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ABSTRACT

Impedance Matching Techniques for Ethernet Comnatiioic Systems. (May 2007)
Richard Alan Kamprath, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Jose Silva-Martine

In modern local area networks, the communicatignals sent from one
computer to another across the lines of transmissie degraded because of reflection at
the receiver. This reflection can be charactertbedugh the impedances of the
transmitter and the receiver, and is defined byltkatute of Electrical and Electronic
Engineers (IEEE) as the S11 return loss. The Spattons for S11 return loss in Gigabit
Ethernet are given in terms of magnitude only e HBEE 802.3 guidelines. This does
not fully take into account, however, the effedt§requency dependant impedances
within the bandwidth of interest. With a range36f6 error in the category 5, or CATS5,
transmission line impedance used in this speciinand no further requirements for
individual components within the Gigabit Ethernettpsuch as the RJ45 magjack or the
physical layer, the system can easily be out ef&ice for return loss error. A simple
impedance matching circuit could match the CATSe#&b the physical layer such that
the return loss is minimized and the S21 transmiss maximized.

The first part of the project was commissioned &}l Computer to characterize
the return loss of all of its platforms. This tisegoes further in the creation of a system
that can balance these two impedances so thaEHIe $pecification failure rate is
reduced with the lowest implementation cost, guayer and complexity. The return
loss data were used in the second phase of thecpiag the basis for component ranges

needed to balance the impedance seen at the frtir physical layer to the CAT5



transmission line. Using the ladder network thearyimpedance matching circuit was
created that significantly reduced the S11 retass in the passband of the equivalent
ladder network. To manage this iterative procasmntrol loop was also designed.
While this system does not produce the accuradyatippogrammable finite impulse
response (FIR) filter could, it does improve parfance with relatively minimal cost,

power, area and complexity.
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CHAPTER |

INTRODUCTION

Large computer manufacturers spend millions ofadsleach year on IEEE
compliance testing and fault definition. One aréths testing involves the Ethernet port
found on all systems produced such as laptopseiseand PCs. System failures are
found only during post-production testing, and 8tisp is costly in terms of time and
money. Other parts fail in the field, which caukeadaches for consumers. The first
part of this project was initiated at the requéddell Computer to address their Gigabit
Ethernet interface yield. The circuit design anooh of concept were required to show
the feasibility of a low cost, easy to implementbward solution for reduced return loss.

In the IEEE 802.3 specification for Gigabit Etharrsgnal return loss created by
impedance mismatch between the medium dependantaicé (MDI) and the
transmission line should be minimized as much asipte. Without an on chip/board
solution, this minimization can only be achieveddpyimizing the differential impedance
of the physical layer (PHY), to match the categotyansmission line impedance (CAT5),
before fabrication. However, with process variasiomismatch and the Ethernet cable
impedance tolerances allowed for in the specificgtihis specification cannot be met
across all corners. This translates into loweldygad higher costs for the manufacturer

and ultimately the consumer.

This thesis follows the style ®EEE Transactions on Microwave Theory and Techrsque



Each product line, such as servers, PCs and netwterface cards, must order
fabricated magnetic coupling transformers to ma@th individual product lines, which
again increases cost and lowers yield.

For high volume manufacturers, an on chip/boardtsni for PHY impedance
matching could save hundreds of thousands of dodlger the lifetime of a single
product line and millions of dollars in all [1]. hilis, the first step in this project was the
characterization of the return loss across all pebtines, and then a test suite was
created so that engineers could test their Ethéwetds for compatibility under the
worst case corner conditions. From that pointatinyork has concentrated on an active
control loop for the matching of the PHY and limgpedance based on the data collected
at Dell. This matching circuit would be run ongesgstem turn on, and the resulting
solution would be used until shut off. The chaseaization data and IEEE compliant I/O
Silicon structure data are Dell Computer proprigtaformation. While the on chip
solution presented is based on the collected thasadlesign can be modified to match
any line impedance. By creating a circuit that caich the PHY to the line impedance,
one set of coupling magnetics can be used acrbgsodluct lines in the case of Gigabit
Ethernet. The result is twofold; the cost of magsewill go down due to the high
volume required of a single magnetic and the progietd will go up because a wider
range of PHY impedances can be matched.

The biggest constraint on the implemented soluiloould be cost. This means
that the simplest circuit solution should be readizn the most inexpensive technology.
One recent solution using a finite impulse respqfR$R) filter has been proposed [2].

However, the complexity of this circuit prohibits use in cost constrained situations,



such as the Gigabit Ethernet problem. Thus, argblotop using an active impedance
matching device is implemented with an on chip Sofuor discrete passive components
capable of being put directly on the motherboarte voltage across the PHY is
compared to a reference while components are saegtthis information is digitally
used to control the variable resistance and cagramgtbanks. While this proposed
solution cannot produce the same resolution adRrmapproach, it can be implemented
with reduced cost, area and power consumption.

The ladder network matching implementation alse dther major applications,
such as bond wire impedance matching. IncludédermAppendix is more information
on this issue and some Cadence plots to showahisviire solution. The technique
presented is shown to reduce return loss in RFwoadpplications and increase the
frequency bandwidth of operation.

The goal of this project was to create a proofarfoept circuit and control loop to
reduce the return loss at the Gigabit Ethernet gadtprovide theoretical and
experimental results that could later be usedeatera mass production solution. This
goal becomes all the more important with 10 Gbpkragher systems due out in the near
future. The next chapter, Chapter Il, goes thrainghprocess used to collect and
characterize the return loss data. New empirpatsications for the system and the
magnetics are created with the return loss datas data is then used in Chapter Il to
create a circuit model of the PHY. From this, awaek is then constructed to match the
created model to the CAT5 transmission line. Chiapd shows the Cadence simulation
plots of the PHY model and the ladder network @@atThese plots verify that the

proposed solution does indeed reduce the S11 rietssrseen at the input of the PHY.



Chapter V shows the created experimental modeltsesiithe PHY and ladder network.
The S11 return loss is lowered with the solutioplace, confirming the simulation

results. At the same time, it is seen that theladth is increased, the jitter is reduced
and the eye diagram opens. Chapter VI gives & ¢cwigclusion of the work done in this

project and the results obtained.



CHAPTER II

ETHERNET RETURN LOSS CHARACTERIZATION

For local area networks (LANs), the preferred motleommunication is Ethernet
due to its high data rate and reliable transmissioiihe following figure 1 shows the
common components of the system: the category I 8L &ansmission cable and the

computer interface.

Figure 1: Ethernet Communication Port and CAT5 Cable

The CAT5 cable consists of four twisted pairs afeitransmitting and receiving at a rate
of up to 125 MHz, giving a total bandwidth of 1 Gbpincluded in the Ethernet port is
the magnetic jack, the physical layer (PHY) andtdmenination load. The port structure

is illustrated in the following figure 2.



Gigabit Signal

Magnetic Physical Load
Jack Layer Impedance

Return Loss

Figure 2: Ethernet Port Structure

The magnetic jack is a coupling transformer useeldotrically isolate the CAT5
transmission line from the Ethernet port. It isimhaa reactive impedance, and it is
relatively small compared to the PHY and the lodtie physical layer is the trace on the
motherboard that connects the magnetic jack téotm impedance which terminates at
the receiver input. As seen in the above figurh@ return loss occurs at the input of the
Ethernet port.

In 1000 Base-T Gigabit Ethernet, which is the sjpEation for this type of
communication, the return loss of the data sighébiunded by the IEEE 802.3.40.7.2.3
Medium Dependant Interface (MDI) Return Loss Speatfon. This is stated as follows:

The differential impedance at the MDI for each suanit/receive channel shall be

such that any reflection due to differential signhaicident upon the MDI from a

balanced cabling having an impedance of 100 Ohnd84tis attenuated, relative

to the signal, at least 16 dB over the frequenaygeaof 1.0 MHz to 40 MHz and
at least 10-20log(f/80) dB over the frequency raageMHz to 100 MHz (f in

MHz). This return loss shall be maintained attefles when the PHY is
transmitting data or control symbols.
[3]

The following table 1 is created from the above Meturn loss definition.



Table 1: IEEE 802.3 Gigabit Ether net Return L oss M agnitude Specification

Frequency (MHz) S11 Specification S11dB
(Magnitude)
1 0.158489319 -16
10 0.158489319 -16
20 0.158489319 -16
30 0.158489319 -16
40 0.158489319 -16
50 0.197642354 -14.0824
60 0.237170825 -12.498775
70 0.276699295 -11.159839
80 0.316227766 -10
90 0.355756237 -8.9769496
100 0.395284708 -8.0617997

It is seen that the specification is for the retiogs magnitude only, and says nothing of
the individual real and imaginary parts or, conegrsmagnitude and phase return loss.
However, more information can be found by measuttiegreal and imaginary return loss
of different systems. With both of these data &mta system, the engineer may have a
better understanding of the system response. ahslate from real and imaginary return
loss to the magnitude, also known as the refleataefficient, the following formula is

used.

Magnitude= +/(Re)* + (Im)* (1)

For Gigabit Ethernet, there are four fully balatht&isted pairs of wire, each running at
250 Gbps. Thus, each cable can handle data sighafsto 125MHz. Conversely, the
symbol period can be as short as 8ns. Accorditigegspecification for the transmission
line, this must be true for CAT5 cables up to 1@fers long [3]. Figure 3 is a graph of
the Gigabit magnitude return loss specificatiorsusrfrequency. This specification is

for a voltage signal within the bounds of the IEEE.3 signal specification.
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Figure 3: IEEE 802.3.40.1.3 M DI Return Loss Specification

The most notable characteristics from the graphlhaethe specification is constant for
low frequencies and there is an elbow at 40MHzait be seen that the specification is
frequency dependent and relative to the impedahtteedalanced cable, which can be
up to £15% deviation from the nominal value of 1DmMs differential. The following

figure 4 shows the schematic of the equivalentudirc

Zo

- !

