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Twistedpair Ethernets now the standard home and office-laiie netwok technology.

For decades, th&EEE standard that defines Ethernet has required electrical isolation between the
twisted pair cable and the Ethernet device. So, for decades, every Ethernet interfaed has us
magnetic core Ethernet transformers to isolate Ethernet devices and keep users safe in the event
of a potentially dangerous fault on the network media. The currentodttite-art Ethernet

transformers are miniature (<5mm diameter) ferciiee toroidsvrapped with approximately 10

to 30 turns of wire. As small as current Ethernet transformers are, they still limit further Ethernet
device miniaturization and require a separate bulky package or jack housing. New coupler
designs must be explored which aepable of exceptional miniaturization orcimp

fabrication.

This dissertation thoroughly explores the performance of the current commercial Ethernet
transformers to both increase understanding of the dsWiebaviorand outline performance
parametes for replacement devices. Lumped element and distributed circuit models are derived;
testing schemes are developed and used to extract model parameters from commercial Ethernet
devices. Transfer relation measurements of the commercial Ethernet transfareneompared
against the modéd behaviorand it is found that the tuned, distributed models produce the best
transfer relation match to the measured data.

Process descriptions and testing results on fabricatedilthidielectric-core toroid
transformes are presented. The best results were found fostarB2ransformer loaded with
10Qg, the impedance of twisted pair cable. This transformer gave a flat response from about
10MHz to 40MHz with a height of approximately 0.45. For the fabricated transformer
structures, theoretical methods to determine resistance, capacitance and induetpresented.

A special analytical and numerical analysis of the fabricated transformer inductance is presented.
Planar cuts of magnetic slope fields around the dielectrie toroid are shown that describe the
effect of core height and winding density flux uniformity without a magnetic core.
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Chapter 1 : Introduction

1.1 Introduction

Over the past 50 years, computer networking has cdahgewvorld. Computer networks
link people around the planet, communicating information in a fraction of a second. Databases
make information readily accessible and electronic mail has become indispensible. Computers

and, as a result, computer networkséheavolutionized the way people live.

Such a revolutionary technology did not catch on like a technological pandemic.
Computer networks grew and evolved from their military roots into increasingly faster and
complex hardware and protocols. Early compuattworks were small and inefficient, linking
computers for the sole purpose of file sharing across rooms or, at farthest, buildings. The first
design to take on the challenge of uniting dissimilar scattered networks was ARPAnet,
commissioned by DARPAimMte | ate 19606s. ARPAnet was one o
packet switching instead of circuit switching. Packet switching made communication over an

arbitrarily large network of interconnected terminals efficient and realizably useful.

ALOHAnet at theUniversity of Hawaii which most engineers study in school is built
upon the packet switching concepts of ARPAnet. ALOHAnNet, built in 1970, used hubs in a star
configuration and teletype machines to link the widespread university cawpusadio
channelsThe network had a novel approach to collision detection involving acknowledgements

and randomization which greatly influenced Bob Metcalfe at Xerox PARC.

In 1973, Bob Metcalfe, David Bogs and a Xerox engineering team would go on to design

and build thdirst Ethernet network, connected using heavily shielded coaxial calilaidknet



Ethernet, terminals were electrically connected in parallel along a8 &axial cable backbone
and vampire taps were used to make links to individual computers. ltolvas tong ago that
office networks were effectively usirihinnetEthernet, in which R&8 coaxial cable served as
the backbone, and terminals would connect in parallel using Bild@hmectors. Increasing data
rates andhehigh cost of coaxial cable hasadeThinnetandThicknetobsolete in favor of
twisted pair cable networks. Category 5e unshielded twistedUgi) cable is currently the

networking standard, delivering data rates of 1:00Mbps and 1Gbpg2]).

Network protocols are defined by the maximum distance of their cablimgtwork
radius from which the bounds on the network implementation are derived. Networks range from
local area network$LANS) in homes, offices, and buildingswide area network@/NVANS)
spanning thousands of miles. Over the last few decades, many different network protocols have
been implemented for various ranges of network communication. At the LAN level, Ethernet
over twistedpair cable has emerged as tlenihant LAN technology in the market, making up
over 80% of LAN implementatior8]. Ethernet fiber optic protocols are also capable of
midrange networks spanning tens of miles in a single Tihkugh high data ratend longer
rangeEthernet backbones are fiber optic, implementifige L ANs (e | fel asatst al | at
with fiber opticsis not cost effective. In the stable market price linopmerUTP cable
implementationsvill still beless expensive by half the pricetbé equivalent fiber installation,

making copper UTP the preferred kasiie network implementatiof#].

The expanse of a givewistedpair Ethernet LAN can be hundreds of computers and
multiple buildings, using miles of ckb With all of this unprotected cable running around or
between buildings, there is a real danger of a high voltage fault from incorrect wiring, anomalous

short circuits, or random lightning strikes. The faulted cable connects to a network switch that



coud short circuit to all of the computer terminals, possibly giving exposed computer
components high voltage anttimately causing a hazardous condition for the user. In practice,
however, high voltage faults never reach computer termifiils.is becausthe network is
protected by widely deploying techniques in electrical isolation. The device used principally in
electrical isolation of twiste@air cable networks is the Ethernet transformer. These isolation
signal transformers are of a toroid geomepgraximately 5Smm in diameter with a ferrite core

(usually MnZn) and wound with fine gauge wi(8eeFIG. 1.1).

FIG. 1.1 Commercial Ethernet transformers (a) In package next to US &nny (b) microscope image of an
Ethernet transformer removed from its package.

Though the current state of the art has delivered impressively Bthatnet
transformers, it is becoming clear that transformers are the limiting component to further
miniaturization of wired Ethernet devices. A single network link requires four transformers.
Even the smallest transformers will require a separate package up to an inch long and 0.125
inches high. This not only limits the size of the Ethernet device that esest/e room for the

transformer package footprint, but also adds a step to manufacturing, since using transformers



will always require the attachment of a separate package. It is clear that an isolation coupler that
can be fabricated and integrated withichip would allow devices to be smaller and accelerate

manufacturing.

To this end, current ferrite coEghernetransformers must be studied and modeled to
predict quantitatively how a new thfitm air-core transformer design will performhis
disertdion will discuss the details dgthernetransformers including the following: how and
why they are currently used, modeling with classic and distributed circuit moagfeerential
and common signal modeggchniques for the characterization of transfer ferritesadvanced
differential and common mode measurement and parameter extraction, novel device fabrication
and testingand theoretical angdis of fabricated transformer structurésllowing is a list

outlining the novel contributions of thigsearch.

1. Quad classical test developmerit This measurement scheme employs phasor analysis
and voltage amplitude measruements to characterize transformers over a range of
frequencies, using the well known lumped element circuit mdthelse novel tests
improve upon the classically used tests by being able to characterize a device over a
range of frequencieSee Sectio.2for details.

2. Distributed circuit model: development and analydisTo properly include capacitances
in the transformer equivalent circuit, a new distributed circuit model is developed for
both differential and common mode signdlee model is then analyzed to find closed
form expressions for input impedance and the transformer relations. These models are
novel in their application to transformers and in their unique treatment of a device with

distributed magnetic couplin@eeChapter 5 for details



3. High quality commercial transformer measurementsi Special fixtures and analysis
techniques were used to measure transfer relations and extract device pameters
commercial Ethernet transformensboth the differenatial and common mode signal
configurationsComparisons of these measurements with distributed model predictions
revealed very good agreement, validating the new distributed m&deChapter 6 for
details.

4. Fabrication 1 A thin-film transformer was designed with varying turn numbers, a
process was developed, and the devices were fabrimatetkstedSee sectiory.2for
details). At the point of the writing of this dissertation, similar transformer desagas
rare in the literature, usually for power applications with low turn numbers anceeediff
fabrication proces®lso, the designed 3D structure was analyzed and numerical methods
were used to evaluate magnetic flux around the device and extract indu&eeace (
section7.3for details). In no pubications known to this author has the analysis been as

thorough as was done in this research and reported in this dissertation.



Chapter 2 : Electrical isolation and s ignal modes

2.1. Introduction

In practice, electrical isolation means that in connected devicesnteannot flow
directly from one device to others and vice versa. Network fault protection requires devices be
electrically isolated at the fundamental physical layer of the medium, whether using coaxial
cable or unshielded twisted pair. Isolation isdugeall cabledevice interfaces from network

cards in computers and multiport network switches up to servers.

For decades, the principal solution for electrical isolatioitivernemnetworks is the use
of Ethernetransformers at all cablgevice intefaces. Since transformers use electromagnetic
coupling to link port 1 (the primary) to port 2 (the secondary), it is impossible in normal

operation for currents to flow through the device from port 1 to port 2.

Electrical isolation transformers are noyuseful in fault conditions, however. In
normal operation, network cabling can stretch between buildings with different ground
references. If the transmitting terminal sends a sigithl0 Volts DC offseteferenced to local
transmitter ground, it codlbe a 50 or 500 voC offsetsignal at the receiving terminal when
referenced to local receiver ground. Without electrical isolation, large currents would flow into
the receiving terminals creating potentially dangerous conditartee userHowever with
isolation transformers used at both the transmitter and receiver, all signals remain at safe levels at

each point in transmission.



2.2. Signhal Modes

To further discuss advantages of signal transforimegseneral the signals must first be
described. Asignal can be decomposed into differentralde () and commemode {_,,)

components as defined below:

Ve

-

FIG. 2.1. End of balanced transmission line.

V
(VARSI VAR
2 2.1
V- _—\ﬁwcm
2 2.2
V*t-V- =\ﬁ+vcm— —\ﬁwcm =V,
2 2 ’3

If V*"andV~were measured with reference to Earth ground potential, the differential

mode part of the signal will invepolarity from lineV " to line V. The commosmode part of

the signal will be the sameith the same polarity on each terminal

Vd+m = _Vdim 24
and

- +
ch = ch 25



As an exampleconsiderFIG. 2.2. BothV "andV ~have a commomode 1Hz portion

with an amplitude of 5V. The differentiahode signal is a 4 Hz sine with an amplitude of 10V.
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FIG. 2.2. Depiction of signal with both comma-mode and differential mode components. (a) Sum of common
mode and differential mode (b) Differential mode and common mode signals separated.

Now consider the current standard Ethernet network connected with unshielded twisted

pair (UTP) cable. Considartransmission over a single pair of wires from device A to device B

(seeFIG. 2.3).
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FIG. 2.3. A 2-device network connection in a real environment

Device A will transnit data by putting a sequencewafitageson the twisted pair line.
This is known as balanced transmission, balanced line transmission, or differerdal
transmission. Balanced transmission works well for long distance signal travel. Device B will
receve the potential differences and process them digitally to recover the data. Following is a

description of the signal along the path from device A to device B.

The output of device A before the first isolation transformer is given below, with both

differentiatmode and commemode components.

V
VA+ = Aédm VA,cm
2.6
- Ad
VA == 2"1 +VA,cm
2.7

For reasons that will be described in later sections, the isolation transformer (ideally) passes only

the differentialmode portion of the signal.



VA d

VAR L
' 2 28
VT_ _ _VA,dm

2.9
As the ggnal travels down the twisted pair line, it picks up interference power from the

environment. This interference power carcbarectlyassumed to couple equally to both lines of

the twisted pair cable, given the close proximity of the two lines. It & &lem the equations

that the interference voltage that appears on the lines is comoade.

VA dm
VI; = 2 Vlnterference
2.10
- VA dm
VR -t VI nterference
2 211
However

, nhow the signal passes through the

commonmode is removed. Depending on the wiring of theivecethe commommode may be

set intentionally for digital processing, which will be discussed in later sections.

V
VB+ e VB,cm
2 212
VB_ - Aédm VB,cm

213
The twisted pair network scheme with isolation transformers analyzed above will ideally

deliver to the receiver a sidrfaee from interference. Given the inexpensive unshielded cables

used for networks, the isolation transformers are largely responsible for interference suppression.

In the followingchapter the basic design and principal of operation of transformerdwvill



discussed. It will become clear in the following discussion how transformers effectively isolate

and eject commormode interference.

In FIG. 2.4 andFIG. 2.5 below is slown the measured spectra @ldps and 100kps
networks. These show empirically that the magnitudes of commuate and differentiainode
signals that exist on UTP cable between nodes of an Ethernet network are largely different. The
commonmode signal currents are much greater thauwlifferentiatmode currents. Without an
interface with large commemode rejection, any subsequent processing would have great

difficulty recovering the information carrying differentiahode signal.
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FIG. 2.4. 1Gbps spectra (a) Commosmode (b) Differential-mode
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Chapter 3 : Transformers: Design and o peration

3.1. Magnetic ooupling, transformer theory, and theideal transformer

A transformer, whethgvoweror signal is an electromagnetic device.sfgnal or single
phase powetransformer consists of twawindings of wire, the primary windings and the
secondary windings. The windings are wrapped around suckeaahar in such geometry so as
to have high mutual magnetic flux (deks. 3.1). Classic designs are as showiri. 3.1,
where the primary and secondary are wrapped aroursiathe high magnetic permeability
material. Using arguments of magnetic circuitry and parallel reluctance, the core material with

low reluctance effectively guides the flux from the primary winding to the secondary winding.

FIG. 3.1. Schematic drawing of a classic transformerUlaby, FawwazT. Fundamentals of Applied Electromagnetics.
Media Edition, © 2004.pg. 235, Reprinted by permission of Pearson Educationinc., Upper Sadle River, New Jersey [5]
The clearest approach to describing the principal of operation of the generic transformer

is to use an input to output progression. Considering the priasathe input (or port 1), a time
varying voltage\g is applied across the terminals. The primary winding will be assumed for the
moment to be a pure inductance (part of the ideal transformer assumption), and the volume
within the windng will be referred to as the windirmgre The currenﬂ'%will flow in the

primary winding. Depending on the geometry of the winding, the core material used, and signal
amplitudes, there will be a magnetic flux densg/,, around the winding that is proportional to

the currentF}. Considering a single isolated turn of the winding, integraﬁjgm -dA over the



turn cross section will give the total magnetic figk,,,, , which is also proportional tE. It is

urn ?

important at this point to differentiate between the flux through a single isolatecﬁg,m, and

the flux through the winding cor#t These valuesra not the same as will be discussed next.

ore *

The flux through and shared by each turn oNaturn winding (¢z,,.) will be a

superposition of the flux contributions from all proximate turns. In the ideal case, it is assumed
that each turn agles entirely to all other turns, meaning that the flux from each turn is shared
with each other turn. Thus, the total core flux will be the product of the flux from a single turn

andN, as shown below.

gore = NEturn = Ng,tum . dA 31

Faradayds Law (determined empirically) sta
loop of wire is equal to minus the loop terminal voltage (see equation 3R2@ndl2). For a
winding, Fa adayods | aw i s r evmdingtarsirativoliage isequa to minus hat t |
the derivative of the windinfjux linkages Flux linkages will be discussed in the next paragraph.

However, it is important to note here that if the winding is ideah éarn will sharea common

flux, q%,e. The singleturn voltage equation is given @guatior33and t he Far adayods

winding-terminal voltage equation is givenequation3.4.

In equation3.4, the turn numbetl, is combined with the core flux to give thax
linkages(ik, see equatioB.5). [5] definesfluxi nkage as fAthe total magne
given circuit or structure.o However, the f
ways. The first way, which is closer to the way that most textbooks describe flux linkage, is that

anyN-turnwinding can be equated to an imaginary single, larger turn with a larger effective



area. Integrating the flux density over the effective area of the larger turn would be equal to the
discrete sum of the flux density integrals of each turn of the winding.dmwy, the flux

linkage is the discrete sum of the flux through each turn. In the ideal winding, this is given by
equation3.5. The winding terminal voltage would then be proportional to the derivative of the

flux through the effective area (see equatsof).

The second way to conceptualize flux I inka

(equation3.2). The terminal voltage of a single turn can be thooflaks a single voltage source,

\}13_ (see equatioB.3). The winding voltage would then be like a battery of single turn

turn
voltages. In the ideal winding case, each turn shares the same core flux, and will trecuiahve

singleturn voltages. The winding voltage will then be the sum of\th&ngleturn voltages (see

equation3.4).
= T 3.2
\Eemf = _d_&
dt
= déz,. 33
Ttun — _T
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\E. ding = N\El_ =—N dﬁore :_d(NQEore) :_d((/E) 34

n dt dt dt
l/Ez N@vore 3.5

A \

'N turns

FIG. 3.2. Wi ndi ng depi c tlabyFawkaa. FuaddmanilHofsAppliedaEiwétromagneticsMedia Edition,
©2004.Pg. 237, Reprinted by permission of Pearson Educationinc., Upper Sadle River, New Jersey [5].

Flux linkages in the primary and secondary windings are given by the following

expressions:

‘E - ng 3.6
e, =N, 3.7

The core flux due to the primary is givenjaywhich is time dependent and in phase

with the primary currenlr%. The primary and secondary windings are negigally coupled by

either a guiding core material that fills the core of both windings, or a geometry such that flux

from the primary winding travels through the

11



-

dig, __\, 9%

dt 2 dt 3.8

S

The voltage on the secondary terminals will be the time derivative of the flux through the
secondary winding times the number of secondary winding turns. Assuming ideal (total)

magneticcoupling between the primary and secondary windings, the following is true:

E:Eandﬁ:d—g

dt dt 3.9
and
Eo N, 3y, 9%
dt dt 3.10
Using similar reasoning of Faradayoés | aw, the

\El _Nld_ﬁlz_Nldeﬁl Nl\Ez z
dt N, 2 dt

311

N . : L .
wherea = N—l the turns ratio. This leads to the first ideal transformer relation between voltages.
2

N 3.12

1

Ny !

2
Assuming ideal power coupling, where the power irdd fb equals the power out of port 2, the

following is true:

12



P, 3.13

The final equation is the second ideal transformer relation between cuEguédions3.12 and
3.13can then be used to find an expression for the ideal primary input impedance given a load
Z, on the secondary windinghus, obvious uses of a transformer are stepping up and stepping

down voltage andmpedance matching in power applications by controlling the turn ratio.

3.14

I—‘-n-” Hﬁ-l(
Il
o}
® \N'I'h{mﬁ.l(
Il
QJM
N-m{ l\)ﬁ‘l(
Il
ml\)
N

One conclusion from the aboaealysiss that transformers reject commorode
interference through magnetioupling. From the above discussion, the secondary winding will
have a voltage that is proportional to the time derivative of the core flux. This core flux is
proportional to the primary current, and so the secondary voltage is proportional to the time
deirivative of the primary current. With the primary voltage composed of both differembidé
and commormode signal, only the differentiahode part will result in primary currents. The
commonmode part of the signal will be the same at both ends of ttrapriwinding, resulting

in no current and no flux contribution to the core.

An important thing to note is that this is not simply a DC rejection of signal. The
commonmode signal can be any frequency and still contribute no primiading current flow.
With no commormode currents, there will be no commmode voltage signal on the

secondary. However, the coupling of the primary voltages and currents to the secondary voltages

13



and currents obeys the equations above only in the idealized transformerThedelal
transformer has winding resistance, core material losses, and leakage flux. In the next section,

real transformers will be discussed and the equivalent circuit model will be derived.

3.2 The real transformer: Description and lumped equivalent circuit

Idealized analyses are useful to evaluate the advantages or disadvansagasceipt or
method, such as electromagnetically coupled circAgsshown in the previous section, the ideal
magnetically coupled transformer can control voltage @urrent® the secondary bghanging

only the turns ratio while delivering the same pqveerd can be used to match impedances

However the ideal transformer analysis neglects factors that affect performance under
certain circumstances or are important when atpan efficiency is being considerethe

following device parameterseed to be considered in a more complete andBksis

1. Winding resistancei Wire windings are made from metals with finite conductivity. As
the turn number@proaches thousands, the length of wire has enegtigible resistance.
Thus, there will be a resistive contribution to the terminal voltage.

2. Leakage fluxi In the ideal analysis, it is assumed that the same flux is shared by the
primary winding and theegondary winding. However,ith core materials of finite
magnetic permeability, some flux frotime primary windingwill follow a path partly
through the core and partly through the air. This is a parallel magnetic reluctance circuit,
which can be compardd a parallel electric resistive circuit where some current flows

through each branch (se&G. 3.3).

14



¢+~ *< Leakage
\

FIG. 3.3. Torus core inductor with leakage flux.(Cheng, David K. Field and Wave Electromagnetics, &d ed, ©1989.pg. 252,
Reprinted by permission of Pearson Educationinc., Upper Sadle River, New Jersey [7]

Like the electric parallel circuit, the magnetic circuit flux will flow mostly
through the path of lower reluctance, the high permeability core. This flux that does take
the path through the air will not couple the primaigdingto the seondary, but instead
will leak out of the core. For this reason, it is calleskage fluxand will further change
the relationship between the primary and secondary voltages and curhentsrm
leakage inductanceill be used in later sections to repeat the leakage flux that
contributes to the selhductance of the primary winding but does not couple to the

secondary winding.

3. Core losses The core material not only has finite magnetic permeability, but it also has
finite resistance. Magnetic fluxithe core causes currents to flovcircuital paths
around the cross section of the c(@ddy currenty leading to ohmic losses.

Also, as will be discussed marelatersectionsthe core material is not perfectly

soft,indicated by width in the matials hysteresis curve. This means that a field
(coercive field must be applied to return the material magnetization to zero, which
requires energy. In AC applications when the material is being continually and cyclically
switched, this switching energyundesirablyiost to material heatingnd must be

accounted for in the device analysis.

