from the receive signal. The difference between 
the Subtracted Signal and the Signal present on the wire is 
called the transmit echo. The Com2000 DSP circuitry 
includes an echo canceler on each pair. The return loSS 
models used in 1000/2000 Base-T transceiver embodiment 
are based on representative link measurements. 

0328 Ambient Noise 
0329 Ambient noise typically includes background 
white noise, impulse noise generated by power lines and 
telephone Voltages. Ambient noise can also include inter 
fering wireleSS Signals and alien crosstalk. Due to its random 
nature, the ambient noise cannot be reliably canceled by the 
Com2000TM DSP and will contribute to the BER of a 
10/100/1000/2000 Base-T system and so directly detracts 
from the SNR margin of the system. 

0330. To summarize, each pair of a 1000/2000 Base-T 
link experiences four major Sources of noise, two that are 
cancelable by the receiver and two that cannot be reliably 
canceled. The noise contributed by the cable NEXT and by 
the transmitter echo can be cancelled by Equalization Tech 
nology but does not disappear entirely. The noise contrib 
uted by the ambient sources and by FEXT cannot be 
cancelled and will directly affect the Bit Error Rate (BER) 
performance of the System. 

0331) The 10/100/1000/200OBase-T transceivers 
designed to guarantee the SNR margin higher than 1.8 dB by 
3dB of margin (G2Gb/s data rate. We will now describe how 
an equivalent 3 dB improvement in the SNR margin can be 
achieved using the Com2000TM Signal Equalization System. 
(This can be thought of as having a technology which 
emulates the current CAT5 to a higher grade cabling avail 
able). Suppose we have a emulated cabling System very 
Similar to Anixter Level 6, that Specifies power-Sum 
crosstalk levels. If we require that power-Sum crosstalk 
meets the category 5 pair to pair crosstalk limit, we could 
assume that our “Next Level” cabling exhibits a 5 dB 
improvement over category 5 in its NEXT and FEXT 
performance. Pair to pair NEXT performance with 
Com2000TM Signal Equalization of Level 6 represents a 5 
dB (10*Log (3)=5 dB) improvement with respect to cat 
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egory 5 because power-Sum NEXT in a 4 pair cable is the 
sum of NEXT from 3 adjacent pairs. 
0332 The new emulated cabling system has an improved 
system return loss using Com2000TM Signal Equalization 
System by 3 dB better than normal category 5. So the Next 
Level system will have a 5 dB margin on NEXT, a 5 dB 
margin on FEXT and a 3 dB margin on return loss with 
respect to category 5. Based on the improvements in the 
NEXT, FEXT and return loss performance, stem from 
Com2000TM emulated cabling technology, it improves the 
overall SNR margin of 10/100/1000/2000Base-T system by 
almost 3 dB. 

0333 Com2000TM emulation of the Next Level cabling is 
a Com2000TM Signal Equalization system that does SNR 
improvements that is equivalent to the best cabling Systems 
available today. It Serves as an example to demonstrate that 
the additional SNR margin achieved by using cabling which 
is better than category 5 can Substantially improve the 
robustness of 1000/2000Base-T & higher speed applica 
tions. 

0334. The Adaptive Filters of the Signal Equalization are 
used to decrease the channel response length while Simul 
taneously preserving a good SNR in the resultant controlled 
inter-Symbol interference channel. Note that when using the 
Com2000TM. Equalizer with PAM-5 on channels that have 
inter-symbol interference, the equivalent front-end SNR can 
be replaced with the SNR at the input to the decision element 
after the Com2000TM Equalizer to compute the achievable 
data rate of 2Cb/s. 

0335) Let us first address the SNR parameters for 
SPAM-5, then discuss the CAT5 SNR analysis and findings. 
SNR improvement methods are then discussed referencing 
the current 125 Mbaud symbol rate of CAT5 channel dis 
tortions. When data is transferred over the CAT5 channel, 
the total SNR budget increases to the Margin Gain. Typi 
cally, this is 6dB for Ethernet applications. Sometimes a 
Margin Gain of 12dB is requested for “Theoretical” studies, 
implying that theory is likely to be incorrect by as much as 
an additional 6dB with respect to the measurements. The 
Margin Gain is the quantity of interest for channel distortion 
Suppression performed by the Signal Equalization. 

Margin Gain=10 log (SNR/(M-1))+Coding Gain 
9.8dB 

0336 Where M is the Symbol (2**bits); 
0337 For the CAT5 channel with an SNR (after applying 
the Com2000TM Filter/Equalizer) of 27 dB and a powerful 
4D-8 State Trellis code (as specified in the 802.3ab Speci 
fication) with a Coding Gain of 6dB and an M of 10 
bits/symbol (PAM-5), the resultant Margin Gain is 6.8 dB. 
0338. Therefore, our chosen CAT5 target probability of 
error (10**(–10)) requires an SNR total budget of 14.5 
dB+6.8dB of margin gain-6dB of Coding Gain, or 15.3 dB 
for PAM-5. For a selected Coding Gain of 3db, the total 
SNR for the PAM modulation requires in excess of 18.3 dB. 
0339) The SNR improvement methods are achieved 
through the Com2000TM Equalizer of the receiver and the 
unique Pulse Shaping of the 125 Mbaud symbol rate trans 
mitter on a noisy CAT5 channel. The input differential signal 
is shaped by a feed forward equalizer (FFE) that compen 
Sates for Signal dispersion and attenuation induced by the 
cable. A decision feedback equalizer (DFE) corrects for 
baseline wander and the limitations of the feed forward 
equalizer. 
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0340 Since some portions of the Com2000TM Equalizer 
are in the ECHO/NEXT canceller and the FFE/DFE of the 
receiver, the receiving Signal jitter has to be controlled. This 
is done through a Phase Transfer Technique of Synchronous 
Communication Environment So that the Com2000TM 
Equalizer phase jitter of the Signal, between the Sending and 
receiving node, is bounded within /64 of the baud period 
(125ps). This level of phase accuracy, enabled by the 
Com2000TM Master/Slave clock synchronization methods 
described above, provides additional SNR enhancement for 
the SPAM-5 signaling. 
0341 The jitter degrades the performance of the ECHO 
and NEXT cancellers and FFE/DEF filters because it creates 
a transient mismatch between the samples of the ECHO or 
NEXT impulse response and the taps of the canceller. AS a 
result of the use of ECHO/NEXT cancellation and FFE/DFE 
filters, the jitter specification for 10/100/1000/2000Base-T is 
significantly much tighter than it is for 100Base-T. From the 
precision phase Synchronization between Master and Slave 
of Synchronous Communication Environment, the SNR 
improvement of Equalizer will be approximately 6dB. 

0342. The Adaptive Equalization methods for the multi 
level pulse amplitude modulation (5-ary SPAM) signal is 
described in the following paragraphs. At the Sending 
Com2000TM node of the Partial Response PAM Modulator 
(57, FIG. 4), the kth set of N binary digits is mapped into 
a pulse duration of TS Seconds (8ns) and an amplitude a(k). 
Thus the modulator output Signal, which is the communi 
cation channel. is given as: 

0343 Where r(t) is a pulse of duration Ts seconds and the 
amplitude a(k) can assume one of M=2**n distinct levels. 
Since the CAT5 channel is a fixed channel and relatively 
linear, the channel Sample m output can be modeled as the 
convolution of the input Signal and Sample channel 
response, h(k), as 

0344) To remove the CAT5 channel distortion, the 
sampled channel output y(m) is passed to the Com2000TM 
Equalizer with impulse response h inv(k). The Com2000TM 
Equalizer output Z(m) is given as 

0345 The ideal Com2000TM equalizer output (for some 
delay D that is the function of the 100m CAT5 channel and 
the length of the equalizer) is 

0346) This only happens when the CAT5 channel distor 
tion is greatly reduced and where the combined impulse 
response, Hc(m), of the cascade of the channel and the 
Com2000TM equalizer: 

0347 A particular form of the CAT5 channel equalizer 
for the elimination of ISI is the Nyquist's Zero-Forcing filter. 
In the Nyquist's Zero Forcing Filter the impulse response of 
the combined channel and the Com2000TM Equalizer is 
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defined as (note that at the sampling instances the CAT5 
channel distortion is cancelled, and hence no ISI at the 
Sampling instances) 

0348 A function that satisfies the above condition is the 
Sinc function: 

0349 The Nyquist's Zero-Forcing filter, however, is sen 
sitive to deviations in the error estimation of HC(t) and jitter 
in the Synchronization and Sampling process. One benefit for 
this ideal filter is that at each of the Sampling instances the 
CAT5 channel distortion is cancelled, and hence no ISI is 
present during the Sampling instances. 

