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Summary

The Cathode-Ray Tube (CRT) is the predominant display device for televi-
sions and computers. Essentially, it is a glass tube in which electrons are
accelerated towards a screen which is covered with a phosphor layer that
emits light when hit by electrons. Deflection coils generate a time-dependent
magnetic field to deflect the electrons such that images are written on the
screen. The research documented in this thesis examines the two most
important high-frequency phenomena in these coils: dissipation and ringing.

Dissipation is the conversion of electrical energy into heat. Ringing is
caused by high-frequency electromagnetic oscillations in the deflection coils
and results in an annoying pattern of alternating lighter and darker vertical
bars at the left-hand side of the screen. This thesis develops both the theory
and the measuring methods that enable designers of CRT deflection coils to
reduce dissipation and to suppress ringing.

Dissipation and ringing are strongly related. Physical phenomena that
contribute to the dissipation also determine the damping of ringing. Circuit
models that describe dissipation can be extended to describe ringing as well.
Furthermore, the same (impedance) measurements can be used to analyze
both dissipation and ringing.

For both dissipation and ringing, experimental results are presented in
this thesis which cannot be explained with conventional theory. For instance,
the reduction in dissipation by subdividing the wires into thinner ones was
measured to be less than expected from existing theoretical models. To
explain these results, we introduced the theory of the ‘interwire proximity
effect’ in which eddy currents flow in loops formed by parallel wires with
which a coil is wound. These eddy currents cause a non-uniform distribution
of the currents over the parallel wires and thus a higher dissipation.

Although ringing is one of the most common complaints from circuit
designers of computer monitors, not much has been published about ringing
in deflection yokes in the open literature and no adequate measuring methods
were available. In this thesis new theoretical models as well as new measuring



viii Summary

methods for ringing are presented.
Using these measuring methods, both existing and new techniques to

suppress ringing are evaluated. The most promising new technique found
in this study is to include weakly conductive material in the frame coils.
As a practical realization, carbon-black particles are included in one of the
outer layers of the frame-coil wires. This Ringing-Free Wire is successfully
implemented in industry.



Samenvatting

De kathodestraalbuis (CRT) is de meest gebruikte technologie om beelden
weer te geven voor televisies en computers. In essentie is het een glazen
buis waarin elektronen versneld worden naar een scherm dat bedekt is
met een laag fosfor die licht geeft wanneer die door elektronen wordt
getroffen. Afbuigspoelen genereren een tijdsafhankelijk magnetisch veld om de
elektronen zodanig af te buigen dat beelden op het scherm worden geschreven.
Het in dit proefschrift beschreven onderzoek omvat de twee meest belangrijke
hoogfrequente verschijnselen in deze spoelen: dissipatie en ”ringing”.

Dissipatie is de omzetting van elektrische energie in warmte. Ringing
wordt veroorzaakt door hoogfrequente oscillaties in de afbuigspoelen en re-
sulteert in hinderlijke verticale strepen aan de linkerzijde van het beeldscherm.
In dit proefschrift worden theorie en meetmethoden beschreven die ontwerpers
van afbuigspoelen in staat stellen de dissipatie te verminderen en ringing te
onderdrukken.

Dissipatie en ringing zijn nauw verbonden. Fysische verschijnselen die
bijdragen aan de dissipatie, bepalen ook de onderdrukking van ringing.
Netwerkmodellen die dissipatie beschrijven, kunnen uitgebreid worden om
ringing te beschrijven. Verder kunnen dezelfde (impedantie)metingen ge-
bruikt worden om zowel dissipatie als ringing te analyseren.

Voor zowel dissipatie als ringing worden experimentele resultaten ge-
presenteerd in dit proefschrift die niet verklaard kunnen worden met de
conventionele theorie. Zo blijkt bijvoorbeeld dat de vermindering in dissipatie
kleiner is dan verwacht op grond van bestaande theoretische modellen wanneer
de draden in dunnere draden worden onderverdeeld. Om deze meetresultaten
te verklaren, hebben we de theorie van het ”interwire proximity effect”
gëıntroduceerd. Hierin worden wervelstromen opgewekt in een lus gevormd
door de parallelle draden waarmee een spoel is gewikkeld. Deze wervelstromen
veroorzaken een ongelijkmatige verdeling van de stromen over de parallelle
draden, hetgeen resulteert in een hogere dissipatie.

Alhoewel ringing één van de meest gehoorde klachten is van ontwerpers
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van computer monitoren, is er niet veel over ringing in afbuigspoelen gepub-
liceerd en zijn er tot nu toe geen geschikte meetmethodes beschikbaar. In dit
proefschrift worden nieuwe theoretische modellen en nieuwe meetmethodes
voor ringing gepresenteerd.

Met deze meetmethodes zijn zowel bestaande als nieuwe technieken
geëvalueerd om ringing te onderdrukken. De meest belovende nieuwe techniek
die in dit onderzoek is gevonden, is het aanbrengen van zwak geleidend
materiaal in de beeldspoelen. Als een praktische toepassing zijn roetdeeltjes
ingesloten in één van de buitenste lagen van de beeldspoeldraden. Deze
”Ringing-Free Wire” wordt nu met succes toegepast in de industrie.
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Chapter 1

Introduction

1.1 Subject of this thesis

The Cathode-Ray Tube (CRT) still dominates the market for displays in
television receivers and computer monitors despite the huge effort to develop
new display devices. Alternative devices, such as liquid-crystal displays and
plasma displays, have been coming up for more than 25 years, but cannot
beat the price/performance ratio of the CRT up to now.

The CRT market is still growing. The total world market for CRTs
will increase from 264 million units in 1998 to 339 million units in 2004 [1].
Although CRTs have been in use for more than 100 years now, still fascinating
phenomena in CRTs are being studied in order to improve their performance.
Development and production of high-quality CRTs are expected to continue
at least for the coming decade.

The research documented in this thesis examines the two most important
phenomena in CRT deflection coils related to high-frequency effects: dissi-
pation and ringing. Dissipation is the conversion of electrical energy into
heat. Ringing is caused by high-frequency electromagnetic oscillations in the
deflection coils and results in an annoying pattern of alternating lighter and
darker vertical bars at the left-hand side of the screen. This thesis shows
how these two effects can be measured and predicted. It describes how these
effects are caused by physical phenomena, how to model them, how to measure
them and how to reduce them. This enables designers of deflection yokes to
optimize their designs such that the high-frequency behavior is acceptable.

Dissipation and ringing are strongly related. Physical phenomena that
contribute to the dissipation also determine the damping of ringing at higher
frequencies. Circuit models that describe the dissipation can be extended to
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Figure 1.1: A cutaway drawing of a Cathode-Ray Tube.

circuit models that describe ringing.

To improve the high-frequency behavior of deflection yokes, designers need
a theoretical framework to systematically explore options for improvement
as well as measuring methods to evaluate the impact of these options. In
this thesis, both theory and measuring methods are developed to reduce
dissipation and to suppress ringing.

The theory results in system models, electric circuit models and physical
models. System models give an insight into effects more quickly, but lack
the quantitative relation to the design parameters. Physical models provide
quantitative relations between circuit model parameters and coil design
parameters, but are much more complex. Electric circuit models are a
compact representation of physical models. In this thesis we will show how the
parameters of circuit models can be derived from impedance measurements
to predict both dissipation and ringing.

This thesis does not discuss ray-trace models or the design of the quasi-
static magnetic fields which determine the electron-optical behavior. Those
models are covered in depth by other authors (see Chapter 2).
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Figure 1.2: Sketch of a top view of a CRT showing how the red (R), green (G) and
blue (B) electron beams are deflected across the screen.

1.2 Cathode-Ray Tube

Figure 1.1 shows the construction of a modern CRT and Fig. 1.2 shows a
schematic drawing of a top view. Basically, a CRT consists of a glass tube with
vacuum inside. The screen is covered with phosphor dots that generate light
when hit by electrons. In both Television Tubes (TVTs) and in Computer
Monitor Tubes (CMTs), color images are built up with a regular arrangement
of phosphor dots in the three primary colors, red, green and blue. An image is
generated by three electron beams that write horizontal lines along the screen.
Holes in the shadow mask allow only electrons of the ‘red’ beam to reach the
dots that generate red light, while the green and blue phosphor dots can only
be addressed by electrons of the ‘green’ and ‘blue’ beams, respectively.

The picture information is modulated onto the beam currents. Confined
in three separate beams, the electrons are first generated and accelerated in
the gun area by an electric field. Subsequently, the beams are deflected by
the magnetic deflection field which is generated by the deflection yoke.

1.3 Deflection Yoke

Without the magnetic field of a Deflection Yoke (DY), the electrons would
only hit the center of the screen. The magnetic field deflects the electrons
when they move from the electron gun in the neck of the tube towards the
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y
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Figure 1.3: Exploded view of a deflection yoke seen from the side of the gun. The
screen would be at the right.

front screen.

The magnetic deflection field is varied over time to move the beams from
the left-hand side of the screen to the right-hand side. When the beams reach
the right-hand edge of the screen, the electron beams are cut off and the
magnetic deflection field is reversed. If the electron beam were not cut off,
one would be able to observe how the spot quickly moves back to the left-
hand side again. Horizontal lines are scanned by applying a time-dependent
vertical magnetic field. This field is generated by the so-called ‘line coils’.
The ‘line current’ through these coils varies with a ‘line frequency’ of 16 kHz
for television sets up to 128 kHz for computer monitors.

At a much lower rate, the beams are deflected from the top of the screen
to the bottom. The resulting image is called a frame and the coils causing the
vertical deflection are called ‘frame coils’. The ‘frame current’ through these
coils varies with a ‘frame frequency’ of 50 Hz for television sets up to 120 Hz
for computer monitors.

Figure 1.3 shows an exploded view of a typical deflection yoke. Essentially,
a deflection yoke consists of a pair of line coils, a pair of frame coils, a plastic
frame and a ferrite core. The line coils are mounted at the inside of a plastic
frame, and the frame coils are mounted at the outside. The plastic frame
does not only provide the mechanical support of the deflection coils, but also
ensures electrical insulation between line and frame coils. The cone-shaped
ferrite core is placed over the frame coils. It confines the magnetic field
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neck side
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Figure 1.4: Schematic drawing of a single deflection coil. The coil is wound from
the inside outwards in a relatively thin layer, typically 3 mm thick. It is divided
into various sections both at the screen side and at the neck side.

generated by both the line and frame coils to a smaller volume. This results
in a substantial decrease of the power required to drive the coils. Often, other
components are included in the deflection yoke for further modification of the
magnetic field, such as magnets and pieces of magnetic permeable materials.
Usually also electric circuits are added for controlling the drive currents.

The quality of a deflection yoke is often characterized by the following
errors measured at the front-side of the screen:

• geometry errors, measured as the distance between the actual position
of a green dot and the aimed position;

• convergence errors, measured as the distances between the centers of
gravity of the three color spots at specified positions at the screen;

• landing errors, measured as the distance between the center of gravity
of a phosphor dot and the center of gravity of the part of the beam that
was aimed at that dot.

1.4 Deflection coil

The shape of a deflection coil is determined by the required electron-optical
performance and the shape of the glass cone and neck. Deflection coils
generally have the shape of a saddle or mussel and accurately fit around
the neck and the adjoining, trumpet-shaped widening part of the tube.
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A deflection coil consists of several turns of a bundle of wires in parallel.
Each wire has a copper core with a few layers around it. From inside outwards,
these layers are an insulation layer, a heat bonding layer and a lubrication
layer. The lubrication layer consists mainly of paraffin wax.

The distribution of the turns in the coils have a great influence on the
distribution of the magnetic field. The turns of the coil are distributed
over a number of sections which are separated by open spaces, see Fig. 1.4.
By moving turns from one section to another when winding the coils, the
distribution of the magnetic field can be easily adjusted.

The coils are wound on an automatic winding machine [2]. This machine
includes a ‘winding mandrel’ consisting of two parts having opposed surfaces
which bound a space, the shape of which corresponds to the constraining inner
and outer surfaces of the coil. A bunch of winding wires is wound through
the ‘winding gap’ between the two mandrel parts. One part of the mandrel
is detachable from the other for the removal of the wound coil.

The inner section of a single deflection coil is wound first. As soon as the
number of turns required for the first section is obtained, two, symmetrically
opposed pins are extended into the winding space, approximately perpendicu-
lar to the mandrel surface. The first turn of the next section is wound around
these pins so that open spaces are created in the vicinity of these pins. After
the required number of turns of the second section is reached, another pair
of pins is extended into the winding space around the second section in an
analogous manner.

When all sections are wound, the coil is pressed into its final shape. Finally
the coil is heated by a large current through the wires so that the heat bonding
layer melts and forms a strong adhesive bond that holds the wires together.

For each change in a CRT, such as the size of the screen or even the
curvature of the screen, a new coil has to be developed. Often the shape
of the coil has to change then and a new winding mandrel is required. The
development of such a mandrel takes a lot of time and is very expensive. Once
a design has been made, it is practically impossible to change the shape of
the coil again for reducing undesired high-frequency effects like dissipation
and ringing. In fact, only the wire type can be changed then, but even this
already has a strong effect on the quality of the picture at the front of the
screen. An accurate prediction of the high-frequency effects is therefore very
important to the designers of CRT deflection coils.
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1.5 Historical overview

The development of deflection coils is strongly connected to the development
of the CRT itself (see e.g. [3—8]).

In 1896, F. Braun [9] was the first person who applied a set of coils for
horizontal and vertical deflection to use the CRT as a kind of display device.
In those days, the deflection coils were simple solenoids. The first electronic
television devices were developed in the 1920’s at RCA [10]. Their deflection
coils already looked like modern coils, i.e. two pairs of flat saddle-shaped coils
that fit tightly around the neck of a tube [11—14].

In the first monochrome CRTs, iron shells were used around the coils to
increase the strength of the magnetic field. A significant improvement was
the development of ferrite material in the 1940’s. Ferrite cores completely
replaced the iron cores in the first color CRTs [15, 16].

In color CRTs, the three electron beams have to be deflected such that
they arrive at the same position on the screen. This requires a much
more complicated deflection system than for monochrome CRTs. In 1957,
the design and analysis of deflection coils for color CRTs was significantly
improved by Haantjes and Lubben [17, 18]. They developed the third-order
aberration theory, in which the magnetic field is expanded in a power series
around the axis of the CRT. Furthermore, they showed that the design of
a color CRT deflection system is strongly simplified by placing the three
guns next to each other. This ‘in-line’ system is used in all modern CRT
designs. The third-order theory was further extended to the fifth order by
Kaashoek [19] in 1968.

To reduce the depth of CRTs, the deflection angle was increased from 90◦

to 110◦ in the 1970’s [20—23]. Design and analysis of the magnetic field became
very difficult for these large deflection angles [24,25] and dynamic adjustments
were needed. The development of pin-shooting winding technology [26] and
the development of the ‘multipole theory’ [27, 28] enabled Philips in 1980
to further improve the design so that dynamic adjustments were no longer
needed.

A deflection yoke is designed with dedicated electron-optical simulation
programs. This design has always strongly relied on the measurement of the
magnetic fields [29—31], which is very time consuming. A major breakthrough
in the development speed was reached by the introduction of computer
simulation programs to calculate the magnetic fields of CRT deflection coils
[32—38] and to design the coil winding moulds [39].

A recent overview of the design considerations of modern CRT deflection
coils is given by Dasgupta [40,41].
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1.6 Organization of this thesis

As an introduction, Chapter 2 summarizes the basic electromagnetic concepts
and describes the quasi-static magnetic behavior and the low-frequency
electric behavior of CRT deflection coils.

In Chapter 3, the limits of the quasi-static modeling become apparent
when the dissipation in the deflection coils is considered. The dissipation
is not only caused by drive currents, but also by eddy currents, so that the
dissipation increases with the frequency of the drive currents. From basic laws
of physics, formulae are derived to relate the dissipation to design parameters.
These formulae provide a quantitative explanation of the measured results and
make it possible to develop predictive design tools.

Chapter 4 explains how high-frequency oscillations cause ‘ringing’ prob-
lems, visible on the CRT screen. With a four-terminal system model, the so-
called differential-mode and common-mode oscillations are described. Various
methods are presented to measure each of these modes. Adequate results are
obtained by measuring the variation in light intensity at the front-side of the
screen. An easier and faster measuring method is obtained by measuring
the amplitude of the alternating magnetic field as a function of frequency.
The optical frequency response measured in this manner and the magnetic
frequency response are very similar and can both be related to the measured
impedance characteristics of the deflection coils with the help of circuit
models. These circuit models enable us to characterize the experimental
results by only a few circuit parameters.

In Chapter 5, we try to relate these circuit parameters to the design
parameters of the deflection coils. First, literature on relatively simple
solenoids is reviewed and expressions for the inductance, the resistance and
the capacitance are derived. Subsequently, experimental results are presented
for single line coils as well as for complete deflection yokes. Although the
expressions cannot explain the experimental results accurately, they give an
understanding of the basic relations between ringing and the geometry of the
coil and the geometry of the coil wires.

Options to suppress ringing are explored in Chapter 6. Technologies that
damp the high-frequency oscillations adequately also result in a significant
dissipation at lower frequencies in the line coils. In the frame coils, however,
it is possible to apply techniques that suppress ringing but hardly increase
the dissipation.

Finally, in Chapter 7 the most important conclusions are summarized.



Chapter 2

Low-frequency behavior

2.1 Introduction

This chapter gives a brief description of aspects of the low-frequency
electromagnetic behavior of CRT deflection coils that are relevant for the high-
frequency behavior. Simple analytical models give a first-order description
of the low-frequency electromagnetic behavior as a starting point for high-
frequency models in the remainder of this thesis.

The quasi-static magnetic behavior and the low-frequency electric behav-
ior are described in Sections 2.2 and 2.3, respectively. In these sections, it
is described how the magnetic field varies in space and time. Together with
the layout of the coil, the spatial variation of the magnetic field as well as the
waveform and amplitude of the line and frame currents are the main factors
that determine the dissipation and ringing.

2.2 Quasi-static magnetic behavior

Traditionally, the effort in the design of deflection coils has been focused
on the quasi-static behavior. Although currents and fields are continuously
varied during operation, the behavior of a CRT is called quasi-static when
the waveform of the currents and the resulting front-of-screen picture quality
do not change with either the line or frame frequency.

In this section, first a quasi-static model of magnetic deflection is described
in which the required variation of the magnetic field in time and space
follows from the principles of magnetic deflection and the basic parameters
of a deflection yoke. Subsequently, electric circuit models are introduced to
describe the key elements of the quasi-static electromagnetic behavior.
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Figure 2.1: Simple model for horizontal deflection.

2.2.1 Deflection in a uniform magnetic field

The relation between the deflection angle and the strength of the magnetic
field can be determined with the simplified model of the CRT deflection system
shown in Fig. 2.1.

In the gun area, an electron with charge e and mass me is accelerated by
the electric field due to the voltage difference Va between anode and cathode.
In a non-relativistic approach, the velocity ve of the electrons follows from
the transformation from potential energy eVa to kinetic energy:

1

2
mev

2
e = eVa (2.1)

Subsequently, the electrons enter the magnetic field of the deflection coils,
which field (in y-direction) is perpendicular to the plane of drawing of Fig. 2.1.
For a simple analytic derivation, the magnetic flux density B with amplitude
B0 is taken constant over some length e. The trajectory of the electrons
follows from Newton’s law F = medve/dt and Lorentz’ law F = eve×B which
causes the electrons to follow a circular trajectory with radius

re =
1

B0

r
2meVa

e
(2.2)

As long as e < re, the angle φe at which the beam leaves the magnetic
field, is given by

sinφe = e/re (2.3)

The horizontal deflection distance Xg at the screen is given by

Xg = Lg tanφe (2.4)



2.2 Quasi-static magnetic behavior 11

10 5 0 5 10
0

1

2

3

4

5

z (cm)

flu
x 

de
ns

ity
 B

y(z
) (

m
T)

e

Figure 2.2: The amplitude of the flux density of the line field along the (z-)axis of
a 1700CMT deflection yoke.

in which Lg is the distance between the center of the screen and the deflection
point defined in Fig. 2.1.

Surprisingly, this simple model calculates the trajectories quite well. The
result is close (within 1%) to that of more accurate models for horizontal
deflection if the following expression for the effective length e is used [42]:

e =
1

By,max

Z ∞

−∞
By(z)dz (2.5)

in which By,max is the largest value of the vertical component By(z) of the
magnetic flux density along the z-axis. A similar expression can be given
for the effective length of the vertical deflection. Figure 2.2 shows a typical
variation of the flux density along the z-axis generated by the line coils, and
the effective length e calculated with Eq. 2.5. The point z = 0 on the z-axis
is related to the outer diameter of the glass tube.

It is clear that for the design of actual deflection yokes, where a high
accuracy is required (within 0.01%), the analysis is much more complex. It is
common practice to develop deflection yokes with dedicated simulation and
design computer programs [33].

2.2.2 Description of the magnetic field

The function of the magnetic field is to deflect the electron beams such that
the beams scan the screen in both horizontal and vertical direction. The first
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Figure 2.3: Schematic drawing of the line field through a cross section of the
deflection yoke. The outer cylinder indicates the ferrite core. The moonshape
area’s represent the coil area’s. Note the curvature of the line field in the line
coils as a result of the line current. The frame current is zero in this case.

concern is that the geometry of the picture is good. This is usually checked
by generating a grid of horizontal and vertical lines at the screen with a
pattern generator. Furthermore, in color CRTs three electron beams have to
be deflected such that they hit the screen at the same position. To achieve this
so-called convergence, the deflection coils are designed to generate a specific
inhomogeneous magnetic field.

In the next chapters we will see that to calculate the high-frequency
behavior, the magnetic field at the location of the wires has to be known.
At low frequencies, the spatial variation of the magnetic field follows from
the quasi-static electron-optic design which determines the front-of-screen
performance. Figure 2.2 shows a typical variation of the flux density along
the z-axis generated by the line coils. Figure 2.3 shows the field lines in an
idealized cross-section in which the current density in some part of the line
coil along the circumference varies with the cosine of the angle between the
horizontal axis and the line that connects the center of the coil with that part.
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Figure 2.4: Schematic diagram of frame drive circuit.

2.3 Low-frequency electric behavior

This section discusses some simplified circuit models of the deflection coils
and drive circuits to describe how the coil currents change in time. A more
detailed description of the drive circuits has been given by several authors
(e.g. [43, 44]). In the next chapters, we will see that high-frequency effects
as dissipation and ringing are strongly determined by the time-dependent
behavior of the coil currents and the magnetic field.

2.3.1 Circuit model of the frame coils

Since the current through the frame coils varies relatively slowly, typically at
a rate of 50-120 Hz, it is usually sufficient to model the frame coils by a single
resistance in series with the frame coil inductance. For a pair of frame coils
connected in series, a typical value of the resistance is about 5 Ω and a typical
value of the inductance is 5 mH.

2.3.2 Drive circuit for the frame coils

The frame current is adequately described as a saw-tooth shape. A typical
frame coil drive circuit is presented in Fig. 2.4. The frame coil is driven by
an amplifier with current feedback provided by a small sensing resistance Rs.
During the scan, the impedance of the inductance of the frame coils is small
compared to the dc resistance of these coils. Consequently, the impedance Zv

of the frame coil is adequately modeled by a single resistance.

2.3.3 Circuit model of the line coils

Since the line frequency is relatively high - 16 kHz for TVTs up to 128 kHz
for CMTs - the line current is to first order determined by the inductance
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Figure 2.5: A coupled coil pair.

only. In this section, an analytical expression will be derived for the time
dependence of the line current. Because of the complex shape of the coils,
the inductance L is hard to determine analytically. Computer programs are
commonly applied for this [45,46].

Although the coils in a pair are coupled magnetically, they can be modeled
by a single inductance at low frequencies. To explain this, Fig. 2.5 shows the
voltages and currents in such a pair of coupled coils with inductances L1 and
L2 and mutual inductance M .

The following set of coupled equations gives the relation between voltages
and currents:

v1 = jωL1i1 + jωMi2
v2 = jωMi1 + jωL2i2

(2.6)

The coils in a coil pair can be connected in series or in parallel as illustrated
in figure 2.6. When the coil pairs are connected in series, the series impedance
Zs = vs/is follows by substituting vs = v1 + v2 and is = i1 = i2:

Zs = jωLs (2.7)

with
Ls = L1 + L2 + 2M (2.8)

When L1 = L2 = L , this reduces to

Ls = 2(1 + kL)L (2.9)

in which the coupling constant kL is defined by

kL =M/L (2.10)

When the coils are not coupled at all, the coupling constant has its minimum
value kL = 0. The maximum value kL = 1 occurs when the coils are maximally



2.3 Low-frequency electric behavior 15

L

L
ML L

M

(a) (b)

Figure 2.6: A pair of coils can be connected (a) in series or (b) in parallel.

coupled, i.e. when the magnetic flux generated by one coil is completely
enclosed by the second coil.

When the coil pairs are connected in parallel, the parallel impedance Zp =
vp/ip follows by substituting vp = v1 = v2 and ip = i1 + i2:

Zp = jωLp (2.11)

with

Lp =
L1L2 −M2

L1 + L2 − 2M
(2.12)

When L1 = L2 = L, this reduces to

Lp =
1

2
(L+M) (2.13)

or

Lp =
1

2
(1 + kL)L (2.14)

An important consequence is that the ratio between the series inductance Ls

and the parallel inductance Lp of the line-coil pair is Ls/Lp = 4, for every
value of kL.

Circuit designers specify the total inductance of a line-coil pair because
this determines the maximum (flyback) voltage that their circuit components
have to withstand. Consequently, a different value for the inductance of a
single coil is required when the two coils in a line-coil pair are connected in
parallel than when they are connected in series. Assuming that the inductance
is proportional to the square of the number of turns with which each coil is
wound, we conclude that, to obtain the same total inductance of a line-coil
pair, the number of turns has to be twice as large when the single coils are
connected in parallel than when they are connected in series.

When the line coils are connected in parallel, typically about 40 turns
are required for each coil to obtain the required inductance. Shooting in a
single pin one turn later - the smallest change that can be made when winding
a coil (see page 6) - results already in a significant change in front-of-screen
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performance. The change would be unacceptably large when the total number
of turns was only 20 which would be the case when the coils were connected in
series. Therefore line coils are connected in parallel in almost every deflection
yoke.

A second reason to connect the line coils in parallel, is that for the same
overall dc resistance of the line-coil pair, which is also specified by circuit
designers, only half the number of parallel wires is required when the coils are
connected in parallel than when the coils are connected in series.

Finally note that, in general, coils cannot easily be removed from a
deflection yoke. To determine the coupling constant kL, one can interchange
the interconnections of one of the parallel coils and measure the overall
inductance again. In a similar way as above, it can be shown that the overall
inductance value of these ‘anti-parallel’ coils equals Lap =

1
2(1 − kL)L. The

coupling constant kL then follows from

kL =
1− Lap/Lp

1 + Lap/Lp
(2.15)

As an example the inductances of 1700CMT deflection coils were measured.
The inductance of a single line coil mounted in the deflection yoke was L =
(190.0 ± 0.1) μH. The inductance of a pair of such line coils in parallel was
Lp = (123.0 ± 0.1) μH and when the connections of one of the parallel line
coils was interchanged the inductance dropped to Lap = (66.8 ± 0.1) μH.
Substitution in Eq. 2.14 yields kL = 0.295±0.002 and substitution in Eq. 2.15
yields kL = 0.296±0.001, which illustrates that both approaches result in the
same value for kL.

2.3.4 Drive circuit of the line coils

The line current is much more important for the dissipation and ringing than
the frame current because the line frequency is several orders of magnitude
higher than the frame frequency.

For large deflection angles, the deflection distance along the screen is not
linearly proportional to the magnetic field (see Eqs. 2.2-2.4). The shape
of the drive current is adapted to compensate for this effect by means of
a capacitance in series with the line coil. This adaptation is known as S-
correction since the shape of the current as function of time resembles an
‘S’.

The time dependence of the line current is calculated by analyzing the
driving circuit. Figure 2.7 shows the basic principle of a line-drive circuit.
In this figure, Lh is the inductance of the line coil, Cs the S-correction



2.3 Low-frequency electric behavior 17

vLLh

Cs

CfLc S

E

iL

+
-

+

-

Figure 2.7: Simplified circuit diagram of the line drive circuit.

capacitance and Cf the flyback capacitance. The purpose of the choke Lc

is to prevent that the supply voltage E is short circuited by the switch. We
assume that Lc is so large (Lc À Lh) that its influence on the behavior can be
neglected. In practice, the switch S usually is a combination of a transistor
and a diode. At the line frequency, the dc resistance of the deflection coils is
very small compared to their reactance. Therefore, we omit it in the following
analysis.

During flyback the switch is open and the current oscillates with the
flyback frequency

ωfb = 1/
q
LhC

0
f (2.16)

with C0f = CsCf/(Cs + Cf). In practice Cs is much larger than Cf , so that
C 0f ≈ Cf . Note that the duration tfb of the flyback is only half a period:
tfb = π/ωfb.

The line scan is started by closing the switch. This changes the resonance
frequency to the scan frequency

ωsc = 1/
p
LhCs (2.17)

If we introduce the flyback ratio p of the flyback time tfb and the line signal
period T by

p = tfb/T (2.18)

the sawtooth current waveform of Fig. 2.8 is obtained by closing the switch
at time t = −12(1− p)T and opening again at time t = 1

2(1− p)T . This line
current is described by

iL(t) =

(
Isc sin(ωsct) during line scan

−I0 sin(ωfbt− β) during flyback
(2.19)

where I0 denotes the amplitude of the line current. This signal is repeated
with the line frequency

ω = 2π/T (2.20)
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Figure 2.8: Line-coil current iL(t) and voltage vL(t) as a function of time t.

The voltage vL(t) across the line coil is determined by this line current by
vL(t)=−LdiL(t)/dt.

If we take i(T/2) = 0, the constant β is given by

β = πωfb/ω (2.21)

The constant Isc follows from the continuity of current at time t = 1
2(1−p)T :

Isc =
sin(pβ)

sinα
I0 (2.22)

with
α = π (1− p)ωsc/ω (2.23)

Continuity of the derivative of the current in t = 1
2(1− p)T is obtained when

ωsc tan(pβ) = −ωfb tanα (2.24)

i.e., when α, β and p comply with the following implicit relation:

1

tan(pβ)
=

α

β

1

p− 1
1

tanα
(2.25)

The flyback ratio p is usually 0.18. This value was chosen during the early
years of television. For compatibility this value has been maintained up to
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now. Practical values of α and β depend on the deflection angle. Practical
values are α =1.1 for TVTs with 110◦ deflection angle and α =0.82 for CMTs
with 90◦ deflection angle [47]. Subsequently, the value for β follows from
Eq. 2.25.

Fourier expansion

Especially for the dissipation, the frequency content of the line current plays
an important role. To this purpose the line current can be expanded in a
Fourier series

i(t) = I0

∞X
n=1

an sinnω t (2.26)

in which the Fourier coefficients an are given by

an =
1

I0T

Z T/2

−T/2
i(t) sinnω tdt (2.27)

With Eq. 2.19 this results is [48]:

an =
2

π
(v2fb − v2sc)

vfb cos pβ sinnpπ − n sin pβ cosnpπ¡
n2 − v2fb

¢
(n2 − v2sc)

(2.28)

with the relative scanning frequency

vsc = ωsc/ω (2.29)

and the relative flyback frequency

vfb = ωfb/ω (2.30)

Typical values of an are summarized in Table 2.1. Higher harmonics of the
line frequency ω contribute significantly up to about eight times the line
frequency. In Chapter 3, the Fourier coefficients an will be used for the
calculation of the dissipation.

2.4 Summary and conclusions

High-frequency effects of CRT deflection coils are neglected during the first
design phases. However, the high-frequency behavior of CRT deflection coils
is increasingly important because of the trend towards higher image quality.
Not only the distortions become better visible at the screen, but also the
distortions become stronger since the scan frequencies are increasing. The
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n an
CMT TVT

1 0.794 0.832

2 0.331 0.321

3 0.183 0.175

4 0.105 0.101

5 0.058 0.055

6 0.029 0.027

7 0.010 0.010

8 0.004 0.003

Table 2.1: Fourier coefficients of typical CMT and TVT line-drive signals.

line frequency increases because it is the product of the number of lines per
image and the number of images per second (the refresh rate), while these
both have to increase to improve the image quality.

For the first conceptual design phase, simple quasi-static models for
magnetic deflection and electrical models for line and frame coils are available
to describe the low-frequency behavior. These models provide a starting point
for modeling the dissipation and ringing in the remainder of this thesis.

The current through the frame coils varies at a rate of up to 120 Hz. At
this frequency, the impedance is still fully determined by the resistance of the
frame coils. Since the line frequency is relatively high (16-128 kHz), the line
coil current is to first order determined by the inductance only.

The conceptual design is worked out towards hardware models with
modern Computer-Aided Design (CAD) software programs that numerically
calculate the main front-of-screen performance parameters such as geometry,
convergence and landing errors. Also electric parameters like inductance,
peak current and current shape are calculated with this software. This CAD
software only considers the quasi-static behavior in which the front-of-screen
performance parameters are not changed when e.g. the driving frequencies are
changed. However, for higher frequencies the dynamic effects can no longer
be neglected and more advanced models are required.
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Dissipation

3.1 Introduction

The first effect of the dynamic behavior of CRT deflection coils that becomes
noticeable when the number of scan lines - and hence the line frequency - is
increased, is that the dissipation increases too. Dissipation is the conversion
of electrical energy into heat and manifests itself not only as a loss of electrical
energy but also as a temperature rise of the coils.

Dissipation in CRT deflection coils is becoming more and more important.
On the one hand customers ask for lower energy consumption in general; not
only because of an increasing environmental awareness but also because a
lower dissipation allows set makers to use cheaper circuit components. A
large part of the dissipation of television and monitor sets is determined by
the dissipation in the deflection yoke and in its drive circuits.

On the other hand, trends to improve the performance result in an increase
in dissipation. Furthermore, those trends, such as larger deflection angles
(120◦-TVT and 100◦-CMT) and higher resolution (line frequencies increasing
to 128 kHz), can bring the dissipation to a level where the temperature exceeds
the safety limits. To prevent this, the dissipation should be reduced by a
careful design of the deflection yokes. This chapter presents the relevant
models to achieve this.

As a rough indication, a 1700CMT monitor (with a line frequency of
69 kHz) takes up about 75 Watt in total, of which about 20 Watt is needed
for generating and accelerating the electron beams. About 27 Watt of the
remaining 55 Watt, is needed for the deflection [51]. The deflection yoke itself
consumes about 12 Watt. The drive circuits that generate the line and frame

Part of this chapter has already been published in [49] and [50].
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currents consume the remaining 15 Watt.

At the end of Chapter 2, we concluded that higher harmonics of the line
frequency contribute up to about eight times the line frequency (see Table 2.1).
With line frequencies up to 125 kHz, the consequence is that electromagnetic
phenomena for frequencies up to 1 MHz play a role for dissipation.

In this chapter the dependencies of the dissipation in CRT deflection
coils on various design parameters are clarified. Simple analytical models are
discussed to gain insight and a short discussion deals with the main deviations
from the simple models.

In Chapter 4 these models will be extended to describe phenomena that
occur at even higher frequencies.

3.2 Literature on dissipation

In this chapter, we analyze the dissipation in the deflection coils. The
dissipation in the drive circuits is analyzed elsewhere [52—54].

The general approach for optimizing the design of the deflection yoke for
minimum deflection energy is discussed by e.g. Brilliantov [55]. The analysis
of the dissipation and temperature rise in CRT deflection coils is only briefly
discussed in the literature [56,57].

