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INTRODUCTION

This handbook stems from my studies of set resaarRC
circuits and the quality of the tank componentsy M
measurements on coil Q led me to believe | ned¢dk®the
other components of the tank more seriously, ndyeab
capacitor and even the wire from which the coweund. In
many radio articles | have read the Q-factor oftémk
variable capacitor is generally assumed to be kigily. High
enough as to be disregarded as a significant tomoni to the
tank Q. Recent discussions on the Radio Boardestighat
this may not be the case but in fact contributaiigantly to
tank resistive losses.

The first several chapters of this handbook theifress
capacitors, both from a general standpoint and fiteen the
question of capacitor losses. Several articlesieasurement
techniques are included although it is noted thatcapacitors
they address appear to botton out at the 1uF rangelo not
include the smaller MW band picofarad world. Atsey
seem to be aimed at electrolyte caps. Still, shzuld
stimulate the gray matter and suggest possiblelattiagles on
the problem for crystal radio.

Next | address the question of wire resistancengmily with a
couple handy tables of wire data. High-End caiéswaound
from litz wire and so this was a partictular foassl do not
know much about this type of wire. A good pagéitarwire
resistance and data required to make your own lesilcns
should help greatly, followed by papers on genlézal
considerations. With this edition | hope | willkeacovered



most technical/theoritical aspects of crystal raatid can get
back to the happy job of design and constructiais, time
with a more thorough understanding of what the Heok up
to.

Of general note, the web is a marvelous sourcatf and
information. Many long-time crystal set buildeasid many
others have created dedicated sites to dissemiitfatenation
and resources, to share their creations and kngeletlam
eternally in your debt. All of the material in $hiandbook is
copyright for which | have not sought permissidrherefore
this is not presented for publication or copyis lonly my
personal resource. | encourage anyone findingctipy to
pursue ON THE WEB the web pages identified within.
include the name of the author and web addresaatf e
section. | wish to sincerely thank every authaspnted for
their excellent pages and ask forgiveness for nityjngdnto
this handbook.

Kevin Smith
2012

www.lessmiths.com/~kjsmith/crystal/crOintro.shtml

to adopt wires of Litz construction to reduce th®mge in
internal inductance and resistance as a functiofregsiency.
However it would still probably be good advice twsere that
each wire bundle was of reasonably large diameted, the
bundles were closely spaced.
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Figure 14 Delays as affected by wire diameter
Figure 14 plots the group delays for the same sabéewere
used as examples for Figure 13. Looking at thesentbe seen
that for the examples which share the same vakestiallest
diameter tends to push the variation in delay &snation of
frequency up into the ultrasonic range. Hence dlsii@meter
might be desired if this result is wished. Howesrusing the
thickest wires with a closer spacing we obtainrésilt shown
with the orange line. This reduces the overall lefelelay.

In practice it is questionable whether delays ef thagnitudes
shown would ever be audible. If so, the generalcadwould
seem to be to choose reasonable large diametes with a
close spacing in order to minimise the effectsesfstance and
inductance. Since the characteristic impedancehefcables
tend to be low compared to those of a typical It cable
series resistance and inductance seem to haveofa effect
than cable capacitance. This being so, it is tirecasistance
and inductance which we should regard as the pyirtraeat
to reliable signal transfer. If the change in graletay over the
audio band is felt to be significant, a suitablmeely would be
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Figure 13 Signal loss as a function of wire diameter

T
100.0Hz

Having examined the effect of varying the wire spgave can
now look at the effect of the choice of wire diaerst Figure
13 shows the power loss as a function of frequefocyour
standard twin feeder, but using various wire diaretand
spacings. Four of the plotted lines have the sairediameter
(d) to spacing (s) ratio. This is to ensure thatythll actually
have the same characteristic impedance and heecsathe
nominal inductance and capacitance per length.vahiations
between these four examples are therefore onlytalabanges
in the internal resistance and inductance of thieswi

Comparing the four plots which share the same veleecan
see that the lowest losses occur when the wire etiem{and
hence spacing) is largest. This seems to clashthéthlesire to
choose a low wire spacing. However the final pétofvn as a
solid orange line) is for the largest wire diamaised for the
previous four examples, but with a much smallecspa This
reduces the inductance and hence reduces the déveigh
frequency power loss.
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Figure 12 Delays as affected by wire spacing
Figure 12 shows the time delay plots for the sawmie of
spacings, etc, as used for Figure 11. As we woxjrbe, as
the spacing is increased and the cable inductases, rthe
delay also rises. From the results shown in Figadesnd 12
we can reasonably expect that we can generally topsduce
the high frequency losses and overall group dejaghmosing
a small wire spacing and minimising the cable ittdnce.
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Figure 11 Signal loss as a function of wire spacing

Figure 11 shows the effect of various choices aéwpacing,
with a common wire diameter of 4mm (i.e. as presipua
wire radius of 2mm). Note that this has a differesttical
scale to earlier power/frequency plots to accomnedae
greater losses produced by the wider-spaced cadlieking at
the results we can see that the effect of movieguatihes apart
is to increase the relative loss at high frequenacinis is
simply a consequence of the increase in wire spacin
producing a corresponding rise in the cable’s italuce per
unit length. The combination of the cable induceand the
load resistance act as a conventional low-pags fiince the
wire diameter is the same for all the lines showrfigure 11
they all have the same value of wire internal ingrexb.
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Secondly, the above assumes we have maintained
diameter of the wire when changing to a lower cetidity
material. As we can see from figure 9 this woulddurce quite
high signal losses, and would make the responsee mor
sensitive to any frequency dependence of the imaetdance.

Thirdly, we can interpret the reduction in tependence of
the delay upon frequency as being due to the velgtihigh
cable resistance ‘swamping’ the inductance. i.e thre
resistance is now so high that the cable/load systegins to
look more like a simple resistive potential dividetith a
relatively negligable inductance.

In practice we would probably choose to increase wlire
diameter to keep down the overall level of wireigtesice.
This increase in wire diameter would also increhgevalue at
any frequency, thus lowering the frequency at whittase
changes may occur.

7. Effects of wire diameter and spacing

For all the examples considered so far we have theedame
values of wire diameter and spacing. This has a&tbws to
compare various choices of conductor, etc, onke for like’
basis. In practice, however, one of the most comtypes of
variation from cable to cable is in the choice ld tiameters
of the wires, and the spacing between them. Wenoanuse a
convenient standard material (Copper) and exploeeeffects
of varying the spacing and diameter of the wires bafore we
will assume a 3 metre length of twin-feeder, and8a@hm
resistive load as the standard for the purposesmaparisons.
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Capacitor Theory
https://ece.uwaterloo.ca/~lab100/Is1notes.pdf

Any arrangement of two conductors separated bylectrie
insulator (i.e., dielectric) is a capacitor. An @& charge
deposited on one of the conductors induces an etpaage of
opposite polarity on the other conductor. As a ltesan
electric field exists between the two conductorfangs and
there is a potential difference between them. Tiaetric field

anywhere between the conductor surfaces is directly

proportional to the magnitude of the charge Q oe th
conductors. And the potential difference V is atficectly
proportional to the charge Q. The ratio Q/V is thusonstant
for any electric field distribution as determinegthe shape of
the conductors, the distance of separation, anditectric in
which the field exists.

The ratio Q/V is called the capacitance, C, of atipaar
arrangement of conductors and dielectric. Thus, Q/¥,
where Q and V are in units of coulomb and volt. & lthe
units farad (F).

e £ A
C = % ) (farads)

The simple theoretical expression for the capacéaralue of
a parallel plate capacitor is where

A = plate area [m2] = cross section of electritdfie

d = distance between plates [m],

Eo = permittivity of free space = 8.854 x 10-12 Fnul

Er = relative permittivity of the dielectric betwe¢he plates
[dimension less].

Group Delay
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Figure 10 Delays of Graphite and Copper

Figure 10 shows the phase delay behaviour of geamd
copper. In this case the behaviours of the two risdseare
clearly very different. At low frequencies the irdance of the
wires is not dependent upon the resistance lewvahcel we do
not see the ‘scaling’ effect we encountered whekilg at
signal losses which there tends to offset the fimluin at any
frequency produced by the lower conductivity. Friignre 10

therefore we can say that the variation in phadaydeith

frequency in the audio band is much smaller witpgite than
with copper. The graphite also shows a lower oVeiglhy as
well as better uniformity. Hence low conductivityaterials
may be useful if we wish to reduce differential péréime
effects.

However we must draw such a deduction with carettioee
reasons.

Firstly, the phase changes at audio frequereyery small,

even using copper. It is therefore questionable ttey would
be audible.
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i.e the same in both cases!

This example is not exact and the behaviour is ncoreplex

than described here. However this example showsitthyns

out that both materials show a noticeable changsgimal loss
at much the same frequency. Hence for a given eiameter

changing the choice of material has much less effpon the
frequency dependence of the signal loss than watnaitpect.

In fact, we have already seen this to a lessermnexté we

examine the earlier results for fill factor we csee that the
main effect of a fill factor of less than unitytis displace the
loss curve to a higher or lower overall loss, mothanges its
shape.

Using the same wire diameter, etc, as before, dasmarked

increase in the low frequency loss due to the lower

conductivity. This is simply due to the wires hayia much

higher d.c. resistance when we change to a matékial

graphite which has a relatively low conductivityn practice

the level of loss in the example chosen here (ato6ndB)

would be far too high for a loudspeaker cable. Whsimg

such a lower conductivity material we would therefo
probably choose to employ wires of much greatemetar

(and hence cross-sectional area) to ensure a leatl ¢é loss.

However it should be noted that this will mean arge in the
value at any given frequency and alter the caltletsaviour in

other ways.
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This calculated value is based on the assumptian tie
charge density on the plates is uniformly disteolt In
practice there is always a concentration of chaigeg the
edges. This charge concentration is at the shameroof the
plates. Thus for a given voltage, the actual totzérge is
always greater than the theoretical total charge.

Practical Capacitor Model

The low frequency lossy model is introduced toallgou to
measure capacitance with a
capacitance measuring bridge instrument.

Discrete component measurements and models ofhysical
capacitor need to be considered here. Considerafiarfinite
subdivision of the physical device may assist invenrg at a
lumped discrete equivalent circuit model of the cfical
physical device (ie: a capacitor).

First consider the physical

Cp device, the capacitor. We
have two conducting surfaces
separated by some distance.

AR Hence a defined capacitor .
Lp R Assume there is a voltage

) P applied to the capacitor. The

Figure 1. dielectric has some loss1 and
Capacitor Model will conduct a small urrent.

With Parasitic L & R One can consider this as a

distributed loss within the
length of the dielectric material between the tvemductors.
Hence a resistance in parallel with the capacite.Tossy



dielectric has length. Hence one could conceivestiluted
inductance? in series with the distributed resistatience the
inductor as shown in figure 1.

C At very low frequencies (say
11 1 kHz) the parasitic
LB inductance can be ignored3
for the parallel plate
—o—"/\/\——®—  capacitor you will be using.

R Hence the model will only
have the capacitor and
resistor in parallel as seen in
figure 2.

Figure 2. Capacitor
Model With R Only

In this experiment the parallel model resistanceeisy large.
Hence the dissipation of energy is small. The tesisvil
dissipate very little energy. Thus we will haveapacitor with
a low dissipation factor, D. One can calculate tbsistance
value knowing the value of D measured after batndhe
bridge.

The capacitance measuring bridge has to be adjsstatat
both the capacitance and the resistance of theigaghmodel
are balanced. This is the reason for adjusting thetCRL and
the DQ dials of the Capacitance Measuring Bridge.

1) The dielectric has a finite resistivity, so when electric
field is across it, a small but finite electric cemt flows
through it. This current, or charge flow, is reéetito as a loss
(from what an ideal device would do).

2) Because the plates of the capacitor are condustith
current flowing through them, they have a small anmaf self
inductance.

around 0-05dB greater than the loss at d.c. THiswisr than
the the drop of around 0-1dB we would obtain usiagerials
like copper, but the improvement is surprisinglyasingiven
the factor of 1000 in conductivity.

To understand this behaviour we can consider ampbea
where we have two rods of material which have thmes
diameters and lengths. One material has a condtyctihich
is 100 times lower than the other. As a result ¢hd-to-end
d.c. resistances of the rods also differ by a faofal00. The
frequencies at which the a.c. resistances of tte double due
to the effects of finite skin depth (internal impede) also
differ by a factor of 100. We can now define a sfievalue
of the ratio of skin depth to diameter (and henueéich is the
value for which the a.c. resistance is double themsistance.
For the rod of lower conductivity material this walof occurs
at a frequency 100 times higher than for the rochigher
conductivity material.

As a result of the above we would expect the eftefcskin
effect to be shifted up in frequency by a factofl@® when we
change from the higher to the lower conductivityd.ro

However, we must then also take into account anothe

difference which turns out to be significant. Frone above
we can say that the higher conductivity rod caisdid to have
a d.c. resistance, , which increases to at a freyuee can
label . The lower conductivity rod will have a dresistance of
which rises to at a frequency . Another way of lngkat what
happens is therefore that the higher conductidiy changes
its resistance by an amount when we change thedrey by
an amount . Whereas the lower conductivity rod gkan
resistance by when we change the frequency bys ffieians
that in each case the overall rate of change adteexe as we
change the frequency will be
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6. Effect of low conductivity material

Having noticed the effect of the relatively low comwtivity of

aluminium some manufacturers and writers have argjoet it

would be better to deliberately use a material wih
particularly low conductivity. Carbon (graphite)shfaiequently
been mentioned in this context. To estimate thecefff using
such a material we can now use figures 9 and 18s&’khow
the relative loss and phase delay for the two rizdseand our
standard example of cable.

520

Power loss

525

0 = 007 x 10° mhos/m (Graphite)

(dB)

S04
100.0Hz

1.0kHz. T i 150kn:' ZlﬂkHzl m‘ﬂkHz
Frequency (log scalc)
Figure 9 Signal loss for Graphite

Figure 9 shows a result which at first examinat&gems
strange. The graphite has a conductivity arouneetiorders of
magnitude lower than that of copper. The skin dejsth
graphite at any frequency is therefore around B@sigreater.
For a given wire diameter this might lead us toestpany
increase in loss as the frequency rises to beeshifp to much
higher frequencies in graphite than in copper.figetre 9 does
not seem to show this. The increase in signalap<490kHz is
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3) The change in current and direction is so sltw, self
inductance effect is almost too small to measure.



http://www.avx.com/docs/Catalogs/cbasic.pdf

Basic Capacitor Formulas YAV X

1. Capacitance (farads)
4KA

Xi. Equivalent Series Resistance (ohms)
en s F)/2xf0)

. Energy stored in capacitors (Joules, watt - sec)
E=nOv

11l Linear charge of a capacitor (Amperes)

V. Total Impedance of a capacitor (ohms)
Ry + 00X
V. Capacitive Reactance (ohms)
RREET

VL. Inductive Reactance (ohms)
Ee

VI Phase Angles:

c & g
rentin ph N

issipation Factor (%)

D F=tend foss anals) XVIl. Gapacitors in Parallel (voltage the same)
Cr= —+0y

XIX. Aging Rate
AR = %A Cideca
XX. Decibels
=201

f time

METRIC PREFIXES ~ SYMBOLS

Pico X102 K =Dielactric Constant = frequency L =Testife

Nano X108

Moo X108 | | A =m L -ctacs Y, -Testvcrage
Mili X102

B Yot | | T -Decretiomss 8 =losawe V,  =Cpaating vetaga
Lz Xl v o =Pnasa angle: T, =Testtampsrtus
Kilo X102

Mega  X10% e xav T

Giga X10%

Tora X1042| | By -SowsPassons L,  -Opsainghe

004
— ¢ =58 x 106 mhos/m (Copper)
Grous Dela @ = 37 x 106 mhos/m (Aluminium)
roup Delay 5 =61 10° mhos/m (Silver)
1000 1 —-— 0 = 45x10°mhos/m (Gold)
nscc
2000
2000

T T T T T
100.0Hz 1.0kHz 100Kz 25.0kHz 100kHz

Figure 8 Effect of material upon delay

As with variations in fill factor, the variationsetween the
materials used as examples here seem quite snealteHt is
not obvious that changing, say, from copper wiessitver
ones of the same diameter and spacing is likefyroauce an
audible change as a result of differences in thermal
impedance of the wires. Curiously, although alummimiis
generally regarded as a ‘poor’ choice for wiring dndio
systems, its relatively low conductivity does mehat the
effects of internal impedance tend to occur athsljghigher
frequencies than copper.

It is interesting to note that the nominal behavsoaf copper
and silver are quite similar compared to theireti#hce from
aluminium or gold. However it is worth bearing iringh that
most of the metals used for wires are far from dpeaf

elemental purity. This means that the actual cotidtic of a

wire may differ by perhaps 5% or more from the dtad

values assumed for the above calculations. Thigself is

unlikely to be significant compared to the muclyé&rrange in
conductivities for the materials used here as ej@snp
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5. Effect of material conductivity

We can now examine the effect of various choices of
conductive material. Figure 7 illustrates the dffefcusing four
different choices of metal for the wires. The samize
diameter and spacing is assumed as previously,ttendill
factor is assumed to be unity.

00 o

Power loss

0.05-

@ 0 = 58 10° mhos/m (Copper)
= 37 x 10 mhos/m (Aluminium)
0 = 61 x 10° mhos'm (Silver)
arod 0 = 45 10 mhos/m (Gold)

T T T T
1000Hz 10.0kHz  25.0kHz 100kHz

1.0kHz
Frequency (log scale)
Figure 7 Effect of material upon loss

Figure 8 shows the related results for signal deddyes.
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What is the best variable capacitor for my crystaradio?
By Dave Schmarder
http://makearadio.com/misc-stuff/capacitors.php

This is a question that has been asked of me riamgs. It
would be easy for me to just say, "Just buy sonig fmail

capacitors.". Unfortunately, they are not so comranymore,
and when you see how much they cost at the largdoau
venue, you'll forget about the high cost of the litire that
goes with them.

The purpose of this paper is to discuss variouegypf
variable capacitors, showing their good and badtpoi have
come up with some answers that | have not seemusiisd
elsewhere. Perhaps this work will help you find ttight
variable capacitor for your radio.

This paper deals nearly exclusively with a crystatlio
detector unit in a two section radio. Discussiorapnfantenna
tuner section can be found on my antenna tuner. page

Before we get down to the nitty-gritty brass taokshe actual
capacitors that you should get, let's set the bdsicthis page.
First, anyone that wants to build a dx set shouit the

crystal radio DX'ers best friend, Ben Tongue's ‘itebs
Specifically his paper dealing with variable capars as used
in crystal sets. In his article 24, section B1, ttimrts plainly
show the difference between a holy grail and anryelsy

capacitor.

One even wonders how a crystal set works with sutdusy
capacitor. Well, it really isn't that bad. But wittsses highest
at the high end of the band, plus the very squeéarihg
(10% of the capacitor rotation covers 30 to 40% tlud

Looking at figure 5 we can see that changing tHefdctor
from being unity down to 0-7 has a surprisingly ewstdeffect
upon the signal loss behaviour.

Figure 6 shows the delay behaviour for the sameoféil
factor values.

00
=10
Group Dely | | " 1=09
—— p=08
1000
- - p=07
nsec
muuf—/
2000 T T T T
1oz e Boet Zowr 1o

Figure 6 Effect of fill factor upon delay

Again, the changes are relatively modest. On tiséslm these
results it does not seem as if the fill factor eabf stranded
wires is likely to have a noticeable effect for nvfeeders of
this type. That said, it may be more significant faire

diameters and spacing other than those used ®et#ample.
More generally, however, it seems that a Litz camsion

(with the strands individually stranded) is prolyabisually
required for multistranded wires to have audio prtips that
differ noticeably from solid wires. That said, nistitand is
often physically more flexible, and may be eas@éconnect,
so may be more convenient than solid-core for oginactical
reasons.
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Again it is not clear that this would be noticeainie practical
situation.

4. Effects of fill-factor

For the sake of example, the cables consideretinowi were

assumed to be made of copper with an effectivefdittor

value of unity. To assess the typical effects ahange in fill

factor, or of the chosen conductive material, we rezalculate
the behaviour of a cable similar to that used lefbut with

various fill values or materials. As before we #fere assume
a 3 metre length of twin-feeder with 2mm diameteress

spaced with their centers 6mm apart.

Figure 5 shows the power loss for four differindues of the
fill factor, using copper wires.

00 o

Power loss

0.05+

(dB)

.10

T T T T
100.0Hz 10.0kHz  25.0KHZ 100kHz

1.0kHz
Frequency (log scale)

Figure 5 Effect of fill factor upon power loss
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frequency range), there is a lot of bad karmaatigh end of
the band.

Below are some examples of capacitor traits. Theynat in
any particular order of importance or the goodnessne
capacitor over another.

A variable capacitor is made up of two major sewtja stator
or stationary part, and a rotor or moveable sectibmese
sections are made with plates, also called vanétades. The
frame is usually connected to the rotor and is cornection
of the capacitor. There are some instances whereator is
isolated from the frame, but not too often.

Dielectric

This is the material that separates the statoeglébm the
rotor plates. An air dielectric is most common, dery low
loss. Air has a standard dielectric constant of $@metimes
other materials are placed between the rotor aatdrsplates,
mainly so the plates can be closer together. Tihisva for a
smaller capacitor size, but it is at the expenskigtier losses.
| like using air capacitors the best.

Insulators

Insulators are the non-conducting material thatifithe stator
plates to the capacitor frame. The insulator maters$

considered by most builders the prime criteria efesting a
good capacitor. Two major types of insulating miaterused
are ceramic and phenolic. Ceramic is consider &1y best
and the only thing to use in a dx crystal set.

However, new ceramic insulated variable capacitars
expensive. For less aggressive radios, and veryessige
budgets, phenolic is the choice.



Plate Plating

Some of the variable capacitors that you see \aieha silver
plating. Ben warned us in his article that whatesp to be
silver plating might not be. The new capacitorsidwve bare
aluminum plates. They are higher resistance tharsiliered
plates. Of all the capacitor spec's, this is tlestlémportant.
But most of the older capacitors that have ceransalators
will also have a better plating.

Wiper Arms

The wiper arms are those little springy thin piesemetal that
attach to the frame and contact the rotor. Vari@aleacitors
are rated by the number of wipers and how muclaserérea
is in contact. The tightness of the contact shoailb be
considered. Tight is good.

Inexpensive capacitors sometimes have no wiper.aise
they do work, their use in a good crystal set &cdliraged.
Other cheaper capacitors have just one small veiptite back
frame. The contact area is small, and the conteedspre is
fairly light. These are ok for TPT sets. (Radioatthre low
performance because the builder uses coil formsenwith
cardboard Toilet Paper Tubes.)

The maximum number of wipers is determined by hoanyn
frame surfaces are reachable. In a single gangcitapawo,
one at the front and one at the back is the maximora two
gang, it's four (front, back and two in the middi)d so on.

Most hobbyists don't consider the wiper arm qualibhen they
are looking for the capacitor for their dream radigonsider
wipers to be almost as important as the insulatateral. |
have tested phenolic insulator capacitors that Very nice

10

<

Ve,
where is the velocity of light in vacuo, and is theative
permittivity. Here so we would expect a velocity aound
2-44 x 108 m/s. Hence we might expect a propagatiday
when using 3 metre cable of only around 12 - 13saconds.
Yet we see values over ten times greater than this.

The reason for this discrepancy is that microwake/R
engineers usually arrange to match the source aad |
impedances to the cable’s characteristic impedaFius.is far
from being the case here. The load resistanceQr8s, but
the cable has a characteristic impedance of ar@&n®hms.
Since the cable is also very ‘short’ in terms oé tsignal
wavelengths it primarily acts as an inductor arsister placed
in series with the ‘low’ load impedance. At lowdreencies the
signal delay is therefore approximately equal toicivh—
ignoring internal effects — in the example equatsuad 164
nanoseconds. Hence the group delays we see areodnl b
agreement for what we would expect as a result aifiec
inductance in this example. The dashed line (edpnvdo Litz
wire) shows a value of 164 nanoseconds as intérdattance
has been suppressed. This indicates that althoghsalid
conductor (or a similar stranded wire) have a valfiaround
240 nanoseconds at low frequencies only around 80
nanoseconds of this is due to the wire’s intenmdlictance.

Despite the above, to an acoustic engineer theysledaem
very small. Since sound propagates at a velocigrofind 330
m/sec it will only travel around 16 microns in 58neseconds.
In effect, therefore, the above differential grodplay is
equivalent to a sound source that seems 16 micrearer at
high audible frequencies than at low audible frewmies.
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lines we can see that the internal impedance cabsegroup
delay to depart from being uniform. If no ‘skin edf' were
present the group delay would be almost steady 6 1
nanoseconds across the whole band plotted. Howeéwen the
internal impedance of the wires are taken into aotdhe
group delay varies from around 240 nanosecondsowt |
frequency, to around 212 nanoseconds at 10kHz eswha
195 nanoseconds at 25 kHz. The effect of the iatern
impedance is therefore to produce a differentiaLigrdelay of
around 50 nanoseconds across the audio band. stinelg,
high frequencies will tend to arrive slightly earlithan low
frequencies.
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1500 |
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Figure 4 Group delay versus frequency

Curiously, the above time delay values can be sseffarge’

or ‘small depending upon your starting point. To a
microwave/RF engineer with experience of transmisdines

a delay of around 200 nanoseconds seems oddly farge
twin feeder only three metres long. Since we asaming that
no magnetic materials are present and a twin fepagagates

a TEM wave we might expect a propagation velocity o
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wipers and while they didn't test as well as cecatypes, they
were still very decent.
Capacitance Minimum to Maximum Ratio

Here is something that almost nobody considers wviging
their capacitors, until the builder tries to tuie tntire band
with a low maximum to minimum capacitance ratio dinds
out that it doesn't work. The US-Canadian broadbasd is
from 530 to 1710 kHz (while the US is 540 - 171d &urope
only goes to 1606 kHz). This means that if you goéng to
tune the entire band, without switching in addiéibn
capacitance or with coil taps (yeech), close attartias to be
paid to the maximum to minimum capacitance ratio.

An example of a capacitor that will not tune theirenMW
band in one swoop is a capacitor that is availaiethe
surplus market. This capacitor has everything dret would
want in a capacitor, except a good maximum to mumm
capacitance ratio! A picture of it is shown belds#ach section
measures from about 300 to 35 pF. This is ratiabofut 8.6:1.
The medium wave band at my location needs a tat@l of at
least 20:1 if it is expected to tune without bandtching. This
includes the distributed capacitance of the caifj ¢he diode
input. At 20:1 there is very little leeway and tt@il has to be
constructed with extra care. The cheap capacitaitswiell
within this range, as they have a ratio of about 24

The way you can tell about a capacitors ratio glaace is to
look at the plate structure. If you see a manyesland they
are small, this means that the ratio is low. Tlsishecause
when completely open, the capacitor still has adaiount of
surface between the plates.

Capacitor Frequency Linearity
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Those of you that have tuned a radio using a cepad linear
capacitor such as the inexpensive ones mentioneierea
noticed the top of the band dial squeeze. Thiseiabse the
capacitance is linear to the rotation. If the cipacshaft is
rotated half way, the capacitance is approximaatipalf the
total value. This means that the center of the idiat around
800 kHz, about 370 kHz out of the total of near80Q kHz
that comprises the medium wave broadcast band.ofther
rotation half has to cover 3/4 of the band. It gelst worse the
closer you get to the top of the band.

But what if you could move the capacitor 50% angehhalf
of the band covered? This is what is called a ghtaline
frequency capacitor. In practice having a compjesttaight
line frequency capacitor is nearly impossible, lWwatcan come
close.

There are three basic types of capacitor constructne is
where the shaft is centered on the capacitor fraigiet, to left.
The capacitor plates are semicircular. This operas a
straight line frequency capacitor (because if ydat fthe
capacitance vs. the rotation, there is a straightresult).

Another type which was very popular in the old stpetube
radio days was with the shaft and plates offsehftbe center.
These types can also have a modified plate shap&hw
produces a slight "S" curve when the capacitanceovation is
plotted. These, mostly dual gang capacitors areelyigold,
but not as popular as the inexpensive single gamear
variable capacitors.

You can expect to pay twice as much for these a&s th

inexpensive capacitors, but most have the advarifgedual
wiper, which lowers the losses. The tuning of ttégpacitor

12

Figure 3 shows the power loss in the cable as atiam of
frequency. The solid (blue) line shows the lossmie wire's
internal impedance is taken into account. The hrqked) line
shows the loss that would occur if we ignored theernal
impedance. Hence the difference between the twavslibe
results in this case of ‘skin effect’. In principtée broken line
shows what we might expect when using wires ofz'Lit
construction with a fill factor approaching unifyhe solid line
shows what we might expect from either a solid wirea
multistranded wire of closely packed thin strands.