0350 Due to the principle of this scheme, the Zero 
forcing filter is only possible over the length of the trans 
versal filter's memory. One limitation of this ideal filter is 
resolved due to the fact that the CAT5 channel transfer 
function's inverse filter, h inv(k), constituted by the 
Com2000TM Equalizer when cascaded with the CAT5 chan 
nel h(k), enhances the CAT5 channel noise in those fre 
quency interval Ts where h(k) has a high amplitude attenu 
ation. 

0351) The form of the Com2000TM Equalizer is consid 
ered a combination of LMS (Least Mean Square) based 
Adaptive Equalizer followed by a non-linear estimator. In 
the Training mode (104), the filter coefficients are adjusted 
to minimize the mean Square distance between the filter 
output and the desired training signal (102). In the Blind 
Equalization mode (104), the desired signal, which is the 
channel input, is not available. The use of the Com2000TM 
Adaptive filter (101), for the blind equalizer, requires an 
internally generated desired signal. 

0352. As illustrated in FIG. 5D, the Com2000TM Equal 
izer is comprised of two distinct Sections: An adaptive 
equalizer (FIR Filter) (101), that removes a large part of the 
CAT5 channel distortion, followed by a Non-Linear Esti 
mator (Decision Device) (103) for an improved estimate of 
the channel input. The output of the channel's non-linear 
estimator (103) is the final estimate of the CAT5 channel 
input, and is used as the desired Signal to direct the equalizer 
adaptation (101). This Blind Equalization method ensures 
that the equalizer (101) removes a large part of the channel 
distortion. This method uses a cold start up (104) period 
during which no training Signal is transmitted, and a warm 
Start period during which a training Signal Sequence is 
transmitted. 

0353. The adaptation of the equalizer coefficient vector is 
governed by the following recursive equation: 

0354) Where H inv(m) is an estimate of the optimal 
inverse channel filter H inv, the Scalar u is the adaptation 
Step size, and the error Signal E(m) is defined as equation (9) 
and includes both ISI and noise. (I is defined as the 
non-linear estimate function of the channel input) 

E(n) = f(z(n)) - 3 (m) (9) 

= X(n - d) - Z(n) 
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0355 We can use Bayesian framework to formulate the 
non-linear estimator I (t) during Blind Equalization. To 
estimate the channel impulse response during the blind 
equalization, the Com2000TM utilizes the knowledge of the 
estimated input signal, X(m) (104), and the statistical model 
of the CAT5 channel. The knowledge of the input signal, a 
5-ary SPAM signal used in the 9-level Decision Device 
(103), is used to estimate the channel input signal X(m) 
(104). The knowledge of the CAT5 channel is the relative 
duration relationship between the duration of the CAT5 
channel impulse response and the duration of the input 
signal X(m) (104), which is measured by a long time 
averaging of the channel output. (CAT5 channel impulse 
response duration is usually an order of magnitude Smaller 
than the input signal, X(m), duration) 
0356. As illustrated in FIG. 5D, the FIR equalizer (103) 
is followed by a 9-level quantiser (103). In this configura 
tion, the output of the equalizer filter (101) is passed to a 
9-ary decision circuit. The decision device, which is essen 
tially a 5-level quantiser (103), classifies the channel output 
into one of 9 valid symbols. The output of the decision 
device is taken as an internally generated desired signal to 
direct the equalizer adaptation. 
0357 The following paragraphs describes the steps that 
needed to be transitioned into an orderly fashion, in order to 
deliver the 8dB SNR margin gain. 
0358 Before the discussion of the method and means of 
improving the data communication front end via addressing 
the filter optimizations, a measurement, called the Error 
Vector Measurement (EVM), is summarized. The EVM is 
the difference between the received signal phase and known 
Sending Signal phase. It is a powerful tool to trouble Shoot 
and calibrate any data communication channels. It deter 
mines the correlated errors between a predetermined Sending 
phase vectors and receiving phase vectors. This EVM 
method identifies the causes of power and phase distortions 
and problems. It calculates the average for both power and 
phase error components. It determines the unwanted phase 
modulation, resulting from the dominant InterSymbol Inter 
ference (ISI), by comparing the derived power error com 
ponent with the phase error components. If the phase error 
component is larger than the power error component, this is 
indicative of phase distortions. 
0359 The EVM method also determines the external ISI 
coupling and the non-linearity of the Signal Zero crossings. 
By measuring the expected amplitudes of the received signal 
at a predefined phase angle of the Signal Space, the corre 
sponding amplitude of each In-Phase component and Stag 
gered phase component of the Signal or P-Phase component, 
and their difference can be defined. If the error peaks at the 
Signal peaks, this is the indication of the presence of external 
ISI coupling. If the error peaks at the Signal minimum, this 
Suggested the Signal non-linearily of Zero crossings. 
0360 Now let us address the method and means of 
improving the Signal to Noise Ratio (SNR) via optimizing 
the front end filters. There are many type of filters in the 
signal data communication front end : The ECHO, NEXT 
cancellers, and the FFE and DFE filters. The Com2000TM 
Adaptive Filters, or Equalizer, is the combination of filter's 
optimization techniques and designs used to decrease the 
channel response length while Simultaneously preserving a 
good SNR in the resultant controlled inter-symbol interfer 
ence channel. 
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0361) To optimize of filters for SNR improvements, the 
following Steps needs to be performed: (A) Optimize the 
ECHO and NEXT Cancellers via the Controlled Blind 
Equalization. This is done So that the cancellers filter coef 
ficients can reflect to the good and coarse estimation of the 
communication channels without Sending and receiving any 
Signals of the System nodes. (B) Establish the external phase 
and frequency Synchronization before Signal Training. This 
is done So that the underlying assumption of the predefined 
frequency and phase matrix cell are defined. This frequency 
and phase Synchronization are used as a baseline for the 
EVM measurements. (C) Optimize the FFE and DFE filter's 
coefficients for determining the Pre-ISI. This is done so that 
the filter's coefficients can be optimally trained in the 
presence of the large Signal noise due to the relative phases 
of the true and interfered received signals. (D) Suppress the 
Signal interference due to the relative phase difference of the 
receiving Signals. This is done So that the filter's coefficients 
can be optimally trained in the presence of the minimum 
Signal noise due to the relative phases of the true and 
interfered received signals (E) Optimize the FFE and DFE 
filter convergence and filter's coefficients for determining 
the Post-ISI. (F) Maintain the optimization of the FFE & 
DFE filter's coefficients via channel adaptive method of the 
Sounding Sequence. This is done so that the filter's coeffi 
cients can be maintained optimally trained in the presence of 
the large noise due to environmental and channel response 
changes. (G) Deliver Coherent signal carrier recovery and 
frequency/phase Synchronization for Starting at a precision 
EYE sampling interval and maintaining the precision 
throughout the data Sampling window. 
0362) To optimize the ECHO and NEXT Cancellers via 
Controlled Blind Equalization (A), the following steps are 
taken: (a) Establish internal the coarse phase and frequency 
Synchronization and calibration before Starting the blind 
equalization. It is used to isolate all of the noise that incured 
between the true input signal noise and the clocking of the 
measured noise model pattern for each of the noise filter 
bandwidth. (b) Estimates the Sending and receiving node 
coarse propagation path delayS Via using the propagation 
delay measurement circuitry. This is used to determine the 
accurate number of the filter taps for this channel filter 
memory. (c) Positioning the ECHO, NEXT, FFE and DFE 
right number of filter taps for optimizing the coefficient 
calculations and weighting determinations. (d) Send the BIT 
wrap around of the front end via a predefined signal (from 
transmitter to receiver) for stimulus and calibrate the initial 
estimate of the channel response on the predefined calibrated 
signal. (e) Calculate all of the filter's coefficients based on 
the received calibrated Signal. 
0363 To establish the external frequency and phase syn 
chronization before Signal Training (B), the following steps 
are taken: (a) Establish initial external (node to node) clock 
transferS and Synchronization via Sending and receiving the 
Synchronization Symbols. This is done so that the baseline 
for the precision controls and measurement related to the 
frequency, phase and power are defined. (b) Measure the 
Sending and receiving node's propagation delay. This is 
done So that the filter's memory can accurately reflect to the 
channel's memory, and the power threshold level can be also 
defined accordingly. (c) Measure the channel's frequency 
offset. This defines the frequency and phase errors on the 
controlled frequency and phase matrix cell and will be used 
to compensated for during the EVM measurements.(d) Posi 
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tioning the ECHO, NEXT, FFE and DFE right number of 
filter taps for optimizing the coefficient calculations and 
weighting determinations. To optimize the ECHO, NEXT, 
FFE and DFE filter's coefficients via Signal Training (Pre 
ISI), the following steps are needed to be taken: (a) Send a 
predetermined phase of the training Sequences. This will 
allows the EVM to study the channels responses and its 
errors on to different signal phases. (b) Measure the EVM 
phase offset error vector. These errors will be used to 
compensated and calibrated for the channel induced errors 
via fine tuning and capture the offset of the local oscillator 
Signal frequency and phase. (c) Position and phase align the 
local Stored training pattern to the receiving pattern. This is 
done so that the correlation noise induced from the filter's 
coefficient taps and its digital Sampling AID clocking is 
suppressed. (d) Clocking the FFE and DFE filter taps for 
training coefficient calculations. Starts the filter's coefficient 
calculation with a cleanslate from the Signal autocorrelation 
of the training and the predefined Stored training patterns. 
0364 To suppress the signal interference due to the 
relative phase difference of the receiving signals (D), the 
following steps are taken : (a) Broadcast the predetermined 
time, frequency and phase training Sequences. This is done 
So that the all of the adjacent Sending nodes are Sending at 
the same time interval with the predefined phase and fre 
quency matrix cell. (b) Measure the received EVM phase 
and power error vector for phase noise magnitude determi 
nation. This will be used to define the maximum and 
minimum signal level for a specific phase Sector angles So 
that the EVM can compensated for the phase noise error 
during normal data transfer mode. (c) Clock Tune and Phase 
align local Stored training pattern to minimum EMV rms 
errors. This is done So that the local clock's phase and 
frequency are compensated for this phase noise error. 