A recent general review of the theory on eddy currents is given by Kriezis
[58]. Analytical models for eddy-current losses are developed for simple
geometries, such as cylindrical shells [59], cylindrical conductors [60, 61],
systems of parallel conductors [62], insulated cables [63], foil conductors [64],
thin conducting plates of various shapes [65], planar structures with spiral
windings [66] and high-frequency transformers [67,68].

For numerical calculations, many authors [69—79] have followed the
approximated one-dimensional solution proposed by Dowell [80] and have
improved his concepts.

The most relevant methodology for developing the theory on dissipation
in coils is described in the literature on solenoids [81—85], power inductors
[86—90] and various kinds of transformers [91—102]. Already for these coils
with a relatively simple geometry, the winding structure greatly affects the
distribution of losses within the windings [103—105]. For these applications
software programs are widely used [106—112].
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3.3 Deflection energy

At first thought, one could imagine that the dissipation is proportional to the
energy stored in the magnetic field. A coil with inductance Lh, carrying a
current I0 contains an energy

Eh =
1

2
LhI

2
0 (3.1)

Rather than specifying this energy, it is customary to specify the ‘sensitivity’
LhI

2
pp of the deflection coils. With Ipp = 2I0 it is easy to see that LhI

2
pp = 8Eh.

Typical values for the sensitivity are LhI
2
pp = 13 mJ for CMT products (with

90◦ deflection) and LhI
2
pp = 35 mJ for TVT products (with 110

◦ deflection).

The importance of the energy 1
2LhI

2
0 of the line coils is that it indeed can

be correlated to the dissipation in the drive circuit. However, this energy is
not the same as the dissipation! For instance, in theory the dissipation can in
fact be zero if the deflection currents are generated by an oscillating system
without energy loss.

In fact, the energy is lost in the resistive part of the system; both in the
drive circuit and in the deflection coils. To first order we may assume that
the dissipation P in the resistive parts is proportional to the line frequency
ω and the magnetic energy Eh required for deflection:

P ∝ ω Eh (3.2)

but the proportionality factor and the deviations from this simple relation
depend on the actual resistive losses. This will be discussed in more detail in
later sections.

For higher line frequencies the dissipation in the drive circuit can be much
higher than that in the deflection yoke and this is the reason why setmakers
emphasize the reduction of LhI

2
pp rather than the reduction of the dissipation

in the CRT deflection coils. However the dissipation in the deflection coils is
also important as it determines the temperature of the coils during operation.

The influence of various geometry parameters can be obtained by evalu-
ating the magnetic energy. According to Eq. 3.1 the energy is proportional
to LhI

2
0 . This could be determined by calculating both the inductance and

the required current. A more convenient way, however, is to start from the
magnetic field intensities H and calculate the energy stored in the magnetic
field:

Eh =
1

2
μ0

Z
H2dV (3.3)

in which μ0 denotes the permeability in vacuum and V the volume. For the
simple model of the previous chapter, assuming that the magnetic field is
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Figure 3.1: Relation between the deflection angle φe and the radius rg in the neck
of the glass cone.

confined to the area enclosed by a cylindrical ferrite core with inner radius
rc, the magnetic energy for deflecting to an angle φe follows by substituting
Eq. 2.2 and Eq. 2.3 into Eq. 3.3, giving

Eh =
meVa
μ0e

sin2 φe

e
πr2c (3.4)

This result indicates that for minimum deflection energy, the effective coil
length e must be made as large as possible. However, when this length is too
long, the electrons are already deflected too much in the neck area and will
hit the glass tube. Figure 3.1 shows the limiting situation where the electron
trajectory just touches the inner glass contour.

With the circular trajectory of our simple model it can be seen that the
relation of the deflection angle φe with the inner radius rg of the neck of the
glass tube can be expressed as

rg = re(1− cosφe)

Combination with e = re sinφe results in

e = rg
sinφe

1− cosφe
=

rg

tan 12φe
(3.5)

Substitution in Eq. 3.4 gives the following expression for the magnetic energy
[42]

Eh =
πme

μ0e
Va

r2c
rg
sin2 φe tan

1

2
φe (3.6)

The relation between the horizontal deflection angle φe and the corner
deflection angle ψe is shown in Fig. 3.2. For conventional screen sizes with
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Figure 3.2: The relation between the horizontal deflection angle φe, the corner
deflection angle ψe and the various distances Dg,Xg and Lg.

ratio 4:3 of the horizontal length and the vertical length of the screen, the
relation between Xg and Dg is given by Xg =

4
5Dg. With Dg/Lg = tanψe

and Xg/Lg = tanφe, we find

φe = arctan(
4

5
tanψe) (3.7)

With this relation between φe and ψe, we introduce the auxiliary function

Ψ(ψe) = sin
2 φe tan

1

2
φe (3.8)

so that we can write Eq. 3.6 as

Eh =
πme

μ0e
Va

r2c
rg
Ψ(ψe) (3.9)

This shows how the magnetic energy Eh, and hence also the dissipation
(Eq. 3.2), depends on the anode voltage Va, the deflection angle ψe, the radius
rc of the ferrite core and the radius rg of the inside of the glass tube. The
magnetic energy, for instance, increases linearly with the anode voltage. One
could reduce this voltage, but then the brightness goes down and convergence
errors increase due to the beam charge repulsion.

When we assume that the diameter rc of the ferrite core is proportional
to the inner glass diameter rg, the energy Eh in Eq. 3.6 increases linearly
with the neck diameter. For example, replacing a Narrow Neck (29.1 mm)
by a Mini Neck (22.5 mm) reduces LhI

2
pp by a factor of 1.3. This has been
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confirmed experimentally [57]. However, although the Mini-Neck size results
in a lower dissipation than the Narrow-Neck size, often narrow-neck-designs
are preferred because of a better gun performance.

The influence of the deflection angle is illustrated in Fig. 3.3, showing how
the factor Ψ(ψe) depends on the deflection angle 2ψe. This figure shows that a
reasonably correct approximation for this dependence for practical deflection
angles is given by

Eh ∼ ψ3.15e (3.10)

This has been validated by measurements on comparable 25” television
sets [113], where 100◦—products have 40% less dissipation in the line
deflection and 30% less in the frame deflection than 110◦-products. Note
that (110/100)3.15 = 1.35.

In the same manner it can be derived that the deflection dissipation varies
with ψ2.95e for wide-screen television sets in which the ratio of the horizontal
length and the vertical length of the screen is 16:9.

3.4 Loss phenomena

The following physical phenomena are responsible for the dissipation in CRT
deflection coils:

• Ohmic loss in the dc-resistance of the wires of the coils;

• eddy currents in the wires of the coils;

• dielectric losses in the wire insulation;

• eddy-current losses in the ferrite core;

• magnetic power losses in the ferrite core.

These phenomena will be discussed in more detail in the following sections.
Unless stated otherwise, we assume that the Fourier expansion of Sect. 2.3.4
can be used. Therefore, we consider only sinusoidal currents and fields of
(angular) frequency ω.

3.4.1 Ohmic losses in a solid wire

If, at low frequencies, the current I0 sinωt is distributed homogeneously within
a wire, the average dissipation is determined by the Ohmic loss
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Figure 3.3: For practical deflection angles 2ψe, the auxiliary function Ψ(ψe)

(squares) is proportional to ψ3.15e (solid line).

Pdc =
1

2
RdcI

2
0 (3.11)

The factor 1
2 follows from calculating the time average. The dc series

resistance Rdc is proportional to the number of turns Nturns and the average
length turn of a turn . For a circular wire it follows from

Rdc =
Nturns turn

πa2σ
(3.12)

in which σ denotes the conductivity and a the radius of the winding wires.
Note that the conductivity at the DY operating temperature (up to

110 ◦C) has to be used rather than that at room temperature. The
conductivity decreases rapidly with temperature, according to [114]:

σ(T ) =
σ0

1 + α0(T − T0)
(3.13)

in which σ0 and α0 are the conductivity and temperature coefficient for copper
at temperature T0. At T0 =20

◦C, σ0 = 5.8 · 107 Ω−1m−1 and α0 = 0.00396.
Note that the dc-resistance of copper at 100 ◦C is more than 30% higher than
at 20 ◦C.

3.4.2 Eddy-current losses in a solid wire

When the resistance of the line coil is measured as a function of frequency,
it turns out that the resistance is a constant, Rdc, for frequencies below
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about 1 kHz, while the resistance increases strongly for higher frequencies,
as illustrated in Fig. 3.4. This increase is caused by eddy-current losses.

In eddy-current analysis, usually two simplified models are considered (see
Fig. 3.5):

(1) a wire carries an alternating current without any external magnetic
field. The alternating current will set up an alternating magnetic
field that induces eddy currents in the wire. As a result the current
distribution in the wire is changed, causing crowding of the current near
the surface of the wire. The total current in the wire remains the same.
Since the local dissipation is proportional to the square of the current
density, the dissipation increases. This ‘skin effect ’, however, results in
relatively low losses. An excellent description of the skin effect is given
by Casimir [115—117].

(2) in an alternating external magnetic field, a wire is considered through
which no other currents flow than eddy currents. The external field can
be generated by a large number of distant wires, as e.g. in a frame coil
which is affected by the high-frequency varying magnetic field of the
line coil. An important configuration is that in which the external field
is caused by nearby other wires. This is known as the ‘proximity effect ’
[91, 118,119]. In fact, in a deflection yoke the contributions of all wires
add to a rather uniform field that cuts the wires almost perpendicularly.
Therefore, calculations assuming a uniform external field already gives
valuable insight into the effects in this configuration.

In the remainder of this section we will show how expressions for the
dissipation caused by the skin effect and the proximity effect follow from
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Maxwell’s equations. At the end of this section (at page 35), we will discuss
the combination of the skin effect and the proximity effect.

Skin depth

The skin effect follows from the diffusion equation (derived from Maxwell’s
equations in Appendix A):

∇2E = iωμσE (3.14)

To introduce the important concept of ‘skin depth’, we solve the diffusion
equation in a metal occupying the positive z-space. If the current density jx
is uniform and of angular frequency ω on the surface, jx is a function of z
only, according to:

∂2jx
∂z2

= iωμσjx (3.15)

the solution of this equation is

jx = ce−z
√
iωμσ + dez

√
iωμσ (3.16)

in which the constants c and d follow from the boundary conditions. If jx is
zero when z =∞ then d = 0. Since

√
i = (1+ i)/

√
2 the following expression

for the real part of jx is found:

Re(jx) = j0e
−z/δ cos(ωt− z/δ) (3.17)

Both the phase change with z and the exponential decrease of the amplitude
of jx depend on the characteristic distance, the so-called skin depth

δ =

r
2

ωμσ
(3.18)
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Since Eq. 3.18 has been derived directly from the general diffusion formula
Eq. 3.14, it represents the depth of penetration of many physical quantities,
notably that of electric fields in conductors.

For copper at room temperature, σ=5.8·107 Ω−1m−1 so that the skin
depth as function of frequency f = ω/2π is given by

δ =
6.6 · 10−2√

f
(m) (3.19)

Skin effect in a wire

To calculate the skin effect in a wire, we consider a current in a wire without
any external magnetic field. The wire has radius a and length and carries
an alternating current with amplitude jz(r) and frequency ω along the z-
axis. The configuration has symmetry around the axis, so that the current
density depends only on the distance r. Consequently, the diffusion equation,
Eq. 3.14, reduces in cylindrical coordinates to

∂2jz(r)

∂r2
+
1

r

∂jz(r)

∂r
= iωμσjz(r) (3.20)

The solution of this ‘Bessel differential equation’ which is bounded for r=0,
is the Bessel function J0(kr) (see Appendix C):

jz(r) = cJ0(kr) (3.21)

with
k2 = −iωμσ (3.22)

The constant c follows from the amplitude I0 of the total current through the
cross-section of the wire: Z a

0
jz(r) · 2πrdr = I0 (3.23)

This results in

jz(r) =
kJ0(kr)

2πaJ1(ka)
I0 (3.24)

in which J1(ka) denotes the Bessel function of the first kind of order one (see
Appendix C).

To calculate the dissipation P of a current density with amplitude jz in
a metal with conductivity σ, we must use the effective value of the real part
Re(jz) of jz and integrate it over the volume V:

P =
1

σ

Z
{Re(jz)}2dV (3.25)
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in which the bar denotes that the time average has to be taken. For
our calculations, it is more convenient to evaluate the following equivalent
expression instead:

P =
1

2σ

Z
jz · j∗zdV (3.26)

where j∗z denotes the conjugate of jz.
Substitution of the current (Eq. 3.24) yields

Pskin =
2σ

Z a

0

µ
kI0
2πa

J0(kr)

J1(ka)

¶µ
kI0
2πa

J0(kr)

J1(ka)

¶∗
2πrdr (3.27)

in which denotes the length of the wire. With the identities presented in
Appendix C, this can be reduced to

Pskin =
I20

2πa2σ
Re

µ
ka

2

J0(ka)

J1(ka)

¶
(3.28)

Similar to the dc resistance (Eq. 3.11), the equivalent skin resistance is
introduced as

Rskin =
2Pskin
I20

(3.29)

so that

Rskin = RdcRe

µ
ka

2

J0(ka)

J1(ka)

¶
(3.30)

in which the dc resistance Rdc of the wire is given by Rdc = /(πa2σ). The
second factor in Eq. 3.30 is called the skin loss factor fskin(a/δ) which depends
on the ratio of wire radius a and skin depth δ:

Rskin = Rdcfskin(a/δ) (3.31)

For numerical evaluation of the skin loss factor, we write the argument ka
with the definition of k2 (Eq. 3.22) and that of the skin depth δ (Eq. 3.18) as

ka = (1− i)x (3.32)

with

x = a/δ (3.33)

The skin loss factor

fskin(x) = −Re
µ
[1− i]x

2

J0 ([1− i]x)

J1 ([1− i]x)

¶
(3.34)
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Figure 3.6: Low-frequency and high-frequency approximations of the skin loss factor
fskin(x).

is shown in Fig. 3.6 as a function of x.
For low frequencies where a < 1.5δ, Eq. 3.30 can be approximated by

Rskin =

µ
1 +

a4

48δ4

¶
Rdc =

µ
1 +

μ2σ2a4

192
ω2
¶
Rdc (3.35)

For high frequencies where a > 2δ, Eq. 3.30 can be approximated by

Rskin =
³
0.27 +

a

2δ

´
Rdc =

µ
0.27 + a

r
μσω

8

¶
Rdc (3.36)

Note that some authors, e.g. Küpfmüller [120], sometimes use a slightly
different expansion.

In this section we have first calculated the dissipation and then derived
an expression for the equivalent skin resistance. In the following sections
we follow a similar approach for the proximity effect. For the skin effect
only, several authors (e.g. [120]) follow a shorter approach by noting that the
voltage difference along the surface of a wire with length can be represented
as the product of the current I0 through an impedance of resistance Rskin and
series inductance Lskin:

I0(Rskin + jωLskin) = E (3.37)

With Ohmic law j = σE and the expression (Eq. 3.24) for the current, it
follows directly that

Rskin = Re

µ
k

2πaσ

J0(ka)

J1(ka)

¶
= RdcRe

µ
ka

2

J0(ka)

J1(ka)

¶
(3.38)
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which is identical to Eq. 3.30. We also find

Lskin = Re

µ
1

jω

k

2πaσ

J0(ka)

J1(ka)

¶
= RdcRe

µ
ka

2jω

J0(ka)

J1(ka)

¶
(3.39)

Our approach has the advantage that the analysis of the proximity effect
– in the following section – can be done in a similar manner. This allows
for a combined analysis of the interaction of the skin effect and the proximity
effect.

In practice, the skin effect is very small in deflection coils and can be
neglected. For example, 1700CMT line coils are usually wound with solid
wires with a copper diameter 2a = 0.236 mm. At a typical line frequency of
64 kHz, the skin depth δ = 0.26 mm. With the low-frequency approximation,
Eq. 3.35, we find that the skin effect increases the resistance by only a factor
of 1.001. Even at the eighth harmonic (see Sect. 2.3.4), the resistance would
only increase by a factor of 1.05. Impedance measurements (Sect. 3.6.2) show
an increase which is at least an order of magnitude higher. In fact, the skin
effect is negligible compared to the proximity effect.

Proximity effect

The alternating magnetic field induces eddy currents in each wire, see Fig. 3.5.
This effect is called the proximity effect because in many cases the magnetic
field is caused by other wires in the proximity of that wire. In a deflection
yoke the total magnetic field due to all wires has to be considered.

In Appendix B the following expression is derived for the proximity loss in
a wire with conductivity σ, radius a, and length with its axis perpendicular
to an external varying field with amplitude H0 and frequency ω:

Pprox = −
2π

σ
H2
0Re

µ
kaJ1(ka)

J0(ka)

¶
(3.40)

in which the Bessel functions J0(ka) and J1(ka) are defined in Appendix C.
With the definition of k2 (Eq. 3.22) and that of the skin depth δ (Eq. 3.18),

the argument ka can be expressed as a simple function of the radius a of the
cylinder and the skin depth δ by

ka = (1− i)
a

δ
(3.41)

The proximity loss can then be written as

Pprox =
2π

σ
H2
0g
³a
δ

´
(3.42)
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The proximity loss function

g(x) = −Re
µ
[1− i]x

J1([1− i]x)

J0([1− i]x)

¶
(3.43)

is shown in Fig. 3.7.
As illustrated in Fig. 3.7 the following two approximations can be used:

g
³a
δ

´
≈ a

δ
− 1
2

for a > 2δ (3.44)

and

g
³a
δ

´
≈ 1
4

³a
δ

´4
for a < δ (3.45)

Substitution of Eq. 3.18 for the skin depth δ gives

g
³a
δ

´
≈ 1

16
a4ω2σ2μ2 for a < δ (3.46)

If this low-frequency approximation is substituted in the expression for
the dissipation (Eq. 3.42), we find

Pprox,lf =
π

8
σa4ω2B20 (3.47)

This equation shows that, as long as the frequency is not too high:

• the proximity losses increase quadratically with the frequency of the
magnetic field
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• these losses can be reduced by reducing the magnetic field perpendicular
to the wires or by dividing the wires into thinner wires.

If the proximity loss Pprox is generated by the magnetic field due to a current
with amplitude I0, the proximity loss manifests itself as an apparent increase
in resistance of the wires through which I0 flows. We introduce the equivalent
proximity resistance as

Rprox =
2Pprox
I20

(3.48)

so that

Rprox =
4π

σ

H2
0

I20
g
³a
δ

´
(3.49)

For low frequencies, we find by substituting Eq. 3.46 and the expression for
the skin depth (Eq. 3.18):

Rprox,lf =
π

4
σa4ω2

B20
I20

(3.50)

Clearly, the low-frequency approximation is valid as long as a < δ, but
it loses its validity already for slightly larger values. This can be important
for non-sinusoidally varying magnetic fields such as those (saw-tooth like)
in deflection coils, where according to the Fourier expansion contributions
of higher frequencies can play an important role. Furthermore, the high-
frequency approximation will be valid for the high-frequency oscillations to
be discussed in Chapter 4.

In this thesis, we consider only eddy currents due to a magnetic field
perpendicular to the wires. Kaden ( [121], page 23) also calculated the
dissipation in wires when the magnetic field is in parallel to the wire axis.
The resulting losses are then a factor of two lower than those found in our
case.

Combination of skin effect and proximity effect

As pointed out by Ferreira [122, 123] orthogonality exists between skin
effect and proximity effect when the applied magnetic field due to other
conductors is assumed to be uniform over the conductor cross-section. This
permits decoupling of the two effects and simplifies calculation significantly.
Designating the skin effect and proximity effect current densities js(r, φ) and
jp(r, φ), respectively, the dissipation equation (Eq. 3.26) becomes

P =
1

2σ

Z
{js(r, φ) + jp(r, φ)}

©
j∗s (r, φ) + j∗p(r, φ)

ª
dV (3.51)
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When the external magnetic field is perpendicular to the conductor in the
direction φ = 0, the induced current jp(r, φ) is an uneven function of φ:

jp(r,−φ) = −jp(r, φ) (3.52)

whereas the skin current does not vary with φ. So it is an even function of φ:

js(r,−φ) = js(r, φ) (3.53)

When carrying out the integration over φ in Eq. 3.51, we find canceling
contributions for +φ and −φ for both the products js(r, φ)j

∗
p(r, φ) and

jp(r, φ)j
∗
s (r, φ). However, both the products js(r, φ)j

∗
s (r, φ) and jp(r, φ)j

∗
p(r, φ)

give always positive contributions. Consequently, Eq. 3.51 can be written as

P =
1

2σ

Z
{js(r, φ)j∗s (r, φ) + js(r, φ)j

∗
s (r, φ)}dV (3.54)

or
P = Pskin + Pprox (3.55)

The dissipation P of the combined skin effect and proximity effect is simply
the sum of the skin effect losses Pskin and the proximity effect losses Pprox.

3.4.3 Losses in multi-parallel solid wires

Up to now, we have only considered the eddy-current losses in a single wire.
CRT deflection coils, however, are always wound with a bundle of several
wires in parallel. For Np wires in parallel, the total dissipation is Np times
the dissipation in each wire.

It is generally assumed that the parallel wires pile up more or less at
random when the coils are wound, so that the individual wires carry the same
current I0/Np and experience the same magnetic field H0, when I0 denotes
the amplitude of the total current and H0 the amplitude of the magnetic field
through the bundle of parallel wires.

The dc dissipation is determined by the Ohmic loss and follows from
Eq. 3.11 and Eq. 3.12:

Pdc =
1

2
RdcI

2
0 (3.56)

in which the dc series resistance Rdc of Np parallel wires, each with radius a
and conductivity σ, is given by:

Rdc =
Nturns turn
Npπa2σ

(3.57)
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Figure 3.8: Cross-sections of a 300-μm solid wire and 7×125-μm and 19×71-μm litz
wires.

where Nturns gives the number of turns and turn the average length of a turn.
In a similar manner, it can be shown that the contribution to the

equivalent resistance of the skin effect follows from Eq. 3.31:

Pskin = Pdcfskin(
a

δ
) (3.58)

and that the losses due to the proximity effect are

Pprox = NpNturns turn
2π

σ
H2
0g(

a

δ
) (3.59)

For low frequencies, we find by substituting Eq. 3.46 and the expression
for the skin depth (Eq. 3.18):

Pprox,lf =
π

8
NpNturns turnσa

4ω2B20 (3.60)

Note that the number Np of parallel wires has an opposite effect on the
losses due to the skin effect and the losses due to the proximity effect. The
Ohmic losses and the losses due to the skin effect are lower when more wires
are used in parallel because the current though each wire is lower. The losses
due to the proximity effect, however, are larger then since all wires experience
the same magnetic field so that the proximity loses in each wire remains the
same, independent of the number of parallel wires.

In CRT deflection coils, the number Np of parallel wires cannot be
chosen freely. The copper area Across of the total cross-section of the coil
is determined by the available space and cannot be changed once the design
of the deflection yoke is fixed. When we neglect the thickness of the insulation
layers, the copper area of the cross-section is given by

Across = πa2NpNturns (3.61)

This constraint results in the following expression for the dc resistance
Rdc of a coil with a cross-section Across, wound with Nturns turns of average
length turn:

Rdc =
turn

σAcross
N2
turns (3.62)
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In this case the dc resistance is to first order proportional to the square of the
number of turns. It is therefore also proportional to the inductance.

When we apply the same constraint to the losses due to the proximity
effect (Eq. 3.59), we find:

Pprox = 2 turn
Across
a2σ

H2
0g(

a

δ
) (3.63)

showing that for a fixed cross-section, the proximity losses do not vary with
the number of turns because the number of parallel wires has to be adapted
accordingly.

If the low-frequency approximation Eq. 3.46 is substituted for g(a/δ), we
find the following expression for the losses due to the proximity effect in wires
of radius a in a fixed cross-section Across when a < δ:

Pprox,lf =
1

8
turnAcrossσa

2B20ω
2 (3.64)

in which the constitutive relation B0 = μH0 is used.

3.4.4 Eddy-current losses in litz wires

The eddy currents in the wires can be reduced by using thinner wires. But
then, of course, the number of parallel wires has to be increased to obtain
the same cross-section of the coil. However, in the winding equipment of
CRT deflection coils, the number of parallel wires is limited to about 10.
Further reduction in the diameter of the copper wires can then only be handled
by combining several copper wires into a litz wire [124—130], see Fig. 3.8.
The main disadvantage of litz wires is that they are more expensive than
solid wires. To avoid confusion in our analysis between litz wires and the
separate copper wires within a litz wire, we use the following convention in
the remainder of this thesis: a wire consists of one or more copper strands
surrounded by insulation, which can be handled as a single item by e.g. a
winding machine. This also applies to a solid wire.

Proximity effect in litz wires

Litz wires are introduced to reduce the losses due to the proximity effect.
However, litz wires result in lower losses in a restricted frequency range
only [131]. For the dc losses at low frequencies, this is quite obvious as the
copper cross-section of a set of litz wires is smaller than the copper cross-
section of a set of solid wires.
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Figure 3.9: The proximity loss factor as a function of frequency for a 1×315-μm
solid wire and a 7×125-μm litz wire assuming the same external magnetic field.

For high frequencies, we have to consider that the thicker a wire, the lower
the frequency where the high-frequency approximation of the proximity loss
factor is valid. The high-frequency approximation, Eq. 3.44, increases much
more slowly with frequency than the low-frequency approximation Eq. 3.46.
Figure 3.9 compares the proximity loss factor as a function of frequency
for a 1×315-μm solid wire and a 7×125-μm litz wire, assuming that each
strand experiences the same external magnetic field as the solid wire. For low
frequencies, the proximity loss factor of the litz wire is much lower than that
of the solid wire. For frequencies above 2 MHz, however, the losses in the
7×125-μm litz wire are larger than the losses in the 1×315-μm solid wire.

Some authors (e.g. [130, 132]) make a distinction between the internal
proximity effect between the strands of a litz wire on one hand and the
external proximity effect between separate litz wires on the other hand.
However, in CRT deflection coils this distinction is not possible since the
proximity effect is caused by the combined magnetic field of both adjacent
strands and more remote strands.

The interstrand skin effect

Up to now, we have considered only eddy currents in a single copper
conductor. If various copper wires run in parallel such as in litz wires, the
currents through each individual copper strand can be different. The currents
tend to flow more in the outer strands than in strands closer to the center of
the litz wire.

This so-called interstrand skin effect is similar to the skin effect in a single
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Figure 3.10: Interstrand skin effect across the whole litz wire.

solid wire. As illustrated in Fig. 3.10, a solid wire can be considered as a
bunch of strands that are packed together very closely. In a stranded litz
wire, the currents through the parallel strands flow as if they were part of a
solid wire [133], see Fig. 3.10. In fact, this effect already occurs for a set of
three parallel wires, as explained by Casimir [115].

The interstrand skin effect can be reduced by using twisted litz rather than
stranded litz. In stranded litz, the outer copper strands change positions but
remain on the outside for the entire length of the wire. In twisted litz, the
positions of the copper strands in the litz wire are changed in such a way
that within some length each strand can be found at any position in the
cross-section.

The disadvantage of a twisted litz, however, is that it requires more space.
To interchange a strand near the axis of the wire with a strand at the outside,
it is necessary to increase the distances between the strands locally. This
would make the wire thicker at that position than at other positions unless a
thick insulation layer would be applied. Another alternative would be to make
the distances between the strands larger than the thickness of the strands.
Both options would result in an unacceptable increase in thickness of the coils.

Another disadvantage of twisted litz is that it is more expensive than
stranded litz. For these reasons, stranded litz is used rather than twisted litz
in modern deflection yokes.

The impact of the interstrand skin effect on the dissipation depends on the
ratio between the current through the wires and the magnetic field through
the wires. So, this ratio depends on the geometry of the coils. It determines
whether the interstrand skin effect or the proximity effect dominates the
dissipation.

3.4.5 Dielectric losses

In addition to the losses in the conductive parts of the deflection yoke,
dielectric losses in non-conductive parts also contribute to the total dissi-
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pation; for instance in the insulating layers of the coil wires. The behavior
of dielectrics is described by the permittivity in Maxwell’s equations. In
the general characterization of lossy dielectrics, a complex permittivity is
introduced [132]:

= ’− i ” (3.65)

A detailed description of the various phenomena that contribute to the
dielectric losses is presented by Murphy [134—136]. More concise discussions
can be found in most textbooks on dielectrics [137—139]. The simplest
phenomenological model is that a part of the polarization reacts with some
delay to changes in the field intensity due to some relaxation processes such
as electronic or atomic displacement and rotation.

In practice, this simple relaxation model is too simple and experimental
values for ’ and ” are used. Often, the ratio of ” and ’ is denoted as tan δ:

tan δ = ”/ ’ (3.66)

where also tan δ can vary with the frequency. The relaxation effect results in a
phase shift δ between the field strength and the dielectric displacement. This
phase shift corresponds to certain losses, the dielectric losses, and therefore
δ is called the loss angle.

Usually, tan δ is measured on separate samples of the dielectric material.
Rather than taking the geometry of the dielectric material into account,
simply the capacitance C is measured. Measurements taken on most
dielectrics show that in a wide frequency band tan δ is only weakly dependent
on the frequency [140].

An alternative to the complex permittivity is to model the dielectric losses
by a (frequency-dependent) resistance R in parallel to the capacitance, with
the value

R =
1

ωC tan δ
(3.67)

Practical values for CRT deflection coils are C = 50 pF and tan δ = 10−3. For
a 84 kHz line frequency, R = 1/(2π ·84 ·103 ·50 ·10−12 ·10−3) = 4 ·107 Ω. This
value is much higher than the highest value of the real part of the impedance
of the line coils below 10 MHz. This indicates that the dielectric losses are
negligible compared to the total losses in a deflection yoke. Increasing the
dielectric losses is therefore a method to damp electromagnetic oscillations in
the coils. This will be discussed in the next chapter.
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Figure 3.11: Simplified geometry of the ferrite core to estimate the eddy current
loss in the ferrite core.

3.4.6 Eddy-current losses in the ferrite core

In this section we show that the dissipation due to eddy currents in the ferrite
core can be neglected because of the high resistance of the ferrite material.

A detailed analysis would be quite cumbersome due to the complicated
shape of the ferrite core and the non-uniformity of the magnetic flux inside.
Therefore, we follow a very simple model and apply the low-frequency
approximation of Sect. 3.4.2 to estimate the losses.

We model the ferrite core as a cylinder with height hc, inner radius rc and
thickness dc, as shown in Fig. 3.11. We assume that the height of the cylinder
is much larger than its thickness. Furthermore, we assume a dipole magnetic
field in the deflection area perpendicular to the axis of the ferrite core. The
amplitude of the magnetic flux Bc(θ) inside the ferrite core then varies with
the cosine of the angle θ to the direction of the magnetic field in the deflection
area:

Bc(θ) = Bc cos θ (3.68)

To simplify the calculations, we take Bc(θ) uniform across the thickness
dc of the ferrite core.

The magnetic flux varies in time. For simplicity, we assume that the
induced current flows along nested rectangles. Consider such a rectangle at
distance x/2 from the center of the ferrite shell (see Fig. 3.11). The area
enclosed by the rectangle is approximately hcx. According to Faraday’s law,
the alternating magnetic flux through this area induces a voltage

Vind(t) = ωBc(θ)hcx sinωt (3.69)
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The current dI in a volume element around the rectangle with length hc,
width rcdθ, thickness dx and conductance σ is given by

dI(t) =
σrcdθdx

2hc
Vind(t) (3.70)

Subsequently, the dissipation dP (t) = Vind(t)dI(t) in this volume element is
given by

dP (t) = V 2ind(t)
σrc
2hc

dθdx =
1

2
σrcω

2hcx
2B2c cos

2 θ sin2 ωtdθdx (3.71)

The time average of sin2 ωt equals 12 . The total dissipation Pc eddy due to eddy
currents in the ferrite core is found by substituting Vind(t) and integrating x
from 0 to dc and θ from 0 to 2π:

Pc eddy =
π

12
σrcω

2B2chcd
3
c (3.72)

Substituting practical values σ = 1 Ωm, ω/2π = 69 kHz, hc = 5 cm, dc =
7 mm, rc = 3 cm, Bc = 25 mT yields Pc eddy = 16 mW. This is indeed
negligible compared to the total dissipation found in the deflection yoke.

3.4.7 Magnetic power loss in the ferrite core

In modern deflection yokes, the ferrite cores usually consist of a soft ferrite
material like 3C2 (MnZnFe2O4) and 2A2 (MgZnFe2O4) which have a large
saturation induction, a small coercive force, a large initial permeability, a
large maximum permeability, and small magnetic power loss [141,142].

The magnetic power loss, excluding the eddy-current loss, depends on
both the amplitude |Bc| of the flux density in the ferrite core and the line
frequency ω . Steinmetz [143] proposed the following empirical formula for
the magnetic power loss pmagn per unit volume:

pmagn = kmω
η |Bc|ξ (3.73)

The proportionality factor km varies strongly with the temperature
T . For practical conditions of deflection yokes (10 mT<|Bc|<100 mT,
10 kHz<ω /2π<100 kHz, 25 ◦C<T<100 ◦C), ξ = 2.8 for MnZn ferrites
(e.g. 3C2) and ξ = 2.0 for MgZn ferrites (e.g. 2A2). For both ferrite types,
η = 1.1.

For sine wave signals in 3C2 ferrite, km = 0.31 kJs
0.1T−2.8m−3 (measured

at ω /2π=100 kHz, Bc=20 mT and T=85
◦C [144]). In practice, the sinusoidal

data is also applied to saw-tooth shaped signals, simply by substituting the
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line frequency in the Steinmetz equation. It is observed that for a typical
ferrite the dissipation depends primarily on the total peak-to peak excursion
of the flux density and only to a minor extent on the waveform or its symmetry
[142]. The resulting estimates of magnetic losses are generally sufficiently
accurate.

The magnetic power loss of the entire ferrite core is calculated by
integrating pmagn over the volume of the material. In cylindrical coordinates
(r, θ, z) this yields

Pcore = kmω
η
ZZZ

|Bc(r, θ, z)|ξ rdθdrdz (3.74)

Figure 2.3 presents a simple model to calculate the loss in a round ferrite
core. We assume that the flux density does not vary across the wall thickness,
although we know that this assumption is not valid [145]. A simple dipole
field results in an amplitude Bc(r, θ, z) of the flux density which varies along
the circumference with the angle θ, according to

Bc(r, θ, z) =
¯̄̄ bBc(z) cos θ

¯̄̄
(3.75)

in which the maximum flux density bBc(z) follows from the conservation of
flux

rc(z)B0(z) = dc(z) bBc(z) (3.76)

in which rc(z) denotes the inner radius of the ferrite core, dc(z) the difference
of the outer and inner radius of the ferrite core, and B0(z) the flux density in
air at position z. The flux density is assumed to be constant along the θ = 0
plane. Substitution of Eqs 3.75 and 3.76 in Eq. 3.74 yields

Pcore = ωηkm

ZZZ ¯̄̄̄
rc(z)

dc(z)
B0(z) cos θ

¯̄̄̄ξ
rdθdrdz (3.77)

In CMTs, usually 3C2 ferrite cores are used. Practical values for a
1700CMT are B0 = 5 mT, rc = 3 cm, hc = 5 cm, and dc = 7 mm. For
69 kHz this results in an estimate for the magnetic power loss in the ferrite
core of Pcore = 1 Watt.