For the example chosen, at low frequencies the taslistance
of the copper wire causes a power loss of aroufi6i8aB. At

10kHz the loss rises to 0-009dB if the internaléagnce were
absent, and 0-016dB with the internal impedancentakto

account. At 25kHz these values rise to 0-012dBa0@8dB

respectively. Hence the change in relative sigeaéll from

near-d.c. to 25kHz, with internal effects takerpiaccount is
around 0-020dB. This is quite a small change sis ot

obvious that it would be noticed in a practicaliausystem.

Figure 4 shows the group delay as a function afueacy.

This measure is more convenient that plotting amgnge in

phase since a propagation delay will manifestfiela phase
change that rises linearly with frequency. Whemaig have to
propagate through a system the group delay is ftherea

better indicator of any time domain effects thagimialter the
signal pattern. A uniform group delay value impligsit all

components will arrive with the same relationship vehen

they were transmitted.

As with figure 3, figure 4 shows two two lines, thelid (blue)

one taking internal impedance into account, and bifuken
(red) line neglecting internal impedance. By exangrthese
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For illustration we can use a case where we happeracables
(assume = 5-8 x 107 mhos/metre) which have wiré cdd
2mm with their centers 6-5mm apart. We can alse tkan
example a twin feeder length of 3 metres. (i.e. &res of
wire, in total, in the circuit) and assume a norhioad of 8

Ohms. We can also assume a perfect voltage sondcsea the
source resistance to be 0 Ohms. The cables armedso be
insulated with a dielectric whose relative permityi value is

1.-5. Most practical dielectrics tend to have a &igialue, but
the effect is diluted since part of the surroundifield is in

the air, so this value seems a reasonable onestnasfor the
purposes of an example.

The results obtainable for this situation are iathd in the
following graphs. The dimensions chosen for theewihere
are not meant to represent any specific cableséein typical
for a relatively inexpensive form of wiring.

00 o

Power loss

0.05-{

(dB)

010

T T T
1000Hz 10.0kHz  25.0kHz 100kHz

1.0kHz.
Frequency (log scale)

Figure 3 Power loss in transmission versus frequency
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does help the high end of the band frequency cruitdb at
least tolerable.

The third type is a closer to a straight line freqcy capacitor.
This has highly shaped plates plus the offset spadition.
There is a much better frequency spread acrossdidle
especially at the top end of the band.

Insulator Loss vs. Capacitor Plate Loss Ratio

As Ben so clearly shows in his charts, as the dgpae is
increased on a particular variable capacitor, thesds go
down. In his example of the cheap capacitor, thesds go
down by over a factor of 10 when the shaft is edab about
1/3 of the way up. The more expensive capacitay aisnds
up, but at less steep rate. This is because theedosf the
dielectric and wiper arms are summed with the lp&mgween
the capacitor plates.

High quality capacitor with a lot capacitance mioim to
maximum ratio.
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This is the so called "waysalot" capacitor. | uaguhir of these
in my #75 dx crystal set. It is the best qualitpaaitor | have.
This one has a vernier attached and is used ast aapacitor
for determining unloaded Q of the coil under test.

The so called Holy Grail capacitor. The dream oérgvdx

crystal radio builder.

14

conductor in each triangle is equal to . However @hea of
each triangle will be . Hence the fill factor wilbe
approximately equal to

L
23
Real strands will tend to deform slightly when coegsed and
may not have perfectly smooth, circular cross eesti They
may also not be perfectly packed. Hence we canagxpe

actual value of the fill factor to vary accordingtypractice. In
Litz bundles the insulation layers on the strandsalso move

the conductors apart by a small amount, thus reduttie fill

factor value. Usually, we can expect this effecbéosmall as
the layer of insulation is likely to be very thim most cases
we can therefore tend to assume that the fill fads
reasonably close to unity so this is a reasonasaraption for
general analysis. That said, in some specific cagesan take
stranding into account by modifying the effectivenductivity

by an appropriate fill factor value.

= 0-9069...

3. Twin Feeder Loudspeaker Connections — an example
These internal values can now be used when we wish
evaluate the effect of a cable upon the transmitgdals. We
can treat the connecting cables as a form of trexsson line,
and modify the inductance and resistance per emigth to
take the internal values into account. At audigjfiencies the
cables are normally many orders of magnitude shdren the
highest signal wavelength so it is reasonable ®&nthse
lumped values which just multiply the per-unit-lémgalue by
the chosen length. For the sake of example herewille
consider loudspeaker cables nominally in the forfimitwin
feeder’. For a given cable length this means we tmus
remember to double the values for internal resistaand
inductance as a pair of wires are used.
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illustrated in figure 2. This shows a close-paclkeday of
strands, each of radius .

AR

Figure 2 Cross section of a packed bundle of strands.

Since the strands all have a circular cross-seatierind that
even if they are tightly packed into a hexagonedyathere will
be spaces in between the places where they toushceHa
bundle of small packed strands that are in eledtdontact can
be regarded as similar to a solid but which hasesain
inclusions which mean that overall wire cross secis only
partly filled with conductor. Given a value for thi#l factor’, ,
(the fraction of the cross section which is filladith
conductor) we can treat the wire as being equivatea solid
conductor of the same wire diameter, , but havingféective
conductivity of . Thus the main electronic effedtusing a
bundle of strands is to dilute the effective condlity and
lower its apparent value.

To estimate the value of the fill factor we canenthat the
array has a symmetry similar to a packed arraygoflateral

triangles whose sides all have a length of . Taking of these
elemental triangles we can see that it contaireet0 degree
sectors of conductor. Hence the cross sectionah are
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This is known as Holy Grail (everyone should bovd aay
"I'm not worthy, I'm not worthy"). This capacitcs about 475
pF can was removed from a high quality test insemimlf you
can find one for less than seventy-five bucks, grab
Examples of capacitor styles with special attentithe plate
shape.
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Here are examples of three different variable céamac
frequency vs. capacitance plots. The one on theidethe
inexpensive ones available everywhere. The shafeiigered
left to right and the plates have a semicirculapsh

The middle one also has the semicircular shapethlewhaft is
offset from the center of the frame and the plaféss offers
better frequency linearity than the capacitor anléit.

Finally the capacitor on the right is a great exempf a

straight line frequency plot. The shaft is offsatd the plates
are very long. It is only near the bottom of theing range is
where a lot of capacitance is added with littlening of the

shaft. This allows for a more even frequency spi@adss the
tuning range.
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Litz wire (as stranded but with insulation beem the
individual strands)

For solid-core wires the above analysis can be used
immediately to compute the internal impedance agdlide the
effects it may have in a given situation. For thergled and
Litz wires we need to take the stranding and tifecebf inter-
strand contacts or insulation into account.

Litz wires consist of a bundle of very thin, indiuvally
insulated conductors. The insulation ensures thatcurrent
flows in all of the wires in the bundle as the gearcannot
migrate towards the surface of the bundle. Therentioss
section of conductor bundle is therefore used ey ¢harge
transport. Provided that the individual strandsthie enough,
the strands all have individual radii that are $rmampared to
the skin depth at audio frequencies. Hence the afiver
properties of the Litz bundle tends to be similarthat of a
single wire of the same diameter of the bundlevihere ‘skin
effect’ is apparently absent.

In practice, most of the multi-strand wires used &mudio
purposes have no insulation on the individual stsarThis
means they do not behave like a Litz wire. In stemhwires
without insulation between the individual strandierge may
cross from strand to strand. Hence current willdteo
preferentially flow near the skin of the bundlevafes, just as
it does with a single solid conductor of similar ecadl
diameter. Hence when the strands are thin but éstrdal
contact with their neighbours we can expect thecgfof
internal impedance to be similar to that of a solide of a
diameter similar to the bundle of strands. Thereh@wvever,
one factor we should take into account. This ansken the
strands do not ‘fill' the bundle and their are gaps. This is
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The standard ‘h.f.” approximation is that both amdl be
essentially equal to . However by inspecting treilts shown
in figure 1 we can see that it is possible to dttebehan this
and a more reliable approximation would be

R _ 9 ,p0="40
R "33 T 0% =35+ 0% o

©l o4 -l _op

R 2V2 2 (10)

This approximations are show in figure 1 by thekirolines.
The approximation for is shown by a short-dashedire, and
that for by a longer-dashed green line. It candenghat these
approximations are likely to be reasonably accuiatehe
region .

2. Types of Wire

In general, electronic signals are conveyed usingaa of
wires’. These are used to form a closed loop (pbétyveen
the signal source and the load around which charae flow.
Broadly speaking we can then define a ‘cable’ tosist of a
pair of wires. The most common forms of cable usedudio
are ‘Twin Feeder' and ‘Co-ax’. The basic propertigsthese
are discussed elsewhere. Each of the wires may $irgée,
solid, length of conductor. More usually, howeveach wire
will consist of a bundle of conducting ‘strands’.ulstrand
wires have properties which may differ from thatao$ingle,
solid wire of similar cross-section. We can therefdreat
wires as falling into three general categorieswbned below.

Solid core (i.e. just one strand of conducter\pire)
Stranded wire (a bundle of thin strands of cmtalrs)
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Types of capacitor

From Wikipedia
http://en.wikipedia.org/wiki/Types_of_capacitor#Oleniosse
s.2C_ESR.2C_dissipation_factor.2C_and_quality_facto

Theory of conventional construction

Dielectric is placed between two conducting plates
(electrodes), each of area A and with a separafian

In a conventional capacitor, the electric energysiered
statically by charge separation, typically elecgiorin an
electric field between two electrode plates. Theoamh of
charge stored per unit voltage is essentially atfan of the
size, the distance and the plates' material priggeend the
material, the dielectric, placed between the etetes, while
the potential between the plates is limited by Bielectric
breakdown field strength .

Nearly all conventional industrial capacitors excepme
special styles such as “feed-through capacitorste
constructed as "plate capacitors” even if theictedeles and
the dielectric between are wound or rolled to adivig. The
capacitance formula for plate capacitors is:

D

The capacitance C for conventional capacitors aszs with
area A of the electrodes and with permittivity of the
dielectric material and decreases with the distaticéThe
capacitance is therefore greatest in devices maden f
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results of doing this are illustrated in figure These are
plotted versus so that the relevant nominal skiokttess is
also normalised in terms of the wire radius. Thédstines
plotted show the relevant values calculated from &bove
expressions.

Figure 1 Wire impedance versus skin depth

Unfortunately, the expressions provided by A & Syaover

the range for which roughly corresponds to . Abthis value

the Bessel functions become hard to evaluate aedt th
combination tends to lead to a situation wheretaofdarge
values cancel to give a moderate result. Hence for
computational simplicity we can use a simpler agjpnation

for the situations where is ‘large’. Here this nisydefined as
where this ratio has a value greater than 5.
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The detailed analysis in Ramo leads to the follgwin
expressions which can be used to determine thearglavire
resistance and inductance per unit length for alective wire
of circular cross section at frequencies above d.c.

r= K [BET(Q) Bei’{q) — Bei{q} BEI'(Q)]
VZarg (Ber’{g}))" + (Bei’ {¢})® ©)
ot « [ Berlg) Ber'tq) + Bi1g) Bei'ly)
VZarg (Ber"{g})’ + (Bei’ {g}) 4
where
_ 1 X _Varg
R=3s ¢ 4775

(5.6)
and is the ‘skin depth’ value which may be calcedavia

1
ke ()
where is the signal frequency (as opposed to theabs
angular frequency).

In fact, using the above expressions we can shatv th
R__ R
2ary 2 ®)

and specifying this factor in terms of and may beren
convenient when performing calculations.

Now, , etc are Bessel functions. We can find nucaéri
expressions for evaluating these in a text likeawwitz and
Stegun. Using these we can compute values. Fosake of
clarity is is useful to plot values normalised énrs of . Some
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materials with a high permittivity, large plate arand small
distance between plates.

Theory of electrochemical construction

Besides the conventional static storage of eleetnirgy in an
electric field, two other storage principles to rstcelectric
energy in a capacitor exist. They are so-calledtedehemical
capacitors.in In contrast to ceramic, film and etsgtic
capacitors, supercapacitors, also known as elattdouble-
layer capacitors (EDLC) or ultracapacitors do naiveh a
conventional dielectric. The capacitance value af a
electrochemical capacitor is determined by two ‘ugpacity
storage principles. These principles are:

*  electrostatic storage within Helmholtz doubleydes
achieved on the phase interface between the sudhdbe
electrodes and the electrolyte (double-layer capace) and
the

*  electrochemical storage achieved by a faraéégctron
charge-transfer by specifically adsorpted ions widdox
reactions (pseudocapacitance)

Double-layer capacitance and pseudocapacitanceigertda
form a supercapacitor.

Common capacitors and their names

Capacitors are divided into two mechanical groupixed
capacitors with fixed capacitance values and végiab
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capacitors with variable (trimmer) or adjustableingble)
capacitance values.

The most important group is the fixed capacitorani got
their names from the dielectric. For a systematssification
these characteristics can't be used, because oihe afidest,
the electrolytic capacitor, is named instead by citshode
construction. So the most-used names are simptiyrtval.

The most common kinds of capacitors are:
* Ceramic capacitors have a ceramic dialectric.
* Film and paper capacitors are named for téigiectrics.

*  Aluminum, tantalum and niobium electrolytic peitors
are named after the material used as the anodettand
construction of the cathode

*  Supercapacitor is the family name for:

*  Double-layer capacitors were named for theysical
phenomenon of the Helmholtz double-layer

*  Pseudocapacitors were named for theiritgktib store
electric energy electro-chemically with reversikfigradaic
charge-transfer

* Hybrid capacitors combine double-layer and
pseudocapacitors to increase power density

* Seldom-used Silver mica, glass, silicon, air-gayl vacuum
capacitors were named for their dielectric.

Capacitors in each family have similar physical igles
features, but vary, for example, in the form of t&eminals.
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misunderstood, and hence people occasionally teridvoke
this frequency dependent behaviour as the implésistfor all
kinds of claims regarding the ‘sounds’ of differagpes of
cables. The purpose of this analysis is to thromestight into
this area and help provide some understandingeoéffects of
using conductors of finite conductivity.

In engineering textbooks, the consequences of efinit
conductivity and wire size are treated in termswofinternal
Impedance’. This term is probably more useful thekin
effect’ as it acts as a reminder that the effedsealue to the
fields internal to the conductor. The internal imgece per
unit length of a wire is considered in Ramo etFabm this
was may draw the following results as a startingtpo

The d.c. (i.e. very low frequency) impedance ofigewhich
has a circular cross-section and is uniform mayséaie to
consist of a resistance per unit length of
1
7!?‘&0' 1

where is the bulk conductivity value appropriate fhe
material used to manufacture the wire, and is #atus of the
wire. The resistance is in Ohms/metre if we aregi§.1. units
(which will be assumed from now on).

The wire will also exhibit an effective inductanper unit
length at very low frequency due to its internalds. At very
low frequencies this has the value

=&

@)

where is the permeability of the material. In gaheve can
assume that this equals the value for free space

Ho = 47 x 107 Henries/Metre
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Skin Effect, Internal Impedence, and types of wire

Jim Lesurf

University of St. Andrews, St Andrews, Fife KY16 9S
Scotland

http://www.st-
andrews.ac.uk/~www_pa/Scots_Guide/audio/skinefieci1.
html

1. Skin Effect and cable impedance

There is a considerable amount of discussion (nosay
argument!) amongst those interested in audio arHi ldbout
the possible effects of cables upon ‘sound qualifyiis tends
to lead to some people adopting almost ‘theological
viewpoints that differ fundamentally from the viewsld by
others. One of the technical factors which is simes
claimed to affect sound quality is what is usuaifled ‘Skin
effect’.

In most electronics textbooks, the properties dfles and
wires are considered as a form of transmission [lire text
may mention briefly the skin effect without explugithis in
detail. More often, however, the only parameteet tend to
be considered are the capacitance per length, timce per
length, and their relationship with the signal's mioal
propagation velocity and the characteristic impedaaf the
system. The fact that normal materials have a efinit
conductance (or resistance) is not usually consiti&eyond
its effect upon the d.c. (and low frequency) resise of the
cables and the resulting implied signal power Iesse

In reality, when we transmit alternating signalsong

conductive lines we may experience effects due hatws
generally called ‘skin effects’. This subject is dely
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In addition to the above shown capacitor typesctvierived
their name from historical development, there aranyn
individual capacitors that have been named basedhein
application. They include:

* Power capacitors, motor capacitors, DC-linlpasitors,
suppression capacitors, audio crossover capacitigising
ballast capacitors, snubber capacitors, coupliegpdpling or
bypassing capacitors.

Often, more than one capacitor family is employedthese
applications, e.g. interference suppression can agsamic
capacitors or film capacitors.

Specialized devices such as built-in capacitorsh witetal
conductive areas in different layers of a multidayrinted
circuit board and kludges such as twisting together pieces
of insulated wire also exist.

Dielectrics

The most common dielectrics are:
Ceramics

Plastic films

Oxide layer on metal (Aluminum, Tantalum, Niotn)
Natural materials like mica, glass, paper, @@cuum

* ok ok

All of them store their electrical charge statigallithin an
electric field between two (parallel) electrodes.

Beneath this conventional capacitors a family of
electrochemical capacitors called Supercapacitoras w
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developed. Supercapacitors don't have a conveitiona
dielectric. They store their electrical chargeistdly in

* Helmholtz double-layers (Double-layer caparsjo
and additional electrochemical with faradaic chargasfer

with a pseudocapacitance (Pseudocapacitors)
* or with both storage principles together (Hgbcapacitors).

The most important material parameters of the wuiffe
dielectrics used and the appr. Helmholtz-layer kiéss are
given in the table below.

Table of Key parameters

22

10(z) = Modified Bessel Function of First kind efder O
11(z) = Modified Bessel Function of First kind afder 1

The first mathematical discussions on the skincefté wires
were done by Maxwell, who started modern electramatigs
in 1873. This was followed by significant contrilauts by the
creative genius Heaviside, who followed the thecagtwork
of Maxwell in 1884-1887, and by Poynting in 1884358
Experimental confirmation was first done by Hugire4886.
Numerical engineering calculations on the appliedével was
first done by Lord Rayleigh for the skin effect anfinite
planes in 1886, and on cylindrical conductors byd.Kelvin
using ber-bei functions in 1899. Afterwards, theees work by
Hertz and J.J. Thomson, who took over experimemeak by
Maxwell. The first person to use the word "skineeff is
considered to be J.Swinburne in 1891. Until regeritiere
were continuous challenges by many brilliant thesriand
engineers, including H.B.Dwight and A.E.Kennelly.

For your information, the word "Litz wire" comesofn the
German word "Litzendraht" (twisted strands).

Kouichi Hirabayashi, (C) 2003
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"if we increase the number of wires, we can makatde with
less skin effect. If company A has a product wighwilires, we
make one with 30 wires. If they beat us, we witlrease the
number of wires by one...".

As a consequence, many audio cables with Litz wieze
born. Is this strategy effective?

This is the question.
Footnote 1

Obtaining the current distribution of a single oylical
conductor under high frequency is relatively simglad the
solution is shown below. The current distributidmown in
Fig. 1 has been calculated using this equation. é¥ew only
the magnitude is shown. Note that the phase ofthent also
depends on the position. As we get deeper intaccéimeluctor
from the surface, the phase of the current delagisnaay even
become backward!

Ir / 1a = 10(sqrt(j)*k*r) / 10(sqrt(j)*k*a)
Here,
Ir = current density (A/m”~2) at radius r (m)
la = current density at outer surface of condu(ém”2)
a = conductor radius (m)
j=sqrt(-1)
k = sgrt(w*u*g)
w = angular velocity (rad/s)
= 2*PI*f
Pl =3.14159265..
f = frequency (Hz)
u = permeability (H/m)
g = dielectric constant (S/m)
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permittivity Mmum/reall Minimum
zed. thickness
Capacitor style Dielectric dielectric of the
at1kHz et
strength dielectric
V/pum wm
Ceramic capacitors
Class 1 paraelectric 12-40 <100(2) 1
Ceramic capacitors,
Class 2 ferroelectric 200-12,000 <25(?) 05
Film capacitors Polypropylene ( PP 22 650/450 24-3.0
Polyethylen
terephthalate,
Film capacitors Polyester (PET] 33 580/280 0.7-0.9
Polyphenylene sulfide
Film capacitors (pps) 3 470/220 12
Polyethylene
Film capacitors naphthalate (PEN 3 500/300 0.9-1.4
Polytetrafluoroethylene
Film capacitors (pTFE) 2 as0(?)/250 55
Paper capacitors Paper 3555 60 510
Aluminium Aluminium oxide <0.01(6.3V)
electrolytic capacitors Alz05 96 710 <0.8(450 V)
Tantalum electrolytic T2ntalum pentoxide <0.01(6.3V)
capacitors Ta;05 26 625 <0.08(40V)
Niobium electrolytic  Niobium pentoxide <0.01(6.3V)
capacitors Nb,O, n 55 <0.10(a0 V)
Supercapacitors
Double-layer
capacitors Helmholtz double-laver - - <0.001(2.7V)
Vacuum capacitors  Vacuum 1 2 -
Airgap capacitors  Air 1 33
Glass capacitors Glas 5-10 50 -
Mica capacitors Mica 58 13 4-50

The capacitor's plate area can be adapted to theeda
capacitance value. The permittivity and the diele¢hickness
are the determining parameter for capacitors. Eafe
processing is also crucial. Thin, mechanically ifiéx sheets
can be wrapped or stacked easily, yielding largegds with
high capacitance values. Razor-thin metallized esaut
ceramic layers covered with metallized electrodewever,
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offer the best conditions for the miniaturizatidrcarcuits with
SMD styles.

A short view to the figures in the table above givthe
explanation for some simple facts:

*  Supercapacitors have the highest capacitancesitsen
because of its special charge storage principles

*  Electrolytic capacitors have lesser capaciadensity than
supercapacitors but the the highest capacitancsitgdeaf
conventional capacitors because its thin dielectric

*  Ceramic capacitors class 2 have much highpacigance
values in a given case than class 1 capacitorsubeaat their
much higher permittivity.

*  Film capacitors with their different plastidni material do
have a small spread in the dimensions for a given
capacitance/voltage value of a film capacitor bseathe
minimum dielectric film thickness differs betwedetdifferent
film materials.

Ceramic capacitors

A ceramic capacitor is a non-polarized fixed cajacinade
out of two or more alternating layers of ceramid ametal in
which the ceramic material acts as the dielectnit the metal
acts as the electrodes. The ceramic material isxtuma of
finely ground granules of paraelectric or ferrogiec
materials, modified by mixed oxides that are nemgsso
achieve the capacitor's desired characteristice. dlactrical
behavior of the ceramic material is divided intcotstability
classes:
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The red, purple, green and light green lines cpoed to the
current density in the conductor cross-section I0OkHz,
100kHz, 1MHz and 10MHz respectively. The currensiy
at the center of the conductor decreases from 98%heo
surface for 10kHz, to 41% for 100kHz, to 0.4% ftHz, and
to just 0.00000006 % for 10 MHz.

As a result of the skin effect, the effective cresstion of the
conductor decreases and alternating current resista
increases. Therefore, in coil windings, conductsslincreases
and the "Q" (quality factor), or quality, decreaseih the
increase in frequency.

As a countermeasure, from early times "Litz wiredsaused
for bar antenna coils in shortwave radios and medifency
transformer windings. Litz wire is many thin insigd
conductor strands twisted together.

Many people considered applying the concept behitzdwire
to "audio cables", and came up with the idea asvshio Fig.
2.

Fig. 2 Splitting a single wire conductor into maimgulated
conductors (conductors in red, insulators in blue)

Here, we split a single wire conductor into manguiated
conductors with the same conductor cross-sectiea. afor
example, if we split into seven wires, we get thefiguration
shown in Fig. 2. People who think of these prodtititsk that
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Skin effect and Litz wire
Kouichi Hirabayashi
http://www.mogami.com/e/puzzle/pzl-21.html

Current flowing through a cylindrical conductor tdisutes
evenly along the conductor cross-section when tineent is a
direct current. However, with the increase in fremgy, the
effect where the current concentrates at the cdndstrface
and the current density decreases at the centlenpisn well
as the skin effect (footnote 1).

For example, Fig. 1 shows the current density énddnductor
cross-section of an annealed copper wire with aneliar of
1mm for frequencies 10kHz, 100kHz, 1MHz and 10MHz.

1.0

0.0

Fig. 1 Skin effect for annealed copper wire witbiameter of
1mm

The x-axis in Fig. 1 is the distance from the casiducenter
(center of the figure represents the center ottmeuctor and
both ends show the conductor surface), and theisy-&x
(internal current density/current density at conidusurface).
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* Class 1 ceramic capacitors with high stabilityd low
losses compensating the influence of temperaturesanant
circuit application. Common EIA/IEC code abbreias are
COG/NPO, P2G/N150, R2G/N220, U2J/N750 etc.

* Class 2 ceramic capacitors with high voluneegfficiency
for buffer, by-pass and coupling applications Commo
EIAIEC code abbreviations are: X7R/2XI, Z5U/E26,
Y5V/2F4, X7S/2C1, etc.

The great plasticity of ceramic raw material worksll for

many special applications and enables an enormivessity

of styles, shapes and great dimensional spreadewic

capacitors. The smallest discrete capacitor, fstaimce, is a
"01005" chip capacitor with the dimension of only Gnm x

0.2 mm.

The construction of ceramic multilayer capacitofithwnostly

alternating layers results in single capacitorsneated in

parallel. This configuration increases capacitaneed

decreases all losses and parasitic inductancesamer
capacitors are well-suited for high frequencies laigth current
pulse loads.

Because the thickness of the ceramic the dielelety@r can be
easily controlled and produced by the desired apptin
voltage, ceramic capacitors are available withdatgtages up
to the 10 kV range.

Some ceramic capacitors of special shapes and siygeused
as capacitors for special applications, includingl/BMI
suppression capacitors for connection to supplynsyaalso
known as safety capacitors,[9][10] X2Y® capacitois
bypassing and decoupling applications,[11] feedubgh
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capacitors for noise suppression by low-pass $§i&] and
ceramic power capacitors for transmitters and HF
applications.[13][14]

Film capacitors

Film capacitors or plastic film capacitors are rpmiarized
capacitors with an insulating plastic film as thelettric. The
dielectric films are drawn to a thin layer, prowdevith
metallic electrodes and wound into a cylindricaheling. The
electrodes of film capacitors may be metallizedrahum or
zinc, applied on one or both sides of the plashis, fresulting
in metallized film capacitors or a separate metaloil
overlying the film, called film/foil capacitors.

Metallized film capacitors offer self-healing propes.
Dielectric breakdowns or shorts between the eldesalo not
destroy the component. The metallized constructi@kes it
possible to produce wound capacitors with larggraciance
values (up to 100 pF and larger) in smaller cakas within
film/foil construction.

Film/foil capacitors or metal foil capacitors argettwo plastic
films as the dielectric. Each film is covered wittthin metal
foil, mostly aluminium, to form the electrodes. Tadvantage
of this construction is the ease of connecting rtiegtal foil

electrodes, along with an excellent current puisength.

A key advantage of every film capacitor's intercahstruction
is direct contact to the electrodes on both ends@fvinding.
This contact keeps all current paths very shore @esign
behaves like a large number of individual capasitmmnected
in parallel, thus reducing the internal ohmic Ies¢ESR) and
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simplicity facilitates finding those optimal dianees. Other
models (such as [14] and the similar analysis iA])[%lso
model large strand diameters and circular bundle
configurations accurately, but they fully calculamnly
internal, and not external, proximity effect, anol @re not
useful for the present purposes.

CONCLUSION

The number of strands for a minimum-loss litz-wivending
may be found by evaluating the tradeoff betweerxipriby-
effect losses and dc resistance. Of the factordirgato
increased dc resistance in a litz-wire winding,yathle space
allocated to strand insulation varies significantljth the
number of strands in a well designed construct®rpower
law can be used to model insulation thickness énréigion of
interest. Combining this with standard models fidyecurrent
loss results in an analytic solution for the optimamber of
strands. The simplest model for loss, using ondyfitst terms
of a series expansion can be used since good desism
strands that are small compared to a skin deptpeitirental
results correlate well with the simple model. Stliag for
minimum loss may lead to many strands of fine \ainel thus
excessive expense. Minimum loss designs constramed
minimum strand size or maximum number of strande eso
been derived.
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where Fr is a factor relating dc resistance to @mesistance
which accounts for all winding losses, given a seidal

current with rms amplitude lac. As shown in Appendj we

can approximate Fr by

nzmzu%Nznszk
Fr=1+ 55
76EpEhs

)

where ; is the radian frequency of a sinusoidatentr n is the
number of strands, N is the number of turns, dbésdiameter
of the copper in each strand, is the resistivitythe copper
conductor, bc is the breadth of the window areahefcore,
and k is a factor accounting for field distributiam multi-
winding transformers, normally equal to one (seeexmlix
A). For waveforms with a dc component, and for same-
sinusoidal waveforms, it is possible to derive agk

equivalent frequency that may be used in this amly

(Appendix C). In an inductor, the field in the wing area
depends on the gapping configuration, and thisyaisls not
directly applicable.