0365) To optimize the ECHO, NEXT, FFE and DFE 
filter's coefficients via Signal Training (Post-ISI)(E), the 
following steps are needed to be taken: (a) Send a prede 
termined phase of the training Sequences. This will allows 
the EVM to study the channels responses and its errors on 
to different Signal phases when the relative phase noise of 
channel are minimized. (b) Measure the EVM phase offset 
error Vector. These errors will be used to compensated and 
calibrated for the channel induced errors via fine tuning and 
capture the offset of the local oscillator Signal frequency and 
phase. (c) Position and phase align the local Stored training 
pattern to the receiving pattern. This is done So that the 
correlation noise induced from the filter's coefficient taps 
and its digital Sampling A/D clocking is Suppressed. (d) 
Clocking the FFE and DFE filter taps for training coefficient 
calculations. Restarts the filter's coefficient calculation with 
a clean Slate from the Signal autocorrelation of the training 
and the predefined Stored training patterns. 
0366) To maintain the optimization of the FFE & DFE 

filter's coefficients via channel adaptive method of the 
Sounding Sequence (F), the following steps are needed to be 
taken : (a) Insert and Send predetermined phase Sounding 
Sequences during the normal data transfers. This enables the 
filter's coefficients adaptively to the changes of the channel 
responses. (b) Measure the EVM phase offset error vector. 
This defines the error vectors and its magnitude. (c) Position 
and phase align the local Stored Sounding pattern to the 
receiving Sounding pattern. This is done So that the corre 
lation noise induced from the channels are compensated for. 
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(d) Clocking the FFE and DFE filter taps for sounding 
coefficient calculations. Restarts the filter's coefficient cal 
culation with a clean Slate from the Signal auto-correlation of 
the Sounding and the predefined Stored Sounding patterns. 

0367 To deliver Coherent signal carrier recovery and 
frequency/phase Synchronization for Starting at a precision 
EYE sampling interval and maintaining the precision 
throughout the data Sampling window (E), the following 
Steps needed to be taken: (a) Maintain Coherent Clock phase 
and carrier recovery via Sounding Sequence. This is done So 
that the Sending and receiving frequency and phase are 
within the cell matrix. (b) Bound the long term drift via the 
clock transfer. When the master or the Switching hubs front 
end has this technology in the PHY, the system can be 
Synchronized to a very precision Signal reference Source So 
that the long term drift properties of the master clock are 
transferred to the slave or receiving local clocks. (c) Main 
tain the short term drift via the DLL lock with minimal drift 
and jitter generations. This is done via bypassing the regen 
eration carrier of the PLL. (d) Position and phase align the 
local Stored Sounding pattern to the receiving Sounding 
pattern. This is done So that the correlation noise induced 
from the channels are compensated So that the phase of the 
Signal for precision Sampling can be maintained within a 
predefined phase error window of matrix cell for a extended 
period of time. This in turns improves the front end SNR. 
0368 While all of the front end filter's are implemented 
asynchronously, the equalization System capitalizes on the 
Synchronous nature of the Signal and optimize the channel 
response estimations to reduce channel noise. In the Gigabit 
Ethernet context, the equalization System guarantees a Bit 
Error Rate (BER) of 10' on networks that use existing 
category 5 installations. 
0369 Signal Coding System 

0370. This section describes the signal coding system of 
the Com2000TM GPHY4 delivery system and the underlying 
technologies that are involved in the design and develop 
ment of this high-Speed data communication transceiver. 
The GPHY4 is a universal 10/100/1000/2000Base-T Physi 
cal Layer manifestation that delivers a robust high perfor 
mance Gigabit or multi-gigabit Ethernet data delivery Sys 
tem. 

0371) The GPHY4 Ethernet system delivers Gigabit data 
communication over the same standard 8-wire (2 Gbps over 
8 wires) Unshielded Twisted Pair (UTP) CAT5 cable as 
lOOBase-T through the insertion of the Com2000TM tech 
nology. The GPHY4 system is implemented at the media 
Physical Interface to deliver a revolutionary bandwidth 
efficient coding Scheme to Support Multi-Gigabit Signaling 
over the existing CAT5 cabling infrastructure. 
0372 Capitalizing on the precision controls of signals 
frequency, phase, time and amplitude, the Com2000TM sig 
nal coding is the Selecting Signal or a combination of Signals 
from any one of the following selections: (a) Precision Phase 
Control Multi-Level Amplitude signals (CAP Emulation 
SPAM-5), (b) Precision Frequency Control Multi-Level 
Amplitude signals (DMT Emulation-FPAM5), (c) Preci 
sion Frequency & Phase Controls Multi-Level Amplitude 
signals (DMT/CAP-FTPAM5), (d) Precision Frequency, 
Phase, I’ime and Multi-Level Amplitude signals (DMT/ 
CAP-FTSPAM5). 
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0373 For the Com2000TM Multi-Gigabit signal coding 
system . the selected signal scheme is SPAM-5, which 
capitalize the precision phase and amplitude controls of the 
Signal, uses both Synchronous and Partial Response features 
of the Pulse Amplitude Modulation signal scheme. The 
SPAM-5 and/or Synchronous Partial Response NRZ or 
SNRZ Code Signaling deliver multi-gigabit signaling and 
scalable network data transmission from 100Mbps to 
2000Mbps data rate for Ethernet data over existing UTP 
Category 5 cable. 
0374. The twisted pair gigabit Ethernet standard 
1000Base-T is under development by the IEEE P802.3ab 
task force. In September 1997, after a year of debate, the 
P802.3ab task force selected the PAM-5 (PAM-5, see FIGS. 
18, 19 and 32) line code developed by Level One Commu 
nications for implementing 1000Base-T. The name PAM-5 
was chosen because this signaling Scheme has inherited the 
symbol rate and spectrum of 100Base-TX and is based on 
the line code used by 100Base-T2 (100Mbps over 2 pairs of 
CAT3). 
0375 100Base-T (802.3ab) achieves full duplex through 
put of 1000 Mb/s by transporting data over four pairs from 
both ends of each pair simultaneously. The method of 
transporting data from both ends of a pair simultaneously is 
known as dual duplex transmission. Each pair carries a dual 
duplex 250 Mb/s data signal encoded as 5-level Pulse 
Amplitude Modulation (PAM-5). 
0376. A 1000Base-T physical layer device includes four 
identical transceiver Sections—each with its own transmitter 
and receiver. Each transceiver Section operates at 250 
Mb/s-2 bits per symbol with a symbol rate of 125 Msym 
bols/s. The total throughput is 250 Mb/sx4 pairs=1000 
Mb/s=1Gb/s. 