Figure 4: SeriesImpedance Circuit Block Diagram



In the above figureZ, represents the CAT5 cable eZ. represents the equivalent
impedance due to the magnetic jack, the PHY antktimeination load. From microwave
theory, it is known that the return loss is minieadawvhen these two impedances are

matched. This can be shown from the following migén of the reflection coefficiert

[4], also known as the magnitude return loss Sh1(2), Z, is the impedance under test,

or the load impedance, art] is the line impedance, or the optimal impedance.

*

4% @
*

ZL+ZO

I'=3,=

The S21 transmission, which is also the forward gxogain, is also defined here.

z
175 (3)

L"“0
By inserting a reference load, of 100 Ohms differential and applying a test wpdtaa
measurement of the power at the end of the PHYatagurarantee system return loss
compliance due to the unknown transmission line EAfipedance. Thus, the only way
the return loss can be measured is by somehowdingjuhe transmission line impedance
as well as the PHY impedance in the calculatiohis Tan be accomplished to a very
high degree of accuracy by measuring the retushdbésnany sample systems and
finding the corner cases. By using baluns to lzsahe transmission line to a differential
100 Ohms, the return loss of the MDI Ethernet part be measured. This will be shown
in more detail in the following paragraphs. Howevhe Gigabit Ethernet port consists
of the magnetics, used to transform the signalPtH¥ which transports the signal to the

receiver, and the termination load which receibessignal. Thus, all of these

components must be taken into account when tryrfopd total impedance or return loss
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seen by the CAT5 cable. The parasitics assocwitbdhe vias and other elements must

be taken into account as well. This is illustratethe following figure.

. Magnetic
Physical Layer Gigabit Signal
Traces, Viag etc.
R1+1X1 R2+jX2 X,
Return Loss
Server/Client sans Magnetics Connector
Computer Hardware Ef*dnsmlssmn
me

Figure 5: Detailed Ethernet Port Structure

As can be seen above, the magnetic, also knowrea®45 connector, contributes to the
impedance seen looking into the port of the Ethetiereninal of the computer as well.
The following figure shows all of the impedancesaasated with the Ethernet return loss

problem.
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Termination Physical Magnetic CATS Transmitted Gigabit
Load Layer Jack Transmission Signal
Line Cable

Figure 6: Ethernet Port Block Diagram

It will be apparent from measurements that the irepeédance is minimal and the
imaginary contribution from the RJ45 to the totapedance is significant. This could
not be seen from the magnitude return loss only,thus this is one of the advantages of
using real and imaginary impedance to charact¢he@verall system. The magnetic is
the very front end, and it is what transforms tigaal from the CAT5 transmission line

to the PHY. Thus, the impedance must be measutedtiae RJ45 to find the true PHY
impedance. However, because the magnetics arallgdtwisted pairs of wires with a
transformer, it cannot be totally removed from slgstem and thus something has to take
its place as the interface between the hardwarehen@AT5. The following figure

shows the schematic of a normal Ethernet magneliere the signal would propagate

from the CAT5S cable on the right to the PHY on lgfe
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Figure 7: Falco Electronics1IM093_L S2L. 18 M agnetic

In figure 7, the right side shows the connectianghe CAT5 transmission line and the
left side, or the chip side, shows the connectiortke PHY. In the middle are the 1:1
transformers which are the major reactance coritrisu To minimize this added
impedance, a replacement without the transformers e used. Dummy RJ45
connectors were created by running twisted paie wiraight from the CATS5 interface to
the output of a magnetic shell according to thegiheschematic from Falco Electronics
in figure 7 [5]. The schematic (figure 8), alongwthe finished products, can be seen

below.
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Figure 9: Dummy RJ45 Connector sans M agnetic- Internal View 1
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Figure 10: Dummy RJ45 Connector sans M agnetic- Internal View 2

Now that the new twisted pair RJ45 connectors iierghed, they had to be
characterized so that a tare return loss measuteroall be taken when integrated with
the PHY. For a true PHY only return loss measurgntee small impedance added by
the dummy connector must be subtracted from theaivenpedance seen at the CAT5
cable. To this end, a test board was fabricatedyuke optimum 1000hm £1%
termination. This board was used to measure tlerréoss of all dummy and real

magnetics and the following figure shows the schenfar this setup.

100 Ohm Magnetic Balun Transmitted Gigabit
Termination Under Test Signal

Load

Figure 11: Magnetic Test Setup
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Once this board was created and the magneticscharacterized, the magnetics were
taken off each individual motherboard or netwotieiface card (NIC), and replaced with
a dummy RJ45. The actual return loss of each idal PHY was then measured. The

setup for this test is shown in the following figur

Physical 100 Ohm Balun Transmitted Gigabit
Termination Layer Signal

Load

Figure 12: PHY Test Setup

This was done for as many product lines as possalevell as all magnetics. The
following table 2 shows the characterization pregreThe systems are described in
detail and the quantity characterized is showne fOal number of each system made by

Dell is also shown, which gives a percentage ofesys characterized.

Table 2: System Char acterization Progress Chart

System Characterized Total
Server 10 17
NIC 12 12
Deskiop 13 16
Notebook ] 19
Total 40 B4
Percent Characterized B25
Magnetic 400 A,
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The return loss information was collected with tdgilent ES062A ENA-L RF Network
Analyzers. Using a frequency sweep from 300kHZG0MHz, 1000 data points were
taken per channel, and the real and imaginarymdtss data was stored to the hard drive.
To bring this data to the computer for processmBERL program was written to control
the entire test network. It then downloaded thea gaints into a Microsoft Excel file. A
MATLAB program was written to read the excel fil@sd download the data points into
an array. This array then could be displayed agaie IEEE return loss specification for

system compliance. An example of these resutasvn below in figure 13.

Real and Imaginary Return Loss vs Frequency

S}_-‘ste]n]?assing = "
R Iagni

o Returni Loss Test

Imaginary
0.4

System Failing
Retwim Loss Test
Real

Figure 13: Server Real and Imaginary Return L oss Data ver sus Frequency with Specification
Boundary
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In figure 13, the real and imaginary axes are wsusf normalized return loss and the Z
axis is frequency in 10s of MHz. The cylindricabpe is the IEEE 802.3 magnitude
return loss specification applied to all phase esglThe lines inside this cylinder are
individual channels of an Ethernet system. Thedlian the left represent a system that
passed the return loss measurement and the litbe middle represent a system that
failed, as noted on the figure. The lines on thktrare the calculated magnitude of the
two systems. All server, desktop and NIC retussldata is plotted versus frequency in
the following figures. The first plot, figure 1dhows the impedance tree created from all
of the system return loss measurements. The flights on the left are the individual
channels of each system measured, and the damkerdre the magnitudes of these

channels, as noted in the figure.

Feal and Imaginary Return Loss vs. Frequency

=]

Frequency (Hz)

WO = M W ok M m W oD@

o
'

Imaginary Real

Figure 14: System Real and Imaginary Return L oss ver sus Frequency



Real Return Loss vs. Frequency

Freguency (MHz)

Frequency (Hz)

Irmaginary

Figure 16: System Imaginary Return L 0ss ver sus Frequency
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Figures 15 and 16 show only two dimensions of ggi4. Figure 15 shows the real
impedances of the measured systems, and figuredlsshe imaginary impedances of
the systems, both of which are absolute valuebeoféturn loss. In each of these figures,
the magnitude return loss specification is alsaswshoWhile the real and imaginary parts
of the return loss meet the specification separatieéir magnitude must be found and
compared to the specification. In addition, thesttgase magnetic must be taken into
consideration with each system as well, and thikasvalue that must meet the return
loss specification. The need to measure bothgakand imaginary return loss variables
separately is apparent from the range of valudsinvéach graph. Without this
information, a system failing magnitude return lossting could not have its impedance
adjusted to any degree of certainty because theesmgwould not know how to adjust
the system. The Ethernet system cannot be tatladlyacterized by the magnitude return
loss only, and these plots prove this.

The magnetics return loss is plotted in the neixbkégures. Figure 17 shows
the impedance trees of the magnetics with 100 Offerential termination, as in figure
11. The light pink lines are the impedances ofitldévidual channels of the magnetics,
as noted in the graph. The dark blue lines arie tespective magnitudes. Both of the

return loss axes are measured in terms of the @kesedlue of the return loss.
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Eeal and Imaginary Feturn Loss vs. Fregquency
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Figure 17: Magnetic Real and Imaginary Return Lossvs. Frequency
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Figure 18: Magnetic Real Return Lossvs. Frequency

7 Imaginary Return Lozs vs. Frequency
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Figure 19: Magnetic Imaginary Return Lossvs. Frequency
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Figures 18 and 19 once again illustrate why themtade return loss measurement is not
sufficient to characterize the magnetic. Withd two variables measured separately, it
becomes unclear as to why a certain magnetic whaltesting. With both real and
imaginary return loss measured, the magnetic caseéer to be inductive or capacitive,
and how large the resistance is. This would mézarly define the magnetic if it should
fail the return loss test. Figure 20 shows thesivoase system magnitude return loss
without magnetics below the specification. Bylitsihe PHY return loss is within the
IEEE specification for magnitude return loss. Hweere figure 21 shows the worst case
system return loss coupled with the worst case etagreturn loss which crosses the
specification. This overall return loss clearlyedaot meet the IEEE return loss
specification, and thus the impedance must be cosgped such that the return loss is

lowered.