The analysis described here considers the strahddl 6tz

bundles to be uniformly distributed in the windoas they
would be in a single winding using N turns of witee

diameter of the litz strands. In fact, the straadsarranged in
more or less circular bundles. In this sense, tadyais of [15]
may be more accurate, but this difference has hittley effect

on the results. The most important difference betwéhe
model used here and the model in [15] is the gresteuracy
of [15] for strands that are large compared toia dkpth. The
simpler model is used because it is accurate fersimall
strand diameters that are found to be optimal, lsewause its
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parasitic inductance (ESL). The inherent geometiyfilm
capacitor structure results in low ohmic losses andbw
parasitic inductance, which makes them suitable for
applications with high surge currents (snubbers) fam AC
power applications, or for applications at higheqgfiencies.

The plastic films used as the dielectric for filmpacitors are
Polypropylene (PP), Polyester (PET), Polyphenylsukide
(PPS), Polyethylene naphthalate (PEN), and
Polytetrafluoroethylene or Teflon (PTFE). Polyprigme film
material with a market share of something about 0%
Polyester film with something about 40% are the tmesed
film materials. The rest of something about 1094 Wl used

by all other materials including PPS and paper withghly
3%, each.[15][16]

Table Characteristics of plastic film materials fditm
capacitors
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Film material, abbreviated codes
Film characteristics PET PEN PPS PP
Relative permittivity at 3.3 3 3 2.2
Minimum film thickness 07-0.9 0.5-14 1.2 24-3.0
Moisture absorption (%) low 0.4 0.05 <0.1
Dielectric strength (V/pm) 580 500 470 650
Commercial realized
voltage proof (V/pm) 280 300 220 400
DC voltage range (V) 50-1,000 16-250 16-100 40-2,000
100 pF—22 100 pF—1 100 pF—0. 100 pF-10
Capacitance range uF uF 47 uF HF
-55to0

Application temperature +125 -35to -55to -55to
range (°C) /4150 +150 +150 +105
AC/C versus temperature 15 15 $1.5 12.5

at1kHz 50200 42-80 2-15 0.5-5
Dissipati at10 kHz 110-150  54-150  2.5-25 28
on factor a1 100 kHz 170-300 120-300 12-60 2-25
(-10‘1) at 1 MHz 200350 - 18-70 4-40
Time at2s°c 210,000 210,000 10,000 =100,000
constant at 85 °C 1,000 1,000 1,000 10,000
Dielectric absorption (%) =~ 0.2-0.5 1-1.2  0.050.1 00101
Specific capacitance 400 250 140 50

Some film capacitors of special shapes and stylesised as
capacitors for special applications, including mEMA
suppression capacitors for connection to the supglins, also
known as safety capacitors,[17] Snubber capacimrs/ery
high surge currents,[18] Motor run capacitors, Adpacitors
for motor-run applications[19]
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(the effect of current in other bundles) [14], [18pwever, the
distinction is useful only as a form of bookkeepiiige actual
losses in one strand of a litz bundle are simptgsult of the
total external field, due to the currents in ak thther strands
present. Another approach to calculating the loss ilitz
winding is to look at it as a single winding, maaie of nN
turns of the strand wire, each with current i/mafleg in it,
where n is the number of strands, N is the numbéuras of
litz wire, and i is current flowing in the overditz bundle. The
loss in the litz winding will be the same as in #mguivalent
single-strand winding as long as the currents fimwin all the
strands are equal [16]. Other methods of calcigatss in litz
wire also assume equal current in all strands [14], [17]].

The objective of twisting or weaving litz wire, apposed to
just grouping fine conductors together, is to eestimat the
strand currents are equal. Simple twisted buncloedhector
wire can accomplish this adequately in situationkene
proximity effect would be the only significant plem with
solid wire. Where skin effect would also be a peoil more
complex litz constructions can be used to ensutmlesfrand
currents. Thus, in a well-designed constructiorarst currents
are very close to equal. However, our results remalid even
when simple twisting results in significant skirfeet at the
litz-bundle level. This is because the the bundiel skin-
effect loss is independent of the number of stramasl is
orthogonal [15] to the strand-level eddy-curressies.

We represent winding losses by

2
Pl-:ss = 1:"rI ac:R dc
(1)
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All of these methods give similar results for sttarthat are
small compared to the skin depth [12]. (See AppeBdfor a

discussion of one minor discrepancy.) The solutidos

optimal stranding result in strand diameters muohler than

a skin depth. In this region the distinctions betwéhe various
methods evaporate, and the simplest analysis isjuatie

More rigorous analysis (e.g. [12]) is important whetrands
are not small compared to a skin depth. In thie classes are
reduced relative to what is predicted by the amalysed here,
due to the self-shielding effect of the conductor.

Previous work, such as [2] , [3], [4] has addressgtimal wire
diameter for single-strand windings. The approacfe], [3],
[4] is also applicable for litz-wire windings indttase that the
number of strands is fixed, and the strand dianfetelowest
loss is desired. As discussed in Section V, this & useful
for cost-sensitive applications, if the number tasds is the
determining factor in cost, and the maximum cost
constrained. However, this will, in general, leachigher-loss
designs than are possible using the optimal numbstrands.

SKIN EFFECT, PROXIMITY EFFECT, AND LITZ WIRE

Skin effect is the tendency for high-frequency eats to flow
on the surface of a conductor. Proximity effecthis tendency
for current to flow in other undesirable patterdeeps or
concentrated distributions---due to the presencenagnetic
fields generated by nearby conductors. In transfosnmand
inductors, proximity-effect losses typically domieaover
skin-effect losses. In litz-wire windings, proximieffect may
be further divided into internal proximity effethé effect of
other currents within the bundle) and external pmity effect
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High pulse current load is the most importaattdire of film
capacitors so many of the available styles do hepecial
terminations for high currents

Electrolytic capacitors

Electrolytic capacitors have a metallic anode cestewith an
oxidized layer used as dielectric. The second eldet is a
non-solid (wet) or solid electrolyte. Electrolyii@apacitors are
polarized. Three families are available, categariaecording
to their dielectric.

*  Aluminum electrolytic capacitors with aluminuaxide as
dielectric

*  Tantalum electrolytic capacitors with tantalyentoxide
as dielectric

*  Niobium electrolytic capacitors with niobiuneptoxide as
dielectric.

The anode is highly roughened to increase the siréaea.
This and the relatively high permittivity of the ide layer
gives these capacitors very high capacitance piervalume
compared with film- or ceramic capacitors.

The permittivity of tantalum pentoxide is approxtelg three
times higher than aluminium dioxide, producing ffigantly
smaller components. However, permittivity deterrairenly
the dimensions. Electrical parameters, especialhductivity,
are established by the electrolyte's material asmposition.
Three general types of electrolytes are used:

* non solid (wet, liquid)—conductivity approxiredy 10
mS/cm and are the lowest cost
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*  solid manganese oxide—conductivity approxirhated0
mS/cm offer high quality and stability

* solid conductive polymer (Polypyrrole)—condivity
approximately 10,000 mS/cm,[21] offer ESR valuedoas as
<10 m

Internal losses of electrolytic capacitors, premgilused for
decoupling and buffering applications, are deteedity the
kind of electrolyte.

Table Some important values of the different etdygtic
capacitors
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loss. This paper presents a method of finding dmimum,
using standard methods of estimating the eddy-putosses.
Optimizations on magnetics design may be done tinnize
volume, loss, cost, weight, temperature rise, omeso
combination of these factors. For example, in thksigh of
magnetic components for a solar-powered race \efi¢l(the
original impetus for this work) an optimal compremmi
between loss and weight is important. Although w#l w
explicitly minimize only winding loss, the resultare
compatible with and useful for any minimizationtofal loss
(including core loss), temperature rise, volumeveight. This
is because the only design change consideredharae in the
degree of stranding, preserving the overall diampee turn
and overall window area usage. This does not affe loss
or volume, and has only a negligible effect on \eig
However, the degree of stranding does significaaffiyct cost.
Although we have not attempted to quantify or ogerthis,
additional results presented in Section V are udefucost-
constrained designs. The analysis of eddy-curesgels used
here does not differ substantially from previousrhwi2], [3],
(41, 5], [6]. [7], [8], [9], [10], [11], [12], [1] ([10] gives a
useful review). Although different descriptions che used,
most calculations are fundamentally equivalentrte of three
analyses. The most rigorous approach uses an eaiaotation
of losses in a cylindrical conductor with a knowarrent,
subjected to a uniform external field, combined hwin
expression for the field as a function of one-disienal
position in the winding area [12]. Perhaps the noeshmonly
cited analysis [11] uses "equivalent” rectangutamduictors to
approximate round wires, and then proceeds witixact one-
dimensional solution. Finally, one may use only firg terms
of a series expansion of these solutions, e.g. [9].
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Skin Effect, Proximity Effect, and Litz Wire

Charles R. Sullivan
Thayer School of Engineering, Dartmouth College
http://www.dartmouth.edu/~sullivan/litzwire/litz i

INTRODUCTION

A salient difficulty in designing high-frequencyductors and
transformers is eddy-current effects in windingsede effects
include skin-effect losses and proximity-effect ses. Both
effects can be controlled by the use of conduateade up of
multiple, individually insulated strands, twisted @voven

together. Sometimes the term litz wire is reserved

conductors constructed according to a carefullysquibed

pattern, and strands simply twisted together atecchunched
wire. We will use the term litz wire for any insted grouped
strands, but will discuss the effect of differeanstructions.

This paper addresses the choice of the degreeafdétg in
litz wire for a transformer winding. The numbertafns and
the winding cross-sectional area are assumed fixd: The
maximum cross-sectional area of each turn is tivesfand as
the number of strands is increased, the crossesedtarea of
each strand must be decreased. This typically leads
reduction in eddy-current losses. However, as tmaber of
strands increases, the fraction of the window é#natiis filled
with copper decreases and the fraction filled witbulation
increases.This results in an increase in dc resieta
Eventually, the eddy-current losses are made smnalligh that
the increasing dc resistance offsets any furth@ravements
in eddy-current loss, and the losses start to &s&re Thus,
there is an optimal number of strands that resaltainimum
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Anode material Electrolyte

Aluminum non solid,
eg. Ethylene
(roughned foil)  glycol,
DMF, DMA, GBL
solid,

Manganese dioxide

(Mno,

solid

conductive

polymere

e.g. Polypyrrole
Tantalum non solid
(roughned foil)  Sulfuric acid
Tantalum non solid
(sintered) sulfuric acid

solid

Manganese dioxide

(Mno,

solid

conductive

polymere

(e.g. Polypyrrole}
Niobium soli

(sintered) Manganese dioxide
(MnO,
solid
conductive
polymere
(e.g Polypyrrole)

Capacitance

range

(KF)

0.1-2,700,000

0.1-1,500

10-1,500

0.1-1,000

0.1-15,000

0.1-3,300

10-1,500

1-1,500

2.2-1,000

Max.
rated

voltage

at85°C temperature

W)

600

40

125

5

Upper

categorie

K9]

150

175

150

105

* Ripple current at 100 kHz and 85 °C / volumen (nominal dimensions)

Specific

ripple
current

(mA/mm?)
1)

0.05-2.0

0.5-2.5

10-30

10-30

10-30
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The large capacitance per unit volume of electimlyt
capacitors make them valuable in relatively high-eot and
low-frequency electrical circuits, e.g. in powempply filters
for decoupling unwanted AC components from DC power
connections or as coupling capacitors in audio dieys, for
passing or bypassing low-frequency signals andnsfdarge
amounts of energy. The relatively high capacitaralee of an
electrolytic capacitor combined with the very [0 of the
polymer electrolyte of polymer capacitors, espégia SMD
styles, makes them a competitor to MLC chip capasiin
personal computer power supplies.

Bipolar electrolytics (also called Non-Polarizedpasitors)
contain two anodized aluminium foils, behaving likeo
capacitors connected in series opposition.

Electolytic capacitors for special applications linie motor

start capacitors,[22] flashlight capacitors[23] aralidio
frequency capacitors.[24]

Electrical characteristics

Rlnsul RLeak

Resr Lest

[+ ESR ESL

Series-equivalent circuit
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Do = Diameter of the finished cable over the stsaimdinches
=0.056
K = Constant depending on the number of strands = 2

Rac/Rdc = 1.0003 +2(660*0.0016 / 0.056)"2 * (0.00D80 /
10.44)*4 = 1.393

Therefore the AC Resistance of 660/46 litz wireli®9 * 7.27
=10.13 ohms/1000ft.

A 5inch diameter basket weave coil made from 660/#6
wire having an inductance of 230 uH will typicaltgquire
some 40 turns or about 53ft of wire. At 10.13 OHin/that
comes to an AC wire resistance of 0.53 ohms for abié
alone. Were all the losses represented by juswite the coil
would have, at 1 MHz an unloaded Q = 2700!

Naturally, wire resistance is not the only sourédoss in the
tank. There is a capacitor, metallic objects intrgdinto the
magnetic field of the coil, diaelectric losses, yddrrent and
other losses. Its no wonder that the best coitstppsout above
Q =1000 or so.

kjs
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Litz Coil wire Resistance Calculation
Kevin Smith

From different Litz wire manufacturing sites onencéind
tables and data allowing the calculation of theistasce of
your favorite litz wire.

The formula for the D.C. resistance of any Litz stouction is:
Rdc = Rs (1.0515)*Nb * (1.025)"Nc / Ns

Where:

Rdc = Resistance in Ohms/1000 ft.

Rs = Maximum D.C. resistance of the individual stis (4544
for 46awg wire)

Nb = Number of Bunching operations (assume = 2)

Nc = Number of Cabling operations (assume = 1)

Ns = Number of individual strands (assume = 660)

Rdc = 4544 (1.015)"2 (1.025)*1 / 660 = 7.27 ohrh800 ft.

The ratio of AC resistance to DC resistance of ity
construction is:

Rac/Rdc = S + K (N Di/ Do)"2 * G

Where:

S = Resistance ratio of individual strands whenlatsol
(1.0003 for 46awg wire)

G = Eddy Current basis factor = (Di * sqrt(f) / 40)"4

F = Operating Frequency in HZ (assume 1MHz)

N = Number of strands in the cable = 660

Di = Diameter of the individual strands over thepper in
inches = 0.0016
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Discrete capacitors deviate from the ideal capacia ideal
capacitor only stores and releases electrical gnavgh no
dissipation. Capacitor components have losses andsipic
inductive parts. These imperfections in materiald an
construction can have positive implications such linsar
frequency and temperature behavior in class 1 deram
capacitors. Conversely, negative implications idelthe non-
linear, voltage-dependent capacitance in class &nde
capacitors or the insufficient dielectric insulatiof capacitors
leading to leakage currents.

All properties can be defined and specified by aiese
equivalent circuit composed out of an idealizedacitpnce
and additional electrical components which modeélledses
and inductive parameters of a capacitor. In thisiese
equivalent circuit the electrical characteristios defined by:

* C, the capacitance of the capacitor

*  Rinsul, the insulation resistance of the digéiie, not to be
confused with the insulation of the housing

* Rleak, the resistance representing the leakagent of the
capacitor

* RESR, the equivalent series resistance whighmsarizes
all ohmic losses of the capacitor, usually abbtedas "ESR"
* LESL, the equivalent series inductance which tfie

effective self-inductance of the capacitor, usualhpreviated
as "ESL".

Using a series equivalent circuit instead of a frequivalent
circuit is specified by IEC/EN 60384-1.

Frequency dependence
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Most discrete capacitor types have more or lessai@mce
changes with increasing frequencies. The dielestriength of
class 2 ceramic and plastic film diminishes withsing

frequency. Therefore their capacitance value dseseavith
increasing frequency. This phenomenon for cerarfdssc2
and plastic film dielectrics is related to dieléctrelaxation in

which the time constant of the electrical dipoleghie reason
for the frequency dependence of permittivity. Thepis

below show typical frequency behavior of the cafaacie for
ceramic and film capacitors.

For electrolytic capacitors with non-solid elecytel
mechanical motion of the ions occurs. Their movgbiis
limited so that at higher frequencies not all aredisthe
roughened anode structure are covered with chagging
ions. As higher the anode structure is roughnednase the
capacitance value decreases with increasing fregudrow
voltage types with highly-roughened anodes display
capacitance at 100 kHz approximately 10 to 20%hefualue
measured at 100 Hz.

qf y dep of i for ceramic and film capacitors

Frequency dependence of  Frequency dependence of

capacitance for ceramic capacitance for film
class 2 capacitors (NP0 capacitors with different
class 1 for comparisation) film materials
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Wire-Gauge Ampacity

http://wiki.xtronics.com/index.php/Wire-Gauge_Amjigic Voltage dependence
Material Melt pt Resistivity Capacitance may also change with applied voltapes dffect
°C (@-m) at 20 °C is more prevalent in class 2 ceramic capacitorse Th
Silver 961.78 1.59x10-8 permittivity of ferroelectric class 2 material deps on the
Copper 1084.62 1.72x10-8 applied voltage. Higher applied voltage lowers ptivity.
Aluminum 660.32 2.82x10-8 The change of capacitance can drop to 80% of theeva
Iron 1538 1.0x10-7 measured with the standardized measuring voltage.%for
Tin 231.93 1.09x10-7 1.0 V. This behavior is a small source of non-liitgan low-
Platinum 1768.3 1.1x10-7 distortion filters and other analog applications &udio
Lead 327.46 2.2x10-7 applications this can be the reason for harmorsimdion.
Tin/lead solder 183 1.44x10-7

Film capacitors and electrolytic capacitors havesigmificant
voltage dependence.
Resistivities at room temp:

http://www.epanorama.net/documents/wiring/wire_sesice. Voltage dependence of capacitance for some different class 2 ceramic capacitors

html

Element Electrical resistivity (microohm-cm) =

Aluminum 2.655 i 3:

Copper 1.678 R

Gold 2.24

Si|VeI' 1586 Simplified di f th Simplified di f th
: implfied diagram ofthe  Simplfied diagram ofthe

Platinum 10.5 cnanpge in :augcnance as :nanuge in capgmtan:e as

afunction ofthe applied afunction of applied
This clearly puts silver as the number one conduatal gold valtage for 25-V capacitors  voltage for X7R ceramics
has higher resistance than silver or copper. #Sirdable in ‘""‘””“;:‘;12;’““”“‘“ i ‘3:2::‘5“‘“

connectors because it does not combine well witherot
materials so remains relatively pure at the surficalso has

the capability to adhere to itself (touch pure gmicure gold

and it sticks together) which makes for very rdéab
connections.
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Impedance

Simplified series-equivalent circuit  o—-——l -
of a capacitor for higher frequencies SL ESR °C
(above); vector diagram  with
electrical reactances XESL and XC
and resistance ESR and for
illustration the impedance Z and ™
dissipation factor taé

In general, a capacitor is seen as i
storage component for electric
energy. But this is only one
capacitor function. A capacitor can
also act as an AC resistor. In many
cases the capacitor is used as
decoupling capacitor to filter or
bypass undesired biased AC frequencies to the draDther
applications use capacitors for capacitive couplafgAC
signals; the dielectric is used only for blocking DFor such
applications the AC resistance is as important hs t
capacitance value.

The frequency dependent AC resistance is callecedapce
\scriptstyle Z and is the complex ratio of the agk to the
current in an AC circuit. Impedance extends theceph of
resistance to AC circuits and possesses both malgniand
phase at a particular frequency. This is unlikéstaace, which
has only magnitude.

Z=12|e"

The magnitude \scriptstyle |Z| represents the rafiothe
voltage difference amplitude to the current ampktu
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2,426.30
2,600.00
2579.85
2625
4480
3830.4
4100
4167.5
7168
6087.6
6500
6548.9

4.27
4.00
4.02
3.99
231
27

2.53
2.49
1.45
17

1.75
1.58

0.058
0.059
0.059
0.059
0.073
0.073
0.073
0.073
0.096
0.093
0.095
0.095

19/29
26/30
65/34
105/36
7122
19/27
41/30
105/34
7120
19/25
65/30
165/30



Stranded Wire Data Chart

http://www.wetechnologies.com/technical-
info/Stranded%20Wire%20Chart.pdf

AWG  Area mil Ohms kit ~0D strands
36 28.00 371.00 0.006 7144
34 43.75 237.00 0.007 7142
32 67.27 164.00 0.008 7/40
32 76.00 136.40 0.009 19/44
30 112.00 103.20 0.012 7/38
30 118.75 87.30 0.012 19/42
28 141.75 64.90 0.015 7/36
28 182.59 56.70 0.016 19/40
27 219.52 51.47 0.018 7135
26 277.83 37.30 0.019 7134
26 250.00 41.48 0.021 10/36
26 304.00 34.43 0.020 19/38
24 448.00 23.30 0.024 7132
24 396.90 26.09 0.023 10/34
24 475.00 21.08 0.024 19/36
24 384.40 25.59 0.023 41/40
22 700.00 14.74 0.030 7130
22 754.11 13.73 0.031 19/34
22 650.00 15.94 0.030 26/36
20 1,000.00 10.32 0.035 10/30
20 1,216.00 8.63 0.037 19/32
20 1,031.94 10.05 0.036 26/34
20 1,025.00 10.02 0.036 41/36
18 1,769.60 5.86 0.048 7126
18 1,600.00 6.48 0.047 16/30
18 1,900.00 5.46 0.049 19/30
18 1,627.29 6.37 0.047 41/34
18 1,625.00 6.39 0.047 65/36
16 2,828.00 3.67 0.060 7124
180

\scriptstyle j is the imaginary unit, while the angent
\scriptstyle \theta gives the phase difference betwvoltage
and current.

In capacitor data sheets, only the impedance madmilZ| is
specified, and simply written as "Z" so that thenfala for the
impedance can be written in Cartesian form

Z=R+jX

where the real part of impedance is the resistswtstyle R
(for capacitors \scriptstyle ESR) and the imagingayt is the
reactance \scriptstyle X.

As shown in a capacitor's series-equivalent circihie real
component includes an ideal capacitor C, an inchoetal
(ESL) and a resistor R (ESR). The total reactaricehe
angular frequencyw therefore is given by the geometric
(complex)1 addition of a capacitive reactance (Cipace)

Xe=—-—H . . —w
¢ wCand an inductive reactan¥z = @Lest-

To calculate the impedance \scriptstyle Z the taste has to
be added geometrically and then Z is given by

— 2 — 2.
2= BSE +(Xe + (=Xu))* - qpq impedance is a
measure of the capacitor's ability to pass altérgaturrents.
In this sense the impedance can be used like Clns |
u et
Z=-=

i L

to calculate either the peak or the effective valfithe current
or the voltage.
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In the special case of resonance, in which the besctive
resistances

Xe= 7$and X =wLgsn,

have the same vallXc = Xr)then the impedance will only
be determined by {ESR}.

Typical impedance curves for % FEENENEN { { I
different capacitance values *[< mrwn %
over frequency showing the - NTRM=A
typical form with a decreasing ., N
impedance  values  below
resonance  and increasingm

values above resonance. As v = « «
higher the capacitance as lower the resonance.

The impedance specified in the datasheets oftew sjyoical
curves for the different capacitance values. Witbréasing
frequency as the impedance decreases down to anumimi
The lower the impedance, the more easily altergatinrents
can be passed through the capacitor. At the apexpaint of
resonance, where XC has the same value than XL,
capacitor has the lowest impedance value. Here thely\ESR
determines the impedance. With frequencies abowe
resonance the impedance increases again due ESthef the
capacitor. The capacitor becomes to an inductance.

As shown in the graph the higher capacitance valaedit the

lower frequencies better while the lower capacitamelues
can fit better the higher frequencies.
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159.79
126.72
100.5
79.7
63.21
50.13
39.75
31.52
25
19.83
15.72
12.47
9.89

64.9
81.83
103.2
130.1
164.1
206.9
260.9
329
414.8
523.1
659.6
831.8
1049
4544

0.01264
0.01126
0.01002
0.00893
0.00795
0.00708
0.0063
0.00561
0.005
0.00445
0.00396
0.00353
0.00314
0.0016

14
1.2
0.86
0.7
0.53
0.43
0.33
0.27
0.21
0.17
0.13
0.11
0.09



American Wire Gages (AWG) Sizes and Resistances

http://hyperphysics.phy-astr.gsu.edu/hbase/tablesge. html

AWG AreaCM Ohms kit Dia in Max |
0 167810 0.0618 0.40965 328
0 133080 0.078 0.3648 283
0 105530 0.0983 0.32485 245
1 83694 0.124 0.2893 211
2 66373 0.1563 0.25763 181
3 52634 0.197 0.22942 158
4 41742 0.2485 0.20431 135
5 33102 0.3133 0.18194 118
6 26250 0.3951 0.16202 101
7 20816 0.4982 0.14428 89
8 16509 0.6282 0.12849 73
9 13094 0.7921 0.11443 64
10 10381 0.9989 0.10189 55
11 8234 1.26 0.09074 47
12 6529 1.588 0.0808 41
13 5178.4 2.003 0.07196 35
14 4106.8 2.525 0.06408 32
15 3256.7 3.184 0.05707 28
16 2582.9 4.016 0.05082 22
17 2048.2 5.064 0.04526 19
18 1624.3 6.385 0.0403 16
19 1288.1 8.051 0.03589 14
20 1021.5 10.15 0.03196 11
21 810.1 12.8 0.02846 9
22 642.4 16.14 0.02535 7
23 509.45 20.36 0.02257 4.7
24 404.01 25.67 0.0201 3.5
25 320.4 32.37 0.0179 27
26 254.1 40.81 0.01594 2.2
27 201.5 51.47 0.0142 1.7

Aluminum electrolytic capacitors have relatively ogb
decoupling properties in the lower frequency rangéo about
1 MHz due to their large capacitance values. Thibé reason
for using electrolytic capacitors in standard oitshed-mode
power supplies behind the rectifier for smoothipgleation.

Ceramic and film capacitors are already out ofrtisenaller

capacitance values suitable for higher frequengie® several
100 MHz. They also have significantly lower parasit
inductance, making them suitable for higher freqyen
applications, due to their construction with endfate

contacting of the electrodes. To increase the ranfe
frequencies, often an electrolytic capacitor is resmted in

parallel with a ceramic or film capacitor.[36]

Many new developments are targeted at reducingspiara
inductance (ESL). This increases the resonanceidrery of
the capacitor and, for example, can follow the tamty
increasing switching speed of digital circuits. Miarization,
especially in the SMD multilayer ceramic chip cafmas
(MLCC), increases the resonance frequency. Parasiti
inductance is further lowered by placing the eled#s on the
longitudinal side of the chip instead of the lates@le. The
"face-down" construction associated with multi-amod
technology in tantalum electrolytic capacitors ffert reduced
ESL. Capacitor families such as the so-called M@gacitor
or silicon capacitors offer solutions when capasitaat
frequencies up to the GHz range are needed.

Inductance (ESL) and self-resonant frequency
ESL in industrial capacitors is mainly caused by lkads and

internal connections used to connect the capagiétes to the
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outside world. Large capacitors tend to have higk®t than
small ones because the distances to the plateoagerl and
every mm counts as an inductance.

For any discrete capacitor, there is a frequenovalDC at
which it ceases to behave as a pure capacitor.ffétsency,
where XC is as high as XL, is called the self-resun
frequency. The self-resonant frequency is the lofeguency
at which the impedance passes through a minimumafg
AC application the self-resonant frequency is thighést
frequency at which capacitors can be used as acit@pa
component.

This is critically important for decoupling highespd logic
circuits from the power supply. The decoupling cafoe
supplies transient current to the chip. Withoutadgxers, the
IC demands current faster than the connection ¢éopibwer
supply can supply it, as parts of the circuit rapislvitch on
and off. To counter this potential problem, cirsuitequently
use multiple bypass capacitors—small (100 nF ors)les
capacitors rated for high frequencies, a large tieltic
capacitor rated for lower frequencies and occadignan
intermediate value capacitor.

Q factor

The quality factor (or Q) of a capacitor is theigaof its
reactance to its resistance at a given frequenogl, ia a
measure of its efficiency. The higher the Q factdrthe
capacitor, the closer it approaches the behavioarofdeal,
lossless, capacitor.
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1. Calculate the D.C. resistance of the Litz cargion using
Formula 3.
Rdc = 681.90 (1.015)"2 (1.025)*1 / 400 = 1.80 ohr00 ft.