0377 The new line coding design of the Com2000TM 
10/100/1000/2000Base-T (802.3ab--) achieves the full 
duplex throughput of 2000 Mb/s by transporting data over 
four pairs from both ends of each pair simultaneously. Each 
pair carries a dual dupleX 500 Mb/s data Signal encoded as 
Synchronous Partial Response 5-level Pulse Amplitude 
Modulation (SPAM-5). See FIG. 31. 
0378. The Com2000TM Multi-Gigabit line coding design 
of Com2000TM 1000Base-T (802.3ab-i-) physical layer 
device includes four identical transceiver Sections (same 
front end as 1000Base-T)- each with its own transmitter and 
receiver. Each transceiver section operates at 500 Mb/s-4 
bits per symbol with a symbol rate of 125 Msymbols/s. The 
total throughput is 500 Mb/sx4 pairs=2000 Mb/s =2 Gb/s. 
0379 The charter of the P802.3ab study group is to define 
a Standard for transporting a full duplex 1 Gb/s data Stream 
over a 100 MHz category 5 channel. To reduce the com 
plexity of the line code to a manageable level, the data will 
be transported over four pairs simultaneously from both 
ends of each pair. With this approach, each pair carries a 250 
Mb/s full duplex data stream. 
0380. To reduce the complexity of the line code (Partial 
Response PAM-5 signal), the data will also be transported 
over four pairs Simultaneously from both ends of each pair 
just as the 802.3ab standards. With this approach, each pair 
carries a 500 Mb/s full duplex data stream and can be scaled 
utilizing the System clock adjustment in order to deliver 
Scalable data transfer rates for interim non-compliance to 
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1000Base-T CAT5 capacity. The 10/100/1000/2000Base-T 
Com2000TM Multi-Gigabit signaling is compatible with the 
100Base-TX signal so as to facilitate the development of a 
four data rate 10/100/1000/2000Base-T transceiver. The 
symbol rate of 1000/2000Base-T is the same as that of 
100Base-TX-125 Msymbols/s. 

0381) When implementing a 10100/1000/2000Base-T 
System, one advantage of having equal Symbol rates for 100 
and 1000/2000 Mb/s operation is that common clocking 
circuitry can be used with both data rates. Another advantage 
is that the Spectra of both Signals are similar with a null at 
125 MHz (FIG. 6b). The null in the spectrum of a baseband 
Signal occurs at the frequency equal to the Symbol rate. 
1000,2000Base-T and 100Base-TX, both operating at the 
Same Symbol rate and using baseband Signaling, have simi 
lar Signal spectra. This reduces the complexity to match the 
spectrum of 1000/2000Base-T to that of 100Base-TX almost 
exactly through Some additional filtering. The advantage of 
having similar spectra for 100 and 1000/2000 Mb/s signals 
is that common magnetics and other emission Suppression 
circuitry can be used regardless of the data rate. 

0382 A PAM-5 eye pattern for 1000Base-T is shown in 
FIG. 6c. An eye pattern is a trace produced by a modulated 
random data waveform, with each Symbol period tracing 
from left to right and Starting in the same place on the left. 
An eye pattern appears on an oscilloscope if the modulated 
random data Signal is viewed while triggering the oscillo 
scope on the data clock. The eye pattern of the PAM-5 signal 
deviates Somewhat from this classical 5-level eye pattern 
because the waveform of the PAM-5 signal has been shaped 
to make the spectrum of 1000Base-T match the spectrum of 
10OBase-TX. 

0383 A Synchronous Partial Response PAM-5 eye pat 
tern for 200OBase-T is shown in FIGS. 24 and 27. A 
Synchronous Partial Response PAM-5 eye pattern appears 
on an oscilloscope if the modulated random data Signal is 
also viewed while triggering the oscilloscope on the data 
clock. The eye pattern of the Com2000TM Partial Response 
PAM-5 has twice as many eyes as the PAM-5 signal. The 
eye's vertical noise Voltage threshold is reduced in half 
relative to the PAM-5 eye. 
0384 The Com2000TM Partial Response PAM-5 signal is 
6 dB less than the 1000Base-T signal and has been shaped 
to make the spectrum of the newly proposed 2000Base-T 
match the spectrum of 100Base-TX. (See FIG. 24). The 
Com2000TM Signal Equalization system enables the front 
end to recover the 6dB of Signal degradation and achieve an 
extra 2dB for Noise margin improvement over the 
1000BaseT. Please see the section describing the signal 
equalization System for further details. For clarity, a general 
background on Signaling is provided below. 

0385) The simplest form of data signaling includes 
encoding the information into two symbols-a “0” and a 
“1”. Such signaling is referred to as binary and is typically 
transmitted over twisted pair Local Area Network (LAN) 
data channels as two distinct voltage levels. Examples of 
two commonly used binary coding Schemes are NRZ (used 
for ATM-155) and Manchester (used for 10 Base-T). See 
FIG. 30a. 

0386 The simplicity of binary coding comes at the price 
of channel bandwidth. The useful bandwidth of a random 
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NRZ signal consumes the bandwidth (in MHz) equal to the 
data rate of the signal (in Mb/s). The useful bandwidth of a 
random Manchester Signal is double the data rate of the 
signal. See FIG. 30b. 
0387 FIG. 5a shows that a 10 Mb/s Manchester-coded 
10 Base-T signal requires 20 MHz of channel bandwidth. 
Although the bandwidth utilization of any data Signal can be 
reduced through filtering, a common practice in today's 
twisted pair LAN implementations is to transmit the first 
spectral lobe unfiltered. 
0388 A signal having no spectral energy at DC is known 
as a passband Signal. Manchester coded data is an example 
of a passband Signal. Due to the Voltage transitions in every 
bit cell of a Manchester-coded data stream, the Manchester 
Spectrum has no DC component. An NRZ Signal, on the 
other hand, does not guarantee transitions in every bit cell 
and, therefore, has a DC component. A data Signal, Such as 
NRZ, with non-zero energy at DC is known as a baseband 
Signal. The Spectrum of a passband data Signal is twice as 
wide as the Spectrum of a baseband Signal generating the 
Same data rate. 

0389 Bandwidth efficient coding schemes, as their name 
implies, are designed to consume leSS bandwidth than binary 
coding Schemes running at the same data rate. The main 
difference between bandwidth efficient and binary coding is 
that binary coding generates one bit at a time while band 
width efficient coding generates two or more bits Simulta 
neously. 

0390 The Synchronous Partial Response PAM-5 signal 
ing is a method of increasing the bandwidth efficiency and 
includes: 

0391 1. Encoding multiple bits into several voltage 
levels on the transmit Signal 

0392) 2. Generating two baseband data streams and 
generating a partial response version in the same 
frequency channel 

0393) 3. Pulse shaping (or filtering) 

0394 4. Combination of (1), (2) and (3) 
0395 Multi-level Coding 
0396 Suppose we want to transmit 200 Mb/s over a 100 
MHz category 5 channel. If we attempt to use a binary 
coding scheme such as 2-level NRZ, the signal bandwidth 
will extend to 200 MHz. However, if we transmit 2 bits at 
a time, or 2 bits per Symbol, the required channel bandwidth 
can be reduced by a factor of two allowing the 200 Mb/s link 
to operate over a 100 MHZ channel. See FIG.5c and 5d. The 
bandwidth efficiency of the 4 level baseband signals shown 
in FIGS. 5c and 5d are 2 bits per Hertz. 
0397) Partial Response Multi-Level Coding (SPAM-5 & 
SNRZ) 
0398 Com2000TM partial response coding involves com 
bining two distinct PAM-5 data Signals into one channel, 
each operating at the same data rate as the combined signal 
(SPAM-5). These two PAM-5 baseband signals, with one 
Signal Staggered in time (4ns) with respect to each other, are 
combined and transmitted simultaneously over the (FIG. 
31). Since each data Signal operates at the same data rate of 
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the partial response signal, the combined 2-phase partial 
response signal (spam-5) requires the same bandwidth of the 
original PAM-5 signals. 

0399. In order for the receiver to recover the two data 
Streams, the phase offset between the two original signals 
must be known (equal to a multiple of 90'). The 4ns (180 
degree) power sampling level and its previous level with the 
direction of the transitions must also be known (see FIG. 
11a, 11b). 
0400. As an example, let us consider more simple wave 
forms such as in FIG. 13. The received waveform is 
sampled at 250 MHz. For the Synchronous NRZ partial 
response signal or SNRZ, there are3 amplitude levels. There 
will be 9 amplitude levels for synchronous partial response 
PAM-5 signaling. (see FIG. 21). The same rules apply for 
both. 