3.5 Dissipation for non-sinusoidal signals

Up to now we have considered only the dissipation for sine wave signals, but
actually the currents and hence the magnetic fields in CRT deflection coils
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vary in a more complicated manner in time. In general, the dissipation of the
deflection coils can be calculated by multiplying the current i(t) and voltage
v(t) of the coil during operation and averaging this over the period T of the
signal:

P =
1

T

Z T

0
i(t)v(t)dt (3.78)

3.5.1 Dissipation due to the frame current

The frame current is described accurately by a simple saw-tooth signal. The
resistance of the frame coil equals its dc-resistance Rframe for practical frame
frequencies (50-100 Hz). Consequently, the voltage v(t) across the frame coil
is simply the product of the frame current and Rframe. For an ideal saw-tooth
current with amplitude iframe, it follows from Eq. 3.78 that the dissipation is
given by

Pframe =
1

3
Rframei

2
frame (3.79)

3.5.2 Dissipation due to the line current

The line frequency is much higher than the frame frequency; typically it is
16 kHz for television applications and 64 kHz for computer monitors. At these
frequencies, the ac resistance can no longer be neglected.

The dissipation for non-sinusoidal but repetitive signals can be calculated
from the amplitudes of the Fourier components of the line current [146,147].
In this Fourier analysis we assume that the set of voltages and currents is
linear and we thus neglect the non-linear effects such as the hysteresis loss.

If the repetition frequency is ω , both current and voltage are expanded
in Fourier series [148]:

i(t) = I0

∞X
n=1

an sinnω t (3.80)

v(t) = I0

∞X
n=1

anR (nω ) sinnω t+ I0ω
∞X
n=1

nanL (nω ) cosnω t (3.81)

where we wrote the impedance of the coils at frequency nω as the sum of
a frequency-dependent resistance R (nω ) and the reactance of a frequency-
dependent inductance L (nω ).

With the orthogonality relationsZ 2π

0
sinnφ sinmφdφ =

½
π if m = n
0 if m 6= n

(3.82)
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and Z 2π

0
sinnφ cosmφdφ = 0 (3.83)

Eqs. 3.78, 3.80 and 3.81 are combined into

P =
1

2
I20

∞X
n=1

a2nR (nω ) (3.84)

It is convenient to express the resistance R (nω ) as the sum of a dc and
an ac part:

R (nω ) = Rdc +Rac (nω ) (3.85)

with Rac(0) = 0. The dissipation can then be written as the sum of the
dissipation in the dc resistance and the dissipation in the ac resistance:

P = Pdc + Pac (3.86)

with

Pdc =
1

2
I20Rdc

∞X
n=0

a2n (3.87)

and

Pac =
1

2
I20

∞X
n=1

a2nRac (nω ) (3.88)

To determine the dissipation, both the amplitude and the Fourier
coefficients of the drive current are needed. The amplitude can be measured
easily with a current probe. The Fourier coefficients could be determined by
sampling the current and by applying a (Fast) Fourier Transform. However,
this is not very convenient in practice and usually only the current amplitude
is measured while the Fourier coefficients are derived from the theoretical
description of the frame signal and the line signal given in Sect. 2.3.2 and
Sect. 2.3.4.

Measuring method

The frequency-dependent resistance is most easily determined by measuring
the impedance Z(ω) of the line coils as a function of frequency ω with an
impedance analyzer. However, such an impedance characteristic shows a
large resonance peak due to the parasitic capacitance between the line-coil
wires. In Chapters 4 and 5 we will analyze these distributed capacitances
in much more detail, but already in this section we need to consider this
capacitance as it would lead to significantly larger values of the dissipation.
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Figure 3.12: To first order, the distributed capacitances between the wires can
be modeled by a capacitance Cp parallel to the line coil inductance Lp and a
frequency-dependent resistance Rp(ω).

To first order, the distributed capacitances between the wires are modeled
by a capacitance Cp parallel to the line coil inductance Lp and a frequency-
dependent resistance Rp(ω), as shown in Fig. 3.12. In Chapter 4, we will show
that also measurements at higher frequencies can be adequately fitted by this
lumped RCL model.

The impedance Z(ω) of this lumped model in series with the dc resistance
Rdc is given by

Z(ω) = Rdc +

∙
1

Rp(ω)
+

1

jωLp
+ jωCp

¸−1
(3.89)

Consequently, the equivalent parallel resistance is easily calculated from
the measured impedance values:

Rp(ω) =

∙
Re

µ
1

Z(ω)−Rdc

¶¸−1
(3.90)

Note that we have put Rdc outside the parallel RCL branch. In fact,
from a physical point of view we could also have put it in series with the
inductance such that Cp would be in parallel to the series arrangement of Lp

and Rdc. Both models give a good fit of the experimental results, but with
Rdc outside the parallel RCL branch, our analytical analysis results in more
compact expressions.

When we replace the simple coil inductance in the drive circuit of the line
coil, shown in Fig. 2.7, by this lumped RCL model, it is clear that the lumped
capacitance Cp is in parallel to the flyback capacitance in this circuit. It is
therefore sufficient to consider only the current through the inductance Lp.
If the current through Lp is a sine wave with frequency ω, the dissipation in
the parallel resistance Rp(ω) is the same as when the current flows through a
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line-coil wires 2a 2ro
dimensions type (μm) (μm)

19×71 μm litz 71 433

7×100 μm litz 100 375

7×125 μm litz 125 450

236 μm solid 236 284

280 μm solid 280 333

300 μm solid 300 353

315 μm solid 315 370

355 μm solid 355 413

Table 3.1: Nominal copper diameters (2a) and overall diameters (2ro) of several
wire types used in the experiments. The notation 19×71μm refers to a litz wire
with 19 strands of 71-μm diameter each.

simple frequency-dependent resistance Rac(ω) = (ωLp)
2 /Rp(ω). Substitution

of Eq. 3.90 yields

Rac (ω) = (ωLp)
2Re

µ
1

Z(ω)−Rdc

¶
(3.91)

With Eq. 3.88, this enables us to calculate the dissipation from the measured
impedances.

The magnetic field of the line coils does not only generate losses in the line-
coil wires, but also in the frame-coil wires. With the measurement method
described above, we find the total sum of all these losses. To determine
e.g. the eddy-current losses in the frame coils only, we measure the total
dissipation with and without frame coils. The eddy-current loss in the frame
coils is obtained by subtracting the dissipation of the deflection yoke without
frame coils from the dissipation of the deflection yoke with frame coils.

3.6 Experimental results

To validate the theory on the dissipation of CRT deflection coils presented
in the previous sections of this chapter, a number of experiments have been
carried out. In each experiment, a set of deflection yokes has been made with
different wire types. Table 3.1 lists the copper diameter and the overall outer
diameter of the different wire types that we used in our experiments.

The geometry of each coil was kept the same when changing the wire
type by adjusting the number of parallel wires in such a way that the coil



3.6 Experimental results 49

line frame line frame total
coil coil Pdc Pac Pdc Pac Ptot
wire wire (W) (W) (W) (W) (W)

6×300 μm 4×300 μm 2.5 23.3 1.3 14.6 41.6

5×(7×125 μm) 3×(7×125 μm) 2.6 7.1 1.2 2.7 13.6

5×(19×71 μm) 3×(19×71 μm) 2.9 4.3 1.6 0.7 9.4

Table 3.2: Dissipation in line and frame coils of a 15” CMT deflection yoke for
various wire types, calculated from the measured impedance characteristic. Each
line coil has 49 turns; each frame coil has 106 turns. The line frequency is 125 kHz.

volume remained about the same. In this way the magnetic field is the same
throughout the coils and differences in dissipation can be only accounted
for by the changes in the type of wire. The measurements were repeated
on identical deflection yokes from which the frame coils were removed. The
dissipation of each deflection yoke was determined with Eq. 3.87, Eq. 3.88
and Eq. 3.79 from the measured dc resistance of the pair of frame coils and
from the measured impedance characteristic of the pair of line coils.

First the dissipation of set of 1500CMT deflection yokes was determined.
The results are briefly described in Section 3.6.1. Since the results cannot be
directly understood from the theory, a more elaborate series of experiments
was carried out with a set of 1700CMT deflection yokes. The results
are presented and analyzed in Sect. 3.6.2. The reason for changing from
1500CMT to 1700CMT was simply the availability of winding equipment in
our laboratory.

3.6.1 1500CMT deflection yokes

A number of 1500CMT deflection yokes were manufactured that differed in
wire type only [49]. The three wire types of Fig. 3.8 have been used in both
line and frame coils. The first one is a 300-μm solid wire and the others are
7×125-μm and 19×71-μm litz wires. The notation 5×(7×125-μm) indicates that
the coils are wound with five litz wires that consists of seven copper strands
of 125-μm diameter each. In a similar way, 6×300-μm refers to six parallel
wires, each with a single copper strand of 300-μm diameter. We will use this
notation in the remainder of this thesis.

The impedance characteristics have been measured for all the prototypes
with a HP 4192A LF Impedance Analyzer. The dissipation values at
ω /2π=125 kHz, calculated from the impedance measurements, are summa-
rized in Table 3.2.
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Figure 3.13: The real part of the measured impedance characteristic of the 1700 CMT
line-coil pairs (with ferrite core) for the wire types listed in Table 3.1.

If we assume, to first order, that the cross-section of the coils remains the
same for the three types of wire, the low-frequency proximity loss model
(Eq. 3.64) predicts that the ac losses scale with the square of the wire
diameter. Indeed the ac losses in the frame coil scale roughly with the square
of the wire diameter. However, the ac losses in the line coil are reduced
much less at the smaller diameters than expected from the proximity loss
model. Whereas this model predicts a dissipation reduction by a factor of
(125/71)2=3.1 when the 7×125-μm litz is replaced by the 19×71-μm litz wire,
the ac losses in the line coils are reduced by only a factor of 7.1/4.3=1.7.
This indicates that the ac losses in the line coil are not merely proximity
losses. Since this finding is in contrast to our expectations, we will analyze
the dissipation in the line coils in more detail.

3.6.2 1700CMT line-coil pairs

To study the dependence of the dissipation on the choice of line-coil wires in
more detail, 1700CMT deflection yokes were made without frame coils. So, the
samples consisted of a pair of line coils and a 3C2 ferrite core. The line coils
were connected in parallel as in normal 1700CMT products. Their geometry
was identical to normal production coils.

Table 3.1 lists the copper diameter and the overall outer diameter of the
seven different wire types that we used in our experiments. The number of
wires in parallel has been adjusted to keep the coil volume about the same.
This was necessary to keep the geometry of the coils the same.
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line-coil wires a Np L Rdc β
(μm) (-) (μH) (μΩ) (10−12 Ωs2)

5×(19×71 μm) 35.5 95 123.9±1.3 284±4 8±2
8×(7×100 μm) 50.0 56 122.5±0.4 228±3 11±3
5×(7×125 μm) 62.5 35 122.7±0.2 231±4 13±4
13×236 μm 118.0 13 122.7±0.7 182±9 40±3
10×280 μm 140.0 10 124.2±0.5 167±3 57±3
8×315 μm 157.5 8 123.8±0.5 163±3 70±4
6×355 μm 177.5 6 123.3±1.0 171±5 80±2

Table 3.3: Results of fitting Z(f)=Rdc +βf
2 + j2πfL to the measured impedance

characteristic of 1700 CMT line-coil pairs with various wire types at 20◦C. For
each coil the number of turns is 38. The number of parallel wires is adapted
to keep the same coil volume. The coils are fixed in a deflection unit with a
3C2 yoke ring, but without frame coils. The spread is three times the standard
deviation calculated from measuring five identical samples.

For each wire type, five identical stripped deflection yokes were made
consisting of a line-coil pair, fitted in a plastic frame and a regular 3C2
ferrite core. By repeating the measurements on the five identical samples,
the measuring spread could be determined experimentally.

Experimental results

Figure 3.13 shows the real part of the measured impedance characteristic of
the 1700CMT line-coil pairs (with the ferrite core) for the wire types listed in
Table 3.1. For frequencies below 1 kHz, this real part of the impedance is equal
to the dc resistance within the measuring accuracy. For frequencies above
10 kHz the real part of the impedance increases rapidly with frequency due to
eddy-current losses. The imaginary part is fully determined by the inductance
according to Im(Z(ω))=ωL for frequencies up to a few hundred kHz. Both
the real part and the imaginary part change rapidly with frequencies above
1 MHz due to resonance between the inductance and capacitances of the coil
windings. For dissipation, only frequencies up to 1 MHz are of interest since
the harmonics of the line-scan current at higher frequencies are very small (see
Table 2.1). The effects at higher frequencies will be studied in more detail in
Chapters 4, 5 and 6.

For frequencies below 10 kHz the resistance decreases with the copper
diameter because thicker copper wires have relatively less insulating material
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Figure 3.14: The measured dc resistance of the line-coil pairs as a function of the
radius of the copper wires.

so that more copper is put in the same coil volume. For frequencies above
100 kHz the resistance increases with the copper diameter because the eddy-
current losses increase rapidly with the copper diameter.

From the impedance characteristics, a number of key parameters can
be determined, such as the inductance L and the dc resistance Rdc. The
experimental results are presented in Table 3.3. In the first three columns,
the composition of the wire bundle is given. For instance, a 5×(19×71-μm)
bundle consists of Np =5×19=95 parallel copper strands, each with radius
a=35.5 μm. In the last three columns, the experimental results are listed
with a spread of three times the standard deviation calculated from the
experimental results from five identical samples. As expected the inductance
L hardly changes when the wire type is changed since coil shape and number
of turns are kept the same.

If the measured values of the dc resistances, Rdc in Table 3.3, are
multiplied by the number of parallel copper strands Np, the resistance RdcNp
per strand is obtained. Figure 3.14 shows that

p
1/RdcNp increases linearly

with the diameter 2a of a strand. Consequently, the dc resistance (RdcNp) per
strand decreases quadratically with the diameter of the strand, as expected.
The total dc resistance of the line-coil pairs, wound with Np parallel copper
strands of radius a, was therefore described by Eq. 3.12:

Rdc =
Nturns turn

Npπa2σ
(3.92)

with turn = 15.6 cm, using σ = 5.8 · 107 Ω−1m−1 and Nturns = 38.
For relatively low frequencies (below 150 kHz), the real part of the
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Figure 3.15: The increase in resistance as a function of frequency of the 1700CMT
line-coil pairs for various wire types at 20◦C; from top to bottom: 6×355μm (¤),
8×315μm (+), 10×280μm (◦), 13×236μm (×), 5×(7×125 μm) (♦), 8×(7×100 μm)
(¤) and 5×(19×71 μm) (◦).

impedance increases quadratically with frequency. For our set of 1700CMT
coils, the experimental results are shown in Fig. 3.15. This shows howp
Re(Z(f))−Rdc, i.e. the square root of the increase in the real part of the

impedance, varies with the frequency f for various types of line-coil wires.
The lines show the least-squares fit with

Re(Z(f)) = Rdc + βf2 (3.93)

The fitting coefficients β are listed in Table 3.3.
Since we expected β to increase with Npa

4 (Eq. 3.50 for proximity losses),
we have tried to fit the data to Npa

4. Note that although we have adjusted
the number of parallel wires to keep the cross area of the coil and hence Npa

2

about the same, a slight variation in Npa
2 was inevitable due to the amount

of insulating material which is larger when thinner wires are used.
As shown in Fig. 3.16, the results for the four solid wires could indeed be
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Figure 3.16: The coefficient β (squares) found from impedance measurements on
1700CMT coils with 7 different wire types. The dotted line β/Np = 1.52 · 10−8a4
is fitted to the four upper measuring points. To fit all seven measuring points, a
different (solid line) β/Np = 16.0 · 10−12a3.23 had to be used.

fitted adequately by

βsolid = 1.52 · 10−8Npa4 (3.94)

However, the losses in the three samples with litz wires - as expressed by
the coefficient β - are larger than expected from the results found with the
samples with solid wires when assuming a β ∝ Npa

4 proportionality. As
shown in Fig. 3.16 the coefficients β of all our samples are fitted by

β = 16 · 10−12Npa3.23 (3.95)

in which the radius a of the copper strands is given in meters. This confirms
the results for the 1500CMT samples, as it shows that the dissipation does not
increase with Npa

4, i.e. with a2 when Np is adjusted (∝ a−2) to maintain
a constant area of the cross-section of the coil. The dependence of the
dissipation on the wire radius is much weaker than expected from theory.

Analysis

In order to explain this unexpected result we revert to the detailed analysis
of the proximity effect in Sect. 3.4. Rather than using the limiting case of the
low-frequency approximation, we revert in this analysis to the full frequency
dependence as described by the proximity loss function.

As a first step, we have fitted this proximity loss function g(a/δ(f)),
defined by Eq. 3.43 as a function of the copper radius a and the skin depth
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Figure 3.17: The increase in resistance as a function of frequency of the 1700CMT
line-coil pairs for various wire types. The different symbols mark the measuring
results for different wire types; from top to bottom: 6×355 μm (¤), 8×315 μm
(+), 10×280 μm (◦), 13×236μm (×), 5×(7×125 μm) (♦), 8×(7×100 μm) (¤) and
5×(19×71 μm) (◦). The solid lines represent the proximity loss function g(a/δ(a))
multiplied by a fitting constant cprox(a) for each wire radius a.

δ (Eq. 3.18), to the increase in the resistive part of the impedance Za(f) for
each used value of a:

Re(Za(f)) = Rdc(a) + cproxNpg

µ
a

δ(f)

¶
(3.96)

Note that cprox is related to β found in the previous section. Using the low-
frequency approximation g(a/δ) = 1

4(a/δ) (Eq. 3.50) and Eq. 3.18 for the skin
depth δ it is easy to show that

cprox =
4

π2μ2σ2a4
β (3.97)

Figure 3.17 shows the measured increase in resistance per copper strand as
a function of frequency up to 10 MHz. The solid lines show cproxg(a/δ(f)) for
the seven wire types. The proximity loss function was calculated from Eq. 3.43
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Figure 3.18: The ratio cprox with which the proximity loss function g(a/δ(f)) is
fitted to the resistive part of the impedance characteristic, for various diameters
(2a) of the copper strands. The squares indicate the results for the solid wires,
the circles those of the 7-litz and the diamond the result for the 19-litz wires.

and depends only on the radius a of the copper strands. Because the figure
has logarithmic scales, multiplication by cprox corresponds to a shift in vertical
direction. The values for cprox were chosen so that cproxg(a/δ(f)) fitted the
experimental results for frequencies below 200 kHz. At higher frequencies,
resonances result in higher values of the impedance. These resonances will be
analyzed in more detail in Chapter 4.

The values for cprox found from this fitting process can be expected to
depend on the amplitude H0(x) of the magnetic field along the wires. If x
denotes the length from the start of a wire, we expect from our theoretical
analysis (Eq. 3.49) that

cprox =
4π

σ

R
{H0(x)}2 dx

I20
(3.98)

Figure 3.18 shows that for the four solid wires, with diameter 2a >200 μm,
the fitting factor cprox is approximately constant. This is consistent with the
theory on proximity losses and the β ∝ Npa

4 proportionality. However, for
the litz wires, cprox turns out to be much larger and varies with the diameter
2a of the copper strands. This is not predicted by Eq. 3.98 when we use the
assumption of Sect. 3.4 that the magnetic flux density through the copper
strands does not depend on the diameter of a copper strand. Clearly, this
assumption is not valid.
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line-coil wires a Np Rdc(100◦C) β100◦C
(μm) (μΩ) (10−12 Ωs2)

5×(19×71 μm) 35.5 95 373±8 10±2
8×(7×100 μm) 50.0 56 296±3 13±4
5×(7×125 μm) 62.5 35 302±6 15±5
13×236 μm 118.0 13 247±4 34±3
10×280 μm 140.0 10 218±3 50±4
8×315 μm 157.5 8 215±8 59±4
6×355 μm 177.5 6 223±6 63±9

Table 3.4: Results of fitting Re(Z(f))= Rdc(100◦C) + β100◦Cf
2 to the measured

impedance characteristic of 1700CMT line coil pairs with various wire types at
100◦C. For each coil the number of turns is 38.

Temperature dependence

Furthermore, we have repeated the impedance measurements on the same
1700CMT samples at a higher temperature (100 ◦C). The idea behind this
measurement is that for frequencies between 20 kHz and 1 MHz the eddy
current effects for thin wires (<125 μm) are in the low-frequency range (a <
δ), while they are in the high-frequency range (a > 2δ) for the bundle diameter
(which we estimated to be 900 μm).

The dependence of the losses - and of the corresponding resistances - is
different in the low-frequency range from that in the high-frequency range.
The theory in Sect. 3.4.2 showed that in the low-frequency range (where a < δ)
the equivalent resistances due to the proximity effect and the skin effect are
proportional to the conductivity σ and hence inversely proportional to the
temperature T (see Eqs. 3.13, 3.35, 3.50):

Rprox,lf ∝ σ ∝ T−1

Rskin,lf ∝ σ ∝ T−1
(3.99)

This dependence is different in the high-frequency range (a > 2δ). To first
order we find from Eqs. 3.13, 3.36, 3.44, 3.49:

Rprox,hf ∝ σ−1/2 ∝
√
T

Rskin,hf ∝ σ−1/2 ∝
√
T

(3.100)

With a steady flow of hot air, the 1700CMT line-coil pairs with a 3C2
ferrite core were heated up to T=(100±2) ◦C. By measuring the dc resistance
of the line coils we verified that this temperature was reached and maintained
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Figure 3.19: The coefficient β as a function of the diameter of the copper strands
at 100 ◦C (•) and 20 ◦C (¤) calculated by fitting βf2 to the increase in the real
part of the impedance characteristics. The solid line is fitted to the 100 ◦C (•)
values by β/Np = 0.7 ∗ 10−12a2.9.

for at least one hour. Subsequently we measured the impedance characteristic
and fitted the resistive part between 20 kHz and 150 kHz with Re(Z(f)) =
Rdc(100◦C) + β100◦Cf

2 (Eq. 3.93). The fitting results at this temperature for
the line coils with the seven different wire types are presented in Table 3.4.

The seven coefficients β100◦C in this table are fitted by

β100◦C = 0.7 · 10−12Npa2.9 (3.101)

in which the radius a of the copper strands is given in meters.
In actual applications, the temperature of the line coils varies between

70 ◦C and 110 ◦C, depending on the temperature of the television set or
the computer monitor in which the coils are used. Therefore Eq. 3.93 with
Eq. 3.101 gives a practical expression for the losses in actual applications.

Figure 3.19 compares the fitting coefficients β at T=100 ◦C with those at
T=20 ◦C (which were shown earlier in Fig. 3.16). This figure shows that the
ac losses are reduced for the four larger diameters, while they are increased for
the smaller diameters. This increase cannot be explained by the low-frequency
skin and proximity effects.

Current measurements

When looking for a possible explanation, we also measured the distribution
of the currents over the copper strands. One of the indications that led us to
this measurement is that we concluded in Sect. 3.6.1 that the ac losses in the
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frame coil increase as expected with the wire diameter, whereas the ac losses
in the line coil are reduced much less for the smaller diameters than expected
from the proximity-loss model. The main difference between line and frame
coils in this respect is that a high-frequency current flows only through the
line coils.

Note that the wires pile up more or less at random when a CRT deflection
coil is being wound so that the wires have no fixed position with respect to
each other along the coil. This random nature leads to the assumption that
the current is evenly distributed over the parallel copper strands in a bundle.

To check this assumption, we measured the currents through the separate
litz wires and the currents through the individual copper strands within a litz
wire of a 1700CMT sample with 8×(7×100-μm) wires. Again we used a 1700CMT
deflection yoke without frame coils. The pair of line coils were connected to
a Fluke PM5128A sine wave generator and the currents were measured with
a Tektronix A603 current probe in combination with a Tektronix AM503B
current probe amplifier and a scope. The accuracy of the readings is ±5%.

In the case of a 10-kHz sine wave, the current through each of the eight
parallel litz wires was the same within the measuring accuracy. Also the
current through each of the seven copper strands was the same (equal to one
seventh of the current through a litz wire).

In the case of a 500-kHz sine wave, however, the currents differed strongly
among both the litz wires as well as among the copper strands within a single
litz wire. For the 8 litz wires in one of the coils, we measured 15, 13, 13,
11, 5.8, 5.8, 4.4 and 1.4 mA respectively. We splitted the litz wire with the
largest current into the 7 copper strands, and measured currents of 3.0, 2.7,
2.6, 1.9, 1.7, 1.6, and 1.4 mA.

Evaluation

The experimental results can be partly explained by the interstrand skin effect
(see page 39). In Sect. 3.4.4 we described that in CRT deflection coils stranded
litz is used, in which the outer copper strands change positions but remain
on the outside for the entire length of the wire. We already mentioned as
disadvantage of this stranded litz type that the inner strands carry a lower
current than the outer strands, similar to the skin effect in a single conductor.
The reason is that in a litz wire the copper strands are electrically connected
at the two ends. A net magnetic flux through the area enclosed by a pair of
copper strands will result in a current, which flows in opposite directions in
the two strands. In a straight bundle of copper strands in a litz wire, without
external magnetic field, a net magnetic flux between the inner wire and each
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of the outer wires is generated by the currents through the copper strands
themselves. The extra current induced by this net magnetic flux decreases
the current in the center strand(s) and increases the current in the outer
strands. Consequently, a larger current will flow through a copper strand at
the outside of a litz wire than through a copper strand near the center of the
litz wire.

At 500 kHz, the skin depth δ = 93 μm. To estimate the influence
of the interstrand skin effect, we consider a solid copper wire with the
same outer copper diameter 2a as a single (7×100-μm) litz wire. Including
internal insulation material between the copper strands, this equivalent
copper diameter is 2a = 330 μm. With Eq. 3.24 for the current density
due to the skin effect, we calculated the ratio of the current density jz(a)
near the surface and the current density jz(0) near the center of a solid wire
with radius a. The result Re(jz(a))/Re( jz(0)) = 1.8 corresponds reasonably
well to the maximum ratio 3.0/1.4=2.1 of the measured currents in the copper
strands in a litz wire.

In the same way, the differences among the parallel litz wires can be partly
explained by an interwire skin effect in which we model the eight parallel litz
wires by straight parallel copper strands in a fixed configuration. For the
bundle of 8×(7×100-μm) wires we assume an overall copper diameter 2a =
1.0 mm. Since this diameter is much larger than the skin depth at 500 kHz,
δ = 93 μm, the current in an inner strand can easily be an order of magnitude
smaller than the current in an outer strand, as measured.

However, the measured resistance at 500 kHz is much larger than predicted
by either the interstrand skin effect or the interwire skin effect. At 20 ◦C, the
real part of the measured impedance of a pair of line coils with 7×100-μm litz
wires at 500 kHz is R(500 kHz)=2.4 Ω. This is more than ten times the dc
resistance Rdc =0.23 Ω. Using Eq. 3.30, we estimate that this ratio should be
only R(500 kHz)/Rdc = 1.2 for the interstrand skin effect (with 2a = 330 μm)
and R(500 kHz)/Rdc = 2.9 for the interwire skin effect (with 2a = 1 mm).
Clearly, our simplified model of the interstrand or interwire skin effect in long
parallel straight wires without external magnetic fields cannot explain the
experimental results.

The differences in currents through the various copper strands is measured
to be much larger than predicted by the interskin and interwire skin effect.

A possible explanation is shown in Fig. 3.20. In CRT deflection coils, the
magnetic field through a bundle of copper strands is not only generated by the
current through that local part of the copper strands only, but also by currents
through other copper strands and - even stronger - by currents through the
same copper strands but in different turns. Also the magnetization of the
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Figure 3.20: A comparison of the proximity effect, the interstrand proximity effect
and the interwire proximity effect. The proximity effect describes the eddy
currents i(t) inside a single copper strand induced by a magnetic flux through
this strand. The interstrand proximity effect describes such an induced current
i(t) through different copper strands in a litz wire that are electrically connected
at the ends. The interwire proximity effect describes the current induced in a
loop formed by different wires in parallel.

ferrite core results in stronger magnetic fields. If the copper strands are not
twisted adequately, some net magnetic flux through the surface enclosed by
those copper strands will result in additional currents through those copper
strands. If the copper strands are part of the same litz wire, we call this
effect the ‘interstrand proximity effect’, otherwise we call it the ‘interwire
proximity effect’. In CRT deflection coils, the interstrand proximity effect is
probably much smaller than the interwire proximity effect because stranded
litz is used in which the outer copper strands rotate around the center strand
along the wire. The various wires in a bundle, on the other hand, are not
twisted sufficiently. A stronger twist of these wires can probably reduce the
interwire proximity effect significantly.

Finally, note that the interwire proximity effect in a bundle of wires
also explains why the dissipation increases with temperature for the smaller
diameters in Fig. 3.19, since we are dealing here with the high-frequency range
as the radius of the bundle is much larger than the skin depth (a > 2δ, see
page 57).
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Discussion

In CRT deflection coils, a complicated mix of various kinds of eddy currents
can occur. In fact, this distinction in various kinds of eddy currents is a
simplification of the complicated physical phenomena described by Maxwell’s
equations. Since these equations are difficult to solve, the analytical analysis
is simplified by considering straight wires in two configurations with simple
boundary conditions.

In the first configuration, we assume that a net current is flowing through
the copper wires while no external magnetic field is present. The effects that
occur in this case are called skin effects.

In the second configuration, an external magnetic field is considered and
we assume that no net current is flowing, i.e. no external current or voltage
supplies are connected. The effects that occur in this case are called proximity
effects.

In Sect. 3.4.2 we described the skin effect and proximity effect in a single
copper wire. In Sect. 3.4.4 we showed that in litz wires the interstrand skin
effect can change the distribution of the currents over the parallel copper
strands. Usually the strands in a wire are stranded sufficiently, so that
the interstrand proximity effect, in which an external magnetic field would
drive a current to circulate through parallel strands, is negligible. Because
the coils are wound with a bundle of parallel wires which are electrically
connected at the terminals of the coils, also the interwire skin effect and
the interwire proximity effect across parallel wires in a bundle can give a
significant contribution to the total dissipation.

The interstrand proximity effect can be reduced by using stranded litz, in
which the outer copper strands change positions but remain on the outside
for the entire length of the wire. This does not reduce the interstrand skin
effect. To reduce this interstrand skin effect, twisted litz has to be used in
which the positions of the copper strands in the litz wire are changed in such
a way that within some length each strand can be found at any position in
the cross-section.

In a similar way, the interwire proximity effect can be reduced by using
stranded wires, in which the outer wires change positions but remain on the
outside for the entire length of the bundle. To reduce the interwire skin
effect, stranding is not sufficient and the wires have to be twisted such that
the positions of the wires in a bundle are changed in such a way that each
wire can be found at any position in the cross-section of the coil.
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Figure 3.21: The dc dissipation Pdc (¤), the ac dissipation Pac (◦) and their sum
Ptot (•) in 1700CMT line coils as a function of the diameter 2a of the copper
strands. The values are calculated from the measured impedance characteristics,
assuming a saw-tooth shape deflection current with an amplitude of 5.3 A and a
line frequency of 69 kHz.

3.7 Reduction of dissipation

In this section we will discuss options to reduce the dissipation in two different
situations. First we will consider the case in which the geometry of the
coil is completely fixed. Subsequently, we consider the case in which the
overall shape of the coil is fixed, determined by the electron-optical design
as described in Chapter 2, but in which the thickness of the coil can still be
changed.

3.7.1 Fixed coil thickness

Once the coil design is completely fixed, the thickness of the coil cannot be
changed anymore as it is determined by the winding equipment.

At a first glance, one could think that reduction of the dissipation is
simply a matter of using thinner wires. However, the thinner the wires, the
more insulation material has to be used. Every insulating layer around each
copper strand has about the same thickness, irrespective of the wire diameter.
Consequently, less copper fits in the same volume of the coil when thinner
wires are used so that the dc resistance and hence the dc drive current losses
will increase.

In CRT deflection coils, the area Acoil of the total cross-section of the
coil is determined by the winding equipment and cannot be changed once the
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design of the coil is fixed. To first order, it is proportional to the number of
turns Nturns, the number of parallel copper strands Np and the outer radius
ar of each strand including insulation:

Acoil = ζπa2rNpNturns (3.102)

in which the fraction ζ of the total coil volume filled by the copper wires
depends on how tightly the wires are packed.

In general, the use of thicker wires results in lower dc losses and higher
ac losses. This is illustrated by Fig. 3.21, which shows the dc dissipation
Pdc and the ac dissipation Pac and their sum for the 1700CMT line coils
which were analyzed in Sect. 3.6.2. These coils have identical geometry, but
are wound with different wire types. The values of Pdc follow from the dc
resistance (Table 3.3) with Pdc =

1
2RdcI

2
0 . The amplitude of the current is

I0 = 5.3 A. The values of Pac were calculated from the measured impedance
characteristics (at 20 ◦C) as described in Sect. 3.5.2 for a line frequency of
69 kHz. From Fig. 3.21 we conclude that at this line frequency, the lowest
dissipation for the investigated 1700CMT coils is found when (7×100-μm) litz
wires are used.

When a lower line frequency is considered, the dc dissipation will be the
same but the ac dissipation will be lower. The lowest value of the total
dissipation will therefore be obtained by using a thicker wire type.

A practical design strategy to reduce the dissipation when the thickness
of the coil is fixed, is the following:

• measure the dc dissipation Pdc and the ac dissipation Pac

• if Pac > Pdc then use thinner copper wires;

• if Pdc > Pac then use thicker copper wires.

As discussed at page 62, further reduction of the dissipation is often possible
by stranding or twisting the copper strands.

3.7.2 Variable coil thickness

In an earlier design phase, before the final winding tools are ordered, the
thickness of the coil can be changed slightly. In this section we will assume
that the wire diameter 2a is fixed and that only the number Np of parallel
wires is varied to change the thickness of the coil.
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Figure 3.22: The dc dissipation Pdc and ac dissipation Pac and their sum as a
function of the number of parallel wires Np.

According to Eq. 3.57, the dissipation due to the drive currents through
the dc-resistance of the coil wires can be written as

Pdc = c0/Np (3.103)

with c0 = Nturns turnI
2
0/(2πa

2σ).
Although theory predicts that the dissipation due to eddy currents varies

with Npa
4ω2 (Eq. 3.47), we found experimentally that the dissipation is

proportional to Npa
2.9ω2 (Eqs. 3.93 and 3.101). Using this last result, we

propose the following expression for the dissipation due to the induced eddy
currents:

Pac = c1Npa
3ω2 (3.104)

in which c1 is proportional to I
2
0 and depends on the conductivity σ and the

length turn of the turns.
For the remainder of this analysis, we assume that both c0 and c1 are

constant. The total dissipation P = Pdc + Pac is then given by

P =
c0
Np

+ c1Npa
3ω2 (3.105)

This dependence on the number of parallel wires is illustrated in Fig. 3.22.
Differentiation with respect to Np shows that the minimum dissipation is

obtained when the number of parallel wires equals

Np,opt =
1

ω

r
c0
a3c1

(3.106)
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The minimum dissipation is then given by

Popt = 2ω
p
a3c0c1 (3.107)

Of course the number of wires has to be an integer in reality. Therefore,
the closest integer value has to be chosen. Although the analytical expressions
for the constants c0 and c1 already give a qualitative indication of their values,
in practice the actual values of these constants are determined by measuring
the resistance of the line coils as a function of frequency, with and without
the presence of the frame coils.

From measured Pdc and Pac values, the number of parallel wires to achieve
the minimum dissipation can also be estimated with

Np,opt = Np
p
Pdc/Pac (3.108)

The corresponding dissipation follows from

Popt = 2
p
PdcPac (3.109)

These two expressions are easily validated by substituting Eq. 3.103 and
Eq. 3.104 in Eq. 3.106 and Eq. 3.107.

A practical design strategy to reduce the dissipation is

• measure the dc dissipation Pdc and the additional ac dissipation Pac

• if Pac > Pdc then reduce the number of parallel wires;

• if Pdc > Pac then increase the number of parallel wires.