15



In the following sections, the equivalent circuit of the real transformer is derived

incorporating the winding resistance, the leakage flux, and the core losses.

3.2.1 Real transformer lumped equiv alent circuit model: Frequency d omain

In this section, the equivalent circuit for a real transformer will be derived by analyzing

theKi r c hof f 6 sKVi)eduatiamgoa the paimary @nd secondary windingé&C

steady stateBelow is a reference diagram for the real transformer.

E E
1 2
+ Real +_ \
\E Tran§former \E 7
4 2

FIG. 3.4. Real transformer analysis diagram.

Performing KVL on the primarwindingloop and the secondawindingloop gives rise to the

following coupled circuit equations.

. M_ di, (t) 3.15
vi(t) = Riy (t) + Ly, dt My, dt

di,() _,, di(®) 3.16

V, (1) = Ry, (1) + Ly, dt 27 gt

with the parameters defined bel:

16



1) R, - resistance of primary winding.

2) R, - resistance of secondary winding.

3) L, - inductance of primarwinding.

4) L,,- inductance of secondawinding.

5) M,, - Mutual coupling factor (mutual inductance) of secondary to primary.
6) M, - Mutual coupling factor (mutual inductance) of primary to secondary.

Taking equation8.15and3.16in AC steady state and using phasors for sinusoidal

guantities gives the following forms.

\Elz R:LIE1+ ja)l-nFT_ ja)Mlez 3.17

\Ez = RzEz + jCOLzzll:% — joM 21||§ 3.18

Before continuing, thevindinginductances should be discussed to elucidate how leakage

flux is accounted for. Inductance is defined as the flux linkages divided by the current.

Lk
F 3.19
Thus, the primary and secondary self inductances are defined as follows:
L £ _ N:L F Nl(ﬁlore +¢§eakage) _ Nlﬁlore N Nlﬁleakage . LI
"E E E E E L
1 1 1 1 1 3.20
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& 3.21

LI _ Nl ﬁleakage
T

1 3.22
. _E_ N2 - Nl(ﬁzore_'_ﬁzeakage) ~ Nzﬁzore N Nzﬁzeakage L, LI
22 - - - - =2 2
ETE T F EF 223
m N2 ;ore
L, = E
2 3.24
LI _ Nzﬁzeakage
2 |E
2 3.25

where the new inductances have the following definition

1) L'~ Primary main inductance. This is the larger fraction of the primary inductance and

is proportional to core flux.

2) LJ- Secondary main inductance. This is the larger fraction of the secondary

inductance and is proportional to core flux.

3) L'1 - Primary leakage inductantceThis is the smaller fraction of primary inductance

and is proportinal to leakage flux.

4) L'2 - Secondary leakage inductaric&his is the smaller fraction of secondary

inductance and is proportional to leakage flux.

18



The primary mutual inductandé is defined as the secondary flux linkage of primamgdtux

ik, divided by primary currerfE.

M :EA _ NZgEC"’e 3.26
21 |§ IEl
Further manipulation of equati@®26 isolates the primary maiinductance.
M B N2 ) ore =& Nl lore =1Lm 3.27
21 E Nl E 1

N1 ore N1 N2 ore 3.28

Given the reciprocal nature of the geometry,

My, =M, =M 3.29

Proceeding with the model analysis, it is the goal by manipulation of equatiorend
3.18to allow the isolation of a leakage flux term and get a coupled form that can be represented

by an equivalent circuit.

First, equation8.17 and3.18 are rewritten to isolate the respective leakage inductances.

g y = _ME
Adding the zero value quantitiggs(aME — aME) and jw[M] to3.17and3.18
a

respectively gives the following.
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g . . E = 3.30
Vi=RE+jo(L; -aM)f- joaM(Z - )

31
\Ez 3.3

= Mg . M g g
RE +jo(l,-—)E-jo—(aE-E)
a a
Substituting3.27 into 3.30, and3.28into 3.31, the leakage inductance is isolated in the coupled

circuit equations.

\E=RE+jo(L)E - joaM(Z - E)
a 3.32
= = = M, = g 3.33
=R+ o)k - jo—(@k-F)
Multiplying equation3.33byt h e t uabsctaleglee physcal quantities.
. . . E = 3.34
Vi=RE+jo(L)R-jeaM(Z - F)
8 F = . E 3.35
a\E=a2R2§+ jw(aZL'z)%— jwaM(E—'j
The new scaled quantities are as follows:
VB = ak 3.36
’ 2
R=a'R, 3.37
L=al, 338
E - L4
a 3.39
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Substituting the scaled quargg, equatior8.34 and3.35become
E=RE+jo(L)f-joam(E - F) 334
\B =RE + jo(L)E - joaM(E - ) 335
More substitutions can be made3i84 and3.35. aM = a& LT) LM, X, =0, X, =0l
X, = wl} and equation8.34 and3.35 become
V= RE+ X[ F—joX,(B-F) 340
E=RE+i(X)E - joX,(F-F) 341

In equations8.40and3.41, the leakage inductance term has been isolated. Reversing KVL on the
coupled equation3.40and3.41, an equivalent circuit can lbermed However, loading the
secondary takes extra considerations when using scaled quantities in the circuit. Consider the

load impedance as shown below.

Thus,

I A2
Z =aZ, 3.42
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FIG. 3.5. Real ransformer equivalent circuit.

FIG. 3.5 shows the equivalent circuit that results from frequency domain (AC steady
state) analysis of a transformerods coupled ci
as will be shown later in this chapter. Further modifications will bderto accommodate

prevailing physical effects from new transformer implementations.

3.2.2 Losses in magnetic core materials

Neglected in the previous analysis of real transformers are power losses in the core
material. In the following section, the primary sas of core loss will be discussed, as well as

how to account for them in the equivalent circuit.

It is the main purpose of the magnetic core material of a transformer to guide flux
between windings with a low reluctance path. Magnetic reluctance of retamaterial is
inversely proportional to the n4B.ddighlyal 6s magn
permeable materials exhibit low magnetic reluctance. High permeability core material also has

the benefit ofallowing high total flux to couple between the windings.
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length., 343
:ur /uO Areacross—seaion

Reluctance,, =

Magnetic materials can be classified generally into three tgmasagnetiqbismuth,
gold, etc) paramagnetidaluminum titanium, etc), and ferromagneticgi¢kel, cobalt, ion).
Diamagnetic materials have magnetization in slight opposition to the applied magnetic field,
paramagnetic materials have magnetization slightly enhancing the applied magnetic field, and
ferromagnett materials have magnetizations that greatly enhance the applied magnetic field but
with complex behavior such as nbtnearity, hysteresis, and saturation. Diamagnetic materials
have lower relative permeability than air (~0.9998), and paramagnetic risatena a relative
permeability only slightly higher than air (~1.0005). For effective flux guiding, ferromagnetic
materials are required, with a relative permeability from 250 to 100,00@-Fheurve for

ferromagnetic cores is discussed in the nexi@®ct

Ferromagnetic cores sink power primarily by two mechanisms: eddy currents and
hysteresis. The consideration of these mechanisms is absent in the ideal transformer analysis
since it is assumed that the core material has zero conductivity (no edelyt€uand is a
perfectly soft magnetic material (requires no energy to switch magnetically). The following
subsections will discuss in detail the dependencies of these loss mechanisms and how the loss

can be incorporated into the equivalent circuit.

3.2.2.1 Hysteesis bss

Ferromagnetic materials are described as

distinctions come from the materials hysteresis curve. Below is a gérensimagnetic

~
hysteresis curvevhere the material magnetizatid,, is on the vertical axis and the applied
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magnetic field,H , is on the horizontal axigVl is in units of magnetic flux density (Webers per
square meter), making the total flux densiBy)(for a reasonably large volume within the

materialas follows.

7 g 3.44

1 '..‘
Rem: / /
0.5 Coerei g ~ /Approxifate Saturation fidld

0
H

FIG. 3.6. Generic ferromagnetic material hysteresisurve

Equation3.44is written to isolate the material magnetization term. This equation can be
rewritten to factor out the applied magnetic field, knowing that the material magnetization is

proportional to the applied magnetic fieks shown in equatid®i45.

(%

A\ | % A3 | % A\
B=M +,UQH = ,uolmH +IUOH = :u0(1+ Zm)H
In equatior3.45, M = u,x,,H and y,,is the magnetic susceptibility spcto the material.

3.45

Equation3.45 gives the net flux density that would be observed in a material with a given
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applied magnetic field which is the sum of the material magnetization flux density and the

applied flux density. Fothe purpose of material hysteretic classification, however, only the

A \ %3
material magnetizationM = y,y.,H ) is important.

Hard materials usually exhibit wide hysteresis curves, with large coercive fields and
generally high saturation fields. materials have narrow hysésis curves, with low coercive
fields and generally small saturation fields. Note, however, that both materials could have high
remnant magnetization. Belaw FIG. 3.7 arethe hysteresicurves formaterials that are

relatively magnetically hard and soft.

Generic Hysteresis Curve

R s
i f" P

0.2

— Hard Material
T:: Y S SOOOs SSSSSSD 1 AN — S Soft Material |-
"""" Softer Material

FIG. 3.7. Generic hysteresis curves for relatively hard, soft, and softer magnetic materials

Hard magnetic materials are useful for making permamagnetsmagnetic media, and
other applications requiring magnets that do not change magnetization with ambient magnetic

fields. These materiatequire large fields to set the magnetization,ddsbrequire a large
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opposing field to demagnetize thentus, they can be placed in environments with considerably

large stray magnetic fields and still retain thaiginal magnetization.

Soft magnetic materials are used in magnetic recotu@ags electranagnetic machines,
and other flux guided deviceSoft materials are suited to applications thauregjthe material
magnetization toeverse direction often in use, such as transformer cores. Soft magnetic
materials are also necessary for sensitive applications such as recording heads where the material
magnetization must follow the applied magnetic field closely around the zero field point.
Electromagnetic machines use flux guiding as part of their principles of operation. This
flux is time-varying, and will reverse the magnetization of the materiaight fnequency. As will
be explained in the following section, hard magnetic materials are hard bectheséaoje
amount ofenergy needed to switch the direction of magnetic domains. Soft materials require low
switching energies, and thus do not exHiligth magnetic losses when guiding tirmarying

magnetic flux in machines.

Hysteresis energy losses arise frenergy expended in changing the magnetization
direction of the materiaBome of this energy is briefly stored as potential energy, but most is
lost to thermal dissipatid8]. There is a magnetic energy associated with a volume of material
under an applied magnetic field. This per volume energy is equal to the product of the applied
field and the magnetic flux density the material.

Energy= M - H *Volume 3.46
Switching energy is the energy required to reverse the magnetization of a material, calculated as

the integral of the produd%IJ .dM as the materlagyoes between flux saturation in both

directions.
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MeaC  C 3.47
ENergy ining = Volume _[H -dM

_MSal
This energy is hysteresis loss, and depending on the switching frequency, a power loss

can be calculated useful assumption cabe made which makes this discussion on hysteresis
loss more quantitative. The switch energy integral of equatibfifor an entire switch cycle
(from —M

to M, and back to-M_,) is equal to the area of the hysteresis ldoither

sat sat

region of the integral, the integral is a measure of the area between the curve aaxishe y
Assuming that the ared the hysteresis loop is known, the following enel@gspercycle

equdion can be written.

Energy.,qe Loss = Volumer A 3.48

With a switching frequency , the power loss can be written as follow.

_ Energ)éyde_Loss =Volume* f * A
oop

loss
T

Cycle

3.49
This can be modified further, approximating the loop area with the peak flux density.
Aoop ~ 778:1ax 3.50

nandn are determined empirically for a materiakcan vary from 1.5 to 2.5. Thus, the power

loss from hysteresis is given by

P

loss,hysteresis

~Volume f * B! 351
The importabconclusion from the hysteresis loss analysis is the dependence of the loss

on the area of the hysteresis loop. From this, it is clear that soft materials with very narrow loops
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will exhibit considerably less loss in switching than hard materials withdongsteresis loops

[9].

Besides hysteresis losses in domain switching, magnetic core materials also possess

ohmic losses from eddy currents. Eddy current losses will be discussed in the next section.

3.2.2.2 Eddy current los

Magnetic cores can be made from pure metallic elements including nickel, cobalt, and
iron, alloys of these ferromagnetic metals, or ferrites. It will be shown in the following section
that power is lost bygirculatingcurrents that come from loops oéetric fields that surround the
magnetic flux lines guided by the core. Thus, by reducing the conductivity of the core, the

circulatingcurrents will be reduced along with power losses.

Beginning withthe diffee nt i al f or m indtimévarying chagnetdiix in a w,

the corecan relatedo the circulatingcurrents.

C S 3.52
VxE=—@
ot

Integrating3.52 over a bounded surface gives th#owing:

ijIEC-dg= j—%'f;.dg 353

Using Stokeds theorem, the sur3db3andechangegtgr al o

a circulation integral.
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¢ €4 ¢ 3.54
jvxE-dscng-dl :_QIB.dgz_%
S c ats at
From this form of Faradaydés | aw, some phys

ferromagnetic cores become clear. With a time varying magnetic flux in the core, e@uation

is nonzero. Thus, the circulation of the electric field is +mamo. In electrostatics, the electric

field is conservative, so the integral Bf di_around any path that returns to the initial point will
be zro. However, with a time dependent flux, the circulation (which is aritegral that starts
and endst the same point) of the electrielfl is not zero. Recalling the electric field and
voltage relationship shown in equati®®5, this nonzero circulation indicates a potential
difference between the two ends of the path. Where there exists a potential difference and a

material with finite conductivity, there will exist a current and ohmic loss.

b C C 3.55
[E-d=V(b)-V(a)

For those engineers with vivid imaginations, it can be pictured that the net electric field

along a closed path will give rise to current density by

Al

E=J 3.56
whereo is the material conductivity and is a current density. Consider, then, the continuity

equation,

v.J=0 357
Since the timerarying flux is norzero, the electric field must be naero (see EquatioBi54).
Since the electric field is nerero, the current density must be rx@r0 (see equatiadh56).
Since the current density is na@ero, then from equatida57 the currents must follow closed

paths within the material to have zero divergence.
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7 Eddy
currents

Section at AA

FIG. 3.8. Eddy currents diagram. (Young, Freedman'Sandin/Ford. Seaits andZemanskyés University Physics 10" ed.,, (c)2000,
pg. 1016,Reprinted by permission of Pearson Educationinc., Upper Sadle River, New Jersey [10]

To further develop the expression for eddy current loss, consider a core with a
rectangular cross section where magnetic flux is perfectly uniform and perpendicular to the cross

section. ConsiddfIG. 3.9 below.

ke—a—s

i B sin(wt)

\

Eddy current
flow path

FIG. 3.9. Diagram of core material with flux and eddy currents.[11]
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Assuming an axial core flux density defined by

B(t) = B, sin(wt) a5

equation3.54 can be evaluated.

3.59
4 E- dI S ‘%( j B, sin(a)t)-ds] = B,w cOS(t) j ds= B, cosat)(2xw)

To evaliate the total resistance along the current path @ high aspect ratio core is made.

Assumingd<<w, r, can be approximated as follows:

I 2w+ 4X 2w
'e = Peore Z = Pcore W R Peore L_dX 3.60

The eddy current power loss of a single current loop is now given by substituting e@uzion

for potential difference around the loop giving the following.

{ Ed
v (t) B§m2 cos’ (wt)(4x*w?)
ro o 2w p 2w
core de core LdX 3.61

dR

Iosseddy

The total power loss of all current loops is given by the integral of all loops.

—||-l>

Iosseddy

de/f 20? cos (wt)(x*w )de sz"’f BZw? cos (wt)(x*w?)Ldx "
00 pcorezw T 00 Pcore
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ZBSWLa)Z T d/2 , 2B2wWLw? " N 3.62
=0 |cos(awt x2)dx[dt= """ |cos (wt)| ¢?| = (dt
Jcog (@) Oj( ) 2= [cos'(et) 37|

core 0 core 0
2 243 T 2 243 2 242
_2BywLo d ICOSZ(a)t)dt: BywLod _VBo d :< Ioss,eddy>
24Tp core 0 2 4p core 24p core

Equation3.62 represents the time averaged eddy current loss in a core of Vd|umih peak
magnetic flux density 0B, , thickness d, and resistivity .. To reduce eddy current losses,

one could either increase resistivity, reduce volume, reduce flux density strength, or make the

core thinner (reduce).

This eddy current equation illuminates the purpose of the different core designs. In an

effort to reducel, cores are laminated to mkne sheet of thicknedsand maken sheets of

thicknessg. Consider how this changes equatii®.

n
d 2 d d 2 3.63
V 2 .2 “ L* BZ 2 -
e (nj _[n(w n)j o (nj _VBo'd® o

- < Ioss,eddy>

24':0core 24pcore ) n’ 24pcore

Laminating by a fadr of nreduces losses by a factgr.

Another method to reduce eddy current loss is to increase the core resistivity without
greatly compromising the magnetic permeability. To that end, core materials have been doped

with semiconductomaterial to increase resistivity without impacting the magnetic moments.

Ferrite materials have high permeability as well as high resistivities; up to 10,000 Ohms
per meter. Ferrites, howevare not ferromagnetic but famagnetic, resulting in saturan

magnetization that is about a tenth of ferromagnetic materials. One type of ferrite is a complex

32



crystalline magnetic spinel structure with the form@- Fe,O, where X is a divalent metallic

ion such as iron, cobalt, nickel, manganesagnesium, zinc, or cadmiufh2]. Each of these

core types contains magnetic metals, but the crystal structure containing iron oxide causes the
resistivity to be much higher than bulk metals. These high resistivites makesfieleitd core
materials where power conservation and high coupling coefficient is critical. A popular ferrite
for signal transformers is M@n ferrite.FIG. 3.10 shows a theoretical dispersion relation for

Mn-Zn ferrite

2500 jl'f'ul] >
2000
1500

1000 T

Relative complex permeability

500

0 - L L = .

& <

10 10 10 10° 10 10
Frequency (Hz)

FIG. 3.10. Mn-Zn complex magneticpermeability dispersion curve [13]

FromFIG. 3.10, one can see that as signal frequencies increase alddHz, the core
material becomes unstable and loses permeability as the real part of permeability falls. Other
techniqgues must be exercised at high frequencies to maintain coupling which will be discussed in

later sections.

As interesting as techniquesreduce core losses are, the purpose of this discussion is to

understand the origins of loss. Now that both eddy current loss and hysteresis loss have been
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expressed in terms of physical or controllable quantities, these losses can be included in the
model. Note how both hysteresis loss (equa8di) and eddy current loss (equati®e3) both
depend on physical parameters and peak magnetic flux density. Assuming flux density is
constant over a crosection of the core, theectro motive forcéemy voltage from the flux that

couples the primary to the secondary can be expressed in the following way:

3.64

d o, o (C. C o C
Vemf(t):_gl//:_ ; :_a IB(t)'dSz_p\:rossaB(t)

= _A\:ross§ BO Sln(a)t) = _A\:rossa)BO COS@t)

Thus, the core fluemfis proportional to the peak flux density in the core. FB#d, the peak

flux emfcan be expressed as

’\/emf = a)BO A%ross = KBO
3.65
’\/emf 3.66
=B,
K
Substituting3.66 back into3.51 and3.63, the core loss can be expressed as follows:
. Vol* f* n
PlosshysteresiszVOI* f* anax = —nn emf
K 3.67
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< >—VB§a)2d2 _V emf za)zdz
loss,eddy nz 24,Ocore K_2n2 24pcore 3.68

Reall thatn in the hysteresis loss expression can be from 1.5 and 2.5 and is determined

empirically for a material. For this analysmsis assumed to be 2 for a first approximation.

P

loss,core

=R

loss,hysteresis

+ B,

loss,eddy

2

~
~

2|Vol* f*n  Vw?d?
:ﬂ’vemf

2

2.2
K K N"24p 3.69

emf

Note thatg is only dependent on frequency and physical parameters. For a constant frequency

as in power and mechanical applicatiopsis constant.

2 3.70

2 ’Vemf

Ploss,core = ﬂ ’Vemf

R,
and
’\/ 2 1 3.71
emf
Re = = —
Plosscore ﬁ

What has been done in equati@ig and3.71is the replacement oi¢ constant of

: : , : : : v? . . :
proportionality # with an equivalent resistanbg, recallingP,.sor = R Placing this resistor

properly in the equivalent circuit model in parallel with the mutual inductance is a good
appoximation to the real core losses exhibited in the device. The complete circuit diagram is

given below.
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FIG. 3.11. Transformer equivalent circuit with core loss resistor.

In the next section, another coptgal approach to deriving the equivalent circuit model

that was discovered as part of this project is presented.

3.2.3 Alternate derivation of lumped elementt ransformer model

An alternative technique for the derivation of the lumped element transformerlequiva
circuit has beempresentedl14] as part of this researciihe derivation approaches differently in
how the coupled circuit equations are first presented. Rather than taking the superposition of self
inductance and mutualductance as contributing to the voltage, this approach takes voltage
contributions from leakage flux and core flux. Both approaches account for the total flux.
However, the second approach is more closely related to the physical nature of the device and

the mechanism of Faradaydés Law emf from fl ux.