0401 Let us now recover the received SNRZ or PAM-3 
signal (see FIGS. 11a, 11b). This signal is the composite 
signal of 2 NRZ signals (NRZ and NRZ). The signal level 
is sampled at a 250MHz rate. The signal power sample is 
taken every 4ns period for use in the decision base of the 
slicer. If the amplitude level is positive (10) then the NRZ 
signal is HIGH and the NRZ'signal is LOW. If amplitude 
level is negative (01), then the NRZ signal is LOW and the 
NRZ'signal is HIGH. If the amplitude level is zero (11 or 
00) and if the previous signal level & direction of transition 
is down, then the NRZ signal is HIGH and the NRZsignal 
is also HIGH. Otherwise, if the transition is up, then the 
NRZ signal is Zero and the NRZsignal is also Zero. The 
predetermined phase offset value (4ns) is used to regenerate 
the NRZ and NRZsignal from the receiving composite 
signal (PAM-3). 
0402 For SPAM-5 signal recovery, the received signal 
will have 9 amplitude levels. Each of the sampled amplitude 
levels will equate to a particular combination of original 
PAM-5 and its 4ns -delay version. The knowledge of the 
previous amplitude and its transition direction will dictate 
the level of the present Signals. 
0403. The Partial Response signaling method is a band 
width efficient coding Scheme employing only multi-level 
Signaling and no phase modulation and is known as a 
one-dimensional (1-D) coding scheme. FIG. 16 demon 
strates two possible coding methods-1-D and Partial 
Response 1-D-of transmitting 500 MB/s over a 100 MHz 
channel. The 1-D method generates 2 bits per symbol with 
a symbol rate of 100Mega-symbols per second. The Partial 
Response 1-D method generates 4 bits per Symbol in order 
to keep its bandwidth within 100 MHz. However, the Partial 
Response 1-D method is capable of transmitting up to 500 
Mb/s in the same channel where the 1-D method is limited 
to 250 Mb/s. 

04.04 The 2000 Base-T proposed signaling methods 
(SPAM-5 ) are also a 1-D based coding scheme. The 
Signaling method is Partial Response of the composite 1-D 
Signal. The composite 1-D signal is the difference of a 
multi-level signal with a controlled phase offset by half of 
the 125Mbaud period. A more detailed description of the 
Com2000TM signaling system is provided below. The Partial 
Response of the composite 1-D signal coding Scheme 
described below is designed to generate 500 Mb/s plus 
control Symbols. The circuitry implementing Such transceiv 
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ers would have to be present at both ends of each pair of the 
category 5 channel to achieve 500 Mb/s. 250 Mb/s would be 
achieved with a single Com2000TM transceiver operating 
with an 802.3ab compatible transceiver. See FIG. 31. 
04.05) The Com2000TM Coding system codes the signals 
using(Synchronous PAM-5) a Partial Response of the com 
posite 1-D signal. This 1-D coding method optimizes the 
multi-level encoding of the transmission Signal So as to 
minimize Inter Symbol Interference (ISI). Partial Response 
of the composite 1-D signal coding at the transmitter helps 
to minimize the distortion caused by channel attenuation. 
0406) Synchronous PAM-5 or Partial Response PAM-5 
Summary 

0407 One-dimensional 9 level coding 
0408) 4 bits per symbol 
04.09 125 Mbaud 

0410 See FIGS. 18-28,3132 for the Scalable 
Com2000TM Signal Coding SPAM-5 is also a Partial 
Response of the composite 1-D signal. The Scalable 
Com2000TM SPAM-5 coding can be scaled by either slowing 
down the clock or the SNRZ signal cncoding or SPAM-5 
signal encoding or the combination all of the above. SNR 
Penalties For Com2000TM Coding Bandwidth Efficiency 
Signaling Abandwidth efficient data Signal is typically more 
Sensitive to channel noise and distortion than a binary Signal. 
A good indicator of network robustneSS is the opening in the 
eye pattern of the data Signal. The size of the opening 
indicates the Signal's immunity to noise-it is proportional 
to the noise Voltage required to cause a bit error in the 
receiver. The horizontal opening of the eye pattern typically 
indicates the Signals immunity to jitter. It is a measure of 
how much jitter can be added to the data Signal by the 
channel before timing-related bit errors are likely to occur. 
See FIGS. 6b, 6c and 6d. 
0411. In the case of two-phase signaling Schemes, noise 
immunity is further compromised by the coupling between 
the two channels. The amount of Signal coupling between 
the two channels is related to the error in the X phase offset 
between these channels. Any deviation from the perfect 
Sending phase offset (X degree relationship) between the 
two channels results in cross channel coupling (i.e. one 
channel “leaking into the other channel). 
0412. In general, the higher the efficiency, in bits per Hz, 
of the data Signal, the more Vulnerable the Signal is to the 
noise and distortion in the channel. This means that the 
higher the data rate we attempt to transmit through a 
category 5 channel the more work we need to do to coun 
teract the system's vulnerability to bit errors. These issues 
are addressed by the Channel Equalization Section and 
Channel Measurement & Calibration Section. 

0413. A 4-level PAM-5 signal has voltage transitions 
every 2 bit periods while a binary (2 level) signal could have 
Voltage transitions every bit period. Therefore, the rate of 
transitions, or symbol rate, of a 4-level signal PAM-5 is half 
the frequency of a binary signal. Thus, a 250 Mb/s data 
signal (PAM-5) can be transmitted at a rate of 125 Msym 
bols/sec using 125 MHz of channel bandwidth with only 4 
voltage levels. A8 level signal (SPAM-5) is a 500Mb/s data 
signal, is transmitted at a rate of 125 Msymbol/s using 125 
MHz of channel bandwidth with only 8 voltage levels. 
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0414. The 5" level in the PAM-5 system or 9" level of the 
SPAM-5 system allows for redundant symbol states that are 
used for error-correction encoding. The error correction 
method includes Trellis coding 9 in combination with 
Viterbi decoding. The error correction logic further enhances 
the system's Signal to Noise Ratio (SNR) margin by up to 
6 dB. The extra 6 dB of SNR margin gives the 5 level PAM-5 
signal the noise immunity of a 3 level signal. The PAM-5 
Signal also incorporates error correction coding to improve 
the BER performance of the system. The same applies for 
SPAM-5 with 9 signal levels. 
0415) The spectrum of the PAM-5 and SPAM-5 trans 
ceivers closely resemble that of a 100 Base-T MLT-3 trans 
ceiver facilitating a design that would use 100 Base-T 
magnetics allowing the design of a scaleable 100/1000/2000 
Base-T device. 

0416 Digital signal modulation, in general, transforms 
input digital Signals into waveforms that are compatible with 
the nature of the communication channel medium. Through 
modulation, baseband communication channel Signals are 
modified to carry the desired information. The SPAM-5 
Modulator (327) and Demodulator (332) are the methods of 
delivering baseband digital Signal modulation that uses a 
variation in the amplitude and phase of the carrier to transmit 
information. The phase variation is accomplished with the 
Phase Modulation technique and the amplitude variation is 
performed with the Pulse Amplitude Modulation (PAM-5) 
technique. The SPAM-5 signal modulation is a unique and 
advanced baseband modulation technique that conveys mul 
tiple (4) bits of information simultaneously (at 125 Mbaud 
Symbol Rate) by providing multiple states in each symbol of 
transmitted information. Each time the number of States per 
Symbol increases, the bandwidth efficiency also increases. 
This bandwidth efficiency is measured in bits per second per 
HZ. 

0417 Details of the Signal generated by Signal Coding 
System 

0418. The following paragraphs detail the structure of the 
Signal generated by the Signaling System is. The Standard 
1OOOBase-T signal operates on the same frequency band as 
the 100Base-T square wave digital signal with all of the 
above offsets and delays. However, the new 2000Base-T 
SPAM-5 is also an amplitude modulation coded signal that 
operates on a baseband signal frequency of 125 MHz. This 
is Similar to a PAM duo-binary and partial channel response 
coding scheme. This in effect allows 5 bit (4 information and 
1 error correction bits) times higher in bit rates over a 1 hertz 
operating frequency range with the optimal bit error rates. 

0419) The basis of the new Com2000TM Gigabit line code 
signaling for 2000Base-T (see FIG. 9) is that 5 bits of 
encoded data are modulated on multi-level signals (PAM-5 
).This can be thought of as operating as 2 virtual (2*250 
Mb/s) 1000Base-T data channels independently that are 
transmitted over the same CAT5 wire. In effect, 2 amplitude 
levels for the Quinary Symbol rate are decoded on each 
transition of the 125 Mbaud symbol rate. 
0420. The transmitting and receiving signals are base 
band signals. The SPAM-5 signals (Partial Response PAM-5 
) modulated by a 125MHz clock rate that is modulo-2 added 
to the PAM-5 modulated data A, to form the A+B composite 
data Signal AB. This signal AB Still maintains the baud rate 
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of 125 Mbaud. The phase shift signal B is maintained via a 
precision Source of reference and frequency/phase controls 
which are addressed in details by the Clock transfer system 
Section. 