The results above have been derived for a purely sinusoidal signal. Periodic
signals of different shape have to be expanded in a Fourier series. When the
magnetic field H(t) is expanded conform Eq. 2.26 as

H(t) = H0

∞X
n=1

an sinnω t (3.110)

the expression 3.105 for the total dissipation has to be replaced by

P =
∞X
n=1

a2n

½
c0
Np

+ c1Npa
3n2ω2

¾
(3.111)

Differentiation with respect to Np shows that the minimum total dissipation
is obtained when the number of parallel wires is given by

Np,opt =
1

ω

s
c0
a3c1

P
n a

2
nP

n(nan)
2

(3.112)
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when we still assume that the wire diameter 2a is fixed.

In practice, it is often sufficient to estimate the optimum number of wires
with Eq. 3.108.

3.8 Summary and conclusions

Dissipation in CRT deflection coils is becoming increasingly important. On
the one hand customers ask for lower overall energy consumption. On the
other hand, trends to improve the performance result in an increase in the
energy stored in the magnetic field required for deflection. This energy
depends on the geometry of the deflection yoke but also on system choices
such as the anode voltage, line frequency, flyback ratio, overscan, deflection
angle, and the geometry of the neck of tube. Part of this energy is lost in
the resistive part of the system; both in the drive circuit and in the deflection
yoke.

The largest part of the dissipation in a deflection yoke is caused by dc losses
of the drive current in the copper wires and by the proximity effect due to the
large magnetic field through the copper wires. Other loss phenomena, such as
hysteresis loss in the ferrite core, the skin effect and dielectric loss phenomena,
turn out to have a much smaller contribution and can be neglected to first
order.

The losses due to the proximity effect are reduced by using several thinner
wires in parallel, rather than a single thick wire. If the number of wires
becomes too high to handle, litz wires are used.

However, our experimental results indicate that the reduction in dissipa-
tion by using litz wires rather than solid wires is less than expected from the
theory on the proximity effect alone. The measured dissipation of the line
coils can be well understood as the result of an interwire proximity effect in
a bundle of parallel wires that depends on the total diameter of the bundle,
instead of on the diameter of the separate conductors. The net magnetic flux
through the surface enclosed by pairs of wires causes additional currents to
flow, which affect the distribution of the currents over the parallel wires. This
directly results in a higher dissipation.

It is clear that most of the measures to reduce the dissipation lead to
higher costs. Some evident examples are the use of litz wires instead of solid
wires and the use of thicker yoke rings. Measures with less impact on the
cost price have to be taken during the first conceptual design phase where
e.g. the coil shape, coil length and copper volume are defined. The largest
contribution to the reduction of dissipation can be achieved by measures at
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system level, such as by decreasing the anode voltage and the deflection angle.
In later design phases, the winding tools are fixed and the shape of the coils
cannot be changed anymore. In fact, then only the wire diameter and the
number of parallel wires may be changed.



Chapter 4

Description of ringing

4.1 Introduction

In the previous chapter, we have analyzed dissipation over a frequency range
up to 1 MHz. Up till now, we did not take into account the capacitances
between the coil wires. These capacitances may result in high-frequency
electromagnetic oscillations in the deflection coils with resonant frequencies
typically between 1 and 10 MHz.

The main purpose of this chapter is to provide a deeper understanding of
these high-frequency oscillations which also show up in the magnetic fields of
the deflection coils. We will address various aspects of describing this so-called
ringing phenomenon, such as measuring and modeling the oscillations. In our
analysis we will use the concepts of magnetic deflection which we introduced
in Chapter 2 as well as the models for the dissipation which we analyzed in
Chapter 3. Understanding these concepts and models proves to be essential
to finding and optimizing ways for effectively damping the high-frequency
oscillations which will be described in Chapters 5 and 6.

The structure of this chapter is the following. First, the ringing problem
is described in Sect. 4.2. Subsequently, the literature on ringing is discussed
in Sect. 4.3. Various methods to measure ringing are described in Sect. 4.4.
Circuit models are introduced in Sect. 4.5 to describe and predict the magnetic
frequency response from the measured impedance characteristics. Finally, we
use the new models to fit the experimental results, both from the impedance
measurements and from the frequency-response measurements.

Part of this chapter has already been published in [149].
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Figure 4.1: High-frequency oscillations in the deflection yoke result in vertical bars
at the left hand side of the screen. This annoying effect is called ringing.

4.2 The ringing problem

If no precautions are taken, many CRTs would display a gradually decaying
pattern of alternating lighter and darker vertical bars at the left-hand side of
the screen, see Fig. 4.1. This phenomenon is called ringing. Ringing is one
of the most common complaints from circuit designers of computer monitors.
Although ringing problems can be prevented by a good design of the electronic
circuits, computer-monitor designers are more and more reluctant to change
their circuits. Because unexpected ringing problems require urgent action of
application engineers, preventive measures in the design of the deflection coils
are desirable. This justifies the detailed study carried out in this thesis.

Figure 4.1 illustrates the ringing problem. Ringing is caused by high-
frequency electromagnetic oscillations in the deflection coils. To explain this,
we have to realize that images on both television screens and computer-
monitors screens are produced by electron beams writing lines from the left-
hand side to the right-hand side of the screen. As explained in Chapter 2,
this horizontal deflection is obtained by a gradually varying magnetic field
generated by the line coils. At the end of each line, the current through the
line coils is quickly reversed. In the mean time, the magnetic field for vertical
deflection has changed such that the next horizontal line is written below the
previous one.

The quick reversal of the currents in the line coils, however, can excite
electromagnetic oscillations which are superimposed on the line deflection
field. This causes the scanning to speed up and to slow down at the pace
of the ‘ringing frequency’. This ringing frequency is typically two orders of
magnitude higher than the line frequency. A typical ringing frequency for
CMTs is about 5 MHz; the maximum line frequency in modern applications
is 128 kHz.

When the beam moves slower, more electrons hit the screen per unit area,
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which results in a brighter image. When the electron beam moves faster, less
electrons hit the screen per unit area, which results in a darker image. Since
the oscillation is excited in the same way by each flyback, this results in the
superposition of vertical bars on the left-hand side of the picture. Especially
in a uniformly white image, these ringing bars are quite annoying.

Sometimes, the ringing phenomenon causes a deviation in the vertical
deflection direction on a line written in the horizontal deflection direction.
This ‘serpentino’ kind of ringing is not discussed further, because more often
the ringing phenomenon causes a deviation in the velocity at which a line is
written in the horizontal direction.

4.3 Literature on ringing

To the best of our knowledge, not much has been published about ringing
in deflection yokes in the open literature. Ringing is usually only briefly
mentioned when describing a new type of deflection yoke [146,150—152]. Only
T. Murakami [153] and A. Zegers [154] presented a more detailed analysis,
but both authors do not provide a link between front-of-screen appearance of
ringing and the physical phenomena that affect the high-frequency behavior
of CRT deflection coils. In Chapter 6, we will see that more references can
be found in the patent literature in which various solutions are proposed.
However, in this patent literature, no detailed analysis of the ringing problem
can be found.

Many more papers have been published about the high-frequency behavior
of specific transformers. An overview of several significant articles is given
by Urling et al. [155]. Different equivalent circuit models have been set
up to model various kinds of transformers taking into account the parasitic
capacitances [?, 67, 156—171], as well as different methods for calculating
the values of a lumped-component equivalent circuit from the impedance
measurements [172—181]. For several transformer topologies, the model
parameters can be calculated by a Finite-Element Analysis (FEA) tool
[182—187]. We have not found a description in literature of such an approach
to calculate the equivalent circuit model for CRT deflection coils.

Unfortunately, the proposed equivalent circuits and their parameters are
very specific for the shape and technology of the modeled transformers and are
not simply applicable to CRT deflection coils. Note that the overall geometry
as well as the individual wire positions of CRT deflection coils differ strongly
from customary transformers.
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Figure 4.2: Front-of-screen ringing measuring setup.

4.4 Measuring ringing

Ringing is usually measured by recording the light intensity along the screen,
as illustrated in Fig. 4.2. A dark bar corresponds to a low value, while a bright
bar corresponds to a high value of the light intensity. In this way, also the
decay of the ringing is adequately measured. In fact, this setup measures the
time response since the horizontal position of the scan varies almost linearly
in time.

A first measure for ringing is the decay of the light intensity at the
left edge of the screen. Frequently, the measured decay has an exponential
shape. Figure 4.3 presents the key ringing parameters to describe the ringing
phenomenon for such an exponential decay: the amplitude ar, the angular
ringing frequency ωr, and the decay time τ r.

This conventional front-of-screen measuring method has as main disad-
vantage, that the results depend strongly on the drive circuit. Ringing is
especially induced by steep switching transients. The main driving force for
ringing is the non-ideal switching behavior of the drive circuit. Consequently,
the ringing is different for different drive circuits.

Although the front-of-screen measuring method is valuable for the end
inspection to test the overall quality of a television set or computer monitor,
this method is less suitable to evaluate the ringing properties of a deflection
yoke itself in interaction with future drive circuits.
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Figure 4.3: Key ringing parameters.

4.4.1 The optical frequency response

The conventional measuring method is just one of the many ways for
determining the ringing characteristics of a deflection yoke. Figure 4.4 shows
three different methods that are commonly used in system analysis. The first
one corresponds to the conventional measuring method, in which the output
depends strongly on the input signal, i.e. the flyback pulse. In fact, it is
a convolution of the input signal with the pulse response of the system. In
CRTs both the driving force and the resonant behavior depend on the drive
circuit.

If the input pulse is short enough, the output is the pulse response which is
obtained in the second method. In this method, a very short pulse is applied
to the system and the response is measured as a function of time. For simple
resonating systems, this pulse response is the product of a sine wave signal
and an exponential decay with time constant τ r. Unfortunately, it is difficult
to apply a well defined sharp voltage pulse to a deflection yoke connected to
a drive circuit, due to the large inductance of the coils and the characteristics
of the drive circuit.

A third, more useful, method for characterizing oscillating systems is
shown in the bottom part of Fig. 4.4. In the most elementary setup, a sine
wave of constant amplitude is applied at the input and the amplitude of
the output signal is measured. The plot of this amplitude as a function of
frequency is the so-called frequency response.

In fact, the pulse response and the frequency response are each others
Fourier transform. For our evaluations, however, it is more interesting to
determine the center frequency (ωr) and the width (∆ω) of each resonance
peak. The center frequency corresponds to the oscillating (ringing) frequency.
The width at half the maximum of the frequency response is related to the
decay time of the pulse response. The sharper the resonance peak, the more
severe ringing problems occur.
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Figure 4.4: Time response and frequency response measuring methods.

A practical implementation of the frequency-response measurement is
shown in Fig. 4.5. A sine wave voltage source is connected in series with
the line coil and the line drive circuit. During scanning the line drive circuit
is adequately modeled by a closed switch, as described in Sect. 2.3.4. The
sine wave signal is started again at the start of every horizontal line scan. The
frequency of the sine wave can typically be varied between 1 and 10 MHz.

The sine wave voltage source results in a small sine wave current
superimposed on the large saw-tooth shaped current through the line coils.
Internal oscillations increase the amplitude of the sine wave current. While
the main current deflects the electron beams from the left-hand side of the
screen to the right-hand side, the sine wave current results in increasing and
decreasing again the deflection velocity with which the electron beams scan
along the screen.

To first order, the front-of-screen light intensity is inversely proportional to
the deflection velocity. The optical result of the additional sinusoidal current
is a large number of vertical bars along the entire screen. With a camera in
front of the screen, we measure the modulation depth of the bars along the
screen. This modulation depth m is defined as

m =
Smax − Smin
Smax + Smin

(4.1)

where Smax and Smin denote the maximum and minimum light intensity,
respectively.

We assume that the light intensity S(Xg) is inversely proportional to the
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Figure 4.5: Optical frequency response measuring setup.

scanning velocity v(Xg) at screen position Xg:

S(Xg) ≈
α

v(Xg)
(4.2)

Although this is certainly wrong for v(Xg) = 0, this is a reasonable assumption
for practical values of v(Xg). The proportionality factor α depends on the
tube geometry and voltages and is considered constant in our analysis. If
the maximum scan velocity is vscan+vextra and the minimum scan velocity is
vscan−vextra, the following expression results for the modulation depth m :

m =
vextra
vscan

(4.3)

We consider vscan constant in our analysis. To first order, the deflection
Xg(t) is proportional to the magnetic flux density B(t), with proportionality
constant γ:

Xg(t) = γB(t) (4.4)

An alternating magnetic flux density Bextra(t), superimposed on the main
deflection field, modulates the scan velocity vscan with an amplitude

vextra = γ
dBextra(t)

dt
(4.5)

Again to first order, we assume that the magnetic flux density Bextra(t) is
generated by a current i(t) through a deflection coil with Nturns turns around
an effective area AL:

Bextra(t) = L
i(t)

NturnsAL
(4.6)

The proportionality constant is the inductance L of the deflection coil.
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Figure 4.6: Measured optical frequency response, showing the modulation depth m
as function of frequency for a 1700CMT.

Since the voltage across an inductance is vL = −Ldi(t)/dt, we find

vextra = γ
bvL

NturnsAL
(4.7)

where bvL denotes the amplitude of the voltage across the inductance.
Substitution in Eq. 4.3 results in

m(ω) = κ
bvL(ω)

NturnsAL
(4.8)

in which the constant κ depends on the geometry and a.o. the anode voltage.
According to Eq. 4.8, the modulation depth is proportional to the voltage
across the coil that generates the magnetic deflection field. We will use this
relation in Sect. 4.4.3 and 4.4.4 to develop alternative measuring methods.

Figure 4.6 shows a typical result. The modulation depth as function
of frequency presents the optical frequency response. In this example, the
ringing frequency is about 5.8 MHz and the bandwidth is 1.5 MHz. The
absolute values of the modulation depth depends of course on the amplitude
of the sine wave voltage source (which is 15 V in this example) and the
amplitude of the line current (which is 5 A in this example).

The advantage of the optical frequency-response measuring method is that
various ringing frequencies of the deflection coils can be identified , irrespective
of the transient behavior of the components in the drive circuit. By measuring
somewhere in the middle of the screen, the influence of transients originating
from the drive circuit is negligible.
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Figure 4.7: The three ringing modes.

4.4.2 Differential-mode and common-mode ringing

An additional advantage of the optical frequency-response measuring method
is that it allows for separate analysis of various ringing modes as shown in
Fig. 4.7. The system of CRT deflection coils is considered as a four-terminal
system.

The concepts of differential-mode and common-mode currents are well
known in the field of Electromagnetic Compatibility (EMC) [188,189]. They
conveniently characterize the various ringing modes. In the Differential-Mode
(DM), currents flow in different directions in the coil leads with no net current
in the common direction. In the Common-Mode (CM), a net current flows in a
common direction in the leads, with no net current in the different directions.

If we consider in a symmetric situation two coil leads with currents i1
and i2 respectively, the DM current idm and the CM current icm are defined
by [190]:

idm = (i1 − i2)/2 (4.9)

and

icm = i1 + i2 (4.10)

We distinguish:

• differential-mode ringing through the line coils;

• differential-mode ringing through the frame coils;

• common-mode ringing through line and frame coils.

A differential-mode ringing current through the line coils, superimposed
on the sawtooth line current, can be excited by the sharp end of the flyback
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Figure 4.8: Measuring setup of differential-mode (left) and common-mode (right)
ringing.

voltage generated by the line drive circuit. Similarly, a differential-mode
frame coil current flows through the frame coils. Here an extra ringing current
through the frame coils can also be excited by the sharp end of the flyback
voltage generated by the line drive circuit due to the capacitive coupling
between line and frame coils.

Because the common-mode ringing turns out to be the major cause
of ringing in many applications, we explain this ringing mode in more
detail. In a deflection yoke, the line coils are close to the frame coils. For
higher frequencies, the (displacement) current can pass through the parasitic
capacitance between the line and frame coils. In that manner, the common-
mode currents flows in both line and frame coils and can return through
the drive circuits. The common-mode ringing can be excited by the switching
characteristics of an additional correction circuit in the ground lead of the line
coils. Another important configuration that results in common-mode ringing
problems is the presence of a significant impedance in the ground leads of the
drive circuits.

In practice, the situation is more complicated because a differential-mode
current can excite a common-mode current and vice versa. For instance, the
voltage generated by a differential-mode current through the line coils can
give rise to a common-mode current through the frame coils and, via the
parasitic capacitance, also through the line coils. Furthermore, a differential-
mode current in the line coils can also produce a differential-mode current in
the frame coils as a result of their mutual magnetic coupling.
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Figure 4.9: Experimental results of common-mode and differential-mode
measurements of the optical frequency response of a 1700 CMT sample, showing
the modulation depth as a function of frequency.

Measuring principle

The principle of the setup for measuring the optical frequency response for
differential-mode ringing of either line or frame coils has already been shown in
Fig. 4.5. Figure 4.8 (right) shows how the common-mode ringing is measured.
The test voltage produces a current that passes the capacitance between line
and frame coils and that flows through both line and frame coils. Note that
oscillations in the frame coils also result in vertical bars at the screen as the
oscillating currents flow through (parts of) the line coils as well. The electrical
circuits in the measuring setup are described in more detail in [49].

Figure 4.9 shows both the differential-mode optical frequency response of
the line coils and the common-mode optical frequency response of a 1700CMT.
Again note that the absolute values of the modulation depth depend on
the amplitude of the voltage source. From the figure we conclude that
a differential-mode current of the line coils has a resonance frequency of
5.9 MHz. The common-mode current oscillates at 1.8 MHz and 6.0 MHz. This
corresponds very well to observed ringing frequencies in computer monitors.
In practice the low-frequency resonance is often more annoying than the high-
frequency one because it has a longer decay time.

Circuit interaction

The optical frequency-response measuring method is not only used to analyze
deflection yokes, but also to analyze the interaction of the deflection yoke
with the drive circuit. This allows circuit designers to optimize their circuits
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Figure 4.10: Effect of a series inductance on ringing, measured with the differential-
mode optical frequency response measuring method.

in terms of a lower ringing level.

A simple illustration of the influence of the circuits is the inclusion of a
series inductance in the line leads, to model long or ill-positioned wires. A
13-μH coil was added in series to a 123-μH line coil a 1700CMT deflection yoke.
This value, 10% of the line inductance, is chosen to be larger than found
in practical circuits, to see the effect more clearly. The measured results are
shown in Fig. 4.10. Clearly, the combination is much more sensitive to ringing
than the circuit without the series coil. The frequency response is much higher
with the series coil than without.

Furthermore, the optical frequency-response measuring method can be
used to analyze the effectiveness of ringing suppression measures. One of
these measures is to include a common-mode rejection choke in the leads of
the frame coils. This option will be explained in more detail in Sect. 6.3.4. It is
presented here just to illustrate the use of the measuring method. Figure 4.11
shows the results of adding the choke. Clearly the choke suppresses the low-
frequency resonance peak completely while also the high-frequency peak is
reduced strongly.

Summarizing, a new measuring method has been presented for optically
measuring the ringing characteristics of deflection yokes. The advantages of
the optical frequency-response measuring method are the following:

• the ringing sensitivity can be characterized independently of the
switching properties of the drive circuit components

• the interaction with the drive circuit can be studied systematically
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Figure 4.11: Effect of a common-mode rejection choke, measured with the common-
mode optical frequency response measuring method.

• the concepts of differential-mode ringing and common-mode ringing
have been introduced. These modes can be measured separately.

• the effectiveness of ringing suppression can be quantified from the
measured width of the frequency response.

4.4.3 The magnetic frequency response

The optical frequency-response measuring method has many advantages
and has been successfully applied for the analysis of many problems. A
disadvantage, however, is that the measuring setup is quite complicated. A
highly skilled operator is required to manage the settings of the camera, tube
supply voltages, deflection yoke drive currents and computer control.

A much simpler, faster and cheaper measuring setup is obtained by
measuring the magnetic field of the deflection yoke rather than the optical
modulation depth. In general, the results are somewhat different from the
optical experimental results, but we will show in this section that in practice
the measured Magnetic Frequency Response (MFR) is similar enough to the
optical frequency response to be useful in our analysis.

The concept of the MFR measuring setup is based on front-of-screen
observations in the optical frequency-response measuring setup. There, we
saw that the vertical bars are visible over the entire height for the differential
mode. We therefore concluded that a large pick-up coil in the center of the
deflection yoke would be a good choice to measure the magnetic frequency
response of differential-mode oscillations.

For the common-mode however, the bars are observed to change phase
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Figure 4.12: Schematic diagrams of the measuring setups for (a) the Differential-
Mode Magnetic (DMM) frequency response and (b) the Common-Mode Magnetic
(CMM) frequency response.

from the top to the bottom of the screen. On the upper half of the screen,
the modulation depth decreases when the bars are traced from the top of
the screen to the middle. In the center horizontal line of the screen, the
modulation was no longer visible. Further down, the modulation increased
again except that dark and bright bars were interchanged. The differential-
mode pick-up coil in the x-plane of the deflection yoke cannot measure the
common-mode ringing. In this case we use a large pick-up coil close to one of
the line coils to measure the magnetic frequency response of common-mode
oscillations.

Both pick-up coils were mounted in a glass cone to ensure a correct
geometrical alignment of the coils to the deflection yoke to be measured.

In the next two sections we will describe the setups to measure the
magnetic frequency response for the differential-mode and the common-mode
in more detail.

Differential-mode magnetic frequency response

Figure 4.12a gives a schematic diagram of the Differential-Mode Magnetic
(DMM) frequency-response measuring setup. Basically it consists of a large
pick-up coil and a spectrum analyzer for which we have used an HP4192A
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Impedance Analyzer. The oscillator output of a spectrum analyzer is
connected to a power splitter which divides the signal in two parts. One
part drives the line coils. The other part is connected to the reference input.
The 50-Ω feedthroughs are included to ensure a constant load of the oscillator.
The signal input of the spectrum analyzer is connected to a large pick-up coil
in the x-plane of the deflection coils.

In contrast to the optical frequency response setup, no large sawtooth
currents flow through the line and frame coils. In the DMM setup, the
maximum voltage is only 1 V, whereas in the optical frequency-response
measuring setup voltages up to 1500 V occurred (during flyback). This makes
the DMM setup much more safe for operators than the optical frequency
response setup.

The key design consideration was to develop a magnetic measuring setup
that gives results in close agreement to the more elaborate optical measuring
setup. At first sight, the principles seem quite different. However, both pick-
up voltage and the optical modulation depth are proportional to the time
derivative of the magnetic flux (see Sect. 4.4.1).

Also the high-frequency driving configuration is similar to that in the
optical setup. The impedances ωL of the line and frame coils are much higher
than 50 Ω so that the driving source in the DMM set up can be considered
as a simple sine wave voltage of constant amplitude. This was also the case
in the optical measuring setup (Fig. 4.8).

After some experimentation we have designed a pick-up coil that just fits
in the inner side of a glass cone with maximum active area, i.e. in the rear
extended towards the gun area and at the front extended up to the level where
signals did no longer increase. To obtain reproducible experimental results,
the pick-up coil was fixed on the inner side of a glass cone. In fact, a 1500CMT
cone was used. This is also suitable for 1700CMT and 2100CMT measurements
because these designs have the same cone shape.

Normally, glass cones are covered with weakly conductive layers, the so-
called soft-flash and aquadag layers, but no differences in the experimental
results were found when cones were used with or without these layers.

Typical experimental results for a 1700CMT are shown in Fig. 4.13.
Comparison to Fig. 4.10 shows that the magnetic frequency response is very
similar to the optical frequency response.

The measuring setup for the differential-mode magnetic frequency re-
sponse of the frame coil is very similar to that of the line coil presented
above and will not be discussed here. The measurement of the common-mode
frequency response is somewhat different and will be discussed in the next
section.
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Figure 4.13: The DMM frequency response of a 1700 CMT before (thick line) and
after (thin line) adding a 13- μH inductance in series to the line coil.

Similar to what we discussed for the optical frequency response, the
magnetic frequency-response measuring method can also be used to analyze
the interaction of the deflection yoke with the drive circuit. Figure 4.13 shows
the measured magnetic frequency response before and after adding a 13-
μH inductance in series to the 123-μH line coil. The experimental results
are similar to those obtained with the optical frequency-response measuring
method, as presented in Fig. 4.10, except that a second resonance peak near
8 MHz appears in the magnetic frequency response which is not seen in the
optical frequency response.

Common-mode magnetic frequency response

In contrast to the differential-mode ringing field, the common-mode ringing
field cannot be measured with a large pick-up coil in the x-plane of the
deflection yoke because the common-mode ringing usually results in a zero
field near the axis (corresponding to a quadrupole field). Therefore, an
additional out-of-center pick-up coil had to be developed as well.

Figure 4.12b gives a schematic diagram of the Common-Mode Magnetic
(CMM) frequency-response measuring setup. The common-mode ringing is
measured by forcing the sinusoidal current through both the line coils and
frame coils. The two line leads are connected to ground (to reduce the
capacitive crosstalk between line coils and pickup coil), while the two frame
leads are connected to the oscillator output.

Typical experimental results for a 1700CMT are shown in Fig. 4.14a. An
enlarged detail of the first resonance peaks is shown in Fig. 4.14b. Comparison
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Figure 4.14: (a) Experimental results of common-mode and differential mode
measurements on the magnetic frequency response of a 1700CMT sample, showing
the pick-up voltage as function of frequency. (b) Enlarged detail of the common-
mode magnetic frequency response measurement.

to Fig. 4.9, shows that the common-mode magnetic frequency response is
similar to the optical frequency response, except that more resonance peaks
are found.

Measuring setup for the magnetic frequency response

The pickup coils consist of a single-turn wire loop of 7×125-μm litz wire
with twisted leads. The resonance peak of this pick-up coil is much higher
than 10 MHz, which is our maximum measuring frequency. More turns
result in lower resonance peaks of the pick-up coil. Two turns already
lower the resonance peak to about 10 MHz which is not acceptable for our
measurements.

Figure 4.15 shows the geometry of the pickup coils in detail and Fig. 4.16
shows photographs of the measuring setup.

The ringing frequencies and the bandwidths are accurately measured with
the magnetic frequency-response measuring method. However, the heights of
various ringing modes can differ from those found in the optical frequency
response method. This can be explained by the fact that the intensity of the
oscillating field changes along the z-axis of the deflection yoke. The magnetic
measurement measures the average over a larger (pickup) area, whereas the
contributions to the optical measuring results depend on how and where the
electron beams traverse these fields.
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Figure 4.15: Geometry of the simple pickup coil, placed in the x-plane of the glass
cone with the sides against the inside (1500CMT) glass contour.

Compared to the optical frequency-response measuring method, the
Magnetic Frequency Response (MFR) measuring method is easier, safer,
faster and the measuring setup is simpler and less expensive. Another
advantage of the MFR method is that it allows for measurements in various
regions in the deflection yoke, allowing for distinction in e.g. flare, middle
and neck regions.

However, the disadvantage of the MFR method is that the relative
amplitudes of various ringing modes can differ from those found in the optical
frequency-response measuring method. This is no serious drawback, since the
main application of the measuring method is to evaluate the effectiveness of
ringing suppression techniques.

4.4.4 Impedance characteristics

Up to now we have described the measurement of the ringing performance of
a deflection yoke by either the optical or magnetic frequency response. This
is already adequate for measuring the ringing performance, but it gives no
physical understanding about how to improve on ringing. To improve this
understanding, we will derive electrical circuit models in Sect. 4.5 from which
the previous experimental results on the frequency response can be derived.
This approach enables us to describe the performance in terms of a small
number of circuit components with fixed values. Subsequently, in Chapter
5 we will show how the values of the components in the circuit models are
related to the geometry of the coils.

An easy and quick measuring method to determine the dynamic behavior
of a deflection yoke is to measure the impedances of the line and frame coils
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Figure 4.16: Photographs of (a) the magnetic measuring setup, (b) the pick-up coil
in the center of the cone, and (c) the out-of-center pickup coil against the inner
side of the glass cone.
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Figure 4.17: Differential-Mode Impedance (DMI) (a) measuring setup and (b)
typical measuring results: amplitude and real part (dotted line) of the measured
line-coil impedance of a 1700CMT deflection yoke as a function of frequency.

as functions of frequency. In contrast to the more straightforward optical and
magnetic ringing measuring methods, the impedance measuring method is not
restricted to complete deflection yokes, but can also be applied to characterize
the ringing characteristics of individual line coils or individual frame coils.
This allows for a more detailed analysis of the ringing phenomenon, e.g.
when studying the influence of spread in the positions of the wires, the wire
characteristics and/or the coil processing.

Most impedance measuring equipment translate the impedance Z to a
resistance R with a series inductance L:

Z = R+ jωL (4.11)

However, especially for the high-frequency characteristics of deflection yokes
it is important to note that the measured ‘resistance’ values are determined
for a large part by e.g. eddy-current losses. Circuit models based on physical
insights are helpful for the interpretation.

In the remainder of this section, we will discuss the setup for measuring

• the Differential-Mode Impedance (DMI);

• the Common-Mode Impedance (CMI).

In Sect. 4.5 we will present electrical circuit models which can be fitted to
these impedances.
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Figure 4.18: Common-Mode Impedance (CMI) characteristic (a) measuring setup
and (b) typical measuring results: amplitude and real part (dotted) of the
measured common-mode impedance as a function of frequency.

Differential-mode impedance

Figure 4.17a shows the basic principle of the Differential-Mode Impedance
(DMI) measuring setup, in which the impedance is measured between the
two line coil leads only. Although in real application circuits, the two frame
coils can be short-circuited for high frequencies, in practice the measured
impedance characteristics do not differ significantly when the two frame coil
connections are short-circuited or not.

To obtain results as close as possible to the results obtained with the
optical frequency response and the magnetic frequency-response measuring
setups, we measure the line coil impedance on the fully assembled deflection
yoke. Figure 4.17b shows a typical measuring result of both the amplitude
of the impedance and the real part of the impedance for the line coils of
a 1700CMT, measured with a HP4192A impedance analyzer up to 10 MHz.
The two resonance peaks have at first sight no clear relation to the frequency
responses described in the previous sections. In Sect. 4.5, we will elaborate on
this relation and we will show how the frequency response can be calculated
from the impedance characteristic.

In principle, the impedance between the two frame coil leads can be
measured in the same way. However, in many deflection yokes a frame balance
potentiometer is connected in parallel with the two frame coils. Because
this provides a relatively low impedance parallel path for the high-frequency
currents, no resonance peaks are observed. Of course, it is possible to remove
the frame balance potentiometer and other resistances in parallel to the frame
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Figure 4.19: Alternative equivalent circuits to model the low-frequency behavior of
CRT deflection coils.

coil, but this will not be discussed further in this thesis because this provides
no new insights and is not relevant for normal operation.

Common-mode impedance

Important is also the Common-Mode Impedance (CMI) between the line coil
and the frame coil leads. Figure 4.18a presents a schematic diagram of the
measuring setup and Fig. 4.18b shows a typical result for the amplitude |Z|
and the real part Re(Z) of the impedance. For frequencies up to 1 MHz the
impedance looks like a simple capacitance, typically of about 60 pF. Near
2 MHz the first oscillation is measured. Again at first sight, the relation to
the measured frequency-response is not obvious. In Sect. 4.5 we will elaborate
on this relation.

4.5 Equivalent circuit models

The objective of this section is to present equivalent circuit models that can
be fitted to the impedance characteristics presented in the previous section.
Subsequently, we will derive the frequency response which should be close to
the response obtained with either the optical frequency response or with the
magnetic frequency-response measuring method.

Furthermore these circuit models allow for circuit analysis and optimiza-
tion. Sophisticated CAD circuit design tools such as Spice [191] are commonly
used in circuit design. However, for line-deflection drive circuits, the high-
frequency behavior cannot be predicted yet, due to the lack of circuit models
that describe the high-frequency behavior of deflection yokes. Furthermore,
no link to front-of screen performance is available in the literature, yet.

This section presents circuit models for the description of high-frequency
oscillations in CRT deflection coils. This enables CRT circuit designers to
use circuit simulation programs to predict the high-frequency behavior of
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Figure 4.20: Eddy currents can be modeled as a transformer (a), which can also be

represented by a T-equivalent model (b). When L = L1 = L2 =M, this reduces
to a parallel arrangement of L and R (c).

the interaction between the deflection yoke and the drive circuit. Note that
although these models are primarily of interest to circuit designers of television
and computer-monitor sets, they are possibly also useful for transformer
designers [170]. Circuit models for high frequencies are not only useful for
analyzing how to reduce ringing in deflection yokes, but they also help to
improve the cooperation of designers of deflection yokes with designers of
drive circuits.

The structure of this section is the following. First, some conventional
low-frequency circuit models are described and the basic principles for an
electrical description of damped RCL oscillations are reviewed. Subsequently,
new high-frequency circuit models are introduced. We will show that the
oscillating currents that cause the front-of-screen ringing problem, can be
adequately modeled by series of RCL circuits. Finally, some simulation results
and experimental results are presented.

4.5.1 Equivalent circuit models for differential-mode ringing

At this stage it is useful to have a closer look at the equivalent circuit model
of a pair of line coils. Various equivalent circuits can be used to simulate an
inductor [192]. In Chapter 2 we introduced a single inductance as equivalent
circuit model for a pair of line coils. In Chapter 3 we extended this inductance
with a series resistance Rs to describe the eddy current losses. This equivalent
circuit, shown in Fig. 4.19a, was suited well for describing the power loss, but
the disadvantage is that the resistance Rs depends strongly on the frequency.
This makes this circuit model difficult to use in regular circuit simulation
programs.

To first order, the losses can also be modeled by a fixed series resistance
Rdc and a fixed resistance Rp parallel to the inductance. The resistance Rdc
models the dc Ohmic losses and the resistance Rp models the eddy current
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Figure 4.21: (a) a simple parallel RL model; (b) comparison of the measured real
part of the impedance of 1700CMT line coils with 13×236-μm wires (squares)
with a fit to this model.

losses.

The resistance Rp can be connected either across the series arrangement
of the inductance and the dc resistance as shown in Fig. 4.19b, or across the
inductance only as shown in Fig. 4.19c. For the parallel inductance Lp the
same value is chosen as for the series inductance Ls. Some authors prefer
the one while others prefer the other arrangement. For our analysis it is not
relevant where we locate the dc resistance and we use the equivalent circuit
shown in Fig. 4.19c since this circuit is easier to analyze. In this circuit, the
losses are modeled by a fixed series resistance Rdc and a fixed resistance Rp

parallel to the inductance.

The reason why a parallel resistance is a more convenient choice than a
series resistance is related to the physics of eddy currents. In fact we could
model eddy currents by a transformer in which the intended current flows
through the primary side of the transformer, as shown in Fig. 4.20a. The
magnetic field generated by the primary inductance L1, induces currents in a
resistive material; in our case the resistance is located in parts of the copper
wires themselves, but it could also be in some other conductive material in
the neighborhood, such as e.g. gun parts. The induction of current through a
resistive material can be modeled by a mutual coupling M with a secondary
coil L2 of the transformer with a resistive load R. When L1 = L2 = M,
this circuit can be reduced to a parallel arrangement of an inductance and a
resistance indeed, as shown in Fig. 4.20c.

The impedance Z(ω) of the equivalent circuit shown in Fig. 4.19c is given
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Figure 4.22: Alternative equivalent circuits to model ringing of CRT deflection
coils.

by

Z(ω) = Rdc +
Rp

1 + (Rp/ωLp)2
+ jωLp

1

1 + (ωLp/Rp)2
(4.12)

For low frequencies, when ωLp < Rp , the real part is approximated by

Rlf = Rdc +
ω2L2p
Rp

(4.13)

This quadratic dependence on the frequency is in agreement with the low-
frequency approximation of both the skin effect and the proximity effect (see
Sect. 3.4.2).

The impedance of the line coils of a 1700CMT with 13×236-μm wires has
been measured with an HP4116A frequency analyzer. The real part of the
impedance is shown in Figure 4.21. This figure illustrates that practical
experimental results of frequency-dependent resistance can be adequately
fitted with this model. With an impedance Lp = 124 μH, a value Rp = 9.8
kΩ is found in this case.