[

Calculate the A.C. to D.C. Resistance Ratiogi§iormula
RA- 400 x 0.0045 0.0045 50000 4_
, Roc = 1000+ Z(W X ([ 0025 50000 ) = 1.2068

3. The A.C. resistance is, therefore, 1.2068 x 0801
ohms/1000ft.

Fokdokk

Following is an example of the calculations require
evaluate a Type 2 Litz construction consisting 50 &trands
of 46 AWG single-film polyurethane-coated wire ogtérg at
1.0 MHZ.

1. Calculate the D.C. resistance of the Litz camdton using

Formula 3.

Rdc = 4544 (1.015)"2 (1.025)"1 / 660 = 7.27 ohrh800 ft.

2. Calculate the A.C. to D.C. Resistance Ratiogi$iormula

2.

Rac/Rdc = 1.0003 +2(660*0.0016 / 0.056)"2 *
(0.0016*1000 / 10.44)"4 = 1.393

3. The A.C. resistance is, therefore, 1.39*7.2716.13
ohms/1000ft.
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The D.C. Resistance of a Litz conductor is relatedthe
following parameters:

1. Individual strands AWG.

2. Number of strands in the cable.

3. Factors relating to the increased length of itltdvidual
strands per unit length of cable (take - up). Randard Litz
constructions a 1.5% increase in D.C. resistanceef@ry
bunching operation and a 2.5% increase in D.Cstasie for
every cabling operation are roughly correct.

The formula derived from these parameters for th€.D
resistance of any Litz construction is:

Roc = Rs.(1.015) g (1.025) N¢
Ns

Where: Rdc = Resistance in Ohms/1000 ft.

Rs = Maximum D.C. resistance of the individual stis (taken
from Table 2).

Nb = Number of Bunching operations

Nc = Number of Cabling operations

Ns = Number of individual strands

Following is an example of the calculations require
evaluate a Type 2 Litz construction consisting 060 4trands
of 38 AWG single-film polyurethane-coated wire ogtérg at
500 KHZ. This construction, designed with two bungh
operations and one cabling operation, would betewris x 5 /
16 / 40 AWG (HM Wire uses x to indicate a cablingeoation
and / to indicate a bunching operation.)
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The Q factor of a capacitor can be found throughfdiowing
formula:

_Xg 1
Q_RT_MCRC

Where:

wis frequency in radians per second,

C is the capacitance,

X_C is the capacitive reactance, and

R_C is the series resistance of the capacitor.

Ohmic losses, ESR, dissipation factor, and qualitiactor

The summarized losses in discrete capacitors amécoAC
losses. DC losses are specified as "leakage culrment
"insulating resistance" and are negligible for anC A
specification. AC losses are non-linear, possitdpending on
frequency, temperature, age or humidity. The logsssilt
from two physical conditions:

* line losses including internal supply line istances, the
contact resistance of the electrode contact, lesstance of
the electrodes, and in "wet" aluminum electrolytapacitors
and especially supercapacitors, the limited condtygtof
liquid electrolytes and

* dielectric losses from dielectric polarization

The largest share of these losses in larger capadit usually
the frequency dependent ohmic dielectric losses.shuller
components, especially for wet electrolytic capasit
conductivity of liquid electrolytes may exceed ditic
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losses. To measure these losses, the measurereguericy
must be set. Since commercially available companeffer
capacitance values cover 15 orders of magnitudgimg from
pF (10-12 F) to some 1000 F in supercapacitorss itot
possible to capture the entire range with only eguency.
IEC 60384-1 states that ohmic losses should be uredsat
the same frequency used to measure capacitancee ahe

* 100 kHz, 1 MHz (preferred) or 10 MHz for noreetrolytic
capacitors with CR 1 nF:

* 1 kHz or 10 kHz for non-electrolytic capaciowith 1 nF <
CR<10pF

* 100/120 Hz for electrolytic capacitors

* 50/60 Hz or 100/120 Hz for non-electrolyticpezitors
with CR > 10uF

A capacitor's summarized resistive losses may leeifipd
either as ESR, as a dissipation factor(DF,&gror as quality
factor (Q), depending on application requirements.

Capacitors with higher ripple current I_R loadsclsuas
electrolytic capacitors, are specified with equéval series
resistance ESR. ESR can be shown as an ohmic rpahei
above vector diagram. ESR values are specifiechiastheets
per individual type.

The losses of film capacitors and some class 2ndera
capacitors are mostly specified with the dissipatfactor tan
8. These capacitors have smaller losses than eigatro
capacitors and mostly are used at higher frequencge to

some hundred MHz. However the numeric value of the

dissipation factor, measured at the same frequersy,
independent on the capacitance value and can Iifisgefor
a capacitor series with a range of capacitance.di$®pation
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Table 2
Nominal Single
Recommended = Diameter | D.C. Resistance = Strand
Frequency Wire Gauge over Ohms/M’ (Max) | Rac/Roc
Copper s
60 HZ - 1 KHZ 28 AWG .0126 66.37 1.0000
1 KHZ - 10 KHZ 30 AWG 0100 105.82 1.0000
10 KHZ - 20 KHZ 0071 211.70 1.0000
20 KHZ - 50 KHZ 36 AWG 0050 431.90 1.0000
[ 0KHZ-100KHZ | 38AWG | 00040 | 68190 | 10000
100 KHZ - 200 KHZ 40 AWG 0.0031 | 1152.3 | 1.0000
200KHZ-380KHZ | 42AWG | 00025 | 18010 | 10000
360 KHZ - 850 KHZ 44 AWG 0.0020 2873.0 1.0003
850 KHZ - 1.4 MHZ | 46 AWG | 0.0016 45440 | 1.0003
1.4 MHZ - 2.8 MHZ 48 AWG 0.0012 72850 1.0003

After the individual wire gauge has been decided @suming
that the Litz construction has been designed sheh ¢ach
strand tends to inhabit all possible positionshim table to just
about the same extent, the ratio of A.C to D/Cstasice of an
remote Litz conductor can be determined from thioviong
formula.

Resistance to Alternating Current (,_N_&)2
=S+K \Do J G
Resistance to Direct Current
Where:
S =Resistance ratio of individual strands whenaisal (taken
from Table 1 or 2)
DiFY
G =Eddy Current basis factor\'*44
F =Operating Frequency in HZ
N =Number of strands in the cable
DI =Diameter of the individual strands over the gep in
inches
Do =Diameter of the finished cable over the strandsches
K =Constant depending on N, given in the followtagle:

N 3 9 27 Infinity
K 1.55 1.84 1.92 2
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Litz Designing Calculations

HM Wire International, Inc.

http://www.litz-
wire.com/New%20PDFs/Litz_Designing_Calculations.pdf

Typically, the designing engineer that uses Litowa the
operating frequency and RMS current required fos hi
application. Since the main advantage of a Litzdemtor is
the reduction of AC losses, the first thought iy &tz design

is the operating frequency. The operating frequematyonly
influences the authentic Litz construction, it aldetermines
the individual wire gauge.

Ratios of alternating-current resistance to diarent
resistance for an isolated solid round wire (SYeérms of a
value (X) are shown in Table 1.

Table 1
X 0 0.5 0.6 0.7 0.8 0.9 1.0
S 1.0000 1.0003 1.0007 1.0012 1.0021 1.00B905

The Value of X for copper wire is determined by fRafa 1.
X=0.271 DuJFusz

Where: Dm = Wire Diameter in mils
Fmhz = Frequency in Megahertz

From Table 1 and other practical data, the follgnable of
recommended wire gauges vs. frequency for most Litz
constructions has been prepared.

Table 2
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factor is determined as the tangent of the reaetd®c C -
X_L) and the ESR, and can be shown as the ahbktween
imaginary and the impedance axis.

If the inductance ESL is small, the dissipationtda can be
approximated as:

tand = ESR - wC

Capacitors with very low losses, such as ceramis<IL and
Class 2 capacitors, specify resistive losses wijbadity factor
(Q). Ceramic Class 1 capacitors are especiallyableitfor LC
resonant circuits with frequencies up to the GHzgea and
precise high and low pass filters. For an eledfyia@sonant
system, Q represents the effect of electrical t@si® and
characterizes a resonator's bandwidth B relativiestoenter or
resonant frequency f_0. Q is defined as the recarealue of
the dissipation factor.

1
@= tand

Jo
B
A high Q value is for resonant circuits a mark e guality of

the resonance.

Comparization of chmic losses for different capacitor types
for resonant circuits (Reference frequency 1 MHz)

Capacitance == R oD Quali
Capacitor type P at 100 kHz | at 1 MHz at 1 MHz fm:
(m@) | (m@) (1079
Silicon capacitor'™” 560 400 = 25 | 4000
Mica capacitor™™ 1000 650 65 4 2500
Class 1
g 1000 1600 160 10 1000

ceramic capacitor (NPO)
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Equivalent series resistance

In a non-electrolytic capacitor and electrolytipaeitors with
solid electrolyte the metallic resistance of thedk and
electrodes and losses in the dielectric cause &R Eypically
quoted values of ESR for ceramic capacitors aredmst 0.01
and 0.1 ohms. ESR of non-electrolytic capacitorglseto be
fairly stable over time; for most purposes real-etctrolytic
capacitors can be treated as ideal components.

Aluminium and tantalum electrolytic capacitors witbn solid
electrolyte have much higher ESR values, up tora¢wedhms,
and ESR tends to increase with frequency due exsfiof the
electrolyte. A very serious problem, particularlyittw
aluminium electrolytics, is that ESR increases avee with
use; ESR can increase enough to cause circuit neifun and
even component damage,[1] although measured capeeit
may remain within tolerance. While this happenshwiormal
aging, high temperatures and large ripple curre@cerbate
the problem. In a circuit with significant rippleurcent, an
increase in ESR will increase heat dissipation, sthu
accelerating aging.

Electrolytic capacitors rated for high-temperatungeration
and of higher quality than basic consumer-gradéspae less
susceptible to become prematurely unusable due S& E
increase. A cheap electrolytic capacitor may beddr a life

of less than 1000 hours at 85°C (a year is aboQ0 $®urs).
Higher-grade parts are typically rated at a fewuttamd hours
at maximum rated temperature, as can be seen from
manufacturers' datasheets. Electrolytics of higlegracitance
have lower ESR; if ESR is critical, specificatiohapart of
larger capacitance than is otherwise required may b
advantageous.
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Polymer capacitors usually have lower ESR than wet-
electrolytic of same value, and stable under varyin
temperature. Therefore polymer capacitors can kahijher
ripple current. From about 2007 it became commorbéiter-
quality computer motherboards to use only polynagracitors
where wet electrolytics had been used previougly.[2

The ESR of capacitors of relatively high capacitprf about
1 uF), which are the ones likely to cause troublegasily
measured in-circuit with an ESR meter.

Typical values of ESR for capacitors

Type 22 pF 100 pF
Standard aluminum 01-3D 0.05-0.22
Ceramic <0.01%2

AC current

An AC load only can be applied to a non-polarizegacitor.
Capacitors for AC applications = == mmme s
are primarily film capacitors, ¢
metallized paper capacitors,
ceramic capacitors and bipolar *
electrolytic capacitors.

The rated AC load for an AC ** * ' umee
capacitor is the maximum sinusoidal effective AQrent
(rms) which may be applied continuously to a capaciithin
the specified temperature range. In the datashkeetdC load
may be expressed as

* rated AC voltage at low frequencies,

* rated reactive power at intermediate frequesici
* reduced AC voltage or rated AC current at higggfiencies.
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Typical rms AC voltage curves as a function of frexcy, for
4 different capacitance values of a 63 V DC filnpagitor
series

The rated AC voltage for film capacitors is genlgral
calculated so that an internal temperature ris& tf 10 °K is
the allowed limit for safe operation. Because digle losses
increase with increasing frequency, the specifiédl voltage
has to be derated at higher frequencies. Dataslfieefim
capacitors specify special curves for derating Atages at
higher frequencies.

If film capacitors or ceramic capacitors only haaeDC
specification, the peak value of the AC voltageli@gphas to
be lower than the specified DC voltage.

AC loads can occur in AC Motor run capacitors, Yoitage
doubling, in snubbers, lighting ballast and for owactor
correction PFC for phase shifting to improve traission
network stability and efficiency, which is one dfet most
important applications for large power capacitofhese
mostly large PP film or metallized paper capaciames limited
by the rated reactive power VAr.

Bipolar electrolytic capacitors, to which an AC tagje may be
applicable, are specified with a rated ripple cofrre
Insulation resistance and self-discharge constant
The resistance of the dielectric is finite, leadingsome level

of DC "leakage current” that causes a charged dtapaec lose
charge over time. For ceramic and film capacitatis
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134 1025 0.0006250 1600 0.852
48 1712 0.0019341 517 6.425

On the main plot then | have included for Ben's @@
second Q vs. ESR curve to illustrate the estimatefit of
using a higher tuning capacitance range. The nevecslides
mostly to lower ESR (especially at the high endhef tuning
range) and also to slightly lower Q. The improvetsemade
appear modest from the modeled data and, for tke ofa
high-Q capacitor the possible improvements may lghts
indeed. It is comforting to know that at leastréhehould be
no negative impact. Lower ESR certainly improveskt
overall efficiency. This is a win-win situation wieethe set
designer wins twice!

In seeking the "Holy Grail" tank capacitor | wowdd to the
list of valuable features. We have ceramic statgpports,

silver plating on the vanes, and good wiper costastfeatures
desired. | would add to this an extended tuninggeaif the

capacitor is truly to be considered "Holy". Withstandard
230 uH coil the tuning for the BCB ranges from 40380 pF

or so. With a 180 uH coil the capacitance neededes from
50 to 490 pF, (stray capacitance not accounted for)

Two questions immediately come to mind with thialgsis:
1) To how low a coil inductance can you go?
2) If you find a few of these super-caps can you
send me one?

kjs 6/2013 (in France)
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provides the
B Tongue 24 (fromFie.5) estimated Q, and
0 S aotusom calculated D, and

ESR for the
capacitances  from
Fig 5 (with 20pF
stray added). The
Py values of Q do not
o N E———| improve by moving
° - to higher
capacitances but the
ESR of the cap is slightly (at low tuning freq) amcll
improved (at the high tuning freq). This is theabo It is
worthy to note that the tuning frequencies do e Lp with
the original data from Ben's Fig 3 as seen on minmiot.
While Ben specifically noted that his figure 3 indéd 20pF
strays, in his figure 5 he speaks in absolute degraes. | did
my best to correct for this but there remains sameiguity in
the presentation. The point remains though; motangigher
capacitances in the tank will lower the tank loshes to ESR.

250 inductor (w/20pF stray)

tank pF KHz D Q ESR ohm
385 513 0.0002083 4800 0.177
220 679 0.0003448 2900 0.404
134 870 0.0005714 1750 0.917
101 1000 0.0007638 1309 1.502
34 1726 0.0034973 286 23.046

180 inductor (w/20pF stray)

tank pF KHz D Q ESR ohm
385 605 0.0002381 4200 0.172
220 800 0.0003571 2800 0.355
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resistance is called "insulation resistance Rifibfs resistance
is represented by the resistor Rins in parallehwie capacitor
in the series-equivalent circuit of capacitors. ulaton
resistance must not be confused with the outeatisol of the
component with respect to the environment.

The time curve of self-discharge over insulatiosis&nce
with decreasing capacitor voltage follows the folanu

u(t) = Uy -57!/“‘
With stored DC voltage U_0 and self-discharge comtst
75 = Rins - C
Thus, aftel™ voltage U_O drops to 37 % of the initial value.

The self-discharge constant is an important pamanfer the
insulation of the dielectric between the electrodeéseramic
and film capacitors. For example, a capacitor carued as
the time-determining component for time relays ar dtoring
a voltage value as in a sample and hold circuitsparational
amplifiers.

Class 1 ceramic capacitors have an insulationtagsis of at
least 10 ®, while class 2 capacitors have at least@ & a
self-discharge constant of at least 100 s. Pléisticcapacitors
typically have an insulation resistance of 6 to GQ. This
corresponds to capacitors in the uF range of adésiarge
constant of about 2000—4000 s.[42]

Insulation resistance respectively the self-disghaconstant

can be reduced if humidity penetrates into the migdIt is
partially strongly temperature dependent and dseseavith
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increasing temperature. Both decrease with inangasi
temperature.

In electrolytic capacitors, the insulation resiseis defined as
leakage current.

Leakage current

The general leakage current
behavior  of  electrolytic
capacitors depend on the kind
of electrolyte

=
For electrolytic capacitors the

insulation resistance of the dielectric is termddakage
current”. This DC current is represented by théstes Rleak
in parallel with the capacitor in the series-eqléwa circuit of
electrolytic capacitors. This resistance between términals
of a capacitor is also finite. Rleak is lower fdeatrolytics
than for ceramic or film capacitors.

The leakage current includes all weak imperfectiohghe
dielectric caused by unwanted chemical processed an
mechanical damage. It is also the DC current tlaat gass
through the dielectric after applying a voltagedépends on
the interval without voltage applied (storage tintag thermic
stress from soldering, on voltage applied, on teaipee of the
capacitor, and on measuring time.

The leakage current drops in the first minutesradigplying
DC voltage. In this period the dielectric oxidedayan self-
repair weaknesses by building up new layers. Tinee ti
required depends generally on the electrolyte. dSoli
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pF f Q

tank cap MHz Cap A Cap B
375 355 520 19000 4750
190 170 730 14000 3230
114 94 943 14400 1610
101 81 1000 13148 1828

60 40 1300 11600 870

35 15 1710 9800 460

for | = 250 uH and 20pF stray in tank
(Q data in italics is computed)

The quest for high Q is indeed a quest for low ESRong as
you work in the capacitance range needed. Oneestirg
piece of advice | have occasionally seen is thatincrease
your tank Q, it is better to use lower-value caifed higher-
value tuning caps. As much of the losses in tiné erive
from losses in the coil this makes excellent senks&ish to
ask the question what about those higher-valuex & plot
immediately suggests that moving to higher capacéalrives
down the ESR, this is a good thing. It may or nmat
improve the cap Q but | am not sure it matterscag las
resistive losses are minimized. To better set xpeetations |
have again turned to Ben's Cap B data.

The small plot below takes data presented in higirei 5.
Data presented include Q at various capacitances
frequencies. | cross-plotted his data for pF andoQthe
appropriate frequencies using both 250 uH and 180
inductances. Reading the actual Q off the tinyt plas an
estimate at best, but it is interesting. This wafloone to
estimate his cap Q at any capacitance setting. talile below
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the likely capacitor data will be specific to capsthe uF
range, or 10”6 higher that what we need in a cryatho tank.
Be careful not to get enamored with the high Q eslu
occasionally quoted, check the capacitance. Fimptot it
should be apparent that not all Q's are createdlediarger-
value caps have lower ESR and so the Q's are affereably
high. | have plotted a few specific cap measureséom
various sources.

Two measurements should stand out; these are fedity the
larger blue diamonds. These are measurements By Bi
Hebbert and presented by Ben Tongue in section Biof
Article 24. | reproduce his Figure three belowthagrateful
apologies for the liberties | have taken,

By replotting Ben's figure | can calculate the tiela between
Q and frequency
B Tongue 24 (rie3) (table below) and so

‘ compute the estimated

0 el Q at any flrequency.
e On my main plot |

\“\ ‘ give Ben's Capacitor

ecpra

A and B for 1.0 MHz
given the 250 uH
200 inductor. Ben states

iy that the plot assumes
20pF stray added. Since the capacitance neededdoate at
1 MHz and 250 uH is 101 pF, | make the assumptisrcéps
were set to 81 pF. This accounts for why the diagiscare set
slightly off the 100 pF line of the plot. Given shiQ
measurements it is easy to compute the ESR for eaph
This is the world of the crystal radio builder. include the
ESR at the BCB endpoints for each cap as wellte gie full
picture.
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electrolytes drop faster than non-solid electraybeit remain
at a slightly higher level.

The leakage current in non-solid electrolytic capas as well
as in manganese oxide solid tantalum capacitorsedses
with voltage-connected time due to self-healingeef.
Although electrolytics leakage current is highearthcurrent
flow over insulation resistance in ceramic or fiapacitors,
the self-discharge of modern non solid electrolgapacitors
takes several weeks.

A particular problem with electrolytic capacitors $torage
time. Higher leakage current can be the resulbogér storage
times. These behaviors are limited to electrolytith a high

percentage of water. Organic solvents such as G&Lnat

have high leakage with longer storage times.

Leakage current is normally measured 2 or 5 minafesr
applying rated voltage.

Dielectric absorption (soakage)

Dielectric absorption occurs when a capacitor tlas
remained charged for a long time discharges omigritpletely
when briefly discharged. Although an ideal capacitwuld
reach zero volts after discharge, real capaciteveldp a small
voltage from time-delayed dipole discharging, anumeenon
that is also called dielectric relaxation, "soakage "battery
action".

Values of dielectric absorption for some often usaplacitors
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Type of capacitor Dielectric Absorption
Air and vacuum capacitors Not measurable
Class-1 ceramic capacitors, NPQ 0.6%
Class-2 ceramic capacitors, XTR 25%
Polypropylene film capacitors (PP) 0.05t0 0.1%
Polyester film capacitors (PET) 02t005%
Polyphenylene sulfide film capacitors (PPS) 0.0510 0.1%
P film (PEN) 10to12%
Tantalum pacitors with solid el 210 3% % 10%!“

Aluminium electrolytic capacitor with non solid electrolyte 10 ta 15%

Double-layer capacitor or super capacitors data not available

In many applications of capacitors dielectric apsion is not a
problem but in some applications, such as long-tioestant
integrators, sample-and-hold circuits, switchedacitpr
analog-to-digital converters, and very low-distomtifilters, it
is important that the capacitor does not recoveresidual
charge after full discharge, and capacitors with &bsorption
are specified.[47] The voltage at the terminalsegated by the
dielectric absorption may in some cases possiblysea
problems in the function of an electronic circuit @an be a
safety risk to personnel. In order to prevent skatlost very
large capacitors are shipped with shorting wires tfeed to be
removed before they are used.[48]
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dependant. It is important to remember that nbQ& are
created equal. What we want is to keep the ESRato
minimum.

On the plot there are a number of data trends ptege Note
first that both plot axes are logarithmic, it maleslifference
on how one thinks of the data. Additionally, ndtat the plot
is specific (mostly) for data at 1.0 MHz. | makbet
assumption that a cap that is superior at thatéeqy is likely
to be superior across the BCB.

Capacitor Qs ESR
@ ~10MHz ESR=D/2pi1C
Q-cotnd-1/D

10000 WY

V= 171080057

pe= 10000 pre 000 e

=
EsRahms

The first things to discuss are the three slantimgs. These
are computed from a table of Dissipation Factotk@VHz by
Dr. Johnson. | have supplied the capacitancescalumilated
the resulting Q and ESR values. When one goesrigokt
capacitor data sheets or summary tables one ily likefind
data computed at 100 KHz and 1.0 MHz (mercifully} that
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Crystal Radio Capacitors and ESR
Kevin Smith

In my ongoing effort to understand crystal radiosd ghe
theory that makes them work | have recently turizedetting
my expectations concerning capacitance. The tucapgcitor
is, next the coil itself, the principal componeftlee set. Few
builders fabricate their own tuning caps so | sigepdt is
possible to take them a bit for granted. | havenbreading on
the radio forums some threads concerning radio @ the
subject of the variable cap Q seems to be gettimgem
attention. So, what is the deal?

| set about my study by gathering what | could findthe web
and at the close of this note | include a shoerezice list of
useful pages from which | extracted data the ideasish to

extend special thanks to Ben Tongue who, as ud,
provided the essential measurements and backgrodrite

plot below of capacitor Q versus Equivalent SeResistance
(ESR) summarizes my findings. It is a bit busytfeese are a
number of interesting and important ideas represkin the

relationships presented.

Any discussion of component quality needs first to
acknowledge that the fight to increase the compo@efs in
reality a fight to eliminate (not possible) or reduas much as
feasible the resistive losses associated withdbaiponent. It
helps then to look not just at Q, but at how Qteslao the
component ESR. There are two fundamental equatiuats
describe this relation: 1) Q = cotan theta = 1/D. is the
dissipation factor and is an attribute of the diie material
used in the construction of the capacitor. EquaZpESR = D
/ 2pi f C. This equation tells us that capaciussks expected
due to resistance are both angular frequency apdcitance
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ARTICLE 24

Sensitivity and selectivity issues in crystal radiosets
including diode problems; measurements of the Q of
variable and fixed capacitors, RF loss in slide swdhes and
loss tangent of various dielectrics

By Ben H. Tongue
http://www.bentongue.com/xtalset/20MeaAGs/20MeahGs.
ml

Part A: The Issues.

The sensitivity and selectivity in a crystal radiet can be
impacted by many factors, including:

* Al: Ineffective coupling of the antenna tettank circuit.

* A2: Resistive RF losses in the tank circuit.

* A3: Inappropriate diode.

* A4: Unintentional diode damage from exposuie
electrostatic discharge (ESD) or voltages higheantlihe
minimum reverse voltage rating. This is one causthe loss
of weak-signal sensitivity over time.

* A5 Relations between antenna-ground systiiode RF
input and tank loss resistance, as effecting deigctand
loaded Q.

* AB: Audio transformer loss.

Al. There is a practical minimum limit to the pibés
impedance transformation ratio of the series rascst of the
antenna-ground circuit to the shunt value desiredss the
tank circuit, when the transformation means is jsseries
capacitor between the antenna and the top of tile t&his
problem occurs when the capacitor required for dbsired
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Do you really want a linear ohm meter scale? Howuata
LOG scale? Analog or digital?

What are the reasonable good and bad limits of E&Rat
range in ohms? How sensitive does it need to be?

Input - To protect or not protect? What about chdrgaps?
Power - Battery or A/C adaptor? Battery life?

Physical Size

Cost

All of the above choices were carefully consideiadthe

design of the Capacitor Wizard®. The end producs wabe
easy to use, durable, small & lightweight, accyrateasure
ESR in circuit and inexpensive. | think | have rifese design
goals with the Capacitor Wizard®!
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impedance transformation becomes so large thatuises the
tank inductance to resonate below the desired ey (See
Article #22, Part 2). The solution here is to mslewer value
inductance for the tank or to tap the antenna domthe tank
(towards ground). This is why some experimenterd that
low inductance tank circuits seem to work bettantthose of
higher inductance. If one does not use a seripacitar for
impedance transformation, the antenna may be psped
down on the tank. Another alternative is to comnte
antenna-ground system to a low value unturned tathae that
is coupled to the tank.

The main advantage of using a series capacitoremted to
the top of the tank (for impedance matching) ig¢ thanoves
the undesired short wave resonance of the antenonand
circuit (present in every single tuned crystal cadet) to the
highest possible frequency and reduces its strength

disadvantage is that unless a high enough Q varizdpacitor
is used, insertion power loss is increased, esiheaiathe high
frequency end of the band. See Part B, Sectiorf this

Article and Article #22, Part 7.

A2. Resistive RF losses in the tank circuit afecéd by: 1)
Losses in any capacitor used for tuning or RF dogpl 2)

Physical size of the coil and such items as ledgthieter
ratio, cross-section size and shape, and turnsmngpgio reduce
coil proximity losses). 3) Loss tangent in thelcfoirm

material, wire insulation and all dielectric masnpenetrated
by the electric field of the coil. 4) Wire sizedaplating, if
any. Silver plating is good but tin plating is bagdpecially at
the high end of the band. 5) Wire constructionhsas litz,
solid or un-insulated stranded. The latter shdaddavoided.
6) Switches (if used). 7) Magnetic coupling frohe tcoil to
nearby lossy metallic objects. 9) Capacity coupfiom "hot"
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high impedance RF points through a lossy RF repath to
ground. See Article #22, point 7 of Part 10. S@oements:
The loss from the loss tangent of the dielectricemal used
for the mounting base of detector stands can berixiath
Loss tangent of the material used for a front paael cause
dissipative loss if terminals provided for the ceation of an
external diode are too close together. See Pased&ion 3 of
this Article.

A3. A diode with too low an axis-crossing resistiftoo high
a saturation current) will resistively load thekano heavily,

causing a low loaded Q that results in loss ofcsiziey and

sensitivity. A diode with too high an axis-crogsiresistance
(too low a saturation current) will increase seléist because
it only lightly resistively loads the tank circuit. The

disadvantage is that sensitivity is reduced (maegpfe liken
this to the diode having too high a "turn-on" vgkd and
considerable audio distortion is generated. Aeliteverse or
forward DC voltage bias will usually fix up theserformance
problems. See Article #9.

A way to check whether weak signal performance wdwe
improved if one used a diode with a different sation current
(Is), but without experimenting with DC bias, isfaiows: 1)
Give the diode a one second or so spray with ansaer
"component cooler" . The reduction in temperatwid
temporarily substantially reduce the Is of the diod If
performance improves during the subsequent warrk-bpc
period, but before reaching room temperature, tbeedhas
too high a room temperature Is. 2) Heat the dimdbolding a
hot soldering iron next to it for 5 seconds or sogive it a
quick blow from a hot hair dryer. If performanaaproves
during the subsequent cool-back-down period, buforbe
reaching room temperature, the diode has too lovocan
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voltage across the test terminals to maintain t&stant
current. This voltage would turn on solid stateidey when
measuring ESR in circuit. For this reason the amstoltage
method was chosen for the Capacitor Wizard.