0421. The SPAM-5, in general is explained as a multi 
level baseband Signal which is the composite Signal from the 
two multi-level I axis and multi-level R axis baseband 
signals. The R axis signal is the rotated (multiple of) 90 
degrees in phase with the I version signal. SPAM-5 can be 
thought of as an emulated baseband version of CAP-256 
signal. The SPAM-5 (Partial Response PAM-5) Modulator 
and Demodulator are responsible for maintaining the System 
within the required FCC Spectrum and Amplitude signal 
modulation limitations for Sending and receiving data over 
the twisted pair wires. 
0422 SPAM-5 Baseband Digital modulation transforms 
input digital Signals into waveforms that are compatible with 
the nature of the baseband communications channel that are 
used to carry the desired information. Referring now to FIG. 
3, the SPAM-5 (Partial Response PAM-5) Modulator (327) 
and Demodulator (332) implement a method of delivering 
digital signal modulation that uses variations in amplitude 
and phase of the carrier to transport information. The phase 
variation is accomplished through precision control of the 
multiple of 90-degree phase offset and the 5 level amplitude 
variation is accomplished through Pulse Amplitude Modu 
lation (PAM-5). The Com2000TM m baseband SPAM-5 
Signaling technique is a simple yet advanced baseband 
modulation scheme that conveys multiple (4) bits of infor 
mation in a full duplex scheme (at 125 Mbaud Symbol Rate) 
for each cable pair. 
0423. The nature of Synchronous Pulse Amplitude 
Modulation (SPAM-5) increases the number of states per 
symbol. Each of the SPAM-5 states are defined as a specific 
amplitude and phase. This means that the generation and 
detection of Symbols is more complex than a simple phase 
detection or amplitude detection device. The Com2000TM 
Partial Response PAM or baseband SPAM-5 Modulator 
(327) delivers high bandwidth efficiency through the trans 
mission of 4 bits per Second per HZ. 
0424) The Com2000TM m baseband SPAM-5 Modulator 
(327) in the Electrical Transmitter section of the transceiver 
adds a channel coding preamble header to the data Stream in 
Such a way as to minimize the effects of noise and interfer 
ence in the CAT5 communication channel. The Channel 
Coding preamble Symbol adds extra bits to the input data 
Stream and removes redundant ones. The added bits are used 
for error correction or to Send Specific System training 
Sequences for identification or equalization. This can make 
Synchronization (or finding the Symbol clock) easier for the 
Com2000TM SPAM-5 Demodulator (332) of the Electrical 
Receiver. 

0425 The symbol clock frequency represents the exact 
timing of the transmission of the individual symbols. The 
reciprocal of this is the symbol clock frequency of 125 
Mbaud. The symbol clock phase can be resolved up to /s of 
the received carrier Signal phase and is correct when the 
Symbol clock is aligned with the optimum instant(s) (2ns 
and 6ns relative to the beginning of the baud period) to 
detect the Symbols. This feature is uniquely impacting on the 
convergence of the front end filters such as Feed Forward 
Filter (FFE), Decision Feedback Filter (DFE), ECHO and 
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Near End Cross Talk (NEXT) canceller filters. The impor 
tant relative phase offset of the interfered and the interfering 
Signals that effect the receiver are explained with reference 
to the channel equalization System. 
0426 Precision Sampling System 
0427. The Com2000TM Precision Sampling System com 
prises a method for precisely positioning the phase Sampling 
and measurement windows at the center of the Eye Diagram 
with minimal error. This System relies on the complete 
frequency and phase Synchronization of one or more net 
work nodes, preferably accomplished using the Clock Trans 
fer System. The clock Synchronization can be either relative 
or absolute and is used as one improvement to deliver a 
multitude of benefits, such as bandwidth and SNR improve 
ments, ISI Suppression and more data bits per frame. This 
technique is also possible due to the Channel Jitter Suppres 
Sion and Measurement Technologies. 

0428 Static Position Error or Jitter is caused by the error 
asSociated with the Signal Sampling accuracy or the proX 
imity of the timing pulse to the optimum Sampling point or 
to the center of the eye. To SuppreSS this jitter, the 
Com2000TM GPHY4 uses a combination of technologies, 
Such as Channel Calibration and Measurement System (and 
Measurements circuits 330, 343 as shown in FIG. 3) and 
Precision Sampling System, for placing the Sampling win 
dow within a specified tolerance of the center 
0429 Imperfectly timed sampling has the similar effect 
of increasing AWGN noise as far as the demodulator SNR 
is concerned. The Com2000TM Post Equalizer signal delivers 
a clean and wide-open eye diagram. With a signal demodu 
lator precision Sampling window for a Non-Linear Estimator 
Such as a 9-Level Quantiser for SPAM-5 and Partial 
Response PAM Demodulator (74) accurate to a level of 500 
ps, therefore the Com2000TM can allow 2 more symbols per 
baud on the existing 125 Mbaud Quinary symbol rate. 
0430. The Com2000TM Precision Sampling Techniques 
provides both an SNR improvement while also providing a 
method and means for maintaining the receiving Signal 
phase and frequency much longer (5x) over the conventional 
PLLNCO lock loops. The precision sampling system uses 
the Coherent Clock Phase and Carrier Recovery Circuits to 
maintain the carrier Signal phase and frequency. The Coher 
ent Clock Phase and Carrier Recovery circuits (see FIG.33) 
uses the crystal frequency and phaseS rather than the VCO 
frequency and phases. The long term drift of the crystal are 
bounded by the Clock transfer system. The short drift of the 
crystal are also bounded by the crystal short term drift 
criteria instead of the VCO short term drift. This is roughly 
100 times worst than the crystal version. The carrier signal 
regeneration is also a much cleaner Signal with leSS jitter. 

0431) The Com2000TM Coherent Clock Phase and Car 
rier Recovery Circuits allows the Precision Sampling System 
to Sample the receiving Signal with a predefined phase error 
for a extend period of time. This is due to the fact that the 
crystal frequency drift and phase noise and jitter are less than 
the jitter caused by the VCO oscillator of the PLL circuits. 
This feature, therefore, also allows the increasing of the 
message Size or number of data bits per packet load to be 
Sent acroSS a communication channel Such as Ethernet 
packet. Through the Com2000TM Coherent Clock Phase and 
Carrier Recovery Circuits, the recovered carrier frequency 
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remain a clean locked for more than 5x of the normal PLL 
lock. It is therefore, the new packet size is roughly 5x of the 
normal Ethernet size (1500 bytes). For normal packet data 
size, the improved SNR achieved by the Precision Sampling 
System increases the noise margin up to 8dB, which required 
for guaranteeing multi-gigabit operation of the 10/100/1000/ 
2000 BaseT Over the CAT5 channel. 

0432 Com2000TM Gigabit Ethernet CAT5 Physical 
Layer (GPHY4) 
0433) This section describes the Com2000TM GPHY4 
high-speed data communication transceiver. The GPHY4 is 
a universal 10/100/1000/2000Base-T Physical Layer mani 
festation that provides a Gigabit data delivery System over 
existing Ethernet networks. The GPHY4 system is backward 
compatible with 10/100BaseT systems for rapid network 
deployment complies with the 802.3Z and 802.3ab IEEE 
Gigabit Ethernet Standards. The GPHY4 system uses the 
Com2000TM system to deliver a bandwidth efficient coding 
Scheme to Support Multi-Gigabit signaling over existing 
CAT5 cabling by utilizing a combination of Precision Sam 
pling Techniques, Code Signaling Techniques and Signal 
Equalization Techniques. This is Section provides high level 
descriptions on gigabit Ethernet transmission over category 
5 twisted pair. Previous Sections of this application provide 
further details of the systems that enable the full duplex 
1000/2000 Mb/s data stream through a 100 MHz category 5 
channel. Before going into the details of the GPHY4, a 
overview current position of 1000aseT standards as they 
apply to the GPHY4 is provided. 
0434. The twisted pair gigabit Ethernet standard 
1000Base-T is under development by the IEEE P802.3ab 
task force. In September 1997, after a year of debate, the 
P802.3ab task force selected the PAM-5 (see FIGS. 18, 19, 
and 32) line code for implementing 1000Base-T. The name 
PAM-5 was chosen because this signaling Scheme has 
inherited the symbol rate and spectrum of 100Base-TX and 
is based on the line code used by 100Base-T2 (100Mbps 
over 2 pairs of CAT3). 
0435 1000Base-T (802.3ab) achieves the full duplex 
throughput of 1000 Mb/s by transporting data over four pairs 
from both cnds of each pair simultaneously. The method of 
transporting data from both ends of a pair simultaneously is 
known as the dual duplex transmission. Each pair carries a 
dual duplex 250 Mb/s data signal encoded as 5-level Pulse 
Amplitude Modulation (PAM-5). (See FIG. 34.) 
0436. A 1000Base-T physical layer device includes four 
identical transceiver Sections—each with its own transmitter 
and receiver. Each transceiver Section operates at 250 
Mb/s-2 bits per symbol with a symbol rate of 125 Msym 
bols/s. The total throughput is 250 Mb/sx4 pairs=1000 
Mb/s=1Gb/s. 