Worst Case System Magnitude Return Losss vs. Frequency

0.45

Magnitude Return Loss

0 1 2 3 4 5 6 7 8 9 10
Frequency (10s MHz)

Figure 20: Wor st Case Magnitude PHY Return Loss
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Figure 21: Worst Case Magnitude PHY with MagneticsReturn L oss

The variance in real and imaginary return loss mesamsents shows that testing
magnitude return loss only is not enough to toteligracterize the systems. The
MATLAB program also collected the data points frafhsystems tested and found the
corner case real and imaginary return loss arr&jgure 22 shows the worst case dark
red funnel created that defines the specificatarpfatform return loss, as noted in the
figure. The light green and turquoise lines shbevihdividual system return loss. The

dark blue shows the magnitude of the respectivemdoss.
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Real and Imaginary Return Loss vs Frequency

w10
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Figure 22: Dell Platform Return Loss Wor st Case Funnel

From the above figure, the following table is ceght By taking the highest and lowest
real and imaginary return loss parameters fromatiweve figure, the absolute worst case
return loss situation is defined. Knowing thatsgtétems will fall between the worst case
corners, a proprietary specification can be crettatidefines these real and imaginary
corners separately. Instead of just the magnitigse two variables can more clearly
define what part of the impedance is not matcherkecdy to the CAT5 cable. This
proprietary return loss specification can also $eduto define the range of possible

magnetics return loss allowable when coupled withworst case system.
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Table 3: Dell Computer Proprietary Real and Imaginary Return L oss Char acterization

System

Frequenc
1 MHz

10 MHz
20 MHz
30 MHz
40 MHz
50 MHz
60 MHz
70 MHz

H
H
100 MHz

o
o
<
N

©
o
<
N

Hz

Real (High) | Real (Low) | Imaginary (High) | Imaginary (Low) |

0.061119343
0.077251982
0.064084932
0.052870154
0.053446165
0.058374778
0.072332121
0.083412498
0.103824012
0.124790199
0.205758035

-0.050362267
-0.031255372
-0.048213216
-0.071210773

-0.10191251
-0.143506624

-0.17573411

-0.20069395
-0.210990127
-0.202992642
-0.170430664

0.046368148
0.020414868
0.021067197
0.03432247
0.02599266
0.04604584
0.072388649
0.122141942
0.1636215
0.208927915
0.241548091

-0.021702223
-0.041692208
-0.064664492
-0.093303837
-0.081756063
-0.087161839
-0.107135274
-0.117430978
-0.141440392
-0.167482063
-0.220784374

The worst possible real and imaginary return lcaameters are now defined for the

systems sans magnetics. This data will be useftriaating an onboard active control of
the PHY impedance. To translate the new individeal and imaginary return loss
specification, the system with the worst case ntageiat each frequency is used. The

following table gives this new proprietary speation.

Table 4: Dell Computer Proprietary Magnitude Return L oss Specification

Frequency (Hz Magnitude dB |
1 MHz 0.07 -23.098
10 MHz 0.07 -23.098
20 MHz 0.085 -21.4116
30 MHz 0.105 -19.5762
40 MHz 0.125 -18.0618
50 MHz 0.16 -15.9176
60 MHz 0.185 -14.6566
70 MHz 0.22 -13.1515
80 MHz 0.26 -11.7005
90 MHz 0.31 -10.1728
100 MHz 0.355 -8.99543
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This worst case system magnitude return loss dgtass the new bound that all systems
sans magnetics must meet. While it is not as bkgd separate real and imaginary
return loss specifications would be in defining timpedance mismatch between the
CATS5 and the PHY, these are not covered in the |IEg#€ification and thus are not
widely accepted. Using this and the IEEE 802.2ifgation, a proprietary magnetics
return loss specification can be created as welligtribution among vendors. By
subtracting the system impedance magnitude fronotiaéimpedance, the remainder
becomes the largest magnitude impedance allowé¢ldebgnagnetics. This is shown in

the following magnitude formula and schematic.

Total Impedance= [Magnetic Impedance] + [PHY Impexq 4)
Termination Physical Magnetic CATS o Transmitted Gigabit
Load Layer Jack Transmission Signal

Line Cable

Figure 23: Ethernet Port Block Diagram

By using equation (2), the impedances can be @tsko return loss, and the largest
magnetic magnitude return loss can be found. Bynigasystems that fall under the new
proprietary return loss specification, and magsetiat fall under this new magnetic

return loss specification, all servers, desktopselmooks and NICs are guaranteed to fit
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under the IEEE return loss specification. Theofwlhg is the new proprietary magnetics

return loss specification based on the charactkdzea.

Table5: Proprietary Magnetics M agnitude Return L oss Specification

Frequency (Hz Magnitude dB

1 MHz 0.088489  -21.0622
10 MHz 0.088489  -21.0622
20 MHz 0.073489  -22.6755
30 MHz 0.053489  -25.4347
40 MHz 0.033489  -29.5019
50 MHz 0.037642  -28.4865
60 MHz 0.052171 -25.6514
70 MHz 0.056699 -24.9284
80 MHz 0.056228 -25.001
90 MHz 0.045756 -26.791
100 MHz 0.040285  -27.8972

After the creation of the proprietary system andynagic specifications, a fiscal analysis
was conducted to see the benefits possible by namagithe return loss of the magnetic
and the PHY. Currently, computer companies usaraép RJ45 connectors on each
platform. For example, Dell Computer has abouti®@rent systems being produced at
a total rate of over 30,000 computers a day. Atgwot that could normalize the
impedance seen at the input Ethernet port, andthieuseturn loss, could save hundreds
of thousands of dollars per system lifetime andiom$ of dollars in total. Currently,
each RJ45 costs around $3.69. By standardizingripedance, one magnetic could be
used on all system lines. Because the parts aighban such bulk, cost of scale could
reduce the cost of each RJ45 to around $2.70. Wdugd be a savings of $0.99 per part,
which over a 600,000 part production lifetime wos#l/e around $600,000 dollars per

system. The following schematic illustrates thasnp as well.



28

3 69 Dollars 2 port special server
o unit magnetic cost to Dell
e Dollars 2 port common standard 0.99 Dollars 600k units 600k Dollars _ saved
" umt  platform magnetic cost T unit " lifetime platform _ lifetime
Dollars Example Server Product Line Savings
0 09 Z°NUS  Savings per platform
unit

Figure 24: Fiscal Analysis

It can be seen that normalizing the input impedaraceimpact the bottom line in a
significant way. This is the impetus for the cr@aiof an impedance matching circuit for

the physical layer and a loop to control it.
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CHAPTER 11l

PHY MODELING AND LADDER NETWORK THEORY

3.1 Problem Overview and PHY Model Creation

While these new proprietary system and magnetionmhade specifications do
comply with the IEEE 802.3 MDI return loss speation, they do not solve the
impedance variance problem associated with the aetegand the PHY. To ensure that
the impedance of all systems fall within the bouotithe IEEE return loss specification,
the creation of impedance matching circuitry aratrol loop becomes necessary.

With this in mind, the real and imaginary returedalata can be used to create a model of
the impedance seen at the Ethernet port. Thigigojuas stated previously, should be
bounded by cost, area, power and the feasibilignodn board solution. These factors
directly rule out using a programmable FIR filtdue to its large area and relatively large
cost of adding another chip. Therefore, a soluihbe investigated that tries to create
poles and zeros while manipulating those inherethe PHY impedance. While the
proposed solution will not have the same accuracypared to a multiple tap FIR filter,

the tradeoffs would be decreased complexity ancted cost.

Termination Physical Magnetic CATS Transmitted Gigabit
Load Layer Jack Transmission Signal
Line Cable

Figure 25: Ethernet Port Block Diagram
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To begin the process of creating an impedance nmgtcircuit, the PHY itself
will be examined and a circuit model will be crehtd-rom the overall Ethernet port
schematic, reprinted above, the impedance fronmidngnetic RJ45 connector will be
ignored. This is done because an active impedaratehing circuit could not be
implemented prior to the magnetic due to its plaigiositioning on the motherboard.
The RJ45 is a magnetic coupling transformer thedtatally isolates the CAT5S line from
the PHY. A system that matches the overall popedance including the RJ45 would
have to involve multiple outside manufacturers #imslis an unreasonable request at this
point of the project. If the magnetic is removeahi the equation and the coupling
transformer put within a variable impedance chilitgon, then the proposed solution
could reduce the S11 return loss seen at the enmrt more. In future work, the
magnetic impedance could be taken into accountadddessed with a more accurate

solution. The difference between the two solutisnfiustrated in the following figure.
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Figure 26: Ethernet Port Structure

The first step in the process of modeling the Phhgedance is to note that with
real and imaginary return loss measurements instepdt magnitude, a greater amount
of information about the nature of the impedancaelmaderived. This return loss data
can be translated to impedance from the refleatamificient which is also known as the
S11 return loss. The following schematic showsoghigmal and load impedance

schematic.
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Zo

=) Vin

! !

Figure 27: Reflection Coefficient Schematic

The reflection coefficient equation is now repedtedsimplicity, where Z, is the load

impedance an& is the optimal or line impedance.