For frequencies above 500 kHz, the real part of the impedance no longer
increases quadratically with the frequency. For proximity losses this is clear
from Eq. 3.49. Consequently, the impedance of the line coils can no longer be
modeled by a fixed resistance parallel to the inductance.

Although the RL model gives a close fit of the impedance characteristic
for frequencies below 500 kHz and is suited for modeling the dissipation, it
does not describe ringing.

In the same way, the capacitances in the coil can be modeled by a parallel
capacitance in the equivalent circuit model. Again we have a number of
choices, as shown in Fig. 4.22. The electrical properties of the line coils can
be described by all of these circuit models, but the parameter values will be
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Figure 4.23: (a) the single-RCL model; (b) comparison of the measured impedance
characteristic (squares) of 1700CMT line coils with 13×236-μm wires with a fit of
the single-RCL model.

different in general and will be frequency dependent. We choose for the circuit
in which the three components are simply in parallel (Fig. 4.22c), because this
circuit is the easiest to analyze analytically. With this circuit, a convenient
description with fixed parameter values can be obtained in a certain frequency
range.

We follow a pragmatic approach. We propose a simple equivalent
circuit model which we can easily analyze analytically and validate that this
equivalent circuit model accurately describes the impedance characteristic up
to 10 MHz with fixed parameter values.

Single-RCL model

Impedance measurements deviate from the impedance predicted by the RL
model due to the parasitic capacitances of the deflection coils. For higher
frequencies, the measured impedance is adequately fitted to the single-RCL
model shown in Fig. 4.23a.

To first order, the impedance Z(ω) of the line-coil pairs is modeled by
a lumped circuit model with a fixed capacitance C, parallel to both a fixed
inductance L and a resistance R. Although the value of this parallel resistance
actually varies slightly with frequency, we will see that a fixed value of R
already results in a useful description of the impedance.

The impedance of this parallel RCL model is given by
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ZRCL(ω) =

µ
1

R
+

1

jωL
+ jωC

¶−1
(4.14)

Figure 4.23b shows a comparison between the experimental results and a
least-squares fit with this lumped RCL model to the impedance characteristic
of the line coils of a 1700CMT with 13×236-μm wires. The fitting parameters
are R = 27.7 kΩ, C = 35 pF and L = 111 μH.

To make fitting easier, Eq. 4.14 is rewritten as

ZRCL(ω) =
R

1 + jQ( ωωo −
ωo
ω )

(4.15)

with Q = R
p
C/L and ωo = 1/

√
LC. For fitting to |ZRCL(ω)|, we use 2π

times the peak frequency fo of the first peak of the impedance characteristic
as a first guess for ωo. Furthermore, we use the peak value of the impedance
characteristic as a first guess for R. As a first guess for Q, the ratio fo/∆f is
used in which∆f denotes the width of the impedance characteristic |ZRCL(ω)|
at 1/

√
2 of the peak value.

Damped RCL parallel oscillation

In this section, we summarize the basic principles of the damped oscillation
of the parallel RCL circuit shown in Fig. 4.23a for a damped oscillation, i.e.
for ω2o − τ−2 > 0 with τ = 2RC and ωo = 1/

√
LC.

After a sharp current pulse with amplitude ı̂ and duration ∆t, the voltage
across a parallel RCL circuit is given by

v(t) =
ı̂∆t

C
e−t/τ

½
cos(ωrt) +

1

ωrτ
sin(ωrt)

¾
(4.16)

with damped resonance frequency ωr =
p
ω2o − τ−2. From Eq. 4.16 we see

that the voltage oscillates with frequency ωr and that the amplitude of this
oscillation drops exponentially with decay time τ .

The ratio

Q =
1

2
ωoτ = R

p
C/L (4.17)

is called the quality factor of the parallel RCL circuit. The higher its value,
the longer the decay of the oscillation takes.

Unfortunately, the single-RCL model is not suited to describe ringing of
CRT deflection coils. As described in Chapter 2, the line drive circuit is
to first order modeled by a closed switch in series with a dc voltage during
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Figure 4.24: The drive circuit is modeled by (a) a voltage source v0 and series

impedance Z0, or its Norton equivalent (b) a current source v0/Z0 and parallel
impedance Z0.

the time that the electron beams scan along the screen. This closed switch
imposes a short-circuit parallel to the RCL circuit so that no oscillations can
occur.

In the following two sections we explore two possibilities to extend the
single-RCL model such that ringing can be explained:

a) include the impedance of the drive circuit;

b) extend the single-RCL model to a more complex model.

a) Influence of the impedance of the drive circuit

The first possibility to extend the single-RCLmodel such that ringing becomes
possible, is to include the impedance of the drive circuit.

During the time that the electron beams scan the screen, we model the
drive circuit by a voltage source v0 with a series output impedance Z0, see
Fig. 4.24a. This circuit is easily analyzed by modeling the drive circuit by
its Norton equivalent, i.e. a current source i0 = v0/Z0 with a parallel output
impedance Z0 (see e.g. [132], page 179), as shown in Fig. 4.24b. We consider
the following two simplified cases:

i. the output impedance Z0 is a pure resistance;

ii. the output impedance Z0 is a pure inductance.

i. The output impedance Z0 is a pure resistance In the Norton
equivalent circuit, the output resistance R0 is in parallel to the resistance
R of the RCL circuit. These two resistances can be replaced by a single
resistance R0 = R0R/(R0 + R) and the circuit of Fig. 4.23a results with
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Figure 4.25: (a) the two-RCL-sections circuit model for differential-mode ringing;
(b) comparison of the measured impedance characteristic (squares) with a fit of
the two-RCL-sections model. The impedance was measured of a the line coils of
a 1700CMT with 13×236-μm wires.

i0 = v0/R0. As analyzed in Sect. 4.5.1, this circuit oscillates with frequency

ωr =
q
(LC)−1 − (2R0C)−2.

With the fitting parameters L = 111 μH and C = 35 pF of the measured
impedance, shown in Fig. 4.23b, a resonance frequency of 2.5 MHz results.
Since in practical applications a resonance frequency of 5 to 6 MHz is
measured for the differential-mode line-coil ringing, we conclude that the
ringing is not modeled adequately by a single RCL model driven by a source
with a resistive output impedance.

ii. The output impedance Z0 is a pure inductance In the Norton
equivalent circuit, the output inductance L0 is in parallel to the inductance L
of the RCL circuit. The two inductances can be replaced by L0= L0L/(L0+L)
and the circuit of Fig. 4.23a results with i0 = v0/(ωL). This circuit oscillates

with frequency ωr =
q
(L0C)−1 − (2RC)−2.

Especially at higher frequencies, long leads introduce inductance. Further-
more, capacitors in the drive circuit are no longer purely capacitive. However,
even if we would assume a total series inductance of L0 =1 μH, we end up
with a predicted resonance frequency above 25 MHz. Since this is much
higher than the frequencies found in practical applications, we conclude that
also a single RCL model driven by a source with a purely inductive output
impedance can not explain the observed ringing.
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b. Two-RCL-sections model

Another possibility to model ringing is to use a more complicated model
of the CRT deflection coils than the single-RCL model. In fact, we have
already an indication that ringing is mainly caused by internal oscillations
in the deflection coils rather than by the impedance of the leads, because
we measured a similar resonance curve in the magnetic frequency-response
measuring setup as in the optical frequency-response measuring setup. In
the optical frequency-response measuring setup a drive circuit is used with
about 1 m long interconnections, whereas in the magnetic frequency-response
measuring setup the deflection yoke was directly driven by the HP4192A
Impedance Analyzer with only 10 cm leads and no drive electronics.

A better model to describe differential-mode line-coil ringing is obtained
by further analyzing the impedance of the line coil as function of frequency.
In the measured impedance characteristic of the line coils of a 1700CMT,
Fig. 4.17b, we clearly see two resonance peaks. The first resonance peak in
the measured impedance characteristic is adequately described by the simple
RCL model, but that model does not describe the second resonance peak.
This brings us to the idea to try two RCL combination in series, as suggested
by Foster [193,194], see Fig. 4.25a.

Figure 4.25b shows the measured impedance of the line coils of 1700CMT
together with a fit to this new two-RCL-sections model. The fitted curve is
close to the measured impedance from 1 to 10 MHz including the first two
resonance peaks. The fitting parameters are:

R1 = 27.7 kΩ; R2 = 1.4 kΩ
L1 = 111 μH; L2 = 2.7 μH
C1 = 35 pF; C2 = 179 pF

In fact, the two-sections-RCL model should be extended with a dc
resistance in series. Otherwise the model has a zero impedance for low
and very high frequencies. This series resistance is also mandatory in circuit
simulation programs. For our analytical ringing analysis, however, we omit
this series resistance because it is much smaller than the impedance of the
RCL branches for frequencies above 100 kHz and because it strongly simplifies
our analysis. Later on, we will analyze the effect of including a series
impedance by circuit simulation and we will see that the total response is still
dominated by the damped sine wave that we find in our simplified analysis.

In the remainder of this section we will derive the optical (and thus also
the magnetic) frequency response with the two-RCL-sections model. First
we show that the currents in this model oscillate and we will calculate the
resonance frequency and the decay time. Subsequently, we derive the front-
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of-screen performance in more detail.
In Sect. 4.4.1 we showed that the optical front-of-screen performance is

related to the voltage across the coil that generates the magnetic field for
deflection. To derive the optical frequency response of the two-RCL-sections
model of Fig. 4.25a, we need to calculate how the voltages across the two
RCL branches depend on the drive signal. We model the drive circuit for ac
signals as a closed switch during the time that electron beams scan the screen
(Sect. 2.3.4).

We calculate the voltage v1 across inductance L1. The voltage v2 across
inductance L2 is simply found by interchanging indices 1 and 2. The
impedance Z1(ω) of a parallel R1, C1, L1 circuit is given by

Z1(ω) =

µ
1

R1
+

1

jωL1
+ jωC1

¶−1
(4.18)

and a similar expression is obtained for Z2(ω) as function of R2, C2, and L2.
If we define the transfer function H1(ω) as the ratio between the voltage

v1(ω) across L1 and the voltage v0(ω) across the network, then

H1(ω) =
v1(ω)

v0(ω)
=

Z1(ω)

Z1(ω) + Z2(ω)
(4.19)

The analysis is simplified by introducing the following parameters:

Rr =
R1R2

R1 +R2
(4.20)

Lr =
L1L2

L1 + L2
(4.21)

Cr = C1 +C2 (4.22)

and

σ1 =
1

2R1C1
, σ2 =

1

2R2C2
, σr =

1

2RrCr

α1 = 1/
√
L1C1, α2 = 1/

√
L2C2, αr = 1/

√
LrCr

ω1 =
p
α21 − σ21, ω2 =

p
α22 − σ22, ωr =

p
α2r − σ2r

(4.23)

where e.g. α1 denotes the undamped oscillating frequency and ω1 the damped
oscillating frequency of the R1C1L1 circuit.

With these notations, the transfer function H1(ω) can be written as

H1(ω) =
C1
Cr

ω22 + (σ2 + jω)2

ω2r + (σr + jω)2
(4.24)
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Figure 4.26: The absolute values of the transfer functions H1(ω) and H2(ω) as
functions of frequency.

From a similar calculation we find for the transfer function H2(ω), the
ratio between the voltage v2(ω) across L2 and the voltage v0(ω) across the
network:

H2(ω) =
C2
Cr

ω21 + (σ1 + jω)2

ω2r + (σr + jω)2
(4.25)

The voltage v1(t) across L1 after applying a short rectangular pulse with
value v̂ during a very short period of time ∆t to the network, is calculated
with the inverse Fourier transformation1 after modeling the pulse by a Dirac
pulse. The result for t > 0 is

v1(t) = 2v̂∆t
C1
Cr
(σ2 − σr) (cosωrt+ q2 sinωrt) e

−σrt (4.26)

with

q2 =
σ2 − σr
2ω2

+
ω22 − ω2r

2ω2(σ2 − σr)
(4.27)

This describes a damped oscillation with frequency ωr, decay time 1/σr and
amplitude ar given by

ar = 2v0∆t
C1
Cr
(σ2 − σr)

q
1 + q22 (4.28)

1Using the identities ( [195], Chapter 29) that the inverse Fourier transform of 1
(a+jω)2+b2

is 1
b
e−at sin(bt) and that the inverse Fourier transform of jω+a

(a+jω)2+b2
is e−at cos(bt).
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Figure 4.27: The measured Differential-Mode Magnetic (DMM) frequency response
of a 1700CMT (squares) and the transfer function |H1(ω)| calculated from the best
possible fit of the two-RCL-sections model to the measured Differential-Mode
Impedance (DMI) characteristic.

Experimental results

As we showed in Fig. 4.25b, the two-RCL-sections model could be properly
fitted to the differential-mode impedance characteristic of a 1700CMT sample
with 13×236-μm line-coil wires. Figure 4.26 shows the absolute values |H1(ω)|
and |H2(ω)| of the transfer functions with parameters fitted to the impedance
characteristic.

Comparison of Fig. 4.26 to the optical frequency response, Fig. 4.9, and
the magnetic frequency response, Fig. 4.14, shows that |H1(ω)| is very similar
to our measured DM magnetic frequency response, while |H2(ω)| is very
similar to the CM magnetic frequency response. Figure 4.27 shows both
the Differential-Mode Magnetic (DMM) frequency response and the transfer
function |H1(ω)| calculated from the Impedance Frequency Characteristic.
In this figure, the transfer function is normalized appropriately to achieve
the same maximum value. This example illustrates that the resonance peak
in the magnetic frequency response can be adequately predicted by the
transfer function calculated from the fitting parameters of the impedance
characteristic.

Furthermore, we could also choose not to use the impedance characteristic
at all and directly fit the absolute value of the transfer function H1(ω),
Eq. 4.24, to the measured magnetic frequency response. The amplitude of
the magnetic frequency response depends on e.g. the size and position of the
pickup coil and we have to use a proportionality factor rather than the ratio
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Figure 4.28: Fit of the absolute value of the transfer functionH1(ω) to the measured
DM magnetic frequency response of a 1700 CMT.

of C1 and Cr:

H1(ω) ∝
ω22 + (σ2 + jω)2

ω2r + (σr + jω)2
(4.29)

Unfortunately, we cannot calculate all the six circuit parameters
(R1, C1, L1, R2, C2, L2) from the five fitted parameters (σ2, σr, ω2, ωr, am) of
the fit of the frequency response.

Figure 4.28 shows that the transfer function can indeed be fitted to
the measured magnetic frequency response. Table 4.1 gives a comparison
between the fitted parameter values of this transfer function and the values
calculated from the parameters of the fitted impedance characteristic, using
Eq. 4.23. The fitting parameters, obtained from the Differential-Mode Mag-
netic (DMM) frequency response and the Differential-Mode Impedance (DMI)
characteristic, respectively, agree quite well for the frequency parameters ω2
and ωr. For the damping parameters σ2 and σr the results differ significantly
but are still of the same order of magnitude. If we take into account that

fit σ2/2π σr/2π ω2/2π ωr/2π
to (MHz) (MHz) (MHz) (MHz)

DMM 0.55 0.34 7.4 6.4

DMI 0.32 0.28 7.2 6.7

Table 4.1: Comparison of the parameters fitted to the Differential-Mode Magnetic
(DMM) frequency response and the parameters calculated from the six
parameters of the fitted Differential-Mode Impedance (DMI) characteristic.
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Figure 4.29: The interaction with the drive circuit is modeled by an inductance in
series with the two-RCL-sections model.

the DMM and DMI fitting parameters are obtained by completely different
measuring methods, the agreement in the corresponding fitting parameters is
remarkably good.

The use of the fitting formula, Eq. 4.29, and the relation to a circuit model
is a major breakthrough. In Sect. 4.4.1 we presented the measured optical
frequency response but at that time we could only present the experimental
results as measured data in a picture. In Sect. 4.4.3 we showed that the
magnetic frequency response is very similar to the optical frequency response,
but still we had to present the experimental results graphically. The analysis
in the previous section enables us to characterize the frequency response by
only a few fitting parameters.

Furthermore, we have derived how these parameters are related to the
parameters in a circuit model. This is an important step too, because it
enables us to establish a relation to the design parameters of CRT deflection
coils (Sect. 5.1).

Circuit interaction

The circuit models that we developed to describe ringing of deflection yokes
do not only enable us to characterize ringing under ideal drive conditions, but
they also enable us to analyze the effect on ringing of all kinds of design choices
for the circuit design. With circuit-simulation programs, such as Spice [191],
the voltages across the inductances in our circuit models are easily calculated
in either the time or the frequency domain. Because the voltage across the
main part of the line coil, L1, is proportional to the optical modulation depth
(Sect. 4.4.1), these calculations give a good indication of the front-of-screen
ringing performance.

As an illustration, we discuss the impact of a series inductance on the
ringing performance. Connecting leads and capacitors in the drive circuit
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Figure 4.31: Single-RCL CM equivalent circuit model for common-mode ringing
(a), and a comparison (b) of the impedance of its best fit (straight line) to the
measured Common-Mode Impedance (CMI) (dotted line).

can be modeled by a series inductance at frequencies above 100 kHz. This
inductance might have a significant impact on the ringing behavior. As an
example we have both simulated and measured the impact of adding a small
inductance in series with the line coil and the drive circuit on the differential-
mode ringing, as shown in Fig. 4.29. The result in Fig. 4.30 is a much
higher resonance peak at a somewhat lower frequency than without the series
inductance, similar to the result that we have found in the magnetic frequency-
response measurements, see Fig. 4.13. Clearly, a large output impedance of
the drive circuit enhances ringing.
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A second resonance peak appears at a higher frequency. Note that this
peak was not found in the frequency-response measurements. Approximately,
it corresponds to the resonance of the series inductance L0 with the series
arrangement of C1 and C2. Apparently, our model is still too simple for
frequencies near 10 MHz. For instance, resistances could be added in series
to the capacitances in our model. However, we will not extend our two-RCL-
sections model further, because this model allows us to describe ringing in
practical cases.

4.5.2 Equivalent circuit model for common-mode ringing

In the previous section, circuit models were introduced that could be fitted
successfully to the differential-mode impedance characteristic. Subsequently,
from the two-RCL-sections model the measured differential-mode optical and
magnetic frequency responses have been adequately explained.

In the following two sections, models are presented to describe the
Common-Mode Impedance (CMI) characteristic as well as the corresponding
optical and magnetic frequency response.

Single-RCL CM model

The Common-Mode (CM) current flows through the parasitic capacitance
between line coils and frame coils. When we consider a single resonance
peak, we introduce the circuit of Fig. 4.31a. Figure 4.31b shows the measured
CM impedance characteristic and the best possible fit of the single-RCL CM
model to these experimental results. The fitting parameters are C0 = 58.2 pF,
R = 2.40 kΩ, C = 275 pF and L = 22.8 μH.

Similar to the previous section we define the transfer function Hcm(ω) as
the ratio between the voltage vL(ω) across L and the voltage v0(ω) across the
network. This transfer function can be written as

Hcm(ω) =
ZRCL(ω)

ZC(ω) + ZRCL(ω)
(4.30)

in which ZC(ω) = 1/jωC0 represents the impedance of the capacitance C0
between the line coils and the frame coils, while ZRCL(ω) gives the impedance
of the parallel RCL circuit (see Eq. 4.14).



106 Chapter 4. Description of ringing

With the notations

σc =
1

2R (C0 + C)

αc =
1p

L (C0 + C)

ωc =
p
α2c − σ2c

(4.31)

the transfer function Hcm(ω) can be written as

Hcm(ω) =
−ω2

(jω + σc)2 + ω2c
(4.32)

The voltage across the RCL circuit after applying a short rectangular pulse
with value v̂ during a very short time ∆t to the total network, is calculated
by applying an inverse Fourier transformation to Eq. 4.32. The result is:

vRCL(t) = v̂ωc
C0

C0 + C
∆t

½
2
σc
ωc
cosωct+

µ
1− σ2c

ω2c

¶
sinωct

¾
e−σct (4.33)

This describes a decaying oscillation with frequency ωc, decay time
τ = 1/σc and initial amplitude ac given by

ac = v̂ (ωc + σc)∆t
C0

C0 + C
(4.34)

Multi-RCL CM model

In the previous section we have analyzed the most simple case that gives rise
to common-mode ringing. In practice, more resonance peaks are observed
at higher frequencies. These can be described adequately by including more
RCL branches in series. Figure 4.32 shows the circuit model for four ringing
frequencies.

Rather than fitting the impedance of the circuit model to the measured
impedance data, fitting with the real part of both impedances turns out to
be a better choice. The modulation in the real part is much larger than the
modulation in the absolute value of the impedance, which makes fitting to
the real part much easier.

The fitting has been made with a least-squares fit to each peak in the
impedance characteristic separately. Figure 4.33 shows the separate fits to
the first four peaks of the real part of the measured common-mode impedance
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Figure 4.32: Circuit model for four common-mode ringing frequencies.

characteristic. The slope of the absolute value of the impedance |Z| as a
function of frequency between 1 kHz and 1 MHz, corresponds to an impedance
of C0 = 58.2 pF. The fitting parameters R,C,L for each peak separately are
listed in Table 4.2 together with values for ωc and σc calculated from these
fitting parameters (using Eq. 4.31).

The analysis of the extended circuit model is similar to that for a single
common-mode ringing frequency, but is not really straightforward. We work
out the case of n RCL subcircuits in series with the main capacitance C0,
because we often measure more than one resonance peak. Figure 4.32 shows
the circuit model for n = 4.

If ZRCL,i(ω) represents the impedance of each parallel RiCiLi circuit
and ZC(ω) represents the impedance of the capacitance C0, the total series
impedance of the circuit is

Zcm(ω) = ZC(ω) +
X
i

ZRCL,i(ω) (4.35)

The measured impedance characteristic Zcm(ω) is shown in Fig. 4.33. The
transfer function Hcm,i(ω), the ratio between the voltage across Li and the

CMI R C L ωc/2π σc/2π
peak (Ω) (pF) (μH) (MHz) (MHz)

1st 2400 275 22.8 1.82 0.10

2nd 144 1280 2.38 2.79 0.41

3rd 200 752 1.55 4.46 0.49

4th 551 293 1.93 6.10 0.41

Table 4.2: The R,C,L values of the separate fits to the four resonance peaks of
the measured impedance characteristic and parameter values of the CM transfer
function calculated from these R,C,L values.
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Figure 4.33: Fitting results (thin lines) to the first four peaks of the real part of the
measured common-mode impedance Re(Zcm(ω)). For reference also the absolute
value |Zcm(ω)| of the impedance is shown (top line).

voltage across the network, equals:

Hcm,i(ω) =
ZRCL,i(ω)

Zcm(ω)
(4.36)

The combined effect of the various Hcm,i(ω) is not simply found by adding
them for each RCL. In Sect. 4.4.3 we showed that the impact on the front-
of-screen performance depends also on the effective area and the number of
turns for the resonant part of the coil. Because the effective area and the
number of turns of these parts of the coil - that contribute to the ringing - are
not known, we introduce the proportionality factor αcm,i to obtain the total
transfer function

Hcm,T(ω) =
X
i

αcm,iHcm,i(ω) (4.37)

Figure 4.34 shows the absolute values of the transfer functions Hcm,i(ω)
calculated from the common-mode impedance characteristic. If we compare
these curves with the measured magnetic frequency response in Fig. 4.14, we
see a clear similarity between the transfer functions derived from the common-
mode impedance characteristic, and the MFR except for the first transfer
function Hcm,1(ω). Based on this, we substitute αcm,1 = 0 and αcm,2 =
αcm,3 = αcm,4 = 1 in Eq. 4.37. Figure 4.35 shows the absolute value of the
resulting sumHcm,2+Hcm,3+Hcm,4 as a function of frequency, calculated from
the common-mode impedance characteristic. The resulting curve looks similar
to the measured common-mode magnetic frequency response in Fig. 4.14.
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Figure 4.35: The absolute value of the total transfer function as a function
of frequency, obtained by adding the separate transfer functions calculated
successively from the 2nd, 3rd and 4th resonance peaks in the common-mode
impedance characteristic.

Notice that each of the three transfer functions Hcm,2, Hcm,3 and Hcm,4 has
at least two resonance peaks. They all contribute to the first resonance peak
near 1.8 MHz of the total transfer function.

A possible explanation for the choice αcm,1 = 0 is that Hcm,1(ω) describes
the effect of a coil current which produces an additional magnetic field
perpendicular to the line magnetic field so that it is not seen by the pick-
up coil which is only sensitive in the direction of the line magnetic field.
Obviously, the transfer functions Hcm,2,Hcm,3 and Hcm,4 describe the effect
of coil currents which produce magnetic fields parallel to the line magnetic
field.

Experimental results

In the previous section we have shown how circuit parameters of a model
with four RCL subcircuits in series with the main capacitance C0 can be
fitted to the measured common-mode impedance characteristic. With those
fitted circuit parameters and an appropriate choice for the relevance of the
four subcircuits for ringing, we derived a total transfer function which is very
similar to the measured Common-Mode Magnetic (CMM) frequency response.

Alternatively, we can also directly fit the derived expressions for the
transfer function to the measured CMM frequency response without using
impedance measurements.

The common-mode transfer function Eq. 4.32 can be used to fit the
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peak ωc/2π σc/2π αcm
(MHz) (MHz) (mV)

1st 1.75 0.11 0.16

2nd 2.83 0.16 0.20

3rd 4.49 0.47 0.60

4th 6.20 0.27 1.80

Table 4.3: Parameter values of the CM transfer function fitted to the separate four
resonance peaks of the measured magnetic frequency response.

separate peaks of the measured CMM frequency response, shown in Fig. 4.14.
Figure 4.36 presents the curves fitted successively to the first four ringing
peaks. This figure shows that the CMM frequency response can be reasonably
described reasonably by the transfer function Eq. 4.32.

Table 4.3 presents the values of the fitting parameters of the magnetic
frequency response (Eq. 4.32) to the first four peaks. The results are very
similar to the values in Table 4.2 which were calculated after fitting the
parameters to the impedance characteristic. This illustrates again that with
our theory it is sufficient to measure either the (magnetic or optical) frequency
response or the impedance characteristic of the deflection yoke. With each
of these different experimental results, we can adequately predict the results
obtained with the other methods.

4.5.3 Quality factor for ringing

For the characterization of the ringing performance of a deflection yoke, it is
advantageous to have a single figure of merit for the quality of the deflection
yoke with respect to ringing. Such a figure is not in common use yet, but is
needed to quantify the ringing performance. Up to now, the ringing quality
could not be quantified and subjective quality evaluations were required for
the front-of-screen ringing.

We propose to use the quality factor Q given by Eq. 4.17, defined for the
parallel RCL circuit in Sect. 4.5.1, in which we substitute the R,C,L of that
part of the circuit responsible for the considered ringing frequency. The lower
the value of Q, the lower the sensitivity to ringing.

In the following two sections we work out this proposal for differential-
mode and common-mode ringing and show how this quality factor can be
determined from either optical frequency response, the magnetic frequency
response or the impedance measurements.
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4.5 Equivalent circuit models 113

Quality factor for differential-mode ringing

In Sect. 4.5.1 we introduced the two-RCL-sections model to describe
differential-mode ringing. Once the parameters of this model have been fitted
to the differential-mode impedance characteristic, the quality factor

Qr = Rr

p
Cr/Lr (4.38)

is easily calculated by substituting the fitted values for R1, C1, L1 and
R2, C2, L2 in the expressions (Eqs. 4.20, 4.22 and 4.21) for Rr, Cr and Lr. The
lower the value of Qr, the lower the sensitivity to differential-mode ringing
will be.

The quality factor Qr can also be calculated from the optical frequency
response or the magnetic frequency response. With the definitions of σr and
ωr (Eq. 4.23 ) we can write Qr (Eq. 4.38) as

Qr =
1

2

s
1 +

ω2r
σ2r

(4.39)

From the DMM frequency response, an estimate for the quality factor can
be obtained from the frequency fmax at which the frequency response has its
maximum and the width ∆f of the curve at 1/

√
2 of the maximum height

(see Fig. 4.37) with the following expression:

Qr ≈
1

2

s
1 +

µ
2fmax
∆f

¶2
(4.40)

If Qr À 1, this reduces to Qr ≈ fmax/∆f.
Without additional measures to reduce ringing, most line-coil pairs show

ringing with a quality factor of about 10. For instance, the differential-mode
magnetic frequency response shown in Fig. 4.37a has a quality factor of Qr =
9.5.

Quality factor for common-mode ringing

We follow the same approach as in the previous section for deriving the quality
factor for common-mode ringing. Again, once the parameters of our circuit
model have been fitted to the impedance characteristic, the CM quality factor

Qc = R
p
C/L (4.41)

is easily calculated for each resonance peak by substituting the fitted values for
R,C,L. The lower the value of Qc, the lower the sensitivity to common-mode
ringing will be.
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√
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The quality factor Qc can also be calculated from the optical frequency
response or the magnetic frequency response. Substitution of the definitions
of σc and ωc (Eq. 4.31) in Eq. 4.41 results in:

Qc =
1

2

s
1 +

ω2c
σ2c

(4.42)

In a similar way as described above, an estimate for the quality factor
can be obtained with Eq. 4.40 from the frequency fmax at which the CMM
frequency response has its maximum and the width ∆f of the curve at 1/

√
2

of the maximum height). For example, the two common-mode ringing peaks
in Fig. 4.37b have a quality factor of Qc = 9.1 and 8.3, respectively

4.6 Summary and conclusions

In this chapter several methods are presented for describing ringing of
deflection yokes. A straightforward method is to measure the light intensity
at the screen as a function of the horizontal distance from the left-hand side
of the screen. The disadvantage of this method is that the results strongly
depend on the driving circuitry. This hampers a systematic analysis of the
ringing problem.
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Rather than using the time response, we introduced two alternative
methods to measure the frequency response. In the first method we measure
the optical frequency response by recording the modulation depth of the
variation in light intensity at the front of the screen as a function of the
frequency of a sine wave voltage source which we connected in series with the
deflection yoke and the drive circuitry. In the second method we measured
the magnetic frequency response by measuring the amplitude of the magnetic
field with a large pick-up coil inside the deflection yoke as a function of the
frequency of a drive voltage which directly drives the deflection yoke. The
magnetic frequency response is very similar to the optical frequency response,
but is much easier to measure. Furthermore, the advantage of the magnetic
frequency-response measuring method is that no drive circuitry is used so
that the experimental results represent the characteristics of the deflection
yoke only, whereas in the previous methods the results also depended on the
drive circuit.

Both methods to measure the frequency response of a deflection yoke allow
for a more detailed analysis than the straightforward measurement of variation
of light intensity on the front of a picture tube. Various ringing modes can be
distinguished. Different ringing peaks are visible and also a distinction can be
made between differential-mode and common-mode ringing. This distinction
allows for a detailed analysis of the ringing phenomenon.

Subsequently, we introduced equivalent circuit models to describe the
differential-mode ringing and the common-mode ringing. A good agreement
was obtained between the measured impedance characteristics and the
impedance characteristic of the equivalent circuit models by a simple fit of the
circuit parameters. From the equivalent circuits we derived expressions for the
transfer function which we associated with the measured frequency response.
For a 1700CMT deflection yoke, the derived transfer function proved to be very
similar to the measured (magnetic and optical) frequency response when we
calculated the parameters from the measured impedance characteristic. The
derived transfer function was also very similar to the measured frequency
response when we directly fitted the parameters in the formula of the transfer
function.

The analytical formula derived from the circuit models enable us to
describe the ringing performance of a deflection yoke with only a small number
of fitting parameters. Finally, a quality factor is introduced as a figure of merit
to characterize the sensitivity for ringing.
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Chapter 5

Prediction of ringing

5.1 Introduction

Up to now, we have described how ringing can be measured and character-
ized. Before using these methods to evaluate options to suppress ringing
(Chapter 6), we use them in this chapter to asses the usefulness of existing
physical models for the prediction of ringing of CRT deflection coils.

In Chapter 4 we have introduced circuit models to describe ringing. In this
chapter we will try to relate the circuit parameters to geometry and material
properties of the deflection coils, such as the diameters of the copper wires
and the thicknesses of the insulation layers.

CRT deflection coils have a complicated shape. Due to the complex
geometry of the coils an exact theoretical description is difficult to achieve.
Instead, we combine theoretical and empirical models. Rather than aiming
at a completely consistent description, we establish general rules based on
simplified models for components and derive more specific design rules from
experimental results.

The organization of this chapter is the following. We start with a
description of the physics of circuit models in Sect. 5.2. Subsequently, in
Sect. 5.3 we review the literature on physical parameter models of solenoids,
i.e. tightly wound cylindrical coils. Even for the apparently simple shape of a
solenoid, the analysis is not straightforward. Finally, in Sect. 5.4, we present
experimental results to test the validity of this approach.

In Chapter 6, the information obtained from this study on the electro-
magnetic oscillations of solenoids and individual CRT deflection coils is used
to reduce the ringing of complete deflection yokes.
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5.2 The physics of circuit models

The relation between the circuit model and the configuration of the coil is
not straightforward. In a circuit model, the properties of the elements are
described completely in terms of currents and voltages that appear at the
terminals. By making suitable approximations, it is often possible to ignore
the complexity of the fields inside the object. The resulting equivalent circuit
shows the interconnected components as in a graph. Such an equivalent circuit
is much easier to analyze than the complicated three-dimensional reality. The
drawback, however, is that a lot of detail is lost and it is difficult to find a
one-to-one relation between circuit parameters and design parameters.

In Chapter 3, the eddy current loss models were derived from Maxwell’s
equations, but no indications for electromagnetic oscillations were given there
because no electric fields were considered between the turns. The derivation
from Maxwell’s equations of circuit models that describe both the magnetic
and electric fields, turns out to be surprisingly difficult when we also consider
the interior of the coil. It is fascinating that the electromagnetic behavior of
coils can be described by a circuit model at all.

One of the basic assumptions in network theory is that Kirchhoff’s laws
are valid. The voltage law of Kirchhoff corresponds toI

E · d = 0 (5.1)

Only under this condition the electric field can be expressed as the gradient
of a scalar potential and a capacitance can be introduced based on this scalar
potential. In general, Eq. 5.1 is not valid inside coils since

H
E·d = −∂Φ/∂t

in the presence of a time-varying magnetic flux Φ through the surface around
which the integral is calculated.

However, in the special case of a pair of infinitely long parallel wires
with equal currents in opposite directions, the net magnetic flux through the
surface perpendicular to the wires is zero such that a local voltage difference
can be defined in that plane and a capacitance can be calculated.

Furthermore, it is a common approach to still think of an electromagnetic
system as an LC circuit in which the capacity section is the region where we
find most of the electric field and the inductance section is that region where
we find most of the magnetic field. In fact, in a capacitor the electric field is
dominant and in an inductor the magnetic field is dominant, but still both
field types are present in both these components.

One option to proceed is to start with Maxwell’s equations and to solve
the wave equations for helical structures. This approach has been followed
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by several authors [196—199], but their results cannot be easily related to the
circuit models that we introduced in the previous sections. Instead we follow
the simplified description of Feynman ( [200] Sect. 22-1) to relate the electric
and magnetic fields in a coil to the voltage and current of an inductance,
resistance and capacitance.

We consider a current flowing through a helical wire. The resulting
magnetic field is proportional to the current. If the current changes with
time, the magnetic field B also changes. According to Faraday’s law, the line
integral of E around any closed path is equal to the negative of the rate of
change of the flux of B enclosed by that path:I

E · d = − d
dt

ZZ
B(t) · dS (5.2)

This law can be applied to a path inside the wire of the coil to find the voltage
between the terminals. Because electric fields are quite small inside a copper
wire (since the smallest fields would produce large currents), almost the entire
contribution to the line integral of E comes from the path from terminal to
terminal outside the coil. If the terminals of the coil are far enough away from
the helix, we can assume that there is not much flux in the space between
the leads of the coil. Consequently, this part of the integral is only weakly
dependent on the path chosen and we can define the voltage difference between
the two terminals. This voltage difference is

v = − d
dt

ZZ
B(t) · dS (5.3)

The electric field between the terminals of the coil implies that there must
be a distribution of charges in the solenoid. These charges are present at the
terminals and to a lesser extent also inside the coil, located at the surface
of the wires. The resulting axial electric field is many times larger than the
radially dependent circumferential electric field usually associated with the
time-varying axial magnetic field within the coil [201, 202].