For convenience we don't want a linear scale becawgould
require a Range Switch. | modified the basic canstaltage
diagram above to include a resistor in parallelhwihe
constant voltage generator that has the desirafiéet eof
logging the ohm scale. It also serves to lower ohgput
voltage to a level far below that required to tamsolid state
devices.

Conclusion:

It should now be obvious that a DC ohm meter canmesisure
ESR! A Capacitance meter is equally unsuitable ESR
measurements. ESR doesn't exist under the STATIC
measurement condition of a DC ohm meter. Capaditéeits
one nothing about a capacitors ESR. To measure BSR
controlled DYNAMIC test condition must be createfio
create this test condition the engineer needs twsider a
number of "Design Judgement Calls" based upon his
experience and the desired end result. Electrogsigd is an
exercise in compromise. There are many ways togdesin
ESR meter and each has its advantages and disadeant he
quality of the end product is the result of wiseicks made by
the design engineer. Some of the important design
considerations for an ESR meter are:

Which to use - constant voltage or constant cuPréxitwhat

magnitudes?
Test Signal - Sine wave or square wave? At whajuieacy?
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with a linear meter scale. We could use eithertdigir analog
meter displays.

Eout = [constant x ESR.

Eout

Constant
Current
Generator

Constant Current Method

Eout = I(ESR) x Rsample

ESR Gtest
Eout
Xe=0
Constant
Voltage Rsample
Generator

Constant Voltage Method
Constant current has the advantage of conveniemtlysuring

low values of ESR down in the milli ohm range. éwever
has the disadvantage of applying a theoreticahitefy large
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temperature Is. Is, for the usual Schottky diocteanges by
about two times for each 10° C. temperature change.
Germanium diodes probably act the same. Aerosupoment
coolers are available from most Electronics Disiidips,
including Radio Shack.

A4. Semiconductor diodes are subject to damagen fro
exposure to electrostatic discharge (ESD) and getthigher
than their reverse breakdown values. Easy-to-chack-
damage shows up as an increased reverse currenttested
with a reverse DC voltage close to or less thanspecified
minimum breakdown voltage, as compared to an undacha
diode. Other types of damage can also occur. Tieeteon
detector performance can be anywhere from a mild tery
great reduction of weak-signal sensitivity. Thipeyof damage
has the effect of placing a resistor across theleiavhich
reduces tank Q and adds a parasitic, unneeded doalib
resistance. If one has an old VOM having a d'Avabn
moving-coil meter movement (not a digital type) Isws the
Triplett 360, Weston 980 or Simpson 260, one cam dpiick
check of the back leakage of a Schottky diode bgsueng its
back resistance on the X1,000 range. If the negdés not
move, the diode has probably not been damaged ESD.
This test does not apply to so-called zero-biasofich
detector diodes because of their usual low reviersakdown
voltages. Undamaged germanium diodes normally have
greater reverse leakage (lower back-resistance) tthe usual
Schottky detector diodes. This does not effectgpetance in
crystal set applications. The germaniums seemdebject to
the electrostatic damage problem precisely bectheselower
back-resistance (and high reverse breakdown vajdgads to
bleed off any electrostatic charge that might aadate,
maybe from handling. Diodes with the lowest leakege be
selected with a simple test as follows: Conne@45 volt
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DC source, a 4.7k to 10k resistor, the diode aB/# set to

read DC current in series. Polarize the battehabthe diode
is back biased. If the current is 2 uA or less, pharasitic back
leakage resistance is greater than 2 Megohms andoall

should be well, as far as weak signal loss is amece The
resistor is used to prevent damage to the testedibd is

accidentally connected in the forward directionisTiest may
be used to sort out the best weak-signal sengitiliddes and
exclude damaged ones. It is probable that for ecdeh of
diodes having the same part number, ones with dledt
reverse leakage current will deliver the best wsigkal

performance.

| believe poor weak-signal results some people haperted
with the Avago (formerly Agilent) 5082-2835 and HSM
2820 diodes can be laid at the doorstep of ESD damka
experienced my first problem with these diodes toyirsg a
few new ones in a propylene vitamin pill bottle @rwhile.

When | wanted a new one | picked up the bottle pkho (I

think,) to see if something was inside and withdeediode. It
performed badly, so | checked its back resistanit my

Triplett 360 VOM as suggested above and found abagk
resistance reading. Checking all the others, | dotivey were
all bad. Static electricity did them in... bewatewas pretty
stupid of me to not use anti-static bags. BTW, hewer had
problems with those diodes if stored in paper bage bags
must have had enough moisture content to provifficismt

conductivity to bleed off any static charge thatgi
accumulate.

It is difficult to properly impedance match thesedgs (see
Part 4 of Article #5) because of their low satumatcurrent
(high axis-crossing resistance). They work be8tdf or so are
connected in parallel to raise the effective saimmacurrent. If
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Disadvantages: Not suitable for in circuit use,| wilt find
open caps, keying must be highly accurate and short
duration or ESR readings will be wrong, moderately
complex, moderate cost, requires periodic calibrati

We now have a method to correct for capacitive tezae by
using a high test frequency and a valid formulaceonpute
ESR. Let's investigate our formula E=IR.

The formula E = IR has three unknown quantities iai&l not
usable until we get the formula into the form ofbtknown
and one unknown quantities . The quantity we aymgrto
find is "R" so let's make it the unknown. We art Veith "E"
(voltage) and "I" (current) as the two variable wtitées to be
measured. Using conventional test equipment wedcae a
capacitor with an ac 100khz signal, measure bothattd "I"
and, using the formula E = | x R, compute "R" (ESRhat
method will work but it is clumsy, slow, and reasrtwo
pieces of test equipment - an AC volt meter, andAgh
ammeter. If we were to hold one of the two variabtethe test
signal at a known CONSTANT VALUE we could measure t
other variable with only one piece of test equipth&ve could
then calibrate its scale to represent the COMPUMARUE
of "R"!I! We could hold the test signals current{fnstant and
measure the voltage(E) and then use the resutirtpate the
value of "R". Or we could hold the test signalstagé(E)
constant (the Capacitor Wizards method) and meabereest
signals current(l). The result could be displayedan analog
or digital meter calibrated in ohms. These two mdthof
measuring resistance are well known by electronic
measurement engineers as the "CONSTANT CURRENT" and
"CONSTANT VOLTAGE" methods. Since the formula ER |
is a linear expression, both methods will yieldadmm meter
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(1) Use a high test frequency: This is the techmidhe
Capacitor Wizard® uses to "Zero Out" capacitivectaace.
Advantages: Will find open capacitors within thesified
range of capacitance, Simple circuit, Reasonabist,Cm
calibration required
Disadvantages : Only valid above a certain capacita
value, dependent upon test frequency

Xc = capacitive reactance

Zc = Total AC resistance (Vector Sum of Xc and ESR)
ESR = Equivalent Series Resistance

C = capacitance in Farads

F = Frequency in Hertz

Proof:

I Xe=1/(628*F*C) =0 AND  Zc=  /ESR%*+ Xc?
THEN Zzc=  /ESR®+ 0° =/ ESR® =ESR

(2) Electronically subtract capacitive reactanaerfrmeasured
AC ohms:
Uses: Suitable for capacitor manufacturer
Advantages: Measure ESR of any capacitor, can faso
adapted to measure capacitance
Disadvantages: Requires operator skills, not skeitdy in
circuit use, circuit complex, cost more, easily dged,
will not find open capacitors, requires periodititmation

(3) Sample/Hold Keying:
Uses: Inexpensive method to measure ESR of any
capacitor
Advantages: Measure ESR of any capacitor
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one wishes to use only one of these diodes, itdchave a low
forward bias applied to get the same result (selér#9).

Keep in mind that these diodes do not do very welstrong

signals when optimally impedance matched for weigkad

reception because of their low reverse voltage Kol@an

rating. Avago specifies that rating as 15 voltstf@se diodes.
If a rectified voltage approaching 7.5 volts apgeatross the
DC load (now operating in ‘peak-detector’ modepaximum

reverse voltage of about 15 volts will appear asrihe diode
for every cycle of the RF carrier. When the dicsleperated at
this signal level or greater, a ‘bucking' rectifimatrent flows

through the diode reducing audio output and causingio

distortion. This problem is eliminated by usingdés having a
greater reverse breakdown voltage such as mostFO1215

and most 1N34A units.

A5. A question asked by many designers is thisat\é the
best approach when deciding how to ‘impedance rméteh
transformed antenna-ground-system resistance tREhmput
resistance of the diode detector? This would be-brainer if
the resonant resistance of the tank was infinitejths not.

Table 1 - Definitions of Terms
TPL |lnsertion power loss

Lo [faductance of the tank

Ql |[Loaded Q of the tank

Qo [Unoaded Q of the tank

Rag |Actual antenna-ground-system resistance

Ragt |A antcnna-ground-system resistance transformed its value at the top of the tank
Rd |Actual input RF resistance of the diode.

Ret [Input RF resistance of the diode as transformed to its value at the top of the tank.
Ro |Resistor representing al losses in the tank

Xa |Ant d-system impedance

Xd [Diode input RF resistance transformation.
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Fig. 1 - Sirmplified schematics of a single-tuned crystal set.

Simplified Schematic

The presence of finite tank loss increases IPL from

theoretical zero of the matched impedance casdsdtreduces
selectivity. Fig. 1a shows a simplified schematica single-

tuned crystal radio set. The input impedance foammtion

Xa might take the form of capacitor in series wvifib 'Rag' and
the ‘'induced voltage source' series combinatioa t@p on the
tank. The diode input RF resistance transformatigght take

the form of a tap on the tank or a capacitor inesewith the

diode, along with other components. See Son ofbidyne

and Hobbydyne 1} at
http://www.hobbytech.com/crystalradio/crystalratito.

Table 2 shows calculated data for the simplifietiescatic

shown in Fig.1b.

Table 2 - Calculated Insertion power loss (IPLjioraf loaded

to unloaded Q and impedance match (return lossa)single-
tuned circuit.
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does not really exist as a physical entity so direc
measurements across the ESR resistor are no tbledssi
However, if a method of correcting for the effeafsapacitive
reactance is provided, and considering all ESRstasies are
INPHASE, ESR can be calculated and measured by ukin
basic electronics formula E = | x R! This is the sBa
Electronics foundation used to design the Capavitaard®!

Before the formula E = | x R can be used to comfg&, we
must find a way to "ZERO OUT" or otherwise negalte t
effects of capacitive reactance. Here's why: Cansidseries
AC circuit that has an equal capacitive reactanse) @nd
resistance (ESR) of 10 ohms. The total value ofsehe
resistances when measured with an AC ohm metebwithe
"VECTOR SUM" of the CAPACITIVE REACTANCE and
the INPHASE resistance measured in ohms. In thisnple
the total resistance measured by the AC ohm metiérbe/
14.14 ohms! This vector sum is always larger thha t
INPHASE resistance(ESR). For this reason an AC afeter
is not a valid device to measure ESR unless a meéns
negating the effects of capacitive reactance idiegpThree
equally valid basic techniques come to mind: (lis&&he AC
ohm meters test frequency so high that the capagcitiactance
is so low compared to the expected ESR that thecesffof
capacitive reactance can be ignored. (2) Electadigisubtract
the capacitive reactance portion of the vector $tom the
total measured AC resistance. (3) Use a samplekmyjihg
circuit and only "key on" the AC ohm meter when Bt¢ASE
ANGLE between the measured AC resistance and thie te
signal is at 0 or 180 degrees (INPHASE). Each teglenhas
its advantages and disadvantages which will be ained
below.
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Capacitor ESR - Methods of Measurement
by Doug Jones (Capacitor Wizard)
http://www.midwestdevices.com/pdfs/Tnote3.pdf

ESR would be easy to measure if it really existethe single
physical resistor represented by the drawing above!
Unfortunately you can't just hang two test leadesethe ESR
resistor in the drawing above and measure the EBfR!
drawing is just a symbolic representation of thrmlteffect of

the many physical quantities that make up ESR! attisle is
intended to give the reader an understanding of B&®Ran
introduction into the complexities of measuring ESR

E=1xESR

ESR is a DYNAMIC quantity of a capacitor. ESR does
exist as a STATIC quantity therefore it cannot keEasured by

a conventional DC ohm meter. ESR exists only when
alternating current is applied to a capacitor orewha
capacitors dielectric charge is changing stateR €8n be
considered to be the TOTAL INPHASE AC resistanceaof
capacitor. INPHASE means the current(l) and theagel(E) if
measured across the resistive component ESR(R) of a
capacitor are INPHASE with each other, just as $RER)
were pure resistance (no capacitive or inductivectence).
ESR includes the DC resistance of the leads, DiStagge of
the connections to the dielectric, capacitor ptetistance, and
the INPHASE AC resistance of the dielectric malesiaa
particular frequency and temperature. The combmnaif
components that make up ESR are symbolized byistaein
series with a capacitor as shown above. This syimbesistor
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Liac# | RagtRo | RdtRo i:‘:{;; QuQo 1P T.;;h-' st O“Srg;'i:‘:gh’
1 | 0250 | 0250 | 1023 | oauil 1985 19385
2 | 035 | 0500 | 1761 | 01667 | -infmity 953
3 | 0667 | 0667 | 250 | 02%0 BT ot
7 | 1ow | 0500 | 301 | 0250 0 ity
5 | 0500 | 1ooo | 301 | 02% ity 02
6 1.000 1.000 352 0.333 -9.54 -9.54
7 | 2000 | o667 | 477 | 033 ED) “infniy
8 | 0667 | 2000 | 477 | 053 ity 352
9 | 2000 | 2000 | 602 | 0500 0 02
10 | 3000 | 3000 | 796 | 0600 EE] EE]

*Return loss is a measure of the "goodness" ofngredance
match. A value of minus infinity indicates a ‘mat
impedance match' (all the available input poweteibvered to
the load). A value of zero indicates a 'perfecpenance
mismatch' (all of the available input power is eefed back to
the source, and none is delivered to the load).infermediate
value indicates the amount of available power ihaeflected
back to the source by the load. The usual wayefefiring to
mismatch of a two-port network is by using S pararse S11
is the input reflection coefficient and S22, theput reflection
coefficient. The magnitude of a voltage reflectmefficient
is 20*log|{(Rload-Rsource)/(Rload+Rsource)}|. Qeéerence
is Radiotron Designer's Handbook, Fourth Editiop, §91-
892. In our case, consider out little circuit (@sanance) to be
a zero length transmission line having attenuatiote that
the Handbook was written before 'S" parameters wédely
used.

Table 1 shows the tradeoff between IPL and selegctivihe
lower Rag and Rd become, the lower IPL becomesQi@o
drops (poorer selectivity). Higher values of Ragl &d result
in greater IPL and greater Ql/Qo (greater selggdiviRamon
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Vargas has suggested that many people consider the

parameters on line 4 to be close to a practicahph, and
they are. Line 3 shows alternate parameters foiering the
same selectivity at an IPL 0.51 dB less. A generial may be
stated that for any given value of QI/Qo, equatealfor Rag
and Rd will result in the least possible IPL. histcase, input
and output return losses will be equal. It appearse that the
parameters in lines 3 or 6 are probably the onehitot for in
most design calculations.

An effect | have observed is that one cannot semelously
attain a perfect impedance match at both inputcanput ports
in systems of the type shown in Fig. la (simultaiseo
conjugate match). As shown on lines 4 and 5 inerapRagt
and Rdt can be arranged to provide a perfect natohe port,
but then the other port will be mismatched. Ro ldobe
replaced by a series resistor (not a real-worldtatyradio set
anymore) and one would still not be able to arrarge
simultaneous impedance match. If circuit lossesrewe
represented by proper values of both series anchtshu
resistances, it would then be possible to attasinaltaneous
perfect match at both input and output.

An audio transformer is one passive device thatskaiss and
shunt loss components. If it is so designed, it peovide a
simultaneous perfect impedance match at both irgnd
output when loaded by its designed-for load resesta
(ignoring reactance effects). If operated at aryeo
impedance level, such as doubling the source armdl lo
resistances, simultaneous perfect input and outppedance
matching cannot be attained. This info is of mathkoretical
interest for most crystal radio set applicationsegt when one
tries to operate an audio transformer at considetagher or
lower source and load resistance values than itdeagyned
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for. If this is done, IPL is considerable incres®mpared to
using it the impedances for which it was designed.

A6. Audio transformer loss. See Articles #1 abd #

Part B: The Measurements.

Loss measurements at various frequencies on some

components, with the loss expressed as a parafistance
(Rp) in parallel with the capacitance of the congrdror the
loss tangent, or equivalent Q of the component:

*
B1l: Q and equivalent parallel loss resista(Rp) of two
variable capacitors vs frequency when resonated av250 uH
inductor, in parallel with a total circuit strayaiit capacitance
of 20 pF. Rp and Q vs. frequency at four differespacitance
settings is also shown.
*

B2: Equivalent parallel loss resistance oms DPDT
slide switches.
*
B3: Loss tangent of some coil form and sipdeestic (front
panel) materials.
*

B4: Q of inductors and L/C resonators.
*
B5: High Q fixed value ceramic capacitors.
B1: Measurements at 520, 730, 943, 1300 and 1HA k
made on two different variable capacitors usedrystal radio
sets, are shown in the two graphs below. Capaditisra 485

pF variable capacitor that was purchased from Raidio
Sales. It has a ceramic insulated stator andrgillated brass
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plates with silver plated wiper contacts. Capadids a small
365 pF air-variable capacitor purchased from thal >3et
Society. Its plates are made of aluminum and tfaors
support insulators are made of a phenolic plastithis
capacitor is similar to those sold by Antique Eientc Supply
and others. See note at the end of this section B1

Fig. 2 shows Rp plotted against frequency, withd¢apacitor
adjusted at each frequency to a value 20 pf lowen tthat
required to resonate a 250 uH inductor. This adldav a stray
capacitance of 20 pF, in an actual circuit. Angsles that may
be in the stray capacitance are assumed assignetheto
inductor. The plot shows how, in actual practite Rp of
variable capacitors A and B vary when tuned acrbes
broadcast band. Fig. 3 shows how the Q of thel tota
capacitance (including the 20 pF stray capacitanag)es
across the BC band for each capacitor. Do not nihke
mistake, when looking at the two graphs below, hfiking
that they represent Rp and Q of capacitors A or B v
frequency, with the capacitor set to a fixed capace. The
capacitance is varied as a function of frequendynaa the
horizontal axis of the graphs, to a value that Waesonate
with @ 250 uH inductor. Figs. 4 and 5 show Rp ghaf
capacitor B as a function of frequency, at foufedént fixed
capacity settings (the frequency at each capagtaetting is
always a value that brings about resonance with28@® uH
inductor).
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The higher loss of this capacitor compared to thiathe
variable capacitor can be partially attributedhe tlifference
in conductivity — copper versus silver, but thisultbgive a
difference of only about 6-7%. The additional lisgrobably
due to the longer conducting path in the fixed cipg
because the connection to the outer tube was leifdown its
outside surface, so current to the inside had about twhiee t
distance to travel. It became clear that evendf¢bnductors
were silver plated and the construction changedhitimise
the conduction path it was unlikely that a lossndigantly
lower than the variable capacitor would be achigewehich
was the aim.
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If the plate is silver (as here) , then p=1.62981Gnd u =
4pi10-7, so Zwall = 8 10-4 at 10 Mhz. Evaluatingnd w is
somewhat difficult, but if we take semicircular {@a of radius
r, then when the capacitance is maximum the ratdrsaator
plates will fully overlap. The average length froine centre of
the rotor (where current enters) will be r/2 and #verage
width (taken as the average circumference) wil2h@/2)/2,
so the ratiol / w will be 1. As the spindle is rotated the
overlap between the rotor and stator will reducedirect
proportion to the capacitance, Isow will vary as:

|/ w= 1/(x C/Cmax) Al.2

So at maximum capacitance we can expect the |sistarce
in the plates to be, Rv = 2 Zwall#N) = 0.034 nf® at 10Mhz,
for N=15. This is a factor of around 1000 less tthat
measured, and so any variation with spindle rotatould be
insignificant, and as experiment confirms.

Appendix 2 : Standard Capacitor

An attempt was made to produce a standard capakéving a
very low loss. This was made using two coaxial @vpgpes,
15mm and 22mm diameter, about 100mm long. The atisul
between the two pipes was two bands of PTFE tapatdd at
the ends of the tubes. Capacitance was around 25pf.

However this capacitor had a lower Q than the Wéeia
capacitor by about 12%. It was thought the PTFE tapy be
lossy (it was plumber’s tape), and it was replawétth thin
expanded polystyrene foam, but with the same sult
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Fig. 3
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Fig. 5
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capacitor uses a relatively inexpensive insulatrch as
porcelain with a loss tangent of 0.0075, then ygacitance of
its insulators is 4.8 pf (see Section 8.5), aroumadf the
minimum capacitance.

The contact resistance is also seen to be mucérlatg32 n
compared with 10 @. However, the metallic loss is about
1/3rd that of the Photo 1 capacitor (0.0039 cf }).@&spite the
metalwork being aluminium rather than silver. Ttsver
metallic loss is because of the very much shoréth pvhich
the current takes. Its Q at 1 MHz and 4 MHz is gibelow :

Capacitor @
10000
/____.—-___—-
o 1000 — — -
L—] — s
—osius
100
] B 10 150 200 2% W0 350 400 450)
Capacitance pf

Appendix 1 : Estimated Loss in the Plates
The resistance of two plates will be twice thaboé plate, and
if we have N pairs of plates the resistance Rv bell

Rv =2 Zwalll / (N w) Al.1

where Zwall=p /d = (pd uf)0.5

p is the resistivity of the metal

u is the permeability of the metal

| is the length of the current path through the plate
w is the width of the current path through the glat
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Subsequent to the above work, the loss of the loastcband
tuning capacitor shown below was measured, and ¢fave
following equation for its series resistance:

Rcap = 0.032+ 5800 /(f C2) + 0.0039 (f 0.5) ohms 0.11
where fis in MHz and C in pf

The accuracy of the above equation is estimatedL86.

Photograph 3 : Broadcast-band Capacitor

This capacitor has 2 sections each with a randé qif to 380
pf, and the above equation is for one section.

It is interesting to compare the losses of the ciagpashown in
Photo 1 with that of this broadcast-band capacitocommon
with most capacitors of this type it has a veryrslimsulation
path and this accounts for the high dielectric I&sstor of
5800 in the above equation, over 7 times the ldsshe
capacitor shown in Photo 1. Assuming this broadbastl
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Discussion:

There are two main sources of loss in an air-digtevariable

cap: 1) Loss in the dielectric of the stator inguls, and 2)
Resistive losses in the metal parts. Of courseetlsealso the
important very low-loss capacitor made from thechdlectric

between the plates. The losses in 2) includetiesifss in

the plates and in the wiper that connects the ttottine frame.
Resistive loss in the plates is very small at lozgéiencies, but
increases with increasing frequency because ofefkiat.

Notice, that for capacitor B, Rp (vertical scale)Fig. 4 is

about the same for all capacitance settings at ldheest

frequency plotted (310 kHz). Rp is approximatenstant
over the full 14-365 pF capacitance range. Thiseisause we
are varying a high Q air dielectric capacitor ofy®w loss, in

parallel with a low Q fixed capacitance made uphaf lossy
phenolic stator supports. Most of Rp comes fromltss in

the phenolic. In Fig. 5, again at the low frequeead of the
horizontal axis, observe that Q is a direct linfeaction of the
overall capacitance, as it should be. The Q ofaih@ariable
part, taken alone, is much higher than that of ¢hpacitor
made up of the phenolic insulators. The main Idsse,

comes from the approximately fixed shunt Rp prodithy the

phenolic stator supports. At 14 pF the C from alrecap is
relatively low compared to that from the phenofistilators.
At 365 pF the C from the air cap is much highenttieat from
the phenolic supports.

Things change at higher frequencies. The reactafidée
capacitor drops. This, combined with the seriesistance of
the plates and wiper now come into play as an iahdit factor
reducing the Q. If this series resistance (Rs)ew&e only
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resistance affecting Q, the equation for Q would: be
Q=(reactance of the capacitor)/Rs. One can sema ftus
equation that the introduction of Rs makes the @ydrhen
frequency increases. Up to now, the main loss daome the
parallel loss resistance of the phenolic suppoftse Q from a
setting of 365 pF drops quite rapidly with increasé
frequency because of this series resistance. efant makes
the effect worse by increasing Rs, the higher ooesgin
frequency. Notice that at the low frequency enéFigf 5, Q is
approximately proportional to the capacitance tahould be
if the main loss is the fixed shunt resistance &pning from
the phenolic stator insulators.

Fig. 5 shows an approximately constant Q (vs. feeqy)
when the capacitor is set to 14 pF. The loss ngusiis low,
constant Q, comes from the loss tangent of the citapa
formed from the phenolic stator insulators. At low
frequencies, Q increases when the capacitor isesaxely set
to 114, 200 or 365 pF because engaging the pldtEs ahigh
Q air dielectric capacitor component in parallethwthe low Q
capacitor formed from the phenolic dielectric supgpo As
frequency increases, with the capacitor set to[#85one can
see that the Q drops at a faster rate than it wbes set to 200
or 114 pF. This is because Rs (being in serieb thie air
capacitor, that dominates at the 365 pF settirg)ngwith its
lower capacitive reactance results in a capacifoower Q
(Q=reactance of air capacitor at 365 pF/Rs).

In the Figs. 2 and 3, the capacitor is always setaf circuit
capacity value that resonates with 250 uH. Thiameehat at
520 kHz, the varicap is set so the circuit capasi375 pF. At
1710 kHz, the circuit capacity is set to 34.7 fgEven though
the capacitor Q goes from 19,000 to 9800 as frerjugoes
from 520 to 1710 kHz, Rp increases as frequencieases
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The series resistance of a variable air capacitoradio
frequencies is shown to be given by :

Rcap = Rs . /(f C2) +8 (f 0.5) ohms 9.1
where Rs g andp are constants for any particular capacitor.
fis the frequency and C the capacitance

The first factor Rs is due to the contact resistamnd this is
largely due to the wiping contacts. The secondofaist due to
the dielectric loss in the supporting insulatord ahe third
factor is due to the resistivity of the metalwoparticularly
that supporting the plates.

Measurement of this resistance requires the capacit
reactance to be tuned-out with a low loss indueted it is
shown that this can be achieved with straight coppees
arranged as a shorted two-wire transmission line.

For the capacitor shown in Photo 1, the seriestasie is
given by:

Rcap = 0.01+ 800 /(f C2) + 0.01 (f 0.5) ohms 9.2
where fis in MHz and C in pf

The accuracy of the above equation is estimatedL86.

10. ANNEX 1 : BROADCAST CAPACITOR
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In respect of dielectric loss, Jackson says ‘Theeral
capacitance C of the capacitor may be regardedmpased
of a fixed and imperfect portion C1 due to the sarfipg
insulation, in parallel with a variable air portiatevoid of
energy loss. The power factor tarof the portion C1 seems
usually to be substantially constant over a widegdency
range’.

It is interesting, although not particularly useftd calculate
capacitance of the supporting insulation, C1. Ttés be
determined from Equation 6.1.2, by setting C = €ldce then
the loss is not diluted by the air capacitor and Heries
resistance due to the dielectric loss will then be

Rc = 800/(f C12) 8.5.1
Also from the definition of taid :

Rc =tans /(2= f C1)
for fin Hz and C in farads

=106 tans /(2= f C1) 8.5.2
for fin MHz and C in pf (as equation 8.5.1)

Equating 8.5.1 and 8.5.2 :
C1 =27 800/ (106 ta ) pf 8.5.3

The material of the insulator is unknown but is gioly

Steatite, for which tad = 0.003, and then the capacitance C1

due to the supporting insulation is 1.7 pf.

9. SUMMARY
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because the circuit capacity must be reduced fromnt8 34.7
pF to tune the tank from 520 to 1710 kHz (Rp=Q/{&*C).

If the question is posed: 'Is it more importanh&we ceramic
insulated stators or silver plated plates on aabéei capacitor
used in a BC band crystal radio set?', the answethat
ceramic insulated stators are the way to go.