*
Z, -7

ZL +Z€ ®)

I'=3,=

From the figure, the return loss is seen as aatédle at the input oZ, . From the IEEE
802.3 Gigabit Ethernet Specification, it is knowattideallyZ, is a termination of 100

Ohms differential. Therefore, for each line, tiimal impedance is 50 Ohms. By
substituting this optimal impedance into the equratind solving for the load impedance,
the following equation can be used to find thestesice and reactance of the PHY from

its return loss data.
N1+ |»* _|14+T ;
2= | F 1 56= B0+ 10 ©)
It can be seen that the conditions of minimum retoss happen when thg is
equal to the complex conjugateZyf. If the S11 real and imaginary return loss

parameters are known, the real and imaginary impmaacan be found as well. From (5)

it can be seen that by setting the load equal to the complex conjugﬂé source
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impedance, the return loss approaches zero. Bethes<CAT5 cable defines the source

impedance as 50 Ohms, the load resistance idsadlgtito 50 Ohms. The reactance of the

PHY must be minimized to create the lowest possiilé return loss. However, the

range of values in this impedance is +-7.5% dubdovariance allowable in the CAT5

cable, which means that an absolute value fordafexzence cannot be used. The

reference must be based on the CAT5 transmissienpedance, and the PHY

impedance should be matched to this. Using Mattabthe characterized return loss

data from the previous chapter in table 3, theWihg table is created to show the

highest and lowest real and imaginary impedanacasddrom the PHY characterization.

Table 6: Range of PHY Impedances

Frequenc

1
10
20
30
40
50
60
70
80
90

100

The following figure is a reprint of the circuit question.

Physical
Layer

Termination
Load

ZL High (Ohms)

ZL Low (Ohms)

56.241 - 5.2046i
58.292 - 2.3465i
56.784 - 2.3958i
55.461 - 3.7863i
55.517 - 2.8970i
55.905 - 5.1716i
57.114 - 8.3106i
57.155 - 14.256i
57.989 - 19.766i
58.557 - 24.937i
65.119 - 35.043i

Figure 28: Ethernet Test Structure

45.196 + 1.9946i
46.833 + 3.9447i
45.054 + 5.8955i
42.672 + 8.0471i
40.244 + 6.7151i
36.910 + 6.6094i
34.336 + 7.6734i
32.549 + 8.0485i
31.472 + 9.4860i
31.554 + 11.321i
32.264 + 15.486i

CATS

Transmission

Line Cable

Transmitted Gigabit
Signal
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There are a few pieces of information that candoemd from the above table and figure.
First, a simple matching of the resistance of tH& Ro that of the CAT5 cable resistance
will not suffice. The PHY also has a reactanceeaissed with it which plays a major
role in the overall magnitude impedance and phesgecially at higher frequencies. By
changing the reactance of the PHY, the shapeeopdlies and zeros of the frequency
response, can be manipulated and ideally the dimeseized. By linearizing the phase
versus frequency, this gives a constant group defeya first order approximation, the
reactance should contribute little in the frequebapd of the majority of transmissions
such that only the resistance is seen. Converaglyrely resistive termination has no
frequency dependant component; changing its oversiitance will produce a shift of
the entire return loss plot, but it will not, byfuétion, change the shape. If the source
and load resistances are matched and the readsainuearized, the phase change would
approach zero due to the limited effect of the imaxy components. Because the
reactance plays a smaller role at lower frequentnesis where the resistance should be
matched and vice versa. Thus, it can be seervibaseparate matches are required: the
resistance and the reactance which would in turd ieself to two separate control loops.
From table 6 a model of the PHY can now be derivBde S11 return loss plots
in the previous section show vastly fluctuating PHI¥hich in turn give rise to a wide
range of possible impedances. It can be seenttienmaginary return loss plots that
both positive and negative return loss values assiple in the same PHY. This means
that both poles and zeros are present in the compleedance, and thus inductors and
capacitors will be required in the model desigm. cfeate an impedance zero, a series

inductor should be used and the impedance polbeanodeled with a shunt capacitor.
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According to microwave theory in [6] and [7], antenated transmission line can be
modeled as a lumped RLC ladder network. The fallgvechematic shows this

segmented model.

Ly Ry l I By l ol Ry J %
Oy CN,1 C‘N = .
l . l O l l
RLC1 RI.C N1 RLC N

Figure 29: Transmission Line M odel

An infinitely long transmission line can be modeleith an infinite number of RLC
blocks with ideal resistive termination. One segtr this lumped transmission line
will be used as the basis of the simplified PHY mlodl'he impedance circuit model

derived so far using ideal lossless elements ig/sho the following figure.

Zin

iy
/
!

= =~

Figure 30: First Approximation Pole/Zero M odel
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As a first approximation, it is assumed that Rhis lbad termination resistance, and that
any parasitic resistance associated with the imiductan be lumped into this inclusive R.
The model in figure 30 gives the following Lapldogwedance, where s is the complex

variable j .

Zin=Ls+

7
1+ RC:s %

While this circuit can model the general patterthef PHY impedances, it is not versatile
enough to properly model the imaginary return kassily shown in the data reported in
the previous section. It can be seen directly ftbose figures that a higher order circuit
is required to more accurately replicate this relass data. Therefore, another inductor
is added to the circuit in series to create moteand zeros. The following schematic
shows the new circuit topology where the paras#igacitors are ignored. They will be

incorporated in the following subsection.

L1 L,
R

Zin

V|
/
&

Figure 31: Second Approximation Pole/Zero M odel

While the addition of this component does not sdeastic, this new circuit model gives

the following input impedance.

+ jo

2 2
Lo LlpCF+RCUH Ly LJs+R R{l— LCo L+ -LLyCe }

LCs? +RCst1 1-L,Co? + joRC

(8)
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It can be seen that there are now three zerosramgdles, albeit non-independent, in the
new circuit. This higher order model now can prbpeepresent all of the range of PHY
line impedances. The problem now becomes a séarthe component values needed
for the model. This can be determined from thguesncy bandwidth of interest and the
return loss data plot ranges which in turn givemidpoint component values and their
ranges, respectively. Applying this approach amgleying reasonable capacitance

values, the following table shows the componengearused during simulation.

Table7: PHY Component Ranges

Component | Minimum | Median | Maximum

L1 (nH) 50 100 100
C (pF) 25 45 50
L2 (nH) 50 75 100
R (Ohms) 44 47 NA

The L1 inductor is always kept at 100nH while tizihductor is changed; this is done
because the zeros and poles are related and thngiog one inductor can adequately
change the frequency response while keeping tH& Batidwidth around 70 MHz. From
the return loss plots, it is seen that the restggassociated with the PHY is on average
around 6 Ohms and this is lumped with the loadstasce. Therefore, with the matching
resistance circuit described later in this chapgt@rte is no maximum load resistance over
the 50 Ohm ideal value. There are a few approxanstused in the formation of this
model. As stated previously, it is assumed thatséiries inductor resistances can be
lumped together. Also, the pi model would suggiest there are other parasitics
associated with the inductors, and these are igniarthe first order approximation. The

following figure shows the range of PHY impedanedues characterized and the bounds
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for the model created. The high and low impeddmends are using the worst case

ranges shown in Table 7.

100.00

90.00

50,00 //

Highest PHY Model //

70.00

@
=
o
=1

Impedance [Ohms]
S
g

=
=4
=
[

30.00

Lowest PHY Model e
Impedance -

20.00

10.00

1 10 100
Frequency [MHz]

Figure 32: PHY Model and Characterized PHY Impedance

The next chapter goes into greater depth with Gagleimulations of not only the PHY
return loss, but the voltages measured and solptiesented as well.

The matching circuitry presented in the followsegtions should be run once
when the computer is turned on. This means tlabthatch is not a real time match but a

calibration at turn on.
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3.2 Impedance Matching

3.2.1 Real Impedance Matching

As stated earlier, the real impedance of the dishwuld be matched at low frequency at
computer turn on so that the imaginary impedan@s ¢t play a large role. Inthe case
of Gigabit Ethernet, there is an elbow in the magie return loss specification at 40
MHz. Thus, it is determined that low frequencysldaconstitute 1 MHz to 10 MHz.

The following circuit schematic shows the resisemnthat play a role in this low

frequency real impedance match and the introdugeeist source.

CATS Physical Layer
Resistance Resistance Rphy
Rs (50 Ohms) (0 to 6 Ohms) Variable Load
)~ § Resistance
Calibration
Cwirent
~7 ~7 ~

Figure 33: Low Frequency Circuit Schematic

In the above figure, the total resistance seeheapositive port of the input current
source is the parallel combination of the CAT5 eadotd the PHY. Because the CATS
and PHY resistances are unknown and the goalnsatch these two to each other, the
first step should be to create a reference thabtisssociated with their combination. To
take the PHY impedance out of this equation as nasghossible, all resistances are
removed from the termination of the PHY at comptien on. The voltage seen at the

input port is approximately the input current npiied by the CATS5 resistance in this
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case. This voltage is now compared digitally ® tbltage across the reference
resistance, and this reference resistance is adjusttil the two voltages match each
other. The resistance this voltage correspondstteen mirrored to the PHY termination
resistance, stored and used for calibration. dhewing schematic shows the setup
during the matching of the reference to the CATlBleea The iterative resistance

matching sequence followed is described in dataihé following section.

/\/\/\l Open

Physical Layer S
Resistance Rphy
CATS D Input (0 to 6 Ohms)
Resistance Test
Cwmrent
=~ v
| DEgltE!l Control
Variable Circuitry
Reference
Resistance

Figure 34: CAT5 Reference | mpedance Gener ation

According to [6], if a test current is applied frarsource in parallel with an impedance
as shown in figure 34, the voltage seen acrosdrtimgdance can be used as a measure of
the S11 return loss. This technique is employeatienimpedance matching of the CAT5

and the reference. The newly created referencagekould be mapped in the digital
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domain to the required resistance needed in serieghe PHY. While this would
require some processing, it would be the easiemam@ efficient way of matching the
PHY to the CATS5 cable.