When considering the windings of the transformer, there are two mechanisms for
potential to appear across the terminals: ohm
is from the winding resistance attte current flowing through the wires. The sowtéhe

Far aday 6 smagnetiw flug. mf i s
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Given the two ways voltage can appear acrossihding terminals, the coupled circuit

eguations can be written as follows:

Vl(t) = Rlll(t) +V1,emf (t) 372
V, (1) = Ryl () +V, e (1) 3.73

The magnetic fly that gives rise to the emf exists as bathe fluxthat is shared by the primary

and secondary aridakage fluxwhich does not link the primary and the secondary.

eakage core d leakage [ d core t 37 4
Vl’emf (t) :V1I,8rr|1(f ’ (t) +V1,emf (t) - ¢1 dt ( ) - ¢ldt ( )

eakage core d leakage t d core t 3.75
V2,emf (t) :Vzl,enlifg (t) +V2,emf (t) - ¢2 dt ( ) - ¢2dt ( )

Further analysis of the flux in equatio®34 and3.75 gives the following expressions in terms

of inductances.

V(1) =— g™ eo*(t)  dgy™*(t) _  d(Lyi (1) dNJAB™*(1)) 3.76
1,emf dt dt dt dt
leakage, core |- d(N ABcore (t)) 377
A P s O 3l O B CT A O) B U
2,emf dt dt dt dt

In the case of Ethernet transformers, the turns ratio of the primary and secondary
windings will be equal. Themf contribution from the core flux will be the same in both the

primary and the secondanyndings Thus, equation3.76 and3.77 become

~d(Li, (1) 3.78
d

Vl,emf (t) = + VO (t)
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and

~d(Lyi, 1) 3.79
dt

V2,emf (t) = + VO (t)

Evaluating equation3.78and3.79in AC steady state and usinggdor notation3.78 and3.79

become

\El,emf = Ja)Lll lEl +\EO

3.80

and

\Ez,emf (t) = JCOLIZ lEz +\E0 3.81

Todetermine\Eo, the core fl ux must ardassummgumitbrmu si ng

flux density over the cross section

- u(o)(F+B) =

q[g,-d&«z{g—A“"iE:u(w)E

5
A encl
£_uoAEF)

o
|

3.82

where A is the core cross sectional area and it is recognized that the core permeability is
complex, dispersive, and lineat. Gepresents the circumferential path length arouedtahoid

within the cross sectioPAssuming the permeability is linear & fair assumption since the
material is magnetically softhe flux magnitude is small and far from saturatingrttaerialand

the frequencies are sufficiently low such that the metigation follows the applied field
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(@) = p'(@) + ju' (o) 3.83

The emf from the core flux can then be expressed as

3.84

E__ df  —jolu(©)+ in"@)AE+E)
7 dt |

-(lenledh ORNE )z o)k

Equation3.84 shows that the emf resulting from the core flux is proportional to the sum
of the current of the primary and secondary windings by an effective core impeggnge,
The core impedance is complex, and represents both resistive and reactive components. Thus, the

core impedance can be represented as a series resistor and irf§y(etprand

X, (@) = oLy (w).

a) n a) A
R (o) = - (w)
I 3.85
ou'(w)A
X, (o) = — 24 (@)
I 3.86
The coupled circuit equations now become
\El: R|I§+ ijE+ Ro(a))(||§+ Ez) - ja)Lo(w)(||§+ Ez) 3.87
and
\E: RI%+ ja)LI%+RO(a))(FT+I%)— ja)LO(a))(EH%) 388

wherel; ~ L, =L.
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The equivalent circuit can be intuitively drawn fromgbequations as shown below.

FIG. 3.12. Equivalent circuit derived by alternative method

The above form of the equivalent circuit has a seriescBre branch. The more familiar
equivalent circuit is pented as a paralleFRcore branch. However, the two

representations are interchangeable. The same impedance can be represented either way.

FIG. 3.13. Parallel to Series impedance conversion
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Z, =R +jol, = 3.89

. joL R,
Zo =R lllet, =5 iR,
JC() P+ p
. - 2 2 - 2
joL, R, (-joL, +R)) _o LoR, + joL R
®’L? +R] »’L} + R

By matching the real and imaginary parts of equadi8f, the two equations can be used to

solve for the series element values in terms of the parldialeat values and vice versa.

21 2
_ 1) LpRp
21 2 2
oL +R
P P 3.90
2
I—o — LPRP
o2 + R2
P P 391
LpRﬁ 3.92
0= " 2,2 2
0] Lp+Rp
o’L L2+ LR =L R =
o’LoL2 +(Ly-L,)R:=0=
R _\/_4(a)2LfJL0)(L0_LP) _ _4(a)2L2pLO)(LO_LP) — ol L,
i 2L, -Lp) 4Ly~ L) V(L - L)
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»’L’R 3.93

_ P P
0?2 + R?

- a)ZLZpI?pz R _R(,-L)
a)ZL2p+”L"L° Leohotl b

(Lp_LO) (LD_LO)

L
o2 0 L -L,)?
:Rﬁ(LpLO)ZZ( ”(Lp—Lo)J "

2 2
L L2

R =o’Ly(L, - Ly) =

Plugging equatio.93 back into equatioB.92 gives the following.

L, L, 3.94
R, =ol, L _L):a) pery + L, ”
P ° H % +Loj—L0]

[ R oL, _ Ly
_a{a)ZLOH—O] R —(R0+ R )

212
oLy
R,=R+

Thus, by using equatior&93 and3.94, the model canddescribed in the more familiar form

of FIG.3.11.

3.2.4 Capacitances in the transformer lumped equivalent circuit model

The equivalent circuifor the real transformen FIG. 3.11 showsa number of things that
can be improved in order to make the transformer more ideal. In the previous section, improving

core loss was thoroughly discussed, including laminating cores and increasing the resistivity of
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core materials. Reducing line resisce of the primary and secondary windings can be done by
using higher conductivity metals at the traaf€of cost, or increasing winding diameters with

the tradeoff of fitting more turns around a core.

One of the problems that can be improved byfaadesign is leakage inductance. By
carefully intertwining the primgrand secondary, there is a two mecharimsgrovement in
coupling (sed-1G. 3.14). First, the bifilar manner of the winding (as showiiri6. 3.14) reduces
leakage flux. Second, the intertwined windings form a capacitive link (erivging
capacitance) between the primary and secondary windings that supports coupling at high
frequencies when core materials losempeability (se¢1G. 3.10). Also, depending on geometry,
an intrawinding capacitance (capacitance between the turns of the same winding) can

accumulate.

FIG. 3.14. Image of bifilar wound Ethernet transformer extracted from package.
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Plaang the intrawinding and crossvinding capacitances into the lumped equivalent
circuit is a topic for debat&lG. 3.15shows all of the many plas to insert the capacitance into
the lumped model. Power transformers have small capacitance values when compared with their
large inductances, so power transformer models are generally less sensitive to the capacitor
placement. However, the response ififay-wound Ethernet transformer models is greatly

affected by the chosen placement of the capacitors as mutual inductance decreases.
CCW

CCW

R L 0oor ok
—— AT YL AN ——> |
I
7 W< rm iw iw ’ 2
Vl ltw 11!W Re C Ll C2 C2 V2 a Z I

FIG. 3.15. Capacitance placement in the equivalent circuit

CCW

|
> MN——
i |
. wl | 2

FIG. 3.16. Common transformer equivalent circuit including capacitance
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When considering the physical origin of the capacitances, none of the insertion points are
perfectly accurate. The capacitance does not simpéf erione side or the other of the winding
resistances. The capacitance is actually infsmtely distributed along the winding among the
resistance and leakage inductance. For this reason, debating which is the accurate model is
ultimately fruitless, sice all models are inaccuradMuch has been published amalysis of
lumped element transformer models for different purposes in different frequency rélfjes (

[16], [17], [18], [19]). However, for a broad analysis, distributed models are required to properly
treat the capacitancebhis distributed nature of the model will be analyzed in dep@hiapter

5. However, fotransformers with mostly magnetic coupling, the choice of lumped element
model is less critical since the effect of the capacitance is smaller. For the remaining discussion

of lumped element equivalent circuits, thedsl of FIG. 3.16 will be used.

This concludes the discussion and derivation of the lumped element transformer
equivalent circuit. In the next chapter, the discussion will continue to novel developments in

techniquedo characterize high frequency transformers with the lumped element model.
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Chapter 4 : Characterization of lumped parameters and ferrites

The previous thorough analysis has delivered an equivalent circuit model that represents
a real transformer to a good degodeccuracy. A series of tests have been devised to take a real
device and extract the values of the model parameters. In this section, the classic transformer

tests will be reviewed and novel high frequency testing techniques vaptkeisented

4.1 Classictr ansformer tests

The classic transformer tests designed to characterippwer transformers. Power
transformers have neantertwined windings (and negligible cregsénding capacitance) and only
operate at a single relatively low frequency. These testsdracterize power transformers
require three peak value measurements: voltage, current, and power. In the following sections,

these tests will be explained.

>

>
:

v, L

FIG. 4.1. Measurement scheme for classic transfmer tests.

4.1.1 Classic short circuit t est

In the classic short circuit test, the secondary terminals are shorted. Shorting the
secondary terminals allows certain simplifications to be made to the model. First of all, the

frequency at which we are testirsgsufficiently low such that the capacitances are open circuits;
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thus, the capacitors can be removed. Second, with the secondary terminals shorted, the

impedance of the load branch is jlt+ jo'L, which is much less than the impedance ef th

core branch oR,andL; in parallel. With the high impedance core branch and the low

impedance load branch in parallel, the equivalent impedance is essentially that of the load
branch. Thus, the core components catelft out, and the rest of the circuit combined into one
resistance and one inductance as showai@ 4.3. The phasor diagram for the circuit is given

in FIG.4.2.

FIG. 4.2. Phasor diagram for SCT approximate equivalent circuit.

I, R+R, L) +"L,
A P > ANN— Y Y Y
/

FIG. 4.3. Modified equivalent circuit for the short circuit test.
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The procedure for performing the shoircuit test is given below.

1. The primary AC voltage peak amplitude is increased until the rated current is
reached.

2. The current is measured (or taken as the rated current) as well as the power. The
power meter displays only real power consumed. Regotiwer that sloshes from
the source to the inductor and back again is not displayed on the power meter. The

combined resistance can be found as

P=I2Rcombined:>E=R1+Ré 41
i

3. Tofind the leakage inductances, olveethe phasor diagram BfG. 4.2.

From step 2, resistance is know, and the voltage across the resistance is given by

Vow

Multiplying the resistace found in step 2 by the measured current, the resistor

= ‘E‘ Riombined = ‘E‘(a +R;) 4.2

voltage can be found.

From the phasor diagram,

2 4.3

2
+

Rearranging equatioh3, the inductane voltage can be isolated.

Iyl
L+l
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4.4

Ml +1_£

Then, using the inductance voltage, the inductance value can be found from measured

guantities.

Ml +1

£

4.5

=L

Ml +1

4. Between steps 2 and 3, both the winding resistance and leakage inductance were

_ i El _ _
- ‘ J a)Lcombinedl 1| — a)Lcombined combined

[

found.

4.1.2 Classic open circuit t est

In the open circuit test, the terminals on the secondary are left unloaded (open). With no
current flowing in the secondary etlsecondary winding resistance and leakage inductance
become inconsequential. With the core values of main inductance and core loss resistance being
very large, the small values of primary resistance and leakage inductance are insignificant. Also,
the tesis performed at such aw frequencythat the capacitances are effectively very large
impedances and negligible current paths. The equivalent circuit model becomes as $HGwvn in

4.4,
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FIG. 4.4. Approximate equivalent circuit for open circuit test.

FIG. 4.5 shows the phasor diagram for the open circuit test equivalent circuit.

Vg

>

_.\”

FIG. 4.5. Phasor diagram for OCT equivalent circuit.

The procedure for the open circuit test is as follows:

1. Increase voltage source until the rated voltage or current is reached.
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2. Take a measurement from the power meter. Again, the power meter dmphaysal

consumed power, and not reactive power. Thus, the power from the power meter is

the power consumed DbR.the model 6s | oss re

oot )

3. Using the value foR, found in step 2, the resistor current can be found.

R 47

4. From the phasoridgram inFIG. 4.6 and the result of step 3, the main inductance

current can be found.

= NERIE 2
Gl =l IR .8
5. Using tke main inductance current, the main inductance can be found.
= - H m = m = m 1
Ve = \E | =|joLTE, | = oL | = Ly - ’\E‘
1 1 ® ELm
: 49

Steps 2 and 5 give expressions for the core loss resistor and mutual inductance from
measureable quanés. Combining the results from the short circuit test will describe all

parameters in the classic low frequency transformer equivalent circuit.
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4.1.3 DC resistance test

Prior to any frequency dependent testing, the winding resistances can be measgred usin

DC voltage and current. The test is a simple one any engineer is familiar with.

!
% %
DC Yoltage DC Voltage ~
Source With I} Source With V
current monitor B dary current monitor seC Ondaly

V,.,.Q R

FIG. 4.6. Measurement setup to determine primary and scondary winding resistances.

The procedure to measure the windiagistance is given below.

1. Using a DC voltage source with current monitoring capabilities, adjust the voltage
such that the current is below the devices rated current, but also gives the highest
possible precision of measurement.

2. Record the voltage antle current output, measure both on the primary and
secondary.

3. The winding resistance will be given by
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V,
I:iminding = |£
DC 4.10

Note, however Hat the DC resistance is not necessarily the resistance at a given
frequency. As frequency increases, the skin effect on the winding conductors will cause the

actual resistance to increase from the DC value.

4.2 Novel high frequency transformer tests

The following tests are novel techniques developed for measuring the equivalent circuit
parameters of Ethernet transformers. The classic transformer tests may or may not be effective
for signal transformers for the following reasons: signal transformers witetimiimbers of
turns and small core cross section have a main inductance that is limited by design. With a
smaller main inductance, the stable-fland region of the transformers transfer characteristic is
shifted to higher frequency. Thus, the tests rbegperformed at high frequencies. However, the
bandwidth of current and power meters is also limited to lower frequencies. Thus, with some
simple logic and calculations, an inexpensive measuring technique will deliver all of the
necessary information abaile particular signal transformer under test. To simplify this
presentation, the tests will be described for the case of Ethernet transformers where the device
parameters are assumed the same for the primary and secondary windings and the turns ratio is

one.

4.2.1. Quasi-short circuit t est (QSCT)

The quasishort circuit test works on the same principle as the classic short circuit test.
All of the same model approximations are made with one small difference. Instead of shorting

the secondary terminals, a smakhdl is placed on the secondary. This load has a resistance of a
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few ohms; approximately the same impedance of the winding resistance and leakage inductances
over the measurement frequency range. The test measurement setup is $H@wva. T The

relatively low frequency validates the assumption that the capacitances are high impedances and
negligible. The small load branch will shunt current away from the core branch, making core

effects negligible. Thus, the effeatiexperimental circuit is shown in the bottom righEt®.

4.7.

Dscilloscope -
1MOhm n
Terminated © ; o

]1 L'+ L)

!
Signal ~ Rl +R2 S 17
>
Generator V;_n 7o I/;mr

FIG. 4.7. Quastshort circuit test experimental setup.

Following inFIG. 4.8 is the phasor diagram for the quakbrt circuit test.
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FIG. 4.8. Quastshort circuit test phasor diagram.

The procedure for the quashort circuit test is as follows:

. Measure the amplitudsf \E

out *

Use this amplitude to find the current through the

series circuit.

-l

411

. Using the winding resistances deterndire the DC circuit test and the current in step

1, the winding resistance voltage can be found.
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’\ER‘ - ZR‘I% 412

3. With both the winding resistae voltage and the load voltage, the inductor voltage

can be found from the geometry of the phasor diagram.

= |2 P = |2
V| = 0l + Mo”4 M| =
Lo e s

Vel =M -

out| o
ZE‘Z_RLZW_LRH%Q_“RZW 413
4. From the inductance voltage, the inductance can be found.

NE, \:\ja)zu%z 201 | =
R e

2 ff
wa\ AL NE\

ut||V2r| ~ |V2R

4.14

4.2.2. Quasi-open circuit t est (QOCT)

This quasiopen circuit test deviates further from the classic epemit test. The

measurement setup is givenFIG. 4.9. SinceR andL are small parameters, they will have a
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negligible effect in series with the large core impedance or large oscilloscope channel

impedance. The experimental circuit is shown at the bottomoafdHG. 4.9.

Dscilloscope C3
1MOhm c2
Terminated C1

A ~
Signal Vm V

Generator LO }

FIG. 4.9. Quasi Open Circuit test measurement setup.

Following is the phasor diagram for the quasi open circuit test.
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FIG. 4.10. Quasiopen circuit test phasor diagram.

In the aboveFIG. 4.9, the experimental measurement setup is shBwis.a discrete
added series resistor with a specific value il be discussed lateR, and L, are the core loss

resistor and mutual inductance as series elements.

Following is the procedure to determine the series elentgn#sd L, from the quasi

open circuit test.

1. In this experiment, a resistance was inserted in series with the center conductor of
standard R&8 coaxial cable used for making connections. Small project boxes with
two BNC connectors were constructed that allowedtaesie to easily be inserted
into the scheme and changed but still properly couple to the signal generator, device,
and oscilloscope.

2. The device is mounted onto a roonducting printed circuit board. Small wire runs

connect the device input and outputtgdo BNC connectors. A short BNC cable
connects the device outpuEgt) directly to a IMQ terminated channel of the

oscilloscope.
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3. The signal generator is connected to the resistance witoariector. The second

port on the Fconnector connects with a short B8 cable to a MQ terminated

channel on the oscilloscope().
4. Using math functions on the oscilloscop)%, is calculated a¥E -\E,, in time.

5. The signal generator frequency is swept, and the signal amplitub%s\%, and

\Eout are measured.
The following analysis will describe how the previous amplituéasarements will give
values for the series core parametd®s &nd L,). Consider the phasor diagram fréié. 4.10.

The concept behind the quapen circuit test is to usge additional voltage measurement

around a known resistance to determine the current flowing in the series circuit.

FIG. 4.11. Phasor Diagram for the quasiopen circuit test.

The following geometric equatiomge true about the phasor diagram above.

wl

R 4.15
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N[ = [+ V& | e
Wl =N [ e

Performing algebraic manipulations 4.6 and substituting.17 will allow N%O‘ to be found.

VE [ = O [+NRD? +0E | =R |+ 2 N[+ R 1B =

Vo 2 B+ =

\ERO‘J\E“ _’\E":E‘_’\%‘ 4.18
Ve

can be found.

Using4.17, &,

Ve =Ml - 419

From the resistance and inductance voltages, the resistanicelacidnce can be found.

-F
R

4.20

‘_E‘&ﬁ:
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2 _’\Eﬁ‘z 421

= a)Loﬁz

2 ~
_r\Eout
ﬁ

2 = |2

TR o

Equationst.20 and4.21 express the series loss resistance and the series mutual

inductance for a given frequency. Thus, in one measurement at one frequency point, values for
resistance and inductance can be acquired. However, as discussed above, tberéerrite

materials are dispersive, meaning that their properties are different with different frequency. This
means that the lumped equivalent circuit model parameters are different with different
frequencies. With this quaspen circuit test, however, theeiuency can be swept and the
parameter values found for each frequency in the range of interest. Thus, a frequency dependent

model can be constructed with this technique.

Rearranging 3.80 and 3.81, the real and imaginary parts of permeability candssespr
explicitly.

oy R(w) 422
lLl (a)) - NZ'Atrossl
R L () 423
ILl (w) - NZA:TOSSI
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The important result of equati@22 and4.23 is how this method ultimately results in
the measurement of the dispersion relation of the core material. Any isolation transformer can

have the core material analyzedsitu post production. This allows any device to be calibrated
specifcally without destructive testingzlG. 4.12 shows R, and L, frequency dependence as
extracted from an Ethernet transformer by the QOCT technique. From eq4aidasd4.23,

R, and L, are proportional to imaginary and real parts of the permeability of the ferrite core.

The curves oFIG. 4.12 shouldhave similar features to that of the complex permeability of the
ferrite. Published measured permeability data for MnZn ferritis.@.13) shows similar

behavior to what was measured with the QOCT method.

Core Properties (R0 and LO): Pulse H5084NL

800 2000
1600
600"
1200
T 400 a
800
200" \
400
1%Az 10 kHz 100 kHz MAz °

Frequency
FIG. 4.12. Measured core properties using the quasi open circuit teqtl4]
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(b)
FIG. 4.13. Complex permeability of Mn-Zn Ferrite (a) Real (b) Imaginary [20]

The above tests designed faequency swepineasurements on isolation transformers
will result in values for the parameters of the lumped equivalent circuit. This equivalent circuit
can then be used in circgitmulation software or used for signal analysis and transfer

characteristics measurement at frequencies beyond the bandwidth of simple measurement
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devices Other testing schemes for measuring the properties of ferrite materials have been studied
and publibed. However, these techniques require bulk ferrite material and special winding
construction and / or expensive measurement equipnizil, (13], [20], [22]). The QOCT

method is presented as an inexpensive alternative to measuring transformer ferrite properties in

situ.

However, as mentioned above, the lumped element equivalent circuit poses the debate of
where to place the cross windingpacitance. This will be discussed in the next chapter as

distributed models are analyzed.

4.2.3. Measured transfer ¢ haracteristics

Using the same measurement technique as was used for theggmasircuit test, the
transfer function of the device can be sw@wa&d. An important distinction to make that relates
directly to the measurement technique is the specific meanihg wansfer function for this
research. Though commercial Ethernet transformers are intended to be couple@ todIBO
line, it is the unloaded transfer characteristic that needs to be measured in order to compare the
measured data with the analytical model. The model may be correct in the low impedance
loading limit, but completely incorrect for the unloaded devicthif were true, then perhaps the

physical assumptions on which the model is based are incorrect.