0437. The new design of Com2000TM 1000/2000Base-T 
(802.3ab +) achieves the full duplex throughput of 2000 
Mb/s by transporting data over four pairs from both ends of 
each pair Simultaneously. The method of transporting data 
from both ends of a pair Simultaneously is known as the dual 
duplex transmission. Each pair carries a dual dupleX 500 
Mb/s data signal encoded as Partial Response 5-level Pulse 
Amplitude Modulation (SPAM-5). (See FIG. 31.) 
0438. The new design of Com2000TM 1000/2000Base-T 
(802.3ab +) for physical layer device includes four identical 
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transceiver sections (same front end as 1000BaseT)-each 
with its own transmitter and receiver. Each transceiver 
section operates at 500 Mb/s-4 bits per symbol with a 
symbol rate of 125 Msymbols/s. The total throughput is 500 
Mb/sx4 pairs =2000 Mb/s=2 Gb/s. 
0439. How can the IEEE 802.3 committee assume that 
1000Base-T will operate over existing category 5 cabling? 
The IEEE 802.3 committee expects that the TIA and ISO 
cabling Standards will have Specifications for the missing 
cabling parameters by the time 1000Base-T standard is 
released. The installed category 5 will have to be re-certified 
to verify that the requirements of 1000Base-T are met. 

0440) 802.3ab 1000BaseT & Com2000TM 2000BaseT 
CAT5 Signaling 
0441 The charter of Com2000TM Technology application 
is focus on Multi-Gigabit Ethernet and also is to define a 
Standard for transporting a full duplex 2Gb/s data Stream 
over a 100 MHz category 5 channel. To reduce the com 
plexity of the line code (Partial Response PAM-5 signal) to 
a manageable level, the data will also be transported over 
four pairs Simultaneously from both ends of each pair just as 
the 802.3ab standards. With this approach, each pair carries 
a 500 Mb/s full duplex data stream and can be slow down the 
clock in order to deliver a Scalable data transfer rates for 
non-compliance to 1000/2000BaseT CAT5 capacity. 

0442. When implementing a 100/1000/2000Base-T sys 
tem, one advantage of having equal Symbol rates for 100 and 
1000/2000 Mb/s operation is that common clocking cir 
cuitry can be used with both data rates. Another advantage 
is that the Spectra of both Signals are similar with a null at 
125 MHz (FIG. 6b). The null in the spectrum of a baseband 
Signal occurs at the frequency equal to the Symbol rate. 
1000/2000Base-T and 100Base-TX, both operating at the 
Same Symbol rate and both using the baseband Signaling, 
have Similar spectra to begin with. This made it easy to 
match the spectrum of 1000/2000Base-T to that of 100Base 
TX almost exactly through some additional filtering. The 
advantage of having similar spectra for 100 and 1000/2000 
Mb/s signals is that common magnetics and other emissions 
Suppression circuitry can be used regardless of the data rate. 

0443 A PAM-5 eye pattern for 1000BaseT is shown in 
(FIG. 6c). An eye pattern is a trace produced by a modulated 
random data waveform, with each Symbol period tracing 
from left to right and Starting in the same place on the left. 
An eye pattern appears on an oscilloscope if the modulated 
random data Signal is viewed while triggering the oscillo 
scope on the data clock. The eye pattern of the PAM-5 signal 
deviates Somewhat from this classical 5-level eye pattern 
because the waveform of the PAM-5 signal has been shaped 
to make the spectrum of 1000Base-T match the spectrum of 
10OBase-TX. 

0444. A Partial Response PAM-5 eye pattern for 
2000BaseT is shown in (FIG. 24.27). An eye pattern is a 
trace produced by a modulated random data waveform, with 
each Symbol period tracing from left to right and Starting in 
the same place on the left. An Partial Response PAM-5 eye 
pattern appears on an oscilloscope if the modulated random 
data Signal is also viewed while triggering the oscilloscope 
on the data clock. The eye pattern of the Com2000TM Partial 
Response PAM-5 has twice as many eyes as the PAM-5 
Signal. The eye's vertical noise Voltage threshold is reduced 
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in half relative to the PAM-5 eye. The eyes width is also 
reduced in half (4ns) relative to the PAM-58ns width. The 
newly invented Com2000TM Partial Response PAM-5 signal 
is 6 dB degradation from the 1000BaseTsignal and has been 
shaped to make the Spectrum of the newly proposed 
2000Base-T match the spectrum of 100Base-TX. (See FIG. 
24). The Com2000TM Signal Equalization and Noise Sup 
pression Technology enable the front end to recover and 
getting back the 6dB of Signal's degradations and also 
getting back of extra more 2dB for Noise margin improve 
ment over the 1000BaseT 

04:45 Clearly, the 1000/2000BaseT multi-gigabit Ether 
net transceiver for category 5 will be a complex device. The 
complexity of the line coding will inevitably aggravate the 
transceiver's Sensitivity to noise and distortion. Therefore, 
the 1000/2000 Base-T link is designed to operate over a 
minimally compliant category 5 channel. Further details of 
the Sources and thresholds of the line noise are provided 
below. 

0446 1000/2000BaseT SNR Margin 
0447 SNR margin, in general, is a measure of commu 
nication System's immunity to noise. SNR margin is 
expressed in dB and represents the level of additional noise 
that the System can tolerate before violating the required Bit 
Error Rate (BER). For example, an SNR margin of 3 dB 
means that if the noise level is increased by 3 dB, the system 
would be subject to excessive errors. The higher the SNR 
margin, the more robust the System. If network A has an 
SNR margin of 3 dB and network B has an SNR margin of 
10 dB then network B can tolerate 7 dB more noise than 
network A without violating the required BER. 
0448 FIG. 6d demonstrates that increasing the number 
of Signal levels while maintaining the same transmit Voltage 
results in a degradation of the SNR margin. The reason for 
this is 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 levels in half, 
reducing the vertical eye opening by a factor of 2. The noise 
Voltage required to cause a Symbol error on a 3-level Signal 
is half (or 6 dB lower) than the voltage required to cause a 
symbol error on a binary signal. So a 3-level signal has 6 dB 
leSS SNR margin than a binary Signal, assuming both Signals 
operate at the same peak to peak voltage. The proposed 
2000BaseT signaling has 6dB lower SNR margin than a 
PAM-5 of 1000BaseT signal. 
0449) The Com2000TM Signal Equalization and Noise 
Suppression system enables the 1000/2000BaseT to recover 
and getting back the 6dB of Signal's degradations and also 
getting back 2dB for Noise margin improvement over the 
1000BaseT. This done by improving the NEXT and ECHO 
cancellers via Suppressing the relative phase offset of the 
interfered and interfering Signals which can greatly effect the 
receiver filter performances (see FIGS. 10a and 10b). It also 
is done by measuring the channel distortions and compen 
sates the filter for distortion. This is done via the transmit 
pulse shaping filter and receiving FFE and DFE filters. It 
equalizes the desired Signal in Such a way that the impulse 
response from the transmitter to the receiver is a Nyquist 
pulse, which goes through Zero at all multiples of the Symbol 
period except at the origin. It also equalizes the NEXT/ 
ECHO signal (from local transmitters) in such a way that the 

32 
Nov. 8, 2001 

impulse response from local transmitter and local receiver 
goes through Zero at all multiples of the Symbol period 
including the origin. 
0450. After passing through a 100m CAT5 loop, the 
amount of intersymbol interference (ISI) at the input of the 
receiver is larger than the amount of NEXT. Thus, the initial 
convergence curves of the Solid and dashed lines follow the 
dotted line (see FIG. 10b), which is the convergence curve 
of the FFE/DFE filter in the presence of intersymbol inter 
ference only. Once the filter settle down to about 13 and 
18dB for dashed and solid curves, respectively, enough ISI 
interference has been removed by the filters so that the filters 
“sees” the NEXT interfer and starts to jointly equalize the 
signal and interferer. Notice that the steady-state SNR with 
the worst phase (p(0) is about 6dB worse than that the 
optimum phase (p(3). It is also note that in (FIG. 10B), that 
the convergence time with the worst phase is about twice as 
long as the one achieved with the optimum phase. Simply 
put, SNR margin is a measure, in dB, of how much addi 
tional noise a System can tolerate or how far the System is 
from not working properly. 
0451. This section provides a detail description of the 
preferred embodiment of the Com2000TM GPHY4 network 
physical interface device (PHY). This section begins with a 
discussion of the operation of network Systems and how the 
Com2000TM's primary subsystems interact with the MII and 
GMII and general network operation is provided. This is 
followed by an overview of the primary Com2000TM Sub 
sytems: the Com2000TM Transmitter and the Com2000TM 
Receiver. The detailed description of the operation of the 
Com2000TM systems includes Equalization System and 
Descriptions, which describes the means and methods uti 
lized to reduce the various noise components of a commu 
nication System; the Precision Clock Sampling System and 
Descriptions, which describes the System frequency and 
phase Synchronization means and methods for enabling the 
unique partial response PAM-5 modulation signaling for 
high-speed data transfer and the tuning algorithms that 
maintain System frequency and phase Synchronization; and 
the GPHY4 Measurement and Calibration Technology, 
which describes the means and methods for monitoring, 
measuring, calculating and correcting for various parameters 
that induce error and noise factors into communication 
Systems. 