From the characterized return loss data, it is kndvat the maximum resistance
due to the PHY itself is 6 Ohms. Thus, the PHYstasce bank needs to add a minimum
of 44 Ohms to match an ideal CAT5 cable. If thelgecreated reference voltage and
Viest @re not mapped directly and instead are compartteianalog domain, the
impedance of the CAT5 cable cannot be disconndobea the circuit. When they are
compared the CATS5 resistance will be in paralleslaswn in figure 33. This introduces
some mismatch in the PHY voltage measurement,tadiorst case of the 6 Ohm PHY
in parallel with the CAT5 would be when the CAT5pedance is the closest to the PHY,

or 42.5 Ohms according to the specification. Tdwstance seen at., in this case

would be the parallel combination of 42.5 and 6iclhs 5.3 Ohms. In this extreme case
there is a maximum mismatch of 12% in the impedarnghe majority of cases
however, the average CAT5 impedance is 50 OhmsrenBHY resistance is less than or
equal to 1 Ohm, and thus the average mismatchtinerparallel combination of the PHY
and the CAT5 impedance (50||1 Ohms) is less thanl2¥%ie comparison is made in the
digital instead of in the analog domain and thenmafice voltage is directly mapped to the
resistance needed in series with the PHY, thislproltould be averted. The following

figure shows the total proposed PHY resistance mnagccircuit.
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Figure 35: Low Frequency Resistance M atching Network

In this figure, the PHY resistance bank is iniiadet up with all of the switches open
except for the 120 Ohm switch which is in paralh the 60 Ohm resistor. This gives
a total resistance of 40 Ohms for the filter. Bessathe scattering parameters cannot be
easily measured in real time on board, the voltagess the PHY is used as a measure of
the return loss. With the first iteration of termation resistors ready, the PHY voltage is
then compared to the reference. If the voltage.atis greater than that across the
reference load, then the 120 Ohm switch is opetied]180 Ohm switch is closed and the
process is repeated. In this second iteration6@h@®hm resistor is in parallel with the
180 Ohm resistor, giving a total PHY terminatiosiseance of 45 Ohms (plus the
nominal r,,, as according to the above figure). Through tliggeal iterations, the
resistance can be matched to the reference, anddhibe CAT5 cable. The resistance
values possible by closing one switch at a timed@ed5, 48 and 50 Ohms, but more

resolution is possible by combining the switches.
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3.2.2 Imaginary Impedance Matching

The second part of the impedance matching isdaetance. As stated earlier in
this chapter, this is done at higher frequency wltbe poles and zeros of the PHY are
located. Because there is a bandwidth of datsitmession with a Gaussian distribution
around 70 MHz, the reactance should be matchedofioone frequency but the entire
band. However, because of the poles and zerded®iY network, a filter solution will
have minimal effect after the 3dB bandwidth. Wlhbkse two pieces of information in
mind, it will be necessary to sweep not only congis but frequency as well. The
IEEE 802.3 return loss specification shows an elabw0 MHz and it is known from the
return loss data that the 3dB bandwidth is arouhAz. Directly from this
specification and the empirical results, a freqyesweep bandwidth is created that will
maximize the component matching in the region thatpoles and zeros play the greatest
role. This is performed from 20 MHz to 60 MHz iegs of 20 MHz to cover the
majority of the high frequency bandwidth withouteoly complicating the system. The
complex Laplace impedance of the PHY model in aqnat showed that there are 3
zeros and 2 poles in the circuit. To have thetgetahance to balance the reactance, at
least 1 pole must be added. This can most easicbomplished by adding a shunt
capacitor at the input to the PHY. In parallelwthe entire PHY circuit, this capacitor
has great leverage to change the shape of theaneact At the same time, if a shunt
capacitor is added at the termination of the PHh¥,dircuit becomes more symmetrical
for receive or transmit signals. This end capa@tso adds an extra control variable to
the circuit. Intuitively, adding additional shustmponents at the termination of the

PHY will not be as effective as adding them atitipt because they will be recursively
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in parallel with every other shunt component in ¢iveuit. With this setup there is a
component that can change the impedance of theitcatcthe input and termination of
the PHY. Many other circuit configurations wergesmented with, however this
arrangement proved to give the greatest leveratfetive impedance while keeping the
circuit as simple as possible. Adding a seriesatée inductor would also be a
theoretical solution; however this would requiramatic reconfiguration of the board
and would be adding direct injection of noise ia #ignal path. On the other hand,
adding a shunt inductor would not help balancepthie/zero ratio. The following
equations show the Laplace impedance of the nesmitir

[LoLsCaRGsJs? + [LoLaCa s + [L4RGs + LoRG; + LoRG[s% + [L, + Ly s+ R
[L.LRCICSC1 [° +[LoLiCaCyls* + [CIRGs + LiICRG + LLRGCy + LoRGCy 8 + [LyCa + LGy + LGy Js* + [RGy + RG + RG Js+1

(9)

o*[LLCRG]- j0*[LLiCsl- @?[LRG +LRG + LRG|+ jolL, +L,]+R
j0°[LLLIRCCSC |+ 0*[LoLCoCl |- j0°[CIRG+ LICRG + LRCC + LRGC |- 0°[LiCa + LCy + LiCi [+ joRC + RG+ RG]+ 1

(10)

In the above equation, the naming convention fadldlaat of figure 36 shown here.

Y|

Zin ~ Cs

~

Figure 36: PHY Model with Additional Capacitor Terminations
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In equations 9 and 10, C1 and C5 appear separateigst of the coefficients. In
general, the RLC network of figure 36 will be urdraded due to these parasitics and the
physical makeup of the circuit components usedadehPHY. The objective should be
to find the values of C1 and C5 that reduce the $hich can be accomplished by
converting figure 36 into a ladder network.

In [8], a ladder network is shown to be compriséd® blocks with proper
termination. Used as a filter, it is very robustause of its ease and variety of
implementation, such as Butterworth and ChebysliBnth of these filters can
accomplish the optimization of PHY impedance; hosveawere is a tradeoff in their
operation. While the Chebyshev will have rippléha passband, the bandwidth of the
filter can be increased. Conversely, the Buttetiwvaill have a maximally flat passband,
but the bandwidth will be smaller than a compar&iebyshev. This tradeoff can only
be answered by the specification of how much irdld@ple can be tolerated, and so
both filter implementations are shown in the simtiolaand experimental results. One of
the advantages of the robust ladder filter impletaigon is that the resulting filter allows
for slight deviation in the values of the compomenthis means that a wide range of
PHY component values can be tolerated by allowangifferent values of C1 and C5
capacitance. The key to this filter is that ipieperly terminated. This means that the
CATS5 resistance and the PHY termination resistostrbe matched as closely as possible
to ensure the best conditions for the LC laddevadk properly. In a properly terminated
LC network, the reactive components will resonata eertain frequency. In this ideal
condition, the LC components add no additional idgree to the circuit, thus sending

the entire signal to the termination. However, thuparasitics and the resistance in the
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inductor, there is some minimal loss even in resoaa In the ladder network, this
creates a passband in which the LC resonance nziesnhe S11 return loss and
maximizes the S21 throughput signal. This is oin@ main properties of the ladder
network. By compensating the PHY model with therect C1 and C5 capacitors, the
PHY can be optimized so that the passband of ttveank more accurately fits the IEEE
Gigabit Ethernet bandwidth specification. Theduling Butterworth filter tables
(normalized to 1 rad/sec bandwidth) are adapted f&]. It is assumed that a

normalized termination resistance of 1 Ohm is weatie input and output of the network.

Table 8: Butterworth Ladder Filter Component Values

1.0000 2.0000 1.0000

0.7654 1.8478 1.8478 0.7654

0.6180 1.6180 2.0000 1.6180 0.6180

0.5176 1.4142 1.9319 1.9319 1.4142 0.5176

0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450

0.3902 1.1111 1.6629 1.9616 1.9616 1.6629 1.1111 0.3902

1.5321 1.8794 2.0000 1.8794 1.5321 1.0000 0.3473
0.3129 0.9080 1.4142 1.7820 1.9754 1.9754 1.7820 1.4142 0.9080 0.3129
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It can be seen from the table that tfeoBder filter implementation applies to the PHY
model and derived filter in figure 36. In the Batworth and Chebyshev realizations of
the PHY model, it is assumed that the model is sgimoal. To accurately represent the
possible worst case PHY impedances, L4 is at E@sdl to or less than L2. This
accounts for all parasitics present that unbalaéined’HY. The following table shows the
component ratios needed to implement the Chebyisldeler filter. Once again, it is

assumed that d"order filter is used.
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Table 9: Chebyshev Ladder Filter Component Values

—

| L | cs
1.5963 1.0967 1.5963
1.7058 1.2296 2.5408 1.2296 1.7058

1.7373 1.2582 2.6383 1.3443 2.6383 1.2582 1.7373
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o
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~

N flon i

In both cases, the C1 added filter capacitor plaganajor role in balancing the network.
The main idea seen from these tables is that tieeaC1 and C5 to that of the C3
capacitor defines the ladder network relationsBypcompensating these two capacitors
and balancing the network, resonance is achievedtbe passaband.

If a more complex PHY model was created, or if aeraccurate ladder filter was
needed, the above table could be used to add @alitRLC blocks. A solution with less
error, larger bandwidth and wider range of appitaatould be designed by extending
this ladder network line of thought at the expesfseomplexity, area, settling time and
cost. The key to remember in any implementatiahrandel is that the component ratios
define the compensation needed and the overathpmeaince of the ladder. The next two
sections, the Cadence simulations and the expetai@sults, show that this filter
implementation does indeed improve the Ethernetrmdbss and bandwidth of the PHY
at least 10 dB and 20% respectively.