Capacitor A: The main practical conclusion that ba taken
from Fig .2 above is that Rp of capacitor A is véigh over
the whole band and varies roughly proportionalljrémuency,
over the frequency range of interest: 520-1710 Khifact, Rp
is so high that it will not contribute any apprdsi@loss even
when used in high performance crystal radio seitgyus high
Q tank inductor. Another plus is that its Rp irees with
increasing frequency, further reducing any effetiaaded Q,
sensitivity or selectivity at the high end of trenk. The silver
plating on the brass plates is beneficial becabseadsistivity
of silver is about 25% of that of brass. Praclycapeaking,
the silver should have little effect on the openatdf a crystal
radio set in the BC band, but short wave is anatieter. The
Q of the capacitor drops at higher frequenciese@afly when
set to a high capacitance value. Silver plating eeterially
improve performance at higher frequencies by pingida
needed higher Q. Be aware that some capacitorsnade
with cadmium plated brass plates. Silvery-whitishlored
cadmium has a resistivity 4.6 times that of silv@his higher
resistivity will somewhat reduce Q at high frequescand at
high capacity settings. Some people mistakenlyurass
because of the silvery-whitish color, that cadmiytated
plates are really silver plated.

Capacitor B: One can see from Fig. 2 that Rp pfcior B
varies approximately inversely with frequency. TBé&F
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(dielectric loss factor) of the phenolic stator jsog insulators
is the main cause of this loss, over the wholeueagy band.
Towards the high end of the band, some loss isiboted by
the series resistance in the capacitor platesrat@ shaft
wiper contact and skin effect. This loss effecgiisater than
that in capacitor A because the resistivity of #leminum
plates is 1.7 times that of silver. Practicallyeaking, this
effect is minimized at the high end of the bandabse the
plates are mostly disengaged. The Rp of the cepawill

have its greatest effect in reducing sensitivitgl aalectivity at
the high frequency end of the band because thahée its
value is the the lowest. See note at the endimfttticle.

The usual crystal radio set uses shunt capacitonguwith a
fixed tank inductance. This configuration causke tank
reactance to be highest at the high end of the, ihod further
reducing loaded Q, sensitivity and selectivity, dogiven value
of Rp. At the low and medium frequency parts &f bland, Rp
of the capacitor is so high that its effect is dnial many
crystal radio sets. Highest performance crystdibraets made
with high Q inductors, with careful attention to gedance
matching may experience a noticeable reductioremsisivity
and selectivity at the high end of the band whenguthis or
other capacitors using phenolic stator insulatiofthis is
because the Rp of the capacitor becomes compaitilee
higher equivalent Rp of the high Q tank inductortha high
end of the band as compared to its value at theelodv To
clarify this, an ideal condition would exist if Rpf the
capacitor and inductor were infinite. If this wete be the
case, and good impedance matching of antenna-gsystem
to tank, diode to tank and headphones to diodeegkisll of
the power intercepted by the antenna-ground systeoid be
delivered to the headphones and maximum sensitivityld
occur. Any loss present in capacitors, inductons o
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remaining 30% is grooved. So we might anticipate idss
increasing considerably, and if it is assumed Ector of 4, to

12 0, this agrees well with the measurements as the
following shows : a similar situation exists foretimoveable
vanes, and they are supported by the central spiad this
has very deep grooves. So by the same argumemesitiance

is estimated to be 15@ giving a total due to metallic loss of
27 m, close to the measurements of total metallic @fs28

mQ at 10 MHz.

So it seems that the current flow in the suppolargi is
seriously interrupted by the presence of the plated this is a
major source of loss.

8.4. Conductor Loss Budget
Bringing together the estimated conductor lossesudised

above gives the following for 10 MHz (all figureseavery
approximate) :

Loss in vanes 0.03en i.e. negligible
Pillar supporting static vanes 12m

Shaft supporting moving vanes 1®m

Slip ring contact resistance 10m

Two solder tags 1fn

Total 38 nf2

The measurements indicate a total of 42,nso the above
seems a reasonable estimate.

8.5. Dielectric Loss and Capacitance of Plate Sippo
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leaving about 4.5 @ attributable to each of the sliding
contacts. This is somewhat larger than Bock's nresmsents
(ref 4) of contact resistance of silver contactd ofiQ, but the
contact force here may be lower than his 100 gm,adso the
contacts could be worn.

8.2. Loss in Plates

There is no indication in the measurements thatabe varies
with capacitance setting, and so the loss in thaepl is
presumably very small, and this is supported byahalysis
given in Appendix 1. Field & Sinclair (ref 3) fourttie same
and stated ‘the change in series resistance witlor ro
displacement is therefore small despite the chamgrirrent
distribution in the plates’.

8.3. Loss in Plate Support Pillars

The static plates are supported by two silver-glatgindrical
bars, which are bolted to the end ceramic. If anig pillar is
connected to the external circuit (the normal agunfation),
then the whole of the current flows through thidlapi Its
diameter is 6.5 mm, and it has an effective leraftd0 mm,
and at 10 MHz such a bar would have a resistanegooind 3

mQ, assuming the whole circumference carries current.

However part of the circumference is interruptedhsy plates,
and these will seriously affect the current flowo $ee this,
imagine a cylindrical conductor with circular washalong its
length, forming a structure similar to a thermatliaor.

Current flowing from one end to the other will ndwave to
flow outwards across one face of each washer, scitss
thickness, and down the other face, and this witéase the
resistance considerably. In the capacitor hereyrat@0% of
the circumference is interrupted by plates anddditaon the
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transformers reduces sensitivity. In this discussive are
dealing primarily with losses in the resonating acor and
tank inductor, both referred to as their respectafeles of Rp.
The higher the value of these Rps, compared to the
transformed antenna-ground source resistance aevbish
they appear, the lesser the loss they cause. @meach to
counter the effect the drop in Rp as frequencyeiases is to
change to two-step inductive tuning by dividing thend into
two sections as described in Article #22.

Technical Note: At any frequency, a real world caoa of
value C1 having a Q of Q1 (Q1>10), can be quitaimtely
modeled as a series combination of an ideal nodapscitor
of value C1 and a resistor (Rs) equal to: (reaetaricC1)/Q1.
Alternatively, at any frequency, a capacitor of walC1,
having a Q of Q1 (Q1>10) can be modeled as a parall
combination of an ideal capacitor of value C1 andsistor
(Rp). The resistor, Rp in this case, has a vafugreactance
of C1)*Q1. Note that since capacitor reactanc fisnction of
frequency, the value of the resistor will, in gealewary with
frequency. In crystal radio set design it is sdmes
convenient to model the tuning capacitor loss gsasllel
resistor, other times as a series resistor.

Credit must go to Bill Hebbert for making the timensuming,
difficult, precision measurements required for F5.

B2: Slide switches used in the Crystal Radio $stdbed in
Article #22 have dielectric losses, as do all shes To get a
handle on this loss, samples of several differgmeés of DPDT
switch were measured at 1500 kHz. Each switch pxite
last three, below, were wired as a SPDT unit bylping the
two sections. The Q of the capacitance appearingsa the
open contacts was then measured and Rp was caftul&®p
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usually varies approximately inversely with freqegnand
therefore causes more loss at the high end ofahd than at
the low end. Contact resistance of all switches feand to be
very low. It is unknown how well that characteidswill hold
up over time. Note the extremely low loss of theit€hcraft
56206L1. The loss is so low that this switch iemall in most
crystal radio set applications. For applicationswihich the
crystal radio set builder wants to use the lowess IDPDT
slide-switch available, this switch is the besavé found.

Table 3 - Equivalent parallel Loss Resistance (&p)sed by
the loss tangent of the dielectric of some DPDUSBwitches
at 1.5 MHz.

Brand name, model number in Rp of Radio Shack 275.327B DPDT mini slide
and Size of switch Megohms ‘Switch connected as SWG in Crystal et

e SRS described n Artcie #22.
[ARK-LES (std. size) 23 10000
Radio Shack 275-403A (std_size) [ 3s
IRadio Shack 275-407A (sub mini) 41
[Stackpole $7022X (std.size) 49 "
Switchcraft 46206EE-6 (std. size) 51 £ o2
Radio Shack 275-32 [ 57 g o

io Shack 275-327B (mini) B S
(CW (tuini) 6.0 5 —
[Switchcraft 46206LR (std.size) 65 L3
(C&K 1202-1 (mini) 68
Switchcraft 56206L1 (mini) 133 100

w0 a0 ;o 0 200
41 Frequency inkitz

[Radio Shack 275-327B connected
Jas SW3 in Article #22 (HI band)
[Switcheraft 56206L1 comected as
SW6 in Asticle #22

connected as

ee Graph-—>>

Rotary selector switches using ceramic insulatiooud have
very low loss, even lower than the Switchcraft 5820
Quality switches using brown phenolic insulatiorolgably
have losses similar to slide switches using simifaterial. |
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random uncertainty in bandwidth of around * 1%. Skhe
random errors and quantisation errors were redbgedsing
the analyser's averaging of 16 measurements, te gav
overall precision (narrowness of scatter) in thesueement of
Q of less than + 1%.

The accuracy of the bandwidth measurements is less easy to
estimate, but the errors in the AIM 4170 are prbpdéss
significant than other practical matters, suchraalschanges

to the experimental set-up, such as the size ofctheling
loop with respect to the tuned circuit. These peataspects
probably account for +5%. In addition there is #ie5% error

in matching the measurements (para 6.1) to the mode

So the overall measurement accuracy is assesse@batfor

the measurement of the overall Q and its comparisith

theory. Since the capacitor resistance is abofittmaktotal this
translates to an uncertainty in the capacitor tasie of +13%
(assuming the errors add in quadrature).

8. ANALYSIS OF LOSS FACTORS
8.1. Contact Resistance

There are a number of contacts contributing to abatact
resistance. There is a sliding contact to the rotdth two
contacts in series, and for connection to the eatecircuit
there is a solder tags bolted to each of the ragpating the
stator plates, and another to the static part ef shding
contact. The measurements show a combined contact
resistance of 10 & The pressures on the solder tags are likely
to be much greater than the slider pressure, atideocontact
resistance will probably be of the order of ©rmach or less,
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The proximity multiplier and the radiation resisten
contribute a very small resistance and so unceigaihere will
have a negligible effect on the results.

The major contributor is the resistance of the eogipes, and
the main uncertainties here are the resistivity pexneability
of the copper, and each have an uncertainty ofrara6 %, so

the uncertainty on Rwall is +6 %. Also there was an

uncertainty in the room temperature of + 50 durithg
experiments, giving a further uncertainty in resise of +1%.

The SRF multiplier increases the resistance by 6%yand so
the uncertainty here is say +0.5% of total resistan

The leads to the capacitor contribute a surprigiteyige 15%

to the total resistance, but it is very difficult talculate this

accurately and the uncertainty to the total reséstds assumed
to be +1.5 %

These uncertainties are uncorrelated and so thepeadded
in quadrature, giving an overall uncertainty in taéculations
of +7%.

The measurements also have uncertainty and error.

Measurements were of Q and carried-out on an AINI041
analyser. This measures Q by taking the two frecjasreither
side of resonance where the phase is 450, ancesertbr here
is related to the uncertainties in measuring freqyeand
phase. The analyser gives frequency to 6 placesxample
24.3652 MHz, but with a Q of say 1000, the bandhidtll be
only 0.0244 MHz. Assuming the last figure is unagrt(i.e.
+0.0001) this will give an random uncertainty oneth
measurement of bandwidth of around + 0.5%. The niaicey
on phase is not known, but if we assume #1o0, thiisgive a
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would expect that the slope of the Rp vs. frequegraph of
the other slide switches to be the similar thainshabove.

B3: The loss tangent of an insulating materighéreciprocal
of the Q of a capacitor made of that material. &arhthe
insulating materials listed below are used as frpatels,
detector stand bases, wire insulation and coil formcrystal
radio sets. A capacitor formed by the use of ofithese
materials, connected across a high impedance paniict
ground, will contribute a loss proportional to tless tangent
and capacitance.

Table 4 - Loss Tangent of some Insulating Materials

used in Crystal Radio Sets, Measured at 1.5 MHz.

Dielectric Material Loss tangent | Q of a capacitor using the material
[PVC as used i coll form 0017 5
[PVC wie insulation 003 B
[Fligh-impact styrene coupler from Genova Mig Co_ (opaque wit) | 0.0017 590
[Polypropyiens 15" diameter drain pipe from Genova Mg, Co. 00022 [5)
0.1 thick (opact 00023 430
[Pesigls 0.115" tick 0016 55
[FR—4 PCB material 116 thick 0027 Ed
[Black 3/16" Condensit panel. brand name "Celoron” (Bakelte, new | 0.035 (@ 0.8 I
Jold-stock radio panel rom the '20's) MHy)
[ABS styrene (black) 0010 100
(Garolte (black) 0033 30
[ABS styrene (ight beise) 0020 50
[HDPE (uilky whits) 00009 120
[Polystyrene (ight brown opague) 00032 320

Note: GE's version of polycarbonate is called Lexaneview
GE's spec. sheets of various grades of Lexan stsswangent
values at 1.0 MHz ranging between 0.006 and 0.0RBny
grades are specified 0.01.

B4: Please see Parts 10 and 11 of Article #26edsas Table
4. Also see Table 2 of Article #22 and Article #29.
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B5: Sometimes, when working with high Q tank cirsua
need pops up for a fixed capacitor with a valuaveen say,
100 and 1000 pF that will not degrade overall direQ.
Generic NPO disc capacitors in that range usuaeta Q of
around 2000-3000 at 1 MHz. Table 4 shows some ltapisg
higher Q values. The only downside to the highascis that
they are SMD types and require some skill when esaig
pigtail leads to them to easy connecting to onietaiic. The
capacitors were measured singly, in parallel orseries,
aiming for values approximating 500 pF. This was fo
convenience in measurement. | used solid tinnggpeowire
having a diameter of about 0.010" for my pig-tallse source
for the strands was a piece of stranded hook-ug. wir

Table 4 - Q of easily available capacitors in t6 1 1000 pF
range

Value Qat about

Type b | Voltaze | T Mig Mg part number
1| Polypropstene | TR | 630 2000 | Xicon (Mouser) 14316102K
prop series=500 - : -
2| Polystyren One470 | 50 6200 [ icon (Mouser) 23PS147
3| GenerieNPOdisc | One220 | 500 2800 38 dia NA
4 | Multlayer, hi Q SMD :‘n":’;‘:&‘] 50 8,000 Murata ERB32Q5C1H102JDX1L
5 [ Multlayer, ki Q SMD | One470 | 100 | 18,000 Murata | ERB32QSC2A47LIDXIL
Two220in 8
" 2 2 2Q5C2D2211DX
6 | Mty i QSMD | EFE | 200 | 20000 Muata | ERB32QSC2D221IDXIL
Twol0in
7 ayer, ki Q S) 5 Mura 2 X
7 | Muttager i@ D | R | s00 | 40000 Muata | ERB32QSC2HI0LDXIL

Note: Solder flux contamination on a dielectriclie enemy
of high Q because it usually provides a resistéakage path.
If one gets solder flux on the insulation of a ahte cap or
switch, remove it with a commercial flux removefhis is

important when a DX crystal radio set is involved.

#24 Published: 03/25/2002; Revised: 06/10/2008

2

6.4. Typical Resonance

A typical resonance curve is shown below, from \mhibe
vector analyser calculates the Q.

Aw22,15 08370
Som | tescn | neoyme | _pontom |__vmis | semes |

7. ACCURACY

To evaluate the likely uncertainty, it is usefuldonsider the
individual contributions to the loss of the measueet circuit.
At 10 MHz these are :

Copper Pipes (ignoring proximity and SRF) : o4
Proximity multiplier on above : 1.009
SRF multiplier on above : 1.048
Radiation resistance : 0.0005
Lead resistance : 0.0061
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6.2. Test of Ground Effects

The measured Q was as large as 1000, and soosssbfe that
the floor of the room and other surfaces couldrteoducing
loss. To evaluate this an aluminium sheet, appr8mg 0.5m,
was placed on the floor below the tuned circuidistance of
about 0.8m. A measured Q of 953 was unaffectedyitioin
the repeatability of the measurement.

6.3. Standard Capacitor

The measurement uncertainty could be reduced iixed f
capacitor could be made with a very low loss sitig could
be used as a standard to calibrate the system. \towe
attempts to make such a capacitor were not suctesshat it
had a higher loss than the variable capacitor tonbasured
(see Appendix 2).

144

73



Capacitor Losses
Conrad Hoffman, 2012
http://conradhoffman.com/cap_losses.htm

Dielectrics
N Dielectric Dissipation Dielectric Temp Coefficient
Material ' Notes
Constant Factor  Absorption Ic

Vacuum 1 0 zero 0 high power RF
|Air 1.0006 o zero 0 RF & variables

nigh rel i, high end
refion 2 o001 low “120ppm  audio

max temp 85°C/very low
polystyrene 25 00001 low ~150ppm  DF, very low DA

igher temp sub for
Polypropylene 23 0.0002 low -120t0-200ppm  styrene
Polyester 32 0.016 medium  600to900ppm  popular general purpose
Polycarbonate 3 0.01 6510100 ppm
Paper/wax 25 obsolete
Paper/oil 4 AC/HV, NOS replacement

stable RF and GP, but

unexpected dielectric
vica 59 00010007 medium | 0t0200ppm  sbsorption for tsDF
porcelain B Otosoppm KV insulators
Bakelite 4575 obsolete, rare, may char
|Glass. 4570 0.002 140 ppm rad hard, high stability
lalo, .15 varies high poor aluminum electrolytic
|A10,, pure 9.8 0.0002 insulators
Mno, .15 varies high tantalum electrolytic
|Ceramic, C0G 75 typ. 0.001 430 ppm low tempco RF/GP

115% over temp
|ceramic, X7R 3000 typ. 0.025 range RF/GP
+2210-56% over high value RF/GP bypass

ceramic, 250 sootyp. 003 temprange  only

hard low sensitivity
Ceramic, pzr-8 00 o000 piezoelectric

med. sensitivity
ceramic, Pz o oo prezoslectric

soft high sensitivity
(ceramic, pzr-s 2400 002

Capacitors are constructed of two or more elecspde
separated by a dielectric. The dielectric is comispn@eramic,
plastic film, oiled paper, mica, or air. Each ores ladvantages
and disadvantages in regards to dielectric consiasses,
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Capacitor Series Resistance
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It is useful to know the contributions which eacittbr in
Equation 6.2.1 makes to the overall resistance,fand = 4
MHz this is shown below:

Resistance Contributions at 4 MHz

o100 ‘\
0.080

#
£
; \ — Ratdme
g oo —— Contact
% von Distecrric
2 Metalic
8 ooz — |
H T

0000

0 S0 100 150 200 250 300 350 400

Capacitance pf

This shows that at low capacitance the dielectdss|
dominates and at high capacitance the metallicdossinates.

The capacitor Q is given by I C Rcap), and is given below:
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1200 Comparison of Measured and Modelled Q of Overall Tuned Circuit
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The agreement is within +1.5%.

It should be noted that the frequency is not caonsta the
above graph, and is 24.5 MHz at 27pf, 10.2 MHz9& ff, 14
MHz at 98 pf and 7.56 MHz at 365 pf, all frequescie

corresponding to resonance with the inductor. These

combinations of capacitance and frequency giveivelg high
losses, so that the overall Q to be measured iexeESsSiVe
(below 1000). Also, when the capacitance is setitso
minimum of 27 pf the dielectric loss is dominantee at 24.5
MHz, and so allows the constaatto be determined fairly
accurately. Similarly at 365 pf and 7.56 MHz thetalie loss
and contact loss dominate permitting these to berahiéned.

So the series resistance of this capacitor is giyen

Reap = 0.01+ 800 / (f C2) + 0.01(f 0.5) 6.1.2

This equation is plotted below, for f = 1 MHz and#z:
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temperature coefficient, and, of course, cost. Higlectric
constants result in smaller capacitors, but usuaitiy poorer
properties than the lower constant materials. Sprogerties
of various dielectric materials are shown above:

The data in this table comes from many sources,afiobf

which are in agreement. If you have better infoiamgtwant

to fill in any blanks or have additional entrietegse email me
with the data and its source.

Low Frequency Losses

How do we specify loss? If you ask most enginedrsut
capacitor loss, they will mumble something aboubss|
tangent", then disappear for an emergency coffék fhere

are several different ways of expressing capaditsses, and
this often leads to confusion. They are all vergy related,
as shown below.

If you drive a perfect capacitor with a sine wathee current
will lead the voltage by exactly 90°. The capaciyives back
all the energy put into it on each cycle. In a reggbacitor, the
current will lead the voltage by a bit less than’.9The

capacitor will dissipate a small fraction of theeggy put into it
as heat. Real capacitors can be modeled, at leaat first
order, as a perfect capacitor in series with astasce. This
resistance is referred to as the effective semsistance or
ESR, and is only valid for a single frequency. ffer examples
below, assume a 0.47uF capacitor, driven at 500B5izolts
RMS, and showing a phase angle of -89.5°. Note that
relationships shown only apply to sine waves. Ciapsccan
also be modeled using parallel elements, but weiit our

discussion to the series model. You'll find a ailen of
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"handy formulas" on this site that includes conirs
between series and parallel models, plus otheubdefa.

Dissipation factor, or "D" as it is usually markesh test
bridges, is the tangent of the difference betwewen ghase
angle of a perfect capacitor, and the capacitaguestion. In
our example, -90°- -89.5°=-0.5° The tangent of °0i§ -
0.00873. We take the absolute value so D=0.008iA8eShis
number is directly read from most test bridges, eoth
parameters are often calculated from it. It is &sown as the
loss tangent and is sometimes expressed as a {@yeen
D=.873%

This is probably a good time to mention that by eyah
agreement capacitive reactances are negative ahdtive
reactances are positive. A vector impedance metauldv
display the phase angle of the capacitor in quest#®"-89.5".
Xc, the capacitive reactance would be -1/(2*pi*f*oy -
67.7255 ohms. The sign is often omitted.

Power factor, or "PF", is less common than it usede, at
least as applied to capacitors. It is the cosind@fphase angle
itself. In our example, COS(-89.5)=0.00873. Notat tifor
small angles, PF is essentially equal to D, anch barte
approximately equal to the phase angle expresseddians.
For large angles the situation is quite differénpower factor
of 1 is 100% resistive loss whereas D can exceeahd
approaches infinity for 100% loss.

Q is the quality factor, a dimensionless figurevfit. It is the

reciprocal of D. In our example, 1/.0087=114.58, so

Q=114.58.
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6.1. Procedure and Initial Measurements

The Q of the total circuit was measured with an A@H70
network analyser. This analyser could have beemexted
across the variable capacitor, but the resistafidéeotuned
circuit at resonance is very high at this poinb(erd 60K2)
and the analyser is not very accurate at this ldnehddition
the analyser will introduce stray capacitance whidh upset
the measurements. The analyser was therefore dedner a
‘tap’, on the coil. For this the ground terminaltb analyser
was connected at a point which was assumed to lzerat
potential wrt ground i.e. half-way across the eipkgorming
the transmission-line short. The active port ofahalyser was
connected to one of the copper pipes at a distaht80 mm
from the end of the pipe, and the connection |eder down
the centre of the transmission line, forming a $realp (see
Photograph 2). This gave a resonant resistandeearalyser
of around 70 (at 14 MHz). The measurement of Q was not
particularly sensitive to the exact dimensionshi$ toupling
loop & * 5%), but the dimensions above gave the highest Q

The measured Q was compared with the theoreticgivén
by:

Qtheory =oL/ Rs 6.1.1

Where L is as measured, or as given by Equatiod 4.4
Rs is given by Equation 5.1

The capacitor resistance Rc was assumed to conform
Equation 2.1, and the constants Rsand 3 were adjusted in
the model to give the best correlation betweemtbasured Q
and the theoretical Q, and this was achieved witheR.01,0.
=800, ang} = 0.01, to give the following :
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Rr is the radiation resistance = 31200(A2

Rleads is the resistance of the leads connectengapacitor
Rcap is series resistance of the capacitor beirgpuned, see
below.

It was assumed that the solder joints connectirg fipes
together had negligible resistance, as did thoseextting the
metal tape to the capacitor.

Plumbing pipes were used here and the copper gethas a
higher resistivity than normal copper wire, ands lisetween
1.92 10-8 and 2.30 10-@m (ref 6). The average of these is
2.11 10-8 and this was used here. The relative gegitity ur

of pure copper is unity, and it is assumed to leestiame for
plumbing copper.

The frequency fr was derived from the measurement o
inductance as 60 MHz (para 4.3).

The capacitor was connected to the copper pipesofiger
straps, having a combined length of 80 mm and ahwodl 11
mm and thickness 0.25 mm. The resistance of these w
calculated from :

Rstrip = Rwalll / [2( w+ t)] Kfringing 5.2
where Kfringing = 1.06 +0.22 Ln w/t +0.28 (t/w)2

The fringing factor allows for the increased remise due to

the current crowding towards the edges of the.strip

6. MEASUREMENTS
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Effective series resistance, or "ESR" is the valfieesistance

in series with a perfect capacitor that producespitiase angle
error. It can be calculated by dividing D b (2 pi F C). In
our example, .0087/(6.28*5000*.00000047)=0.589, so
ESR=0.589 ohms.

Capacitive reactance is the negative reciprocalm@f -
1/(6.28*5000*.00000047)=-67.725, so X=-67.725 ohms.

Total impedance of a capacitor is obtained by tkihe
absolute value of the root sum of the squares phditive
reactance and ESR. (67.72522+0.58922)1/2=67.727, so
7=67.727 ohms.

Capacitor current is the RMS voltage divided by théeal
impedance. 35/67.7=0.52 amps.

Power dissipation in the ESR component is calcdl&tem the
RMS voltage times current times the ratio of ESRtdtal
impedance. 35*.52*(.589/67.727)=0.16 watts. Or, use
times ESR. The resulting temperature rise dependse®size
and heat sinking of the capacitor.

Verifying capacitor ESR on the bench requires bxtte and
good instrumentation. Because ESR is usually srest, lead
resistance and poor connections can easily coteribwore
resistance than the capacitor. Noise pickup frong leads or
a hostile environment can make readings unstahbiée that
neither D nor ESR is constant with frequency. ESR w
decrease rapidly as frequency increases, then atrapmuch
slower rate above about 1 kHz, until it startswisagain at self
resonance. Be sure to make measurements in the same
frequency and voltage range that the parts willied in- test
it the way you use it. Be aware that in simulati®@8R is a
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constant unless you take special measures to méleguency
dependent.

Dielectric Absorption is another imperfection. Biye the

dielectric refuses to give up its full charge, angbreviously
discharged capacitor will self charge. This cannbedeled
with additional C-R pairs in parallel with the madapacitor.
Dielectric absorption is a particular problem ipaeitors used
in integrators. There is some debate as to its iitapoe in
audio applications. Much that has been written ab@lectric
absorption remains obscure; at least two standssts exist,
but there is very little published data for specjfarts.

Other Effects Capacitors are not 100% linear andy ma
contribute a small amount of distortion to signglarticularly
the electrolytic types. Capacitance may vary with iltage.
Each dielectric type will have some characterigtimperature
coefficient. Some capacitors are microphonic, aray ralso
"sing" when driven at high voltages.
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This relationship is useful later in determining tthange of
resistance with frequency, which Welsby gives as 1/[1-
(fifn2]2 .

4.4. Calculated Inductance

In the initial design of the experiments it is usetd be able to
calculate the approximate inductance, and thevatig has an
accuracy of around 5% :

L = po p/(2r) [ Ln (2p/r) +0.25 — Ln (p2/A)] SL 4.4.1

where p is the perimeter and A the area
SL is the inductance SRF factor 1/[1-(f/fr)2]
fr = 0.85(150/ length)

5. CALCULATED TOTAL LOSS OF RESONANT
CIRCUIT

The series resistance of the resonant circuit,udiof the
capacitor being evaluated, is given by :

Rs = Rwall [pipes / £ dw)] SR P + Rr + Rleads + Rcap 5.1

where dw is the diameter of the copper pipes

Rwall = (p  po pr f)0.5

p is the resistivity of the pipes (see below)

po = 0.4t pH/m

ur is the relative permeability of the copper pifg=e below)
SR is the resistance SRF factor =1/[1-(f/fr)2]2

P is the proximity factor 1/ [1- (dw/D)2]0.5 (seeollin refl)
D is the spacing of the pipes (centre to centre)
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4.3. Inductance changes with Frequency

The inductance of the coil changes with frequenuy i& was
therefore measured over the frequency range ofeisteand
also at some lower frequencies to establish thefieguency
inductance, with the following results (f is in MH=nd L in
uH) :

f L Equation 4.3.1 Error
0.5 1.1947 1.1948 0.0%
5 1.1988 1.2031 0.4%
7.459 1.2096 1.2135 0.3%
10.21 1.2464 1.2303 -1.3%
14.098 1.3147 1.2645 -3.8%
24.426 1.4322 1.4320 0.0%

It is known that the change of inductance with frency
follows approximately an equation of the form (Wslsef 5
p37):

L = Lo/ [1-()2] 431

where Lo is the low frequency inductance
fis the frequency
fr is the Self Resonant Frequency

This equation becomes less accurate as the SetinRes
Frequency is approached, but its accuracy can peoired if a
value for fr is chosen which is slightly lower thtre actual
SRF. A good fit with the measured inductance akis\given
by fr = 60 MHz (about 85% of the actual SRF), amel tesults
of the equation with this value are shown in thge@bove.
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Lossy Capacitors
Dr. Gary L. Johnson December 10, 2001
Manhattan,Kansas

http://www.eece.ksu.edu/~gjohnson/tcchap3.pdf

1 Dielectric Loss

Capacitors are used for a wide variety of purpcsed are
made of many different materials in many differstyles. For
purposes of discussion we will consider three bitypds, that
is, capacitors made for ac, dc, and pulse appiostiThe ac
case is the most general since ac capacitors witk or at
least survive) in dc and pulse applications, wheeereverse
may not be true.