During oscillation, the electric field varies in time 90◦ out of phase with the
magnetic field, i.e. energy is alternatively stored in the electric field and the
magnetic field. If no energy is added from outside, the oscillation decreases
gradually due to losses in the copper wires.

In this simplified view, the electric field between the two terminals
corresponds to a voltage across a capacitance between the two terminals and
the magnetic field is caused by the current through an inductance. The losses
can be modeled by a resistance added in parallel to the capacitance and the
inductance. In fact, this is an arbitrary choice. The damping effect is also
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found when a different resistance is placed in series with the capacitance or
in series with the inductance. In Chapter 2, however, we concluded that the
losses at high frequencies are mainly caused by eddy currents in the coil wires
and we found that it is simpler to present these losses by a parallel resistance.
For not too high frequencies, an accurate description of the eddy current losses
is obtained with a fixed value of the parallel resistance whereas the value of
a series resistance increases quadratically with frequency.

5.3 Physical models for solenoids

Physical models for ringing are helpful to give direction to our analysis as they
give us clues on the design parameters relevant for the ringing phenomenon.
In this section, we review expressions for the inductance, capacitance and
resistance. We relate the inductance of a coil to the design parameters,
considering only quasi-static magnetic fields. Subsequently, we relate the
capacitances in the equivalent circuit to the design parameters, considering
only quasi-static electric fields. Finally, we relate the parallel resistances in
the equivalent circuit to the design parameters, considering e.g. the proximity
effect.

5.3.1 Inductance

Advanced CAD software is available to calculate the inductance of CRT
deflection coils (see references in Chapter 2). However, these CAD programs
only result in a value for a single lumped inductance. They do not give much
insight how the inductances of various sections of our equivalent circuit are
related to design parameters.

The inductance of coils is studied extensively in literature for various
geometries [203, 204], such as a single straight wire, a square loop, a circular
loop and an cylindrical coil.

The apparent ‘internal’ inductance of a single straight wire with length

w follows from our analysis of the skin effect in Chapter 3 (Eq. 3.39). This
gives the contribution to the inductance of the wire due to the current and
thus of the magnetic flux inside the wire. For low frequencies (when the skin
depth is much larger than the wire diameter), the result is ( [132], page 184):

Lwire,lf =
μo
8π

w (5.4)

which corresponds to 50 nH/m. Of course, the current can only flow in a
loop and an additional (in general much larger) contribution to the total
inductance follows from the flux enclosed by the loop.
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The inductance of a square loop with sides b and wire with diameter a
(with bÀ a), excluding the apparent internal inductance of the wire, is given
by

L¤ = 2b
μo
π

∙
ln(
2b

a
)− 1

¸
(5.5)

The inductance of a circular loop of radius r and a wire with radius a
(with r À a), excluding the apparent internal inductance of the wire, is given
by ( [132], page 193):

Lo = μor

∙
ln(
8r

a
)− 2

¸
(5.6)

The inductance of a coil consisting of Nturns circular loops closely to each
other, is then

Lcoil = N2
turnsμor

∙
ln(
8r

a
)− 2

¸
(5.7)

For the inductance of a cylindrical coil of length c, short compared to
the radius r, empirical formulas are available. For r/ c up to 2, a simple
approximate formula is ( [132] page 195, [205]):

Lshort coil =
πμor

2N2
turns

c + 0.9r
(5.8)

5.3.2 Capacitance

The capacitive effects in the coils are essential for the ringing of deflection
coils. Models for these capacitive effects are necessary for designers to predict
and to control ringing. In this section we briefly review existing models for
the capacitance for various geometries.

The capacitance between two parallel wires of radius a, with length w

and axes separated by dw can be calculated with conformal mapping ( [132],
page 345):

C2wires = ε
π w

cosh−1(
dw
2a
)

= ε
π w

ln(
dw
2a
+

r
d2w
4a2
− 1)

(5.9)

assuming that the space between and around the two wires is filled with a
dielectric medium with permittivity ε.
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The capacitance of single-layer solenoids

The lumped capacitance of a single-layer solenoid has been extensively
discussed in literature for more than a century (see e.g. the references
in [206—210]. In 1934, Palermo [211] proposed to calculate the lumped
capacitance of a single-layer solenoid from the energy stored in the electric
field. He considered a tightly wound helix of N circular turns with radius r
with the centers of adjacent wires at distance dw. He assumed that the voltage
VL across the terminals of the solenoid is equally divided across the coil, which
is true for low frequencies. Between two adjacent parallel wire segments the
voltage difference is then Vs = VL/(N − 1). The energy stored in the electric
field between two wire segments of length d equals dW = 1

2V
2
s dC2s, in which

the capacitance dC2s between these parallel wire segments follows from the
capacitance between two parallel wires, Eq. 5.9, by substituting d for the
length w.

The lumped capacitance CL follows the energy equation:

1

2
CLV

2
L =

Z 2πr(N−1)

0

dW

d
d (5.10)

For wires with radius a, this is easily worked out to

CL = ε
2π2r

(N − 1) cosh−1(dw
2a
)

(5.11)

For a series of separate insulated wire loops this expression is confirmed
experimentally [212]. For single-layer solenoids, however, experimental results
[213] can not be explained by Palermo’s model.

In 1947, Medhurst [213,214] presented a detailed experimental analysis of
the self-capacitance of single-layer solenoids. He pointed out that besides
the ‘internal’ capacitance between each pair of turns, also the ‘external’
capacitance to the nearby earth contributes significantly to the overall
capacitance. Note in this context that the capacitance with respect to infinity
of a sphere with radius r is already

Csphere = 4πε0r (5.12)

Medhorst measured the self-capacitance for a wide range of single-layer coils,
with diameters ranging from 0.67cm to 6.36 cm and the length/diameter ratio
from 0.8 to 5.0 while the number of turns varied from 10 to 636. All coils
were connected to ‘earth’ at one end. He fitted his experimental results for
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the lumped capacitance CL (in pF) for coils with length c (in cm) and radius
rc (in cm) by

CL = 0.12 c + 0.16rc + 0.76rc
p
rc/ c (5.13)

Essentially this expression depends only on the length and radius of the
solenoid. In contrast to Palermo’s theory, Medhurst’s expression for the
capacitance does not depend on the spacing of the turns or on the wire radius.
In fact, this indicates that the internal capacitance calculated by Palermo is
much smaller than the external capacitance which depends only on the outer
dimensions of the coil.

The capacitance of multi-layer solenoids

Many other authors consider relatively long multi-layer coils and neglect the
capacitance between successive wire turns in the same layer in comparison to
capacitances between different layers [94, 215—222]. This is a valid approach
for relatively long coils where the voltage difference between successive turns
is small compared to the voltage difference between different layers.

The capacitance between two successive layers cannot be calculated from
the wire-to-wire capacitance, Eq. 5.9, because the electric field is confined to
the space between the two successive layers as is the field between two parallel
metal plates.

Koch [223] and Massari [224] considered the energy stored in a basic cell
consisting of two wires in one layer and two wires in an adjoining layer. Both
took the wire insulation into account, but Koch considered a thin dielectric
layer around each wire whereas Massari considered the entire basic cell filled
with a dielectric. Koch considered a layer of Nw turns on top of an identical
second layer. Within a layer the turns are connected to obtain a single
solenoid. The two layers are not connected galvanically to each other so that
the capacitance between these two layers can be measured. After summation
over all the basic cells, Koch derived the following formula of the capacitance
C between two layers:

C = 8ε0Nw turn

½
ML +

ti
2εrr2o

(2ro − ti)MD

¾
(5.14)

where
ε0 is the dielectric constant,
εr is the relative dielectric constant,
Nw is the number of turns in a single layer,

turn is the average length of a single turn,
ro is the outer radius of a wire including insulation,
ti is the thickness of the insulation layer of a wire.
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1 2 3 Nw-1 Nw

2Nw2Nw-1Nw+3Nw+2Nw+1

(a)

...
...

1 2 3 Nw-1 Nw

Nw+1Nw+22Nw-12Nw

(b)

...
...

Figure 5.1: The winding direction can be the same for each layer (a), or runs in
opposite directions from layer to layer (b).

ML and MD denote the following integrals which are solved numerically:

ML =
1

2

Z π/6

0

cos2 ψ − cosψ
p
cos2 ψ − 0.75− 0.5½

cosψ −
µ
1− ti

εrdw

¶³p
cos2 ψ − 0.75 + 0.5

´¾2dψ (5.15)

and

MD =
1

2

Z π/6

0

sin2 ψ + cosψ
p
cos2 ψ − 0.75½

cosψ −
µ
1− ti

εrdw

¶³p
cos2 ψ − 0.75 + 0.5

´¾2dψ (5.16)

The lumped capacitance of a two-layer solenoid with length c is calculated
from the capacitance C between the two co-axial layers which can be
measured after cutting the wire at the end of a layer. For the derivation
of Eq. 5.14, a fixed voltage difference between the layers was assumed. In
an actual coil, however, the voltage V (x) between turns in adjacent layers
varies with the distance x along the coil. For an infinitesimal length dx, the
capacitance between the two layers is (C / c)dx and the energy stored in the
electric field is given by

W =

Z
c

0

1

2

C

c
{V (x)}2 dx (5.17)

On the other hand, the total energyW in the electric field should be expressed
in terms of the - yet unknown - lumped capacitance CL2 and the voltage VL
across the terminals:

W =
1

2
CL2V

2
L (5.18)

The lumped capacitance depends on the way in which the subsequent
layers are interconnected. If the turns in two subsequent layers are connected
in the same direction, e.g. from left to right as illustrated in Fig. 5.1a, the
voltage difference will be VL/2 for each pair of adjacent wire turns in the two
layers. If a voltage VL is applied to such a two-layer coil of Nw turns per
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layer, the lumped capacitance follows from the energy W of the electric field
between the two layers:

W =
1

2 c

Z
c

0
C

µ
1

2
VL

¶2
dx (5.19)

The lumped capacitance CL2s of the solenoid with two layers wound in the
same direction (Fig. 5.1a), follows from W = 1

2CL2sV
2
L :

CL2s =
1

4
C (5.20)

However, if the turns in two subsequent layers are wound in opposite
directions, as illustrated in Fig. 5.1b, the voltage difference between two
adjacent wires in the two layers varies along the coil. This voltage difference
V (x) increases linearly with the distance x from the end of the coil where the
first layer ends and where the second layer starts, i.e. V (x) = (x/ c)VL.

The energy of the electric field between the two layers is then

W =
1

2

Z
c

0
C

µ
x

c
VL

¶2 dx
c
=
1

6
C V 2L (5.21)

The lumped capacitance CL2d of the solenoid with two layers with turns
connected in different directions (Fig. 5.1b), follows from W = 1

2CL2dV
2
L :

CL2d =
1

3
C (5.22)

For more than two layers, the lumped capacitance is calculated in a similar
way. As an example, we consider the case that turns in successive layers
are connected in opposite directions. Again the voltage difference at the
coil terminals is denoted as VL. If we consider NL layers, the maximum
voltage difference between two adjacent turns in two successive layers is
2VL/NL. The energy of the electric field between two successive layers is
then 1

2CL2d(2VL/NL)
2. For the NL − 1 pairs of successive layers we thus find

for the lumped capacitance CLnd of NL layers wound in opposite directions:

CLnd =
4

3N2
L

(NL − 1)C (5.23)

The capacitance of coils with several wires in parallel

Up to now we implicitly assumed that the coils are wound with a single
solid wire. Many coils, however, are wound with several copper wires in
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ti

2a p

2a

Figure 5.2: To calculate the capacitance of a coil, a litz wire is modeled by a solid
wire with the same maximum overall copper diameter and the same maximum
overall outer diameter.

parallel. The effect of using several copper wires in parallel when winding
a coil, depends on how the parallel copper wires are positioned with respect
to each other. For instance, the coil capacitance will be different when the
parallel copper wires are placed next to each other, or on top of each other.

If the copper wires are assembled into a single more or less round package,
as illustrated by Fig. 5.2, this resulting wire is called a litz wire. As a first
order model, we assume that the parallel wires are tightly packed as in a litz
wire. We follow the approach proposed by Albach [225], to model such a litz
wire by a single solid wire for capacitance calculations.

To find an expression for the radius of the equivalent solid wire, we assume
that the total cross-section of this wire is identical to the sum of the cross-
sections of the actual wires. For the insulation thickness of the equivalent
solid wire we use the same thickness ti as the actual wires. If Np wires are
used in parallel, each with copper radius a and insulation thickness ti, we find
the following expression for the radius ap and insulation thickness ti given by

(ap + ti)
2 = Np(a+ ti)

2 (5.24)

so that
ap = (a+ ti)

p
Np − ti (5.25)

The thickness of CRT deflection coils is about 3 mm and only a few turns
fit next to each other. If we model the CRT deflection coil by equivalent solid
wires nicely wound in layers, the number of turns Nw in one layer, i.e. the
number of turns that fit in the thickness w of the coil is

Nw =
w

2(ap + ti)
(5.26)

The number of layers NL also depends on the diameter of the equivalent
wire and follows from the total number of turns Nturns by

NL =
Nturns
Nw

(5.27)
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As an example of the application of the theory above, we estimate the
capacitance of a single 1700CMT line coil wound with Nturns = 38 turns of
13×236-μm solid wire, i.e. with Np = 13, a = 118 μm, ti = 30 μm. The
thickness of the coil is w = 3 mm. We find for the equivalent copper radius
of the wire bundle ap = 0.50 mm (Eq. 5.25) and outer radius ro = 0.53 mm.
Furthermore, we find for the number of turns per layer Nw = 3 (Eq. 5.26) and
for the number of layersNL = 14 (Eq. 5.27). Numerical evaluation of Eqs. 5.15
and 5.16 yield ML = 0.841 and MD = 54.8. We estimate the average length
per turn from the measured dc resistance, Rdc = 0.34 Ω; with the expression
for the dc resistance, Eq. 3.57, we find turn = 29 cm. Assuming a dielectric
constant εr = 3, we finally find with Eq. 5.14 a layer capacitance C = 175 pF
and with Eq. 5.23 a lumped terminal capacitance of CLnd = 16 pF.

In addition to the layer capacitance, also the capacitance to the environ-
ment contributes to the lumped capacitance of the coil. If we model a line
coil as a sphere with radius r = 3 cm, we find with Eq. 5.12 an additional
capacitance of Csphere = 3 pF.

The sum CLnd+Csphere = 19 pF is remarkably identical to the measuring
result (for C1) which will be presented in Sect. 5.4.1 (in Table 5.1).

Clearly, the layer capacitance gives the largest contribution to the total
lumped capacitance of the coil, but the capacitance to the environment cannot
be neglected. In the remainder of this thesis, we will see that the ringing
performance is strongly determined by this capacitance to the environment.

5.3.3 Resistance

In the previous sections we have described models for the inductance and
capacitance of solenoids. The combination of these two result in high-
frequency oscillations which show up in CRT deflection coils as ringing. In our
analysis of the ringing phenomenon in Chapter 4, we showed that ringing is
damped by the resistances parallel to the inductances. In the circuit models,
the resistances parallel to the inductances represent the high-frequency losses
in the deflection yoke. In Chapter 3, eddy current losses in the copper wires
are identified as the main contributor to the total losses. For low frequencies
ω at which the skin depth δ is larger than the wire radius a, we derived the
following expression (Eq. 3.47) for the losses Pprox due to this proximity effect:

Pprox =
π

8
σa4ω2B2o (5.28)

for a single wire with length and conductivity σ. Although our experimental
results at the end of Chapter 3 indicate that the losses in actual deflection
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coils vary approximately with a3 rather than with a4, we proceed our analysis
with Eq. 5.28, which is commonly used in literature.

In a coil, the total wire length is proportional to the product of the
number of turns Nturns, the number of parallel wires Np and the average
length turn of a turn. In general, the magnetic flux density B does vary
along the turn and the total dissipation in the coil is given by

Pcoil =
π

8
NturnsNpσa

4ω2
Z

turn

0
B2(x)dx (5.29)

If we assume for simplicity that the flux through every turn equals BoAturn,
the amplitude Vcoil of the voltage across the coil follows from the law of
Faraday:

Vcoil = NturnsωBoAturn (5.30)

In a parallel RCL circuit model, with a resistance Rp parallel to the coil
inductance, the dissipation is also given by

Pcoil =
V 2coil
2Rp

(5.31)

If we assume that
R

turn

0 B2(x)dx is proportional to B2o turn, we conclude from
the last three equations that

Rp ∝
1

a4
A2turn

turn

Nturns
Np

(5.32)

If we consider a coil with a constant cross-sectionAcross, we substitute Across =
πa2NpNturns to find

Rp ∝
1

a2
A2turn

turnAcross
N2
turns (5.33)

Although we have made several simplifications in deriving this expression,
it gives valuable insight into the relations between the circuit parameter Rp

and the various design parameters. As expected intuitively, Rp depends on the
wire diameter (the first factor), the geometry of the coil (the second factor)
and the number of turns (the third factor).

5.3.4 Discussion

The next step could be to combine the theoretical models for the inductance,
resistance and capacitance into a model to predict the ringing of deflection
coils. However, despite the good agreement between predictions and
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measurements on solenoids reported in literature, it will turn out in the next
section that our experimental results deviate from the predictions from the
solenoid models. Therefore, we will not proceed with these theoretical models.

Apparently the models for the equivalent circuit parameters of solenoids
do not accurately predict the capacitance and resistance to be used in the
equivalent circuit models for CRT deflection coils. A possible explanation is
that the geometry of the deflection coils differs strongly from the geometry of
solenoids. Not only the shape of a deflection coil is totally different, also the
magnetic field perpendicular to the wires and the electric field between the
wires are very different from the situation of a solenoid.

Although the theoretical models cannot be used for an accurate quantita-
tive predicting the ringing performance, they are still valuable as they provide
an understanding and a description of the phenomena that contribute to the
high-frequency performance of deflection coils. Many of the ideas that will
be presented in Chapter 6 to suppress ringing, can be described qualitatively
with the concepts described in the previous sections.

5.4 Experimental results

In this section, measurements of impedance characteristics of CRT deflection
coils are compared to predictions from the solenoid models in the previous
section.

In the previous section, theory was discussed to predict the influence of
various design choices on the high-frequency performance of solenoids. In
contrast to solenoids, CRT deflection coils are wound with several wires in
parallel, typically 5 to 15 for line coils. Furthermore, the wires in deflection
coils are not precisely positioned, but more or less randomly distributed as
shown in Fig. 5.3. Clearly, a long solenoid with accurately positioned turns
is not a very adequate model for a CRT deflection coil.

The methods that we have introduced in Chapter 4 to measure either the
optical frequency response, the magnetic frequency response or the impedance
characteristic, and the circuit models to relate the measured data, enable us
to analyze systematically the influence of various design choices on the ringing
performance of a deflection yoke. In this section we consider the influence of
changing the wire type.

The measuring methods of the magnetic frequency response and the
impedance characteristic allow us to go even further in our analysis. In
contrast to the optical measuring method, they are not restricted to complete
deflection yokes. These two measuring principles can also be applied to
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6×355-μm solid wire 8×315—μm solid wire

10×280-μm solid wire 13×236-μm solid wire

5×(7×125-μm) litz wire 8×(7×100-μm) litz wire

Figure 5.3: Photographs of cross-sections of 1700 CMT line coils wound with different
wire types.
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line-coil wires Rdc R1 C1 L1 R2 C2 L2
(Ω) (kΩ) (pF) (μH) (kΩ) (pF) (μH)

8×(7×100 μm) 0.44 66 20 137 3.4 61 9.4

5×(7×125 μm) 0.45 60 21 140 2.2 114 5.7

13×236 μm 0.34 66 19 138 1.1 235 2.5

10×280 μm 0.31 64 18 131 4.4 51 7.8

8×315 μm 0.30 71 17 134 3.1 85 5.1

6×355 μm 0.32 82 17 135 3.0 98 4.4

spread (3s) 0.01 5 3 6 1 40 3

Table 5.1: Parameter values of the two-RCL-sections model fitted to the measured
impedance characteristics of single 1700CMT line coils wound with 38 turns of
different wire types.

analyze the ringing performance of e.g. a line-coil pair with or without a
ferrite core, a single line coil and even a part of a line coil.

In the following sections, we evaluate experimental results of:

1. impedance characteristics of single line coils;

2. impedance characteristics of line-coil pairs with ferrite core;

3. impedance characteristics of complete deflection yokes;

4. magnetic frequency responses of 1700CMT DYs

5. magnetic frequency responses of 1500CMT DYs

5.4.1 Impedance characteristics of single line coils

To analyze the impact of the wire type on electrical oscillations in line coils,
the impedance characteristics have been measured of single line coils that have
the same geometry but have different wire types. In fact, we used the same
(1700CMT Mk IIa/84 kHz) line coils (with 38 turns) as for the dissipation
analysis (Sect. 3.6.2).

For each type of line-coil wire, the impedance characteristics of five
identical single line coils were measured, i.e. without plastic cap or ferrite
core. Table 5.1 presents the average and the spread - three times the standard
deviation (s) for the five identical coils - of the parameters of the two-RCL-
sections model obtained by fitting to the impedance characteristics. We have
the following observations:
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• the dc resistance Rdc for the coils made with litz wires is almost 40%
higher than the dc resistance of coils made with solid wires. The reason
is that the thickness of the insulation layers of the individual copper
wires has to remain the same to maintain the electrical insulation. The
volume taken in by the insulation layers increases when more thinner
copper wires are used and consequently the copper volume becomes
lower;

• the inductance L1 is almost independent of the wire type, as expected;

• the capacitance C1 varies only slightly with the wire type, as expected.
Furthermore it is quite close to our estimate of 19 pF (see page 127);

However:

• the resistance R1 increases slightly with the wire radius, whereas theory
predicted it to decrease rapidly with increasing wire radius (Eq. 5.33);

• the values for R2, C2 and L2 vary in an unpredictable way with the wire
diameter. Furthermore, the spread in the values of R2, C2 and L2 is
much larger than the spread in the values of the other parameters.

Especially due to the unpredictable dependence of R2, C2 and L2 on the
wire type, ringing cannot be described with the discussed theory for simple
solenoids.

5.4.2 Impedance characteristics of line-coil pairs

The next step towards analyzing a complete deflection yoke is to analyze the
ringing performance of a pair of line coils mounted with a 3C2 ferrite core
inside a plastic cap. In fact, only frame coils have to be added at the outside
of the plastic cap to obtain a complete deflection yoke. The same (1700CMT
Mk IIa/84 kHz) line coils were used as in the previous section.

For each type of line-coil wire, the impedance characteristic was measured
of five pairs of line coils. In each pair, two line coils were connected in parallel
and were mounted in a plastic cap with a ferrite core. In fact, this is a
deflection yoke without frame coils.

Table 5.2 gives the average and the spread of the parameters obtained
by fitting the two-RCL-sections model to the impedance characteristics.
Comparison to Table 5.1 shows that the values of the resistances Rdc, R1
and R2 for the line-coil pairs with ferrite core are about half the values for
single line coils. The values of C1 are about twice as large. This is what we
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line-coil wires Rdc R1 C1 L1 R2 C2 L2
(Ω) (kΩ) (pF) (μH) (kΩ) (pF) (μH)

8×(7×100 μm) 0.23 50 40 116 1.5 131 4.8

5×(7×125 μm) 0.24 36 42 119 1.7 125 5.1

13×236 μm 0.18 34 36 114 1.5 132 3.7

10×280 μm 0.17 36 37 114 2.1 112 4.0

8×315 μm 0.16 38 35 115 1.9 112 3.7

6×355 μm 0.17 41 33 113 2.2 103 3.9

spread (3s) 0.01 4 2 4 0.4 14 0.5

Table 5.2: Parameter values of the two-RCL-sections model fitted to the measured
impedance characteristic of 1700CMT line-coil pairsmade with various wire types.
The coils, each with 38 turns, are fixed in a deflection yoke with a 3C2 yoke ring,
but without frame coils.

expect when two coils are connected in parallel. The values of the inductances
L1 and L2 for the line-coil pair are not half the values of the single line coils,
but this can be explained by the presence of the ferrite core as well as by the
coupling of the line coils (see Sect. 2.3.3).

The values of C2, however, changed in an unpredictable way from a single
line coil to a line-coil pair with a ferrite core. Some values are larger; others
are smaller. Since the ringing performance depends strongly on the value of
C2, it is not possible to predict the ringing behavior of a deflection yoke from
the ringing behavior of a single line coil.

5.4.3 Impedance characteristics of deflection yokes

Subsequently, frame coils were added to the sets analyzed in the previous
section to obtain complete 1700CMT deflection yokes. Normal production
frame coils were used consisting of 2×250-μm and 2×265-μm solid wires. Only
one deflection yoke for each wire type was made and analyzed. We measured
the impedance characteristics of the line coils as well as the differential-mode
and common-mode magnetic frequency responses.

Table 5.3 presents the fitting parameters of the two-RCL-sections model
to the differential-mode impedance characteristics of these complete 1700CMT
deflection yokes. Comparison with Table 5.2 shows that by adding the frame
coils:

• the value of the dc resistance Rdc does not change significantly, as
expected;
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line-coil wires Rdc R1 C1 L1 R2 C2 L2
(Ω) (kΩ) (pF) (μH) (kΩ) (pF) (μH)

8×(7×100 μm) 0.24 32 43 114 1.1 156 3.9

5×(7×125 μm) 0.25 27 45 114 1.6 133 4.9

13×236μm 0.19 28 36 113 1.3 173 2.8

10×280μm 0.18 29 38 112 1.6 134 3.4

8×315μm 0.17 30 35 112 1.5 137 3.0

6×355μm 0.18 31 34 112 1.5 150 2.7

Table 5.3: Parameter values of the two-RCL-sections model fitted to the measured
impedance characteristic of fully assembled 1700CMT deflection yokes with
different types of line-coil wires. The line coils are fixed in a deflection yoke
with a 3C2 ferrite core, with frame coils consisting of 2×250μm and 2×265 −μm
solid wires .

• both the damping resistances R1 and R2 become smaller, corresponding
to more damping due to additional eddy current losses in the frame-coil
wires;

• the inductances L1 and L2 do not change significantly;

• the capacitance C1 increases slightly by 0-5%;

• the capacitance C2 increases by 20-30%.

Figure 5.4 shows how the fitted parametersR1, C1, L1, R2, C2, L2 vary with
the wire type for a single 1700CMT line coil, a pair of line coils within a ferrite
core and a complete 1700CMT deflection yoke. Clearly, the values obtained
for a single line coil are not related well to the values obtained for a complete
deflection yoke. The values for a pair of line coils are much closer to the values
of the complete deflection yoke and have the same dependence on the wire
diameter.

The capacitances change due to the presence of nearby conductors (the
frame coils). The large change in C2 makes it difficult to predict the
ringing behavior of deflection yokes from the high-frequency behavior of its
components, but this time the change is quite consistent.

5.4.4 Discussion

Our experiments indicate that especially the second peak in the impedance
characteristic deviates strongly from the prediction for simple solenoids. In
our analysis this is especially manifest as an unpredictable dependence of R2,
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Figure 5.4: Comparison of the parameter values of the two-RCL−sections model
fitted to the line impedance of: (•) single line coils, (N) line-coil pairs + ferrite
core, (¥) line-coil pair + frame coil pair + ferrite core.
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C2 and L2 on the wire type. One could raise the question whether theory can
give us an indication where in the coil the oscillation takes place. However,
this is not possible. In fact, we have reached the limits of the validity of
circuit modeling since the dimensions of the coil become comparable to the
wavelength at frequencies of the second resonance peak. For instance, an
electromagnetic wave of 10 MHz has a wavelength of 17 m in a dielectric
medium with εr = 3. The length of a wire (bundle) with which a coil is
wound is about 10−15 m.

We therefore suppose that the second resonance peak in the impedance
characteristic corresponds to a standing electromagnetic wave somewhere
within the coil. We have verified this by measuring the strength of the
alternating magnetic field at the resonance frequencies with a small pickup
coil (with a diameter of 2 mm) perpendicular to the wires, which we moved
over the surface of a single line coil. At frequencies near the first resonance
peak, a field of constant amplitude was measured. At frequencies near the
second resonance peak, however, the field varied as a single cosine along the
length of the wire bundle with a higher value near the terminals than near
the middle of the wire (bundle), i.e. in the middle of the coil.

Furthermore, the capacitance to the environment plays an important role
and cannot be neglected. Especially when several coils are packed closely
together, as in a deflection yoke, this has a strong effect on the equivalent
capacitances and hence on the ringing frequencies. It is therefore necessary
to measure ringing on complete deflection yokes rather than on individual
coils.

5.4.5 Magnetic Frequency Responses of 1700CMT DYs

Figure 5.5 shows the differential-mode and the common-mode magnetic
frequency responses for the various types of line-coil wires of the complete
1700CMT deflection yokes. Clearly, the differential-mode ringing peak shifts
to higher frequencies when thicker copper wires are used in the line coils. The
width of the resonance curves and hence the decay time of the time response
do not vary significantly with the copper diameter.

The common-mode frequency responses show that the first three resonance
peaks in the common-mode frequency response do not vary significantly when
different line-coil wires are used. The fourth peak, however, varies like the
peak in the differential-mode frequency response with the copper diameter of
the line-coil wires.
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Figure 5.5: Differential-Mode (DM) and Common-Mode (CM) magnetic frequency
response of a 1700CMT deflection yoke for various types of line-coil wires.
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5.4.6 Magnetic Frequency Responses of 1500CMT DYs

The influence of line-coil wire on ringing of a 1500CMT DY

A similar experiment was performed for a deflection yoke of a 1500CMT. Also
for this design, line coils were made with identical geometry but with different
wire types. Each line coil consisted of 49 turns of either 6×300-μm solid wire,
5×(7×125-μm) litz, 5×(19×71-μm) litz or 5×(1×153 + 7×106-μm) litz wire.
Each frame coil consisted of 106 turns of 3×(7×125-μm) litz wires.

Figure 5.6 shows the differential-mode and common-mode magnetic
frequency responses of these deflection yokes. The differential-mode magnetic
frequency response changes strongly with the wire type, in the same way we
measured for the 1700CMT samples (Fig. 5.5 ). In the common-mode magnetic
frequency response, the large, second, peak varies similar to the peak in the
differential-mode magnetic frequency response. Because the first ringing peak
in the common-mode response, near 2 MHz, is much higher for these 1500CMT
samples than for the 1700CMT samples, it is even more clear to see that the
first peak does not change with the line-coil wire.

Apparently, peaks in the common-mode frequency response up to about
3 MHz are caused by oscillations inside the frame coils. These frame-coil
oscillations modulate the common-mode current which flows through both
the frame coils and the line coils. This current through (parts of) the line
coils determines the speed with which lines are written on the screen, so that
these oscillations result in ringing bars at the screen (as described in Sect. 4.2).

Furthermore, we conclude that common-mode ringing at higher frequen-
cies (above about 5 MHz) are caused by oscillations inside the line coils. These
oscillations affect both the common-mode and the differential-mode currents
in a similar way.

The influence of frame-coil wire on ringing of a 1500CMT DY

To investigate also the influence of the frame-coil wires on the ringing
performance of a deflection yoke, several 1500CMT deflection yokes were made
with identical line-coil wires, but different frame-coil wires. As shown in
Fig. 5.7, this time the differential-mode frequency response hardly changed,
while the common-mode resonance peak near 2 MHz shifted significantly when
different frame-coil wires were used. This behavior is consistent with our
explanation that this peak is caused by oscillations inside the frame coils
only.



5.5 Summary and conclusions 139

6x300 μm 
5x(153+7x106 μm)
5x(7x125μm) 
5x(19x71μm) 

0 2 4 6 8 10
0

10

20

30
DM Magnetic Frequency Response

frequency (MHz)

pi
ck

up
 v

ol
ta

ge
 (m

V
)

0 2 4 6 8 10
0

5

10

15
CM Magnetic Frequency Response

frequency (MHz)
pi

ck
up

 v
ol

ta
ge

 (m
V

)

Figure 5.6: The differential-mode and common-mode magnetic frequency responses
of various 1500CMT deflection yokes with identical frame coils but with line coils
made with different wire types.
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Figure 5.7: The differential-mode and common-mode magnetic frequency responses
of various 1500CMT deflection yokes with identical line coils but with frame coils
made with different wire types.

5.5 Summary and conclusions

This chapter started with an overview of the theory on solenoids. Although
thorough empirical validation of this theory is reported in the literature, these
models turned out to be unsuitable for predicting the high-frequency behavior
of deflection yokes. In particular, the prediction of ringing from the coil
geometry and other design parameters of a deflection yoke is not accurate
enough. A likely cause is that deflection coils have a more complicated
geometry than solenoids. We cannot trust the theoretical relations between
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circuit parameters and design parameters and have to rely on experimental
analysis.

We presented experimental results for different wire diameters. With the
methods described in Chapter 4 we measured the ringing performance of single
line coils, of line-coil pairs and of complete deflection yokes. After fitting the
parameters of the equivalent circuit models for various wire types we saw that
especially the dependence of the capacitance on the wire type was different
from the prediction by the solenoid models. Probably this is caused by the
fact that the wires are positioned in a rather random way in CRT deflection
coils in contrast to solenoids were successive turns are accurately positioned.
This is also the reason why the spread in the position of the second peak in
the impedance characteristic of single line coils, and hence the spread in the
values of R2, C2,L2 is quite large. Furthermore, also the capacitances to the
environment of the coils probably have a strong effect.

When we changed the line-coil and frame-coil wires, we found that the
common-mode ringing at frequencies below about 3 MHz are caused by
oscillations inside the frame coils only. Oscillations inside the line coils affect
both the common-mode and the differential-mode ringing in a similar way.

Although the theoretical models cannot be used for an accurate quantitive
prediction of the ringing performance, they give a valuable qualitative
description of the basic relations between ringing and the design parameters
such the number of turns and the wire type of the line and frame coils.
Without such a qualitative description it would be much more difficult to
generate options to suppress ringing.



Chapter 6

Suppression of ringing

6.1 Introduction

In the previous chapters we have discussed how ringing of CRT deflection
coils can be evaluated by measuring the frequency response. Subsequently,
we have discussed various models to analyze and describe ringing. Although
the theoretical models that successfully predict the oscillating behavior of
solenoids do not accurately predict ringing of deflection coils, these models
give us sufficient insight to generate ideas to suppress ringing. Our goal is to
reduce ringing such that the effect is no longer visible on the screen.

In this chapter we apply this knowledge to explore and evaluate options to
suppress ringing. A measure to reduce ringing should not hamper the primary
function of deflection (Chapter 2), or result in a strong increase in dissipation
(Chapter 3). We will therefore also evaluate the impact of various options
to suppress ringing on both deflection and dissipation. We saw that the wire
diameter has only a small impact on the ringing performance. In this chapter
we will evaluate more drastic modifications of the deflection coils to reduce
ringing.

The organization of this chapter is the following. First we will review the
literature on the suppression of ringing in Sect. 6.2. Subsequently, we will
discuss the suppression of the differential-mode line-coil ringing (Sect. 6.3),
the differential-mode frame-coil ringing (Sect. 6.4) and the common-mode
ringing (Sect. 6.5).

Part of this chapter has already been published in [226], [227], and [228].
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6.2 Literature on the suppression of ringing

In the past, several measures have been proposed to suppress ringing.
Although not much attention has been paid to ringing in the open literature,
several ideas for solving the ringing problem are found in the patent literature.