The next step is to derive the possible range pfpoment values for the PHY
model so that simulations and experiments can Hernpeed to verify the ladder network
theory. From the return loss data, the range@®ftHY capacitor C3 is from 25pF to
55pF. For the added shunt filter capacitors, Gl @5, the range used is from OpF to
40pF, in increments of 4pF. These could be implageekwith a varactor or a capacitive

multiplier. This allows the circuit to address @l&range of possible PHY capacitances
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without overcomplicating the decision of what cafzate to add. The ease of
implementation allowed with capacitive incrementdpF comes at the cost of
inaccurate capacitance up to LSB/2 (Least Sigmfi@it), or 2pF, being added to the
circuit. This error is tolerable because the impeif this project is a proof of concept to
the ladder filter solution for the PHY impedancetchang problem. For a full scale IC
solution, smaller capacitor increments could beldee more accurate matching results.
While this takes care of the passband, it has kffect after the corner frequency of the
filter. To address this problem, the bandwidth ldchave to be extended. If some ripple
can be tolerated, the Chebyshev filter implemeatatould be used to increase the
bandwidth and decrease the return loss even furtBeth of these filter types are shown
in the following experimental sections. FiguresB®ws the schematic of the entire filter
implementation and matching control circuitry. TPdY component and ladder network

capacitor ranges are also listed in the followizigje:.

Table 10: PHY Ladder Model Component Ranges

| Component | Minimum | Median | MaximLm

C1[pF] 0 20 40
L2 [nH] 50 100 100
C3 [pF] 25 45 50
L4 [nH] 50 75 100
C5 [pF] 0 20 40

R (Ohms) 44 47 NA
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Figure 37: Ethernet Impedance Matching Networ k with Digital Control Circuitry

3.3 Control Circuitry

This section will show a possible implementatiénh@ control circuitry of the
PHY matching. The following figure shows the prepd block schematic of the entire

matching circuit.

Variable PITY Variable .
CATS Impedance Impedance To Cenprter
Cable | I~ 100 Oluns r | S—
= i fersntial -
Impedance Re + e Meslly Re+ e
/l\
20-61k BIER Amadeg tn | ]{"E'}i“zl
Teat Shamals Cr} [~ Digital o~ A
I R —— 1
[ T [ 1011161101
| Q1010110010

W
Figure 38: Block Diagram Circuit Schematic

From the diagram, the ADC and the digital logicl\wé covered in more detail in the
following sections. Because the application o$ $ystem is for Ethernet communication,

the circuitry already on the computer’s motherbdaoiudes ADCs and a
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microprocessor capable of the conversion and Ingéxled. The biggest challenge with
using already present circuitry would be routing ttaces to and from the chips. For the
sake of discussion, it is assumed that the coatralitry would not take advantage of
any computer hardware and would be implementedhé&ympedance matching system.
One possible implementation of the ADC and digstahparison circuitry is with
an algorithmic ADC as in [9]. In this approache tfoltage signal at the input of the PHY
would be buffered and then converted to a DC signgportional to the root mean
square voltage of the signal. This signal is tinguit to the algorithmic DC-ADC. Such

a converter is described in detail in [10]. A Wabagram of this approach is presented

here.
Variable PIIY Variable | _—
CATS Impedance Impedance | To Compten
| Cable { | [ 100 Oluns M —
Impedance Re + Ko ::ﬂﬁ:“”“' ] Be + e
f::‘t:;::"“ Laow Fass Filter ])igilﬂl

DC-ADC

- —> —>

260 ML

Teat Simals @ - —|"-
-

WAV

[ | ] FAVATAVAN

Logic

InTLanLes
OH110010

Figure 39: DC-ADC Implementation Block Diagram

In this solution, the ADC would need to convert Bi@nals not 60 MHz signals, which
would greatly reduce the need for high power, lighdwidth performance such as those
shown in [11]. While this does ease the requipztBications of the ADC, it would
introduce more blocks into the signal path. Thetifier, the filter and the ADC would all
have an error associated with them and the totat @ould have to be taken into account

which could be large relative to the signal magietu In the RF ADC implementation,
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the performance specifications are increased leuétior is introduced in fewer blocks,
which would make it easier to control from a desstgndpoint, such as in [12]. There
are multiple vendors that provide ICs capable efréquired RF implementation
performance, and a few ICs are listed here [13ith\Wis in mind, the specifications

required of an RF ADC are discussed.

3.3.1 Analog to Digital Converter

The analog signal at the input of the PHY is retdige converted to digital
information for comparison. This can be accom@dby an analog to digital converter,
or ADC. The performance specifications dependhenarchitecture chosen, but a brief
discussion of the general considerations is nowepreed. From [14], the first
specification to consider is the resolution, wheeim be defined by the input range
required and the maximum error tolerable. Thedst@rror introduced in the voltage
measurement at the input of the PHY is due to #malf@l combination of the CAT5,
which was found to be around 2% as stated earlius, the ADC should introduce no
more than this amount of error so that it is natagor contributor. The following
formula is used to determine the error associatiduavcertain resolution, N, in bits.

Error (%) = 12—00 (11)

N

For an error smaller than 2%, this equation shdwasthe resolution must be at least 7
bits (2=128). The range in this case is based on théaliioins of the reference generator.

The schematic of the circuit under question is ghbere.



52

CATS FHY
Resistance (0-6 Ohims)
(42.5tn 575 R
Ohms ) D~
~ N ™

Figure 40: Resistance Seen at the Input Reference Sour ce

This current source has to drive the PHY in pakalith the CAT5 impedance, which
averages to about 25 Ohms. In the worst case®Hlveimpedance goes as low as 35
Ohms at 60 MHz, which would give a parallel impezianf 20 Ohms. On the other end
of the spectrum, the highest impedance seen bipplé source would be when the PHY
is very large, in which the worst case CAT5 cabtaild be seen, or 58 Ohms. It
becomes harder to generate large signal amplitatd@@ MHz, which is the largest input
required, so the current input signal should be k@ reasonable value. If this value is
set to no greater than 20 mA, which is a largebeatrable value for a CMOS transistor,
this gives an input range of 400 mV to 1.16 V vathaverage around 500 mV. For 7 bit
resolution over a 1 V input range the circuit hdsS8 of 7.8 mV. With the 20 mA
current input, a 1 Ohm difference between PHY aAd £impedance would be seen as a
20 mV difference in their voltages which is 2.5 ésngreater than the LSB. Thus a 7 bit
ADC achieves the resolution specification. From][there are multiple ICs that have

this performance.
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3.3.2 Source Generation and Digital Control Aldarit

The control algorithm would only need to be runeat the start up of the
computer. This means that there would be a caidmdor each CAT5 cable plugged in
to the computer every time it is turned on, whickkes the system very robust. It also
means that the system could take seconds to dalimithout loss of performance seen
by the user.

Because the system is an Ethernet impedance mgtsystem, the computer
processor generates signals that could be usd¢bdefoeference. This is possible with the
on motherboard oscillator, and a simple MOS gatddcbe used to transform a voltage
signal into current. After conversion of the PHultage signal to a digital signal, the
signal processing is performed. The first step isompare the PHY peak voltage to that
of the reference voltage with the first resistacoefiguration as described in the
previous sections. The difference between theigvetored as ‘t0.” The next matching
resistor is then connected, as described in thetaese matching section, and the PHY
and reference voltages are compared and the differis stored as ‘t1’. ‘t1’ and ‘t0’ are
then compared against each other and the smaltbe ao is stored as t0’. This
process is repeated until all resistor combinatiange been compared to the lowest
differential value. The control circuit then attas the resistor associated to ‘t0’ to the
circuit and this value is kept for the duratiorsgétem operation. This algorithm is then
repeated for the capacitors at higher frequendiswever, for the reactance match, the
capacitor added that produces the smallest PHYefrdence impedance difference at a
given test frequency is added to a value calleital’. This value is then divided by the

number of frequencies tested, 20 MHz to 60 MHz(0rVIHz steps, and the average
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capacitance needed over the frequency range iddhed. The closest capacitance

value implementable is then used. The followingdaxamples illustrate this process.

Table 11: Capacitance Bandwidth Averaging Example

Capacitor
Average over Capacitor Value
_ 20 MHz | 40 MHz | 60 MHz Bandwidth Implemented
Case 1 Matching
Capacitor (pF 12 12 16 13.3 pF 12 pF
Case 2 Matching
Capacitor (pF 4 8 12 8 pF 8 pF
Case 3 Matching
Capacitor (pF 8 8 16 10.6 pF 12 pF

A flow chart is presented below to illustrate tlagic.
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Figure 41: Digital Logic Flow Diagram
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CHAPTER IV

CADENCE SIMULATION RESULTS

4.1 Physical Layer Model Creation

Using the return loss data and [15], a model ferRRY was created with
inductor, resistor and capacitor value ranges. derevation of these values was shown
in the previous section. The following schemahiowss these experimentally derived
values. The input is a current source, with 50 Glonrce resistance to model the CAT5

cable impedance. A 5mA amplitude sine wave is asetthe input.

AT LIALS /\/\/\/
L1 12 Rphy
100nH S0nH to 100nH 0 Ohms to 10 Ohms
§ §r= > ct Cph Rt
v Ohras . — LMy ey
™O0pF to 30pF ™ 25pF to S0pF 2 OpF o 30y gg gﬂs to
5

!

Figure 42: PHY Component Value Ranges

The first step in matching the PHY impedance toGAG'5 cable is to match the resistive
component. As pointed out in the previous sectiois,is done at low frequency so that
the reactance does not play a major role. Forghen loss simulation plots, a 50 Ohm
port with an input of 1 mA amplitude at 1 MHz weased for testing purposes. The filter
resistance Rf is swept from 40 to 50 Ohms, and/dftage is measured and compared to

a reference with the same mirrored input.
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The PHY model also includes the Butterworth impegamatching filter used in
the project. The ranges for these values are ei@from the PHY values and the tables
in [8]. Cadence was then used to simulate th@udir By measuring the voltage at the
input of the PHY, the return loss can be approx@datThe following figures show the
schematic of the circuit under test and the PHYag# and the return loss of the circuit
with swept filter capacitors Cf for Rf=50 Ohms, L160nH, L2=75nH and Cphy=45pF.
These values are in the center of their expectegesa In this case, both capacitors Cf

are swept together.