Ultimately, however, comparison of measured data and the analytical model is mostly
gualitative. The key frequency regions in which to compare are thensegf noAlimited
behavior such as the low frequency slope into thebfaid region or the resonance regions.
Comparing flatband regions says little about the accuracy of the model except that both the

model and device have reached some limiting cagegeiod coupling.
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Presented below B measured transfeharacteristic of a commercigthernet
transformerfor both the differential and common signal mad#&g using the extracted
parameterfrom the above tests and the capacitance determination,delwmped element
equivalent circuit behaves similarly to the actual device. The equivalent diifterentialmode
transfer relation matches the resonance location and height and haBegloency knee close
to the measurement of the commercialidevAs will be discussed in the next chapter, some
features of the measurement simply cannot be reproduced by a lumped equivalent circuit model.

However, a reasonable performance match is demonstrateBi(Sekl4).

Also shownbelow is a measured common mode transfer characteristic. This
measurement was performed with the scheme showlGin4.15. It can be shown that in the

lumped model analysis a resonance exists with frequency

1 4.24

where L represents leakage inductance &depresents corssinding capacitance.

The resonance frequency depends on parameters that appear in both edidlffande
and common mode models. The measured observance of the resonance peak at the same
frequency in both differential mode and common mode schemes validates edi2aidine flat
regions of the measured tramstharacteristics indicate a frequency independent coupling. This
would be either a ratio of inductances, a ratio of capacitances, or a ratio of resistances. The

application of this logic, especially in the case of common mode measurements, will reveal th
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values of capacitances. Thus, transfer characteristics complete the necessary measurements to

determine model parameters.

Simulated and measured Transfer Relation: L=600uH, C=15pF, L|=600nH, R=0.750
5 T

&
8}
T

| =——Measured
===Analytical

N
I

primary
w
T

IV
secondary
)
L

V

-

................

0.5

Frequency
FIG. 4.14. Comparison of measured and calculated transfer characteristics.

— o
Fa¥ ~
I/z'n out
[ @

FIG. 4.15. Common-mode transfer characteristic measurement setup.
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Measured Common-to-common Mode Transfer Characteristic: Pulse H5084NL

3 | T T
56MHz
2.5 |
>
©
E 2r .
a
>
\25157 il
3
s
g |
>
0.5+ .
0.23 :
O I /| |
10Hz 10kHz 10MHz
Frequency

FIG. 4.16. Commonmode transfer characteristicfor a 1GbaseT commercial Ethernet transformer.



Chapter 5 : Modeling with distributed parameters

5.1. Distributed analysis introduction

The capacitance conundrum of the lumped element equivalent circuit forces the
consideration of the physical origin of the capacitance. The capacitance comes from the
intertwined primary ad secondary lines and the tightly packed windings. The close proximity
with a varnish dielectric between the conductors forms a capacitor where energy can be stored as
the field between two conductors. However, this capacitor is stretched (distribotegl} e
entire length of the intertwined conductors. The same distribution also applies to the winding
resistances and leakage inductance. Thus, all four values incrementally increase with each other.
The entire capacitance does not exist anywhere wigieces$o the entire winding resistance, but

infinitesimally increases with an infinitesimal increase in resistafagy the winding

This physical notion of distribution of multiple parameters leads to the development of an
infinitesimally distributed cicuit model, similar to transmission lines of arbitrary length. These

modelscan be analyzed mathematicadlyplaced into multiple cells of a circuit simulator.

The distributed model analysis will be different for each signal mode, whether common
or differential. The signal mode defines the symmetry of the terminal voltages, and thus defines
the boundary conditions of the model, and also important model simplifications. Separate models
and analyses for differential and common modes will be done inltbesifog sections. The

superposition of the two model transfer relations will fully describe the behavior of the device.
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5.2. Differential mode

As stated above, the differential mode signal implies specific model boundary conditions,
as will be discussed belowhe problem is formed as a vertically distributed model. Consider
FIG. 5.1 which describes the layout and boundary condition for the differential signal model
analysisFIG. 5.1 shows four parallel vertical axes that describe how the primary and secondary
voltages as well as the secondary currents coincide with the physical distribution of the

windings.

In FIG. 5.1, a purely differential volige is applied to the primary. The secondary is
loaded with an arbitrary lo&t] . The transformer under analysis is assumed to have a unity turns

ratio, implying that the length of winding for both the primary and secondary are equlk.In

5.1, this winding length i$, and the analysis adopts a coordinate system where either winding
center is ay=0. Thus, the top and bottom of either winding isyat J_r|—2 respectively.

Given the phgical symmetry of the distributed model and the voltage symmetry of the
differential mode signal about zero potential, the voltage-@tfor either the primary or
secondary will be zero. A symmetric model will yield the voltagd@physical midpoint tde
an equal potential from the top and bottom of the physical device. Since the top and bottom are

eqgual potentials above and below zero volts given the differential sigrtd the midpoint

potential is the same for the two windings and equal to zero.
L . ] .
The reference direction of secondary current is into the dewye:aée. With the

: " I I
secondary voltage reference polarity p05|t|vg/at§, the secondary current gt= 3 will be
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given by the secondaryvaltge di vi ded by the | oad i mpedance,

-

reference direction. Thug(li) = ZZ\E . Following are all of the boundary condition equations
L

just discussed.

o =
2)=\k
E(Z) £
. =
2)=\k
\@(2) -
- —Z\Ez 5.3
B = 7
(0)=§(0) =0 5.4

5.2.1. Differential -mode distributed model analysis

The synthesis of the actual distributed model must incorporate all of the distributed
parameters in each cell (winding resistance, ewdsding capacitancentrawinding
capacitance, leakage inductance, mutual inductance). In general, thevicidisg capacitance
will couple between the primary and secondary in each cell. The winding resistance and leakage
inductance will appear in series with the primary secdondary respective circuits. Tinera-
winding capacitance bridges the terminals of either winding. Thushtieewinding capacitance
will be placed in parallel with the series resistance in each cell noting that the capacitance in each
cell will be larger than the lumped value, since capacitors in series divide the value. The mutual
inductance is difficult to intuitively place in the circuit model. For this analysis, the mutual

inductance floats in the center, meaning that no current can ftowgthit as an element, but its
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presence will affect the differential voltage equations of the distributed anaBjstsibuted
circuit models have been published whzbperly treat distributed capacitance, igumore

mutual magnetic couplingnd offer no tbrough theoretical analysis of the mof3].

In the interest of a more general analysis, the theoretical distributed amadigted here
will consist of generic series elements in each winding, esasding elements betwedhe
windings, and the floating mutual inductance. The series elements can be expressed as an
equivalent impedance and the cr@sading elements can be expressed as an equivalent
admittance. Thus, the general cell of the distributed model can be forraesgtass impedance,
and crosswinding admittance, and a floating mutual inductance $€e5.2). In the following
discussion, the analytical transfer function will be determined by analysis of the [EEH.i5.2
and the boundary conditions BIG. 5.1. Note that the impedances and admittances in the

analysis referencélG. 5.2, and are per length parateevalues.
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FIG. 5.1. External terminal diagram of differential-mode distributed transformer model with boundary

conditions.
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L(y+Ay)  Ey+ay) & (y+ Ay)
g > YAy §
Hy+Ay)y B(y+ay) |YTAY

FIG. 5.2. Single cell of differentiatmode distributed model.

From the cell irFIG.5.2,Ki r c h o f f 6 sKVi)mppliedatprg the semes lfranch

yields the followingequation
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E(y+Ay)—E(y) =y + AY)Z Ay + B (y + Ay)MAY

E(y+AAy))/—E(y) —E(y+Ay)Z, +E(y+Ay)M

- —E(y)  di(y) g = 55
i (Y +AY) —&(y) _ _EWz L E(VM
i = qy = ENZHE)
Using the same application of KVL to the secondary wigdiields the following result.
5.6

) gz, +EyM
dy

Application ofKi r ¢ h o f f & sKCk) torthe erassdvinding bsanah gives the following

progression of equations:

E(y+Ay)-E(y) =E(y) =[€(y) - & (]I, Ay

Ey+ay)-HY) = . =
AY =&(Y)-E (Y)Y,

= = = y y 5.7
im E(y+AAy) ) _ 9O 1) & (.
o0 y dy

Performing similar analysis on theconday winding gives the following equation.

EW) g gy _ —9E) 5.8
G ~LEM-EOI. = —
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The important conclusion that comes from equadidrand5.8 (which will be used later) is the

following:

diy) dE(y) d g g dEy) dEy)
o Ty —dy(ﬁ(y)ﬂc—z(y))— o dy =0 o

Since the derivative with respectytof the quantity(g(y) + g(y)) is 0, then(g(y) + g(y)) must

be constant with respet y. The sum of the currents can be represented by

E+EM=F 510

The following approach attempts and succeeds to find expressioggypand & (y)
explicitly. Adding equation$.5 and5.6 gives the following:

dis(y) , dE(y) _ d

dy dy d—y(\ﬁ(y)ﬂlé(y)) =

EY)Z, +Ey)M +EWZ, +Hy)M = Ey) +E()(Z,+M) = BZ,+M) 5.11
Making the substitution
a(y) =&(y) +¥(y) 5.12

and recalling tha(E(y) +E2(y)) - Eis constant with respect yo equatiorb.11 can be

integrated.

Imdy: o(y) = [Kz, +M)dy=Hz, + M)y +C
dy 5.13

To determine the consta@f the boundary condition of equatiér is used.
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9(0) = &(0) + £(0) = 0
=Kz, +M)0+C=C=0

Thus,

a(y) = Kz, + M)y
Taking the difference of equatioB$ and5.6 gives the following:
L EW-E) =2 (1) = ED-EW@Z. M)
dy dy 1 2 s

where

f(y) =¥(y) —&(y)

Taking another derivative of equatiéri6 gives the following:

dé(y)_dé(y)](z M ):(Zdi?(y)

(Zs - M)
dy dy dy

d2
d—yz(f(y))—[

= 2 (y) ~E ()Y, (Z, -M) =2Y,(Z, -M) f(y)

2
Equation5.18 delivers the simple differential equatic}dlﬁclll—2 (f(y)=2Y_(Z,-M)T(y).
y

This equation can be solved with exponentidlthe following form.

f(y)= Ae” + Be”

Plugging5.19into 5.18 and evaluating gives the following:

5.14

5.15

5.16

5.17

5.18

5.19
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dz d2 Y A2 WA
a7 ([0 = g7 (A +Be™) =" (Ae" + Be™)

=y 1Y) =2Y,(Z.-M) T (y) 5.20

By inspection of equatioh.20,

2 _
Vo= 2Yc (Zs - M) 521

Using the boundary corttbn of equatiorb.4, the two constant coefficients of equat®h9 can

be reduced to one.

f(0)=¥&(0)-§(0)=0=Ae°+Be”° = A+B=

A=-B 5.22
With equatiorb.22, f(y) can be expressed as follows.
f(y)= Ae” — Ae””¥ = 2Asinh() 5.23
Recalling equationS.12 and5.17, it is apparent that
f(y)+ = 5.24
(y) _ a(y) _E(y)
and
—f o 5.25
a(y) - ) _E®)

Plugging equationS.15 and5.23into 5.24 and5.25 gives the following expressions.
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&(y) = iﬂ—;M) y -+ Asinh(y) = BBy + Asinh(y) 5.26

E(y)= Fﬂ—;'\") y— Asinh(y) = BBy — Asinh(y) 5.27
with
_(Z+M)
T 5.28

Now, using the remaining boundary conditso the constant coefficierdsand Ecan be solved
Going back to equatioh5 and plugging in equatioh26 evaluated aty ZIE’ the following

expression is obtained.

EC) |

2 = | = |
— < = Acosht—) = H(=)Z. + E(=)M
o " e EQzEOM

Using the loaded boundary condition (equatd), substitutingy’ = % and expandingé gives

the following equation.
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(E(IE) + E;(IE)),B +yAcoshf’) = (E(lz) - Zif)ﬂ +yAcosh(’) = E(l_z)zS _ ZE; M =

5.30
éﬁ(ﬂ —M) - yAcosh{)

l L
iy = (B-2,)

and

Z\E ég(ﬂ— M)—yAcosh@/')—f(ﬂ—Zs) )

25 _ 4
2z, (B-Z,)

-

531
ﬁ(zs —M)—yAcoshg’)

S
(b-2.)

Plugging equatin 5.31 into the secondary voltage expression (equdiidr), substituting

and evaluating ay ZIE’ the following is found.
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| 5 ?EZ (Z,—M)—yAcoshg’)
> =Va= G-7) p'~ Asinh(y")

28 Z-M) | jAcoshl)p
z, (6-2)"  (B-Z)

\Ez(l_iwﬂ’j:_w_p\sinh(y’)j
Zl_ (ﬂ_zs) (ﬂ_ZS)

_ A 7Coshé) B +sinh(7’)j _
E = (B-2,) _ ABZ, coshi’)+Z, (B-Z,)sinh(y"))
’ (1_2(zs—|v|)ﬂ,j (26'(Z,=M)=Z,(5-Z,))
Z (B-Z,)

— Asinh(y') =

N A(yp'Z, cosh¢')+Z, (B -2Z,)sinh(y")) 533
i (26'(Z,-M)-Z,(6-Z,))

Reevaluatingleith equatiorb.33 gives the following:

-

& (Z,—M)—yAcosh(’)

S
(B-2,)

5.34

Z(A(WL cosh¢")+Z_(B-Z,)sinh(y"))
28'(Z2,-M)-Z,(B-Z,))
ZL

] (Z,-M)—yAcoshf’)

(B-2,)
Z(A(Vﬁ ‘coshf’) + (8 - Z)sinh(y")
(26'(Z;-M)-Z, (B-Z,))

J(Zs -M)-(28'(Z;-M) -2 (8 -Z,))yAcosh’)

(B-2,)
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_ 208" cosh) +(B=Z,)sinh( )(Z, ~M) ~ (2'(Z, ~M) ~Z, (5~ Z,))Acosh()
(B-Z2.)2B'(Z,~M)-Z_(B-Z.)

_ A COShE)@1'(Z, ~ M) ~2B'7(Z, =M)+Z, y(B~Z,)) +Sinh( NS~ Z,)(Z, ~M))
(B-Z.)2B'(Z,~M)-Z (B~Z,))

E_ 7 C0ShE)(Z,7) +sinh()(2(Z, - M)) 5.35
(26(Z,-M) =2, (-2,))

Pluggingequations.35into the expresion for primary voltagéequations.26) and evaluating at

y= IE gives the following:

€)=k = B+ Asinh()

cosh¢’')(Z,y) +sinh(¥')(2(Z, - M)), , i ,

AT ep e -z pozy P A

_ COSNG')(ZB') + SInN()(26'(Z, ~ M) + (2B'(Z, ~ M) ~Z, (B~ Z,))sinh(y)
(2F'(Z,~M)-Z,(f-Z.)

_COshE)(Z, B7) + Sinh()(2'(Z, ~ M)+ 2(Z, ~M) ~Z, (B~ Z.))

@F(Z.-M)-Z,(f~Z.))
\COSE)(Z, ) + Sinhy )(4B'(Z, M) ~Z, (B~ Z.)
(2F(Z.-M)~Z,(f~Z.)

\E _ ACOShE')Z B'y) +sinhG )44 (Z,—M) - Z, (B~ Z,)) 5.36
' (2B'(Z,-M)-Z,(B-Z,))

Forming the transfer functidinom equation$.33 and5.36 gives the following:
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(B2, coshty) +Z, (B-2Z,)sinh())
_ (26'(Z,-M)-Z,(5-2.))
0SNG )(Z,f7) +Sinh( ) (4f'(Z,~M) - Z, (B-2.,))
(26'(Z,~M)~Z,(~Z.))
_ (78, coshg’) +Z, (ff - Z,)sinh(y"))
cosh)(Z, B7) +Sinh( Y4B (Z, ~M) - Z, (f - Z.)

»—\ﬁﬂmﬁ(

VE _ (782, coshg) +Z, (p - Z,)sinh()) 37
V£ cosht')(Z f7) +sinhG)(48'(Z,-M) -2, (B-2)))

Dividing the numerator and denominator t&ysh¢’) gives the following expression:

1

5 (B2, cosht')+Z, (- Z,)sinh(')) cosh(’)

\E  cosh¢')(Z,B') +sinh()(4B'(Z,-M)-Z, (B -Z,)) 1

coshg’)

5 YBZ, +Z,(f-Z,)tanh()

\E  (Z.B')+tanh()(48'(Z,-M)-Z (B-Z,))

) y’+L ,_BZS) tanh(y") ) 7+ (;/Is:j/i) tanh(y")

’ ' 2I(ZS_M)_(ﬂ_Zs) ’ ’ 2I(ZS_M)_(M_ZS)
y'+tanh(y )( z. 5 ] y'+tanh(y )( z, Z oM ]

E 7' +(;" ;f/l) tanh(y") >-38
Ve 7'+tanh(y')(2'(z; M) _ (;/' ;fA)J

Equation5.38 represents the distributéransformer transfer function entirely in terms of

physical parameters. To turn equat®88into an expression thaffers more intuitive feeling,
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considerthe transfer function in the case dba inductancelevice in which main and leakage

inductance can be neglected.

In the limit thatM — 0, equatior6.38 now becomes

tanh(/') — 5/ 5.39
an tanh(y’)(l+ ZZZS' ]

Hﬁ'ﬂmﬁ‘

L

When netecting mutual inductance, equatibi39 gives a nice and simple transfer
function for the distributed transformer circuit model. Equali@® can be simplified further by

neglecting leakage inductance and evaluating the model parameters as follows.

R 5.40
__jeC R
ja)C R4+ 1 joCR+1

JoC,

Z . =R]|

Y :+: joC. 5.41

joC,

ﬂmOVZZZYc(ZS)=2(ijC)( R j: j20C R

joC,R+1 joC,R+1
2 % * 542
[ jeCR 1 [0C R) = joC R+ (RCCZ) (RC)
1+(wC,R)? 1+ (0C,R)

| (ja)CcR+a)2*(RCc)*(RC,)jy2 \/E(ja)CCRIZ+a)2*(RCCI2)*(RC,))%
lim »' =2 =—
2 1+(wC,R)? 2 1+(wC,R)?

M —0
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543

J%

2 | 1+(wa))?

]% :ﬂ( joa+olad

ﬁ(jwé;ﬁm“(ﬁéc)*mc,)
)

1+(wC,R)?

whereC, is the per length crossinding capacitanceC, is the per length intravinding

capacitanceR is the per length series winding resistance and the following substitutions have

been made.

a'=RG

Plugging5.42 and5.40into 5.39 will give the transfer function of thR-C, -C,

distributed model of the transform@d].

5.44

5.45

5.46

5.47
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(tanh(’) —7)
{[H ZZZSI jtanh(y’) + 7’}

L

5-

{ \/E[ja)a+a)2aa’f/2 \/E(ja)a+a)2aa’j%J

tanh(— -——
( 2\ 1+ (wa')? ) 2 | 1+ (0a))?

R

|l

+2(j(oQR+1j \/E[ja)a+a)2aa’f/2)+\/E[ja)a+a)2aa’f/2
2

tanh
( 1+ (wa')? 2 { 1+ (wa)?

L

[ \/i(ja)0(+a)20mc'j}/2 \/E(ja)a+a)2aa’]%]

tanh(," 1+ (wa')? )_7 1+ (wa')?

2
_ HHZF;( 1 ]jtanh(ﬁ(jwaerzaa’j%)Jr‘/E(WMJ%]

2 | 1+ (0a')? 2 | 1+ (0a)?

2 | 1+(wa')? )_7 1+ (wa')?

Hl+2&[ . 1, J]taﬂh(ﬁ(jma+wzaa,]%)+\/§(ja)a+a)zaa'j%]

[ \/E(ja)aJra)zaa’j% \/E(jwa+w2aa’]%J 548
tanh(—| ——————— Joa+o ao’

joo'+1 2 | 1+ (0a)? 2 | 1+ (0a)?

The following substitutions have been made in equdiéa

.~
Il
N| o

5.49

Equationb.48 reveals that for the distributed transformer model conceived above, the
transfer function depends on only three parametersx’, and/ . FIG. 5.3 andFIG. 5.4 show

how the transfer function behaves when changing these parameters.
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R,C,C’ distributed model: a=10s, A= 100

1
0.8 .
4":’,-.— |
Y4 —a'= 10ps/m?
_ 0.6 i / /= 10ms/m? | |
io ’o'l --a’= 100ms/m?
/i
0.4 i
1' ,-"
2
/7
i
02/
0 10Hz 1kHz 100kHz 10MHz 1GHz

Frequency
FIG. 5.3. Distributed model without inductance transfercharacteristic (varying alpha prime).

R,C,C" distributed model: a=0.1s, o’= 0.01s/m?

04— T —= —— |
0.35 Al =100 | |
/ /7 == A= 1000
03 :,.- /7 -=A= 10000 |
0.25 § l'
20 02 :: ,'
> !
H ]
0.15 Y
/
0.1 / fo
’ / ‘,.*' /
I: I'
0.05 - '
“ l/’
O b= ___“.....--_'_‘::_____-—/
10Hz 1kHz 100kHz 10MHz 1GHz
Frequency

FIG. 5.4. Distributed model without inductancetransfer characteristic (varying Lambda).
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Another important expression that can be derived from the above distmbate is the

primary input impedanceavhich isthe ratio of the differential mode winding terminal voltage (

2\}15) and the winding current.