It is important to consider the losses in ac capesi All

dielectrics (except vacuum) have two types of les€mne is a
conduction loss, representing the flow of actuargk through
the dielectric. The other is a dielectric loss thuenovement or
rotation of the atoms or molecules in an altermptectric
field. Dielectric losses in water are the reason ftmd and
drink getting hot in a microwave oven.

One way of describing dielectric losses is to odesithe
permittivity as a complex number,
defined as

e=¢ —je' = |ele
®
where

e’ = ac capacitivity
e” = dielectric loss factor
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(Photograph 2). The parallel pipes and the conmedstrips
will subsequently be referred-to as the coil.

Photograph 2 : The Measurement Apparatus
4.2. Inductance of Capacitor

The total inductance of the tuned circuit will nde the
inductance of the capacitor. The value for thisia$ known
and is difficult to measure, however Field & Sirclgef 3)
report that their measurements of capacitor indweta
‘compare well with that calculated from the dimems of the
leads, stator supports, and rotor shaft’. So fer ¢hpacitor
measured here, its inductance is assumed to besgped by
arod of 7.75 mm diameter and 90 mm long, and afddese
dimensions was inserted during the inductance meamnts.
Assuming the inductance of this rod is given by b E/2pi [
In (21 /a) - 1] henrys, then this will have a free space
inductance of 0.05H, about 3.5% of the total inductance.
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require a large number of measurements. For instahthere
are 5 capacitance settings and each is measure8 at
frequencies this gives a total of 25 separate measnts,
each having to be done with high precision. In @oldimore
than one coil would be necessary to cover the &rqyirange
and, for instance, Moullin used 5 coils. Howeveithwthe
benefit of Equation 2.1 the task is considerabfjuced, since
it is now only necessary to carry-out sufficientaserements
to determine the factors Rs,andp. In this respect notice in
Equation 2.1 that if C is small the dielectric los#l tend to
dominate, and if C is large the metallic loss amhtact
resistance will tend to dominate. So measuremerisld be
made at the minimum and maximum capacitance aletst,
and also with other values for added confidence.

Only one coil was used for the measurements, aisdgdve

resonance between 7.5 and 24 MHz with the variable

capacitor. On reflection some measurements at aerlow
frequency may have improved the accuracy, partiyut the
dielectric loss, but this would have required aoseclarger
coil.

4. INDUCTANCE

4.1. The Coll

The inductance coil was made from two copper pigesh
15.03 mm outside diameter and 0.985 meter longs& ineere
spaced at 115 mm (centre to centre), and shortesetend
with a section of copper pipe.

The capacitor was connected across the open eridstwo

short flexible copper strips, the whole formingumed circuit
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§ = dielectric loss angle

Capacitance is a complex number @ this definition,
becoming the expected real number C as the lossés zero.
That is, we define

ct=¢€ - jo"
@

One reason for defining a complex capacitanceds we can
use the complex value in any equation derived foreal

capacitance in a sinusoidal application, and get dbrrect
phase shifts and power losses by applying the usied of

circuit theory. This means that most of our anadyse already
done, and we do not need to start over just becaasaow

have a lossy capacitor.

Equation 1 expresses the complex permittivity io tmays, as
real and imaginary or as magnitude and phase. Hunitade
and phase notation is rarely used. Instead, peogplally
express the complex permittivity by e and §amhere

FH
tand = —
£

where tard is called either the loss tangent or the dissipati
factor DF.

The real part of the permittivity is defined as

i
£ = o (g
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where er is the dielectric constant and eo is #venjitivity of
free space.

Dielectric properties of several different mateviate given in
Table 1 [4, 5]. Some of these materials are useddpacitors,
while others may be present in oscillators or ottevices
where dielectric losses may affect circuit perfonoce The
dielectric constant and the dissipation factor given at two
frequencies, 60 Hz and 1 MHz. The righthand colwhfable
1 gives the approximate breakdown voltage of theeria in
V/mil, where 1 mil = 0.001 inch. This would be fitvin layers
where voids and impurities in the dielectrics ac¢ a factor.
Breakdown usually destroys a capacitor, so capacitwist be
designed with a substantial safety factor.

It can be seen that most materials have dielectitstants
between one and ten. One exception is barium téawih a
dielectric constant greater than 1000. It alsorb&ively high
losses which keep it from being more widely usexhth is.

We see that polyethylene, polypropylene, and pylgse all
have small dissipation factors. They also haverodlesirable
properties and are widely used for capacitors.Higihh power,
high voltage, and high frequency applications, sashan
antenna capacitor in an AM broadcast station, g mica
seems to be the best.

Each of the materials in Table 1 has its own achge’ and
disadvantages when used in a capacitor. The idekcttic
would have a high dielectric constant, like barititanate, a
low dissipation factor, like polystyrene, a highedkdown
voltage, like mylar, a low cost, like aluminum ogjdand be
easily fabricated into capacitors. It would also ferfectly
stable, so the capacitance would not vary with enatoire or
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Photograph 1 : Variable Capacitor

3. MEASUREMENT PRINCIPLES

The measurement principle is that the reactancethef
capacitor is tuned-out with a low loss coil, measoents are
then made of the series resistance of this turreditiand the
calculated resistance of the coil subtracted te ghat of the
capacitor.

In practice the resistance values are too low taneasured
accurately € 0.042), and so the Q (i.e. bandwidth) of the
tuned circuit is measured at resonance and compeiteche
calculations of the Q, assuming a given loss indéeacitor.
This assumed capacitor loss is then adjusted mignnathe
theoretical model to make the overall calculatedgee with
the measured Q.

To fully characterise the capacitor over its fullpacitance
range and over its useful frequency range wouldmadly
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So the measured value of Rs lay between 4%5amd 50 ri.
The low value in this range is consistent with tisue of
contact resistance measured by Bock (ref 4) whesgiv nf
for silver plated contacts, but the high values taelarge to
be due to contact resistance unless the contact® we
particularly dirty or worn and this seems unlikell. is
significant then that Field & Sinclair (ref 3) sahat this
resistance is ‘joulean loss in the metal structuBech metallic
loss will be frequency dependent due to skin eff@a.
proportional to f-0.5), whereas contact resistas@ems to be
independent of frequency. So for capacitors withoag
metallic path Equation 1.1 an additional term neemisbe
added:

Rcap = Rs . /(f C2) +p (f 0.5) 21

The factors Rsp. and 3 are assumed to be constant for any
capacitor, and it is the objective here to derivent for the
capacitor shown in Photograph 1 (also the capastiown in
Annex 1). This capacitor has square ceramic entssides of
65mm, and an overall length of 90mm, not includithg
protruding shaft. Contact to the rotating shaftaisone end
only, via a spring loaded washer which is statigrzard makes
sliding contact with a lip on the shaft. All metalik is silver
plated. The capacitor has a range of 25 — 390 pf.
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voltage. No such dielectric has been discovereavsomust
apply engineering judgment in each situation, aglécs the
capacitor type that will meet all the requiremestsl at least
cost.

Capacitors used for ac must be unpolarized sodaeyhandle
full voltage reversals. They also need to have welo
dissipation factor than capacitors used as do fidpacitors,
for example. One important application of ac cajpasiis in
tuning electronic equipment. These capacitors rhase high
stability with time and temperature, so the tuneshdency
does not drift beyond some specified amount.

Another category of ac capacitor is the motor rurpower
factor correcting capacitor. These are used on re@tod other
devices operating at 60 Hz and at voltages up @ V&r
more. They are usually much larger than capacitsex for
tuning electronic circuits, and are not sold bycetenics
supply houses. One has to ask for motor run capacit an
electrical supply house like Graingers. These ®alstk nicely
as dc filter capacitors if voltages higher tharowéd by
conventional dc filter capacitors are required.

The term power factor PF may also be defined for ac
capacitors. It is given by the expression

PF =cosf (5)
wheref is the angle between the current flowing through t
capacitor and the voltage across it.

The capacitive reactance for the sinusoidal casebeadefined
as
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_‘L- 1. — T
t wC (6)

wheren =2=f rad/sec, and f is in Hz.

In a lossless capacitor, e"= 0, and the currentsleéhe voltage
by exactly 900. If e" is greater than zero, thenchrrent has a
component in phase with the voltage.

i

£
cos = f——
[(e")" + (€')°

v @

For a good dielectric, e'>>e", so
"
3 .
cosfl =5 — = tand
€ ®
Therefore, the term power factor is often usedraitengeably

with the terms loss tangent or dissipation facewen though
they are only approximately equal to each other.

We can define the apparent power flow into a pelralate
capacitor as

9)

By analogy, the apparent power flow into any asitr
capacitor is

84

that proximity effect was minimal, and shortedhe far end. It
therefore resembled a shorted two-wire transmiski@) and
the capacitor to be measured was connected toptire ends.
This type of inductor is used here and is showRlintograph
2.

A number of authors have measured the loss of blaria
capacitors (refs 1, 2, 3), and found that the semsistance
conformed to the following equation :

Rcap = Rs + /(f C2) ohms 1.1

where f is the frequency
C is the capacitance

The first factor Rs is a constant resistance, odiegredited to
the contact resistance of the slip rings, or edeita The
second factor is due to the loss in the insulatetere again
factor a is a constant. Jackson (ref 2) summarises his own
measurements and those of previous workers asviotio

Rcap = 0.0045 + 0.028 [106/(f C2)] ohms (Jackson) 1.2

Rcap=0.05 + 0.091 [105/(f C2)] ohms (Moullin) 1.3
Rcap=0.007 + 0.012[105/(f C2)] +10/(f 2C2) ohmy¢p 1.4
Rcap= 0.02 + 0.022 [103/(f C2)] ohms (Wilmotte) 51.

where fis in MHZ and C in pf

Notice that Dye has an additional term related tcomstant
resistance across the dielectric, but this teranlg significant
at very low frequencies, and so is not considerzéd.h

2. EVALUATION OF LOSS COMPONENTS
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Measuring the Loss in Variable Air Capacitors
Alan Payne 2013

http://g3rbj.co.uk/wp-
content/uploads/2013/10/Measurements_of_Loss_iriabler
Capacitors_issue_2.pdf

The resistive loss of variable air capacitors is difficult to
measure because they have a very high Q. The method
described here uses a twin-wire transmission line made from
copper pipe as the inductor to tune-out the reactance of the
capacitor.

Previous authors have shown that the capacitor loss comes
partly from resistive loss and partly from dielectric loss in the
insulating supports. They have attributed the resistive loss to
that in the rotating contacts, but it is shown that thereisalso a
major contribution from the metallic part of the structure,
although the plates themsel ves have negligible resistance.

1. INTRODUCTION

The loss resistance of high quality variable capasiis
difficult to measure because of the presence ofvérg high
reactance. This must be tuned-out with an inducidrich
must be of very high Q if its resistance is notltoninate the
measurements, and its own resistance must be @bleuio a
high degree of accuracy, because this cannot lepémtiently
measured. Conventional helical coils cannot be tisedtfore
because they do not have a sufficiently high Q,, andre
importantly their loss resistance cannot be cafedlawith
sufficient accuracy. Moullin (ref 1) solved thisoptem by
making his inductor from two parallel conductorpaced so
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§=P+jQ=V%C(j+DF)

Table 1: Dielectric Constant er, Dissipation Facif and
Breakdown Strength Vb of selected materials.

Material & e DF DF %
60Hz 10°Hz 60Hz 10°Hz V/mi
Air 1000585 1000585 < . 75
Aluminum oxide - 550 - 0.00033 300
Barium titanate 1250 1143 0056 00105 50
Carbon tetrachloride 217 217 0007 <0.00004
Castor oil ar - - 300
Glass, soda-borosilicate - - 0.0036 »
Heavy Soderon 330 00168 00283 .
Lucite 33 = E 500
Mica, glass honded - 00013 1600
Mica, glass, titanium dioxide - 0.0026 =
Mica, ruby 0005 0.0003 .
Mylar : E 5000
Nylon 0014 0.026 -
Paraffin - 5 250
Plexigles 0.06 0.014 -
Polycarbonate : = 7000
Polyethylene <00002  <00002 4500
Polypropylene <0.0005  <00005 9600
Polystyrene <0.00005  0.00007 500
Polysulfone 3. : = 8000
Polytetrafiuoroethylene(tefion) 2.1 <00005  <00002 1500
Polyvinyl chiloride (PVC) 00115 0.016
Quartz 00000 00001 500
Tantalum oxide - = 100
Transformer oil - - - 250
Vaseline 2.16 00004  <0000L -

The power dissipated in the capacitor is

P =V%uc" =V2wC(DF)
an
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Example

Find the real and reactive power into a ruby miapacitor
with area A = 0.03m2, and a dielectric thickness @001 m,
if the voltage is 2000 V (rms) at a frequency f Miz.

g _pawA

Fi realj + DF)

{105)(0.03)
0001

= (2000) (5.4)(8.854 % 107!

 + 0.0003)

— 36040+ 10.8

The capacitor is absorbing 36040 capacitive VAR®I{(V
Amperes Reactive) and 10.8 Watts. The real powa0d W
appears as heat and must be removed by approjmeste
sinks.

The real power dissipation in a capacitor varieeatly with
frequency if the dissipation factor remains constand also
with the square of the voltage. At low frequencibs, voltage
limit is determined by the dielectric strength. Atigh
frequencies, however, the voltage limit may be weiged by
the ability of the capacitor to dissipate heatthé ruby mica
capacitor in the previous example could safelyipés only
10 W, but was to be used at 5 MHz, the operatiritage must
be reduced from 2000 V to keep the losses in arpaable
range.

The dissipation factor varies significantly witheduency for
some materials in Table 1. The actual variation tmes
determined experimentally. If interpolation or extolation
seems necessary to find the loss at some frequenajiven in
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Test System Safety

Many electrical test systems or instruments arealsiep of
measuring or sourcing hazardous voltage and posvedd. It
is also possible, under single fault conditionsg.(e.a
programming error or an instrument failure), to pomt
hazardous levels, even when the system indicatdmpard is
present. These high-voltage and power levels ntagssential
to protect operators from any of these hazardd &tres. It is
the responsibility of the test system designerggirators and
installers to make sure operator and maintenancsopeel
protection is in place and effective. Protection thoes
include:

*  Design test fixtures to prevent operator contaith any
hazardous circuit.

* Make sure the device under test is fully eselh to protect
the operator from any flying debris.

Double insulate all electrical connectionsttha operator
could touch. Double insulation ensures the operiatstill
protected, even if one insulation layer fails.

Use high-reliability, fail-safe interlock swites to
disconnect power sources when a test fixture caser
opened.

*  Where possible, use automated handlers soatpsrdo
not require access to the inside of the test fixtur

Provide proper training to all users of thestgyn so they
understand all potential hazards and know how aept
themselves from injury.

Dale Cigoy is lead applications engineer at Keithle
Instruments (keithley.com).
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suitable soak period. After the capacitors havenliested, the
voltage source should be set to zero, and then dime
allowed so the capacitors can discharge before tey
removed from the test fixture.

Note that in Figure 4 the capacitors have a digghgrath
through the normally closed contacts of the reldysprevent
electric shock, test connections must be configunesuch a
way that the user cannot come in contact with tedactors,
connections or DUT. Safe installation requires prop
shielding, barriers and grounding to prevent cdntaith
conductors.

More complex test systems that combine leakage unement
with capacitance measurements, dielectric absargtinl other
tests, if desired, are possible. A simplified schémof such a
test system using an LCZ bridge and a picoammetir av
voltage source is shown in Figure 5.

= Wormally cosed relays disabled

FIGURE 5. Capacitance and IR measurement system.
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the Table, the best assumption would be that DIevdinearly
with log f. That is, if DF = 0.02 at f = 102 and)@.at f = 106,
a reasonable assumption at f = 104 would be that DP15.

The basic circuit model for a capacitor is showiig. 1. Any
conductor, whether straight or wound in a coil, imaictance,
and the capacitor inductance is represented by re@esse
inductance Ls. The effects of conductor resistamacel
dielectric losses are represented by a seriestaeses Rs.
Leakage current through the capacitor at dc flowsugh a
parallel resistance Rp. In some manufacturer's hdeties,
these are called ESL, ESR, and EPR, where

Ls = ESL = equivalent series inductance

Rs = ESR = equivalent series resistance

Rp = EPR = equivalent parallel resistance

Ry
A A A
YAYAYL

EPR
Figure 1: Equivalent Circuit for a Capacitor

This circuit indicates that every capacitor haslresonant
frequency, above which it becomes an inductor. Eheertain
to puzzle a student making measurements on a ¢apabbve
this frequency if the student is not aware of taist. Rs is
readily measured by applying this frequency to pacéor,

measuring the voltage and current, and calculatiegratio.

The capacitive and inductive reactances cancéieatésonant
frequency, leaving only Rs to limit the current.eTiesistance
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Rp will always be much larger than the capacitizactance at
the resonant frequency, so this resistance carefeated for
this computation.

The self-resonant frequency of a high capacitamiteisilower
than that for a low capacitance unit. Hence, ine@ircuits we
will see two capacitors in parallel, say auEdn parallel with a
0.001uF capacitor as shown in Fig. 2. At first glanceis th
seems totally unnecessary. However, the larger citapas
used to filter low frequencies, say in the audioge while the
small capacitor filters the high frequencies whach above the
self-resonant frequency of the large capacitor.

10 uF 0.001 uF

Figure 2: Capacitors in Parallel to Filter Two Bint
Frequencies

An example of the variation of Rs and self-resorfeequency
fres with capacitance value and rated voltagevisrgin Table

2. These are metallized polypropylene capacitosggded for
switch-mode power supplies by the company Eleatroni
Concepts, Inc. This application requires a low R& a high
fres so capacitors designed for other applicativifistend to
have higher values of Rs and lower values of fres.
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that can integrate easily with a switching systepable of
higher channel counts.

Configuration examples.

Producing enough useful data for statistical anmalysquires
testing a large quantity of capacitors quickly. ©bsly,

performing these tests manually is impractical, an

automated test system is required. Figure 4 e such a
system, which employs an electrometer with built+aitage

source, as well as a switching mainframe that foaséow

current scanner card and a Form C switching cardhis test
setup, a single instrument provides both the veltsgurcing
and low current measurement functions. A computetrols

the instruments to perform the tests automatically.

7111-5 Form C Switch Card Low Current Card

P~
e~ ]

Model 65178
[4 Hectometer |
il

Lo w
Voliage Source Outpst Picoammeter Input
] Gl

FIGURE 4. Example capacitor leakage test system configuration.
One set of switches is used to apply the test gelta each

capacitor in turn; a second set of switches cosneetch
capacitor to the electrometer's picoammeter inpfter aa
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Test Hardware Considerations

A variety of considerations go into the selectioh the
instrumentation used when measuring capacitor ggaka

*

Although it is certainly possible to set usystem with a
separate voltage source, an integrated one sigwplifie
configuration and programming process significantg
look for an electrometer or picoammeter with a thuil
variable voltage source. A continuously variabldtage
source calculates voltage coefficients easily. Faking
high-resistance measurements on capacitors witfn hig
voltage ratings, consider a 1000 V source with thnoil
current limiting. For a given capacitor, a largegpted
voltage within the voltage rating of the capacitwill
produce a larger leakage current. Measuring a farge
current with the same intrinsic noise floor prodiic
greater signal-to-noise ratio and, therefore, aenamcurate
reading.

Temperature and humidity can have a significzfect on
high-resistance measurements, so monitoring, reggla
and recording these conditions can be criticalrtsugng
measurement accuracy. Some electrometers monitor
temperature and humidity simultaneously. This ptesia
record of conditions, and permits easier deterriinadf
temperature coefficients. Automatic time-stamping o
readings provides a further record for time-reslve
measurements.

Incorporating switching hardware into the testup allows
automating the testing process. For small batdintes a
lab with a benchtop test setup, consider an eleweter
that offers the convenience of a plug-in switchiagd. For
testing larger batches of capacitors, look forrestrument
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The operating frequency range will obviously beslggan the
self-resonant frequency. This could easily be asds a few
kHz for large motor run capacitors.

Table 2: Capacitor Resistance and Self-resonanfuerey for
Electronic Concepts Type 5MP Metallized Polypropgle
capacitors.

VDC C  Ri  fres
volts  pF Q kHz

100 1 0015 1065
100 2 0012 703
100 5 0010 38

100 10 0.000
200 1 0.020
200 2 0015
200 5 0011
200 10 0.009
400 1 0.019
400 2 0015
400 5 0010
400 10 0.006

Capacitors will always be rated for a working vgitaas well
as a specific value of capacitance. This voltageakivays be
well under the breakdown voltage of the dielectiianay be
specified either as a dc voltage or an ac voltdgpending on
the application. Motor run capacitors are alwaysrafed on
ac, so the voltage is specified as, say, 370 orVi80. They

can also be operated on dc, with a dc rating tefastt2 times
the ac rating. Electrolytic capacitors that carnydré operated
on dc will have their working voltage expressedVegDC.

This is the maximum dc voltage, plus the peak efab ripple
voltage, that should be continuously applied taapacitor to
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prevent excessive deterioration and aging. Capacitat are
sometimes used on ac, and sometimes on dc, ushallg
working voltages expressed as WVDC, as was thefoashe
polypropylene capacitors in Table 2.

We will now present some more detailed background
information on several of the dielectrics showTable 1.

Mica is a natural material that can be easily spplio thin
layers. It is very stable and does not deteriondte age. The
maximum capacitance is on the order of 0B Mica
capacitors tend to be quite expensive and the riaiges are
used only in critical applications like radio tramgers.

Glass capacitors were first developed during Wavht Il as a
replacement for mica capacitors when supplies @iamiere
threatened. Glass capacitors exhibit excellent -teng
parametric stability, low losses, and can be usedigh
frequencies. They are used in aerospace applisatidrere
capacitance must not vary. The maximum size istdithio
about 0.00F

Paper capacitors use kraft paper impregnated withionized
liquid electrolyte as the dielectric between alumnn foils.

These capacitors can provide large capacitancesvaitage
ratings but tend to be physically large. The thédsof the
paper layers and the particular electrolyte usedbeavaried to
produce a wide range of electrical characteristi¢sch is the
reason for not listing paper in the dielectricable 1.

Ceramic capacitors are made with one of a largebearof
ceramic materials, which include aluminum oxideyila
titanate, and porcelain. These are very widely wsethypass
capacitors in electronic circuits. The older stidea single
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The series resistor also adds Johnson noise -hé¢hmal noise
created by any resistor — to the measurement. Amro
temperature, this is roughly 6.5x1010 amps, p-pe Glrrent
noise in a 1 N feedback resistor at a typical 3 Hz bandwidth
would be ~8x10-16 A. When measuring an insulation
resistance of 10XB at 10 V, the noise current will be 80% of
the measured current.

Alternate test circuit.

Greater measurement accuracy can be achieved logimg a

forward-biased diode (D) in the circuit (Figure 3he diode
acts like a variable resistance, low when the dhgrgurrent
to the capacitor is high, then increases in vaki¢ha current
decreases with time. This allows the series resisted to be
much smaller because it is only needed to preveatimad of
the voltage source and damage to the diode if apaditor is
short-circuited. The diode used should be a snigiles diode,
such as a 1IN914 or a 1N3595, but it must be hoimsadight-

tight enclosure to eliminate photoelectric and te@static

interference. For dual-polarity tests, two diodeswdd be used
back to back in parallel.

e o

¥ In
Lo .
Voltage Source Picoammeter

FIGURE 3. Alternative test cireuit that incorporates a small-
signal diode.
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1MQ-uF to 100 M- uF. For example, a 4.7 uF aluminum cap
specified as 50 K- uF is guaranteed to have at least 106 M
insulation resistance.

Capacitor leakage test method.

Figure 2 illustrates a general circuit for testingpacitor
leakage. Here, the voltage is placed across thacitap (CX)
for the soak period; then the ammeter measuresuhent
after this period has elapsed. The resistor (R)iclwlis in
series with the capacitor, serves two importanttions. First,
it limits the current, in case the capacitor becershorted.
Second, the decreasing reactance of the capaciidr w
increasing frequency will increase the gain of fhedback
ammeter. The resistor limits this increase in daira finite
value. A reasonable value is one that results iR@rproduct
from 0.5 to 2 sec. The switch (S), while not slyictecessary,
is included in the circuit to allow control overetholtage to be
applied to the capacitor.

Capacitor
ht’!ggﬂe‘:‘l

irmadainimy
T o Lo o

Valtage Source Picoammetar

FIGURE 2. A simple capacitor leakage test circuit.
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layer of dielectric separating two conducting pdatand
packaged in a small disc. The newer style is theatithic,
which appears in a rectangular package. It considts
alternating layers of ceramic material and prinedectrodes
which are sintered together to form the final paekarhe self
resonant frequency is on the order of 15 MHz fer @0LF
size, for a total lead length of 0.5 inch, and le& ¢rder of 165
MHz for the 0.000ftF = 100 pF size. Ceramic capacitors are
classified into Class 1 (r<600) and Class 2 (r>6b9)the
Electronics Industries Association (EIA). Class éramic
capacitors tend to be larger than their Class atewparts, and
have better stability of values with changes in gerature,
voltage, or frequency. The best Class 1 capacitith, nearly
constant characteristic, will be labeled ‘COG’ w@pifEIA
designators, but is often referred to as ‘NP0’ whstands for
‘negative-positive-zero’ (temperature coefficient).

Plastic-film capacitors use extremely thin sheétslastic film
as the dielectric between capacitor plates, usualla coil
construction. They have low losses and good resistao
humidity. Four common materials are:

1. Polycarbonate

2. Polypropylene

3. Polystyrene

4. Teflon

Generally speaking, as one moves down in this ftism
polycarbonate to Teflon, the capacitors get largetter, and
more expensive.

Historically, low-budget Tesla coilers have usedhesi
saltwater capacitors (as Tesla himself did) or hoade rolled
polyethylene and foil capacitors. The saltwateracitprs are
lossy and heavy. They are one of the first comptntmn be
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replaced as a new coiler grows with his hobby. ilieemade
foil capacitors are limited by corona onset to abs@00 V.
They are oil filled, so if the container leaks srtipped over,
one has a real mess. Serious coilers would lookdammercial
high voltage, high current, pulse rated capacitmexde by
specialty companies like Maxwell. These worked filet
were expensive if purchased new, and difficult

to find on the used market.

This all changed in 1999 when the Tesla coil comtgun
moved en masse to multi mini capacitors (MMC). Ehase
small commercial capacitors that one buys by tic&faafrom
Digi-Key and connects in series and parallel sgifgget the
required ratings.

There are several different capacitor series, sofwehich are
more suitable for Tesla coil work than others. Gheuld look
for capacitor types that are rated for “high vod#tadiigh
frequency, and high pulses”. A dissipation factbfd% at 1
kHz is good, as is polypropylene for the dielectriche
ECWH(V) and ECQP(U) series of capacitors are gddte
Panasonic ECQ-E capacitors utilize metallized pEibe
(Mylar) which has a higher dissipation factor (1%lakHz)
than the polypropylene capacitors.

Capacitor ratings have received a great deal ehttn by
Tesla coilers. A given capacitor might be rated®0 VDC
and 500 VAC. The AC rating is always for rms valuss the
peak voltage would be about 700 V for a rating@d YAC. A

capacitor in a Tesla coil primary experiences fullitage
reversal, so it would seem wise to find the ACngtimultiply

by V2, and divide that into the peak voltage availdisen the

iron core transformer to find the number of sedapacitors to
use.
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source and the capacitance. This is especially fire
capacitance values >1 nF. A typical series resistarld be 10
kQ to 1 MQ.

Capacitor Leakage

Leakage is one of the less-than-ideal properties cdpacitor,
expressed in terms of its insulation resistancg. (f&r a given
dielectric material, the effective parallel resigta is inversely
proportional to the capacitance. This is becauseréBistance
is proportional to the thickness of the dielecteaind inverse to
the capacitive area. The capacitance is propoitionde area
and inverse to the separation. Therefore, a comaminfor
quantifying capacitor leakage is the product ofcipacitance
and its leakage resistance, usually expressed igoinmes-
microfarads (M2-pF). Capacitor leakage is measured by
applying a fixed voltage to the capacitor undert tesd
measuring the resulting current. The leakage cuwéhdecay
exponentially with time, so it's usually necess&ryapply the
voltage for a known period (the soak time) beforeasuring
the current.