AN AR LAANT
L1 L2
100nH 75 nH
= A= 6 to 20 pF ey ¢
i r=30 P e 0to 20 pF RE
C) T~ Ohms
50 Ohms

Cphy
45 pF

Figure 43: PHY Schematic for Test 1
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Figure 44: PHY Voltage and Return L osswith Filter Caps Swept from 0 to 20pF
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From this figure it can be seen that by adding 1@mbacitors to the front and back of the
PHY, the return loss is minimized by as much as0078.8 dB at 40 MHz. At the same
time, the voltage of the PHY is closest to 25m\hug, if the voltage of the PHY is
measured and compared to the voltage across drblti€hm reference with the same
source, an ideally matched impedance can be follha is possible with iterations of
the measurement and digital control of the lodpcah also be seen from the above plot
that all of the filter implementations have the sgmassband. Thus, to measure the
voltage, and the return loss, frequencies withenglssband should be used. To reduce
the chance of inconsistent or inaccurate resuliecuency sweep of the input source is
used and the best result is taken. A sweep fraviH20to 60MHz, with 20MHz
increments is used. The impedance closest to PasQdhtaken, and the results are
averaged digitally. In addition, the following pkhows that by unbalancing the
capacitor at the front, C1, and back, C5, of thé&y Pélen better results can be obtained
at the expense of ripple in the passband. Theesdlr the PHY are L1= 100nH, L2=

75nH and Cphy= 45pF as corresponding to the cisaliematic in figure 44.
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Figure 45: PHY Voltage and Return Losswith End Cap at 12pF and Swept Front Cap from 16 to
40pF

Using different capacitor values at the front and ef the PHY can compensate
impedances that could not be compensated with tedbcapacitors. It also adds
complexity to the design implementation. If th@aeaitors are swept together, the total
number of iterations is equal to the number of capaincrements, or N. However, with
unbalanced capacitors, the total number of itenatincreases toiNunless some sweep
algorithm can be derived to decrease this numbeckily, the ladder network tables in
[8] show that the front capacitor should be gre#iian or equal to the back capacitor. By
first sweeping the capacitors together, the baglacitor C5 is set to the best value. Then,
the front capacitor C1 can be swept independewiti, the minimum value of the sweep
set to the back capacitor C5. This algorithmigrapch would also take care of the
parasitics found at the PHY terminations as wé&he appendix includes more filter
implementation sweeps for the range of PHY compowalues.

The following plot shows that as the input impedaatthe PHY is tuned closer

to the CAT5 cable impedance of 50 Ohms, the powéveted to the output of the
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physical layer gets larger. On each plot, thelitopis the voltage across the PHY, which
is a measure of the S11 return loss. The lineherbbttom is the voltage at the output of
the PHY, which is the transmitted signal. Assuntimgf there is some loss from the PHY
due to parasitics and resistance of the line, thé Butput voltage should be as large as
possible. The graph on the left is without coming, the graph in the middle is with
balanced 16 pF compensation capacitors and thé graphe right is with unbalanced 24
pF and 12 pF capacitors at the front and backePtiHY respectively. It can be seen that
when the S11 return loss is minimized with compgosathe transmission is increased

as well especially at high frequencies.
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Figure 46: PHY and Output Voltagesfor Different Capacitor Compensation Values
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The following plots show the S21 transmission datd the 3dB Bandwidth of the PHY
with different filter implementations. The trangsion loss at 100 MHz for the first,

second and third capacitor arrangements is -2.921B,dB and -2.1 dB respectively.
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Figure 47: S21 Transmission for Three Filter Types

From the previous two plots it can be seen thdt the filter implementation in place to
reduce the S11 return loss, there are other beribéit appear as well. The first of these
is the increase in the S21 transmission. Withtgresignal delivered to the output of the
PHY, the specifications for the input of the nextuwit can be reduced. Also, it is seen
that the bandwidth of the circuit increases as.wé&his would increase the possible data
transmission frequency of the system. More plogdsrecluded in the Appendix to show

the range of PHY impedances that can be normalizidthe filter implementation.
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CHAPTER V

EXPERIMENTAL RESULTS

5.1 Circuit Model Definition

For the purposes of testing the ladder filter sotuto the return loss problem, a
discrete component circuit was implemented. Disccemponents can accurately
replicate the PHY impedance, and thus a discretiehan be used for experimental
results. The circuit was scaled down from 100Mel2MHz bandwidth to accommodate
the tolerances of available discrete inductorsaamicitors. Because the capacitance
values of the PHY are so small, parasitics fromdiserete components become
comparable to the parts themselves especiallyeatither bandwidths. Other sources of
error are those associated with the breadboardhenidterconnects used in the
experiment. These error sources are what createntlall ringing seen in the eye
diagrams presented in this chapter. If a PCB waated to test the design, these errors
could be further reduced. With the lower frequeraryge used, the adverse effects of the
ground plane and other parasitics associated hatloteadboard are reduced. All of the
parts used had at least +3% tolerance. The foligwchematic shows the PHY values

used in the breadboard experimental results.
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Figure 48: Physical Layer and Ladder Filter Experimental Values

The following figure shows the breadboard testsetithe PHY circuit.
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Figure 49: Breadboard Experimental Setup
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Multiple tests were performed to see the effe¢hefmatching circuit on the PHY
impedance. The first was a scattering paramesetdaneasure S11 and S21 and the

second was an eye diagram of the signal.

5.2 Scattering Parameter Results

The above schematic was created on a bread bodrdiwidifferent PHY
configurations. The voltages at the input and ough the PHY were measured, and the
S11 return loss and S21 transmission were fourid thvé Agilent 4395A and the Agilent
87511A Network Analyzers. These instruments ogefraim 100 kHz up to 500 MHz.
The first step was to set up and calibrate theyaead, and this process can be found in
[16]. An HP 85052C 3.5mm calibration kit was u$edthis purpose. The return loss
was measured from 100 kHz to 1 MHz and the mageitndiecibels was plotted. The
following images show the improvement in returrslésund by employing the ladder

equalized network to the PHY impedance.
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Figure 50: S11 M agnitude Return Lossfor PHY, Butterworth Filter and Chebyshev Filter

There are two distinct solutions shown on the pilet,Butterworth filter with 15 nF
matched capacitors and the Chebyshev filter withR2%and 10 nF capacitors. If some
return loss ripple in the bandwidth can be toletatken the improvement seen by using
the proposed approach is apparent. The unbaldifieecdapacitor approach (Chebyshev)
adds complexity and increases the time to lockabbteves the best performance. Not
only is the return loss across the passband redteetandwidth of the filter increases
as well. However, if no ripple is allowable, thdxe Butterworth filter with matched
capacitors still provides greatly reduced retusslm the passband. The other main
advantage of this implementation is that the cirand the digital logic are not complex,
and the time to match the impedance is relativedg than the Chebyshev filter.

The next step was to measure the S21 transmis3ibis.was done by connecting

the RF output of the Network Analyzer to a powdittgs, and measuring the total power
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to the power received at the end of the PHY. Tihlewing plot shows the S21 curves

for the balanced and unbalanced PHY from 100 kHXAMéliz.
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START 166 kHz STOP™ 2 MHz

Figure 51: S21 for Balanced and Unbalanced PHY

The above figure shows the improvement in the Sfidegl from the Butterworth ladder
filter. In addition, the bandwidth of the circustincreased. Without the filter in place,
the S21 corner frequency is 1.125 MHz and wheriillee capacitors are added to the

circuit, the corner frequency is increased to 1.8F&. This is an increase of 250 kHz

in the bandwidth, or about 22%.



66

5.3 Evye Diagrams

The second experiment conducted was the creatiegyenfliagrams. This was
done with an Agilent Infinium 54825A 500MHz 2Gs@'scilloscope and a HP 81130A
Pulse/Data Generator. A pseudo-random binary segueas created, using non-return
to zero, NRZ, data with a repetition length polynalof 2° —1. The data had a peak to
peak voltage of 0.5V up to 1Mbps. Higher datagatere also used to show the effect of
the filter at higher frequencies. This setup @dat random input for the eye diagrams.