S

5.50

Using equation$.30 and5.36, the input primary impedance is given by the followaggiation
An example impedance plot using the distributed ditalyexpression is given iRIG. 5.5.

cosh')(Z, '7) +sinhG")(45'(Z, ~M) - Z, (5~ Z,))
S _ (28'(Z.-M)-Z,(-Z,))
1 2{ ABZ, coshy') +Z, (S - zs)sinhv'))}
(28'2.-M)-Z,(8-Z,))
ZL

2A

(8 —M) - yAcosh(’)

(ﬂ_zs)
cosh¢')(Z, By) +sinh(y')(48'(Z,—M)-Z (B-Z,))
(28'(Z,-M)-Z (B-Z,))
(WB'Z, cosh¢')+Z, (B —Z,)sinh(y")) ,
{ (28(Z,-M)-Z,(B-2.) }(ﬂ_M)_yzLCOSh(”
Z (B-Z)

coshf')(Z, By) +sinh(')(45'(Z, —M) - Z, (8- Z,))
2(7ﬂ cosh(’) + (8 - Z,)sinh(y))(# —M) — y cosh¢')(25'(Z, - M) - Z, (- Z,))

(B-2,)
_ ZCOShﬁ/')(ZLﬂ'J’) +sinh()(4p'(Z,-M)-Z (B -Z,)) 551
2yp' coshf’) + 2(B — M)sinh(y") + Z,_y coshg’) '
_ (2. p7) +tanh()(45'(Z, -M) -Z, (- Z,))

75+ 55+ (8- M) tanhy)
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Example Analytical input impedance: L=600uH, C=20pF, R=0.75¢2, ZL=1OOQ
250 R R LI B R AL NI N N NI R 11 B B N IR 11 B I A1) B I N R N B U AR 1S R

2001

150

B0 b biterededb b e b i

iz 10Hz 100Hz 1kHz 10kHz ~ 100kHz  1MHz 10MHz  100MHz  1GHz
Frequency (Hz)

|

FIG. 5.5. Plot of transformer input impedance calculated by the analytical distributed model equations.

The above analysis results in analytical expression for the transfer relation and input
impedance using the distributed model of a transforegarding differentiaiode signals
Similar to the analysis of the lumped element equivalent circuit, in certain frequency regions
(depending on the impedance topology and values) the distributed model collapses into a simpler
form. In chapter 6, these simplifications ased to analyze commeatidevice measurements to

extract their model parameters.

5.3. Common-mode model

Similar to the differential mode analysis, the common mode signal implies specific
boundary conditions and simplifications to the distributed model. CorfSi@eb.7 showing the
boundary conditions. For this analysis, the midpoint of the winding will be connected tlamough

arbitrary impedance to ground, equal on both windings. This is commonly done in practice to
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shunt commoimode currentand reduce common mode interference coupling to the secondary
winding. Also, with commosmode signals, the signal voltage on either terminal is equal. With
the physical symmetry of the winding, the upper half and lower half of the distributed model are
identical. Thus, the analysis can be performed on arhatfel, with the careful boundary

modification that the current at tye0 node is twice that of the halfinding alone.

The placement of the load is a final consideration. Placing the load between the
secondary terminals will have no effect, since the signal mode is evenly symmetric. With even
symmetry (same voltage on both terminals) no current will flow through the load and the issue is
moot. However, the load can and is considered to be betweeteeaalal and ground, and is
equal for the upper and lower halfndings. Following is the full mathematical analysis of the
commonmode distributed model, resulting in an analytical expression for the commode

transfer relation.
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5.3.1. Common mode distributed model analysis

e e A
b 5
WA | L) %, (¥ +Ay)
— ¥ Ay
L(y+Ay)y Vi, (v + Ay) y+Ay
ZAy ZAy
Vi (¥) P () v, (V)
— ¥ Ay n
h (y)' "32()/’) —
o :
| i v

FIG. 5.6. Single cell of commonmode distributed model.

Similar to the analysis of the differentisdode model, the following differentialjuations can be

derived from thenfinitesimally small circuit cell shown aboweFIG. 5.6.
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E(y+ Ay) —(y) = (E(y) —E (y))Ys Ay 552

E(y+Ay) - K(y)
Ay

= (&(y) — B (Y)Ye 553

im O +AY) —E(y) _ di(y) E)E (Y. 554

Ay—0 Ay dy -
dB(y)  dEY) e 555
dy ~ dy (&(Y) —E(Y)Yc
Note:
dEy) dE(y) - d g g d g
o gy "0 gy ENRM =B 5.56

thus implying Eis a constant<VL on the series branch gives the following differential voltage

equations.

deE(y) g = 1 d(y) 557
—_— = Z e ——
dy Hy) = Ky) 7 dy
z = s 1 dE 558
EW _7 £ ==~ Y
dy Z, dy
Thus, Ecan be written in terms of the first derivative of the voltages.
E=&y)+ &) = 1960 | de() (constant) 5.59
Z,\ dy dy
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A Primary A Secondary A A
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N | —

- | y
%» . ? <E{> \E(?) L EC)
_ \El 1 5 —\E =0
Distriputed
Madel

-

%(0) | | w - -
- 2ng(0+)v v V eoV

z Z =22,£(0")

FIG. 5.7. External terminal diagram of commonmode distributed transformer half-model with boundary
conditions.

The boundary conditiornsn the total modedre as follows. Equatiorts57 and5.58 have been

used to express the boundary conditions using voltages only.

BCs:

92



2Z, d¥:(0) 5.60

E(0) = 27 (0") =

(Primary Center Node Voltage) Z, dy
_ = .. 2Z,d&(0 561
£(0)= 22,50 = 22 =
(Secondary Center Node Voltage) s
o - | 5.62
y = ae(5) ag ()
F_Z(l_):_E 1 2 :\E2+ﬁ 2 _po
(Secondary Loading) 2 Z, Z; dy Z, dy
The following expressions arefined and substuted as functiond(y) andg(y).
f(y) =&(y) +¥&(y) 5.63
a(y) = &(Y) —&(Y) 5.64
. . df (y) . .
Using equation8.57 and5.58, g can be integrated W respect tg.
df = = = =
[ ay =1 () = [z, +E )y = [2,(Fay=2,(By+c
y 5.65
f(y) =2Z,By+C
Using boundary conditiors60 and5.61, C can be found.
f(0)=2z,F=C 5.66
f(y) canthenbe written as follows.
f(y)=2.f+2z,F 5.67

Differentiatingg(y) and usings.57 and5.58 gives the following:
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Wz Ey)-Boy
y
Differentiating5.68 and usingh.55 gives the following:
2 5.69
d’g(y) _ (dﬁ(y) dE(y)) - (dﬁ(y)) 225, (a()

dy”
Solutions forg(y) in 5.69 areof the form
g(y) = Ae” + Be™” 5.70
where
y2=22Y, 5.71
Using the boundary conditio®s60 and5.61 and equatio®.70, B can be found in terms &t

_ d\E}(O) _d&(0), _2Z, dg zzg oy L LA 228
9(0)—A+B— 7. Tay dy )—Z dy O)=—~((A-B)=— > — =

27 27
Bl 1+ o/ | _ 97_1 A=
Z Z

P )
27,y +Z,

and

5.72
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27 v-Z7 ARZ v+Z.)e” + N2Z v—Z.)e™” 5.73
g(y):AeWH{ o7 s}ewz (2Z,7+Z,) (2Z,7-Z,)

2Z y+Z, 22,y +2,
A(2Z y)(e” +e7)+ AZ,)(e” —e”)  A(4Z,y)coshy)+ A(2Z,) sinh(y)
- 2Z 7 +Z, - 22,y +Z,

From5.63 and5.64, the following equations for the position dependent voltage are found.

E(y) = f(y);g(y) 5.75

Plugging equationS.67 and5.73 into equation$.74 and5.75 gives the explicit forms of the

position dependent primary and secondary voltage as shown below.

= A(4Z,7)coshfy) + A(2Z,)sinh(yy)

z.k+2z Er

o fy+2z, 27,y +2,
() = 5 5 76

= A(2Z_y)cosh A(Z.)sinh
=—E(Zsy+229)+ (2Z,7) fy) + A(Z,)sinh(y)

2 2Z .y +Z,
3 E A(2Z.7) coshey) + A(Z,) sinh(y) 577
E(y) =5 (Zy+2Z,)- : o7

g7/+ZS

To find IE, the first derivative of5.77 can be used as well as equathoss.

-

GEW) _; £y - '—Ezs ~ 1dg(y) 5.78
dy 2 2 dy

Evaluating5.78 atli and using boundary conditid@62 yields the followingAlso, the

argument ofgis changed fromyto »y (g(y)).
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L _1dge) KD, zE 1dgp)

dy ZL s 2 dy 2 s ZZL > dy
= ; ) _E = ' 5.79
E(V)=—£+iM: £ 25 1 dg(y)
7 Zs d Z, Zg dy
where
=y 5.80
r'=rs _

Evaluatingb.77 at lE and inserting the expression fbrfrom 5.79 yields the followingequation

ST

: ' : 581
(V5,1 dg) (Z_SI+ZZ )_g(y)
Z, 2z, dy |\ 2 g 2

2y 252, 1dg) 2 dgr) 90 _
22, Z, 4 dy Zg dy 2

- 22 ' Z ' '
Ef1, 20, 220) 1 o), 2o dot) a0
2z, Z, ) 4 dy z, dy 2

Ld%73+ggdm73_9@3
4 dy Zg dy 2
Z

| 2Z,
1+ =+
22, Z,

E can now be expressed as follows:

ST
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_27 Ldg(y')+£dg(}/')_g(y’) 4z +ZS| Loz jdg(}/’)
4 dy Zs dy 2 L2 g

E-

ZS(ZL + Zzsl + ZZgj
5.82
dg(y")
dy

Z9(y)+Z,

Z|
ZS(ZL + 25 +ZZgj

The expression foﬁ(li) in terms ofg is as follows

\Elz—E(Zsl—+ZZg)+M

2 2 2
, dg(y)

Z9(y)+Z, ,
_ dy (ZZS' +2zg)+—9(27)

ZJ
ZZS(ZL+ ) +ZZgj

, dgr)) Z.| z. ,
Z(ng(y)+Z|_ %(g)j( ; +ZZg)+ZZS(ZL+2+ZZg]g(}/) 5.83

Z|
47| Z, + 5 +2Z

z(zL d%W )J(ZZS' +27,)+224(Z, +2.+4Z,)9()
y

Y
4ZS(ZL + 25

+ZZg]

\Ez (equation5.81) can be written to have the same denominatdEas
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! Z I ,
47,7, 1do(y’) | %o do(r) _ 9(r)
4 dy s dy 2

= Z
\E = =3 5.84
4ZS(ZL+ 23 +229j
The transfer function for the entire device is given by the following expression:

Z r '
\E 4 Zg  dy 2

\753: da(7") ), Z.Z.| >85

: ( %(7))( R A22,Z)+Z4(Z, 42 +4Z,)9(7)
y

Substituting in foig (equation5.73) andits derivatives gives the following.
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@

Ko}

. : z
((Ams (Z2) + (Asod (L ziw)(Czb + 17 + 72z + (P77 ze + 1177 (A0 ZT + (s 4 ’7¢)
w w 2 )
(A4S (°Z) — (4509 (47ZT) — (A M504 ZT + (4 s A Z1) G+ 7577
EALY 1 Czv+ 12+ 7257+ (220 + ) Z+47e
(4qms (CZ2)F + ($)ysod (4 z 1)y 1'2°Z°\ (Asoo (4 29y + (quis (A7 z)y
< Zvize A|N+J 7'zt
7+ A77e | Os0a (7D + (A s (A ZE)Y

(Ams CZV +(Ausoa (L z)y

|
gl IS

99



Groupingcoshandsinhterms gives the following:

N~
Q
Ko}
T T
N ¢ 5 b N 7 F F 7

f,q O — A7°7% + £, 2)(AW0d +(z—————+ [ Z + A, ZF + 1,4 Z Z)(,4 s

Z,Z8+ALZ ZT Z.Zv + 1.2 _
(A2 Dus00 + (52 - Alzv + AT Z°2)(A yms
NN NN

(— — +ATZ7Zp + £°Z770 + A2 AWB0S + (—————— + [ZT + AIZ8 + [Z A ZT)( £ yus

AEZizo1+ 4527 7 ‘ zZozg+ize © °F ; B
(£52D)(Aus00 + (Iz7 - 4128 + A1 2" 28) (4 Jyuss
(L2290 A2 Zv + A°272 2y + 4272720 + 47220 As00 + CZ 28 + 12T + 2,20 + "2, 4,28+ 2 Z, A7 Z0)( 4 s
(AzD(Op0d 'z + (f27 - Alz8 + AT Z°20(A)yqums "z
(A2, 291+ AEZ z0 + 45272 2y + A2 272 + 4172 2)(As00 + Cz 28 + 12T + 2,20 + "2, 4,28+ {22 A"Z0) (A s
I m.N
(AT AWp0d 2527 + ("2 - —5— + A7 2)( A s 25 2T
AL ZF
z

(4 (22) + (Ausod (zp)(Czv + 1°2 + 12)°2 + (2727 + =) (As0o £°27 + (£ s L77p)
1'z'z z Y
7z ¥ ]

(A4ms (°Z) — (£)s00 (4727) — (Aysoo A" Z7 + (A qms £ zp)5—+-) |"z°2¢ ;
e N m
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Multiplying the numeratorand denominator by(%h@/) yields the following final result for the

transfer function.

ST
I

tanh(')(ZsZ,ly* +422y* - 23)+(Z3y')

9

73+ 4227 27 721y +8227
T N 7.4 S K e

Z Z

tanh(')(Z,Z,y°l + 422y + 22 +

5.88

5.1.
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5.4. Summary

This chapter has concluded in the full aiséd of the distributed model of unity turns
ratio Ethernet transformers for both differenrtiadde and commaemode signals. Transfer
functions for both modes have been derived (equai@&and5.88), the superposition of
which will result in the complete transfer characteristic of the device. Both transfer functions
were derived in terms of arbitrary impedances. Though the components of-taegtlr
impedances and admittzes are intuitive from the physical nature of the device, the topology of

the impedance is something that will be validated empirically in the following chapter.
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Chapter 6 : Testing of commercial Ethernet t ransformers

6.1. Introduction

There are many reasons toly characterize current commercial state of the art Ethernet
transformers. To fully understand the function and behavior of Ethernet transformers, they must
be characterized in terms of isolation ability, comraode rejection, differentiahode
transpaency, and model parameters. These results will be used to compare against the
distributed model results from chapter 5. Precise characterization will also benefit the design of

novel isolation devices.

Commercial Ethernet transformers are designed arothwtriet standard$6EE 802.3)
published by the IEER25]. Ethernet transformer use is necessarytficdEtnernetevice to

comply with the isolation requirement in the standard (reproduced H2kv

55.5.1 Isolation requirement

The PHY shall provide electrical 1solation between the port device circuits, including frame ground (if any)
and all MDI leads. This electrical isolation shall withstand at least one of the following electrical strength
tests:

a) 1500 V rms at 50 Hz to 60 Hz for 60 s, applied as specified in Section 5.2.2 of [EC 60950-1:2001.

b) 2250V de for 60 s, applied as specified in Section 5.2.2 of IEC 60950-1:2001.

c) A sequence of ten 2400 V impulses of alternating polarity, applied at intervals of not less than 1 s.
The shape of the impulses 15 1.2/50 us (1.2 us virtual front time, 50 Us virtual time or half value), as
defined in Annex N of IEC 60950-1:2001.

There shall be no insulation breakdown, as defined in Section 5.2.2 of IEC 60950-1:2001, during the test.
The resistance after the test shall be at least 2 ML) measured at 500 V dc.

FIG. 6.1. Isolation clause in IEEE 802.3 Base€Tl Ethernet standard. [25]

In addition to requiring isolation, tHEEE 802.3 standard outlines bandwidth requirements

and testig schemes for differentihode operation and commamode suppression for the
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entire Ethernet physical layer. It is assumed that the Ethernet transformer (only a small part of
the physical layer) should be maximally transparent to the differentde andnaximally
suppressive to the commomode within the outlined frequency ranges. For reference, the

frequency ranges are reproduced able6.1 below( [25], [26]).

Knowing that the Ethernet transformers satisfy these bandwidth requirements reasonably
well does not offer much information about the real behavior of the dewities following
respectsflat band heights, low knee frequency, resondoedevior, and loading bekar. For
some example Ethernet transformer devices (one or two devices out of the entire product line),
detailed white papeiae published27]. However, this information isot detailed enougto be

useful for model compaiss.

To illuminate as much as possible the true behavior of these devices, precise measurements
of the devices were performed. Ethernet transformers designed for :&Rasel0GBasd
Ethernetdata ratesvere characterized in both the differential anchmmon modes. These results
were then compared with distributed model fits and found to be in good agreement. The testing
methods and results are given in the following sections. Low frequency measurements were
previously shown in chapter 4 for the extrantof core parameters for 1GB&aBbdthernet
transformers. The following measurements were designed to extend the frequency range and

improve the quality of impedance extraction using higher precision (and higher cost) tools.

Table 6.1. Bandwidths for DM and CM signals for different Ethernet standards[25], [26]

Ethernet Standard DM Pass band CM Suppression Band
100Baser2 1 MHzi 100 MHz 1 MHzi 250 MHz
1GBaseT 1 MHz7 100 MHz 1 MHz1 250 MHz
10GBaserl 1 MHz7 500 MHz 80 MHz7T 1 GHz
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6.2. Differential -mode Ethernet transformer testing

To perform differentiainode testing on Ethernet transformers, the transformer is thought of
as a Zport device: primary @rt and secondary port. With this in mind, the general testing
concept and procedure was as follows.

A 2-port vector network analyzer (VNA) was used to measure the scattering parameters of
the device under test (DUT) in the frequency range from 10kHZ3H2 The VNA port lines
were connected as shownRiG. 6.2. The Ethernet transformers were tested in their commercial
packages and mounted to custom designed printed circuit boards outfitted with subminiature

versionA (SMA) female connectors€eFIG. 6.3).

Signal Signal
NA VNA
Port 1 Ground Ground | Port 2
Port 1 Port 2

FIG. 6.2. Differential mode VNA testing scheme.

FIG. 6.3. 1GBaseT differenial-mode VNA testing custom circuit boards (a) without device (b)
with device
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Precise testing, especially at high frequencies, requires accounting of all connecting cables,
adapters, and PCB lines. To accomplish this, a set of identical circuit boasdgsedrto build a
custom set of VNA calibration standards: short, open, load, and through (SOLT). Calibrating the
VNA with the standard set characterizes the scattering parameters of all connectors up to the
input pins of the transformer package. The eff@d the connection hardware can then be
factored out of the measurement of the DUT by cascagatzZhetwork matrix manipulation
(SeeAppendix A for the procedure). This is all done automatically within the analyzer.

Thoughthe device and calibration set are different for the two types of transformers, the

calibration procedure and measurement procedure are identical. The vector network analyzer

(VNA) measures scattering parameters where port voltages are defined aseitleat ), )

or reflected V ..« ) on a specific port. The voltage at the device terminals is given by the

following equation, stating that the terminal voltage is the sum of the incident and reflected

voltages.
portx =V|;0rtx +V;:ortX 6.1
Though network theory is a familiar topic to many, it is important to rehash the concept here
becausaetwork matricesvill need to be manipulated for analysis of the transformer
measuremds.

An electrical network withN definedports of signal entrance and es&n be fully described
with an NXN matrix of complex frequenegiependent parameters. Common parameters used for
microwave devices are scattering parameters,danpee parameters, and admittance parameters.
In the special case off@ort networksABCD parametersT{ransmissiommatrix) can be used with

the important ability to be cascaded mathematically. WABCD parameters, the matrix
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describingacascadeofiar t devices will be ABBEPmapix.$educt of
Appendix Bfor an example validating the cascade ability. The definitions of the different

parameter types are given in the table below.

Table 6.2. Network parameter descriptions[28].

Parameter | Symbol Definition Conditions Matrix equation form (2x2
type example)
Scattering | S o V- V) =0k#j _vl} B {Su Slz"v;}
! Vi - Vz_ S21 S22 i _V2+
Impedance | Z 5 _V l,=0k=j [[V,] [Z, le__ll}
i =
Ii _Vz_ _ZZl Zzz__lz
Admittance | Y v Vi, =0k=j [[I1,] Y, le}{vl}
: Vj _I 2] _Y21 Yzz Vz
ABCD A, B,C,D v, ] |
A=£,I2=O V, _ A BV,
V, 1,] |[C DJlI,
B= ﬁ,v2 =0
I2
I
C=-1,1,=0
V2
D= ﬁ,v2 =0
I2

In the upcoming data analysis, flfms of networkparameters will be used. The raw data
from the VNA will be in scattering parameters, while the model analyses will use impedance and
admittance parameteSBCD parameters will besedin Appendix Ato describe VNA
calibration, but also in the next chapter for measuremeatrdedding. Knowing only the
system impedance, all parameter types can be converted into any other paramettargthe
conversion formulas will be used without explanation. For insight into the conversion formulas,

seeAppendix C. It is important to note, however, that the admittance parameters are not simply
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the element by elemenrgciprocal of the impedance parameters; see the conversion formulas in
Appendix Cfor more information.
It is the interest of the upcoming data analysis to evaluate the devices performance for

changing loads. However, scaitgy parameter measurement is precisely designed to be
performed in a matched system with a broadband system impedance (dguaBX2). To be

able to change the load and evaluate the device performance, an equivalent circuit is required.
Though similar in appearance, this is not the equivalent transformer circuit discussed in chapters
3 and 4. The equivalent circuits used for these analyses have fregiegparnydent measured
parameters. There is no need to describe the circuit as resis@paeitance, and inductance,
but only complex impedance or admittance. The following paragraphs describe how the
equivalent circuit is formed from the raw scattering data.