In theory, a capacitor’s dielectric could be mademwy non-
conductive substance. However, for practical apfgbns,
specific materials are used that best suit the aiapés
function. The insulation resistance of polymer eliglics, such
as polystyrene, polycarbonate or Teflon, can rainge 104
MQ-pF to 108 M2-pF, depending on the specific materials
used and their purity. For example, a 1000 pF Tetlap with

an insulation resistance higher than 1017s specified as
>108 MQ-pF. The insulation resistance of ceramics such as
X7R or NPO can be anywhere from 103QMiF to 106
MQ-pF. Electrolytic capacitors such as tantalum omaium
have much lower leakage resistances, typically irgnrom
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Voltage J: v,

I
Model 65178

= [
Source of - in Charge
Model 65178 Step Mode
Vokage

Lo

FIGURE 1. Capacitance measurement using an electrometer
with an integrated voltage source.

Then, the voltage source should be turned on aactharge
reading noted immediately. The capacitance can then
calculated from:
Cc= Q,-9,

Vi-y
where

Q2 = final charge
Q1 = initial charge (assumed to be zero)
V2 = step voltage
V1 = initial voltage (assumed to be zero)

After the reading has been recorded, reset thag®lsource to
0 V to dissipate the charge from the device. Befumedling
the device, verify the capacitance has been digebao a safe
level. The unknown capacitance should be in a déitkest
fixture. The shield is connected to the LO inputti@al of the
electrometer. The HI input terminal should be catee to the
highest impedance terminal of the unknown capaoitat the
rate of charge is too great, the resulting measenemvill be in
error because the input stage becomes temporatilyaed.
To limit the rate of charge transfer at the input the
electrometer, add a resistor in series between viigge
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Experience of coilers, however, has been that thenee
sufficient safety factors built into the capacittinat using the

DC rating is quite acceptable. For example, a 15 kV

transformer has a peak voltage of{25= 21. 2 kV. Divide
21.2 by 1.6 for 1600 VDC capacitors to get 13.25e @ither
13 or 14 capacitors in series.

The voltage rating is not determined by the dieiect
breakdown voltage as much as it is by the lonizatioCorona
Inception Level . This refers to the level at whighization or
partial discharges can begin to occur inside a leuluf
entrapped air or within an air-filled void withirhe solid
dielectric system. If one had perfect

dielectrics and could always exclude any entrapéd
derating for this phenomenon would not be necesszmyona
inside a capacitor will chemically degrade the eliic
material over a period of time until the capacitdtimately
fails. Manufacturers of capacitors might selecbiage rating
whereby their capacitors will last for one millitwours before
this occurs. In Tesla coil use, 100 hours of actperation is a
long time. This helps explain why coilers can extebe
manufacturer ratings without immediate problems.

There is evidence that operating a capacitor ahitsveac
voltage rating will shorten its life by a factor thie overvoltage
ratio raised to the 15th power. Suppose we havepaaitor
rated at one million hours at 500 VAC. For econoneigsons
we are thinking about operating it at 700 VAC. Tlife

reduction factor is (700/500)15 = 155. 57. Diviglione
million by 155.57 gives an expected life of 6428ut® or
almost one year of continuous operation. This igerthan
adequate for most Tesla coil applications.
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One brand of capacitor is the WIMA. Terry Fritz aments
about them: “The switching power supplies we bive
WIMAs in pulsed duty similar to that seen in Testdl use.

The real indicator of how long they live is how wathey get.
If they heat to about 5 degrees C above the amitiean they
last forever. At about 8 degrees above ambient, see
occasional failures. At 10 degrees, they get ta peoblem. In
many situations, we go beyond the WIMA chart deatin

pulsed applications with no problem at all, jusingesure they
don't get hot.”

WIMA experts say that partial discharges occur aatipve a
certain voltage level and only on ac. Frequencysdug seem
to be a factor. They agree that the ac rating eaexseeded in
Tesla coil applications, but without a serious Btigation,
were mentioning factors like 1.25 to 1.5.

Some capacitors that are candidates for a MMC aseah
metal foil for electrodes while others use metatizplastic.
The metal foil devices are physically larger fogigen rating
and are much more robust in Tesla coil service.

Dielectric material, electrode thickness, and Is&e all limit
the rate at which charge can be added to or remfoed a
capacitor. This limit is expressed as the dV/ditlifihe peak
current | peak can be determined from the dV/duedy the
equation

dVv _
]pfrlk =—C

it (12)
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The coulomb’s function of an electrometer can bedusith a
step voltage source to measure capacitance leussng from
<10pF to hundreds of nanofarads.

The unknown capacitance is connected in series thieh
electrometer input and the step voltage source.

The calculation of the capacitance is based oretustion:

c=2
v

Figure 1 illustrates a basic configuration for measy

capacitance with an electrometer with an internaltage
source. The instrument is used in the charge (olooctbs)

mode, and its voltage source provides the stepgelt Just
before the voltage source is turned on, the meters check
function should be disabled and the charge reaslipgressed
by using the REL function to zero the display. (Fhepose of
zero check is to protect the input FET from ovedl@ad to
zero the instrument. When zero check is enabledjnput of
the electrometer is a resistance from roughly 1Q #4 100
MQ, depending on the electrometer used. Zero cheokldh
be enabled when changing conditions on the inpatitj such
as changing functions and connections. The REL timc
subtracts a reference value from actual readingen/\REL is
enabled, the instrument uses the present readirgraktive
value. Subsequent readings will be the differeretevéen the
actual input value and the relative value.)
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Capacitor Testing Challenges and Solutions

by Dale Cigoy
http://www.circuitsassembly.com/cms/component/coigetic
le/159/10164-capacitor-testing-challenges-and-gmniat

Chip caps are prone to leakage, so consider tkssenethods
for minimizing electrical failures.

Capacitors are widely used for bypassing, couplfilgring

and tunneling electronic circuits. However, to teeful, their
capacitance value, voltage rating, temperatureficaaft and
leakage resistance must be characterized. Alth@aghcitor
manufacturers perform these tests, many electronics
assemblers also perform some of these tests aityqelacks.
This article looks at some of the challenges aasediwith
capacitor testing, as well as some of the tesnigoles used.

A capacitor is somewhat like a battery in that theyh store
electrical energy. Inside a battery, chemical rieast produce
electrons on one terminal and store electrons enatimer.
However, a capacitor is much simpler than a battegause it
can't produce new electrons — it only stores themide the
capacitor, the terminals connect to two metal glateparated
by a non-conducting substance known as a dielectric

A capacitor’s storage potential, or capacitancenésasured in
farads. A one-farad (1 F) capacitor can store andoenb (1
C) of charge at one volt (1 V). A coulomb is 6.25[8

electronics. One amp represents a rate of elediwanof 1C

of electrons per second, so a 1 F capacitor cah doé amp-
second (1 A/s) of electrons at 1 V.
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where appropriate multipliers should be used toegetything
in volts, seconds, and farads. By way of refereac#000 pF
capacitor rated for 10,000 M will withstand 10 A surges. A
capacitor with a dVv/dt rating less than 1000 V p&is
probably does not have metal foil endplates andilshaot be
used.

The peak current that a Tesla coil primary capacitwist
provide is determined by the capacitor voltage edsurge
impedance. If the secondary were removed, the surge
impedance would be

(13)

where C1 is the capacitance in the Tesla coil pyraad L1 is
the inductance of the primary. When the secondaiy place,
the surge impedance will increase from the abolgeyao the
peak current required from the capacitor will besleJsing the
above expression for Zs should be a worst caselatin. If

it tells you that there might be 100 A flowing aftde gap
shorts, and your individual capacitors are ratedGafA each,
then you would need ten parallel strings. Since figure

includes some factor of safety, you might be ablegét by
with somewhat fewer strings. One WIMA expert sdidttthe
maximum amperage rating is not as critical as tleo@a
Inception Level mentioned above.

The polypropylene capacitors useful for Tesla waitk have a
self-healing mode. A partial discharge will evetiiuaause a
local failure. A burst of energy through this sheill vaporize
everything around the short, effectively removirng tshort.
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The capacitor continues to operate, but with ahsljglower
capacitance due to some of the electrodes beingvein |t is
a good idea to carefully measure the capacitan¢keoMMC
periodically. A decrease of even 1% could indicttat the
capacitors are being stressed, and that totatdaiupossible.

Terry Fritz reports testing some WIMA MKS 4 (K4)

capacitors rated atuF and 400VDC on a large DC supply.

These are metallized polypropylene dielectric capex that

are encapsulated in epoxy filled 3x1 cm rectandgi¢arting at

about 900 V there are a few little snaps, indicatihat the

dielectric had punched through and the arc blagtedthin

metal layer on the other side. Going to 1200 V gaview

more snaps. Around 1500 V there were many snhapstend
capacitor shorted out.

When a capacitor cleanly blows apart, that is a gt they

were destroyed by over voltage. When a capacittis pp and

looks melted and burned, that is from too muchemtrrlt is

always a good idea to think about possible failmades, and
put the capacitors in appropriate enclosures totepto
bystanders.

| had a student build a small design project oritmt

illustrates this point. He used an electrolytic aeifor rated at
about 25 VDC in some circuit for 120 VAC usage, ardid

not notice it before testing. He was proudly den@ting

performance, using a variac to bring up the voltageabout
90 V, the electrolytic capacitor exploded with aiseo
somewhere between a pistol and a small shotguncdtents
of the capacitor, about a cubic centimeter of pafbers, hit
the student in the middle of the chest. He wasinjoted, but
for a brief moment he thought he had been killedthig

exploding capacitor. | suspect he still pays
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Value Working Voltage ESR
1pF 50V 20
1pF 63V 130

4.7yF 62v 20
224F 1Y 10
22pF 63V 0.80

100pF 16V 0.60

100pF 35V 0.50

100pF 50v 020

3300F 50V 0.30

1000pF 16V 0.10

Conclusion

All the capacitors had an ESR of 2 ohms or lessraost of
the values that you would use in a power supplyf2and up)
had an ESR of less than 1 ohm. As a rule of thunmigher
valued capacitors with higher working voltages fatbwer
ESR, although there were some exceptions so thisotabe
guaranteed.

Keep in mind that the ESR for standard electrolgtipacitors
increases with lower temperatures. For examplewiif
typically increase by 20 to 30 times when the tewpee
drops from 25°C to -40°C.
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more attention to capacitor voltage ratings thastrpeople.

Many coilers recommend placing resistors acros$vikiE to
bleed off the charge after power is removed. Thise&iminate
some very unpleasant surprises when making adjussme
between runs. One can get true high voltage resistat they
are expensive. Most use a long chain of ordinasjsters
therefore. Digi-Key sells 0.5 W carbon film resistoated at
350 volts each for about two cents each in quanitythis
price, there is little point in not using adequsadety factors.
Suppose we feel comfortable in operating a 0.5 ¥ister at
0.1 W and at the rated peak voltage of 350 V ewdh.solve
for the resistance as
V2 (350
R=—=——"— =612 ki
P 0.1

where we round off to the nearest standard val@20fiQ.

3

The number of resistors needed for a string asagsa 15 kV
transformer secondary would be

150002
N = T = 60 resistors
We then check the time constant to get a measunewflong
it takes to discharge a

Table 3: Dielectric Constant r and Dissipation BaddF of
Water.
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Frequency in Hz

Temperature 10’ 10° 107 10"
1.5°C € 87.0 R7.0 BT 38
DF 01897 001897 0.00195 1.026
257 € T8.2 8.2 8.2 55
DF 0.3964 0.03964 000460 0.545
85°C €, 58 58 58 54
DF 12413 012413 0.01259 0.259

capacitor chain. If the capacitance happened t@7aF, the

time constant would be

= RC = (60)(620000)(27x10-9) = 1 second

A capacitor will be mostly discharged after fivené constants
or 5 seconds in this example. There are obviousipynother
design possibilities. If we assumed the resistarslvaccept a
higher voltage before arcing over, then we wouldwa use
higher ohm values to keep heating within boundsryTEritz
tested some Yageo 10(M0.5 W carbon film resistors to see
where they would actually fail. At 4000 V the resisstarted
to turn brown and smoke a little. This should bpested since
it is now drawing 2 W, four times its power ratir. 5300 V,
it gave a very satisfying crack and arced alongoitside
surface. After that, the 2 ¥ resistor measured 11.1(MSo a
resistor specified at 350 V actually failed at 5300a safety
factor of 15. Terry sees no problem with using ¢hess W
resistors up to 1000 V if the resulting wattageds excessive.
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Results

The following table lists the results for a represgive
collection of aluminium electrolytic capacitors my parts
collection. The manufacturers were Elete and Lelod they
were bought from Futurlec and Jaycar (in Australithey
represent the typical components that a hobbyistldvbave
access to.
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This method will work for values of ESR from @ o greater
than 1®@. Alas, it is not very accurate - but then the ESR

capacitor is not a precise value anyway and | we looking

for an approximation.

The main problem with this technique is that itnist very
effective with capacitors below 10pF. With theseabivalues
the charge on the capacitor will rapidly rise makindifficult
to estimate the height of the pulse before thecetiécharging
takes over — although, with some guesswork it eastiti used
for values down to 1 pF.

This is illustrated in the screenshot on the [&fte capacitor
on test was a 2.2uF 63VW electrolytic and it is gilnle to
estimate that the start of the pulse is about 13Q@wertical
scale is 50mV/division). This gives an ESR of(1.3
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Equivalent Series Resistance (ESR) of Capacitors
QuadTech, Incorporated
http://www.lowesr.com/QT_LowESR.pdf

Questions continually arise concerning the cormefinition of
the ESR (Equivalent Series Resistance) of a capaaitd,
more particularly, the difference between ESR dvel dctual
physical series resistance (which we'll call Rabg ohmic
resistance of the leads and plates or foils. THimitlen and
application of the term ESR has often been miscoedt We
hope this note will answer any questions and ¢lagfy
confusion that might exist. Very briefly, ESR isveasure of
the total lossiness of a capacitor. It is largemtiRas because
the actual series resistance is only one sourtkeofotal loss
(usually a small part).

The Series Equivalent Circuit

At one frequency, a measurement of complex impeslghes
two numbers, the real part and the imaginary part Rs +
jXs. At that frequency, the impedance behaves #kseries
combination of an ideal resistance Rs and an ickadtance
Xs (Figure 1).

T
Figure 1: Equivalent Series Circuit Representation

If Xs is negative, the impedance is capacitive #relgeneral
reactance can be replaced with a capacitance of:
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Test Setup

The method that | used is quite simple and is showthe
diagram below.

Function Generator

1uS pulse at 1KHz
repetition rate

500
Internal
Resistance a7

¢————  Oscilloscope

TL Test

I Capacitor

| used a function generator to generate narrowepu{@uS
wide) with a slow repetition rate (1KHz). This deoa voltage
divider with the test capacitor in the bottom legd d0® in

the top leg. Because of the narrow pulse, the dmpatid not
have enough time to build up a charge, so the geleross it
represented the voltage drop caused by its ESR.

With the voltage of each pulse set at 10V this rayement
meant that the height of the pulse (in mV) acrdes test
capacitor divided by 100 was equivalent to the cipes ESR
in ohms. For example, a pulse height of 80mV represd an
ESR of 0.8).

This is illustrated on the right. The vertical sémiy of the
oscilloscope was 10mV per division and the heidhhe pulse
was about 30mV. This means that the capacitor's B&R
approximately 0.2 (the capacitor under test was a 330puF
50VW aluminium electrolytic).
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Measuring Capacitor ESR
by Geoff
http://geoffg.net/Measuring_ESR.html

Recently, while selecting components for a powespsy |
came across the following statement in the datasioeehe
voltage regulator... "The output capacitor musteharn ESR of
less than 3 ohms."

When | looked up the retailers who supplied theaciprs in
my parts bin | found that none of them listed t&REfor the
capacitors that they sold. So, somehow, | needetdeasure
this value.

After some research | came up with the simple aggho
described below. It relies on some good test eqeinand,
while you may not want to repeat the test, thelresinould be
informative.

ESR

Equivalent Series Resistance (ESR) is the interesibtance
that appears in series with the device's capacitamo
capacitor is perfect and the ESR comes from thisteese of
the leads, the aluminium foil and the electrolytes often an
important parameter in power supply design wheeeB8R of
an output capacitor can affect the stability of tegulator (ie,
causing it to oscillate or over react to transiemthe load).

You can buy ESR meters but | just wanted to knoany of

the capacitors in my parts bin had an ESR of less 8 ohms.
So, how to test them?
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-1
Cs=——
wXs
We now have an equivalent circuit that is corredy @t the
measurement frequency. The resistance of this alguit/
circuit is the equivalent series resistance ESRs=Real part
of Z

Add the Dissipation Factor
If we define the dissipation factor D as

D= Cuerey lost _ Real part of Z
energy stored  (—Imaginary part of Z)
Then D= % = RstwC = (BSR)WC
(-)Xs

If one took a pure resistance and a pure capaeitamz
connected them in series, then one could say lieaESR of
the combination was indeed equal to the actualeseri
resistance. However, if one put a pure resistancparallel
with a pure capacitance (Figure 2a), the ESR of the
combination is

Real part of Z = Real part of
1 - Rp
1 vjecp 1* WCp'Rp*
Rp

as illustrated in Figure 2b. From Figure 2a, howeve is
obvious that there is no actual series resistanceiies with
the capacitor.

Ras =0
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ButESR>0
Therefore ESR > Ras

a: parallel b: series

Figure 2: Series and Parallel Equivalent Circuits

QuadTech manufactures a wide variety of LCR meters
designed for accurate measurements of C, Df and. H&R
design of the QuadTech 1930 LCR Meter, has been
specifically optimized for high speed, low ESR measents

on tantalum and other types of capacitors. Faslingetime
and quick open/short recovery significantly redtest times
especially on capacitors greater than L®0at 120Hz. The
1930 Low ESR Capacitance Meter performs most impesla
measurements (C, Df, ESR, Z, R, X, L Q, Y, Gp&nd DCR)
over a frequency range of 100Hz — 100kHz. Actudiage
and current is measurable across the DUT.

The ESR of a Real Capacitor
Actual capacitors have three main sources of loss:

1. Actual series resistance: There is some resistam the
leads and plates or foils. This is the resistarfceoaductors
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higher inductance in this test setup. | believs thas due to
the fact that the smaller capacitor did not fik thackage and
internal lead inductance caused the effect. In¢hise, a 1 uF
capacitor was a better choice than a 0.1 uF!

One of the advantages of this test is that theuwaveform
is the transient response of the capacitor. Thetages
developed across the capacitor in this test aettjr related
to what will happen in a real circuit if the curteisetime from
the generator is similar to what the capacitor wék in its
intended application.
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was repetitive and the slight slope on the leftf ul the
waveform was the end of the exponential fall frowofis. If a
single pulse on a digital scope was used, the spiee left of
the Ldi/dt spike would be zero.

[ p——

20ns

A

—————
Figure 5. 1uF Capacitor

Figure 6 shows the result for a 1 uF radial ceraraigacitor
(square case). Note the low inductance and undétiecESR.
Note also that the slope of the 1/C exponenti@ issflatter
indicating more capacitance than the 1 uF capaoitéigure
5. This may be due to the fact that the electrolgtipacitor
used for Figure 5 may have lower capacitance neao z
voltage than at its operating voltage whereas theamic
capacitor has a more constant capacitance wittageltThe
inductance corresponding to the lower trace isveggd to be
4.4 nH.

.50 mv
20 ns

Y SNSS——

Figure 6. 1uF Ceramic Capacitor

It is interesting to note that a 0.1 uF ceramicacdpr in the
same size package as the 1 uF of Figure 6 shovedidhaly
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and is always low. It causes a power loss 12Ragevhés the
- . . -w )

current flowing in the capacitor. This cau:P! RasC

2. Leakage resistance: There is some actual paredlistance

due to leakage current in the capacitor. We'll g8 RL. It is

the resistance of the capacitor at DC and it igh fesistance.

For plastic capacitors it can be 10"120hm§}@r higher. It

2
causes a loss (E“RLwhere E is the applied (rms) voltage

and  WR:C This loss is usually negligible except at very
low frequencies.

3. Dielectric loss: This is due to two phenomenaetwiar
polarization and interfacial polarization (dieléctabsorption).
It is not the purpose of this note to discuss &sse, but only
its effect. It causes a D that can change withufeegy in most
any manner that is not abrupt. It acts neither asemdes
resistance, nor as a parallel resistance that wragd DC. One
model is a parallel resistance, RD, which is vdealith
frequency, with DC blocked by a large series capace (CB)
as illustrated in Figure 3.
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Figure 3: Parallel Resistance Figure 4: All 3 Capacitor Losses

_ 1
If the series C were infinite, the D would ¥ WRsC put it
must be remembered that it is not inversely propoai to o
because RD changes with frequency.
All three sources of loss are illustrated in FigdreThis circuit
would have a total dissipation factor equal to M2+ D3.
Plot of Total Dissipation

For the circuit in Figure 4, the total dissipatfastor is

!
WR.C WR,C

D=D,+D,+D; =wRasC +

Figure 5 illustrates a general plot of this comtiora series
and parallel resistance in a capacitance measutemen
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.1 Volt
20ns

Figure 3. Input From Pulse Generator

Figure 4 shows data from a 4 uF electrolytic capaciThe
ESR offset is about 50 mV yielding an estimatehef ESR of
just over one Ohm. Notice that there appears tosdome
oscillations on the 1/C part of the slope. Thislddwe scope
probe resonance or a resonance in the capaciterdata was
taken with a standard 10X Hi-Z probe, so the prisbgispect.
| have seen capacitors with pronounced oscillatioom
internal resonance. If you are planning to putrgdacapacitor
in parallel with a smaller one, especially if ttae constructed
from different technologies, it would a good ideacheck out
the impulse response of the combination usingnteshod. It
is possible for the smaller capacitor to resonaith whe
inductance of the larger one, causing an unexpeetadt.

.50 mv
20ns .

Figure 4. 4uF Capacitor

Figure 5 shows the result for a 1 uF capacitorhef same
construction as the 4 uF capacitor tested in Figugote that
the inductance is similar to the 4 uF capacitot,the ESR is
slightly lower. Since an analog scope was usedwtnaform
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circuit to not significantly affect the initial ctent very much.
For this frequency range a generator with a risetihone to
two nanoseconds will do.

If you need to check the capacitor using fasteetiriges, it
would be best to build the test setup on a smadliti board
with a ground plane and controlled impedances.hit point,
the parasitic capacitance of the 50 Ohm resistaridvalso be
an issue to be taken into account. Fortunatelyh sgcuracy is
often not needed. Especially, if one is just conmgarthe
relative performance of several capacitors.

Data

Figure 3 below shows the initial rise from the gemer. The
black square indicates the vertical voltage andzbatal time

scales. The open circuit voltage was a little o&&rolts with

about a 5 nanosecond risetime. The data in Figitesough 6
were taken with an analog scope some years agoreSigh
through 6 show data obtained from several leadgaairs
(as opposed to surface mount). Two traces were tiakeeach
capacitor. The lower trace was measured at thectapdody

where the leads entered and the upper trace intiube

minimum amount of lead to practically connect tlag@acitor
to a printed wiring board. The upper trace woult b®needed
for modern surface mount capacitors unless one edatt

model the connection inductance from the capaditothe

point of interest on a printed wiring board.
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Total Loss D

Dietectric Loss D,

D, - uRasC

log f
or log

Figure 5: Total Dissipation Factor Plot

At any given frequency we could measure the reel giathe
impedance, Rs, or measure C and D and calculate it

D _D,+D,+D,

Rs=ESR = —
wC wC
Ras+———+ ;_
Therefore ESR = WCR, WCRs gnq thus ESR >
Ras, always.

Usually, ESR is very much larger than Ras. Howew&eno

C is large at high frequencies, high capacitancesame
combination, the actual series resistance can deskargest
part of the total D. (See plot.) For very large azifors (like
0.1F), ESR can be very nearly equal to the acteakes
resistance even at low frequencies (such as 120Rdz)most
capacitors at low frequencies, the actual serissstece is
only a small part of ESR.
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For complete product specifications on the 1900ieSer
Impedance Meters, or any of QuadTech’s productsgel visit
us at http://www.quadtech.com/products. Call us-800-253-
1230 or email your questions to info@quadtech.com.
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1) dv/dt =i/C =50 mA/C
where C is the value of the capacitdhistlow voltage
and the risetime of the current << RC.

The offset between the baseline and the beginningh®
exponential rise is just the voltage that the aurrB0 mA for
this case, develops across the ESR of the capa€iter ESR
can be easily estimated in this case by dividing tbltage
offset (labeled ESR in Figure 2) by 50 mA.

Parasitic inductance in the capacitor will causegpike in the
waveform shown in Figure 2 exceeding the valuehefdotted
line along its length. If the current rise werdaot a ramp with
constant slope and very sharp corners (high di2kdth the
spike would be a square pulse of value:

2) E = L*di/dt
where L is the parasitic inductancehef tapacitor.

The current rise from the generator used for tha da this
article was not a ramp with very sharp corners emstant
slope (the case for most generators | have usebtat T
characteristic of the generator combined with preftiects led
to a peaked shape to the Ldi/dt spike as shownigor& 2.
Using equation 2 the inductance of the capacitar be
calculated. Often, one does not need to -calculdte
inductance or ESR but just choose a capacitor fsereral
available ones that has the lowest inductance afB&.

Soldering the components onto a BNC connector d3gare
1, works up to 300 MHz. | estimate the inductivaatance of
the loop formed by the capacitor and resistor taabeut 20
Ohms at 300 MHz (estimating the inductance at 1] fiHis
is small enough relative to the 100 Ohms of resc®an the
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For a pulse length that is long with respect to @ time
constant, one will see an exponential rise to thenocircuit
voltage of the pulse source. For the purposesisfiibcussion,
we will be looking at the first couple of hundredlivolts of a

5 volt exponential rise. An example of this appearSigure 2.

Figure 2. Initial Rise

Figure 2 shows the beginning of the exponentiatag® rise
across the capacitor when the generator pulsesstatie
vertical scale is about 200 mV and the horizoniaktis a
small fraction of the RC time constant of 100 Ohensl the
capacitor being measured. Since the capacitor gelis still
very small compared to the 5 Volt open circuit amtpf the
generator, the current through the capacitor magrbsumed
to be constant and equal to the generator openitciraltage
divided by 100 Ohms, 50 mA in this case.

The risetime of the current will be the same asgéeerator
voltage. If the rise is a ramp with a constant sl@gmd the
capacitor had no inductance, the initial rise shawfigure 2
would follow the dotted line and then the slope Wothange
to the initial slope of the exponential rise detiered by:
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High Frequency Measurements Web Page
Douglas C. Smith
http://www.emcesd.com/tt020100.htm

Measuring Capacitor Self-inductance and ESR

AN va
Figure 1. Test Circuit for Measurement of Capacifsif-
inductance and ESR

Technical Background

The parasitic parameters of a capacitor, thatsieduivalent
series resistance (ESR) and its inductance, afffectvay the
capacitor performs in circuits. Some applicatiome aery
sensitive to these parameters. For instance, asbygpacitor
used between power and ground in a digital cirouist be
able to supply current quickly to nearby active ides. If it

has too much inductance it will not be able to ds.t
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Similarly, the transient response of a capacitedus divert a
current pulse due to electrostatic discharge ig ireportant to
the ability of the capacitor to do its job.

So how can the parasitic parameters of a capadior
measured? One could certainly connect the capatitoa
network analyzer and get a very good characteozatbuch
an instrument can be quite expensive though. Elenldss
expensive capacitance measuring instruments may beot
available when needed. Both instruments may notigeothe
information in an easily usable form. If you havepalse
generator (preferably with a 50 Ohm output impeeaand an
oscilloscope, you can easily measure the transéspionse of
a capacitor. From this data the capacitor's ESRiraductance
can be determined.

First, construct the simple network shown in Figtrat the
end of a 50 Ohm coaxial cable fed from a 50 Ohnseul
generator. A 50 Ohm resistor is used in Figure fetminate
the coax during the rising edge and provide a tofal00
Ohms of source impedance. The resistor shown is @Hm
1/2 watt carbon composition resistor with one leadmed so
that the resistor just seats with the trimmed Iedlgt inserted
into the BNC connector. It may be necessary to alittle
solder bump on the resistor lead so that it stayslyf in the
BNC connector. The capacitor to be tested is cdedec
between the end of the resistor and the shell ef BNC
connector. An oscilloscope is connected directlyose the
capacitor using leads as short as possible to cotime probe.
Probes with a resistive input impedance of 50000010hms
are recommended. Standard 10X "Hi-Z" probes oftameh
rising edge effects that will distort the part betwaveform
used for the calculations.
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