Each of the following eye diagrams showing the@fef the ladder network on
the PHY assumes that the load resistance has wlbe@eth matched. The compensated
PHY plots show the optimized capacitances and #féact on the jitter and eye opening.
The opening of the eye reflects the increase inlwaith seen previously. The first eyes

shown are at a data rate of 1.4 Mb/sec for the mpemsated PHY and compensated

PHY with 12 pF capacitors.

jl'ﬁﬁ |i. 2| = '-.'-‘[I[Ins«"d\‘-." ﬂﬁlﬁ 6054000 s

i ﬁm [I] 200 rs/div [

Figure 52: Uncompensated and Compensated PHY Eyeat 1.4 M b/sec
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A few observations can be made from the differemcédise plots. The first observation

is that the zero crossings are more clearly defmiglal the PHY filter implemented. This
decreases the jitter and phase noise seen inrthetciThe second remark that can be
made from these plots is that there is some ringnegent in both plots. With the
compensated PHY, this ringing is increased relatvihie uncompensated PHY, however,
it resides mostly above the average HIGH or belmvaverage LOW value. This means
that for digital signal transmission, it will hawe effect on the performance of the
system. The third improvement that can be seeecgs}y at the higher transmission
frequencies is the opening of the eye when the eoisgttion is performed. The next set

of plots is for an input frequency of 2 Mb/sec.
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Figure 53: Uncompensated and Compensated PHY Eyeat 2 Mb/sec

The same observations can be made at this higtgudncy as those at 1.4 Mb/sec. The
eye is opened £25 mV with the addition of the filtapacitors and the jitter is reduced
25%. It also can be seen at 2 Mb/sec that ava&#@el and LOW levels are more
clearly defined due to the reactance matching, lwaads to the opening of the eye. The

next figure shows the jitter improvement more digar
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Figure 54: Uncompensated and Compensated Zoomed Eyes at 2 M b/sec

From the zoomed in eye diagrams above, it can d&e that the voltage amplitude
improves to 395mV from 301mV, an improvement ofro¥&%. Also, because the zero
crossing jitter is improved, the 200mV rise timegnoves to 68ns from 96ns, an
improvement of over 29%. The improvements fromfitler are seen at higher
frequencies as well. Even above the corner freqquehthe PHY, the filter helps match
the impedance. From the S21 transmission curversipoeviously in figure 52, it is
known that the 3dB bandwidth of the PHY and filearound 1.25MHz. The following
figure shows the voltage across the PHY with artiauit the network capacitor

terminations at this higher frequency.
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Figure 55: Uncompensated and Compensated PHY Eyesat 2.5 Mb/sec

From the above figure, there is greater than 23@orement in jitter and the eye is
opened about 50 mV more with the compensationanep! All jitter and eye opening
improvements are listed in table form at the enthsfsection. The next figure shows

the jitter and eye opening at 2 MHz.
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Figure 56: Uncompensated and Compensated Zoomed Eyes at 4 M b/sec

At this higher frequency the results of the filtge apparent: the opening of the eye is
over 10% greater and the jitter in the zero crassia reduced by 64%. This shows that

with the compensation scheme implemented, the btiadwf operation for digital
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signals could be increased dramatically. The valhg plot shows multiple eyes at 4

Mb/sec, which more clearly shows the opening ofetye.

[ Bl o

BT B R

Figure 57: Uncompensated and Compensated M ultiple Eyes at 4 M b/sec

The next figure shows the uncompensated and corafeghsye diagrams at 6
Mb/sec. At this higher frequency, the eye is opemg44% with the filter in place.
However, at 3 times the bandwidth of the PHY, thprovement seen in the jitter is no
longer there. By extending the ladder network wiibre compensation elements, the

bandwidth could be increased further.

FeEs o ' I DN

Figure 58: Uncompensated and Compensated PHY Eyesat 6 Mb/sec
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The next plot shows multiple eyes at 6 Mb/sec.

Figure 59: Uncompensated and Compensated M ultiple Eyes at 6 M b/sec

Also seen in the previous two plots of multiple €y®the effect of the matching on the
average HIGH and LOW voltage levels. Because tiseaereal impedance created from
the high order zeros present, the matched PHY étisrbevel definition as well as
improved jitter and eye opening. The followingleabhows the peak to peak jitter
reduction at selected frequencies. It also shéesmprovement in eye opening by the
compensation elements; the front capacitor C1 wasF2and the C2 back capacitor was
10 nF. Within the bandwidth of the PHY, the systsas improvements of 23% in the

jitter and 12% in the opening of the eye.
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Table 12: Jitter Improvement and Eye Opening

Uncompensated || Compensated Jitter Uncompensated | Compensated || Eye Opening
PHY Jitter PHY Jitter || Reduction PHY Eye PHY Eye
Data Rate (ns) (ns) % Opening (mV) Opening (mV) %
1.4 Mb/sec 25 25 0 425 425 0
2 Mb/sec 40 30 25 400 425 6.25
2.5 Mb/sec 65 50 23.1 425 475 11.765
4 Mb/sec 85 30 64.1 375 425 13.333
6 Mb/sec 70 70 0 225 325 44.444

Also from the above table, it is seen that theran improvement in the jitter and
the eye opening not only in the passband of ther fibut up to 2 times the bandwidth as
well. Relating this to the S21 transmission bamtilvincrease, the implemented ladder
filter is shown to increase the operating frequeoicthe Ethernet circuit.

All of the eye diagrams use two extra capacitongraperly terminate the PHY
and convert it to a ladder network. The resultsaimled show an improvement in the S11,
S21 and eye diagrams with minimal additional cirgeiwhich was the goal of this
project. However, greater circuit performanceasgble with greater circuit complexity.
By following the ladder network theory, additiorsa@ries inductors and shunt capacitors
can be added to correct larger amounts of retws lé\n added benefit would be the
increase of bandwidth available in such applicatias RFIC. If the components of the
PHY model could be predicted to within a small rnigxed capacitors could be added to
the circuit to improve the return loss. In systemmere variable termination impedances
would be hard to implement, such as around thewwadn an IC, this fixed capacitance

solution could be implemented to achieve some ivgmeent in performance.
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It is seen that the experimental results obtainattmwith the simulation results
in confirming the ladder filter application to threpedance matching problem in Ethernet
communication systems. Tangible results may beiodd with discrete components
resulting in low implementation cost and complexifyn IC could be fabed in cheaper

technology for reduced cost and area as well.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

An active on board solution for matching the impsztaof an IEEE 802.3 Gigabit
Ethernet port to the CAT5 line has been developHtk physical layer of the board can
be impedance matched to the transmission line ianpeglover the bandwidth with the
addition of matching circuitry and a control lodlpis minimizing the return loss of the
system. A model of the PHY has been created wihand imaginary return loss data
employing microwave theory using MATLAB and Cadenayg properly terminating the
PHY it is converted into a ladder network. Theutesg impedance matched network
decreases the S11 return loss over the definedabdtigl while also increasing the S21
transmission, decreasing the jitter and increafiageye opening. This solution is
realized with minimal cost, area, power and comipjecompared to previous design

solutions.
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APPENDIX

Bond Wire Application

The ladder filter impedance matching circuit preéednn this project has other
very useful applications in addition to PHY retlmas minimization. One of these that
could have a large impact is on bond wire impedanathing. For systems sending
high speed or digital data off chip, the bond varesents non-ideal frequency dependant
impedance. The bond wire can be modeled as in §I®] the ladder filter form [7] can
be used to compensate the bond wire impedance tetjuired nominal value. The
following is a schematic of the QFN64 Package Moddilis is the model used in

simulation to determine parasitic performance tesul

2.5n 50p 3m 3m 50p
Dmo—l—m O e l AN ——T l oPIN
2708 == 90t 150f
50
O
GND

Figure 60: QFN64 Package M odel

In the interest of ease of implementation, it suased that a first hand approximation of
the solution can be accomplished by adding a steymdicitor at the DIE side and another

at the PIN side. The following plot shows the $dtlrn loss for swept values of the
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filter capacitors. The capacitors at the DIE end the PIN end are swept with equal

values.
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Figure 61: S11 Return Lossfor Bond Wire Ladder Filter

It can be seen that by adding a small amount cd@tance before and after the bond
wire, the return loss can be greatly diminishedonirthe plot, it can also be seen that the
filter's corner frequency is around 3GHz for tharficular filter capacitance sweep.

With incremental capacitor values used in the sweepideal values for this bond wire
model can be found. The following schematic shtwesS21 transmission and S11

return loss plots for the best case filter capacitdue of 300fF.
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Figure 62: S21 Transmission and S11 Return Lossfor Bond Wirewith and without Best Case Filter

It can be seen from the S21 and S11 plot thatiltke fias a useful bandwidth of 5GHz.
Above this frequency, the benefit of the filtedlast. However, below this corner
frequency, the filter reduces the return loss eflibnd wire and increases its
transmission. If the capacitors were variabley tt@uld be tuned such that the benefit in
transmission would be greatest in a frequency rafgeoice below the corner frequency.
Another condition to consider is that these laddswork implementations only use two
component additions. If extra components are addeldswept such that the bondwire is
matched to 50 Ohms, the bandwidth of operationctbalincreased even further and the
passband characteristics would improve as well.

The largest problem that would have to be overcaitiean RFIC bondwire
matching circuit is that part of the circuit woudd on chip and the other part would have

to be off. However, if the control circuitry is fpon chip and a digital signal is sent off
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chip to turn on and off the impedance banks usedhfiching, the circuit would create a

robust solution to matching bondwire impedance.

Cadence Simulation Plots for PHY Value Ranges

In this section, a few sets of plots will show #idY voltage for alternate
component values. The ranges of components cHoséme filter implementation
determine the range of applicability to the PHY @dpnce. Thus, if 20pF is the largest
value that either filter capacitor may be, the esmgf values for the PHY are given in the
Cadence Simulation Results chapter. The firstrégsi the PHY model presented again

for the reader.
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Figure 63: Second Approximation Pole/Zero M odel (REPRINTED)

For the following set of plots, L1=100nH, L2=100@iHd C3=45pF.
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Figure 64: PHY Voltage and Return Lossvs. Frequency for L 1=100nH, L 2=100nH and C3=45pF

It can be seen above that for these PHY valuedjlttvecapacitors should be set to 20pF.

From there, a sweep of the front capacitor coulgpdréormed, and a larger value could

be added. However, even without optimizing theac#pr values and ratio, it can be

seen that there is an improvement in return loggpdbd 140m at 40 MHz. At 100 MHz,

there is an improvement of 465m in the magnitutlerneloss. The next plot shows the

opposite end of the spectrum for a PHY with commbralues of L1= 100nH, L2=

75nH and C3= 30pF.
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Figure 65: PHY Voltage and Return Lossvs. Frequency for L1=100nH, L 2= 75nH and C3= 30pF

From the above figure, it is seen that at the lowakie of PHY C3 capacitor of 30pF,
the addition of equal filter capacitors of 20pbést. Within the passband of the filter,
there is substantial improvement of return losgaiA it is orders of magnitude better

than without the filter implemented.
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