0452. The Com2000TM 10/100/1000/2000Base-TX Eth 
ernet Physical Layer (PHY) (14, See FIG. 1C) is part of the 
family of high-speed CSMA/CD network specifications. 
The Com2OOOTM 10/100/1000/200OBase-TX Ethernet 
Physical Coding Sublayer (PCS), Physical Medium Attach 
ment (PMA) and baseband PHY components are developed 
to provide 1000/2000 Mb/s data transmission performance 
over the existing Category 5 4-twisted pair cabling infra 
structure. This is in contrast to the 802.3ab Gigabit Ethernet 
Specification that provides high-Speed data transmission 
across 4 twisted pair cable systems. The Com2000TM 
10/100/1000/2000Base-TX Ethernet Physical Layer Signal 
ing techniques and data transfer capabilities are completely 
compatible with existing 10/100BaseT Ethernet system 
components. 

0453 The Com2000TM 10/100/1000/2000Base-TX Eth 
ernet Physical Layer (PHY) (14): 

0454) 
802.3Z 

a) Complies with the GMII specification of 
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0455 b) Complies with the PCS sublayer specifica 
tion of 802.3ab 

0456 c) Provides full and half-duplex operation 
0457 d) Provides FCC Class A operation 
0458 e) Supports operation across 100m of CAT5 
cabling 

0459 f) Supports Bit Error Rate of 100BaseTspeci 
fication 

0460 g) Supports Auto-Negotiation as defined in 
802.3ab 

0461) The Com2000TM 10/100/1000/2000Base-TX Eth 
ernet Physical Layer (PHY) employs full-duplex baseband 
transmission over four-pairs of Category 5 Unshielded 
twisted-pair (UTP-5) wiring. The aggregate data rate of 
1000/2000 Mb/s is achieved by a data transmission rate of 
500 Mb/s over each wire pair as shown in (FIG.3). The use 
of a hybrid and echo cancellation Scheme at the Transceiv 
er's Transmitter (242) and Receiver (243) sections (See 
FIG. 34) enable full-duplex operation by allowing symbols 
to be transmitted and received on the both wire pairs at the 
Same time. The multi-level baseband Signaling as used with 
100BaseT at a 125 Mbaud rate is used on each of the 
wire-pairs. The Transmitted Symbols are Sent in phase 
Staggering Sets to allow for the transmitted In-Phase and 
Partial Response-Phase symbol sets to be selected from a 
four-dimension 5 level symbol constellation. 
0462. The modulation rate of 125 Mbaud coincides with 
the GMII clock rate of 125 MHz and results in a symbol 
period of 8 ns. This permits the use of CAT5 or better 
balanced cable pairs, installed according to ANSI/TIA/EIA 
568-A, for Gigabit Ethernet operation. 
0463) The Com2000TM 10/100/1000/2000Base-TX Eth 
ernet Physical Coding Sub-layer (PCS) is similar to the 
proposed PCS as defined by 802.3ab. The Physical Medium 
Attachment (PMA) and its associated PHY Control func 
tions are different from the proposed 802.3ab standard 
because of the generation and transmission of the new 
Com2000TM signaling scheme over 4 pairs of UTP. (See 
FIG. 1B) 
0464) The following paragraphs provide a high level 
description of the Com2000TM Gigabit Ethernet system. The 
complete Com2000TM 10/100/1000/2000Base-TX Ethernet 
System, as illustrated in (FIG. 1C), consists of 4 sections: 

0465 Host Microprocessor or Other PC (11) 
0466 System Bus Interface (PCI) and Direct 
Memory Access (DMA) (12) 

0467 Media Access Control (MAC) (13) 
0468. The Physical or Medium Dependent Interface 
(MDI) layer (14) 

0469 The Ethernet applications are executed and con 
trolled by the Host Microprocessor (11). The PCI bus 
interface Section (121) includes transmit and receive data 
buffering, DMA control buffering (122), and register access 
module buffering. The MAC layer (131,132) consists of 
transmit and receive blocks, a Content Addressable Memory 
(CAM) for address recognition and control, Status and error 
counter registers. 
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0470 This representative PCI-based 10/100 and 1000/ 
2000Mbits/s Ethernet controller (see FIG. 2) supports the 
MII (211) of 100BaseT and the GMII (212) of 1000BaseT 
The MII and GMII are the standards for the Media Inde 
pendent layer that separates the physical layer (22) from the 
MAC layer (13, See FIG. 1C). The MII and GMII are 
included in the IEEE 802.3 10/100/1000 Base-TX standards 
for Ethernet. 

0471. The following sections describe in greater detail 
the Com2000TM 10/100/1000/2000Base-TX Ethernet Physi 
cal Layer (PHY) (14) with reference to FIG. 1C. The design 
of the Com2OOOTM 10/100/1000/200OBase-TX Ethernet 
PHY supports 1000/2000 Mbits/sec over 4 pairs, 100Mbits/ 
sec and 10Mbits/sec operations on 2 pair CAT5 infrastruc 
ture cabling. The transceiver provides an electrical interface 
between the Media Independent Interface (M11) (13, See 
FIG. 1C) for 10/100BaseT and Gigabit Media Independent 
Interface (GMII) for 1000BaseT & 1000BaseSx MAC (13, 
See FIG. 1C) as well as the physical wire pair interface. 
0472. The Com2000TM Gigabit Transceiver (141) pro 
vides encoding and decoding of Serial data Streams and 
delimiters, level conversion, collision detection, Signal qual 
ity error reduction, link integrity testing, jabber control, and 
loop back testing. The Com2000TM Gigabit Transceiver 
maintains the Media Access Control (MAC) layer (131,132) 
and the CSMA/CD protocol to ensure seamless operation for 
10, 100 or 1000 Mbps applications. 
0473] The Com2000TM 10/100/1000Base-TX Ethernet 
Physical layer (PHY) is a single chip that implements the 
Physical or MDI layer (24) (See FIG. 34) of the 10/100/ 
1000Mbits/s Ethernet system. The chip includes both a 
Digital Section (22) and an Analog Section (23) for perform 
ing the Physical layer functions. The chip interface to the 
Transformer section (25) provides the functions required for 
the CAT5 cable signal transmitter. 
0474) The MII/GMII (31) interface comprises a Digital 
section (32), Analog section (34) and CAT5 medium sec 
tions of the r Com2OOOTM 10/100/1OOOBase-TX Ethernet 
Physical Layer (PHY) chip architecture (see FIG. 3). 
0475) The MII/GMII interface (31) provides a simple, 
cost-effective method for implementing the interconnection 
between the MAC layer and the Physical (PHY) layer 
devices and between PHY layer devices and the host Station 
Management. The MII/GMII interface (31) provides a uni 
form interface to the chip for PHY interface development. 
0476) The services performed by the MII/GMII (31) 
include Mapping of transmit and receive code bits between 
the Physical Medium Attachment or PMA client and the 
underlying Physical Medium Dependent layer or PMD. The 
MII/GMII (31) generates a control signal indicating the 
availability of the PMD data to the PCS. The MII/GMII 
Services include Serialization (deserialization) of code 
groups for transmission (reception) at the underlying Serial 
PMA and Mapping of Transmit, Receive, Carrier Sense and 
Collision Detection information between the MII/GMII and 
the underlying PMA. 

0477 The Com2000TM 10/100/1000Base-TX Ethernet 
Physical Layer (PHY) Management Interface has dedicated 
Status and control registers (328) used to communicate 
Auto-Negotiation (329) information to the MII/GMII that 
includes the control, Status, advertisement, link partner 






