Unfortunately, most of the ideas are not very useful for modern deflection
coils. For instance, one proposal is to add external capacitances across each
coil to obtain a balance in capacity such that the capacity relationships of
the two coils are symmetrical [229—231]. In practice, this option is not used;
not only because of the large spread in both the capacity of the coils and
the external capacitances, but also because this option is effective only when
the coils are connected in series, whereas modern line coils are connected in
parallel (see Chapter 2).

Another proposal is to position the wires such that the interlayer voltage
difference is reduced. Unfortunately, practical suggestions are only made for
the case where frame coils are wound around the ferrite core [232]. For the
double mussel coils considered in this thesis, no useful ideas are presented to
reduce the voltage difference between successive layers. For this type of coils,
it is proposed to electrically connect parallel wires in series [233], but this will
result in an inductance that is much too large for practical applications.

More feasible proposals will be analyzed in more detail in this chapter.

6.3 Suppression of DM line-coil ringing

For the evaluation of techniques to suppress differential-mode line-coil ringing,
we measured the magnetic frequency response before and after applying
these techniques. Because the output impedance of the drive circuit is
very important for differential-mode ringing, we have not only measured
the magnetic frequency response of the deflection coils alone, but we have
also measured the magnetic frequency response when a small inductance was
placed in series with the line coils and the drive voltage. We assume that
such a series impedance may also be present in actual drive circuits as a
result of long or ill-positioned wires. To simulate the effect of such a series
impedance, we measured the effect on the magnetic frequency response of
including a 12 μH series inductance. This value is 10% of the line inductance
of a 1700CMT deflection yoke. It is chosen to be larger than found in practical
circuits, to see the effect more clearly.

In the upcoming sections we discuss the following techniques to suppress
differential-mode line-coil ringing:
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1. change the line-drive electronics;

2. bi-directional winding of the line coils;

3. shunt to the line coils;

4. taps in the line coils;

5. distributed damping inside the line coils.

6.3.1 Change the line-drive electronics

The easiest way to reduce ringing is to adapt the drive electronics. A first
way to deal with ringing problems is to increase the time delay between the
start of the horizontal line scan and the start of the video signal of that line.
Usually this delay is combined with some ‘overscan’ such that writing the
video signal still starts at the left-hand border of the screen. This method is
often applied to make differential-mode ringing invisible. However, the delay
of the video signal has several disadvantages. First of all, the overscan results
in higher power consumption due to the larger deflection angle. Furthermore,
because of the delay, a higher video frequency is required during the active
part of the line which may require more expensive components.

Another way to prevent ringing problems is to reduce unwanted high-
frequency differential-mode currents by applying the following circuit design
rules:

i. Reduce the output impedance of the drive circuit:

On page 104, we concluded that a large output impedance of the drive
circuit enhances ringing. A first measure to reduce ringing, is therefore to
reduce the output impedance of the drive circuit. Practical suggestions to do
so are the following:

• use shorter wires, especially for connecting the deflection coils to the
drive circuit;

• use components with low parasitic impedance; especially capacitors are
notorious for their inductive behavior at high frequencies;

• if a diode modulator is used in series with the line drive circuit (to
improve the scan linearity in horizontal direction), then the difference
in switching times of the diode modulator and the main drive circuit
should be short enough to prevent that the diode modulator acts like a
high impedance for a short period of time.
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(a) (b)

Figure 6.1: The voltage distribution along a line-coil pair is different when the line
coils are wound in the same direction (a), than when they are wound in opposite
directions (b).

ii. Reduce high-frequency signals generated by the drive circuit:

• minimize loop areas, especially minimize the distance between flyback
capacitance and the diode;

• mount a ferrite bead around the leads of the diode or around the leads
of the flyback capacitance;

• add damping resistances across auxiliary coils such as the line balance
coil and the linearity coil;

• minimize crosstalk between different circuit parts, especially by decou-
pling the dc supply leads by means of capacitors.

These adaptations of the circuit design - although effective - will not be
discussed in more detail as the purpose of this thesis is to improve the high-
frequency performance of the deflection coils rather than improving the drive
circuitry.

6.3.2 Bi-directional winding of the line coils

Today, almost every CMT deflection yoke has bi-directionally wound line coils,
i.e. the two line coils in the deflection yoke are wound in opposite directions.
These right-handed and left-handed wound coils were initially introduced to
reduce the chance of dielectric breakdown [146] since it strongly reduces the
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Figure 6.2: The differential-mode magnetic frequency response of a deflection yoke
with the line coils wound in the same direction (dotted line) or in opposite
directions (solid line). The figure at the right shows the magnetic frequency
response when a 12-μH inductance is put in series with the line coils.
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Figure 6.3: The common-mode magnetic frequency response of a deflection yoke
with the line coils wound in the same direction (dotted curve) or in opposite
directions (straight curve). The figure at the right shows the first peak in more
detail.
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Figure 6.4: The differential-mode magnetic frequency response of a 1700CMT where
both frame coil leads are connected to the ‘ground’ lead (dotted curve) of the line
coils or to the ‘hot’ lead (solid curve). The first figure shows the results when the
line coils are wound in the same direction. The second figure shows the results
when the line coils are wound in opposite directions.

voltage difference between the outer wires of the two line coils as illustrated
in Fig. 6.1.

The bi-directional winding of the line coils also results in much less
ringing. Without the left/right winding technique, the capacitance between
the adjacent sides of the coils has to be charged and discharged again every
line scan period, whereas it remains uncharged once the winding direction of
one of the coils is reversed [150]. In Sect. 5.3.2 we concluded that the ringing
performance is strongly determined by the capacitance of each individual coil
to its environment. The bi-directional winding technique reduces the influence
of this capacitance.

Although bi-directionally wound line coils have already been in use for
many years, no objective experimental results have been published about
the suppressing effect on ringing. With the measuring methods introduced
in Chapter 4, the effectiveness of the bi-directional winding technique can be
studied in more detail by measuring the frequency response. Figure 6.2 shows
the differential-mode magnetic frequency response of a 1700CMT deflection
yoke with the line coils wound in the same direction (dotted line) or in
opposite directions (solid line). When the two line coils are wound in opposite
directions, the magnetic frequency response peaks are significantly smaller,
which shows that this deflection yoke is less sensitive to ringing than when
the line coils are wound in the same direction. The difference in ringing
performance is much larger when a series inductance is included, as shown in
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Figure 6.5: An RC shunt parallel to the line coils: (a) configuration, and (b)
measured differential-mode magnetic frequency response of a 1700CMT in series
with 12 μH, with (solid) and without (dotted) such an RC shunt.

the figure at the right-hand side of Fig. 6.2.

Furthermore, also the voltage difference between some parts of the line
coils and the frame coils is reduced by using line coils that are wound in
opposite directions. Figure 6.3 shows that the measured common-mode
magnetic frequency response is strongly improved as well.

However, this winding of the line coils in opposite directions has one
serious drawback: the sensitivity to ringing depends strongly on the way
in which the line coils are connected. Figure 6.4a shows the measured
differential-mode magnetic frequency response of a 1700CMT where both
frame coil leads are connected to either the ‘ground’ lead of the line coils or
to the ‘hot’ lead. Figure 6.4a shows the results when the line coils are wound
in the same direction (the so-called ‘left-left’ winding). Clearly, there is no
difference when the coils are wound in the same direction. Figure 6.4b shows
the results when the line coils are wound in opposite directions (‘right-left
winding’). In contrast to the previous configuration, the amount of ringing
depends strongly on the way in which the coils are connected. This is the
reason why different deflection yokes have to be made for application circuits
that apply a positive flyback voltage, and for application circuits that apply
a negative flyback voltage. The ground of the circuit has to be connected to
different leads of the line coils in these two concepts.
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6.3.3 Shunt to the line coils

An option that is already commonly applied in practice, is to add a damping
circuit in parallel to the line coils. The differential-mode line-coil ringing can
be reduced by adding an RC-shunt to the line coil leads with an impedance
which is much lower than the line coil impedance at ringing frequencies (above
1 MHz) and which is much higher at normal drive frequencies (up to 100 kHz).
The basic principle of this arrangement is shown in Fig. 6.5a.

Practical values for the components of such a shunt are found as follows:

• the currents through the shunt should be negligible compared to the
main current through the coils. Thus the impedance of the shunt at the
highest significant harmonic of the drive signal should be much larger
than the impedance of the coil parts. In Chapter 2, we concluded that
the highest harmonic of the drive signal that contributes significantly
to the dissipation is eight times the line frequency ω . This constraint is
simplified by requiring that the impedance of the capacitance is much
larger than the impedance of the line-coil pair, i.e.

1

8ω C
À 8ω L (6.1)

For L = 100 μH and ω = 2π · 84 kHz, the requirement is that C ¿
561 pF. A practical choice is C = 220 pF.

• at a ringing frequency ωr, the impedance of the resistance should be
larger than that of the capacitance, or

R >
1

ωrC
(6.2)

For C = 220 pF and ωr = 2π·3 MHz, the requirement is that R > 242 Ω.
A practical choice is R = 470 Ω.

• the ringing currents should flow more through the shunt than through
the line coils. Thus the impedance of the shunt at ringing frequency ωr
should be lower than the impedance of the inductance:

R < ωrL (6.3)

For L = 100 μH and ωr = 2π · 3 MHz, the requirement is that R < 1.9
kΩ, which is already fulfilled in our case.
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Figure 6.6: A practical configuration of an RC-shunt to the line coils.

The dissipation in the resistance is mainly caused by the flyback pulse (with
a peak voltage up to 1.5 kV). By adding a diode in series such that no current
flows during flyback, the dissipation in this RC-shunt is reduced significantly.
Because the diode conducts again at the end of the flyback pulse, the damping
circuit still catches possible sharp voltage peaks at the end of the flyback
pulse. Figure 6.6 shows a practical configuration where an additional 15
kΩ resistance provides a conductive path, which is necessary for a proper
functioning of the diode. We conclude that an RC-shunt is a possible method
to damp the differential-mode ringing of the line coils.

Note that when a shunt circuit does reduce ringing in a certain configu-
ration, it is an indication that the impedance of the drive circuit is too high
at ringing frequencies. If the output impedance of the drive circuit would be
much smaller than the impedance of the RC-shunt at the ringing frequency,
much less or even no ringing reduction would be obtained. In fact, when we
measure the magnetic frequency response of the deflection yoke alone, we see
no change when adding a shunt in parallel because the driving voltage across
the line coils remains the same. The damping effect of the shunt becomes
quite clear when we add a small series inductance (12 μH) in series with the
measuring set-up. The measured magnetic frequency response (Fig. 6.5b)
shows that ringing is significantly reduced but not eliminated.

Although favorable damping results are obtained with the diode-
resistance-capacitance shunt to the line coils, a practical disadvantage is that
the values of the shunt components have to be different for different monitor
circuits due to differences in output impedances of the driving circuits.
Therefore, it would be advantageous to damp the high-frequency oscillations
inside the coils.

6.3.4 Taps in the line coils

A useful option to reduce the differential-mode ringing described in literature
[234—240], is to connect a damping resistance to an electrical connection made
inside each line coil. Each of these so-called taps is connected through a
capacitance and a series resistance to the line ground. In several cases, it
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C

R

L L

Figure 6.7: A simplified circuit diagram of the RC-tap in the line coils.

was reported that measures successful in one application turn out to make
ringing even worse in another application so that additional modifications in
the drive circuit are needed [241,242]. This can be well understood with the
theory presented in Chapter 4, as a distinction has to be made between the
various ringing models.

Figure 6.7 shows a simplified circuit diagram of an RC-tap, assuming that
the tap divides a line coil in two parts. A practical minimum value for such
an inductance part is L = 50 μH.

Practical values for the components of such a tap are found in the same
way as described for the shunt in the previous section:

• the currents through a tap should be negligible compared to the main
current through the coils. Thus the impedance of the tap at the highest
significant harmonic of the drive signal should be much larger than
the impedance of the coil parts. In Chapter 2, we concluded that the
highest harmonic of the drive signal is 8 times the line frequency ω .
This constraint is simplified by requiring that the impedance of the
capacitance is much larger than the impedance of the coil parts

1

8ω C
À 8ω L (6.4)

For L = 50 μH and ω = 2π ·84 kHz, the requirement is that C ¿ 1 nF.
A practical choice is C = 120 pF.

• the ringing currents should flow more through the tap than through a
coil half. Thus the impedance of the tap at ringing frequencies should
be lower than the impedance of the inductance:

R < ωrL (6.5)

For L = 50 μH and ωr = 2π ·3 MHz, the requirement is that R < 940 Ω.
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Figure 6.8: The differential-mode magnetic frequency response of a 1700CMT
sample with (solid curve) and without (dotted curve) an RC-tap in each line
coil, before (a) and after (b) adding a 12-μH series inductance.

• at a ringing frequency ωr, the impedance of the resistance should be
larger than that of the capacitance, i.e.

R > 1/ωrC. (6.6)

For C = 120 pF and ωr = 2π·3 MHz, the requirement is that R > 442 Ω.
A practical choice is R = 470 Ω.

Although favorable results are reported in literature [234—240], we still found
significant ringing when this option was applied in our measuring set-up when
we added a small series inductance (12 μH). This was confirmed by visual
front-of-screen inspection in actual monitor applications. Our measurement
results, shown in Fig. 6.8, indicate that ringing of the deflection coils alone
is indeed reduced by the RC-tap in each line coil. However, if ringing is
enhanced by the presence of a small inductance in series with the line leads,
the use of taps makes the ringing even worse.

We conclude that some ringing problems can indeed be solved by an RC-
tap in each line coil, but taps are certainly no solution to all differential-mode
line-coil ringing problems.

6.3.5 Distributed damping of the line coils

In theory, we could improve the damping of electrical oscillations by adding
more RC-taps, as illustrated in Fig. 6.9a for a single line coil. Rather than
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weakly conductive layer

(a) (b)
Figure 6.9: A configuration with many RC-taps in a coil (a) can be replaced by a

similar coil with a conductive layer on the wires (b) in which the insulating layers
of the wires act as capacitances.

damping ringing outside the deflection coils, it is more effective to damp high-
frequency oscillations inside the coils. In fact, it would be worthwhile to add a
resistance between each pair of coil windings. This gave us the idea to replace
the separate resistors by a weakly conductive material close to the wires, as
shown in Fig. 6.9b. In this new configuration, the insulating layers of the
wires provide the capacitances.

We implemented the idea of distributed damping by impregnating the line
coils with a weakly conductive fluid. First we applied a thin layer of carbon
black particles suspended in a resin on the line coils. Later we obtained better
results by impregnating the coils with a weakly conductive fluid like ATO1,
PEDOT2 and Conquest3.

Typical experimental results are shown in Fig. 6.10. By impregnating
the coils with controlled amounts of fluid, we could affect both the damping
and dissipation. Clearly, the more conductive fluid is used, the stronger the
damping of ringing, also when a 12 μH series inductance was included in
the measuring set-up. However, when the damping became higher, also the
dissipation increased.

From the line-impedance characteristics (Fig. 6.11) we found that, by
impregnating each line coil with 0.75 ml PEDOT, the Qr-factor of the
oscillation changed from 6.8 to 3.0. Qualitatively, this reduction can be
understood with the theory presented in Chapter 4 (see Eq. 4.38, in which
the equivalent resistance Rr is lowered by adding resistive material in parallel
to the capacitances between the coil windings).

Unfortunately, it turned out in a visual evaluation on a monitor screen,
that even for Qr = 3.0 the ringing is still visible. Although the ringing is
significantly reduced, it is not completely suppressed.

1AntimonyTonOxide, 6% suspension in water, (supplied by LBW BV, Eindhoven)
2PolyEthyleneDithiOThiophenepolystryrenesulphate (Bayer BV, Mijdrecht)
3Polypyrrole (supplied by DSM, Heerlen)
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Figure 6.10: The differential-mode magnetic frequency response of a 1700 CMT for
various amounts of conductive fluid (PEDOT) injected into the line coils, before
(a) and after (b) adding a 12 μH series inductance.
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Figure 6.12: The total dissipation in a 1700 CMT deflection yoke as a function of
the quality factor Qr, which quantifies the ringing performance.

Already at this level, the dissipation and hence the temperature rise
became unacceptably high. With the measuring method described in
Chapter 3, we found that the total dissipation in the deflection yoke changed
from 11.3 Watt to 17.8 Watt. Temperature measurements showed that the
temperature of the line coils rose with an additional 8 ◦C, while only an
increase of less than 2 ◦C would be acceptable.

By varying the amount and concentration of the conductive fluid injected
into the line coils, the relation between dissipation and ringing is determined
empirically. Figure 6.12 shows the total dissipation of a 1700CMT as a function
of Qr which is a measure for ringing and which is determined from the
impedance characteristic (see Chapter 3). As can be expected, the higher
the suppression of ringing, i.e. the lower Qr, the higher the dissipation.

Clearly, the technique of impregnating the line coils with a weakly
conductive fluid is not practical since the dissipation becomes far too high
for acceptable ringing suppression.

The problem with a conductive layer in a deflection coil is that the strong
magnetic fields vary in time and induce eddy currents in such a conductive
layer. These eddy currents can result in unacceptably high losses and heat
generation. The challenge therefore was to develop a layer that suppresses at
ringing frequencies (typically above 1 MHz), but which is not too dissipative
for line frequencies (typically below 100 kHz).

An option to reduce the eddy currents is to use distinct conductive
particles rather than a continuous medium of conducting material. The
inclusion of conductive particles in a dielectric material leads to a strong
increase of the dielectric loss, due to an increase of the interfacial polarization,
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Figure 6.13: Due to an external electric field, the electric charges of weakly
conducting particles accumulate at the interface with the insulating environment.

also called the Maxwell-Sillars-Wagner polarization [243—245].
The mechanism of interfacial polarization is illustrated in Fig. 6.13.

Charge accumulates at the interface between the two materials in the presence
of an electric field, below a certain frequency. If the electric field alternates,
the polarization is reversed and consequently a current has to flow inside the
particles. Because of the resistance of carbon-black this results in additional
dissipation and thus damping of the electrical oscillation. These losses vary
with frequency. At low frequencies the polarization follows the change of the
electric field and the losses increase with frequency. At high frequencies the
electric fields changes too rapidly for the polarization to build up, and the
dielectric losses decrease with frequency.

The electrical properties of the compound depend on the material, the
geometry and the distribution of the filler particles. Carbon black was chosen
as conductive particles owing to its versatility, low cost and availability in
a variety of special grades. The use of carbon black as a filler for polymers
has been described extensively (see e.g. the references in [246—248]). The
dielectric losses of a polymer filled with carbon-black particles is seen to
increase with the amount of filler. This result has been clearly demonstrated
by Yacobowicz et al. [249] for various carbon-black filled polymer materials.

We implemented this idea by using a suspension of fine carbon particles
(Electrodag 1094). Unfortunately we found similar results as for PEDOT, i.e.
a strong increase in dissipation when the concentration was high enough to get
adequate suppression of ringing. In Sect. 6.5.5 we will see that, despite these
results for the line coils, we succeeded in developing this technique towards
an effective solution for the frame coils.

4Graphite suspension (supplied by Acheson BV, Scheemda)
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Figure 6.14: The differential-mode frame-coil ringing is adequately suppressed by
either a resistance in parallel to the frame coils or (b) a potentiometer across the
frame coils.

6.3.6 Evaluation

A single solution to fully suppress differential-mode line-coil ringing has not
been found. A combination of different techniques is needed to obtain an
adequate suppression of differential-mode ringing. For computer monitors,
where ringing is most manifest, sufficient suppression is usually obtained by
combining bi-directional winding of the line coils with an additional diode-
resistor-capacitor shunt circuit.

Impregnating the line coils with a conductive fluid such as PEDOT also
reduces the ringing level, but this quickly leads to an unacceptable increase
of dissipation inside the line coils.

6.4 Suppression of DM frame-coil ringing

In fact, many of the techniques to suppress the differential-mode line-coil
ringing, discussed in the previous section, can also be applied to suppress
the differential-mode frame-coil ringing. In practice, however, adequate
suppression is simply obtained by connecting a resistance in parallel to the
frame coils (Fig. 6.14a). For many designs this is implemented either as
a frame-balance potentiometer (Fig. 6.14b) which is primarily added for
adjusting the difference in currents of the two frame coils.

In contrast to a similar shunt to the line coil, such a simple shunt to the
frame coil does not result in significant power loss since the voltage across
the frame coil is much lower than the voltage across the frame coil. The
maximum voltage across the frame coil is about 50 V, whereas during flyback
the voltage across the line coil can raise up to 1.5 kV.

This is an effective, commonly used option to reduce the differential-mode
frame-coil ringing. It has no effect on common-mode ringing and differential-
mode line-coil ringing.
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6.5 Suppression of common-mode ringing

Common-mode ringing is usually much more annoying than differential-mode
ringing. The reason is that common-mode ringing occurs already at much
lower frequencies than differential-mode ringing. For a same damping (quality
factor), this results in a much longer decay time than for differential-mode
ringing, so that the common-mode ringing bars are visible along a much longer
distance along the screen.

In Chapter 5 we concluded that the common-mode ringing at frequencies
below about 3 MHz are caused by oscillations inside the frame coils only.
These have much lower resonance frequencies than the line coils because the
frame coils have a much higher inductance than the line coils.

Unlike for suppressing differential-mode ringing, we only have to consider
the frame coils for suppressing common-mode ringing. In the following
sections we discuss the following techniques to do so:

1. change the drive electronics;

2. add a common-mode suppression choke;

3. add taps in the frame coils;

4. apply distributed damping in the frame coils.

6.5.1 Change the drive electronics

Unfortunately the option of delaying the video signal in combination with
overscan is not suited to make common-mode ringing invisible because of the
relatively long decay time of common-mode ringing.

In Sect. 6.3.1 various other options were presented to reduce differential-
mode ringing by adapting the drive electronics. The common-mode ringing
can be reduced too by similar measures in the parts of the drive electronics
through which common-mode currents can flow. In addition, it is well known
from the theory on Electromagnetic Compatibility (EMC) [250, 251] that
common-mode currents can be prevented by avoiding currents through shared
ground connections of e.g. line- and frame-drive circuitry.

6.5.2 Common-mode suppression choke

A commonly used method to suppress common-mode ringing is to increase
the impedance for common-mode currents substantially by adding a common-
mode suppression choke [252], see Fig. 6.15a. A practical example is shown in
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Figure 6.15: Common-mode suppression choke in the frame coil leads: circuit
diagram (a) and photograph of the choke (b). The resistance and the third
winding around the choke, shown in the circuit diagram, can be omitted when
the ferrite losses are sufficiently high.

Fig. 6.15b. This choke consists of a low-grade ferrite toroid around which the
frame coil leads are wound such that the normal (differential) currents give
opposite and thus canceling magnetic fluxes inside the toroid.

The choke effectively suppresses the common-mode current without
affecting the main frame drive current. This is because the magnetic fluxes
in the choke caused by the common-mode currents do not cancel. By using a
ferrite choke material with relatively high hysteresis losses, the common-mode
ringing is efficiently damped. The damping can even be further increased
by winding a third wire around the choke and by connecting this wire to a
separate damping resistance. This is a very effective, and often used option to
reduce common-mode ringing. It has no effect on differential-mode line-coil
ringing.

A disadvantage of the common-mode suppression choke, however, is that
the frame coils become ‘floating’ for high frequencies so that they can carry
a high ringing voltage, invisible on the screen. At the front side of the tube
the electrical fields are shielded by a (transparent) conductive coating on the
front glass, but if no metal shield is present behind the tube the electrical
fields may not comply with modern stray-field (the so-called ‘TCO AEF’)
requirements.

Alternatively, the choke can been included in the line leads. This
suppresses the common-mode ringing adequately, but this alternative has as
disadvantage that the line coil inductance is increased so that a larger line
voltage is required.

6.5.3 Taps in the frame coils

A practical alternative solution to suppress common-mode ringing is to make
an electrical connection half way each frame coil and to connect a resistance



6.5 Suppression of common-mode ringing 159

0 2 4 6 8 10
0

2

4

6

8

10
CM Magnetic Frequency Response

frequency (MHz)
pi

ck
up

 v
ol

ta
ge

 (m
V

)

without taps

with taps

(a) (b)

f
r
a
m
e

DY
l
i
n
e

Figure 6.16: Taps in the frame coils: (a) configuration, (b) common-mode magnetic
frequency response before and after addings taps in the frame coils of a 1700CMT.
Note that adding taps does not change the differential-mode magnetic frequency
response.

between this so-called tap and the closest frame coil lead [237—240], see
Fig. 6.16a. From the theory presented in Chapter 4, it is clear that adding
this resistance in parallel to a part the frame coil, and hence in parallel to the
parasitic capacitance of this part, gives a stronger damping of ringing.

A capacitance can be added in series to the resistance to reduce the
low-frequency leakage current, but is not really necessary. As illustrated
by Fig. 6.16b taps in the frame coils effectively suppress the common-mode
ringing peaks at low frequencies. As ringing at these frequencies turn out to be
the major problem in real applications, taps in the frame coils are commonly
applied.

6.5.4 Distributed damping of the frame coils

Similar to the suppression of differential-mode ringing of the line coils,
good results were obtained by impregnating the frame coils with a weakly
conductive fluid. As described in Chapter 4, adding a resistance in parallel
to a coil gives a stronger damping of ringing.

Figure 6.17 shows the magnetic frequency response curves measured on
1700CMT deflection yokes in which the frame coils were impregnated with
various amounts of PEDOT. The more PEDOT was used, the lower the
ringing peaks and hence the stronger the suppression of the ringing. This
was confirmed by front-of screen evaluation in customer sets.
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Figure 6.17: The common-mode magnetic frequency response of a 1700CMT DY
for various amounts of PEDOT impregnated in each frame coil.

Furthermore, we found that the total dissipation of the deflection yoke
increased by less than 0.5 Watt, the temperature rise was unchanged within
the measuring accuracy (2 ◦C), and the change in convergence was less than
10 μm. Hence this technique has been further worked out towards industrial
implementation.

6.5.5 Ringing-free wire

Based on our experiments with impregnating the coils with conductive fluids,
we asked our wire suppliers to include carbon-black particles in one of the
outer layers of the wires [227]. This so-called Ringing-Free Wire (RFW)
consists of a normal copper wire with an insulation layer plus on top the
special layer with carbon-black particles, see Fig. 6.18. Both Belden BV and
L&K developed such a wire. Belden BV transformed a standard wire, made
with a polyurethane base coat and a polyamide bond coat, by incorporating
carbon black in the bond coat [253]. A second structure has been developed
by L&K. In this wire, a thin carbon black filled intermediate coat has been
inserted between the base coat and the bond coat [228].

The influence of the carbon black amount on the properties of the wire has
been studied [228]. Five different wire samples were prepared with various
concentration of carbon black in the intermediate coat in the range [0-10%
(weight)]. The properties of the wires are summarized in Table 6.1. Sample
A corresponds to very low filler concentration while the sample E was made
with a high carbon black amount.

Except for the electrical properties, the characteristics of the wire such as
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Figure 6.18: Schematic drawing of the Ringing-Free Wire, in which carbon-black
particles are included in one of the outer insulating layers.

the mechanical, thermal or bonding properties are not affected by the presence
of carbon black [228]. On the other hand, the insulation resistance is seen
to decrease from 6 to 0.6 MΩ.cm. The breakdown voltage (ac) decreases
slightly from 3.3 to 2.3 kV when the carbon black concentration is increased
(from sample A to E). Such a change of the resistivity and the breakdown
voltage is obviously caused by the conductive filler in the intermediate layer
but the carbon black concentration is still low enough to comply with electrical
insulation requirements.

We used this new wire type in the frame coils to suppress common-mode
ringing.

To evaluate the effectiveness of this new technique, we first measured the
impedance characteristic of the frame coils. The effect of the carbon black
filled layer on the ringing effect can be seen in Fig. 6.19a where the impedance
characteristics of single frame coils are presented for the different samples from
Table 6.1. For low frequencies the impedance characteristics are rather similar
for filled and unfilled standard wires whereas for higher frequencies impedance
peaks corresponding to the ringing effect are more strongly attenuated with
an increasing carbon-black concentration.

Although the losses are actually distributed along the turns of the coil,

Sample reference A B C D E

Breakdown voltage (ac) (kV) 3.3 2.8 2.5 2.5 2.3

Insulation resistance (dc) (MΩ·cm) 6.0 2.6 0.9 0.7 0.6

Concentration (weight %) 2.0 2.5 3.0 6.0 10

Table 6.1: Properties of various carbon-black filled winding wires. For each
wire the overall diameter was 0.300±0.01 mm and the copper diameter was
0.259±0.01 mm. Sample A was made with a very low filler concentration and
sample E was made with a high carbon black amount (about 10%(wt)).
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the effect on the ringing related to the dielectric loss may be quantified by
fitting the two-RCL-sections model (Sect. 4.5.1) to the measured impedance
characteristics. The fitting results are presented in Table 6.2. For sample
E no second peak was seen anymore in the impedance characteristic so that
the fitting of R2, C2, L2 was not possible for this sample. The value of the
R1 resistance was 168 kΩ for the (unfilled) standard wire. It was found to
decrease from 27 kΩ for the sample A down to 8 kΩ for the sample E presented
in Fig. 6.19a. A similar trend is found for R2. The higher the concentration
of carbon black, the lower the value of the parallel resistance and the stronger
the damping of ringing. This is also clear from the value of the quality factor
Qr, calculated with Eq. 4.38 with the fitted values of R1, C1, L1, R2, C2, and
L2.

The effect on ringing is also evaluated by measuring the common-mode
frequency response. The measured common-mode frequency responses, shown
in Fig. 6.19b, demonstrate the effectiveness of the new Ringing-Free Wire.
Whereas sharp resonance peaks are measured with conventional deflection
wires, a smooth frequency response is found when the new Ringing-Free Wire
is used in the frame coils.

Subsequently, we have evaluated the effectiveness of this new common-
mode suppression technology in various computer-monitor designs. As
expected from the measured frequency-response, this technology gives a
better suppression of the common-mode ringing than e.g. the common-mode
suppression choke.

An alternative to varying the concentration of carbon black, is to vary the
number of Ringing-Free Wires in the bundle wires with which the frame coils
are wound [227]. Consequently, the number of conventional wires changes

sample R1 C1 L1 R2 C2 L2 Qr

(kΩ) (pF) (μH) (kΩ) (pF) (μH) -

ref 168 14 143 19 44 112 12.9

A 27 27 154 5.2 50 193 2.9

B 21 43 155 4.2 75 220 2.7

C 20 49 153 3.7 82 222 2.5

D 15 52 156 3.2 95 216 2.3

E 8 71 165 - - - -

Table 6.2: The values of parameters of the two-RCL-sections model, fitted
to the measured impedance characteristics of single frame coils for various
concentrations of carbon-black in the insulating layers of the wires.
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Figure 6.19: The impedance characteristic of a single frame coil (a) and
the common-mode frequency response of a 1700CMT DY (b) for different
concentrations of carbon black in the insulating layers of the frame-coil wires.

0 1 2 3 4 50

1

2

3

4
CM Magnetic Frequency Response

frequency (MHz)

pi
ck

up
 v

ol
ta

ge
 (m

V
)

1
0.1 1 10

frequency (MHz)

100

|Z
| (

kΩ
)

10

0 RFW+ 4 c.
1 RFW+ 3 c.
2 RFW+ 2 c.
3 RFW+ 1 c.
4 RFW+ 0 c.

DM Impedance Characteristic

0 RFW+ 4 c.
1 RFW+ 3 c.
2 RFW+ 2 c.
3 RFW+ 1 c.
4 RFW+ 0 c.

(a) (b)

Figure 6.20: The impedance characteristic of single frame coils (a) and the common-
mode frequency response of a 1700CMT DY (b) for various combinations of
conventional wire (‘c’) and Ringing-Free Wire (RFW).
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line coilsline coilsframe coilsframe coils1717" " CMTCMT  
deflection yokedeflection yoke

Figure 6.21: A 1700CMT with Ringing-Free Wire in the frame coils. The difference
in color between the frame coils with Ringing-Free Wire and the line coils with
conventional wires is more clearly to see when the ferrite core is removed.

accordingly as the total number of parallel wires should remain the same.
Figure 6.20a shows the impedance characteristic of single frame coils of a
1700CMT for various combinations of conventional wire and Ringing-Free
Wire. Figure 6.20 shows the corresponding common-mode magnetic frequency
responses measured on 1700CMT deflection yokes with these frame coils.

A drawback of this new suppression technology could be an unacceptable
dissipation as we found for the line coils. However, additional measurements
on the dissipation of the deflection yoke, according to the method described in
Chapter 3, showed that it increased by less than 1%. The explanation of this
low increase of the loss is that the electric field between successive turns of
the frame coil varies only at a low rate (50-120 Hz) where the dielectric losses
are very small. The electric field of the line-coil wires varies at a much higher
rate, but this electric line field is negligible in the frame coil. Furthermore,
the strong magnetic field does not contribute to the dielectric losses.

In a deflection yoke, this technology is easily recognized from the black
frame coils, see Fig. 6.21. For clarity, the ferrite core and the line coils are
removed from a second sample so that the difference in color of the frame
coils and the line coils is easily seen.
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6.6 Summary and conclusions

In this chapter, various technological options to suppress ringing are evaluated
by measuring the magnetic frequency response and the impedance character-
istic of the deflection coils. The best suppression results are obtained by using
a combination of different suppression technologies.

Differential-mode frame-coil ringing is already effectively suppressed by
the potentiometer which is connected across the leads of the frame coils.

Differential-mode line-coil ringing can best be suppressed by winding the
two line coils in opposite directions and by connecting an RC-damping circuit
across the line coil leads. In practice, the line-coil ringing is not suppressed
completely and is still visible during the first one or two millimeter at the
left-hand side of the screen. This can be made invisible by applying overscan.
In principle, further suppression is possible by impregnating the coils with a
weakly conductive fluid such as PEDOT. In practice, however, this quickly
results in an unacceptable increase of the dissipation in the line coils.

Common-mode ringing can be damped adequately by either a common-
mode suppression choke in the leads of the frame coil, an RC-tap in the
frame coils or by adding a weakly conductive layer to the frame coils. As a
practical realization of this last option, carbon-black has been included in the
bonding layer or in an additional insulating layer of the frame-coil wires. This
Ringing-Free Wire is successcully implemented in industry.
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Chapter 7

Conclusions

Although high-frequency effects are usually not taken into account during the
first design phases of CRT deflection coils, they are becoming increasingly
important. As a result of the trends towards higher image quality and shorter
tubes, the deflection coils have to generate stronger magnetic fields at higher
frequencies. This results in more dissipation and in more ringing.

Dissipation is the conversion of electrical energy into heat. Ringing is
caused by high-frequency electromagnetic oscillations in the deflection coils
and results in an annoying pattern of alternating lighter and darker vertical
bars at the left-hand side of the screen.

Dissipation and ringing are strongly related. Physical phenomena that
contribute to the dissipation also determine the damping of ringing. From
the Fourier expansion of the drive currents, it is clear that electromagnetic
phenomena for frequencies up to 1 MHz have to be considered for dissipation,
while ringing occurs at even higher frequencies, typically between 1 and
10 MHz. Circuit models that describe dissipation can be extended to describe
ringing. Furthermore, the same (impedance) measurements can be used to
analyze both dissipation and ringing.

Dissipation
The main causes of the dissipation in a deflection yoke are dc losses of the drive
current in the copper wires and proximity losses due to the large magnetic
field through the copper wires. Other loss phenomena, such as hysteresis loss
in the ferrite core, the skin effect in itself and dielectric loss phenomena, turn
out to be less important and can be neglected.