The VNA will measure the-port scattering matrix over a specified range of fregiemn
This implies the data set consists @x2matrix of complex scattering values for each frequency
measured. At each frequency, the measured scattering matrix can be converted to an impedance

matrix using the conversion formulas giveelow.

(1+811)(1 Sp)+S,Sy 6.2
820 (1-8,)(1-5,) - 5,5,
Z,= S 6.3
(1 Sy)A-S,)-S,S,
Zy = 25 6.4
(1 Sy)A-S,)-S,S,
L 5 (1-5)0+5,)+5,8,
2= 6.5
(1 S)A-S,)-S,S,
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The formation of the equivalent circuit from impedance parameters can be found in
Appendix E To characterize a device with a passive component equivaleuit, the device
must bereciprocal meaning that the signal measured on Faaused by the signal on potis
identical to the signal measured on pédaused by the signal on pdftThis also means that

the crosgport parameter terms are equa); = Z,,. All passive circuits must be reciprocal, so if

it I's possible to equate a deviceds behavior
reciprocal. However, the device need not be assumed reciprocal; the reciprobigyvedidated
by comparing the measured values of the epast parameters to see if they are equal (
Z,,~7Z,).

It is interesting to note that the transformer is aketdwn nonreciprocal device. However,
referencing the analyses of chafethe transformer becomes reciproghkn the turns ratis
unity. In the equivalent circuit of chapter 3, the issue of reciprocity was avoided by using scaled
guantities for both the parameter values and voltages. Given that Ethernet transformars have
unity turns ratio, they can be treated as reciprocal. The reciprocity was also verified
experimentally.

Knowing that the device being measured is reciprocal, the equivalent circuit can be
represented in either of two waystylpe circuit topology and1 - type circuit topology (See

FIG. 6.4 andFIG. 6.5).
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FIG. 6.4. T-Type equivalent circuit

FIG. 6.5.1 -type equivalent circuit

From the derivation il\ppendix E the following equations relate the model impedances of

FIG. 6.4 andFIG. 6.5 to the measured-gort impedances.

Z/T\ =2,-2), 6.6
Z; = Zzz - Z21 = Zzz - le 6.7
Z(T: =Z,=2y 6.8
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1 6.9

bV Y,
so_ 1 1 6.10
® Y22 + Y21 Y22 + Y12
zg _ 1 _ 1 6.11
Y12 Y21

Using the Ftypeequivalent circuit frontIG. 6.4, the loaded transfer relation can be found
using voltage division across complex impedances. The load impecer)de @ssumed to be

placed across the second&yminals, and the differential port voltages for the primary and

secondary aréﬁ and\}’%’ respectively. The transfer function is given as follows.

((ZL+Z£)Z£]

zZ, +25+2¢

\E ZL - ZL
2 7 ZT ze 7 ZT 1
L B ‘ L B ((ZL Zg)Zg:] 77
A

Z, +25+2!
_ Z (ZL'FZ;)ZE -
z,+2 @z, +zhzi+z @z, +zL +z0))

ZLZg -
Nz 1zi+z0zi+zi @z +2))
L B A C A L B

ZLZg 6.12
@z +ZL+z0)z2I + 25z, +Z])

TSI

Thus, equatio.12 gives the transfer relation in terms of measureable quantities of the
type equi val dypdequivalantcitcuitiwill beTudee latdr for impedancalysis.

With the measured equivalent circuit and an equation to determine the transfer relation from the
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equivalent circuit, it is noyossible to thoroughly analyze the Ethernet transformers. This will

be done in the following sections.

6.2.1. 1GBase T Ethernet transformer

Through the analysis of the measured equivalent circuit in the differemtidd signal
configuration, it is possible to extract important values that describe the Ethernet transformer. In
this section, the following will be extracted with éamation from the measured data regarding
the 1Gbasd Ethernet transformer: differential mode transfer relation, mutual inductance,
leakage inductance, line resistance, and core resistance. For reference, the physical dimensions of

the 1GBasd Ethernetitansformer are given ifable6.3 below.

Table 6.3. 1GBaseT Ethernet transformer physical dimensions.

Device Total turns | Outside | Inside Height | Acrossseciion | ~ Line Length
(N) diameter| diameter

1GBaseT | 13 3.5mm | 1.5mm 2.5mm |2 . stm ~9.1cm

XFMR

6.2.1.1. Transfer elation

The differential mode transfer relation is giveriiG. 6.6 with different loads. Recalling
Table6.1, the differential mode bandwidth should extend up to 100MHz. The measured transfer
relation shows a resonance at about 65MHz, which is too low to be from a transmission line
effect with only 9.1cm of line length. Thus, the resonance is hik@&ly due to device
inductance and capacitance. Ignorinp e pot ent i al signal di stortio

loaded transfer relation has a 3dB bandwidth of about 120MHz.
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Differential-mode Transfer Relations: 1GBase-T Transformer
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FIG. 6.6. 1GBaseT Ethernet Transformer transfer relation .

The frequency range dfie¢ precision VNA does not extend low enough to see the low

frequency roll off. However, using an automatedh@use built measuring system, the scalar

transfer relation can be measured (in a less precise manner) from 1Hz up to 80 MHz. The scheme

limits themeasurement to infinite loads, and is purely a measurement of signal magnitude. The

description of the khouse measurement system can be fourgppendix D This data has been

added to the infinite load VNA data and is shawiIG. 6.7. From the irhouse data iFIG.

6.7, the low frequency 3dB point is around 75Hz.
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Differential-mode Transfer Relations: 1GBase-T Transformer

5
1.5 T T T T T

—VNA: ZL=Ian

---In-House built system: ZL=Ian

[

pﬂ

O10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1‘GHz
Frequency

FIG. 6.7. 1GBaseT infinite | oaded transfer relation with in-house system supplemental data

6.2.1.2. Mutual inductance

By comparing the Jype equivalent circuit to the equivalent circuit of chapter 3, it is clear

that the mutual inductance is part@f from the Ftype cicuit. By taking the imaginary part of

Z! and looking at a frequency region where the inductance will dominate the impedance, the

mutual inductance can be extracted (BE&. 6.8). This is dondy first taking the series

inductance from the measured data and converting it to the equivalent and more familiar parallel
inductanceusing equations3.88and 3.89from chapter 3. From the figure, it is clear that in

the low frequency range, where theeanpedance is approximately the mutual inductance

i mpedance, the transformer has -a50stHabl e i nduc
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Mutual Inductance: 1GBase-T Transformer

/
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Inductance (uH)
N
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FIG. 6.8. 1GBaseT Ethernet transformer mutual inductance extraction.

6.2.1.3. Leakage inductance

Again, by comparing the-Type equivalent circuit to the equivalent circuit of chapter 3, it is

clear that the leakage inductance is paerfand z; from the Ttype circuit. By taking the

imaginaryparts onX and Z; and looking at a frequency region where the inductance will
dominate the impedance, the leakage inductance can be extract€diGS26). From the
figure, it is apparent that the leakage inductance is stable from about 10MHz to about 40MHz. In

this range the leakage inductances are about 110nH and 90nH for the primary and secondary,

respectively.
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Leakage Inductance: 1GBase-T Transformer
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FIG. 6.9. 1GBaseT Ethernet transformer leakage inductance extraction

6.2.1.4. Line lesistance

By taking the real part OZX and Z, , the line resistance can be fouskeFIG. 6.10). It
i s ne@dssary to do this measurement with a VNA; DC resistance measurement would suffice.
However, this information reinforces the validity of the treatment of the real and imaginary parts
of the equivalent circuit impedances. The resistance at low frequerscfound to be about

0.6, which is in agreemef9. with DC measur eme
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Line Resistance: 1GBase-T Transformer
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FIG. 6.10. 1GBaseT transformer line resistance
6.2.1.5. Core lossesistance

As was discussed thapter 3, the resistance that represents core ladgsson
complicated mechanisms and only loosely fits the approximation of a lumped resistance. By
taking the real part oZ{ and converting the series resistance to an equivadeallql resistance

using the conversioequations3.89 and 3.88rom chapter 3, insight can be gained into the
behavior of the actual resistance. Ideally, this resistance (in parallel form) should be as large as
possible, implying low losseBEIG. 6.11 shows the behavior of the core resistance, which is

above 2kq from 20kHz up to 50MHz, and above
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Core Resistance: 1GBase-T Transformer
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FIG. 6.11. 1GBaseT Ethernet transformer core loss resistance

6.2.2. 10GBase-T Ethernet t ransformer

Using the same analysis as for the 1GBR$mnsformers above, the same parameters can
be extracted for the 10GBaSeransformersdifferential mode transfer relation, mutual
inductance, leakagaductance, line resistance, and core resistance. Given the process is the
same as for the 1GBa3etransformers, this section will just comment on the features of the

data. The physical dimensions of the 10GBadg&thernet transformer are given in thbléa

below.
Table 6.4. 10GBaseT Ethernet transformer physical dimensions.
Device Total turns| Outside Inside Height | Across section | ~ Line Length
(N) diameter diameter
10GBaseT | 6 3.1mm 1.0mm |2.0mm [ 2.1 m ~3.7cm
XFMR
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6.2.2.1. Differential-mode transfer relation

As can be seein FIG. 6.12, the transfer relation has resonance behavior arourrd 200
300MHz. This appears as a spike in the unloaded transfer relation. This cestyegnency is
slightly too low to be a transmission line resonance with only 3.7cm of wire. Transmission line

effects would require at least 10cm of wire at 300MHz to be detectable. This leads to the belief

that the resonance mechanism is deindeictace and capaci tance. The

relation is well behaved, having a 3dB bandwidth of about 475 MHz. From-tiege data in

FIG. 6.13, the low frequency 3dB point is around 200Hz.

Differential-mode Transfer Relations: 10GBase-T Transformer
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FIG. 6.12. 10GBaseT Ethernet transformer measured transferrelation with different loads.
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Differential-mode Transfer Relations: 10GBase-T Transformer
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FIG. 6.13. 10GBaseT Ethernet transformer measured transfer relation with in-house systentow frequency
data.

6.2.2.2. Mutual inductance

FIG. 6.14 shows the extracted mutual inductance. In the low frequency region, the

inductance value is found to be approximately 13G5¢H.

Mutual Inductance: 10GBase-T Transformer
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FIG. 6.14. 10GBaseT Ethernet transformer extracted mutual inductance
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6.2.2.3. Leakagenductance

Looking at the leakage inductance in the frequency range from about 10MHz to about

150MHz,FIG. 6.15 shows values of about 65nH and 80 nH for the primary and secondary

windings, respectively.

Leakage Inductance: 10GBase-T Transformer
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FIG. 6.15. 10GBaseT Ethernet transformer extracted leakage inductance

6.2.2.4. Line esistance

FIG. 6.16 shows an obvious difference between the pryjnaaad secondary line
resistance, in contrast to the 1GBdseansformer measurement where the two values were
identical. However, this is to be expected duéhe inclusion of a common mode choke on the
secondary side within the device package for 10GBasansformers. Though the choke
shoul dnét affect any other parameter values,
unavoidably increases the line resmta. Thus, the secondary line resistance as meHsytbe

VNA wi l | be higher. The VNA data shows about

121



secondary, respectively. These values agree r
0.71q for the primary and secondary, respect.i

Line Resistance: 10GBase-T Transformer
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FIG. 6.16. 10GBaseT Ethernet transformer line resistance

6.2.2.5. Core losseasistance

FIG. 6.17 shows the core loss resistance for the 10GBasansformer exhibiting the same
shape as the 1GBaT transformers, but with less magnitude (higher loss). This leads to the
consideration of the underlying physical factors that affect the resistanceM&u6.18
compares the series core resistance ancetieessmutual inductance of the 1GBasand
10GBaseT Ethernet transformers. Fromguations 3.80 and 3.8In chapter 3, the values of
both the series mutual inductance and series core resistance depend on the square of the number
of turns and the crossedional area §2A4.,,ss). Using the data frorfiable 6.4 andTable 6.3,
the factor relating the 1GBadeand 10GBasé& transformercorevalues is given by the

following.
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leG 1?033 _ (1$2 * ZSXlO_G
NicAcoss  (6)7#2.140°

=5.588¢ 6.13

The ratio of 1GBas& and 10GBasd values fronFIG. 6.18s less than the predicted 5.59,
and actually closept4, the squared turn number ratio by itself. However, qualitatively the
10GBaseT does have smaller core values which are to be expected theoretically from a device

with fewer turns and smaller cressctional area.

Core Resistance: 10GBase-T Transformer
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FIG. 6.17. 10GBaseT Ethernet transformer core loss resistance
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Series Mutual Inductance Series Core Resistance
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FIG. 6.18. Comparison of series core parameters for LGBask and 10GBaseT transformers.

6.2.3. Large PVCcore transformer

In chapter 7,he fabrication of dielectricore transformers is discussed. To further
explore the behavior of dielectraore, bifilarwound, rectangular crosection toroidal
transformers, such a transformer was constructed on a larger scale. This transformethg about
size of a roll of duct tape and constructed around a piece of polyvinyl chloride (PVE)Gsee
6.19 andFIG. 6.20). By constructing the transformer on a larger scale, it is thought that the
inductance will be significantly increased (with respect to othermagnetic core devices) and
thus, more accurately measured. The precise physical dimensions for treoRMEansformer
are given infable6.5 below. Following is the analysis and parameter extraction for the large

PVC-core bifilar wound toroidal transformer.
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Table 6.5. PVC-core transformer physical dimensions.

Device Total turns | Outside Inside Height Across section ~Line Length
(N) diameter | diameter

PVC-core | 50 11.491cm | 3.94cm 4.905cm | 18.52cnf ~8.68m

XFMR

FIG. 6.20. PVC-core transformer top view.
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6.2.3.1. Differential-mode transfer relation

FIG. 6.21 andFIG. 6.22 show the differentiamode transfer relation fahe VNA and in
house measurement system, respectively. The VNA BE#ta §.21) shows greater detail in the
high frequency resonances. However, both figures show a high frequency resonance at
approximately 4MHz. Wh over 8.5 meters of wire wrapped around the transformer, 4MHz is
approximately where transmission line effects would appear (8.5m is slightly greater than one
tenth the free space wavelength at 4AMHz). Even though this device has a dielectric core, while
the previously discussed Ethernet transformers had magnetic cores, one cannot deny the trend of
decreasing resonance frequency with increasing line léngitharacteristic of transmission line
effects. Using the rulef-thumb for transmission line effecto be line lengths at least one tenth
the freespace wavelength of the signal frequencies, the Ethernet transformers resonant
frequencies are still below where they are expected to be. However, the resonance frequencies
still appear to decrease with ieasing line length, implying some transmissiioe type effects.

The low frequency 3dB point is at about 1kHz, where the high frequency 3dB point is at
approximately 2.5MHz. In between these frequencies, the flat band is very well behaved and

would passignals without distortion.
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Differential-mode Transfer Relations: PVC Transformer
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FIG. 6.21. PVC-core transformer VNA measured differentiatmode transfer relation for different loads.

Differential-mode Transfer Relations: PVC Transformer
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FIG. 6.22. PVC-core transformer in-house system measure differentiainode transfer relation.

6.2.3.2. Mutual inductance
FIG.623s hows the | ow frequency region of extrac
This is considerably lower than the much smaller Ethernet transformers, but this is expected. Due

to the dielectriecore, the flux density which couples the windings is conaldgiess in the
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PVC withy,magnetic permeability as opposed to the ferrite core Ethernet transformers with a

permeability that is hundreds to thousands of times

Mutual Inductance: PVC Transformer
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FIG. 6.23. PVC-core transformer extracted mutual inductance

6.2.3.3. Leakagenductance

The leakage inductance of the PVC transformer is also expected to be greater without a
low-reluctance core to guide flux. That is indeed what is seEAn6.24, which shows a

|l eakage inductance in the stable region of

respectively. Recall the Ethernet transformers had leakage inductances on the order of 100 nH.
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Leakage Inductance: PVC Transformer
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FIG. 6.24. PVC-core transformer extracted leakage inductance

6.2.3.4. Line esistance

100MHz

FIG. 6.25 shows thdine resistance of PVC transformer. Notice how with the larger

leakage inductance and thealer resistance, the stable region to extract line resistance becomes

smaller and shifts to lower frequencies. The low frequency limit of line resistance is shown in

FIG.625t o be about

measur ement s,

f

0.

or

21q and 0.17q f

compari son,

wer e

or

0.

t he

28q.
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Line Resistance: PVC Transformer
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FIG. 6.25. PVC-core transformer extracted line resistance

6.2.3.5. Core loss resistance

With adielectric core material which is nanagnetic with low conductivity, the core
loss resistance is expected to be quite large. FHi@&n6.26, the core resistance peaks at about
70kq, compared BaseT 12kang$oor mére dd-T3. 5kq for
transformer. However, the shape of the core loss resistance dispersion curve foritm&VC
transformer is single peaked and at a higher frequency. Recall that the parallel resistance depends
on the seriesasistance (which depends on frequency) and the induetateency product.
With a smaller value for mutual inductance, the effect of the frequency dependent series

resistance will dominate, resulting in the steeply sloplisgersivdoss resistance @ilG. 6.26.
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Core Resistance: PVC Transformer
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FIG. 6.26. PVC-core transformer extracted core loss resistance

6.3. Common-mode Ethernettransformer testing

To measure the behavior of Ethernet transformétts commonmode signals, an identical
approach is used to the differentmbde measurements. The key difference is the way the
connections are routed on the custom built circuit boards.

To make the applied and measured signals purely cormnoale signalsthe terminals of the
windings are connected together ($¢@. 6.27). The signal is applied to the connected
terminals (now one node) and the ground is connected to the winding center tap. The grounding
of the cater tap is a common technique used in practice to minimize the coupling of common
mode signals. The custom built circuit boards for common mode measurements are shown in

FIG. 6.28.
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In chapter 2, the equations fine decomposition of line voltage into differential and common
modes were given. By connecting the terminals of a winding or port together, the two line
voltage equations become equal. Manipulation of the equation shows that in this configuration,
the differential mode voltage is forced to 0, and the measurement is purely of cemoden
signals. The algebra is shown below in equafid4.

Since the network analysis theory is identical to the case of differemdde signals, it need
not be repeated here. Scattering parameters were measured and converted to impedance
parameters, from which an equivalent circuit was formed. Using the equivalent circuit, the
commonmode transfer relation can be examined. The resultsGBasel and 10GBas&

Ethernet transformers as well as a modified experiment on thecBkQransformer are

presented in the following sections.

V V 6.14
Vi=-dn,y =V =--Mm,v
2
\ﬁ_kvcm =_\ﬁ_|'\/cm
2 2
V, V, V V
dm _ _ dm:> dm _ _ dm=0
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Signal Signal
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Ground L A~ port 5

FIG. 6.27. Common-mode measurement scheme

(a) (b)

FIG. 6.28. Custom circuit boards for commonmode measurements (a) without device package (b) with device
package

6.3.1. Common-mode signal suppression

As discussed ichapter 3, the bifilar wound transformer works well to reduce leakage
inductance but gives rise to an appreciable enosding capacitanceThis crosswinding
capacitance is a channel for comnmande interference signals to couple frdra primary to the
secondary. Commemode signals are further suppressed in practice by grounding the winding
center tap or using a commamde choke. Both of these methods are discussed in the following

sections.
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6.3.1.1. Commonrmode signal suppression by grounditige winding center
tap

Commonmode voltages (referenced to ground) appear on the winding terminals from the
unshielded twisted pair cable which couples interference power from the envirohmeent.
traditional ungrounded configuration, the only impedgraths from the windings to ground are
through the croswinding capacitance to the secondary winding and whatever circuits are
connected to the secondary ($@€. 6.30). If the crosswinding capacitance is largie
impedance will be low, making commanode currents larger. FroriG. 6.30, the common
mode current will flow through the load and comrroade voltage will appear on the
secondary.

FIG. 6.31 shows what happens when the winding center taps are grounded. The initial
commonmode current is shown to split off in fractions denaiet, c,andd. The purpose of
grounding the winding center tap is to provide a path to commuaate currents that has much
lower impedance than the path through the evassling capacitancg80]. Thus, the goal is to
haveatherént muchbé&argentt handd¢ édubrentdnuch largenr a v e
thanthed dcérrent.

The key issue that may or not be obvious is that it may appear that the cenaden
current flowing through the winding and out the center tap would flow through the large winding
inductance, making the impedance of this path just as Esghrough the crosgnding
capacitance. However, the subtly is that the currents in the top half of the winding will now be
flowing in the opposite direction to the currents in the bottom half of the windind~{&ee
6.31). This creates opposing magnetic fields in the core, thus canceling the excitation of any core

flux by common mode curren(SeeFIG. 6.29). Without the excitation of flux, the winding
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structure is just a wire ans norrinductive. Thus, the only impedance along the center tap path

are the small winding resistances.

7~/
7~/
el

Pen

FIG. 6.29. Diagram of commonmode flux cancelation in a transformer winding with a grounded center tap.

From chapter 4, recall that by definition of the oddly symmetric differenizde
voltages, the differential mode voltage will be zero at the center of the winding, regardless of the
center tap connection. Thus, the center tap can be freely used to smmdremode currents to

ground without affecting the differentiabode signals.
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FIG. 6.30. Commonmode currents on a traditional transformer with load.

FIG. 6.31. Commonmode currents on a transformer with a grounded center tap
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6.3.1.2. Commonrmode signal suppression lghoke

Grounding the winding center tap is a useful secondary suppression technique. However, as
frequencies increase, the assumption that the path thtieegienter tap has lower impedance
than the path through the cressding capacitanceay no longer be truélso, if the center tap
is not perfectly in the center, the center tap path will possess some inductance tisdheause
center tap path impedanto increase with frequency, while the cressding capacitance path
impedance decreases. To further cinch off commode currents, a common mode choke can
be used after the secondary winding terminals.

A commonmode choke is constructed the same way ansformer, except that the signals
lines are connected to different windings (5¢@. 6.32). Similar to how oppositely floimg
currents cancelled inductance when using the grounded center tap, the two hoodesowill
experience different impedances through the commode choke. The differential mode will
have current flowing in opposite directions in the two windings (refer to theapasdbottom
as seen irlG. 6.32). The oppositely flowing differentiahode currents will cancel flux in the
core, so the differentiahode current will not be impeded by inductance in either winding.
However, the commoemode current flows in the same direction in both windifigsts, the
commonmode current is impeded by the expected large choke inducaeellG. 6.33). The
large series inductive impedance for the comimate currents makes the grounded center tap

impedance on the secondary side caraply small for high frequencies.
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FIG. 6.33. Diagram of flux cancelation and commormode current sugpression using a commosmode choke.
6.3.2. 1GBaseT Ethernet t ransformer

FIG. 6.34 shows the common mode transfer relation for the 1GBdsthernet

transformer. The major features include the nonexistent low frequeaplirgp the 1IMHz low
frequency rolloff, the flatband from about 1MHz to 30MHz, and the sharp resonance at about

65MHz. These features and their causes will be discussed more later in this chapter under the

AModel i ngo section.
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In the commormode measuremenscheme, device inductance is minimized to only
leakage inductance. This allows a more precise measurement of capacitances within the
transformers. However, even with minimal inductances, the imaginary parts of impedance in the
IT-type equivalent circuit are still inductive. The capacitance will not simply appear as the
reactance of a circuit branch. So, to extract the capacitance, the principal resonance frequency of
the impedance is used with the extracted inductance to determicegptin@tance using a parallel
LC circuit topology for the impedance.

Comparing thdT -type equivalent circuit with the equivalent circuit of chapter 3, it is

apparent that an effective cresinding capacitance can be extracted f@kh, while the

effective intrawinding capacitances can be extracted frdi and ZL' . This is done for the

1GBaseT and the 10GBas€ transformers in the following sectians

Common Mode Transfer Relation 1GBase-T, No Choke, ZL= InfC2
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FIG. 6.34. 1GBaseT Ethernet transformer common-mode transfer relation [31].
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6.3.2.1. Crosswinding capacitance

FIG. 6.35 shows the extracteéthpedance and inductance frahe measured .

Making the approximation that the resonance in impedance is from a paGtigbe circuit, the

crosswinding capacitance can be extracted as follows.

, 1 6.15
OfF=——=
LC
C= 1 5
Loy

Taking the resonance frequeranyd the inductance frofiG. 6.35, the capacitance is found to

be 39pF.

1
. = 12: 1 _ —391pF 6.16
Lo2  (235H)(27 *524MHz)
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FIG. 6.35. 1GBaseT Ethernet transformer crosswinding capacitance analysis
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6.3.2.2.

Intra-winding apacitance

Performing the same anaiyss on the croswinding capacitance, the effective intra

winding capacitances can be extracteaking resonance frequency and inductance values from

FIG. 6.36, the intrawinding capacitances are determined as follows.
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FIG. 6.36. 1GBaseT Ethernet transformer intr a-winding capacitance analysis

6.3.3. 10GBase-T Ethernet t ransformer

6.17

6.18

FIG. 6.37 shows the common mode transfer relation for the 10GBdsehernet transformer.

The major features include the small low frequency coupling, the 1MHz low frequenro§froll

the flatband from about 1MHz to alt 20MHz, and the sharp resonance at about 70MHz. These
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Similar to the 1GBas@& transformer section above, extraction of crassding and intra

winding dfective capacitances will be done in the following sections.

Common Mode Transfer Relation 10GBase-T, No Choke, ZL= InfC2
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FIG. 6.37. 10GBaseT Ethernet transformer common-mode transfer relation [31].

6.3.3.1. Crosswinding capacitance

Proceedin@gs before with the 1GBageEthernet transformers, the 10GBdas&thernet

transformer data is presentedHiG. 6.38 andFIG. 6.39 followed by the calculations of the

capadances.
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[1-type circuit, Zg: 10GBase-T
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FIG. 6.38. 10GBaseT Ethernet transformer cross-winding capacitance analysis
c = 12 = 1 2 :5.69pF 619
Lo; (5.56uH)(27 * 28.3MH2z)

6.3.3.2. Intra-winding capagance

Performing the same analy®nZ, and Z.' as onz/' for the crosawinding

capacitance, the effective itweinding capacitances can be extracfeaking resonance

frequency and inductance uak fromFIG. 6.39, the intrawinding capacitances are determined

from the following equations.
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[1-type circuit, ZEB: 10GBase-T
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FIG. 6.39. 10GBaseT Ethernet transformer intra -winding capacitance aalysis.

A= 12 = 1 ~=0.88pF 6.20
Law2,  (45nH)(2r *800VIHZ)
1 1 =152pF 6.21

® T Lyw2, (26nH)(27 *800MHZ)’
6.3.3.3. Effectiveness of choke on commeanode suppression

Recallng Table6.1, manufacturers of Ethernet transformer packages have to satisfy a
certain bandwidth of commemode suppression. To this end, the inclusion of a cormmte
choke in the Ethernet transformer packag®isuncommon. Such is the case with the 10GBase
T transformer package. A common mode choke is included in series, connected to the secondary
winding terminals.

However, it was the purpose of the measurement to evaluate the suppression of-common
mode signis by the transformer alone. Thus, for all of the above measurements, the choke was
removed from the transformer package. For a final comparison, however, the conaaen

transfer relation was measured with the choke in place. Both transfer relatiofwttackipFIG.
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6.40. With the choke in place and an infinite load on the secondary, the sharp cenaden

resonance at about 70MHz is suppressed, but a broad resonance appears between 400 and
500MHz. However, wheh he tr ansformer is | oaded with 100c
pair cable), the broad resonance is found to be suppressed to an acceptable leIGTHYS,

shows that with proper loading, the addition ofrcnonmode chokes greatly improves

commonmode suppression.

Common Mode Transfer Relation 10GBase-T
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FIG. 6.40. 10GBaseT Ethernet transformer common-mode transfer relation with and without commonmode
chokes[31].

6.3.4. Large PVCcore transformer

In contrast to the measurement scheme for the Ethernet transformers, the larger®VC
transformer was measured in the mannd¥lGf. 6.30. The ground of VNA port was connected
to the graind of VNA port 2, and the signal of port 1 (port 2) was applied to the connected
terminals of the primary (secondary). In this manner, it should be straight forward to extract the
crosswinding capacitance which is the purpose of the large scale dielectda transformer.
However, given the different measurement scheme, the cormmde transfer relation for this
PVC-core transformer looks significantly different from that of the Ethernet transformers, but
behaves as expected (F86. 6.37). Since the measurement has now become the measurement

of a series impedance, as the load becomes large, the transfer relation amplitude increases. As the
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load decreases, the transfer relation takes on a low frequenoyflie to the changing

proportion with the series capacitance impedance.

Common-mode Transfer Relations: PVC Transformer
7
. —z,=1000
1 ---ZL=Ian
5
i
1
|
.| |
1 ]
> 3 ] !
{ i
H ]
'. : !
214 : !
%, B! ,!-'n' !
+, 11 ] i " A
1 Moo e ..'e"
- — T et El.llh L]
" ¥\| N 4 W"' ORI
il \f \ D S A
1(9kHz 100kHz 1MHz 10MHz 100MHz 1GHz
Frequency

FIG. 6.41. PVC-core transformer commonmode transfer relation.

By creating all -type equivalent circuit, the creggnding capacitance can be clearly
extracted. By usingquations6.9, 6.10, and6.11 while referencind-IG. 6.5, the IT -type
equivalent circuit is formed. Then, by taking the imaginary pai bf the crossvinding
capacitance can be extracted. Fiel@. 6.42, thecrosswinding capacitance is approximately
600pF. Similar analyses &y and Z; shows that these impedances are swamped by

inductance, making the extraction of inwading capacitance impossible. The same applies

The large PV&ore transformer is, however, expected to have low-imtnaling capacitance

due to the widely spaced turns around the toroid.
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Cross-Winding Capacitance: PVC Transformer
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FIG. 6.42. PVC-core transformer extracted crosswinding capacitance

6.4. Summary of extracted values

Sectionss.2and6.3showed the analysi#f network analyzer data for the purpose of
parameter extractions. In most cases, the measured equivaleittvears compared with the
analytical equivalent circuit in order to extract certain lumped parameter values. However, as
was asserted in chapter 4, these values as lumped parameters do not perfectly describe
transformers due to the distributed nature efd¢apacitance. Nertheless, using the extracted
effective lumped parameter values, the behavior of magnetic core transformers can be replicated

with a good degree of accuracy. A table summarizing the extracted values is givenTaddtav (

6.6).
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Table 6.6. Summary of all transformers extracted parameters.

Device Mutual Leakage Line Coreloss Cross Intra-
inductance | inductance | Resistance resistance | winding winding
VNA (DC) capacitance | capacitance

1GBaseT ~610¢ H|110nH 0.6q (0|~7Kk-11g5k | 39.1F 1.36
Ethernet 90nH 0.6 g ((aq 1.49F
Transformer

10GBaseTr ~160¢ H|65nH 0.25 q ~2. 25k|5.69F 0.88(F
Ethernet 80nH 0.63.d1/3.4k q 1.52F
Transformer

PVC-core 30¢eH 2¢eH 0.21 ¢ ~7 0k q |600F -
Transformer 2.5egH |0.17 q -

6.5. Model comparison

6.5.1. Introduction

In thepreceding sections, differentimlode and commaoemode transfer relations were

presented for two types of Etimet transformers and a P\Ore transformer. Chapter 3

presented lumped element circuit models for differential mode signals, while chapter 5 presented

distributed models for Ethernet transformers in differemtiable and commemode schemes.

In this setion, models formed with the previously extracted parameters will be compared with

the measured data.

6.5.2. Differential -mode lumped element models

At the end of chapter 3, it was stated that the placement of the capacitance in the lumped

element circuit modavas a topic for debate, since the capacitances are actually distributed

throughout the windings. However, the lumped element model should be valid in certain

situations. For the sake of a complete set of comparisons, the lumped element equivalent circuits
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from chapter 3 (of the specific form BfG. 6.43) will be evaluated with the extracted parameter

values in the following section.
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FIG. 6.43. Lumped element equivalencircuit used for comparison to measured transfer relations

6.5.2.1. 1GBaser transformer lumped equivalent circuit comparison

FIG. 6.44 shows the transfer relation for the lumped element equivalent circuit both
loaded ad unloaded compared with the measured transfer relation of the 1-G&HBakernet
transformer. The equivalent circuit parameter values are equal to the extracted valuksbieom
6.6.

As can be seen from the figas, some of the main features are reproduced by the lumped
circuit, such as the low frequency behavior and a single high frequency resonance. However, the
frequencies of the features do not precisely match, and some major high frequency resonance
behavioris missing. The missing resonance behavior at high frequency can be attributed to the
distributed nature of the windings. This will be discussede in the distributed model

comparisorsection.
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Differential-mode Transfer Relations: 1GBase-T Transformer
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FIG. 6.44. 1GBaseT Ethernet Transformer lumped equivalent circuit transfer relation comparison.

6.5.2.2. 10GBaseT transformer lumped equivalent circuit comparison

FIG. 6.45 shows the transfer relation for the lumped element eqnvaircuit both
loaded and unloaded compared with the measured transfer relatiorPMGhepretransformer.
The equivalent circuit parameter values are equal to the extracted valudsafrta6.6.

Similar to he comparison of the 1GBa3dransformer, the low frequency behavior is
reproduced but at the wrong frequency, and a single high frequency resonance is reproduced. In

this case, the resonance behavior is similar, but also at the wrong frequency.
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Differential-mode Transfer Relations: 10GBase-T Transformer

O T T T T T T
8 5 H H :11:.:1:1 :_:::::::1 Lol
| —VNA:Z =InfQ
2‘_ 6 --- In-House built system: Z =InfC2
>N 4 -=-Lumped element model: Z =InfQ
2 RN N )
O T U Ll b i TR
10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz
Frequency
1.5 HEH
- 1
> 05 |—VNA: Z =1000 7
-=-Lumped element model: ZL=100Q
oli=-rThi LR D DIHE L DU iy
10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz

Frequency

FIG. 6.45. 10GBaseT Ethernet Transformer lumped equivalent circuit transfer relation comparison.

6.5.2.3. PVCcore transformer lumped equivalent circuit comparison

FIG. 6.46 showsthe transfer relation for the lumped element equivalent circuit both
loaded and unloaded compared with the measured transfer relation of the 1:0GRhseet
transformer. The equivalent circuit parameter values are equal to the extracted valukasbieom
6.6.
In this case, the lumped circuit produced very similar behavior, even with slightly
detuned resonance frequencies. The low frequency behavior was close to matching, and the high

frequency behavior was vesymilar with slightly different resonance frequency and slightly
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different amplitudes. A better match was found for the unloaded circuit than the loaded circuit

behavior.
Differential-mode Transfer Relations: PVC-core Transformer
3 R EE R IR IR EREE H 53 72 8 K S R T T8 Faae H
—VNA: Z =InfQ
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FIG. 6.46. PVC-core Transformer lumped equivalent circuit transfer relation comparison.

6.5.3. Differential -mode distributed models

In the distributedlifferentiakmodemodelof chapter 5, infinitesimal circuit cells (reproduced
in FIG. 6.47) were used toative an expression for the differentrabde transfer relations
(equation6.22). However, the specific topologies for the femgth impedance and admittances
are left to be defined. For the differentrabde modk the intuitive definitions of series
impedance, crossinding admittance, and mutual impedance were used-1&e6.48, FIG.

6.49, andFIG. 6.50for the chosen circuit topologies.
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In the following sections, the extracted parameter values from the previous section will be
used with the differentiainode transfer function (equatiét22) andthe perlength topologies to
produce transfer relation plots and compare them with the measured transfer relations.

M-Z 6.22
"+ S [tanh(y’
4 (Z +M] )

S

’ ZI(ZS_M) M_Zs ’
7+[ z. _(Z +M]]tanh(y)

S

E
V&

-

d &

vi(y+ A L+ap 5, (3 +Ay)

7 Ay
A 4
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(Y +AY) Fz(erAy) Ay
ZAY| — |MAY| — Z’Sﬁy‘
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LN - L(y) 4y
©

FIG. 6.47. Differential-mode distributed circuit cell.
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FIG. 6.48. Chosen differentiatmode perlength impedance topology
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FIG. 6.49. Chosen differentiatmode perlength admittance topology.
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FIG. 6.50. Chosen differentiatmode perlength mutual impedance topology
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6.5.3.1 1GBaseT differentiakmode model comparisons

FIG. 6.51 andFIG. 6.52 showthedistributed differentiamode model plotted over the
measured differentiahode transfer relation for the 1GBabBd&thernet transformeFIG. 6.51
shows the modetansfer function when the exact extracted values are used. It is apparent that
both the low frequency and high frequency behavior are shifted in frequency. The high
frequency resonances also have different behavior from the measured resonances.

To exhibt that the model is capable of reproducing the behavior of the measured
transformer, the initial model parameter values were tuned to create a betterFi@t6b2
shows the tuned model plotted over the meastaedformer transfer relation. Though the tuned
model is also not a perfect match, it does match the major features well enough to call it a
gualitative match. It is a topic for future research to relate in a more intelligent manner the
extracted parameteto the distributed model parameters.

Distributed Model Transfer relation - Exact Extracted values: 1GBase-T
15 I i I I

— Measurement: VNA

--= Measurement: In-house system
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C=1.4pF,
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—_ A - BT pup—
P \h.. — L g
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FIG. 6.51. 1GBaseT Ethernet transformer differential -mode model comparison exact extracted values
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Distributed Model Transfer relation - Tuned values: 1GBase-T
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FIG. 6.52. 1GBa%-T Ethernet transformer differential -mode model comparisorr Tuned values

6.5.3.2 10GBaseT transformer dfferential-mode model comparisons

FIG. 6.53 andFIG. 6.54 show the distbuted differentialmode model transfer function
with extracted and tuned parameter values, respectively, for the 10GEakernet
transformer. For a discussion of the differences in the plots and their relevance, see the beginning

of section6.5.3.1
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Distributed Model Transfer relation - Exact Extracted values: 10GBase-T
2 I I I I I

—Measurement: VNA |
1.8/~ == Measurement: In-house system
——-Analytical Model

R=0.3Q,
1.47L =160pH,
L=73nH,
> C =5.69pF, |
— 1HC,;=1000fF, s -
o~ = .

> R_=0.003MQ !,:’,v

1.6

1.2H

0.6 oo

o
0.4 FIRY

0.2 T e

g

0= 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz

Frequency (Hz)

FIG. 6.53 10GBaseT Ethernet transformer differential -mode model comparison exact extracted values

Distributed Model Transfer relation - Tuned values: 10GBase-T
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FIG. 6.54. 10GBaseT Ethernet transformer differential -mode model comparison Tuned values

157



6.5.3.3 PVCcore transformer dfferential-mode model comparison

FIG. 6.55andFIG. 6.56 show the dtributed differentiaimode model transfer function
with extracted and tuned parameter values, respectively, for thecBnMGransformer. For a

discussion of the differences in the plots and their relevance, see the beginning obse@&itn

Distributed Model Transfer relation - Exact Extracted values: P\VVC-core
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FIG. 6.55. PVC-core transformer differential-mode model comparison exact extracted values
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Distributed Model Transfer relation - Tuned values: P\VVC-core

2 \ I \ I T |
: H uj:
—Measurement: In-house system I
1.8 —--Analytical Model ﬂ i """"""""""""""" T
H H 5
1.6 R=10Q, RIS .

1.2 C.=90pF, i g i
R =20MC 5 3 / l

A N R O | j
m : i : : 3 e —
14 L=8uH, 1 l 1 |

i

y / | ’{.

0.2 P
—\/\..____r__/:é'
“10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz
Frequency (Hz)

FIG. 6.56. PVC-core transformer differential-mode model comparison Tuned values

6.5.4. Differential -mode model comparison summary
Distributed differentiaimode model transfer functions were compared with measured

transfer relations for the 1GBa3eand 10GBas& Ethernet transformer asaltas the large
PVC-core transformer. The comparisons showed that using the extracted parameter values
directly produced model transfer relations that were poor matches to the measured transfer
relations. Tuning of the values significantly improved tla@s$fer functions match to the
measured transfer relatioand exhibits high frequency resonance behavior that cannot be
produced with a lumped element madehis shows that the differentiedlode distributed model
transfer function is capable of matchiig tmeasured transfer functions, butdisributed

model parameters are not the parameters extracteabie6.6. Relating the measured

parameters to th@ostributednodel parameters is a topic for future researc
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6.5.5. Common-mode distributed models

The commormode transfer function (equatié23) was derived using the common
mode infinitesimal distributed circuit cell (SE&. 6.57). Just as with the differentiahode
model, the specific circuit topology of the impedance and admittance are open to definition. In
the case of the commeanode transfer relation, choosing the properlpegth impedance and
admittance circuit topologiesill be part of the tuning process. First, however, for comparison
with the commormode measurements witeroground impedance, equatiér23 can be
simplified as shown in equatid@i24. Thus, equatio®.24 will be used for plotting the model
transfer relations.

Unlike the differentialmode model, tuning the commomode model will require a
change in circuit topology. However, foomparison, the commemode model transfer relation
will be first plotted using a similar topology as in the differential mode modeling, shoklsin
6.58 andFIG. 6.59. For tuning the model, the topology showrFiG. 6.60 gives the best results
and will be used for the péength series impedance.

In the following sections, the distributed commoode model transfer function whle
compared with the measured transfer relation (extracted values and tuned values) forTLGBase

and 10GBasd Ethernet transformers.
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FIG. 6.57. Distributed infinitesimal circuit cell for the common-mode model
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FIG. 6.59. Circuit topology for the distributed common-mode model perlength crosswinding admittance.
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FIG. 6.60. Tuning topology for the per-length impedance of the commommode distributed model
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6.5.5.1. 1GBasel commonmode model transfer function comparison

FIG. 6.61 shows thgure mismatch of the model transfer function plotteerdhe
measured data for the 1GBabB&thernet transformewith tuning, however, an excellent match
was achieved as seenRiG. 6.62. Tuning, in the commomode case, involves both changing

the impedance topolggand adjusting parameter valués. was the case with the differential

mode model, such a match supports the validity of the model transfer equation but also requires

further research into relating the extracted parameter values to model parameter values.

Common Mode Transfer Relation - Exact Extracted values: 1GBase-T
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FIG. 6.61. 1GBaseT transformer: Common-mode distributed model transfer relation with extracted
parameter values
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Common Mode Transfer Relation - Tuned values: 1GBase-T
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FIG. 6.62 1GBaseT transformer: Common-mode distributed model transfer relation with tuned parameter
values[31].