To reduce the proximity losses in the wires, it is common practice to
wind the coils with several thinner wires in parallel, rather than a few thicker



168 Chapter 7. Conclusions

wires. The number of parallel wires is adjusted to obtain the same total
copper volume. If the number of wires becomes too high to handle, litz
wires are used. However, our experimental results indicate that the reduction
in dissipation by using litz wires rather than thick solid wires is less than
expected from the theory on the proximity effect alone. To explain this, we
introduced a description with an interwire proximity effect in a bundle of
parallel wires that depends on the total diameter of the bundle, instead of
on the diameter of the separate conductors. The net magnetic flux through
the surface enclosed by pairs of wires causes additional currents to flow. This
results in an non-uniform distribution of the currents over the parallel wires,
and thus in a higher dissipation.

It is clear that most of the measures to reduce the dissipation lead to
higher costs. Some evident examples are the use of litz wires instead of solid
wires and the use of thicker yoke rings. Measures with less impact on the
cost price have to be taken during the first conceptual design phase where
e.g. the coil shape, coil length and copper volume are defined. The largest
contribution to the reduction of dissipation can be achieved by measures
at system level, such as by decreasing the anode voltage and the deflection
angle. Once, the design of the CRT is fixed, the dissipation in the deflection
coils can still be reduced to some extent by adjusting the thickness of the
coils. In the last design phase, when the winding tools are fixed and the
shape of the coils cannot be changed anymore, only the wire type and the
number of parallel wires may be changed. In general, thinner wires result
in a lower dissipation. Moreover, our experimental results indicate that the
dissipation can be further reduced by twisting the parallel wires in such a
way that each wire assumes, to substantially the same extent, the different
possible positions in the cross-section of the conductor.

Ringing
Although ringing is one of the most common complaints from circuit designers
of computer monitors, not much has been published about ringing in deflection
yokes in the open literature and no adequate measuring methods were
available. In this thesis new theoretical models as well as new measuring
methods for ringing are presented.

In addition to the existing method of recording the light intensity at the
screen as a function of the horizontal distance from the left-hand side of the
screen, we introduced three new alternative methods to measure ringing. In
the first method we measure the optical frequency response by recording the
modulation depth of the variation in light intensity at the front of the screen
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as a function of the frequency of a sine-wave voltage source in series with the
deflection yoke and the drive circuitry. In the second method we measure the
magnetic frequency response by measuring the amplitude of the magnetic field
with a large pick-up coil inside the deflection yoke as a function of frequency
of a sine-wave voltage which directly drives the deflection yoke. In the third
method, the impedance characteristics of the coils are measured.

The three measuring methods have complementary advantages. The
advantage of the optical frequency response is that it is directly related
to the conventional method of recording the light-intensity at the left-hand
side of the screen. Moreover, by measuring the frequency response, various
ringing modes can be analyzed separately and a distinction can be made
between differential-mode and common-mode ringing. This allows for a more
detailed analysis of ringing than is possible with the conventional method.
The magnetic frequency response is similar to the optical frequency response,
but is easier to measure. The advantage of the impedance characteristic is
that it enables us to describe ringing with equivalent circuit models. With
analytical formulae derived from these circuit models, a frequency response
can be described with only a few fit parameters.

We presented a new theory on ringing in which differential-mode ringing
and common-mode ringing are described with equivalent circuit models. A
good agreement is obtained between the measured impedance characteristics
and the impedance characteristic of the equivalent circuit models by a simple
fit of the circuit parameters. The analytical formula derived from the circuit
models enable us to describe the ringing performance of a deflection yoke with
only a small number of fit parameters and to characterize the sensitivity of
deflection coils for ringing with a single quality factor.

Although the quantitative prediction of ringing with these circuit models
from the geometry and other design parameters of deflection coils turns out
to have a limited value, these models are very helpful for understanding and
describing the ringing phenomenon. Without such an understanding it would
be much more difficult to generate options to suppress ringing.

Finally we have evaluated existing as well as new technological options
to suppress ringing by measuring the magnetic frequency response and the
impedance characteristic of the modified deflection coils. Differential-mode
frame-coil ringing is effectively suppressed by the existing potentiometer which
is connected across the leads of the frame coils. Differential-mode line-coil
ringing can best be suppressed by winding the two line coils in opposite
directions and by connecting an external damping circuit across the line
coil leads. In practice, the line-coil ringing is not suppressed completely
and is still visible during the first one or two millimeter at the left-hand
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side of the screen. This can be made invisible by applying overscan. In
principle, further suppression is possible by impregnating the coils with a
weakly conductive fluid such as PEDOT. In practice, however, this quickly
results in an unacceptable increase of the dissipation in the line coils.

Common-mode ringing can be damped adequately by either a common-
mode suppression choke in the leads of the frame coil, resistors connected to
taps in the frame coils or by adding a weakly conductive layer to the frame
coils. As a practical realization of this last option, carbon-black particles are
included in one of the outer layers of the frame-coil wires. This Ringing-Free
Wire is successfully implemented in industry.



Appendix A

The diffusion equation

In this appendix, the ‘diffusion equation’ is derived for the electric field.
We start by giving two of Maxwell’s laws in the complex phasor notation,

obtained by replacing the time derivatives by iω (because we consider
sinusoidal variations in time in linear media):

∇×E = −iωB (A.1)

and
∇×H = j + iωD (A.2)

In these equation, B denotes the magnetic flux density, D the electric
displacement density, E the electric field, H the magnetic field, and j the
electric current density.

We assume the following constitutive relations in a homogeneous and
isotropic medium: ⎧⎪⎪⎨⎪⎪⎩

B = μH

D = E

j = σE

(A.3)

In these equations, μ denotes the magnetic permeability, the dielectric
permittivity, and σ the specific electrical conductivity

Substituting Ohm’s law, j = σE, in Eq. A.2 results in

∇×H = (σ + iω )E (A.4)

Since the divergence of any curl operator is zero, we find

0 = (σ + iω )∇ ·E (A.5)
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under the assumption that both σ and are homogeneous within a conductor.
We conclude that in a conductor

∇ ·E = 0 (A.6)

Consequently, the charge density is zero inside homogeneous conductors.
Charge can only be found at the surface of conductors.

Furthermore, by taking the curl of Eq. A.2 we obtain

∇×∇×E = −iω(∇×B) (A.7)

By applying the vector identity

∇×∇×E = −∇2E +∇(∇ ·E) (A.8)

and combining the result with the constitutive relations (Eq. A.3) and
Maxwell’s law Eq. A.2, we obtain

−∇2E +∇(∇ ·E) = −iωμσE + μω2E (A.9)

The second term in this expression equals zero according to Eq. A.6, so that
we obtain the following differential equation for the electric field:

∇2E = iωμσE − μω2E (A.10)

The last term (with ω2) can be neglected when ω ¿ σ so that:

∇2E = iωμσE (A.11)

This is a fundamental law of propagation for many physical quantities.
For instance, it is mathematically identical to the (scalar) heat conduction
equation. In the same way it can be shown that the same relation holds for
B,D,H, j and also for the vector potential A which was introduced in Sect.
3.4.2.

Note that neglecting the last (ω2) term in Eq. A.10 results in neglecting
the phase difference of fields along the wire. This assumption that electric and
magnetic fields propagated “instantaneously”, is called the quasi-stationary
approximation.
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Proximity loss

In this appendix, an expression is derived for the proximity loss in a wire due
to eddy currents induced by an alternating magnetic flux density B by solving
Maxwell’s equations outside and inside the wire. The total net current in the
wire is assumed to be zero.

Practical calculations can be simplified significantly by introducing the
magnetic vector potential A, with

B = ∇×A (B.1)

Since there are any number of vector functions whose rotation is the same we
add a restriction, in this case the Coulomb gauge:

∇ ·A = 0 (B.2)

Combination of Eqs. A.1, A.3, B.1 and B.2 leads to the ‘Poisson equation’:

∇2A = −μj (B.3)

Outside the conductor, in free space, both charge density and current
density are zero and the Poisson equations reduce to the ‘Laplace equation’:

∇2A = 0 (B.4)

Because we consider a symmetrical case where currents only flow in the z-
direction, we consider only the z-component:

∇2Az = 0 (B.5)

This Laplace equation has been solved for many different geometries. For
problems with cylindrical wires, evaluation in cylindrical coordinates (r, φ, z)
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is most appropriate. If all quantities do not depend on z, it can be shown (by
separation of variables) that the general solution of the Laplace equation is
given by:

Az(r, φ) = a0 + b0 ln
r
r0
+

P∞
n=1 r

n {an cosnφ+ bn sinnφ}+P∞
n=1 r

−n {cn cosnφ+ dn sinnφ}
(B.6)

An important property of this Laplace equation is the uniqueness of its
solutions; two functions can only comply with the Laplace equation and the
boundary conditions if the two functions are identical, i.e. only one single
solution exists. We could start with the general solution given by Eq. B.6,
but we can save effort by making an educated guess about the solution.

A wire is modeled as a metal cylinder with radius a and length with its
axis perpendicular to an external varying fieldB(t)=B0 cosωt. The amplitude
and direction of the magnetic vector potential describing the uniform external
field in a point with cylindrical coordinates (r, φ, z) is given by

Aext0 = B0r sinφ ez (B.7)

This is easily validated by writing out B = ∇×A.
According to Faraday’s law of induction, the varying magnetic field inside

the cylinder induces an electric field in the z-direction. Since this electric
field is produced inside a conductor, currents will flow according to Ohm’s
law. These currents generate an additional magnetic field, also outside the
cylinder. Because of symmetry conditions we expect that this additional field
also varies with sinφ. We therefore try to solve the differential equations by
only considering the two sinφ-terms of Eq. B.6:

A0z = (b1r + d1r
−1) sinφ (B.8)

At large distances, only the term b1r sinφ is important which corresponds to
the uniform external field of Eq. B.7, so that b1 = B0. This turns Eq. B.8
into

A0z = (B0r + d1r
−1) sinφ (B.9)

The value of the constant d1 follows from the boundary conditions.

Within the conductor, we make a similar educated guess for the fields.
Because of the continuity of the fields at the boundary, we expect that within
the wire the magnetic vector field Az can also be written as a product of a
distance-dependent part and a sinφ-factor, and we therefore try

A1z = F (r) sinφ (B.10)
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Substitution in the diffusion equation (Eq. 3.14) in cylindrical coordinates
gives after division by sinφ:

d2F (r)

dr2
+
1

r

dF (r)

dr
+ (k2 − p

r2
)F (r) = 0 (B.11)

with p=1 and k2 = −iωμσ. Equation B.11 is known as Bessel’s differential
equation and the solution which is bounded at r = 0 for p = 1 is known as the
Bessel function J1(kr) of the first kind, see Appendix C. We can thus write:

F (r) = cJ1(kr) (B.12)

and
A1z = cJ1(kr) sinφ (B.13)

where c is a constant which follows from the two boundary conditions at the
surface of the wire (with μr = 1 for copper):

1. the tangential component B0φ of the magnetic field within the wire
equals the tangential component B1φ of the field outside the wire: B0φ =
B1φ, for r = a

2. the radial component B0r of the magnetic field within the wire equals
the radial component B1r of the field outside the wire: B0r = B1r, for
r = a

With B = ∇×A this implies for the magnetic vector potential:( ∂A0z
∂r = ∂A1z

∂r , for r = a

∂A0z
∂φ = ∂A1z

∂φ , for r = a
(B.14)

Substitution of Eq. B.9 for A0z and Eq. B.13 for A1z gives(
B0 − d1/a

2 = ckJ 01(ka)

B0a + d1/a = cJ1(ka)
(B.15)

where J 01(x) = dJ1(x)/dx. With the identity xJ 01(x) = xJ0(x) − J1(x) (see
Appendix C), we find

c =
2B0

kJ0(ka)
(B.16)

and

d1 = a2B0

µ
2J1(ka)

kaJ0(ka)
− 1
¶

(B.17)
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Inside the wire we thus have found (combining Eq. B.16 and Eq. B.13):

A1z =
2

k
B0

J1(kr)

J0(ka)
sinφ (B.18)

Combining the Poisson equation (Eq. B.3) with the diffusion equation
(Eq. 3.14) and the definition of k (Eq. 3.22) results in

jz(r, φ) = −
k2

μ
A1z (B.19)

So with the constitutive equation B0 = μH0 this can be written as

jz(r, φ) = −2H0k
J1(kr)

J0(ka)
sinφ (B.20)

In cylindrical coordinates dV= rdφdr, so that the loss due to the proximity
effect is given by

Pprox =
2σ

Z a

r=0

Z 2π

φ=0
jz(r, φ) · j∗z (r, φ)rdφdr (B.21)

Substitution of the current density, Eq. B.20, gives

Pprox =
2σ

Z a

r=0

Z 2π

φ=0

½
−2H0k

J1(kr)

J0(ka)
sinφ

¾
·
½
−2H0k

J1(kr)

J0(ka)
sinφ

¾∗
rdφdr

(B.22)
With the general identities (a · b)∗ = a∗ · b∗, (Jp(x))∗ = Jp(x

∗) andR 2π
0 sin2 φdφ = π this becomes

Pprox =
π

2σ
(2H0)

2

Z a

0
k
J1(kr)

J0(ka)
· k∗ J1(k

∗r)

J0(k∗a)
rdr (B.23)

With the identities presented in Appendix C, this can be further reduced to

Pprox = −
2π

σ
H2
0Re

µ
kaJ1(ka)

J0(ka)

¶
(B.24)
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Bessel functions

The differential equation

d2w

z2
+
1

z

dw

dz
+ (k2 − p

z2
)w = 0 (C.1)

is known as the ‘Bessel equation’. The solutions of this equation and their
properties are well documented in regular textbooks and handbooks [254,255].
This appendix summarizes some formulae useful for Chapter 3. For sake of
reference, citations to equation numbers in the handbook of Abramowitz [195]
are given. The Bessel equation is given in ( [195], Eq. 9.1.1).

The solution which is bounded at z = 0 for p ≥ 0 is known as the Bessel
function Jp(z) of the first kind. It is defined as ( [195], Eq. 9.1.10):

Jp(z) = (
z

2
)p

∞X
k=0

(−14z2)k
k!Γ(p+ k + 1)

(C.2)

From the definition Eq. C.2 it can be proven that ( [195], Eq. 9.1.40):

Jp(z
∗) = {Jp(z)}∗ (C.3)

where z∗ = (x+ iy)∗ = (x− iy) denotes the complex conjugate of z.
A basic identity is ( [195], Eq. 9.1.28):

dJ0(z)

dz
= −J1(z) (C.4)

All Bessel functions Jp(z) and its derivatives with integer p can be
expressed in terms of J0(z) and J1(z) only. We have applied ( [195],
Eq. 9.1.27):
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J2(z) =
2

z
J1(z)− J0(z) (C.5)

and

dJ1(z)

dz
= J0(z)−

1

z
J1(z) (C.6)

Many integrals of products of Bessel functions have been published. We
use ( [195], Eq. 11.3.29):Z a

0
(α2 − β2)Jp(αr)Jp(βr)rdr = a {αJp+1(αa)Jp(βa)− βJp(αa)Jp+1(βa)}

(C.7)
To derive Eq. 3.28 from Eq. 3.27, substitute α = k, β = k∗ and p = 0 in
Eq. C.7 and use Eq. C.5 to getZ a

0

©
k2 − (k∗)2

ª
J0(kr)J0(k

∗r)rdr = a{kJ1(ka)J0(k∗a)− k∗J0(ka)J1(k
∗a)}
(C.8)

and thus with k2 = −(k∗)2 (which follows from the definition of k2 in Eq. 3.22)
the following relation resultsZ a

0
k
J0(kr)

J1(ka)
k∗

J0(k
∗r)

J1(k∗a)
rdr =

a

2

½
k∗

J0(k
∗a)

J1(k∗a)
+ k

J0(ka)

J1(ka)

¾
= Re

µ
ka

J0(ka)

J1(ka)

¶
(C.9)

To derive Eq. 3.40 from Eq. B.23, substitute α = k, β = k∗ and p = 1 in
Eq. C.7 to getZ a

0

©
k2 − (k∗)2

ª
J1(kr)J1(k

∗r)rdr = a{kJ2(ka)J1(k∗a)− k∗J1(ka)J2(k
∗a)}
(C.10)

which can be reduced with Eq. C.5 toZ a

0
k
J1(kr)

J0(ka)
k∗

J1(k
∗r)

J0(k∗a)
rdr = −a

2

½
k∗

J1(k
∗a)

J0(k∗a)
+ k

J1(ka)

J0(ka)

¾
= −Re

µ
ka

J1(ka)

J0(ka)

¶
}

(C.11)
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List of symbols

To limit the length of this list, symbols that are used only in adjacent pages, have
been omitted. Following each symbol and definition there is, in general, a reference
(in parentheses) to the equation or the figure in which the symbol is introduced or
first used.

symbol description unit
α1, α2, αc, αr undamped oscillating frequencies (Eqs. 4.23,4.31) s−1

αcm,i proportionality factor for transfer function (Eq. 4.37) -
β proportionality factor (Eqs. 3.93,3.101) Ωs2

δ skin depth (Eq. 3.18) m
∆ω width of resonance peak (Fig. 4.4) rad/s
∆f width of impedance characteristic s−1

permittivity; in vacuum 0 =8.854·10−12 F/m
εr relative dielectric constant -
θ angle with magnetic field in the deflection area rad
μ magnetic permeability; in vacuum μ0 = 4π ·10−7 H/m
σ specific copper conductivity (Eq. 3.13) Ω−1m−1

σ1, σ2, σc, σr damping constants (Eqs. 4.23,4.31) s−1

τ , τ r decay time (Fig. 4.3) s
φe horizontal deflection angle (Eq. 2.3) rad
Ψ(ψe) auxiliary function (Eq. 3.8) -
ψe corner deflection angle (Fig. 3.2) rad
ω (angular) frequency rad/s

ωo (undamped) resonance frequency (=1/
√
LC) rad/s

ω1, ω2, ωr, ωc damped oscillating frequencies (Eq. 4.23,4.31) rad/s
ω (angular) line frequency rad/s
ωfb flyback frequency (Eq. 2.16) rad/s
ωr (angular) ringing frequency (Fig. 4.3) rad/s
ωsc line-scan frequency (Eq. 2.17) rad/s

A magnetic vector potential T/m
Acoil total cross section of the coil (Eq. 3.102) m2

Across area of cross section of a coil (Eq. 3.61) m2

AL effective area of deflection coils m2

Aturn area of a turn (Eq. 5.30) m2
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symbol description unit
a (copper) radius of winding wire m
an Fourier coefficients of line signal (Eq. 2.28) -
ap equivalent radius of a litz wire (Fig. 5.2) m

B magnetic flux density, with amplitude B0 T
Bextra(t) additional magnetic flux density (Eq. 4.6) T
Bc(θ) magnetic flux density in the ferrite core(Eq. 3.68) T
C,C1, C2 capacitance F
C0 capacitance (Eq. 4.30) F
C capacitance between two layers (Eq. 5.14) F
CL lumped capacitance of solenoid (Eq. 5.11) F
CL2s, CL2d lumped capacitance of 2-layer solenoid (Eqs. 5.20,5.22) F
CLnd lumped capacitance of multi-layer solenoid (Eq. 5.23) F
Cp capacitance that is parallel to an inductance (Fig. 3.12) F
Cr replacement value of two parallel capactances (Eq. 4.22) F
Cs, Cf capacitances in drive circuit (Fig. 2.7) F
Csphere capacitance of a sphere (Eq. 5.12) F

D the electric displacement density C/m2

Dg distance from screen center to corner (Fig. 3.2) m
dc thickness of ferrite core (Fig. 3.11) m

E electric field V/m
Eh energy stored in the magnetic field (Eq. 3.1) J
e electron charge, 1.6022·10−23 C
f frequency Hz
fo frequency of first peak in the impedance characteristic Hz
fmax frequency of frequency-response peak (Fig. 4.37) Hz
fskin(x) skin loss factor (Eq. 3.34) -
g(x) proximity loss function (Eq. 3.43) -

H magnetic field intensity with amplitude H0 A/m
H1(ω),H2(ω) transfer functions of two-RCL-model (Eqs. 4.19,4.25) -
Hcm(ω) transfer function of single-RCL CM model(Eq. 4.30) -
Hcm,i(ω) transfer function of multi-RCL CM model(Eq. 4.36) -
hc height of ferrite core (Fig. 3.11) m
I0 amplitude of current A
Ipp peak-to-peak value of line current (=2I0) A
Isc amplitude of line current during scan (Eq. 2.19 A
i complex number (i2 = −1) -
i1, i2 currents through inductances L1, L2 A
iL current through the line coil (Fig. 2.8) A
icm common-mode current (Eq. 4.10) A
idm differential-mode current (Eq. 4.9) A
J0(x), J1(x) Bessel functions -

j electric current density; jz in z-direction A/m
k complex wave number (Eq. 3.22) m−1
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symbol description unit
kL coupling constant (Eq. 2.10) -
L,L1, L2 inductance H
L (nω ) series inductance of line coil at frequency nω (Eq. 3.80) H
Lwire,lf apparent lf inductance of straight wire (Eq. 5.4) H
Lg distance from deflection point to screen (Fig. 2.1) m
Lh inductance of line-coil pair (Fig. 2.7) H
Lp inductance that is parallel to a resistance (Fig. 3.12) H
Lr replacement of two parallel inductances (Eq. 4.21) H
Ls inductance that is in series with a resistance (Fig. 4.22) H
, w length of wire (Eq. 5.9) m

c length of coil (Eq. 5.8) m

e effective coil length (Fig. 2.1) m

turn average length of a turn (Eq. 5.14) m
M mutual inductance (Eq. 2.6) H
MD,ML constant (Eqs. 5.15,5.16) -
m modulation depth (Eq. 4.1) m−1

me electron rest mass, 9.1095·10−31 kg
NL number of layers in solenoid (Eq. 5.23) -
Np number of parallel wires -
Np,opt number of parallel wires for minimum loss (Eq. 3.106) -
N , Nturns number of turns -
Nw the number of turns per layer (Eq. 5.14) -
n number of harmonic of line frequency -
P dissipation W
Pac dissipation in the ac-resistance (Eq. 3.88) W
Pdc dissipation in the dc-resistance (Eq. 3.87) W
Popt minimum dissipation (Eq. 3.107) W
Ptot total dissipation in line and frame coils W
Pc eddy eddy-current loss in ferrite core (Eq. 3.72) W
Pcoil total dissipation of a coil (Fig. 5.29) W
Pcore magnetic dissipation in the ferrite core (Eq. 3.74) W
Pdc dc dissipation (Eq. 3.11) W
Pprox proximity loss (Eq.3.40,3.47) W
Pskin dissipation due to skin effect (Eq. 3.28) W
p ratio of flyback time and signal period (Eq. 2.18) -
pmagn magnetic power loss per unit volume (Eq. 3.73) W/m3

Q,Qr, Qc quality factor for ringing ( (Eqs. 4.17,4.38,4.41) -
R,R1, R2 resistance Ω
R (nω ) resistance of line coil at frequency nω (Eq. 3.81) Ω
Rac (ω) ac part of resistance (Eqs. 3.85,3.85) Ω
Rdc dc series resistance (Eq. 3.12) Ω
Rlf low-frequency approximation of resistance (Eq. 4.13) Ω
Rp resistance that is parallel to an inductance (Fig. 3.12) Ω
Rprox proximity resistance (Eq. 3.48,3.50) Ω
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symbol description unit
Rr replacement of two parallel resistances (Eq. 4.20) Ω
Rs resistance (in series with an inductance) (Fig. 4.22) Ω
r radius m
rc inner radius of ferrite core (Fig. 3.11) m
re radius of circular electron trajectory (Eq. 2.2) m
rg inner radius of tube neck (Fig. 3.1) m
ro overall radius of a wire including insulation (Eq. 5.14) m
T temperature ◦C
T repetition period of line signal s
t time s
tfb duration of the fly-back (Fig. 2.8) s
ti thickness of the insulation layer of a wire (Eq. 5.14) m
V volume m3

Va anode voltage (Fig. 2.1) V
Vcoil voltage across a coil (Fig. 5.30) V
Vind(t) voltage induced by magnetic flux (Eq. 3.69) V
v1, v2 voltages across inductances L1, L2 V
ve velocity of electrons (Fig. 2.1) m/s
vextra modulation of scan velocity (Eq. 4.5) m/s
vscan average scan velocity (Eq. 4.3) m/s
v(Xg) scan velocity along the sceen (Eq. 4.2) m/s
vL voltage across inductance L VbvL amplitude of voltage across L (Eq. 4.7) V
w thickness of a coil m
Xg horizontal deflection distance along screen (Fig. 3.2) m
Z(ω) impedance as a function of frequency ω Ω
Z1(ω) impedance of a parallel R1, C1, L1 circuit (Eq. 4.18) Ω
ZC(ω) impedance of capacitance C Ω
ZRCL(ω) impedance of parallel RCL circuit (Eq. 4.14) Ω
ZRCL,i(ω) impedance of parallel RiCiLi circuit (Eq. 4.37) Ω
z distance along the axis of a deflection yoke m
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AC resistance, 46
Anode voltage, 10
Antimonytonoxide, 152
ATO, see AntimonyTonOxide

Bessel function, 30, 175
Bi-directional winding, 144

CAD, see Computer-Aided Design
Capacitance

fly-back, 17
parallel, 47
S-correction, 17
solenoid, 121

Carbon black, 155, 160
Cathode-ray tube, 1, 3
Circuit

interaction, 79, 96, 103, 143
model, 90
for common-mode ringing, 105
for differential-mode ringing, 91
Single-RCL model, 94
single-RCL CM, 105

simulation, 103
CM, see Common-Mode
CMI, see Common-Mode Impedance
CMM, see Common-Mode Magnetic
CMT, see Computer Monitor Tube
Coil

bi-directional winding, 144
cross area, 64, 129
development, 7
history, 7
impregnating, 151
length, 24
literature, 6

Mussel, 5
Saddle, 5
sections, 6
series/parallel, 15
shape, 5
taps, see Taps
turns, 6

Common-mode
current, 77
impedance, 90
magnetic frequency response, 84
suppression choke, 157

Computer monitor tube, 3
Computer-aided design, 20
Conductive fluid, 152
Conductivity, 171
Conquest, 152
Convergence, 5
Copper

conductivity, 27, 30
cross area, 37
diameters, 48
temperature dependency, 27
wire, 6

Corner deflection angle, 24
Coulomb gauge, 173
Coupling constant, 14
CRT, see Cathode-Ray Tube
Current

density, 171
distribution, 58

Damped oscillation, 95
DC resistance, 27, 91

of copper, 27
of multi-parallel wires, 37
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Decay time, 72
Deflection, 3, 7, 10

angle, 7, 10, 19, 21
coil, see Coil
distance, 24, 75
energy, 23
point, 11
wire
seeWire, 6

yoke, 3
Dielectric displacement, 41
Dielectric losses, 40, 155
Differential-mode

current, 77
impedance, 89
magnetic frequency response, 82

Displacement density, 171
Dissipation, 21

due to magnetic power loss, 43
due to dielectric losses, 40
due to frame current, 45
due to line current, 45
due to proximity effect, 33, 61
due to skin effect, 31, 60
for non-sinusoidal signals, 44
in ferrite core, 42, 43
in litz wire, 38
in multi-parallel wires, 36
in solid wire, 26
measuring method, 46
of 1500CMT, 49
of 1700CMT line-coil pairs, 50
reduction, 63

Distributed damping, 151
DM, see Differential-Mode
DMI, see Differential-Mode Impedance
DMM, see Differential-Mode Magnetic
DY, see Deflection yoke

Eddy current loss
in ferrite core, 42
in litz wires, 35, 38
in solid wire, 27

Effective length, 11
Electric

circuit model, see Circuit model
field, 171

Electromagnetic compatibility, 157
Electron

beams, 3
charge, 10
gun, 3, 10, 26
mass, 10
trajectory, 10, 24
velocity, 10

Electron-optical design, 7
EMC, see ElectroMagnetic Compatibility
Equivalent parallel resistance, 47

FEA, see Finite-Element Analysis
Ferrite

core, 4, 7
eddy currents, 42

cylinder, 24
magnetic power loss, 43, 44
material, 43

Finite-element analysis, 71
Fly-back, 17

capacitance, 17
frequency, 17
ratio, 17, 18
time, 17
voltage, 78

Fourier
expansion, 19, 45, 66

Frame, 4
balance potentiometer, 90
coil, 4, 13
impedance, 13
inductance, 13
resistance, 13

current, 13
drive circuit, 13
frequency, 4

Frequency response, 73
Frequency-dependent

inductance, 45
resistance, 45

Front-of-screen
convergence errors, 5



Subject index 203

geometry errors, 5
ringing measuring, 72

Geometry errors, 5
Glass tube, 3

Horizontal deflection, 10
angle, 24

Hysteresis loss, 43

Impedance
analyzer, 82
characteristic, 86
of a deflection yoke, 134
of line-coil pairs, 133

of drive circuit, 96, 103, 143
Impregnation, 151
In-line system, 7
Inductance

calculation, 20
frame coil, 13
line coil, 16
mutual, 14
of circular loop, 121
of square loop, 121
parallel, 47
solenoid, 120

Interfacial polarization, 155
Interstrand

proximity effect, 61
skin effect, 39, 59

Interwire
proximity effect, 61
skin effect, 60

Kirchhoff, 118

Landing, 5
Laplace equation, 173
Line

coil, 4
inductance, 16
mutual inductance, 14
pair, 14
series/parallel, 15

current, 4, 13, 17

fourier expansion, 19
drive circuit, 16
frequency, 4, 17
period, 17
scan, 3, 17

Literature
on CRT deflection coils, 7
on dissipation, 22
on ringing, 71, 142

Litz wire, 38, 126
stranded, 40, 59, 62
twisted, 40, 59, 62

Loss angle, 41
Loss phenomena, 26
Lubrication layer, 6
Lumped RCL model, 47

Magnetic
deflection, see Deflection
energy, 23, 24
field, 4, 6, 10, 11, 171
calculation, 7

flux density, 171
power loss, 43
vector potential, 173

Magnetic frequency response, 81
common-mode, 84
differential-mode, 82
measuring setup, 85

Mandrel, 6
Maxwell equations, 118
Maxwell-Sillars-Wagner polarization, 155
Measuring method

for dissipation, 46
for ringing
conventional, 72
impedance characteristic, 86
optical frequency response, 79, 85

MFR, see Magnetic Frequency Response
Mini Neck, 26
Modulation depth, 74
Multi-parallel wire, 126
Mussel coil, 5
Mutual inductance, 14

Narrow Neck, 26
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Ohmic loss, 26
Optical frequency response, 73

measuring setup, 79
Orthogonality relations, 45

PA, see PolyAmide
Parallel

coils, 15
impedance, 15
inductance, 15
resistance, 91
wires, 36, 37, 62

Parallel wires, 61
Pedot, 152
Permeability, 23, 171
Permittivity, 41, 171
Phasor notation, 171
Phosphor dots, 3
Pick-up coil, 85
Picture quality, 6
Pin-shooting, 6, 7
Plastic frame, 4
Poisson equation, 173
Polyamide bond coat, 160
Polyurethane base coat, 160
Power dissipation

due to proximity effect, 176
Proximity effect, 28, 33

interstrand, 61
interwire, 61
with skin effect, 35

Proximity loss, 33, 176
for low frequencies, 34
function, 34
in multi-parallel wires, 37

Pulse response, 73
PUR, see PolyURethane

Quality factor
of RCL circuit, 95
of common-mode ringing, 113
of differential-mode ringing, 113

Quasi-static behavior, 9, 20
Quasi-stationary

approximation, 172

Recursive relation, 18
Resistance

ac, 46
dc, 27
due to skin effect, 35
frame coil, 13
frequency-dependent, 45
parallel, 47
solenoid, 127

Resonance peak, 73
RFW

seeRinging-Free Wire, 160
Ringing, 70

amplitude, 72
decay time, 72
frequency, 72
key parameters, 72
measuring method, 72
of a deflection yoke, 133
of line-coil pairs, 132
of single line coils, 131
physics, 118
prediction, 117
quality, see Quality factor
suppression, 141

Ringing-free wire, 160

S-correction, 16
Saddle coil, 5
Scan

frequency, 17
Sensitivity, 23
Series inductance, 15
Shadow mask, 3
Shunt, 148
Simulation programs, 7, 11
Single-RCL CM model, 105
Single-RCL model, 94
Skin

depth, 29
effect, 28—31
with proximity effect, 35

inductance, 32
loss factor, 31
resistance, 31
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for high frequencies, 32
for low frequencies, 32

Solenoid
capacitance, 121
inductance, 120
multi-layer, 123
resistance, 127
short, 121
single-layer, 122

Steinmetz’ law, 43
Strand, 58
Stranded litz, 40, 59

Taps
in frame coils, 158
in line coils, 80, 149

Television tube, 3
Temperature dependency

of copper, 27
of dissipation, 57

Transfer function
common-mode, 105
differential-mode, 99

Transformers, 71
TVT, see Television tube
Twisted litz, 40, 59
Two-RCL-sections model, 98

Wide-screen television, 26
Winding

machine, 6
mandrel, 6
moulds, 7
process, 6

Wire, 6
copper, 6, 27, 30, 37
dimensions, 48
heat bonding layer, 6
insulating layer, 6, 64
litz, 38
lubrication layer, 6
multi-parallel, 36
type, 131
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Dankwoord

Het schrijven van een proefschrift is een energieverslindende aktiviteit. Ik
heb er erg van genoten, maar ik ben me ervan bewust dat het onmogelijk was
geweest zonder de sterke steun van mijn gezin, mijn collega’s en de leiding
van Philips Display Components.

Allereerst wil ik Renate, Tom en Jacqueline bedanken voor hun begrip
voor de invloed die het schrijven op ons gezinsleven had. Naast hen, wil ik
ook mijn ouders en mijn oma ”Grootje” bedanken voor hun stimulans vanaf
mijn prille jeugd om natuurkunde en elektronica te verkennen. Ik denk nog
altijd met veel plezier aan de proefjes die ik toen kon doen en de hulp die ze
mij daarbij gaven.

Ik ben Meijndert van Alphen dankbaar voor het aannemen van mij in zijn
toenmalige groep in Display Components om aan die onderwerpen te werken
die uiteindelijk tot dit proefschrift hebben geleid. Mijn voormalige collega’s
Mark Vrinten en Ewoud Vreugdenhil wil ik bedanken voor hun stimulans
om daadwerkelijk te starten met het schrijven van dit proefschrift. Het
management van Philips Display Components Eindhoven, en in het bijzonder
Cees Admiraal en Bas Zeper dank ik voor de toestemming en de steun die ik
heb gekregen.

De collega’s van de modelshop ben ik zeer erkentelijk voor het wikkelen
van de spoelen, het samenstellen van de deflektie units en hun hulp bij het
uitvoeren van mijn experimenten.

Verder wil ik de mensen bedanken die het manuscript grondig hebben
doorgelezen en mij met hun positieve kritiek geholpen hebben de leesbaarheid
van dit proefschrift aanzienlijk te verbeteren. In het bijzonder wil ik daarbij
bedanken: Ferrie Aalders, Meijndert van Alphen, Martijn Dekker, Frank van
Horck, Karel Kuijk, Daniëlle Palmen en Tjerk Spanjer. Veel dank ook aan
prof.dr.ir. A.J.A. Vandenput, prof.dr.ir. J.H. Blom en prof.dr. A.G. Tijhuis
voor hun konstruktieve kritische opmerkingen en plezierige discussies.

Tenslotte, maar niet in het minst, wil ik mijn leermeester professor Piet
van der Laan heel hartelijk bedanken voor de vele intensieve, vaak langdurige,
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maar altijd plezierige discussies gedurende de afgelopen twee jaar. Ik heb er
veel van geleerd en ik heb er veel van genoten. Bedankt!
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