6.5.5.2. 10GBaseT transformer distributed commormode transfer function
comparison
FIG. 6.63 shows thgure mismatch athe model transfer function plotted over the

measured data for the 10GBaB&thernet transformeWith tuning, however, an excellent
match was achieved as seerri®. 6.64. As was the case with the differertrabde model, such
a match supports the validity of the model transfer equation but also requires further research

into relating the extracted parameter values to model parameter values.
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Common Mode Transfer Relation - Exact Extracted Values: 10GBase-T
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FIG. 6.63. 10GBaseT tr ansformer: Common-mode distributed model transfer relation with extracted

Common Mode Transfer Relation - Tuned Values: 10GBase-T
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FIG. 6.64. 10GBaseT transformer: Common-mode distributed model transfer relation with tuned

parameter values[31].
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6.5.6. Testing of commercial Ethernet transformers s ummary

This chapter presented how 1GBdsand 10GBas& Ethernet transformers were tested
using both an #house built scalar system as well as a vector network analyzer. The
measurement results were decomposed and translated to form an equivalent network, from which
transfer relations were plotted and equivalent circuit parameters were extracted (see chapter 3,
Table6.6). In addition tathe commercial Ethernet transformers, albalit large toroidal PVE
core bifilarwound transformer was also tested and analyzed.

After the transformers were thoroughly analyzed, the equivalent circuit from chapter 3 as
well as the distributed models frathapter 5 (both differentiahode and commemode) were
compared to the measured transfer relations. It was found that when using the exact values of the
extracted parameters, the lumped equivalent circuits delivered the best match to the measured
data. Hbwever, tuning the distributed model values resulted in the distributed model transfer
relations giving superior matches to the measured data. It was found that the distributed models
could recreate complicated resonance behavior that would not be pusgilitee lumpee
element equivalent circuit. The relation of the extracted parameter values to the distributed
model parameter values so the models would no longer require tuning is a topic for future

research.
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Chapter 7 : Dielectric-core toroid transformer: Fabrication and analysis

7.1. Introduction and background

For most designs of transformers with soft magnetic cores, the geometry does not need to
be critically precise. As long as magnetic flux from the prinveinding has a low reluctance
closed path through whdt can return (North to South pole) and this path is shared with the
secondaryvinding, the device will behave as expect®bthny microfabricated transformer
designs have nearitical geometries because they use magnetic core matdials [33], [34],
[35], [36]), but also have complicated fabrication processes to reduce ldssesver, as the
frequency of thdlux increases, the permeability of ferrites will become unstable and approach
the permeability of vacuum (see FIG. 4.12). As the permeability of the core approaches that of
the ambient air, the core will no longer act as a flux guide. The reluctance adréhpath will be
the same as the path through thesarflux will circulate through the air path and not link the
primary to the secondaxyinding. This air path flux was discusspreviouslyand is referred to
asleakage flux flux that does not lik the primary and the secondary windings. Increasing
leakage flux decreases coupling from the primary to the secondary and degrades the flat band

region of the transformer transfelation

In addition to the declining permeability, ferrites exhibitesttieleterioushigh-frequency
behavior. Ferromagnetic resonance (FMR) is a phenomena related to nrégrestocs in
which the signal frequency applied to the magnetic material is the same as the precession
frequency of the magnetic moment. FMR can be usetdmacterize crystalline magnetic
materials by applying a strong magnetic field along a specific crystallographic direction of the

sample. FMR can be observed in a less predictable way by the simple application of microwave
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fields to magnetic materialgausing valleys of absorption. These core material FMR absorption

valleys distort the transformer transfefationat high frequencies, in turn distorting signals.

It is apparent that MiZn ferritecoreswill not effectivly guide fluxfor frequencies upo
1GHz. As the permeability deteriorates with frequency, the leakage flux will increase and the
coupling will decrease. Above 1GHz, ferromagnetic resonances will occur distorting the flat
band region of the transformer. At high frequencies, the coreialatiux guiding benefits are
lost, and FMR eddy current losses, and hysteresis losseeme a detriment to signal coupling

[37]. A forward thinking design would need to avoid ferrite core materials.

Ferrites, however, canheasily be replaced. Ferrite materials themselves solved many of
the core loss problems lairgermetal alloytransformers. Ferrites are currently the best designed
core materials for broadband signal transformeng. only way to avoid the remaining nmegic
problems with ferrites is to switch to a noragnetic core materiaCreating a coreless (atore)
transformer would remove the high frequency difficulties, but also the lower frequency flux
guiding benefits. The following secti@onsiderdow frequency flux guidingwvithout a flux

guiding magnetic core
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FIG. 7.1. Magnetic fields of a long solenoid(Plonus, M. Applied Electromagnetics. McGraw Hill, 1978.
Reproduced with permissionof The McGraw-Hill Companies) [38]

The simple solenoid is a good example nderstand the magnetic fields of aneire
winding. Given a cylindricalvinding as shown irIG. 7.1, the current in eacturn of the
winding will be going the same direction. @sider, first, a single currewsarrying loop as shown
in FIG. 7.2. FIG. 7.2 shows a cross section of a single loop (or parallel wires), such that the left
conductor carries current out of the plane ofgghge, and the right conductor carries current into

the plane of the page. Recalling that the field away from a current carrying wire depends on
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radialdistance from the wire, then on the equidistantie®veen the conductors, the field
contribution fromboth will be equain magnitudeThe components perpendicular to the plane of
the loop will be in the same direction, but the compongatallel to theplane of the loop will be

in opposite directions. Thus, alotige equidistant line from both wiretheparallelplanar
components sum to zero and the perpendicular component is doubled. As thatmiospoint
moves away from this equidistant lirteeparallelplanar components are still opposite, but no
longer equal in magnitude. As the observer mol@sec to the edge of the loop tharallel

planar components of magnetic field will increase as showhGn7.2.

The magnetic fields of a single wire loop support the somewhat qualitative assumption
about theikld (and thus the flux density) outside the wire loops is much less than within the

loops as flux lines have an infinite volume through which to return.

FIG. 7.2. Magnetic field depiction of a single currem carrying loop crosssection.(Plonus, M. Applied
Electromagnetics. McGraw Hill, 1978.Reproduced with permissionof The McGraw-Hill Companies) [38]
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FIG. 7.5 illustrates how the magnetic field around each tifra cylindrical winding

would behave. Thefe component of field Wl cancel with the ¥ component of field of adjacent

windings.Of course, fields from a current source are actually immutable. When the fields are

said to cancel, this simply indicates that the superposition of fieldstévoror moresources

result in zeraor reduced field to be observed at a point. A winding turn will immutably hajge a

and anktcomponent of field out to an infinite radial direction. However, given the orientation of

adjacenturns, thek field components will constructively superimpose while fadield

components will destructively superimpose amongsiugiving the resultant observed field as

shown in the figures. It is this observiggld (or net field) which is felt by the media through

which it passes, and it is on this field that flux depends.
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Notice thatFIG. 7.5 shows the fields canceling with the nearest neighbonsider
briefly the concept of two adjacent infinitelyin current filamentsarrying the same DC
current The field magnitude predictably decays radially away from the filament centers. If the
current in both filaments is traveling in the same direction, then the field in theserigmn
between the filamnts will be going in opposite directions. For the field in the cross section to
perfectly cancel, the field from one filament at one point in the «sesgon must have equal
magnitude to the field from the other filament at that pdihts perfect carelation only occurs
along the equidistant line between the filaments, so it is impossible to perfectly carfisdtithe
everywhere in the crossection(SeeFIG. 7.3 andFIG. 7.4). FIG. 7.4 shows a flux density slope
field around two adjacent wires. The equidistant line is marked on the plot, and it is clear that at
the equidistant point in the plane of the wires, all flux density drops to zéne asgnitudes
and directions & perfectly matched bupposite. Away from the equidistant point in the plane,
however, perpendiculdo-the-plane flux density increasedowever, it can be seen fiG. 7.3
that by tightly packing the filaments, both tmet fieldmagnitude as well as the area in which it
is nonzero is decrease#lG. 7.5 shows the cut view of turn wires around a core and how the
field lines cancel spatigi regarding the structure. This assumption of tightly packed windings is

often used in textbook derivations to idealize the flux confinement.
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Cross-section flux density slope field from 2 adjacent wires
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FIG. 7.4. Crosssection flux density slope field for adjacent wes at x=2mm and x=3mm with current flowing
into the page. Line lengths indicate flux magnitude.

Beyond the cross section between nearest neighbor turns, there is field that remains but
decays out to infinite distan¢as1/r ). Anotherassumption that is often used is to assume the
cylindrical winding is infinitely long, so any turn considered will have equal numbers of turns to
either side of it in the positive and negatikalirections. This implies an infinite witing
symmetry. Thusthere is also long range cancelation of fgeomponent of field (interaction of
fields ofwinding turnsout to infinity). In practice, long range cancelation is only valid for the
turn at the winding midpoint. the turn location is closer to the end of the solenoid, where the
symmetry of long range cancelation is destroyed, the field lines will circulate through the sides

of the solenoid as shown in as showiki. 7.1.

With the assumptionsiithe ideal solenoid of neareastighbor and longange field

cancelation, the only field remaining within the solenoid will be perpendicular to the turn planes
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in the % direction. Outside the solenoidhet exteral field (and flux)linesstart at oe end and

return to the opposite end of the solenoid through what is assumed an infinite volume. Since the
volume is infinite and the flux is finite, it is inferred that the flux density is zero a small distance
outsideof the solenoidThough this analysis considers rmagnetic core winding structures, it

is important to highlight a difference between the long solenoid and the toroid. If the core
material of the long solenoid were magnetic, the maximum flux densitidveedimited due to

the large air gap through which the flux returns. By forming a toroid where the ends of a
solenoid are wrapped around such that the core is continuous-tap@ireliminated and the

total reluctancef the flux paths significanty reduced.

H
R

Y-AXis

Winding Core

X-Axis
FIG. 7.5. Adjacent winding turns field interaction.

Though the long solenoid has many advantages, the return flux is still flux that is
unguided. If the long solenoid were split into twimdingsto be used as a transformer, very
little of the return flux would link the primanyinding to the secondary. A bifilar wouraksign
of transformer as a long solenoid would do well, but it would still contaminate the surrounding
circuits with magneticléix. This leads to the toroidal geometry where a long solenoid is curled

into a loop, the ends are brought together, and the return flux patio barsgapseeFIG. 7.6).
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(b)

FIG. 7.6. Flux diagram of rectangular crosssection toroid inductor. (Young, Freedman'Sandin/Ford. Searts and
Zemanskys University Physics 10" ed., (c)2000,Reprinted by permission of Pearson Educationinc., Upper Sadle River, New Jersey

[10]

The torus return flux is guided back to the core by geometry rather than magnetic
materials. However, curling the long solenoid destroysaiiial symmetry, and makes the field
along the crossection noruniform. This is due to how the turns (which are the same number on
the inner and outer radii of the toroid) are more widely spaced on the outer radius than on the
inner radius of the torroid:his field noruniformity decreases, however, as imeer radius of
the toroid and the outer radius of the toroid differ from each other by a smaller fraction of the
average radius. If the toroisl assumed to be of proper dimensions such that thedield i
approximately uniform over the cross section, the inductance carabe c ul at ed f r om An
law. Though the derivation can appear in different texts in slightly different ways, the more
sophisticated way finds the core flux density as dependent orsratbwever, it assumes that
there is no flux variation in the azimuthal (theta) direction. The validity of this assumption is

discussed in section3.2

The following sections will discuss the general torus taen extend the general analysis

to specific geometry of thin film fabricated designs.
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7.2. Thin-film dielectric -core transformers: Fabrication and analysis

7.2.1. Introduction

As discussed above, without a high permeability magnetic material core, using a toroid
geometry will best contain magnetic flux to the volume within the winding structure. In this
section, the volume within the windings will be referred to asting whether or not the core is
a separate material structure. Maximum confinement of the madieddi has both the
advantage of boosting magnetic coupling between the windings and minimizing flux
contamination of nearby circuits.

With the use of any transformer, all factors must be considered. In a finished device,
minimum functional criteria mudde satisfied, such as bandwidth and power handling in ideal
conditions. Beyond ideal conditions, the transformer will have to satisfy isolation safety tests and
maintain operation in severely naeal (noisy) environments. For a first generation of
fabricated transformers, minimum operational requirements under ideal conditions are the main
concern.

To determine the operatigrerformancef the device, the models of chapters 3 and 5 can
be used to predict performance. To use these models, howevelyittepgameter values such
as main and leakage inductance, crassl intrawinding capacitance, and line resistance must
be known. Thus, the design of the transformer must be analyzed to extract the model parameters
theoretically. This remains a topic fiuture research. However, significant progress has been
made in parameter prediction and will be discussed in this chapter.

Out of all the parameters considered, the two most significant are the mutual inductance
and line resistance. For the toroid indwatith a rectangular crosection, a wetknown

theoretical calculation of the inductance can be used and is presented in the following section.
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Though the calculation is for ttselfinductance, the approximation can be used that the bifilar
windings wil share the flux and the satiductance is approximately equal to the mutual
inductance. A more sophisticated method for calculating the inductance will be given in a later
section. However, for choosing initial design physical parameters, the followatigpd for
inductance calculation will suffice.
7.2.1.1Rectangular crosssection toroid theoretical inductance calculation

This calculation can be found in most electromagnetics text books. What is important to
note and will be discussed later in this chafgéhe assumption that the windings are tightly
packed. This is an important assumption, because it means that leakage flux is essentially zero.
This implies that the flux contributed by one excited turn of a winding contributes to the flux

through all otler turns equally, because no flux leaks around the outside of the core.

ye

To calculate inductance of the toroid, recall first equation 3_1£TE, which is the

- G .
definition of i nduc({I—E-dlc;d.Eem,,ahﬂspatrﬁfgommmabeveteréics | aw,
|

in FIG. 7.6, the field within a tooid can be found. ConsidEtG. 7.7 andFIG. 7.8 below and the

following analysis.
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(b)

FIG. 7.7. Square crosssection torus with labeled dimensions. (a) top view (b) side view

«—a-b—— e‘&wﬁ/ 2
T 1 Metal ‘
ill/ Core Conductor sh

FIG. 7.8. Torus core and metal conductor cross sectiomlbeled dimensions.
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21

cj‘lﬁdl j#r 4o - 27rHE, = NE= HE~ HE) =
7.3

To find the inductance, the flux density is found from the field, and then the total flux

through the torus is fourfdom the flux density.

- ,u(a))NIE 74
= p(o)HF
EOTUS lLt( ) torus — 27Zr

Integrating the flux density over the core cross section gives the total flux.

b= B MO L E_sONE,

A:S torus 272_ g
»)NhE.  a
¢torus /J( 2) ln(_)
g b 75

The flux linkages are given bMg,, ., and the inductance byﬁ)ﬁ

»)N?hE
Viorus = N¢torus - L ( )
2 7.6
2 7.7
L’(OruS — lz”torus — IU(CU)N h In(é)
= 21 b

The important conclusion from equati@s? is that to boost the inductance, two things

can be done: the number of turns can be increased which would incremskitt@nce by an N
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squared factor, or the height and/or difference in diameters can be increased, essentially
increasing the crossectional area. With this in mind, it is in the interests of inductive

performance to maximize device turns and height.

7.2.1.2Winding geometry considerations

As mentioned above, besides inductance, winding line resistance is of paramount
concern. The conclusion from the inductance calculation was that to boost inductance, the
number of turns (and thus, line length) would need tmarimized. This, of course, will
increase line resistance and ultimately hurt performance.

Choosing the proper line geometry to minimize resistance is important. In the following
sections, transformers with straight rectangular lines as well as transfomitte wedge shaped
lines will be analyzed, fabricated, and tested. However, regardless of winding shape, the start and
end coordinates of the connection lines will be the same. Consider these start and end points as a
winding lattice, around which the &ia 3D line will be placed.

To find these start and end points, cylindrical coordinates are used. The points will either
lie on the inside circle or the outside circle, and the angular separation between adjacent turns
will be constant.

With an Nturn transformer, thed@ (in cylindrical coordinates) between inner circle
pointsor outer circle points is given by the following equation.

do =2
N 7.8

The angular distance betweam inner circle point and an outer circle point wouldhak this

valug as the outside circle points are at the angular midpoint between inner circle points
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dg, ==
N 7.9

The fabrication will ocur as sequential layers, so each winding must be defined with
respect to a given layer. The winding will not be continuous in a single layer, but rather a set of
lines between the inner circle and the outer circle. These lines will not be paralletadiéhe
direction, but will have a pitch proportional to the number of turns. The bottom layer lines will
thus have a complementary pitch to connect the adjacent top layer lines. Considering the top
layer primary winding, the features in that layer willdefined by a vector of start and end
coordinates, which will be considered to start on the inner circle and end on the outer circle,
though the labeling is arbitrary. The top layer primary start and end points are defined by
equation/.10and7.11, respectively. The bottom layer primary start and end points are given by
equations/.12 and7.13, respectively. The bottom layer is considered to start on the outer circle

and end on the inner circle.

(ek ’ rk ) §E?r:ary,Top = (k * de, b) 7.10
7.11
(gk ’ rk E?i?nary,Top = (k* de + deio ’ a) = ((k + %) * d@, a)
ar 1 7.12
(Qk T ) IEtrirr:ary,Bonom = ((k + E) * dg! a)
(ek ' rk ) E?i(rjnary,Bottom = ((k + 1) * d(9, b) 713

for k =[0O,N -1].
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Up to this point, only a single winding has been considered. Howéeetransformer

will have two windings. The secondary coordinates will be calculated the same way as above,
except offset bydd,, . The set of eight equations defining the points for the primary and

secondary windings are given below.

7.14
(O0s) B = (k* 40+ 0, B) = (K +)* dO,b)
(ek ’ rk ) gzgondaryTop = ((k + l) * dt9, a) 7.15
(ek ’ rk ) 2gct>ndaryBottom = ((k + 1) * de’ a) 716
n 3 7.17
(Hk ) r.k ) gegondaryBottom = ((k + E) * d91 b)

for k=[0O,N -1].

The coordinate lattice defined above is a set of points lying on the circles defining the
toroidal winding In reality, when the 3D lines are built around the lattice poimés, will
necessarily extend beyond the lattice points over the toroid core edge. Also, a turn will

necessarily be omitted to make winding terminals in the final structure.
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FIG. 7.9. 32-turn toroid transformer coordinate lattice.

An important analytical number for future analyses is the winding length. Knowing the
coordinate lattice for the turns of the winding, the length can be analytically fdarfishd the
length, the distance between an inner circlafpand an outer circle point must be calculated.

Two test point coordinates are givereiguations/.18 and7.19.

Pcylindrich — (br ’0) 7.18

inner

7.19

outer

Pcylindrical — (br ’deio) — (br ’%)
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whereb, and a, are the toroid inner and outer radii, respectiv€lgnverting these points to

rectangular coordinas gives the following.

inner

rectangular __
R = (6.0 7.20

Pre 9™ = (a, cos@dd, ),a, sin(dd,)) = (a, 00{1} a, Sin(l))
N N 7.21

The digance between the points is given as follows.

1.22

I, = \/(ar cos{ﬁj—br)2 +(ar sin(ﬁjj = \/af +b? -2ab, Co{lj
N N N

7.2.1.3Fabrication limitations

As discussed above, the two principle parameters that will affect the transformer
performance are inductanaad line resistance. Inductance needs to be maximized while
resistance needs to be minimized.

One of the main limitations to silicon sample processing is height. Effective lithographic
processing of sample features requires photoresists at least aasthiekfeatures. Photoresists

designed for thick depositions are, themselves, quite viscous and difficult to work with.

Taller features also require thicker metal depositions. Metal deposition systems such as RF

sputtering or Ebeam evaporator depositaslow rate (4 10 A /sec). Though thick metal
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depositions are possible, they would require much time and attention and multiple deposition
runs, making process development and troshl@oting difficult.

For these reasons, prototype samples need taréiltyaconsidered. Though it is clear that
thick devices with large core cressctions are desirable, as well as thick metals with low
resistance, it is not practical to push these limits early in device fabrication. At the early stages, it
is more benetial to produce thinner samples at a faster rate with a higher probability of
functionality to develp the processing steps. In the fufuater the procedsas been established

and proverto work, the devices can be made thicker.

7.2.2. Rectangular line desi gn

7.2.2.1 Design and maskrdwing

The rectangular line winding design is the straight forward choice, and the most similar to an
actual wound transformer. The lines are of constant width and bifilar wound as §@&n7ri0
andFIG. 7.11. The mask and model drawing procedure was entirely scrig@iLAB was
used to calculate the necessary start points and rotation angles and compile the drawing
procedure into an AutoCad script.

Using the vector of lattice coordinates defined in equafidithrough7.17, the rectangular
lines were drawn using a start point, length, area, and angle of rotatorAutoCad command

(SeeFIG. 7.10andFIG. 7.11). Square caps and square vias were placed over tietimm line

overlaps at an angle parallel to thedirection.
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FIG. 7.10. Top view of 3D rendering of bifilar wound toroidal transformer with core structure.

FIG. 7.11. Top view of3D rendering of bifilar wound toroidal transformer with out core structure.

Since the coordinate lattice points do not take up two dimensional width, the choice of
line width remains open. The maximum width that the metal lines can be, however, is the

distance between lattice ipts on the inner circle (SédG. 7.12). This distance is referred to as
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